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Age-related changes in DNA methylation levels at CpG sites in bull
spermatozoa and in vitro fertilization-derived blastocyst-stage embryos
revealed by combined bisulfite restriction analysis
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Abstract. Age-associated methylation changes in genomic DNA have been recently reported in spermatozoa, and these
changes can contribute to decline in fertility. In a previous study, we analyzed the genome-wide DNA methylation profiles
of bull spermatozoa using a human DNA methylation microarray and identified one CpG site (CpG-1) that potentially
reflects age-related methylation changes. In the present study, cryopreserved semen samples from a Japanese Black bull
were collected at five different ages, which were referred to as JD1-5: 14, 19, 28, 54, and 162 months, respectively, and were
used for genome-wide DNA methylation analysis and in vitro fertilization (IVF). Distinct age-related changes in methylation
profiles were observed, and 77 CpG sites were found to be differently methylated between young and adult samples (JD1-2
vs. JD4-5). Using combined bisulfite restriction analysis (COBRA), nine CpG sites (including CpG-1) were confirmed to
exhibit significant differences in their age-dependent methylation levels. Eight CpG sites showed an age-dependent increase
in their methylation levels, whereas only one site showed age-dependent hypomethylation; in particular, these changes in
methylation levels occurred rapidly at a young age. COBRA revealed low methylation levels in some CpG regions in the
majority of the IVF blastocyst-stage embryos derived from spermatozoa at JD2-5. Interestingly, bulls with different ages did
not show differences in their methylation levels. In conclusion, our findings indicated that methylation levels at nine CpG sites
in spermatozoa changed with increasing age and that some CpG regions were demethylated after fertilization. Further studies
are required to determine whether age-dependent different methylation levels in bull spermatozoa can affect fertility.
Key words: Age-related changes, Bull spermatozoa, Combined bisulfite restriction analysis (COBRA), DNA methylation,
In vitro fertilization (IVF) embryos
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mpaired sperm nuclear DNA integrity and abnormal DNA methyla-

tion levels, which are considered to be caused by environmental
stresses, may be important factors that lead to low rates of conception
on the paternal side [1-3]. The DNA methylation patterns in male
germ cells do not necessarily reflect the gene expression patterns
in a specific cell type. However, these methylation patterns are
potentially involved in the germ cell-specific chromatin organization.
DNA methylation in germ cells is a unique process that is necessary
for proper spermatogenesis and sperm production [4, 5]. Extensive
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modifications to sperm chromatin are the result of removal of histones
during spermatogenesis and their replacement with protamines, chemi-
cal modifications observed in the retained histones, and methylation
of the sperm DNA bound to histones [4, 5]. DNA methyltransferase
(DNMT) proteins have been demonstrated to play essential roles in
sperm DNA methylation and in male fertility in general [6].

Many studies have suggested that various environmental and
physiological factors, including old age, can alter DNA methylation
patterns in spermatozoa [7, 8]. Jenkins et al. reported an increase in
both cytosine methylation and hydroxymethylation levels, as well as
changes in the global methylation status, with increasing paternal age
[9, 10]. Age-related global DNA hypermethylation has been observed
in various species, including mice and humans; however, some genes
become hypomethylated with age [7, 11, 12]. Following fertilization,
active DNA demethylation occurs throughout the paternal genome
prior to the first cell division, effectively erasing many methylation
marks generated during spermatogenesis [4, 13—15]. Given that sperm
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epigenetic architecture is likely to contribute to the early embryonic
development [3, 15, 16], DNA methylation changes in spermatozoa
have been proposed to be inherited by subsequent generations [9].

