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1 Introduction

The journey of life starts with the remarkable transformation of a fertilized oocyte to a
totipotent zygote, later differentiating into a complete organism. After fertilization, the
early embryo is in a transcriptionally inactive state and thus is dependent on maternal
transcripts and proteins stored in the oocyte during oogenesis (reviewed in Tadros et
al., 2009). One of the main goals of these transcripts is to promote oocyte maturation
and the support of embryonic development. These oocyte stored transcripts must be
kept in a stable form and translation must be prevented. This may be achieved by a
de-polyadenylation of the 3’ end of the mRNA, which hinders translation in association
with ribonucleoproteins. Translation initation seems to be dependent on polyA tail
length since short tails (approximately 20 As) are known to repress translation. A
re-polyadenylation of mRNAs with specific regulatory motifs and proteins is involved to
activate translation (reviewed in Sirard, 2012). During embryonic development a switch
from maternal to embryonic transcripts occurs, which is termed maternal-to-embryonic
transition (MET). This process involves the degradation of maternal transcripts together
with a subsequent replacement with embryonic ones and the increase of new embryo
derived transcripts (reviewed in Sirard, 2010). As of today, two ways of degradation
of maternally stored transcripts are known. First, the degradation is controlled by
proteins that induce deadenylation by binding to sequences in the 3’ end of the un-
translated region of the transcripts (reviewed in Schier, 2007). It has been shown in
Drosophila, that the SMAUG (SMG) gene is involved in the regulation of maternal
transcript destabilization by recruiting deadenylases, which trigger the degradation of
the transcripts by nucleases (Tadros et al., 2007). Second, specific microRNAs might be
involved in the degradation of maternal transcripts. Studies in zebrafish and rainbow
trout revealed that specific microRNAs produced by the embryo are involved in the
degradation of maternal transcripts (Giraldez et al., 2006; Ramachandra et al., 2008). In
bovine embryos, microRNAs including miR~130a, miR-21 were speculated to be involved

in maternal transcript degradation (Mondou et al., 2012). Several different aspects might
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be responsible for the repression of embryonic transcription. Maternal transcripts are
known to alter chromatin structure, leading to changes in the activity of transcription
factors that allow or restrict access to regulatory elements of the genome (Prioleau
et al., 1994; Ostrup et al.; 2013). A further point might be the rapid cleavage in early
embryos, in which the DNA replication might interfere with nascent zygotic transcription
(reviewed in Schier, 2007).

The ongoing gradual degradation of maternal transcripts is accompanied by the initiation
of first embryonic genome activation (EGA). EGA occurs in several waves and is a crucial
event during MET. In mammals, the timing of the main EGA is species-specific. It occurs
at the two-cell stage in mouse embryos (Wang et al., 2006), at the four- to eight-cell stage
in human (Braude et al., 1988) and pig embryos (reviewed in Sirard, 2010), and at the
eight- to 16-cell stage in bovine and rabbit embryos (Telford et al., 1990; Sirard, 2012).
This major activation is preceded by an initial minor embryonic transcription of a few
genes which are known to be involved in cell proliferation, mitotic cell cycle, regulation
of transcription as well as DNA and protein metabolism (Kanka et al., 2012). Bovine
EGA was first studied with autoradiographic analyses of embryos followed by short
term incorporation of [*HJuridine (Camous et al., 1986; Frei et al., 1989). These studies
identified major EGA to appear at the eight- to 16-cell stage. This was in accordance
with another study using polypeptide profiles of bovine in wvitro embryos treated with
a-amanitin (Svarcova et al., 2007). Long term exposure with [*H]uridine revealed a first
minor genome activation at the two- to four-cell stage (Plante et al., 1994; Hyttel et al.,
1996; Viuff et al., 1996; Memili et al., 1998). Additional studies suggest that EGA occurs
even earlier in one-cell embryos (Memili et al.; 1999). First identification of activated
genes at major EGA was achieved by comparison of transcription profiles generated by
microarrays of untreated bovine eight-cell embryos with those treated with a-amanitin.
This method identified 233 genes and could assign them to gene ontology (GO) categories
of "Regulation of transcription”, ”Cell adhesion”, ”Apoptosis/cell death”, ”Protein
folding”, ” Transport”, " Metabolism”, and ”Immune response” (Misirlioglu et al., 2006).
Another study created transcriptome profiles with Affymetrix microarrays from bovine
metaphase IT (MII), zygotes, two-cell, four-cell, eight-cell, morula and blastocyst stages
(Kues et al., 2008). The authors found the highest number of differentially expressed
genes with more than 7,000 genes between the four-cell and eight-cell stage, which
properly reflects major EGA at this stage. Additionally, several hundred transcripts were
identified to be activated before major EGA at the two- to four-cell stage. They found
stage specific gene expression, e.g. genes from the eukaryotic translation initiation factor
family (EIF2, EIF3, EIF} and EIF5) that are exclusively expressed at the eight-cell
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stage of major genome activation (Kues et al., 2008). However, expression profiling with
microarray based techniques or RT-PCR analyses of candidate genes enable only the
determination of relative transcript abundances. These techniques cannot distinguish
between newly synthesized transcripts and maternal derived ones. A discrimination
between maternal and embryonic transcripts can only be facilitated for newly synthesized

