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Abstract. Retrotransposons are transposable elements that insert extra copies of themselves throughout the genome via
an RNA intermediate using a ‘copy and paste’ mechanism. They account for more than 44% of the bovine genome and

have been reported to be functional, especially during preimplantation embryo development. In the present study, we
tested whether high oxygen tension (20% O2) influences global DNA methylation analysed by immunofluorescence
staining of developing bovine embryos and whether this has an effect on the expression of some selected retrotransposon

families. High oxygen tension significantly increased global DNA methylation in 4-cell embryos and blastocysts.
A significant expression difference was observed for ERV1-1-I_BT in female blastocysts, but no significant changes were
observed for the other retrotransposon families tested. Therefore, the study indicates that global DNA methylation is not
necessarily correlated with retrotransposon expression in bovine preimplantation embryos.
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Introduction

Transposable elements, the largest class of mammalian genome
sequences, were long considered as ‘junk’ or ‘selfish’ DNA. The
major part of transposable elements in mammals is made up of

retrotransposons also called RNA transposons. They insert extra
copies of themselves throughout the genome via an RNA
intermediate using a ‘copy and paste’ mechanism. Retro-
transposons account for more than 44% of the bovine genome

(Adelson et al. 2009). Most retrotransposons have accumulated
mutations and are evolutionarily inactivated (Horie et al. 2007).
Those still potentially capable of jumping within the genome

play an important role in gene regulation in developing embryos,
especially autonomous retrotransposons with an open reading
frame (ORF) for reverse transcriptase, because not only can they

transport themselves back to the genome, but they also help the
insertion of short interspersed elements (SINEs; Dewannieux
et al. 2003; Raiz et al. 2012). Endogenous reverse transcriptase

encoded from autonomous retrotransposons is also amediator of
cell proliferation and differentiation (Spadafora 2004). It was

proposed that differential retrotransposon expression triggers

sequential reprogramming of the embryonic genome in preim-
plantation embryos (Peaston et al. 2004). It was also shown that
expression of autonomous long interspersed element (LINE)-1

retrotransposons is essential for preimplantation embryo
development in the mouse (Beraldi et al. 2006) and that elimi-
nation of these autonomous retrotransposons resulted in devel-
opmental arrest at the 2-cell stage and deviant expression of

approximately 40% of genes sampled. Most retrotransposition
events are demonstrated to take place in early embryos, gametes
and cancer cells (Ostertag et al. 2002;Kigami et al. 2003; Schulz

2006). Transposition is markedly downregulated in non-
pathological differentiated tissues with a highly methylated
genome (Reik et al. 2001; Shi et al. 2007; Howard et al. 2008).

DNA methylation is a major epigenetic mechanism in silencing
retrotransposons (Bestor andBourc’his 2004), influencingDNA
transcription by preventing or enhancing the binding of regu-

latory transcription factors to the promoter region, and thus
determining which genes are eventually transcribed. Because of
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the enormous percentage of retrotransposons in the whole
genome, it was suggested that most methylated cytosines are

within transposons (Yoder et al. 1997), and more than 90%
of all 5-methylcytosines lie within cytosine–phosphate–guanine
(CpG) islands of transposons, including LINEs and SINEs

(Asada et al. 2006). An in vitro study suggested that DNA
methylation of the LINE-1 retrotransposon promoter is essential
for LINE-1 silencing (Hata and Sakaki 1997) and activation of

retrotransposons during preimplantation embryo development
correlates with the loss of DNA methylation in mice (Peaston
et al. 2004).

Oxidative stress is generated by excessive production of

reactive oxygen species and/or reduction of antioxidant
defences, and has been reported to induce epigenetic changes
in different cell types (Ehrlich 2002; Burroughs et al. 2013).

Oxidative stress by means of high O2 tension during embryo
culture alters the expression of epigenome modifying genes
such as the ten-eleven translocation (TET) gene, which is

associated with conversion of 5-methylcytosine to 5-hydroxy-
methylcytosine at the 16-cell and blastocyst stages of bovine
IVF embryos (Burroughs et al. 2013).

McClintock’s (1984) ‘genomic shock’ hypothesis suggests

that environmental stimuli maymobilise transposable elements.
This hypothesis is supported by evidence that retrotransposons
from various organisms can be mobilised by a variety of

environmental stresses, including oxidative stress (Morales
et al. 2003). Based on these findings, it can be hypothesised
that excess oxidative stress induces DNA methylation changes

and this, in turn, influences retrotransposon expression and
eventually embryo health. To test this hypothesis, we applied
sustained oxidative stress (20% O2) during in vitro bovine

preimplantation embryo development and measured global
DNA methylation and expression of three bovine retrotranspo-
son families in different preimplantation stages up to the
blastocyst, also taking into account embryo gender, because

this is known to affect one-third of the actively expressed genes
in bovine blastocysts (Bermejo-Alvarez et al. 2010b).

