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1. Summary

The task D6.4 aims to quantify the proportion of phenotypic variation in dairy cows that can be
explained by the variation in the sperm epigenome of their sire (Holstein breed). This work is a
collaborative effort between the BREED and GABI units from INRAE (France) and ELIANCE
(France) as part of task 6.4 titled “Impact of sperm epigenome on phenotype.” This report is based
on the analysis of RRBS data from 742 sperm samples corresponding to 405 bulls.

Sperm samples were considered when they were associated to more than 20 progeny with
phenotypes. CpG results were conserved when methylation rate (DNAmM) was variable (minimal
standard deviation of 0.05) and sequencing depth exceeded 10x (28 on average). In total, 596
samples and 87,228 CpGs were selected. From this dataset, various epigenetic similarity matrices
were built, based on several standardization methods for epigenetic marks. These matrices were
incorporated in genetic evaluation models to quantify the impact of sperm epigenome variation on
34 daughters’ traits routinely collected for French genomic evaluation. Variance components —
genetic, epigenetic, and residual - were estimated using REML, and the impact of including
epigenetic effects in the models was assessed through Likelihood Ratio Tests (LRT), which
compared models with and without the epigenetic component.

The results revealed that incorporating paternal epigenetic effects resulted in negligible
improvements to model fit for most traits. Specifically, epigenetic effects explained less than 0.4% of
phenotypic variance for all traits studied. This suggests that, while paternal epigenetic factors might
play a role in shaping phenotypic traits, their contribution to the overall phenotypic variation in
Holstein cattle is limited using this particular dataset.

2. Introduction

The goal of this task was to quantify the influence of sperm DNA methylation on the performances
of female progeny. Specifically, we aimed to estimate the proportion of phenotypic variance in
Holstein daughter traits that is explained by the sperm epigenome of their sires.

The experiment was designed taking advantage of the wide dissemination of frozen sperm of bulls
by artificial insemination (Al) and the high-level traceability of semen from collection and straw
processing in Al centers up to cow insemination and calf identification in commercial herds. In
addition, extensive phenotypic recording of multiple traits in numerous daughters provided a robust
framework for analysis, as illustrated in Table 1. These data allowed the estimation of semen batch
effects on daughters’ performances, as previously shown by Fouéré et al (2024).

On top of this already existing design, we characterized the sperm epigenome for 742 samples of
405 Holstein bulls. This report details the generation of DNA methylation data and presents the
results of statistical analyses aimed at evaluating relationship between sperm epigenome variation
and phenotypic traits in progeny.

3. Material
Phenotypes and pedigree

The phenotypic data correspond to the phenotypes of the daughters born from the characterized
semen batches. Because these data include only a small proportion of each herd, it was not possible
to analyze the raw data in a comprehensive model including a contemporary group effect. Therefore
we analyzed the so-called “yield deviations (YD)”, i.e., performances adjusted for non-genetic effects
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estimated on the whole Holstein population
(https://www.geneval.fr/_files/ugd/a0004f_f0le4d72c01a4169ae4648c08a9b0fab.pdf).

in the French

are listed in Table 1, with their corresponding number of records.

routine genomic evaluation
The traits

Trait Number Trait Number of
of records records

Somatic cell score 43725 Chest width 6455
Conception rate of heifer 71239 Body depth 6455
Conception rate of cow 50023 Dairy strength 6455
Calving to 1%t Al interval 53627 Rump width 6455
Non-return rate of heifer 74956 Locomotion 6455
Non-return rate of cow 52052 Rear legs rear view | 6455
First to last service interval 49604 Udder cleft 6455
Milk yield 42382 Foot angle 6455
Milk fat content 42293 Body condition 6455
Milk protein content 42294 Udder depth 6455
Milk fat yield 42293 Teat balance 6455
Milk protein yield 42294 Front teat distance | 6455
Milking speed 6455 Teat placement 6455
Fore udder attachment 6455 Teat length 6455
Rump angle 6455 Stature 6455
Rear leg set 6455 Temperament 6455
Rear udder height 6455

Table 1: List of analyzed traits along with the corresponding number of records for each trait.