embryonic transcripts not present in oocytes.

RNA sequencing (RNA-Seq) enables the discrimination between maternal and paternal
transcripts by the use of single nucleotide polymorphisms (SNPs). Compared to mi-
croarrays, RNA-Seq allows transcriptome analyses at single nucleotide resolution and
has a higher sensitivity and a higher dynamic range (Wang et al., 2009). First studies
used RNA-Seq to compare normal bovine IVF blastocysts with degenerated ones (Huang
et al., 2010). Novel, unannotated transcriptional units and alternative splice events were
identified, suggesting more genes to be involved in early embryonic development. Up to
now, no detailed analyses of specific genes related to early bovine embryonic development
exist and the underlying mechanisms of embryonic genome activation are only partially

understood.

Therefore, a RNA-Seq study was performed to generate comprehensive transcriptome
profiles of bovine germinal vesicle oocytes (GV), metaphase I oocytes and of embryos
at the four-cell, eight-cell, 16-cell and blastocyst stage. Embryos were produced by in
vitro fertilization of German Simmental (Bos taurus taurus) oocytes with sperm from
a single, genetically distant Brahman (Bos taurus indicus) bull. Aim of this thesis was
to perform a bioinformatic evaluation of these transcriptome profiles and to develop
new tailored procedures as a basis for detailed analysis of early embryonic development.
Based on these results, the major genome activation in early bovine embryos should be
analyzed and involved genes should be captured and characterized. Using RNA-Seq,
this cross-breeding design was used to establish several strategies to provide detailed

insights into the timing of bovine EGA.
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Abstract

During maternal-to-embryonic transition control of embryonic development gradually
switches from maternal RNAs and proteins stored in the oocyte to gene products
generated after embryonic genome activation (EGA). Detailed insight into the onset of
embryonic transcription is obscured by the presence of maternal transcripts. Using the
bovine model system, we established by RNA sequencing a comprehensive catalogue of
transcripts in germinal vesicle and metaphase II oocytes, and in embryos at the four-cell,
eight-cell, 16-cell and blastocyst stages. These were produced by in vitro fertilization of
Bos taurus taurus oocytes with sperm from a Bos taurus indicus bull to facilitate parent-
specific transcriptome analysis. Transcripts from 12.4 to 13.7 x 10? different genes were
detected in the various developmental stages. EGA was analyzed by (i) detection of
embryonic transcripts which are not present in oocytes; (i) detection of transcripts from
the paternal allele; and (#17) detection of primary transcripts with intronic sequences.
These strategies revealed (i) 220, (i) 937, and (iii) 6,848 genes to be activated from
the four-cell to the blastocyst stage. The largest proportion of gene activation [i.e.,
(1) 59%, (i) 42%, and (iii) 58%] was found in eight-cell embryos, indicating major
EGA at this stage. Gene ontology analysis of genes activated at the four-cell stage
identified categories related to RNA processing, translation, and transport, consistent
with preparation for major EGA. Our study provides the largest transcriptome data set
of bovine oocyte maturation and early embryonic development and detailed insight into

the timing of embryonic activation of specific genes.

Significance

Gene expression profiling is widely used to get insight into mechanisms of early embryonic
development and to characterize embryos generated by various techniques or exposed
to different culture conditions. Transcripts in early embryos may be of maternal or
embryonic origin, which is difficult to distinguish by conventional techniques. RNA
sequencing in bovine oocytes and embryos facilitated mapping of the onset of embryonic
expression for almost 7,400 genes. The timing of embryonic gen(om)e activation offers
an additional level of information for embryo biosystems research and for detecting

disturbances of early development due to genetic, epigenetic, and environmental factors.
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Introduction

Early embryonic development is governed by maternal transcripts and proteins stored
within the oocyte during oogenesis (reviewed in Tadros et al., 2009). As development
proceeds, maternally derived transcripts and proteins are degraded, whereas embryonic
genome activation (EGA) is initiated. The period when control of development is
shifted from maternal gene products to embryonic ones is referred to as the maternal-

to-embryonic transition (MET).