Materials and methods

Materials

Unless stated otherwise, all chemicals, reagents and media were
obtained from Sigma (St Louis, MO, USA) and Life Technol-

ogies (Merelbeke, Belgium).

Experimental design

To study retrotransposon expression in bovine embryos,

preliminary expression profiling of potentially autonomous
retrotransposon families was done by reverse transcription–
polymerase chain reaction (RT-PCR). Because no consistent

results could be obtained with four of the seven families tested
due to low expression and/or high variation, these four families
were left out for quantification using reverse transcription
quantitative polymerase chain reaction (RT-qPCR) in further

experiments.
Global DNA methylation was measured by immunofluores-

cent staining of embryos cultured at 5% and 20% O2. Because

DNA methylation differences between the two groups were

observed only in 4-cell embryos and blastocysts, these specific
stages were used for the RT-qPCR experiment. Before perform-

ing the RT-qPCR experiment with the three selected retro-
transposon families, an RNA-based method to sex the
embryos was applied and a set of reference genes was evaluated

for normalisation of the final RT-qPCR data.

In vitro embryo production

In vitro bovine embryos were produced in serum-free media

according to standard procedures (Wydooghe et al. 2014).
Briefly, bovine ovaries were collected at the local slaughter-
house. Immature cumulus–oocyte complexes (COCs) were

aspirated from follicles between 2 and 8mm in diameter and
matured in groups of 60 in 500mL modified bicarbonate-
buffered TCM-199 supplemented with 50mgmL�1 gentamicin

and 20 ngmL�1 epidermal growth factor (EGF) for 22 h at
38.58C in a 5% CO2 incubator. After maturation, the COCs
were inseminated with frozen–thawed bovine spermatozoa at
a final concentration of 106 spermatozoa mL�1. The cumulus

cells and excess spermatozoa were removed from presumptive
zygotes by vortexing after 21 h incubation. The presumptive
zygotes were incubated in groups of 25 in 50 mL synthetic ovi-

ductal fluid supplemented with essential and non-essential
amino acids (SOFaa), 0.4% bovine serum albumin (BSA) and
ITS (5 mgmL�1 insulinþ 5mgmL�1 transferrinþ 5 ngmL�1

selenium), covered with mineral oil and incubated at 38.58C
under 5%CO2, 5%O2 and 90%N2 (as control group) or 5%CO2

in air (20% O2; as the high oxygen tension group). Embryos
were collected at specific time points (2–4-cell at 36–40 h

post-insemination (h.p.i.), 8-cell at 64 h.p.i., 16-cell at 5 days
post-insemination (d.p.i.), morula at 6 d.p.i., normal blastocyst
at 7 d.p.i., expanded blastocyst at 8 d.p.i. and hatched blastocyst

at 9 d.p.i.). Blastocysts for immunofluorescence staining and
gene expression were collected only at the 8 d.p.i. expanded
stage. Embryo developmental competence was evaluated at

8 d.p.i. by the percentage of blastocysts obtained from pre-
sumptive zygotes.

Embryos destined for gene expression analysis were washed

three times with RNase-free phosphate-buffered saline (PBS),
frozen individually or in pools of five in lysis buffer (10%
RNAsin Plus RNase inhibitor (Promega, Leiden, The Nether-
lands), 5% dithiothreitol (Promega) and 0.8% Igepal CA-630

in RNase free water) and stored at �808C, whereas embryos
for immunofluorescent staining were washed in warm PBS
supplemented with 0.5% BSA (PBS-BSA), fixed for 20min in

4% paraformaldehyde at room temperature and then stored in
PBS-BSA at 48C until use.

Autonomous retrotransposon expression profiling
by RT-PCR

Repbase (Jurka et al. 2005) was used to select autonomous
retrotransposon classes (long terminal repeat; LTR Retro-
transposon, Endogenous Retrovirus and Non-LTR Retro-

transposon) originating from Bos taurus with a potential
complete ORF of reverse transcriptase. Selected sequences
were further analysed using National Center for Biotechnology

Information (NCBI) ORF Finder (Wheeler et al. 2000) to
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determine the ORFs for each of these retrotransposon families.
In this way, seven bovine autonomous retrotransposon families

with complete reverse transcriptase ORFs were found: L1-BT,
BovB, ERV1-1-I_BT, BtERVF2-I, ERV2-1-I_BT, ERV2-2-I_BT
and ERV2-3-I_BT.

In order to amplify as many as possible members of each

family, MultAlin (Corpet 1988) and ClustalW2 (Larkin et al.