Previously, we conducted a pilot study using Human Methylation
array to evaluate genome-wide methylation profiles in 37,000 CpG
sites using DNA samples extracted from bull spermatozoa or tissues
[17, 18]. In the case of non-model organisms, such as pigs and cattle,
equivalent tools for studying DNA methylation at a genome-scale
are currently unavailable for commercial use. Methylation profiles
of individual and age-related alterations in bull spermatozoa can
be analyzed using human microarray, and methylation changes in
some CpG sites can be easily visualized using combined bisulfite
restriction analysis (COBRA) [17, 18]. Specifically, one CpG site
was hypothesized to reflect an age-related increase in methylation
levels, which was then confirmed by COBRA and bisulfite sequencing
analyses. COBRA is a useful detection tool for analyzing methylation
levels at targeted differentially methylated regions (DMRs) when
there is a large number of samples or when the samples have small
volumes, such as those for early embryos. In the present study, we
aimed to verify the age-related DNA methylation changes at CpG sites
in bull spermatozoa and the methylation status in in vitro fertilization
(IVF) embryos using COBRA.

Materials and Methods

All chemicals used in the study were purchased from Sigma-Aldrich
(St. Louis, MO, USA) unless otherwise indicated.

Semen sampling

Cryopreserved semen samples were collected from one Japanese
Black bull at different ages (JD1: 14 months, JD2: 19 months, JD3:
28 months, JD4: 54 months, and JD5: 162 months) [18] and then
used for genome-wide DNA methylation analysis and IVF assay.
Cryopreserved semen samples were obtained from bulls (Japanese
Black, n = 34; Holstein, n = 1) from six farms located in different
areas of Japan. The samples were collected at different ages ranging
from 10 months to 162 months and were used for subsequent COBRA.

DNA methylation analysis using Infinium EPIC BeadChip
array

Thawed semen samples were washed twice in Dulbecco’s
phosphate-buffered saline without calcium chloride or magnesium
chloride (DPBS). Genomic DNA was extracted from the semen
samples using DNeasy Blood and Tissue Kit (Qiagen, Valencia,
CA, USA) according to the manufacturer’s instructions with some
modifications as previously described [18].

The Infinium MethylationEPIC BeadChip (Illumina, San Diego,
CA, USA) array was used for genome-wide bovine DNA methylation
analysis. The EPIC array can profile more than 850,000 CpG sites of
the human genome, including more than 90% of the CpGs that are
also covered by the HM450 array (previous version) and more than
300,000 CpGs located in enhancer regions, representing a significant
improvement over the HM450 array [19]. The processing of DNA
for the methylation arrays (which involves bisulfite conversion,
whole-genome amplification, labeling, hybridization to an Infinium
MethylationEPIC BeadChip, scanning on a BeadArray scanner,

and raw data processing) was performed according to the Illumina
protocols at Takara Bio (Shiga, Japan).

After methylation array analysis, informative CpG sites were
selected as previously described [17]. Briefly, the fluorescence signal
intensities of the methylated and unmethylated alleles were obtained
[20]. Next, the total signal intensity (sum of these fluorescence
signal intensities) and the methylation level at each CpG locus were
calculated as the methylation beta-value, expressed as [signal intensity
of the methylated allele / (total signal intensity + 100)]. Similarly, the
detection P-values were calculated as a proportion of 636 negative
control probes with signal intensities higher than those measured
for each CpG site. Then, the most reliable CpG sites were checked
for quality and those with detection P-values = 0 and total signal
intensities > 1,000 were selected. The different methylation levels
at the CpG sites were compared among different ages (< 20 months
old vs. > 54 months old; JD1 and JD2 vs. JD4 and JD5).

Detection of differentially methylated regions in spermatozoa
by COBRA

The BLAST program (http://blast.ncbi.nlm.nih.gov/Blast.cgi) was
used to identify the sequences with high similarities for each quality-
controlled CpG site on bovine genome sequences (UMD3.1.1), using
human probes, as previously reported [17, 18]. Then, the CpG sites
located at the restriction enzyme sites for Acil, BstUl, HpyCH41V,
and Taql were selected within the bovine genome sequences identi-
fied by the BLAST search. Bisulfite primers were designed using
MethPrimer (http://www.urogene.org/methprimer/index.html) to
amplify the regions flanking the sequences of interest.