EGA occurs in several waves, and the timing of major EGA is species dependent:
it occurs at the two-cell stage in mouse embryos (reviewed in Sirard, 2012); at the
four- to eight-cell stage in human (Braude et al., 1988) and pig embryos (reviewed
in Sirard, 2012), and at the eight- to 16-cell stage in bovine embryos (reviewed in
Sirard, 2012). At the time of EGA, both maternal and embryonic transcripts are
present in the embryo, thus hampering a precise mapping of the onset of embryonic
expression of specific genes. First insight into the timing of global EGA came from
incorporation studies of radiolabeled UTP. 3*S-UTP incorporation was high at the
germinal vesicle (GV) stage of oocytes, decreased to background levels in metaphase
IT (MII) oocytes, increased again in two-cell embryos, remained at the same level during
the four-cell stage, but increased significantly at the eight-cell stage (Memili et al.,
1998). The authors concluded that bovine two-cell embryos are already transcriptionally
competent and active, but that major EGA occurs at the eight-cell stage. To identify
the genes that are activated during major EGA in bovine embryos, subsequent studies
used microarrays to screen for transcriptome differences between untreated eight-cell
embryos and eight-cell embryos treated with the transcription inhibitor a-amanitin
(Misirlioglu et al., 2006; Vigneault et al., 2009). These studies identified several hundred
transcripts with increased abundance in transcriptionally active eight-cell embryos.
Gene ontology classification of the differentially expressed genes showed that they were
involved in chromatin structure, transcription, RNA processing, protein biosynthesis,
signal transduction, cell adhesion, and maintenance of pluripotency. Naturally the
discovery of genes being activated was limited by the probe sets present on the respective
microarrays. Further, to date there is no systematic study addressing the activation of
specific genes during several stages of early bovine embryo development. Detailed insight
into the time course of embryonic genome activation is important, because embryos are
particularly susceptible during the period of EGA (e.g., to changing culture conditions)
(Gad et al., 2012). However, the underlying mechanisms are only partially understood,

and new molecular readouts, such as effects on the timing of EGA, are required.
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We used high-throughput sequencing to generate comprehensive transcriptome profiles
of bovine GV and MII oocytes, of four-cell, eight-cell, and 16-cell embryos, and of
blastocysts. By combining a dedicated cross breeding design of Bos taurus taurus
X Bos taurus indicus with the sensitivity and single nucleotide resolution of RNA-
Seq, we established various strategies for identification of de novo transcribed RNAs,
providing detailed insight into the timing of gene activation during early bovine embryo

development.