2007) were used to identify conserved regions in the reverse
transcriptase ORF for each of the seven autonomous retro-

transposon families. For the alignment, sequences of complete
family members were extracted from the bovine genome
sequence (UMD_3.1 and Btau_4.2) using NCBI BLAST

(http://blast.ncbi.nlm.nih.gov/Blast.cgi; 2011; version: BLAST
2.2.25). Based on the conserved sequences within ORFs, speci-
fic primers were designed for each of the seven families using

Primer3 software (Rozen and Skaletsky 1999) and the number of
amplicons in the genome was checked by BiSearch software
(Arányi et al. 2006) with default setting. Mfold (Zuker 2003)
was used to account for any secondary structure in the PCR

amplicons. PCR products were cloned into the pCR2.1 vector
(Invitrogen, Merelbeke, Belgium) and sequenced for verifica-
tion. The primers are listed in Table 1.

For RNA extraction, three pools of five oocytes or embryos
per developmental stage (immature oocyte, mature oocyte,

2-cell, 4-cell, 8-cell, 16-cell, morula, normal blastocyst,
expanded blastocyst and hatched blastocyst; all produced under
standard laboratory procedures, at 5% O2) were used. Total
RNA was isolated using the RNeasy Micro kit (Qiagen,

Antwerp, Belgium) according to the manufacturer’s instruc-
tions, including a genomic DNA removal step in the procedure.
The extracted RNA was dissolved in 14 mL RNase-free water.

A minus RT control was performed with GAPDH primers to
check for contaminating genomic DNA (Goossens et al. 2005).
First-strand cDNA was generated from the total amount of

RNA using the iScript cDNA synthesis kit (BioRad, Eke,
Belgium) according to the product manual. After reverse
transcription, the cDNA was diluted 2.5-fold and used for

downstream PCR.
Because the material is limited, an YWHAZ (tyrosine

3-monooxygenase/tryptophan 5-monooxygenase activation
protein, zeta) primer assay was designed to check embryo

cDNA integrity for the RT-qPCR experiment. The assay has
one forward primer and three reverse primers, which can
amplify amplicons of 109, 497 and 909 bp. Samples with three

Table 1. Primers used in the present study; those with quantitative polymerase chain reaction efficiency were used for expression quantification

DNMT, DNA methyltransferase; DDX3Y, DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked; HPRT1, hypoxanthine phosphoribosyltransferase 1;

YWHAZ, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta (this gene had one forward primer (þ1) and three reverse primers

(�1, �2, �3)); Ta, annealing temperature

Retrotransposon

name

Amplicon numbers

(by BiSearch)

Sequence 50–30 Amplicon

length cDNA

Ta (8C) qPCR efficiency

(%)

DNMT1 Forward: AGCGCCTCAGCTAAAATCAA 157 58 105.85

Reverse: ACAAACACCGCATACGACAC

DNMT3a Forward: GCATTGTGTCTTGGTGGATG 158 60 104.35

Reverse: CTTGTTGTAGGTGGCCTGGT

DNMT3b Forward: AAGACCGGCCTTTCTTCTGGATGT 129 57 97.23

Reverse: TGTGAGCAGCAGACACTTTGATGG

L1_BT 6606 Forward: GCAATCCCTATCAAGCTACCA 133 60 100.30

Reverse: TGATTCCTCCAGTTCCATTCTT

BovB 25 639 Forward: CCTCAGATATGCAGATGACACC 283 60 101.10

Reverse: GTTGGTCATAACTTTCCTTCCA

ERV1-1-I_BT 103 Forward: TGTTAAGCTCAAAGACCCACAC 277 60 107.00

Reverse: CCGTTCAGGAATTTCAGACAA

BtERVF2_I 17 Forward: ACCTTCCCTTGGATCTACCC 231 63 .

Reverse: TAGGGGTGTTGTGTGGTGAA

ERV2-1-I_BT 15 Forward: GGCTTAAAAATTGCCCCAGA 125 60 .

Reverse: AAAGTAACAAGGTGATCTTTTCTCAA

ERV2-2-I_BT 13 Forward: CCTGACCCTAATAGTCCTAGACAG 243 60 .

Reverse: TGCCCTATTTTCTCAATGTATGA

ERV2-3-I_BT 5 Forward: GCTTTTAGTGTCCCTTCTACAAAT 186 60 .

Reverse: TGCCAAAAGAATATCATCCAT

DDX3Y Forward: GGACGTGTAGGAAACCTTGG 225 60 .

Reverse: GCCAGAACTGCTACTTTGTCG

HPRT1 Forward: TGCTGAGGATTTGGAGAAGG 154 60 .

Reverse: CAACAGGTCGGCAAAGAACT

YWHAZ assay þ1 Forward: GAGCAAAAGACGGAAGGTGCT 60 .

YWHAZ assay �1 Reverse: TCCCCACCAGGACATACCAA 909

YWHAZ assay �2 Forward: TCCGATGTCCACAATGTCAAGT 497

YWHAZ assay �3 Reverse: CCAAAAGAGACAGTACATCATTGCA 109
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amplicons are considered as sufficient quality for RT-qPCR (see
Fig. S2, available as Supplementary Material to this paper).