Genomic DNA was bisulfite-converted using the MethylEasy Xceed
Rapid DNA Bisulphite Modification Kit (Human Genetic Signatures,
New South Wales, Australia) according to the manufacturer’s in-
structions. The unmethylated cytosines were converted to uracil
residues, whereas methylated cytosines remained unchanged upon the
bisulfite treatment. The bisulfite-converted DNA was PCR-amplified
using a TaKaRa EpiTaq™ HS kit (TaKaRa Bio) using the following
conditions: 94°C for 2 min, followed 35 cycles of 94°C for 30 sec,
50-58°C (depending on the primer sets, see Table 1) for 30 sec, and
72°C for 30 sec. PCR products were digested with the restriction
enzymes shown in Table 1. The digested fragments were analyzed
by 3% agarose gel electrophoresis. The ratio of band intensities of
the digested and undigested fractions indicates the DNA methylation
levels at the restriction sites. The band intensities of all samples were
measured by densitometry using ImagelJ 1.50i (http://imagej.nih.gov/ij;
National Institutes of Health, Bethesda, MD) to examine differences
in methylation. The DNA band intensities were normalized by the
length of the DNA fragments. Methylation levels were calculated
based on the ratio between the intensities of the digested DNA band
and the combined intensities of the digested and undigested DNA
bands. When the restriction enzyme digested two or more sites, the
band intensities were weighted with 1 for samples methylated at all
sites or 0.5 for samples with both methylated and non-methylated
sites. Differentially methylated regions (DMRs), including CpGs,
were selected for subsequent analysis.
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Table 1. Primer sequences for COBRA
) Product AT Restriction Restriction Bovine fe'fltures f’f the Bovine Accession Target ID of
Forward and reverse primer sequences length ©C) enzvme fragments sequences including the chromosome No.. location arra
(bp) Y length* (bp) target CpG No. ” Y

CpG-Al STGGTTTAGTTTGTGTAATTTTTTTT3' 248 54 BstUI 178,37,33 - 2 AC 000159.1, cg03584544
5'AAACCTCCTACCATTTACATTAAAT3' 70365795

CpG-A2 5TAGGGTTTGTGTTTTTGTGTTTATT3' 221 56 HpyCH4IV  126,38,57  semaphorin-3B isoform 22 AC 000179.1, ¢g22037648
S'CCCTTTACCTATCAAAACCTCACS' 30638598

CpG-A3 5'GGGTAAATTGGTTATTTGAGGAAAT3' 233 57 HpyCHAIV 66, 167 guanine nucleotide-binding 7 AC_000164.1, ¢cg23160731
S'AATAATTTCCCTACCCCTAAATACCS' protein subunit beta-2-like 1 41765135

CpG-A4 STGGGTATTTAATTTATTATGTTTAGT3' 219 50 HpyCH4IV 36, 183 - 4 AC 000161.1, cg24956561
S'AAAAAATATAATTTTCTTAAAAAAAACS' 33059961

CpG-AS 5'GGAGTGGGGAGATGTGTATAGTTTA3' 245 58  Acil 169, 76 paired mesoderm homeobox 6 AC_000163.1, cg01416712
5'AACTCAATTCCCCAATACCAACS' protein 2B, transmembrane 62298715

protein 33 isoform 1

CpG-A6 5'TAGGTTGGTTGGTAGGGGTTATAG3' 248 58  Acil 33,39,176  decapping and 23 AC 000180.1, cg05626376
S'ATCAAAACAACTCTCACCTACACACS' exoribonuclease protein 27207858

CpG-A7 5'GGGATTTGTTGTTTTATTGATGAGT3' 221 57 HpyCHA4IV 51,159 C10orfl1 homolog 28 AC _000185.1, cgl5586478
S'AAAAAAAACTCAAACCAAACCTATCT3' 31517505

CpG-A8 S'TGTTTAAAATTTAATTTTAAAAGAAAAGAG3' 228 54 HpyCH4IV 61,167 COUP transcription factor 2 21 AC 000178.1, cgl3848359
isoform 10805413

S'ACATAAACCCAATTCAAAAAAAASZ

AT, Annealing temperature. * Restriction fragments length when all CpGs located in restriction endonuclease cleavage sites are methylated.