Results

Hybrid embryos as model to study parent-specific gene expression in bovine
embryos. Pools of German Simmental oocytes (Bos t. taurus) from randomly selected
donor animals were in vitro matured and fertilized with semen from a single Brahman
bull (Bos t. indicus). Because the two B. taurus subspecies are relatively distant (Troy
et al., 2001), a large number of informative SNPs for unequivocal identification of
transcripts from the paternal allele can be expected in hybrid embryos. Presumptive
zygotes were cultured according to a standard protocol (Bauersachs et al., 2009). Pools
of 10 oocytes (GV oocytes and in vitro matured MII oocytes) or embryos (four-cell,
eight-cell, 16-cell and blastocyst stages) were lysed, and cDNA was synthesized using a
combination of oligo-dT and random primers to cover the whole transcriptome except
for ribosomal RNAs. After single primer isothermic amplification, cDNAs were used for
library preparation and sequenced on an Illumina Genome Analyzer IIx. The sequenced
reads were filtered and mapped against the bovine reference genome sequence. Three
biological replicates of each oocyte and embryo pool were analyzed. The number of
reads per biological replicate was 9-58 x 10° (Table S1). In general, all parts of the
transcripts (5 to 3’) were equally well represented in all analyzed developmental stages
(Figure S1). In oocytes and four-cell embryos approximately 60% of the reads mapped
to coding sequences, whereas less than 10% of the reads mapped to intronic sequences.
The proportion of intron-specific reads increased approximately threefold from the four-
cell (6.5%) to the eight-cell stage (20%) and further approximately 1.4-fold between
the eight-cell and the 16-cell stage (28%), suggesting an increase of primary transcripts
(Figure S2).
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Global view on the transcriptome of bovine oocytes and preimplantation
embryos. In all developmental stages, transcripts from 12.4 to 13.7 x 102 different genes
were detected (Figure 1). Comparison of transcript abundances between the various
developmental stages showed relatively few differentially abundant transcripts between
GV and MII oocytes as well as between GV oocytes and four-cell embryos. The number
of differentially abundant transcripts increased 10-fold between the four-cell and eight-
cell stages, and even more between subsequent stages. Our study provides the most
comprehensive resource of transcriptome data for bovine oocytes and early embryos.
The raw FASTQ files and the normalized read counts per gene are publically available at
Gene Expression Omnibus (GEO) (accession no. GSE52415). Interestingly, during early
development up to the four-cell stage approximately 85% of the differentially abundant
transcripts were increased, and only approximately 15% decreased in abundance. The
proportion of differentially abundant transcripts with reduced abundance in eight-cell
vs. four-cell embryos corresponded to 24% and increased further to 55% in 16-cell vs.
eight-cell embryos. In blastocysts the proportions of transcripts with increased and
decreased abundance compared with the 16-cell stage were 51% and 49%, respectively.
The observed transcriptome changes reflect the phenomenon of MET, in which mater-
nal transcripts synthesized in immature oocytes are gradually degraded, whereas the
embryonic genome is activated. We developed and tested different strategies to unravel
the temporal pattern of EGA.
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Fig. 1. Experimental design. Oocytes from Bos t. taurus cows were fertilized with sperm of a
single Bos t. indicus bull. Pools of 10 oocytes/embryos were harvested at the GV, MII, four-cell,
eight-cell, 16-cell, and blastocyst stage and processed for RNA-Seq. For each stage, the total
number of genes with detectable transcripts is indicated in black. The numbers of differentially
abundant transcripts between two stages are shown in green (increased abundance) and red
(decreased abundance) in the subsequent vs. the previous stage.
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Transcripts first detected in embryonic stages. The most obvious strategy to
identify genes activated during early development of embryos is to look for transcripts
that are not detected in oocytes. Genes were considered as first expressed in embryos
when fewer than five reads were found in both oocyte stages (GV and MII) and at least
20 reads in one of the stages after fertilization. In addition, the transcript abundance had
to be differentially up-regulated for the analyzed developmental stage to be designated as
first expressed (Appendix Dataset 1). One example is the Nanog homeobox (NANOG)
gene, which was — in accordance with a previous report (Khan et al., 2012) — found to be
first expressed at the eight-cell stage (Figure 2A). In total, this approach revealed eight
genes to be first expressed at the four-cell stage, 129 genes at the eight-cell stage, 36
genes at the 16-cell stage, and 47 genes at the blastocyst stage (Figure 2B and Appendix
Dataset 2).

Embryonic gene activation as detected by transcripts from the paternal allele.
In addition to the newly transcribed genes, the cross-breeding design was used to detect
the onset of EGA by the appearance of transcripts from the paternal allele as identified
by breed-specific SNPs. We identified 61,371 B. t. indicus (Brahman)-specific SNPs in
exons that were distributed over 4,048 different genes, thus covering ~20% of the 19,994
coding genes of the bovine reference genome. As shown in Figure 2C, transcripts of the
5-azacytidine-induced protein 2 (AZI2) gene were present in GV and MII oocytes and
in four-cell embryos as well. However, transcripts from the paternal AZI2 allele ("C”,
indicated as blue bar) were first detected in eight-cell embryos, suggesting embryonic
activation of the AZI2 gene at this stage. Using first expression of the paternal allele
as a marker, 16 genes were found to be activated at the four-cell stage, 395 genes at
the eight-cell stage, 314 genes at the 16-cell stage, and 212 genes at the blastocyst stage
(Figure 2D and Appendix Dataset 2).
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Fig. 2. Different
strategies  for  fine
mapping of genome
activation in bovine