All PCR reactions were performed in a volume of 10 mL on
the Eppendorf Mastercycler PCR System (Eppendorf, Rotse-
laar, Belgium), with 0.5U FastStart Taq DNA Polymerase and

1 mL 10� reaction buffer (Roche, Brussels, Belgium), 200 mM
dNTPs (Bioline Reagents, London, UK), 500 nM of each primer
(LDT, Leuven, Belgium) and 2.5 mL diluted cDNA. The PCR

program consisted of initial denaturation at 958C for 5min,
followed by 40 cycles of 15 s at 958C, 15 s at the specific
annealing temperature (Table 1) and 30 s at 728C, with a final
10min elongation at 728C. The PCR products were verified by

electrophoresis. The use of conventional RT-PCR at this part
rather than RT-qPCR was merely to make an expression profile
of the retrotransposons during different stages of preimplanta-

tion embryo development and not for quantification.

DNA methylation immunofluorescent staining

Staining was performed as described by Beaujean et al. (2004).
In all cases, at least 10 embryos from each stage (2-cell to

blastocyst) and both culture conditions (5% O2 and 20% O2)
were washed extensively in PBS-BSA before further proces-
sing, and all steps were performed at room temperature if not

detailed otherwise. Briefly, fixed embryos were permeabilised
with 0.5% Triton X-100 and 0.05% Tween overnight at 48C,
and treated with 4M HCl for 1 h at 378C before being neu-

tralised with 100mM TRIS-HCl (pH 8.0) for 10min. After
three washes in PBS-BSA, embryos were blocked with 10%
goat serum for 1 h to block non-specific binding sites. Next,
samples were incubated overnight at 48C with a mouse mono-

clonal antibody against 5-methylcytosine (1 : 100 dilution in
blocking solution; Gentaur, Kampenhout, Belgium), followed
by a 30min wash with PBS-BSA and 1 h incubation with a

secondary antibody, namely goat anti-mouse fluorescein iso-
thiocyanate (FITC; 1 : 100 dilution in blocking solution; Invi-
trogen, Merelbeke, Belgium). Nuclei were stained with

25 mgmL�1 propidium iodide (Invitrogen) for 30min in the
dark. Embryos were finally deposited on slides and mounted in
DABCO under a coverslip.

Images were taken with the Nikon (Kanagawa, Japan) C1si

confocal laser scanning microscope system using an oil-free
objective (�40) and excitation wavelengths of 488 and 637 nm.
The depth of the confocal slide was 4mm and Z-stacks were

merged by ImageJ software (Abràmoff et al. 2004) to produce a
two-dimensional image under each channel. The fluorescence
quantification was corrected for background by subtracting the

mean intensity of the cytoplasmic area surrounding each nucleus
(Beaujean et al. 2004). All nuclei from 2-cell tomorula embryos
were analysed and 25 nuclei were randomly selected per

blastocyst to analyse. DNAmethylation (corrected fluorescence
per nucleus) in control groups of each stage were set at 100%, so
only DNA methylation changes between high oxygen tension
and the control group within each stage were compared. Statis-

tical analysis was performed using an unpaired Student’s t-test
comparing the methylation level (corrected fluorescence) of
individual nuclei from embryos cultured at 20%O2 or 5% O2 of

each developing stage.

Quantitative retrotransposon expression analysis in bovine
preimplantation embryos

RNA-based sex determination

An RNA-based method for embryo sexing was performed as
described byHamilton et al. (2012)withminor changes. Briefly,
we usedDEAD (Asp-Glu-Ala-Asp) box polypeptide 3,Y-linked

(DDX3Y) gene generating a fragment of 225 bp and a 154-bp
hypoxanthine phosphoribosyltransferase 1 (HPRT1) fragment
(Goossens et al. 2005) as an X-linked internal control (primer

sequences are given in Table 1). The PCR protocol used was as
described above for the retrotransposon expression profiling
experiment with an annealing temperature of 608C. Because
DDX3Y expression starts from the 8-cell stage on, which may be
due to embryo genome activation (EGA), the gender of embryos
could be determined only from the 8-cell stage onward with

DDX3Y.

Reference gene selection by GeNorm

All RT-qPCR experiments were performed according to the
Minimum Information for Publication of Quantitative Real-

Time PCR Experiments (MIQE) guidelines (Bustin et al. 2009).
Primer sequences for the seven reference genes were taken from
previous work in the laboratory (Goossens et al. 2005). Six

single embryos were used for each developmental stage and sex
(2-cell, 4-cell, 8-cell male and female, 16-cell male and female,
morula male and female, expanded blastocyst male and female)

from the high oxygen (20%) and control (5% O2) groups
separately.