Analysis of methylated levels in cryopreserved semen by
COBRA

DNA from cryopreserved semen samples (n = 66, collected from
35 bulls with ages ranging from 10 to 162 months old) were extracted
and bisulfite-converted as previously described. For the majority of
the samples, methylation levels of the selected DMRs were estimated
by COBRA. Correlations between age and methylation levels of each
CpG were analyzed by Spearman’s rank correlation using GraphPad
Prism for Windows (version 7).

IVF

IVF tests were performed as previously described [18]. Briefly,
cumulus-oocyte complexes (COCs) were collected from slaughter-
house-derived ovaries after storing overnight in physiological saline
at 15°C. After 24 h of incubation to allow maturation, the COCs
were transferred to BO medium containing 20 mg/ml crystallized
BSA and 10 IU/ml Novo Heparin (Mochida Pharmaceutical, Tokyo,
Japan). Each cryopreserved semen sample (JD1-5) was thawed and
washed twice in 10 ml BO medium supplemented with 10 mM
caffeine sodium benzonate. Sperm suspensions were transferred
to a droplet of fertilization medium (final concentration: 5 x 10°
spermatozoa/ml) and co-incubated for 5 h at 38.5°C under 5% CO,
in air with maximum humidity. After IVF, the zygotes were cultured
in IVD 101 medium (Research Institute for Functional Peptides,
Yamagata, Japan) for 8 days; IVF data were obtained by counting the
number of embryos at the blastocyst stage per number of embryos
cultured after IVF. IVF experiments were repeated twice (JD1) or
thrice (JD2-5) for each ejaculate. IVF results among JD1-5 samples
were analyzed by Chi-squared test. P-value < 0.05 was considered
statistically significant.

Analysis of methylation levels in IVF embryos by COBRA
Bisulfite-converted DNA was directly extracted from each embryo

using Blood and Tissue DNA Methylation Kit (Enzo Life Science,
Lausen, Switzerland) according to the manufacturer’s instructions.
Blastocyst-stage embryos were washed six times in DPBS containing
1% PVP (polyvinylpyrrolidone, average mol. wt. 40 kDa). Each
embryo was placed in 1.5-ml siliconized microtubes containing 20 pl
of digestion buffer. Bisulfite-converted DNA was eluted in 20 pl of
elution buffer. The COBRA method was conducted as described above,
and PCR amplification was performed for 45 cycles. Oocytes before
IVF (n=70) were pooled and used for COBRA as described above.

Results

DNA methylation status revealed by Infinium
MethylationEPIC BeadChip array

The DNA methylation status of the bovine spermatozoa was
analyzed using Infinium MethylationEPIC BeadChips. The mean
number of CpG sites in the examined samples with a detection
P-value of 0 was 177,186 (20.4%; 167,284 to 188,415 sites). A total
of 133,388 CpG sites were associated with a detection P-value = 0
in all examined samples (15.4%), while 105,940 CpG sites fulfilled
the second criterion and showed a mean total signal intensity >1,000
(12.2%).

For the 105,940 probes used to analyze DNA methylation in
bovine samples using the MethylationEPIC BeadChip array, the
standard deviation of the beta-values of each probe among the semen
samples was calculated. Using the cutoff value of 0.2 for differences
in beta-values between groups (JD1 and JD2 vs. JD4 and JD5), 77
CpG sites showed significant differences in beta-values across the
groups analyzed (Fig. 1).