embryos by RNA-Seq.
(A and B) Detection
of transcripts that are
not present in oocytes.
(A) Sashimi plot (Katz
et al., 2010) of NANOG
showing the absence of
transcripts in oocytes,
very limited transcrip-
tion at the four-cell
stage, and clear acti-
vation of embryonic
transcription at the
eight-cell stage. (B)
Total numbers of genes
activated at the respec-
tive embryonic stages
as detected by first
appearance of specific
transcripts. (C and D)
Detection of embryonic
gene activation by the
occurrence of paternal
transcripts.  (C) IGV
(Thorvaldsdéttir et al.,
2013) plot for AZI2
indicating first appear-
ance of transcripts with
a paternal specific SNP
(blue) at the eight-
cell stage identified
using three replicates.
(D) Total numbers of
genes activated at the
respective  embryonic
stages as detected by
first appearance of
paternal  transcripts.
(E and F) Detection of
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embryonic gene activation by the appearance of primary transcripts. (E) Sashimi plot (Katz
et al., 2010) for KLF/ indicating that transcripts are present in oocytes and all embryonic
stages, but transcripts with intronic reads (in orange) are first detectable at the eight-cell stage,
suggesting embryonic activation of KLF/ at this stage. (F) Total numbers of genes activated
at the respective embryonic stages as detected by first appearance of primary transcripts.
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Gene activation as detected by the appearance of incompletely spliced tran-
scripts. Another parameter for detecting de novo synthesized transcripts is the presence
of intronic sequences due to incomplete cotranscriptional splicing (Ameur et al., 2011).
As shown in Figure 2A, the onset of expression of NANOG is accompanied by the
presence of reads covering intronic regions. The gross assignment of reads to exonic and
intronic sequences already indicated a marked (threefold) increase in the proportion of
intronic reads between the four-cell and eight-cell stages (Figure S2). To discriminate
intronic reads in primary transcripts from intronic reads resulting, e.g., from repetitive
sequences, we defined the parameter RINP as a measure for the coverage of all intronic
sequences in a transcript. It indicates the ratio of intronic read counts to not-covered
intronic positions. A fold-change >10 in RINP between subsequent replicates of the
embryonic stages was considered as indicative of nascent transcription. Background was
defined as the 75th percentile of RINP in the oocyte stages (Figure S3). As an example,
the activation of the Kriippel-like factor 4 (KLF/) gene is shown in Figure 2E. KLF}
transcripts are present in GV and MII oocytes and are maintained through the four-cell
stage; a substantial increase of intronic reads in eight-cell embryos clearly indicates
embryonic activation of the KLF4 gene at this stage. In total, the detection of intronic
sequences revealed 390 genes to be activated at the four-cell stage, 3,965 genes at the
eight-cell stage, 628 genes at the 16-cell stage, and 1,865 genes at the blastocyst stage
(Figure 2F and Appendix Dataset 2).

Proportion of intronic sequences in transcripts in relation to gene length and
developmental stage. The length of activated genes was determined and compared
for all early embryonic stages (Figure S4). The length of primary transcripts increased
significantly (Mann-Whitney test; P < 0.01) from the four-cell (median 19 kb) to the
eight-cell stage (median 28 kb) and from the 16-cell (median 26 kb) to the blastocyst
stage (median 31 kb).

To get a global view of the relationship between the proportions of intronic sequences in
transcripts and gene size during early embryonic development, all annotated genes were
ranked according to primary transcript length. For each intron of a gene the distance
from transcript start to the center of each intron was calculated, and a dot was plotted
if its RINP value was above background (75th percentile of RINP values calculated for
MII oocytes = 0.0014; Figure S3). We found a nearly random distribution of dots in
GV and MII oocytes and in four-cell embryos (Figure 3), indicating the presence of

mainly mature transcripts. The density of dots increased markedly at the eight-cell

11
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Fig. 3. Global view of intron transcription of all annotated genes. For each intron of all
annotated genes a data point was computed by calculating the distance of the transcription
start site to the center of the intron in bases (A). Furthermore, an RINP value was calculated
by summing up all mapped intronic reads for each intron divided by the positions (bases)
where no coverage was observed. On the basis of the RINP values a plot was generated for
each oocyte and embryonic stage (B). For each data point, a dot was plotted if its RINP value
was above background (Figure S3). The influence of gene length was visualized by ranking
genes on the y axis according to length in descending order. The density of dots was visualized
by a colored scatterplot generated by the R package LSD, with colors ranging from blue (low
density) to red (high density). This algorithm causes a minor underestimation of dot density
in the peripheral regions.

stage, corresponding with the major wave of embryonic genome activation. For smaller
primary transcripts (upper half of the plot), the density of dots remained nearly constant
from the eight-cell to the blastocyst stage, whereas for larger ones (lower half of the plot),

the density increased during development.

