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Introduction

De novo mutations (DNMs) are rare events that refer to mutations present in an individual
but absent in their parents, creating genetic diversity among individuals. The bovine germline
mutation rate (GRM) is approximately 1.2 x 10 /bp/generation (Harland et al., 2018), which
is a rate similar to the GRM of other mammalian species.

Multiple factors have been reported to affect mutation rate. A parental bias has been observed
in cattle with a male-to-female ratio of 1.8:1 reported (Harland et al., 2018), which increases
with age of the sire. Reproductive technologies have also been associated with the occurrence
of DNMs in cattle. Specifically, in vitro fertilization has been shown to increase the number
of de novo structural variants (Lee et al., 2023). Other factors include molecular mechanisms
such as DNA methylation, an epigenetic modification targeting CpGs resulting in a higher
mutation rate of this dinucleotide compared to C in other dinucleotide contexts (Walser and
Furano, 2010).

The economic importance of cattle coupled with the reduction in sequencing costs, has
resulted in thousands of genomes being sequenced as part of the 1000 Bull Genomes Project
(Hayes and Daetwyler, 2019). Furthermore, large dairy cattle breeds exhibit a distinct
population structure, in which a small number of bulls have had a large contribution to the
current gene pool.

In this study, we used a combination of whole genome sequences, pedigree data, and phased
genotypes to detect DNM from ascendant-descendant trios that were separated by multiple
generations. We then used these data to further characterize the de novo mutations as well as
the rare bi-allelic substitutions in dairy cattle.

Material & Methods

Animals. DNMs were identified using whole-genome sequence (WGS) data from 507
animals, comprising 369 Holsteins (Hol) and 138 Montbéliardes (Mon). A minimum genome
coverage of at least 10x was required (Meanno=16.2x; Meanmon=16.8x). The animals were
categorized as “ancestors” when born prior to 2004 (81 Hol and 49 Mon) or as “progeny”
when born after 2010 (288 Hol) or 2016 (89 Mon). To identify rare substitutions, sequences
from the 1000 Bull Genomes Project (Hayes and Daetwyler, 2019) were also included.

Detection and validation of DNMs. DNMs were detected in segments for which both
haplotypes in a progeny were found to be Identical-by-Descent (IBD) with segments from
direct ancestors separated by multiple generations. Identification of the ascendant-descendant
IBD segments was performed using medium-density phased genotypes with BreedOrigin
software, considering only direct ascendants-descendant pathways. Then, at the sequence
level, only segments with an average of no more than three inconsistencies per 10 Mb were
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kept. The segment boundaries were trimmed due to uncertainty surrounding the breakpoints
of the segments. On the remaining family trio segments, DNMs were identified as a violation
of the Mendelian law of inheritance: only heterozygous variants in the progeny (0/1) for
which both ancestors carry the same homozygous genotype (0/0 or 1/1) were retained.
Additional filters were included such as only considering high-quality sequenced regions, a
read depth ranging from 10 to 2 X mean sequencing depth for each of the three animals (to
avoid repeated regions), a genotype quality > 40, and an allelic read balance ranging from 0.3
to 0.7 for the candidate DNM in the progeny.

Selection of rare bi-allelic substitutions. Rare bi-allelic substitutions were selected from
1,148 Holstein WGS. These substitutions were detected in the Holstein breed for which the
largest number of sequences was available. Only substitutions with a minor allele frequency
(MAF) below 0.001 were considered and the direction of substitution was defined as the
change from the frequent allele to the rare allele.

Characterisation of local methylation level. We retrieved publicly available whole genome
bisulfite sequencing (WGBS) data for gametes and embryos at different stages of early
development (GSE121758; Duan et al., 2019) as well as somatic tissues (GSE147087; Zhou
et al., 2020). After removing CpG sites that overlap with known polymorphic variants, we
partitioned the genome into 1 kb bins and assessed the local methylation level of each bin as
the proportion of methylated reads mapping on the CpGs included in the bin relative to the
total number of CpG reads (methylated and unmethylated). Each CpG site within the bin was
then assigned the average methylation level of its corresponding bin. For each tissue, we
compared the proportion of de novo CpG>TpG substitutions (test set) occurring in bins with
local methylation levels greater than 50% with the proportion observed for all non-
polymorphic CpGs (background set). This threshold was chosen based on the typically
bimodal distribution of methylation observed in most cell types (Smith et al., 2025). We
repeated this analysis for rare CpG>TpG substitutions.

Results

Overall, we identified 1,441 bi-allelic DNMs in the Holstein breed and 1,349 in the
Montbéliarde breed. In addition, we detected 1.8 million rare bi-allelic substitutions
(MAF<0.001) in the Holstein breed. For both DNMs and rare substitutions, transitions
occurred more frequently than transversions, with C>T being the most common substitution
type (Table 1).