PCR reactions were performed in 10 mL reaction volume

on a BioRad CFX 96 PCRDetection system, including 5 mL Sso
Advanced SYBR Green Supermix (BioRad), 300 nM each
primer and 2.5 mL diluted embryo cDNA. The PCR program
consisted of an initial denaturation step at 958C for 3min to

activate the Taq DNA polymerase, followed by 40 cycles of
denaturation for 5 s at 958C and a combined primer annealing–
extension step for 30 s at specific primer annealing tempera-

tures, during which fluorescence was measured. A melting
curve was produced afterwards by heating the samples from
708C to 958C in 0.58C increments for 5 s and fluorescence was

monitored at the same time to confirm a single specific peak for
each pair of primers. Each reaction was run in duplicate. PCR
efficiencies were calculated by a relative standard curve derived
from a pooled bovine cDNA mixture (a 10-fold dilution series

with five measuring points). All PCR efficiencies were between
90% and 110%.

Raw RT-qPCR data were calculated taking into account

exact PCR efficiencies and were analysed using the GeNorm
program (Vandesompele et al. 2002). This program determines
the most stable reference genes from a set of tested candidate

reference genes in a given sample panel and calculates the gene
expression normalisation factor (NFn) based on the geometric
mean of the given housekeeping genes.

DNA methyltransferase and retrotransposon expression
analysis by RT-qPCR

Retrotransposon families with quantifiable expression (expres-

sed in three pools of the embryo stages profiled in the
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preliminary experiment) were selected for RT-qPCR. Of the
DNA methyltransferases (DNMTs), three members have been

shown to be active: DNMT1 is the most abundantly expressed
methyltransferase and is considered the key maintenance
methyltransferase, whereas DNMT3a and DNMT3b can meth-

ylate hemimethylated and unmethylated DNA, as required for
de novo methylation (Okano et al. 1998, 1999). Therefore,
expression of these three members was determined. RT-qPCR

was only performed on the stages with differential methylation
staining results, resulting in six experimental groups (4-cell,
male and female expanded blastocyst from both 5%O2 and 20%
O2 culture). Six single embryos were used per experimental

group. The RT-qPCR protocol was performed as described in
the reference gene selection experiment with specific primer
annealing temperatures as given in Table 1. The geometric mean

of the reference genes (selected in the previous experiment) was
used to calculate an accurate normalisation factor. The mean
quantity of each transcript was divided by the respective nor-

malisation factor to obtain a normalised value according to the
method described by Hellemans et al. (2007). The highest value
was assigned 100%, and the other normalised values were
divided by the calibrator value to generate relative expression

levels.

Results

In vitro embryo production under low and high oxygen
tension

In six replicate IVF experiments (both a control group at 5% O2

and an oxidative stress group at 20%O2), 20%O2 had an impact
on embryo development. The blastocyst rate at 8 d.p.i. was

significantly (P, 0.01) reduced under conditions of oxidative
stress (20% O2) compared with control (23.34� 5.47% vs
45.32� 7.73%, respectively; Fig. 1).

DNA methylation immunofluorescent staining

Representative images of global DNA methylation staining for
embryos from the 2-cell to blastocyst stage are shown in Fig. 2a,

with quantification of normalised DNA methylation levels
summarised in Fig. 2b (control group at all stages set to 100%).
There was a significant (P, 0.05) increase in normalised DNA

methylation levels at 20% O2 in embryos at the 4-cell and
blastocyst stages based on mean fluorescence per nucleus
compared with the control group (151.5� 11.9% vs

100.0� 9.6%, respectively, for 4-cell embryos; 220.1� 8.6%vs
100.0� 4.3%, respectively, for blastocysts). No differences
were observed at the other developmental stages. Consequently,
we used only 4-cell and blastocyst embryos to test the hypothesis

put forward in the Introduction.

Reference gene selection

A good reference gene is stably expressed over all experimental
groups. In the present study, three variables (i.e. gender, oxygen
tension and developmental stage) were considered when

selecting reference genes. Reference genes were analysed by
GeNorm and ranked according to expression stability (see
Fig. S4). As expected, the expression stability ranking of the

reference genes varied among stages and varied according to

gender (from the 8-cell to blastocyst stage). In male embryos,
GAPDH and YWHAZ are the most stable genes, whereas in
female embryos the most stable genes are HPRT1 and H2A.

Oxygen tension had no effect on gene stability. Because we
found significant changes in DNAmethylation between 20%O2

and 5% O2 treatments in 4-cell and blastocyst embryos, refer-
ence gene selection and retrotransposon expression were further

focused on these two stages, and three reference genes, namely
GAPDH, YWHAZ and SDHA) were chosen for normalisation of
retrotransposon expression data in 4-cell embryos and blas-

tocysts (taking into account gender and oxygen tension).