Age-related DMRs detected by COBRA
The comparison between the semen samples obtained from bulls
at different ages revealed 77 differentially methylated CpG sites;
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Fig. 1. Heatmap showing the different methylation levels at the detected

CpG sites between the samples JD1, 2 vs. JD4, 5 that are mapped
on the human chromosomes (n = 77 CpGs). The dendrograms
above and to the left of the heatmap show hierarchical clustering
results among animal individuals (JD1, JD2, JD4, JDS) and
among the CpG sites based on the methylation data, respectively.
Scale on the upper side of the heatmap indicates the methylation
status, ranging from the lowest (green, 0.0) to the highest (red,
1.0) methylation levels.

furthermore, 55 matching bovine DNA sequences (71.4%) were
selected after BLAST analysis. Thirteen CpG sites, including restriction
enzyme sites, were analyzed and primer sets were designed for 12 of
these regions. Changes in DNA methylation levels were confirmed
by COBRA, and nine CpGs (CpG-1, CpG-A1-A8) were found to
reflect age-related changes in methylation levels (Table 2). One
of these CpGs (CpG-1) was identified in our previous study [18].
Figure 2 shows the agarose gel electrophoresis results for three of
the DMRs (CpG-1, CpG-Al, and CpG-AS) analyzed by COBRA.
The methylation level of the CpG-1 region (Fig. 2A) was calculated
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using the three DNA bands visualized at 181 bp (0% methylation,
indicated by a white arrow head in Fig. 2A), 140-151 bp (indicated
by a gray arrow head in Fig. 2A), and 101-112 bp (indicated by a
black arrow head in Fig. 2A) reported in our previous study [18]. In
the CpG-A1 region, two methylated CpG sites, including CpG-Al,
were digested using BstUI (Table 1, Fig. 2D), which produced three
DNA bands. The methylation patterns could be visualized based on
the presence of bands at 248 bp (non-methylated, indicated by a
white arrow head in Fig. 2B, a+b + ¢ in Fig. 2D), 215 bp (including
methylated and non-methylated, indicated by a gray arrow head in
Fig. 2B, a + b in Fig. 2D), and 178 bp (methylated, indicated by a
black arrow head in Fig. 2B, a in Fig. 2D). The CpG-AS region (Fig.
2C) contains only one targeted methylated CpG site (Table 1, Fig.
2D). For regions with two or more digestion sites (CpG-1, Al, A2,
and A6), DNA methylation status in DMRs containing multiple CpGs
are also considered informative and biologically important. Thus,
for CpG-1 and CpG-Al, the formula described below was used to
estimate the DNA methylation status of multiple CpGs as DMRs in
the present study. To determine the methylation levels of each DMR
with multiple CpGs in Figs. 3, 4, and 5, the band intensities were
weighted as 1, 0.5, and 0, for the black, gray, and white arrow heads,
respectively, in Fig. 2A and 2B. For instance, CpG-1 methylation
levels were calculated using the formula (black/106.5)/(black/106.5
+ gray/145.5 + white/181) + (gray/145.5)/(black/106.5 + gray/145.5
+ white/181) x 0.5, and those of CpG-A1 were calculated using
the expression (black/178)/(black/178 + gray/215 + white/248) +
(gray/215)/(black/178 + gray/215 + white/248) x 0.5. For regions
with only one digestion site (CpG-A3, A4, A5, A7 and AS), the DNA
methylation level of the CpG in the digestion site was calculated
using the formula (black/169)/(black/169 + white/245) as exemplified
for CpG-AS5 using the two bands with white and black arrow heads
in Fig. 2C

Age-related methylation changes in the identified nine DMRs were
confirmed by COBRA using independent samples (n = 66, Fig. 3).
A logarithmic approximation curve was generated, considering that
the methylation rate at the DMR rapidly increased or decreased in
bulls with young age and then gradually became stable at old age.
We observed a significant correlation between the methylation level
at each DMR and the age of the sample (P-value < 0.01).