Table 1. Descriptive statistics of DNMs and rare substitutions.

Rare substitutions

DNMs (MAF<0.001)
Holstein Montbéliarde Holstein
C>A 114(791%) 108 (8.01%) 142,585 (7.85%)
C>G 119(8.26%) 106 (7.86%) 105,539 (5.81%)
C>T 542 (37.61%) 498 (36.92%) 797,832 (43.93%)
T>A 88 (6.11%) 89 (6.6%) 103,904 (5.72%)
T>C 439 (30.46%) 433 (32.1%) 543,877 (29.94%)
T™>G 139 (9.65%) 115 (8.52%) 122,581 (6.75%)
Total 1441 1349 1,816,318
Ti/Tv! 2.13 2.23 2.83

I Transition/transversion ratio: ((C>T]H[T>C))/([C>A]+[C>G+HT>A]+[T>G])



We then focused on C>T substitutions in a *CG context (i.e., CpG>TpG) and their
association with the local methylation level. In the majority of examined tissues, the
proportion of CpG>TpG with a local methylation level > 50% (considering 1 kb bins) was
higher than that observed for all non-polymorphic CpGs in the genome (i.e., the background
set; Odds Ratio (OR) > 1) (Table 2). These observations were consistent for both de novo and
rare bi-allelic substitutions.

Table 2. Methylation levels for all CpGs, CpG-to-TpG DNMs, and CpG-to-TpG rare
substitutions (MAF<0.001) for several tissues in Holstein breed.

CpG>TpG substitutions

Ticsue All CpGs - i DNMs Rare Variantﬁ (MAF<0.001)

N Met Meth> Met

o109 =05 N g5 OR P N Ij5 OR  95%CI
Sperm' 180 085 90 097 50 5804 217,009 095 3.1 [3.0-3.1]
fmmatire 97 039 31 058 21 0041 87,118 049 15 [1.4-1.5]
oocyte
2-cell! 1.1 04 36 061 24 0016 105336 049 14 [1.4-1.5]
4-cell! 107 034 37 051 20 0036 99,584 041 13 [1.3-14]
8-cell! 9.7 021 32 025 13 052 85747 026 13 [1.3-14]
16-cell! 151 029 68 025 08 051 168750 032 12 [1.2-1.2]
Blood? 234 088 113 097 52 7.2e-04 273,075 097 52 [5.1-5.3]
Liver? 233 084 113 093 2.6 6.8¢-03 272,547 094 3.1 [3.1-3.2]

Adipose? 234 086 113 099 184 1.8e-06 273,077 097 4.9 [4.8-5.0]

'WGBS obtained from NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/;
GSE121758),

WGBS obtained from NCBI GEO (GSE147087).

N: the number of CpGs; Meth>0.5: the proportion of CpGs with a local methylation level above 50%; OR: the
Odds Ratio; P: the P-value; 95% CI: the 95% confidence interval of the OR.

In the specific context of CpG rich regions — CpG islands, the proportion of CpG with a local
methylation level over 50% was lower in all tissues (from 10% [4-cell] to 32% [Liver]).
Nevertheless, the OR (ranging from 3.3 [8-cell] to 7.7 [Adipose tissue]) indicated that the
proportion of CpG>TpG with a local methylation level greater than 50% was substantially
higher than that observed for CpGs in CpG islands in all tissues studied.

Discussion

We leveraged the original population structure of dairy cattle alongside important genomic
resources to detect and characterize a large number of bi-allelic substitutions.

Compared to the classical trio-sequencing approach, using indirect family trios was intended
to detect mutations that have accumulated over generations and are therefore more numerous.
However, this approach is more challenging to implement as it requires high-quality phased
SNP-array genotypes to trace back IBD segments as well as high-quality sequences — for
both ancestors and descendants. Selecting rare variants (as a proxy of accumulated DNMs)
from a large panel of sequenced animals is a simpler approach, enabling a large number of
mutations to be obtained and facilitating the characterization of mutational processes
(Seplyarskiy et al., 2021).

Our analyses revealed a significant prevalence of CpG>TpG mutations. These substitutions
were associated with a higher local methylation context than non-polymorphic CpGs,
supporting a mutagenic effect of methylation, as previously reported (Walser and Furano,
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2010; Seplyarskiy et al., 2021). Consistently, CpG islands, which generally have a low level
of methylation, demonstrated reduced susceptibility to CpG>TpG mutations.

Conclusions
This study uses a comprehensive genomic dataset to investigate the effect of the epigenetic
landscape on mutation occurrence in cattle, demonstrating a positive association between
local methylation levels and CpG>TpG mutations, and primarily outside of CpG-rich regions
(CpG islands).
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