Expression of DNMTs

Expression of DNMT1 was higher expression in female, but not

male, blastocysts cultured under 20%O2 compared with 5%O2.
DNMT3a expression was higher at the 4-cell stage in embryos
cultured under 20% O2 compared with 5% O2. No significant

differences were found in DNMT3b expression for embryos
cultured under 20%O2 versus 5%O2, but therewas a decrease in
expression between 4-cell embryos and blastocysts. In addition,

DNMT1 expression dropped markedly in blastocysts compared
with 4-cell embryos. There was no significant change in
DNMT3a expression between 4-cell embryos and blastocysts

(Fig. 3).

Retrotransposon expression

Initial transcription profiling of the selected retrotransposon
families in pools of oocytes and embryos showed that four of
seven families (BtERVF2-I, ERV2-1-I_BT, ERV2-2-I_BT and

ERV2-3-I_BT) have low expression and/or high variation in the
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Fig. 1. Blastocyst rate at 8 days post insemination (d.p.i.) from presumed

zygotes under normal in vitro embryo culture (5% O2) or oxidative stress

(20%O2).Data are themean� s.e.m. (n¼ number of presumptive zygotes in

six replicate IVF experiments). *P, 0.01 compared with normal culture

conditions.
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three pooled embryo replicates (Table 2), hindering reliable
quantification. For this reason, these four families were
excluded from the RT-qPCR study of individual embryos. RT-

qPCR was performed for L1_BT, BovB and ERV1-1-I_BT on
single embryo samples from the 4-cell stage and sexed blas-
tocysts cultured at 20% O2 and 5% O2 tension (stages chosen

according to the results of the DNA methylation study).
In general, for the three retrotransposon families tested

(Fig. 4), the transcription level was significantly lower 4-cell

embryos than blastocyst regardless of oxygen tension or gender.
For L1_BT, BovB and ERV1-1-I_BT, there were no differences
between 5% and 20% O2 culture conditions in 4-cell embryos.

In blastocysts, there was a significant increase in ERV1-1-

I_BT expression at 20% O2 in female blastocysts (P, 0.01;
Fig. 4c), but no significant difference was observed for other
retrotransposons.

Discussion

Following Barbara McClintock’s (1984) ‘genomic shock’

hypothesis, we hypothesised that oxidative stress induces
changes in DNA methylation and that this, in turn, influences
retrotransposon silencing and eventually embryo health. In the

present study, we confirmed that 20%O2 leads to a significantly
lower 8 d.p.i. blastocyst rate compared with culture at 5% O2.
This is in agreement with other studies (Van Soom et al. 2002;

Yuan et al. 2003; Burroughs et al. 2013). In those studies, it was
found that culture at 20%O2 leads to a lower blastocyst rate and
a higher apoptotic cell ratio, and that 20% O2 has an effect on
epigenetic-related gene expression. It has been proposed

recently that oxidative stress may affect DNA methylation by
DNA oxidation or TET protein-mediated hydroxymethylation
(Perillo et al. 2008; Vanden Berghe 2012).
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Fig. 2. Global DNAmethylation analysis in bovine in vitro embryos cultured at 5%O2 or 20%O2 from the 2-cell to blastocyst

stage. (a) Confocal Z-stack images of 5-methylcytosine immunodetection in bovine preimplantation embryos at 5%O2 and 20%

O2. Scale bar¼ 20 mm. (b) Statistical analysis by corrected fluorescence quantification per nucleus. The number of nuclei is

given in parentheses above each column, along with theP-value for each stage. Corrected fluorescence of all stages from 5%O2

culture was set as 100% (black), and relative fluorescence for embryos cultured at 20%O2 is shown. Data are the mean� s.e.m.

*P, 0.01 compared with normal (5% O2) culture conditions.
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An indirect immunofluorescent staining method with anti-

bodies against 5-methylcytosine has been widely used in the
past decade to detect dynamic changes in preimplantation
embryoDNAmethylation (Santos andDean 2006). The paternal
andmaternal genomes are both highlymethylated at themoment

of fertilisation, and previous studies with immunofluorescent
staining showed that in bovine preimplantation embryos the
paternal genome undergoes sharp active demethylation within

only a few hours of fertilisation, whereas the maternal genome

undergoes passive demethylation from cleavage division to the

8-cell stage.De novomethylation starts at the 8-cell stage (Dean
et al. 2001; Reik et al. 2001; Dobbs et al. 2013). In the present
study, immunofluorescent staining revealed a significant
increase in methylation at the 4-cell stage under high oxygen

tension, but not at the 2- or 8-cell stages. This points to a more
moderate rate or a delay in demethylation induced by oxidative
stress. A similar trend was found in cloned bovine embryos

(Bourc’his et al. 2001; Dean et al. 2001). Conversely, higher
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Fig. 3. Relative mRNA expression of (a) DNA methyltransferase 1 (DNMT1), (b) DNMT3a and (c) DNMT3b in 4-cell

embryos and blastocysts cultured under 5% O2 or 20% O2, as determined by reverse transcription quantitative polymerase

chain reaction. For each gene, expression levels were compared with the highest expression, set as 100%. Data are the

mean� s.e.m. P-values are indicated above the columns and an asterisk indicates a significant difference between the two

culture conditions (P, 0.01). MB, male blastocyst; FB, female blastocyst.