12
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Functional classification of genes activated before and during major EGA.
Genes switched on at the four-cell stage or earlier are particularly interesting, because
they may be involved in major EGA. We identified eight genes that were transcribed
for the first time in four-cell embryos. Among them were "upstream binding tran-
scription factor, RNA polymerase I-like 1”7 (UBTFL1; LOC100140569), " heterogeneous
nuclear ribonucleoprotein A2/B1” (HNRNPA2B1; LOC516616), ”Kriippel-like factor
17" (KLF17), and ”Kelch-like family member 28” (KLHL2S).
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Fig. 4. Functionally grouped GO terms for the genes activated before major genome activation
in bovine embryos. Genes activated at the four-cell stage were detected by the presence of
de novo transcripts (n = 8), transcripts with paternal-specific SNPs (n = 16), or primary
transcripts with intronic sequences (n = 390) and functionally analyzed with the ClueGO
(Bindea et al., 2009) plugin of Cytoscape. The major significant GO terms were "RNA
processing”, ”translation”, and ”transport”. Genes enriched in the GO terms were colored
in red. The significance of the GO terms is reflected by the size of the nodes.

The gene ontology (GO) analysis of the 414 genes identified by our three approaches as
activated at the four-cell stage classified the GO terms "RNA processing”, "translation”,
and "transport” as significantly overrepresented (Figure 4). The analysis of the 4,255
genes activated at the eight-cell stage revealed the GO term "RNA splicing” as the
most prominent and additionally the GO terms "mRNA transcription from RNA poly-

merase [I promoter”, "regulation of transcription from RNA polymerase II promoter”,

13
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”purine nucleotide biosynthetic process”, and ”5S class rRNA transcription from RNA

polymerase III type 1 promoter” (Figure S5).

Discussion

Expression profiling — either by RT-PCR analyses of candidate genes (reviewed in
Wrenzycki et al., 2005) or by holistic approaches using array-based techniques (Kues
et al., 2008) — has been widely used to identify molecular characteristics of bovine
embryos of different origin or with different developmental potential. These techniques
determine relative transcript abundances but fail to differentiate between transcripts of
embryonic vs. maternal origin, except for embryonic transcripts that are not present in
the oocyte. In general RNA-Seq is considered superior to hybridization-based methods
of transcriptome profiling (reviewed in Wang et al., 2009). RNA-Seq directly determines
the cDNA sequence; thus the read counts for a particular transcript provide a digital
value of its abundance. Moreover, RNA-Seq facilitates parent-specific analyses of gene
expression by the detection of parental SNPs. We constructed sequencing libraries
without prior polyA+ selection or rRNA depletion. Furthermore, exonic as well as
intronic parts of transcripts were detected. This approach enabled us — by the occurrence
of intronic sequences in transcripts — to capture de novo transcription of genes in
embryos with high sensitivity, even if transcripts of these genes were already present

in oocytes.

Recent studies performed RNA-Seq analyses of bovine blastocysts (Chitwood et al.,
2013) and of bovine conceptuses (days 10, 13, 16, and 19) (Mamo et al., 2011); however,
no comprehensive transcriptome analysis covering the stages from the GV oocyte to the

blastocyst stage is available to date.

Although it is technically feasible to perform RNA-Seq on single embryos (Chitwood
et al., 2013) or even single embryonic cells (Xue et al., 2013), we decided to analyze
three biological replicates of pools of 10 oocytes or embryos per developmental stage.
Individual embryos may suffer from a considerable proportion of cytogenetic abnormal-
ities (Demyda-Peyras et al., 2013), which may affect their gene expression profile. In
consequence, RNA-Seq analysis of single embryos or even single blastomeres may reflect
the abnormality of a particular embryo or embryonic cell rather than the characteristic
transcriptome profile of a specific developmental stage. A limitation of our study is
the use of in vitro-produced embryos, which are known to be developmentally less

competent than in vivo-derived embryos (reviewed in Lonergan et al., 2008). Future
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studies comparing EGA of in vitro vs. in vivo embryos may provide new insights into

these developmental differences.

In the various stages of bovine oocytes and embryos analyzed in the present study, tran-
scripts from 12.4 to 13.7 x 10? different genes per developmental stage were identified.
This was on the same order of magnitude or even higher than the number of expressed

genes detected by single-cell RNA-Seq in human embryos (Xue et al., 2013).

In this study the proportion of uniquely mapped reads decreased from the early oocyte
stage (74%) to the blastocyst stage (approximately 50%). Simultaneously, the percent-
age of intronic mapped reads increased from 7% in oocytes to 30% in blastocysts. Introns
are known to contain a higher proportion of repetitive elements than exons, which has
been shown to reduce the mappability of intron-derived reads and thus could explain
the decreased number of uniquely mapped reads (Zhu et al., 2009). If multiple mapped
reads were allowed in the alignments, we observed an increased portion of reads mapping
to repetitive sequences after genome activation. In contrast, the restriction of alignment

parameters to uniquely mapped reads led to a higher fraction of unmapped reads.