Table 2. Methylation levels at the target CpG sites determined by microarray and COBRA

Microarray COBRA
CpG ID JD1 D2 ID4 D5 Dif.* ID1 D2 JD3 D4 D5 Dif.*
CpG-1 0.51 0.61 0.74 0.86 0.24 0.65 0.69 0.78 0.86 0.96 0.24
CpG-Al 0.51 0.55 0.74 0.87 0.28 0.36 0.41 0.52 0.71 0.88 0.41
CpG-A2 0.54 0.62 0.8 0.89 0.26 0.66 0.66 0.69 0.74 0.85 0.14
CpG-A3 0.41 0.46 0.65 0.73 0.25 0.29 0.34 0.36 0.43 0.67 0.24
CpG-A4 0.44 0.49 0.64 0.76 0.23 0.31 0.3 0.38 0.46 0.67 0.26
CpG-AS 0.6 0.64 0.79 0.89 0.22 0.56 0.59 0.58 0.77 0.86 0.24
CpG-A6 0.47 0.54 0.65 0.77 0.21 0.69 0.7 0.71 0.83 0.9 0.17
CpG-A7 0.48 0.54 0.65 0.78 0.2 0.40 0.42 0.48 0.54 0.75 0.23
CpG-A8 0.56 0.5 0.34 0.2 -0.25 0.35 0.31 0.29 0.17 0.09 —-0.20

* Differences between group (JD1-2 vs. JD4-5).
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Fig. 2.

Age-related increase in the methylations at three CpG regions in spermatozoa confirmed by COBRA. Samples with fragments digested at all sites

(black arrow heads), partially digested fragments (gray arrow heads), and undigested (white arrow heads) fragments were subjected to 3% agarose
gel electrophoresis (A: CpG-1, B: CpG-Al, C: CpG-AS5). Methylation levels at the differentially methylated regions (DMRs), including the target
CpGs, are expressed as ratios of DNA band intensity between digested (black: ++, gray: +) and undigested (white: —) fragments (A" CpG-1, B"
CpG-Al, C'": CpG-AS5). Methylation levels were measured by densitometry using ImageJ 1.50i. D: Positions of the restriction enzyme recognition
sites (BstUI or Acil) of the PCR products amplified using CpG-A1l or CpG AS primers (arrows) for COBRA. The methylated CpG sites, including
CpG-Al and CpG-AS (indicated by black triangles), were digested by BstUI or Acil, respectively, and are indicated by triangles. The DNA bands
at 248 bp (a + b + ¢, a white arrow head in B, —in B'), 215 bp (a + b, a gray arrow head in B, + in B'), and 178 bp (a, a black arrow head in B, ++
in B') can be obtained by BstUI digestion. The DNA bands at 245 bp (a + b, a white arrow head in C, —in C'), and 169 bp (a, a black arrow head

in C, ++ in C') can be obtained by Acil digestion.

Methylation levels in IVF embryos

The developmental rates of IVF embryos are shown in Table 3.
Blastocyst-stage embryos failed to develop when JD1 spermatozoa
were used, which was attributed to impaired/very weak motility after
thawing (5++). IVF embryos derived from JD4 and JD5 showed lower
cleaved rates than those derived from JD3 (P < 0.01). There were
no differences in the rates of developmental to the blastocyst stage
among IVF embryos derived from JD2-5. Considering that the zygote
inherits DNA from both spermatozoa and oocyte, we calculated the
contribution of IVF embryos with methylation levels of spermatozoa/
oocytes as 0.5. The differences in methylation levels were considered
when the methylation levels in the embryos were less than 50% of the
methylation levels of spermatozoa/oocytes. Results of the COBRA
revealed that the methylation levels of blastocyst-stage embryos (n
= 16) obtained from IVF using JD2-5 spermatozoa were less than
50% of those obtained for JD2-5 spermatozoa at the seven DMRs
(CpG-1,A1,A2,A3,AS, A6, A8, t-test, P-value < 0.05) (Table 2, Fig.
4). The methylation levels of oocytes before IVF (pooled 70 oocytes)

showed high variability among the samples at CpG-1 DMR (Fig. 5).
On the other hand, the oocytes before IVF showed hypomethylation
values of 0.01 and 0.00 at the CpG-A1 and AS DMRs, respectively
(Fig. 5). The majority of the IVF-derived blastocyst-stage embryos
were hypomethylated at the CpG-1, A1, and A5 DMRs, whereas
some of the embryos were hypermethylated at these DMRs (Fig. 5).
The semen samples collected from bulls at different ages showed no
significant differences in methylation levels at these DMRs in the
embryos (P-value > 0.05).