Table 2. RNA expression of retrotransposons in pools of bovine oocytes and preimplantation embryos determined by polymerase chain reaction

Results are shown for each of three replicates at each stage. (�), strong expression; (J), weak expression; (&), no expression

Immature

oocyte

Mature

oocyte

Zygote 2–4 cell 5–8 cell 9–16

cell

Morula Early

blastocyst

Normal

blastocyst

Expanded

blastocyst

Hatched

blastocyst

L1-BT ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���
BovB ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���
ERV1-1-I_BT ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���
BtERVF2-I &&& &&& &&& &&& &&& J&& J&& JJJ J&& ��J ��&
ERV2-1-I_BT ��� ��& ��& ��� ��& ��� ��& ��� ��� ��� ���
ERV2-2-I_BT J&& J&& &&& J&& &&& JJJ JJJ JJJ �JJ &&& J&&

ERV2-3-I_BT J&& J&& &&& J&& &&& JJ& J&& &&& &&& J&& &&&
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expression of DNMT3awas found at the 4-cell stage under high
oxygen tension. It has been reported that after the first cell

division and another round of DNA replication, the maternal
chromosome consists of a hemimethylated and a fully demethy-
lated sister chromatid (Haaf 2006), andDNMT3a showsmethyl-

ation activity on both unmethylated and hemimethylated DNA
(Hsieh 2005); thus, we suggest that de novo methylation
enhanced by oxidative stress may start at the 4-cell stage.

Normal IVF bovine embryos reach the lowest methylation level
at the 8-cell stage (Reik et al. 2001; Dobbs et al. 2013). This is a
critical survival period, as is indicated by the observation that
approximately half the embryos stop growing at this stage

(Bourc’his et al. 2001). Thus, it is possible that embryos with
an altered methylation status may stop developing at the 4- to
8-cell stage, explaining the drop in methylation status observed

after the 4-cell stage because only correctly demethylated
embryos develop further. More intensive 5-methylcytosine
staining was found in blastocysts under high oxygen tension,

whereas increasedDNMT1 expression was found only in female
blastocysts. It has been reported that overexpression of DNMT1

causes genomic hypermethylation (Biniszkiewicz et al. 2002).
We did not find different methylation levels between genders

in the present study; however, there are some conflicting reports
about methylation in both sexes. It was reported that DNMT3a

and DNMT3b were significantly upregulated in male compared

with female bovine blastocysts and a higher methylation level
for a repeated sequence was found in male blastocysts

(Bermejo-Alvarez et al. 2008; Bermejo-Álvarez et al. 2010a).
However, others have reported more intense labelling for
5-methylcytosine in female embryos at the 6- to 8-cell stage

and lower staining in male embryos at the blastocyst stage
(Dobbs et al. 2013). Given these results, DNA methylation in
both sexes may be best approached separately in future studies.

A recent study using a new staining method challenges the
widely accepted idea that preimplantation development goes
through a global demethylation phase (Li and O’Neill 2012). In
that study, the authors found different results of paternal

demethylation during mouse zygote maturation when a trypsin
digestion step was included. They claimed that this is due to the
onset of a progressive acid-resistant antigenic masking of

5-methylcytosine and that trypsin digestion of zygotes can
remove this masking (Li and O’Neill 2012). However, it was
not mentioned whether trypsin digestion changed methylation

detection at later embryo stages or in other species, and this step
should be taken into account in future staining also. In addition
to anti-5-methylcytosine immunofluorescent staining, DNA
methylation is being studied more and more by sequencing-

based methods, including bisulfite sequencing (BS-seq;
Nakanishi et al. 2012; Smith et al. 2012), methylated DNA
binding domain protein sequencing (MBD-seq), methylated
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Fig. 4. Relative retrotransposon mRNA expression in 4-cell embryos and blastocysts cultured under 5% O2 or 20% O2, as

determined by reverse transcription quantitative polymerase chain reaction. For each gene, expression levels were compared

with the highest expression, set as 100%. Data are the mean� s.e.m. P-values are indicated above the columns and an asterisk

indicates a significant difference between the two culture conditions (P, 0.01). MB, male blastocyst; FB, female blastocyst.
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DNA immunoprecipitation sequencing (MeDIP-seq; Li et al.
2010) and whole-genome shotgun bisulfite sequencing (SBS;