Our RNA-Seq analysis revealed relatively few differentially abundant transcripts between
GV and MII oocytes and between GV oocytes and four-cell embryos. A marked increase
in differentially abundant transcripts was observed between the four-cell and eight-
cell stages, and even more between subsequent stages. Interestingly, the proportion
of transcripts with decreased abundance was initially small (17% in four-cell embryos
vs. MII oocytes; 24% in eight-cell vs. four-cell embryos), but increased to 55% in 16-cell
vs. eight-cell embryos. This observation may, at least in part, be due to the degradation

of maternal transcripts (reviewed in Tadros et al., 2009).

To get insight into time course of EGA, we tested three approaches: detection of (i) tran-

scripts arising after fertilization, (4i) paternal SNPs, and (4i7) primary transcripts.

We could show that GV and MII oocytes store transcripts of approximately 13,000
genes, whereas only a small number of genes were transcribed for the first time after
fertilization (in total 220; 129 (59%) of them at the eight-cell stage).

Our experimental design allowed us to capture the active transcription of genes according
to the detection of paternal SNPs, albeit corresponding transcripts being present in
oocytes. This was achieved by fertilizing B. t. taurus oocytes in vitro with semen from a
single bull of the genetically distant subspecies B. t. indicus. In total ~61,000 paternal
SNPs could be identified, covering ~20% of all known bovine genes. On the basis of
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this data set we were able to detect the embryonic activation of 937 genes, 395 (42%) of
which were actively transcribed during EGA at the eight-cell stage.

The third approach to determine the onset of embryonic gene expression was the
detection of transcripts with intronic sequences. In total 6,848 genes were found to
be switched on from the four-cell to the blastocyst stage. The majority of these genes
(3,965; 58%) were activated at the eight-cell stage. No spatial clustering of activated

genes to certain chromosomal locations was observed.

Notably, the results of the three methods to detect the onset of gene expression were
consistent with respect to the timing of minor EGA at the four-cell stage or before and
major EGA at the eight-cell stage; however, the absolute numbers of activated genes
detected were rather different. This is because (i) method 1 covered only genes that are
not transcribed in oocytes; and (4i) method 2 relied on SNPs distinguishing the parental
alleles, which were — in our experiment — found only in approximately 20% of the known
bovine genes. Thus, method 3, based on the presence of primary transcripts, identified
the largest proportion of activated genes. Nevertheless, the results of method 2 and
3 were remarkably concordant (Figure S6). The limitations of our study in detecting
all activated genes could be overcome by labeling and enriching nascent RNA and by
increasing the sequencing depth. In comparison with a set of transcripts enriched in
normal vs. a-amanitin-treated bovine eight-cell embryos (Vigneault et al., 2009), we
found a significant overlap (58%; Fisher’s exact test; P < 0.01) with our eight-cell

activated genes (Figure S7).

Interestingly, the proportion of intronic sequences increased for longer transcripts after
the eight-cell stage. This could result from less-efficient splicing of larger transcripts.
Alternatively, intron delays (i.e., transcriptional delays implemented by intron length),
in combination with the cell cycle constraint imposed by rapid cleavage in early embryos,
may lead to early rounds of incomplete transcription of large genes (reviewed in Swin-
burne et al., 2008). Therefore, processed transcripts of large genes would be expected

in more advanced stages, as observed in our study.

Among the genes first expressed at the four-cell stage we found the homologous gene
UBTFL1 (LOC100140569), which has been shown in mouse to play an essential role
for the earliest stages of pre-implantation embryos (Yamada et al., 2010). Further,
we identified HNRNPA2B1 (LOC516616), which interacts with SOX2 (Fang et al.,
2011), a key transcription factor for embryonic stem cell pluripotency (Masui et al.,
2007). Another gene activated before major EGA is KLF17. Its product, Kriippel-like

factor 17, can activate or suppress transcription (Vliet et al., 2006). Array analyses of
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polysomal mRNA from mouse one-cell embryos detected a markedly higher expression
of KLF17 compared with MII oocytes [National Center for Biotechnology Information
(NCBI) GEO Profile: 3138385], indicating that the onset of expression of this gene

during minor EGA is conserved between mouse and bovine.