Discussion

The present study confirmed that the methylation levels at nine CpG
sites in spermatozoa showed age-related changes throughout the bull’s
life, and seven of these CpG regions were found to be hypomethylated
after fertilization. In the DMRs analyzed, we observed rapid changes in
methylation levels until the animals reached four years of age; however,
the methylation changes were less pronounced with advancing age
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Fig. 3. Age-related methylation changes at nine DMRs (A: CpG-1, B: CpG-Al, C: CpG-AS, D: CpG-A2, E: CpG-A3, F: CpG-A4, G: CpG-A6, H:

CpG-A7,1: CpG-A8) analyzed by COBRA. For regions containing two or more digestion sites (CpG-1, A1, A2, and A6), the DNA band intensities
were weighted as, 1, 0.5, and 0, for the black, gray, and white arrow head in Fig. 2. For regions with only one digestion site (CpG-A3, A4, A5, A7
and A8), the DNA methylation level at the CpG was calculated using the two bands with white and black arrow heads in Fig. 2. Semen samples
were obtained from 35 bulls at different ages (10—-162 months, n = 66, x axis). The equation and R value are reported in the graph. The correlation
between the methylation level of each DMR and the age of the sample was statistically significant (P < 0.01).
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Fig. 4. Methylation levels at the DMRs, with age-dependent

differential methylation levels in the IVF blastocyst-stage
embryos analyzed by COBRA. Blastocyst-stage embryos
(n = 16) were obtained from IVF using JD2-5 spermatozoa
(Tables 2 and 3) and nine DMRs (CpG-1, CpG-A1-A8) were
analyzed individually. The DMRs are arranged in descending
order of average methylation degree. The methylation levels of
IVF embryos (black bars, right side) at the seven DMRs were
significantly lower (¥, t-test, P < 0.05) than the half value of
methylation levels of spermatozoa (white bars, left side). Bars
indicate the standard errors.

(Fig. 3). The methylation state of sperm DNA in bulls appeared to be
influenced by the age of breeding maturation. Recent studies revealed
that the overall DNA methylation levels of the genome increase during
the first year of life and then stabilize through adulthood to advanced
age in human blood leucocytes [21]. Potential correlations between
the methylation status and the breeding maturation could be used as
markers to evaluate the fertile period in bulls.

The methylation levels of the analyzed DMRs can also be used
as markers to estimate the age of the bull at which fresh semen was
collected. Recently, many studies have developed age prediction
models based on DNA methylation in various tissues and body fluids

Table 3. IVF results of frozen semen samples of the same Japanese Black
bull at different ages (JD1~5)

Age IVF
Semen Motility

(months) Total (r)  Cleaved (%)  Blastocyst (%)
D1 14.0 5 86 (2) 7 8.1)® 0 (0.0)®
D2 19.3 50 141(3) 87 (61.7)% 24 (33.3)P
D3 28.1 43 122(3) 91 (728)® 23 (33.6)"
D4 542 37 158(3) 88 (55.7)°¢ 25 (29.1)b
JD5 162.0 57 133 (3) 70 (52.6)°¢ 15 (24.1)°

Motility: determined under microscope just after thawing. Total: number
of oocytes cultured after in vitro fertilization. r: repeat number for IVF
experiment. 2% ¢ The values with different superscripts within the same
column are significantly different (P < 0.05).