Kobayashi et al. 2012). However, these methods differ in CpG
coverage, resolution, quantitative accuracy and cost (Harris
et al. 2010), so one should be cautious when interpreting the

results obtained with only one of these techniques.
In blastocysts, we observed weaker methylation in the inner

cell mass (ICM) than in trophectoderm (TE) cells under both

low and high oxygen tension. Other studies showed a species-
specific methylation pattern between ICM and TE at the
blastocyst stage. For instance, higher methylation levels in
ICM than TE cells have been found in mouse and sheep (Dean

et al. 2001; Beaujean et al. 2004), whereas more methylation in
TE cells than the ICM was found in humans and rabbits (Fulka
et al. 2004; Shi et al. 2004). However, there are conflicting data

as to whether DNAmethylation is more extensive in ICM or TE
cells in bovine blastocysts (Dean et al. 2001; Hou et al. 2007;
Dobbs et al. 2013). A possible explanation for the conflicting

results may be differences in the staining methods used. For this
reason, we tested some modifications to the immunofluorescent
staining method. Interventions such as prolonging the time of
DNA denaturation or antibody incubation, or cutting the edge of

the blastocysts to make it easier for the antibodies to reach ICM
cells, did not change the methylation levels we observed. It has
also been suggested that different embryo production methods

generate differentmethylation patterns in pigs and cattle (Santos
et al. 2003; Deshmukh et al. 2011), so another explanation for
the differences observed may be the influence of the serum-free

embryo culture medium that we used. Compared with in vivo

embryo and serum-plus in vitro embryo culture, blastocysts
produced under serum-free condition have slower development

(Rizos et al. 2003) and the slower development may also cause a
delay in the de novo methylation of the ICM.

We further tested whether the differences in methylation
caused by the high O2 tension had an effect on the expression of

the three selected retrotransposon families. Only ERV1-1-I_BT

was significantly differentially expressed with higher expres-
sion (P¼ 0.007) in female blastocysts in the 20%O2 group. This

is surprising because a higher methylation level, as observed in
blastocysts cultured at 20% O2 compared with 5% O2, would be
expected to lead to lower gene expression. For the other two

retrotransposon families tested, there was a tendency for lower
expression, but the differences did not reach statistical signifi-
cance (Fig. 4).This unexpected result may be because the global
methylation status as determined here is not representative for

specific loci containing certain genes. The fact that the differ-
ence was observed in female and not in male blastocysts may be
a consequence of the complex interactions between chromatin

modifiers encoded by the X-chromosome induced by oxidative
stress. Because X-inactivation happens between 8 and 14 d.p.i.
in bovine embryos (De La Fuente et al. 1999), female embryos

carrying two active X-chromosomes can potentially produce
twice the amount of X-linked transcripts relative to the male
embryos with only one X-chromosome (Epstein et al. 1978); the

damage to X-chromosomes is also double in female than male
embryos. This may also explain the reports of one group that not
only do male embryos develop faster than female embryos, but
that more male than female embryos reach the expanded

blastocyst stage under in vitro culture conditions (Gutiérrez-
Adán et al. 1996, 2001). Endogenous retrovirus (ERV) elements

were found tobe significantly enriched in bovineX-chromosomes
using BLAST and Retrotector v1.0 (Sperber et al. 2007; Garcia-
Etxebarria and Jugo 2010). Together, these results indicate that

regulation of retrotransposon expression is not a simple conse-
quence of DNA methylation.

As found here, high O2 tension-induced DNA methylation

does not have a significant effect on the expression of most
retrotransposon families studied. The same phenomenon has
been found recently inmouse zygotes (Inoue et al. 2012), as well
as in microrchidia (MORC) ATPases mutants in Arabidopsis

and Caenorhabditis elegans (Moissiard et al. 2012). Inoue et al.
(2012) used short interference (si) RNA-mediated depletion of
Tet3, which is responsible for oxidation of 5-methylcytosine to

5-hydroxymethylcytosine (Gu et al. 2011), to inhibit 5-methyl-
cytosine oxidation in mouse zygotes and found that the tran-
scriptional levels of LINE-1 and ERV1 were not significantly

correlated with changes in DNA methylation. It was also found
that DNA methylated genes and transposable elements were
derepressed, with no loss of DNA methylation or histone
modification, which was associated with decondensation of

pericentromeric heterochromatin and disruption of the chromo-
some superstucture (Moissiard et al. 2012). In addition to DNA
methylation and chromosome structure, endogenous siRNAs

have been reported to play an important role in retrotransposon
silencing (Yang and Kazazian 2006; Tam et al. 2008;Watanabe
et al. 2008).

In conclusion, in the present study we found that oxidative
stress (20% O2) induced higher DNA methylation at the 4-cell
and blastocyst stages in bovine embryo development. However,

a link between global DNA methylation and general retro-
transposon expression in bovine implantation embryos was
not found. The regulation of retrotransposon expression is
probably, like that of other genes, a combination of various

mechanisms with an interplay of different types of regulatory
factors and not a simple consequence of methylation–
demethylation.
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