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Semen processing may contribute to epigenetic changes in spermatozoa. We have there-
fore addressed changes in sperm DNA cytosine methylation induced by cryopreservation of
stallion semen. The relative amount of 5-methylcytosine relative to the genomic cytosine
content of sperm DNA was analyzed by ELISA. In experiment 1, raw semen (n ¼ 6 stallions,
one ejaculate each) was shock-frozen. Postthaw semen motility and membrane integrity
were completely absent, whereas DNA methylation was similar in raw (0.4 � 0.2%) and
shock-frozen (0.3 � 0.1%) semen (not significant). In experiment 2, three ejaculates per
stallion (n ¼ 6) were included. Semen quality and DNA methylation was assessed before
addition of the freezing extender and after freezing-thawing with either Ghent (G) or
BotuCrio (BC) extender. Semen motility, morphology, and membrane integrity were
significantly reduced by cryopreservation but not influenced by the extender (e.g., total
motility: G 69.5 � 2.0, BC 68.4 � 2.2%; P < 0.001 vs. centrifugation). Cryopreservation
significantly (P < 0.01) increased the level of DNA methylation (before freezing 0.6 � 0.1%,
postthaw G 6.4 � 3.7, BC 4.4 � 1.5%; P < 0.01), but no differences between the freezing
extenders were seen. The level of DNA methylation was not correlated to semen motility,
morphology, or membrane integrity. The results demonstrate that semen processing for
cryopreservation increases the DNA methylation level in stallion semen. We conclude that
assessment of sperm DNA methylation allows for evaluation of an additional parameter
characterizing semen quality. The lower fertility rates of mares after insemination with
frozen-thawed semen may at least in part be explained by cytosine methylation of sperm-
DNA induced by the cryopreservation procedure.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Because of the globalization of horse breeding, the
significance of semen cryopreservation in horses is steadily
increasing [1,2]. Although frozen semen is produced from a
large number of stallions [3], with regard to cryosurvival of
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semen high variability exists among stallions [4]. Only
approximately 50% of the stallions are considered accept-
able for production of cryopreserved semen [3]. Cryoinjury
of spermatozoa is mainly represented by membrane
damage due to physical stress, i.e., osmotic stress due to
extracellular ice formation, phase transition from liquid to
crystalline and oxidative stress [4–6]. Moreover, cryopres-
ervation also induces DNA fragmentation independent of
membrane damage [7,8]. Cryopreserved semen of good
in vitro quality may render low conception rates in the field
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[3]. Nevertheless, the possibility to predict semen fertility
on the basis of laboratory assessment is still limited.
Recently, aberrant methylation of sperm DNA has been
suggested to affect fertilization and development of the
preimplantation embryo [9–11]. Moreover, cryopreserva-
tion of semen contributes to dramatic changes in
messenger RNA expression of epigenetic-related genes
[12]. Assessment of DNA methylation has therefore been
suggested as a new approach to evaluate the ability of
spermatozoa to fertilize the oocyte and lead to normal
embryo development [9].

In mammalian cells, epigenetic changes include DNA
methylation, posttranslational histone modifications,
chromatin remodeling, and production of small noncoding
RNAs [13]. Among those, DNA methylation attracts specific
interest for the assessment of epigenetic changes and is
defined as the stable addition of a methyl group to cytosine,
mainly in enriched CG (cytosine guanine) regions of the
DNA, also described as CpG (5’dCdphosphatedGd3’)
islands. Methylation can represent a response to environ-
mental cues and may modify gene expression [13]. Epige-
netic modifications are generally removed and
reestablished from one generation to the next [14]. During
male germline development, paternal DNA methylation
marks are erased and established through waves of
demethylation and de novo methylation [15]. To the best of
our knowledge, no information on DNA methylation of
equine sperm is available so far.

In the present study, we have followed the hypothesis
that DNA methylation of stallion sperm is affected by
cryopreservation. We have therefore analyzed global
5-methylcytosine in DNA of equine semen before and after
freezing.