[7,22]. Methylation levels at multiple CpG sites are highly associated
with age and could therefore be used to predict chronological age
in humans [7]. In the present study, the CpGs with age-dependent
different methylation levels (ADDM) are common across the so-called
epigenetic clock and can be used to predict an individual’s age [23,
24]. We deduced an age-estimation formula for the bull based on the
methylation levels at three DMRs (CpG-1, CpG-Al, and CpG-AS).
Indeed, when the methylation levels of the sperm were used in this
formula to estimate the age of the bulls, the predictions showed 80%
accuracy (data not shown).

We identified target CpG sites that showed ADDM and used
COBRA to analyze the methylation levels at the DMRs for a large
number of samples or a small volume of sample, such as the blastocyst-
stage embryos. Methylation levels showed an age-dependent increase
or decrease in the semen samples (Fig. 3). However, it is not clear
whether the bovine features of the sequences, which include the target
CpGs (indicated in Table 1), could be affected by aging. Interestingly,
COBRA results showed that the methylation levels were different
among individuals of the same age (Fig. 3). In particular, these data
showed that the methylation levels were more variable among younger
bulls. The samples used in this study were obtained from six farms

CpG-1 CpG-A1 CpG-A5
1.5+ 1.0+ 1.0+
2 2 0.3 % 0.8
3 1.0 3 3
s £ 061 = 061
8 B g4 8 044
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Fig. 5. Methylation changes as revealed by COBRA at three DMRs (A: CpG-1, B: CpG-Al, C: CpG-AS5) in MII oocytes before IVF (white circles,
pooled n = 70), spermatozoa (white bars, JD2—-5), and IVF-derived blastocyst embryos (black circles, n = 5-17, analyzed one by one) using JD2-5

spermatozoa. Bars indicate average methylation levels.
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located in different areas of Japan; however, it is not clear whether
pedigree or environmental factors can contribute to the observed
differences in methylation levels among the individual bulls.

Male age at conception has long been recognized to be associated
with an increased risk for de novo mutations, which can cause some
disorders [25]. Epigenetic changes, mainly DNA methylation, have
been associated with age-related diseases in humans [26, 27]. Certain
ADDM regions can be potentially associated with bull fertility. The
paternal epigenome is required not only for spermatogenesis and mature
sperm function, but also for embryonic development. COBRA revealed
low methylation levels at seven ADDM regions in the [VF-derived
blastocyst-stage embryos (Fig. 4). The above results suggested that
these ADDM regions in spermatozoa could be demethylated during
early embryonic development. We observed no differences in the
rates of developmental to the blastocyst stage among IVF embryos
derived from the spermatozoa of bulls at different ages (19-162
months, Table 3). The different methylation levels at these ADDM
regions in sperm DNA did not affect the methylation status of the
IVF-derived embryos; however, some of the [IVF-derived blastocyst
stage embryos showed hypermethylation at these ADDM regions (Fig.
5). The methylation levels of the spermatozoa can be preserved in the
embryos. If the abnormal methylation levels are confirmed to reflect
the methylation error in the early-stage embryos, it will be interesting
to analyze the correlations between different methylation levels and
the developmental abilities of IVF-derived embryos.

As shown in Table 3, after warming the frozen semen sample, low
sperm motility was seen to be associated with poor IVF results. It is
possible that the results of IVF reflect poor motility after freezing
and thawing. However, whether the results shown in Table 3 are
related to ADDM methylation levels remain unknown. To effectively
predict fertility from methylation levels, evaluation of the fertility of
young bulls during periods of severe changes in ADDM methylation
levels should be considered in subsequent studies to identify useful
markers for fertility from the ADDM regions. If the methylation
levels accurately reflect the maturity of sperm, abnormal methylation
levels of these CpG sites can be used to identify immature sperm
and associated fertilization characteristics.

In conclusion, our findings revealed that the methylation levels
at some DMRs in spermatozoa are altered throughout the bull’s life
and that certain DMRs are hypomethylated after fertilization. These
DMRs can serve as epigenetic biomarkers for predicting bull age.
Further studies are required to determine whether these age-dependent
changes in methylation levels can affect bull fertility.
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