Regarding pedigree information, ancestors were traced up to 3 generations to build the pedigree

relationship matrix.
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Epigenomic Data

Semen samples were collected from 405 Holstein bulls born between 2001 and 2021. Samples were
obtained from frozen straws stored at -196 °C in liquid nitrogen, similar to those used for on-farm
artificial insemination. At the time of semen collection, bulls ranged from 10 months to 7.3 years of
age. For each straw or batch of straws, DNA methylation was extracted, and DNA patterns were
obtained by Reduced Representation Bisulfite Sequencing (RRBS) as described in Costes et al.
(2022). With this method, about 2 million CpGs are covered, i.e., less than 10% of the total number
of CpG sites in the genome. Only CpGs covered by at least 10 reads were kept, and average depth
reached 28. CpGs with more than 20% of missing data were filtered out. In addition, marks
colocalizing with known SNPs and marks with a standard deviation of less than 5% were excluded.
Finally, 87,228 marks were considered to build a similarity matrix between individuals, called
Epigenomic Similarity Matrix (ESM). After filtering CpGs, we selected the semen samples that had
the most information on those marks, removing the samples that had more than 3% of missing data
in the selected marks. In total, The ESM was constructed using 597 RRBS samples (253 bulls with
1 sample and 102 bulls with multiple samples, from 2 to 8).

Selected Epigenetic Marks for Similarity Matrix Construction

0.00 025 050 075 1.00
Mean Methylation Level

Figure 1 Selection of CpGs for the construction of similarity matrix. Each dot represents a CpG and its
associated mean (x-axis) and standard deviation (SD, y-axis) across the 597 RRBS samples. Red and Blue
lines correspond to the 80% confidence interval high and low thresholds, respectively. All CpGs with SD
lower than 5% were removed.

4. Method

Models of analysis

The influence of sperm methylation marks on the daughters’ performance was analyzed by
estimating the variance component attributable to methylation. Variance components were
estimated using REML methods. To avoid confounding the genetic sire effect with the effect of sperm
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methylation, both effects were included in the statistical model. Genetic and epigenetic effects of the
same sires were disentangled through two kinds of information: (a) for some sires, different semen
RRBS samples were analyzed, generating epigenetic variation within sire; (b) the covariance
structure of genetic and epigenetic effects differed, as they were built separately based on pedigree
information (for genetic effects) and methylation marks (for epigenetic effects).

The linear model was the following:
y=Xp+Za+Wm+e [1]

where y is the vector of YD for the trait analyzed; B is the vector of fixed effects of the daughter’'s
birth year (all other environmental effects were already preadjusted); a is the random sire genetic
effect, normally distributed with mean 0 and variance A 0.25 62, A being the additive relationship
matrix based on pedigree and o2 the genetic variance; m is the random methylation effect of the
batch, normally distributed with mean 0 and variance ESM o2, ESM being the similarity matrix
between batches based on methylation marks and o2, the methylation variance; e is the vector of
residuals, normally distributed with mean 0 and variance I 62, | being the identity matrix and o2 the
residual variance; and X, Z, and W are the corresponding incidence matrices.

The statistical significance of the methylation variance was tested by the Likelihood Ratio Test (LRT)
comparing model [1] to a reduced model without the methylation random effect [2].

y=Xp+Za+e [2]

A significantly improved likelihood would mean that the methylation variance is significantly different
from 0. The LRT test was compared to a 1-df x? distribution. Considering that the distribution of LRT
under HO is a mixture of 0-df and 1-df x2 distributions (Visscher, 2006), the resulting p-values were
halved.

Construction of the Epigenomic Similarity Matrix (ESM)

Let us denote M the methylation matrix. Rows correspond to samples and columns are the individual
CpGs. Each term m; is the methylation frequency for sample i at CpG j, based on the number of
sequence reads. After adjusting all m; for the mean frequency of each mark j, a covariance matrix
between batches can be computed by the product MM’.