2. Material and methods

2.1. Experimental animals and semen collection

The experiment was done in accordance with experi-
mental animal legislation in Austria. Six healthy fertile
Shetland pony stallions aged between 8 and 23 years
(15.5 � 3.2) with three stallions being younger than 12 and
three older than 20 years of age were used for the study.
Stallions’ weight was between 116.0 and 183.5 kg (mean
156.0 � 6.7 kg). All stallions were kept in groups in loose
barns, fed hay twice daily, and had free access to water and
minerals. Semen from the stallions was collected at regular
intervals, i.e., two or three times per week with a Hannover
artificial vagina (Minitube, Tiefenbach, Germany) on a
dummy as described [16]. For semen collection, stallions
were exposed to a teaser mare until erection and readiness
to mount, followed by mounting of the dummy.

2.2. Experimental design

2.2.1. Experiment 1
For thefirst experiment, one ejaculate per stallion (n¼6)

was collected. Immediately after semen collection, the gel
fraction of the ejaculate was removed. Semen was filtered
through sterile gauze, and volume, sperm concentration,
total sperm count, as well as percentage of motile,
progressively motile, and membrane-intact spermatozoa
were evaluated (see Section 2.3 for further details). The
ejaculate was then divided in two portions: from one
portion, DNA was extracted without further semen
processing, whereas from the second portion,1.5-mL semen
were filled in a tube and plunged into liquid nitrogen
(�196 �C) for 15 minutes before thawing at 38 �C for
1minute (shock-frozensemen), followedbyDNAextraction.

2.2.2. Experiment 2
From each of the six stallions, three ejaculates were

collected at 1-week intervals. Immediately after semen
collection, the gel fraction of the ejaculate was removed.
Semen was filtered through sterile gauze; and volume,
sperm concentration, total sperm count, and percentage of
motile, progressively motile, membrane-intact, and
morphological intact spermatozoa were evaluated (see
Section 2.3 for further details). Ejaculates were split in three
aliquots. Two aliquots were diluted with EquiPlus extender
(Minitube) and one with BotuSemen extender (Nidacon
International,Mölndal, Sweden) to a concentration of 100 to
200 spermatozoa/mL, dependent on the volume and avail-
ability of semen, and filled into a sterile centrifugation tube.
Centrifugation was performed with Androcoll (Minitube)
for 20 minutes at 25 �C at 800 � g (Centrifuge 5804 R,
Eppendorf, Hamburg, Germany) for removal of somatic
cells. The supernatant was discarded and the semen pellet
submitted to further processing. One of the aliquots diluted
with EquiPlus was used for analysis of semen quality
and DNA extraction before freezing (final concentration:
50 million spermatozoa/mL). The second aliquot was
cryopreserved with Ghent (G) extender, and the third
aliquot cryopreserved with BotuCrio (BC) extender. In these
aliquots, semen analysis andDNA extractionwas performed
after thawing of one straw each after at least 4 weeks of
storage in liquid nitrogen (�196 �C).

2.3. Experimental procedures

2.3.1. Cryopreservation and thawing of semen
Processing of semen for cryopreservation was done at

room temperature (20 �C). After centrifugation of extended
semen, the supernatant was removed until approximately
1 cm above the surface of the sperm pellet. The sperm pellet
was resuspended with the cryopreservation extender at a
1:1 ratio. The semen was filled in 0.5-mL straws and sealed
automatically at room temperature (MPP Uno, Minitube).
Straws were placed on a rack into the freezing chamber of a
computer-controlled rate freezer at 20 �C (IceCube 14 M;
Sylab, Purkersdorf, Austria). Semen was first cooled to 5 �C
with a cooling rate of 0.3 �C/min, subsequently within
3 minutes to�25 �C (10 �C/min) and finally to�140 �C with
a cooling rate of 25 �C/min. Straws were removed from the
chamber and plunged directly into liquid nitrogen in which
theywere stored for at least 4weeks before thawing at 38 �C
for 15 seconds. Before further analysis, semen was held at
room temperature for 15 minutes.

2.3.2. Semen analysis
Semen analysis was always performed by an experi-

enced technician blinded to semen treatment. Sperm



C. Aurich et al. / Theriogenology 86 (2016) 1347–1352 1349
concentration was measured by Nucleocounter SP-100
(Chemometec, Allerod, Denmark) as described [16], and
total sperm count was calculated from volume and sperm
concentration. The percentage of motile, progressively
motile, and membrane-intact spermatozoa was evaluated
by computer-assisted sperm analysis (Spermvision, Mini-
tube) as described [17–21]. For this purpose, the final
concentration was adjusted to 50 � 106 sperm/mL either
with EquiPlus extender in the case of raw semen or with
the centrifugation extender in cryopreserved semen.

Formotility analysis, 30 frames per field were evaluated.
To select cells from debris, the camera recognizes the
position of the sperm heads in successive frames. At least
seven fields per sample with approximately 100 cells per
fieldwere evaluated. Spermatozoawith average orientation
change less than 8 mmwere considered immotile. Sperma-
tozoa with curvilinear velocity greater than or equal to
10 mm/s, distance straight line greater than or equal to 6 mm,
and radius greater than or equal to 15 mmwere considered
progressively motile [17,20]. For assessment of sperm
membrane integrity, 100 mL of semenwere mixed with 2 mL
of SYBR-14/PI and incubated for 10 minutes at room
temperature in darkness. One droplet was placed onto a
glass slide, covered with a glass coverslip, and evaluated by
fluorescence microscopy at magnification � 400 (Olympus
AX70, Olympus, Vienna, Austria; U-MWB filter block,
BP420-480 excitation filter, BA515 suppressor filter,
dichromatic mirror: DM500). At least 15 fields were
evaluated, and the average value was calculated by the
computer-assisted sperm analysis system. Results are given
aspercentofmembrane intact cells. Spermmorphologywas
evaluated in an unstained wet mount preparation. Semen
was fixed in buffered formol saline (1:4 ratio). At least
200 spermatozoa were checked for morphologic
aberrations under a microscope at � 1000 magnification
with oil immersion as described [22]. Evaluation of sperm
morphology was performed as described for equine sper-
matozoa [23] with slight modifications [20].

2.3.3. DNA extraction
DNA extractionwas done as published by [24]. Semenwas

washed twice by the addition of 70% ethanol (500 mL),
centrifugation for 5 minutes at 15,500� g and removal of the
supernatant. Then, 500 mL lysis buffer (1-MTris-HCl pH8.0; 3-
M NaCl; 0.5-M EDTA; 20% sodium dodecyl sulfate), 2.5-mL
Triton-X100 (0.5%), 21-mL DTT (dithiothreitol; 1M), and 40-mL
proteinase K (10 mg/mL) were added. The samples were well
mixed and incubated at 50 �C overnight in a thermoshaker.
Tubes were centrifuged for 10 minutes at 15,500 � g at room
temperature, and the supernatant was transferred into a new
1.5-mL tube. Thereafter, 1-mL glycogen (20 mg/mL) and 10%
(v:v) NaAc (3 M) were added and gently mixed. Ice cold ab-
solute ethanol (200% v:v) was added, and the samples were
precipitated at �80 �C for 1 to 2 hours. The tubes were sub-
sequently centrifuged for 20 minutes at 15,500 � g at room
temperature and the supernatant discarded. The DNA was
washed by dispensing the pellet in 500-mL ethanol (75%) and
centrifuged for 10minutes at 15,500� g at room temperature.
The samples were dried until ethanol evaporated, and finally,
theDNApelletwas dissolved inTris-EDTA -buffer overnight at
4 �C. The sampleswere stored at�20 �C until further analysis.
2.3.4. DNA methylation analysis
Methylated DNA was detected using an ELISA with a