Markers colocalizing with SNPs were removed, markers with more than 5% of missing values were
removed and we required a minimum frequency standard deviation of 5% for each retained marker
to ensure sufficient variability (and not only technical variability). Additionally, the proportion of
missing markers per batch was limited to less than 3%, and the missing ones were imputed with the
mean of the methylation for each mark. Finally, several ejaculate batches (RMG_38, RMG_39,
RMG_40, RMG_41) showed deviation from the normal distribution for individual markers and were
excluded from the matrix construction. We corrected the methylation levels at each site for age at
collection using four classes (<500d; [500d; 750d]; ]750d; 1000d]; >1000d).

To ensure that the diagonal terms of MM’ are equal to or close to 1, standardization is required.
Following VanRaden’s approach (2008) for constructing a genomic relationship matrix, it was
proposed to standardize each marker methylation rate by its standard deviation [Equation 3] or to
standardize all terms of MM’ based on the average methylation variability [Equation 4]:

5 = 1 ynm (Mig— ) (Mg — ki)
Y nm “k=1 var (k)

[3]
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o Yhemq (M= i) (M jr— k)
Y . var (k)

[4]

The two methods of standardization are not fully equivalent. The first method [Equation 3] gives
greater weight to the most variable methylation marks, whereas the second method [Equation 4]
gives an equal weight to all marks, regardless of their variability. Determining which approach is
more biologically relevant is challenging. Therefore, both approaches were used.

The matrix M can include all marks, or a subset selected based on predefined characteristics. In this
study, we compared the results obtained from similarity matrices constructed using three different
sets of marks: all marks, heritable marks, and non-heritable marks.

Heritability of individual methylation marks.

The heritability of CpG was previously estimated as part of task 6.3. For this study, we retrieved the
corresponding estimates for 166,985 CpGs. These heritability estimates were obtained with a
genomic relationship matrix constructed between sires.

5. Results

The results for the ESM based on Equation [3] are presented in Table 2. For the 34 traits analysed,
the methylation effect always explained less than 0.4% of the total phenotypic variance. This
variance component was always not significantly different from zero, as assessed by LRT values,
which were always lower than 1.001.

These findings suggest a minimal contribution of sperm epigenome (specifically DNAmM methylation
marks) to observed phenotypic variation in this population of Holstein cattle. Consequently, while
sperm methylation may have some influence on progeny traits, it does not appear to be a major
determinant of phenotypic outcomes.

Additional results, provided in Supplementary Tables, include analyses using the ESM built with
Equation [4], as well as ESM based on subsets of heritable markers (h2 > 0.2) and non-heritable
markers (h2 < 0.2). These supplementary analyses lead to the same conclusions, with methylation
variance remaining very low across the scenarios.

6. Conclusion

Incorporating sperm methylation effects into our analyses has provided valuable insight into the
potential influence of paternal epigenetic factors, including non-genetic paternal effects, on the
phenotypic traits of Holstein cattle. However, the methylation variance component estimates were
very low. The inclusion of a random methylation effect, modelled through an epigenetic similarity
covariance matrix (ESM), did not improve the model fit for any of the traits analysed. One possible
interpretation is the very limited epigenetic variability in the sperm of Al bulls, due to short carriers
and standardized management practices, and/or to the low effect of methylation marks transmitted
by sperm on progeny performance, which would be consistent with the epigenetic reprogramming
taking place after fertilization. Another explanation may be related to our particular experimental
design, with short time intervals between the available ejaculates, limiting the accumulation of
epigenetic differences. Another possible interpretation is that the epigenetic similarity matrices used
in this study have been too general, underscoring the need for refinement by selecting the most
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.........

biologically relevant methylation marks, or that RRBS does not cover the CpGs that are the most
relevant to this question.