monoclonal antibody sensitive and specific for 5-
methylcytosine and a horseradish peroxidase conjugate
as secondary antibody (5-mC DNA ELISA Kit, Zymo
Research, Irvine, CA, USA). The level of 5-mC in DNA is
reported as the amount of methylated cytosine relative to
the cytosine genomic content (%). The capture antibody had
no cross-reactivity with 5-hmC and unmethylated cytosine.
DNA concentration was determined spectrophotometri-
cally (Biophotometer plus, Eppendorf). An aliquot of the
sample containing 100-ng DNA was added to the 5-mC
coating buffer and brought to a final volume of 100 mL.
All samples and controls were denaturated at 98 �C for
5 minutes in a thermocycler and immediately cooled on ice
for 10 minutes. Controls and samples were added to the
ELISA plate and incubated at 37 �C for one hour. After
discarding the coating buffer, the wells were washed three
times with the 5-mC ELISA buffer and incubated againwith
200 mL of 5-mC ELISA buffer at 37 �C for 30 minutes. The
buffer was discarded from the wells, and the samples were
incubated with the antibody mix at 37 �C for one hour. The
antibody mix consisted of the 5-mC ELISA Buffer, anti-
5-methylcytosine and the secondary antibody in a ratio
1:2000:1000. After incubation, the antibody mix was
discarded, and 100-mL horseradish peroxidasewas added to
each well. The absorbance was measured at 405 nm with
the ELx808 Ultra microplate reader (BioTek Instruments,
Winooski, VT, USA).

2.4. Statistical analysis

For statistical analysis, the computer software SPSS
version 22 (IBM-SPSS, Armonck, NY, USA) was used. A
P-value less than 0.05 was considered significant. As
not all variables were normally distributed, data were
log-transformed before analysis. In experiment 1, the
general linear model for repeated measures with semen
processing (raw semen vs. shock-frozen semen) as within
subject factor was used. In experiment 2, the general linear
model for repeated measures with semen processing
(before freezing, cryopreservation Ghent extender, and
cryopreservation BotuCrio extender) as within subject
factor, stallion as between subject factor, and age-group
(stallions <12 years vs. >20 years) as covariate was
applied. If significant differences existed, Duncan’s test was
used for post hoc analysis. Spearman-Rho correlation test
was used for analysis of correlations among the different
parameters. Data given are means � standard error of
mean.

3. Results

3.1. Experiment 1

With regard to semen volume (22.3 � 6.2 mL),
concentration (203 � 38 � 106/mL), and total sperm count
(3.8 � 0.7 � 109), the ejaculates included into this experi-
ment were in the physiological range for healthy Shetland
pony stallions. In shock-frozen semen, motility was
completely absent (raw: motility 80.2 � 10.8, progressive
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Fig. 1. DNA methylation (%) in semen before freezing and in frozen-thawed
semen after cryopreservation with Ghent or BotuCrio extender in individual
stallions (n ¼ 6, n ¼ 3 ejaculates per stallion). Values are presented as
means þ standard error of the mean.
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motility 69.9 � 11.8%; shock-frozen: motility 0.0 � 0.0,
progressive motility 0.0 � 0.0%; P < 0.01), and membrane
integrity dropped close to zero (raw: 82.5 � 8.9%,
shock-frozen: 0.9 � 0.2%; P < 0.001). In contrast, DNA
methylation was similar in raw (0.4 � 0.2%) and shock-
frozen (0.3 � 0.1%) semen (not significant).

3.2. Experiment 2

With regard to semen volume (28.1 � 8.8 mL), concen-
tration (217 � 23 � 106/mL), and total sperm count
(3.7 � 0.3 � 109), all ejaculates were in the physiological
range for healthy Shetland pony stallions. Cryopreservation
of semen significantly reduced semen motility,
morphology, and membrane integrity (P < 0.001), but no
differences between cryopreservation extenders were seen
with the exception of sperm morphology that was slightly
but significantly (P < 0.05) higher in semen frozen with BC
extender (see Table 1). The effect of cryopreservation was
significantly affected by stallion (P < 0.05). In contrast,
cryopreservation significantly (P< 0.05) increased the level
of DNA methylation in comparison to semen before
freezing, but no significant effect of stallion on DNA
methylation existed (Table 1, Fig. 1). No effects of stallion
age on any of these parameters were found. The level of
DNA methylation was not correlated to semen motility,
morphology, or membrane integrity, but highly significant
correlations among these standard laboratory parameters
existed (Table 2).

4. Discussion

In the present study,we could demonstrate that cytosine
methylation of spermDNA in rawequine semen is lowbut is
significantly increased by cryopreservation. To the best of
our knowledge, no information on sperm DNAmethylation
in horses has been available so far. The range of cytosine
hypermethylation in sperm DNA that was detected in
response to freezing-thawing showed a wide variation
Table 1
Total motility (%), progressive motility (%), membrane intact spermatozoa (%), m
before freezing and in thawed semen that was frozen either with Ghent or Botu

Parameter Before freezing Ghe

Stallions (n) 6 6
Ejaculates (n) 18 18
Total motility (%) 88.8 � 1.4a 69.5

Progressive motility (%) 78.6 � 2.0a 58.1

Membrane intact spermatozoa (%) 89.3 � 1.3a 57.9

Morphologic intact spermatozoa (%) 52.9 � 2.4a 41.3

DNA methylation (%) 0.6 � 0.1a 6.4

Abbreviation: n.s., not significant.
Values are means � standard error of mean. Values with different superscripts w
among stallions despite the fact that all stallions had goodor
excellent semen motility and membrane integrity after
freezing-thawing. Together with the fact that none of the
routine laboratory parameters correlated with DNA
methylation, this finding suggests that assessment of DNA
methylation may be a valuable additional end point for the
assessment of frozen-thawed semen quality. Pronounced
changes inDNAmethylationmay inpart explain lowfertility
of semen that otherwise meets quality criteria analyzed by
routine laboratory parameters. This suggestion is in agree-
ment with the fact that aberrant sperm DNA methylation
contributes to failure in fertilization and embryonic devel-
opment [9–11]. In contrast, DNA methylation was not
affected by shock-freezingof spermatozoa in liquid nitrogen
(�196 �C) in the absence of cryoprotectiva while this treat-
ment seriously impaired spermatozoa function determined
bymotility andmembrane integrity. In agreement with our
findings, DNA methylation was also not affected by shock
freezing in other tissues, e.g., breast cancer tissue [25].

To date, there is some confusionwhether defects in DNA
methylation patterns observed in infertile individuals or
orphologically intact spermatozoa (%), and DNA methylation (%) in semen
Crio extender.

nt BotuCrio Significant effects

6 –

18 –

� 2.0b 68.4 � 2.2b Processing: P < 0.001
Stallion: P < 0.01
Processing � stallion: n.s

� 1.9b 57.2 � 2.2b Processing: P < 0.001
Stallion: P < 0.01
Processing � stallion: n.s

� 1.9b 57.0 � 2.2b Processing: P < 0.001
Stallion: P < 0.05
Processing x stallion: n.s

� 1.9c 43.9 � 1.7b Processing: P < 0.001
Stallion: P < 0.001
Processing � stallion: P < 0.05

� 3.7b 4.4 � 1.5b Processing: P ¼ 0.01
Stallion: n.s.
Processing � stallion: n.s.

ithin the same line differ significantly (P < 0.05) from each other.



Table 2
Correlations among total motility (%), progressive motility (%), membrane intact spermatozoa (%), morphologically intact spermatozoa (%), and DNA
methylation (%) assessed in semen before freezing and thawed semen that was frozen either with Ghent or BotuCrio extender (total n ¼ 54 samples).