Trait o%(Model [2]) o%(Model [1]) 0%, (Model [1]) LRT

Calving to 1°t Al interval 9.84 8.27 1.03E-05 1.00
Body condition 4.16E-02 4.16E-02 1.04E-05 1.00
Body depth 7.12E-02 7.12E-02 1.02E-05 1.00
Chest width 4.66E-02 4.66E-02 1.11E-05 1.00
Conception rate of the cow 1.17E-03 1.15E-03 1.07E-05 1.00
Conception rate of the heifer 7.65E-04 7.66E-04 1.45E-05 1.00
Dairy strength 4.50E-02 4.50E-02 9.99E-06 1.00
First to last service interval 3.30E+01 3.30E+01 3.03E-05 1.00
Foot angle 1.72E-02 1.71E-02 1.14E-05 1.00
Fore udder attachment 1.07E-01 1.07E-01 1.07E-05 1.00
Front teat distance 1.51E-01 1.51E-01 1.14E-05 1.00
Locomotion 1.75E-02 1.74E-02 1.02E-05 1.00
Milk fat content 1.01E+02 1.00E+02 1.39E-04 1.00
Milk fat yield 1.87 1.88 1.65E-05 1.00
Milk protein content 4.91E+01 4.88E+01 5.59E-05 1.00
Milk protein yield 4.16E-01 4.17E-01 2.74E-05 1.00
Milk yield 6.46E+04 6.36E+04 7.21E-02 1.00
Milking speed 1.30E-02 1.29E-02 1.05E-05 1.00
Non-return rate of the cow 7.39E-04 6.61E-04 1.19E-05 1.00
Non-return rate of the heifer 4.16E-04 1.00E-12 1.47E-05 1.00
Rear leg set 5.64E-02 5.63E-02 9.81E-06 1.00
Rear legs rear view 3.72E-02 3.71E-02 1.01E-05 1.00
Rear udder height 5.29E-02 5.29E-02 1.02E-05 1.00
Rump angle 3.33E-02 3.33E-02 1.06E-05 1.00
Rump width 1.37E-01 1.37E-01 1.18E-05 1.00
Somatic cell score 4.32E-02 4.25E-02 3.70E-06 1.00
Stature 2.31E-01 2.31E-01 9.00E-06 1.00
Teat balance 4.06E-02 4.06E-02 1.16E-05 1.00
Teat length 1.16E-01 1.16E-01 9.46E-06 1.00
Teat placement 7.35E-02 7.34E-02 9.20E-06 1.00
Temperament 1.11E-02 1.11E-02 1.08E-05 1.00
Udder cleft 1.12E-01 1.12E-01 1.12E-05 1.00
Udder depth 5.24E-02 5.24E-02 1.03E-05 1.00

Table 2: Genetic and epigenetic variance estimates for traits analyzed using two models. aé (Model 2])
represents the genetic variance estimated under Model [2], while 65(Model [1]) and aﬁpi(Model (1D
denote the genetic and epigenetics variances estimated in Model [1]. The likelihood ratio test (LRT)
indicates the improvement in model fit when incorporating epigenetic variance.
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To ensure robust DNA methylation measurements, it is important to account for technical factors
such as sequencer model, sequencing depth, and library preparation batches, which can influence
methylation frequencies. While this deliverable focuses on analyzing the observed differences
between ejaculates, further analyses may explore these technical variables to refine the
interpretation of epigenetic marks.

In conclusion, while it has been suggested in several species that the sperm epigenome plays a role
in shaping phenotypic variation in the next generation, it appears to contribute minimally to the overall
variation in the traits studied in Holstein cattle. This suggests that, at least for the traits included in
this analysis, genetic factors remain the most significant paternal contributors to phenotypic
outcomes. Further research using Epichip technology, which outperforms sequencing-based
methods in terms of reproducibility, and incorporating the epigenome of females could enhance the
understanding of epigenetic effects, potentially revealing more significant contributions to phenotypic
traits and improving the application of epigenetic data in livestock breeding.
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