Parameter Progressive motility Membrane intact
spermatozoa

Morphologically intact
spermatozoa

DNA methylation

Total motility R ¼ 0.976; P < 0.001 R ¼ 0.966; P < 0.001 R ¼ 0.593; P < 0.001 R ¼ �0.141; P ¼ 0.309
Progressive motility R ¼ 0.059; P < 0.001 R ¼ 0.641; P < 0.001 R ¼ �0.120; P ¼ 0.387
Membrane intact spermatozoa R ¼ 0.620; P < 0.001 R ¼ �0.099; P ¼ 0.476
Morphologically intact spermatozoa R ¼ �0.011; P ¼ 0.936
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after semen cryopreservation are characterized by hyper-
methylation [12,26–29], by hypomethylation of specific loci
[26,30] orwhether disorders in both directions occurwhich
result in no overall trend in global methylation [10]. Most
probably, any change in DNA methylation needs to be
considered critical. In the present study, sperm DNA
methylation was determined with an ELISA specific
for 5-methylcytosine. A more specific assessment of
DNA methylation e.g., in imprinted genes could provide
additional results. In humans, it has recently been demon-
strated that global cytosine methylation in spermatozoa is
highly reduced in comparison with leukocyte DNA [31]. No
such information is available for the horse so far.

The ejaculates included into this study were in the
physiological range for healthy Shetland pony stallions
with regard to semen volume, concentration, total sperm
count, and semen motility [17]. It is well-known that
classical laboratory parameters in cryopreserved semen
and the quality of frozen-thawed semen are very much
influenced by the individual semen donor [3,4]. However,
no statistically significant effect of the stallion on DNA
methylation was detected, despite a high variation of DNA
methylation levels among ejaculates. In some stallions
(i.e. #2, 3, and 6) which formed the group of old stallions
(>20 years) DNA methylation increased considerably
especially when semen was frozen with BC extender. This
suggests an increased susceptibility of semen from older
stallions to undergo DNA methylation as it was shown in
humans [32]. Highest mean DNA methylation in frozen-
thawed semen was detected in stallion #1, which was
only 8-year old. Interestingly, his ejaculates consistently
did not meet the criteria recommended for cryopreserva-
tion of stallion semen [33], and sperm concentration was
always less than 200 � 106/mL. Low semen concentration
corresponds with a high content of seminal plasma, which
is an important factor for freezability of stallion semen [34].
Effects of seminal plasma components on DNAmethylation
during the cryopreservation process of stallion semen are
therefore suggested.

In the present study, neither classical laboratory
parameters nor DNA methylation were influenced by
composition of the cryoextender. Although Ghent (G)
extender contains only glycerol as cryoprotectant [35], BC
extender contains a combination of glycerol and methyl-
formamide [36]. Freezing extenders with amides as
cryoprotectant have been suggested to improve the quality
and fertility of frozen-thawed semen [36]. Nevertheless,
more remarkable improvements have been reported to
occur in stallions with poor semen quality after
cryopreservation in the presence of glycerol alone [8,36].
Because all stallions in the present study had an
above-average quality of frozen-thawed semen when
characterized by classical laboratory parameters, the lack
of differences between semen frozen with G or BC is not
surprising. There was also no overall difference with
regard to DNA methylation with exception for stallion #1,
which showed a higher methylation of sperm DNA after
cryopreservation with G than with BC. A better fertility of
equine semen frozen with methylformamide may not
necessarily depend on differences in cytosine methylation
of sperm DNA, but is rather due to prolonged viability of
spermatozoa in the female genital tract [36]. Nevertheless,
repetition of the present study in stallions with low
cryosurvival of sperm and the inclusion of additional tests
for DNA methylation could provide different results. In the
case of boar semen, generally characterized by high
sensitivity to cryopreservation, modifications of the cryo-
preservation protocol also affected gene expression of
epigenetic markers for sperm DNA [12].

4.1. Conclusions

In stallions, cytosinemethylation of spermDNA is low in
raw semen, but significantly increased in frozen-thawed
semen. DNA methylation is not correlated to semen
parameters evaluated by traditional laboratory tests.
Reduced fertility of mares after insemination with frozen-
thawed semen may at least in part be explained by
methylation of sperm-DNA, which occurs in response to
the cryopreservation procedure.
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