In summary, our study provides a comprehensive transcriptome data set of bovine oocyte
maturation and early embryonic development and detailed insight into the timing of
embryonic activation of specific genes. This offers an additional level of information for
studies in embryo biosystems research and for detecting disturbances of early develop-

ment due to genetic, epigenetic, and environmental factors.

Methods

In vitro production of bovine embryos. In vitro production of bovine embryos
was essentially done as described previously (Bauersachs et al., 2009). Commercially
available semen from a Zebu bull was used for in vitro fertilization. Pools of 10 embryos
were picked after visual inspection and snap-frozen in liquid nitrogen after washing in
PBS. Stages collected for sequencing were denuded oocytes before and after maturation

and embryos at the four-cell, eight-cell, 16-cell, and blastocyst stages.

Library preparation and sequencing. Frozen pools of 10 oocytes or embryos
were thawed and lysed in 10 pl of Lysis Buffer (Prelude kit from NuGEN). cDNA
was generated and amplified with the Ovation RNAseq v2 kit (NuGEN). In brief, 1
ul of the lysate was used for mixed random-/polyA-primed first-strand ¢cDNA synthe-
sis. After second strand synthesis the double-stranded ¢cDNA was amplified by single
primer isothermal amplification, and the amplified cDNA was bead-purified (AmpureXP,
Beckman-Coulter) and fragmented by sonication (Bioruptor, Diagenode; 25 cycles 30 s
on/30 s off). Five hundred nanograms of fragmented cDNA were used for preparation of
[lumina-compatible sequencing libraries using the NuGEN Rapid library kit according
to the manufacturer’s protocol. Adapter ligation was done with sample-specific barcodes.
The resulting library was amplified (KAPA hifi polymerase, eight cycles, 95°C 80 s, 55°C
30's, 72°C 60 s) and quantified on a Bioanalyzer 2100 (Agilent). Barcoded libraries were
pooled at 10-nM concentration for multiplexed sequencing. Three replicates of each
stage were sequenced on an Illumina GAIIx to a mean coverage of 20 x 10° reads each.

Sequencing runs were done in single-read mode with an 80-base read-length.
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Preprocessing. For each replicate the raw reads (80 bases) from the [llumina Genome
Analyzer IIx were filtered for adapter sequences. The first five bases were removed from
each read because of random priming effects, and the reads were filtered from the 3’ and

5" end with a quality cutoff of 20. Reads below a length of 30 were discarded.

Mapping and gene expression analysis. For each developmental stage and replicate
the filtered reads were mapped with Tophat2 (Kim et al., 2013) (v.2.0.3) to the bovine
reference genome (UMD 3.1) supplied by annotated gene models in the GTF format
from the online available iGenomes project of Illumina. Only uniquely mapped reads
were used to calculate the number of reads falling into each gene with the HTSeq-count
script (v.0.5.3) in the union mode and using no strand information from the H7TSeq
package. Differentially expressed genes were calculated with the DESeq package (An-
ders et al.; 2010). Genes were regarded as differentially expressed between subsequent

developmental stages when the adjusted P value was < 0.05.

Number of detectable genes in RNA-Seq. The mapped reads from each replicate
were merged, and the numbers of reads falling into the exonic regions of the annotated
genes were counted. A gene was determined as expressed if more than 15 reads could

be properly aligned to that gene.

Genome activation by first expression. The number of reads calculated for each
gene was used to analyze first expressed genes after fertilization. Genes were assumed to
be first expressed in embryos if fewer than five reads were found in both oocyte stages
(GV and MII) and at least 20 reads in one of the embryonic stages and if the transcript
abundance in a particular embryonic stage was significantly higher (adjusted P value <
0.05 with DESeq) than in the previous stage.

Genome activation by breed-specific SNPs. For SNP detection the uniquely
mapped reads were used to generate a pileup for each replicate with SAMtools (Li
et al., 2009) (v.0.1.13). From the resulting pileups, SNPs were called using Varscan
(Koboldt et al., 2009) (v.2.3) with a minimum coverage of 1 and a minimum variant
frequency of 0.01. SNPs occurring outside of the coding sequences of annotated genes
were discarded. Furthermore, an SNP was considered only if the coverage was above 40
reads in both the Brahman x Simmental and the Jersey x Simmental hybrid embryos

in all developmental stages. Last, a SNP was identified as breed specific, if it was absent
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in all oocyte stages and in all stages of the Simmental x Jersey embryos. A valid SNP
had to be verified by both strands of mapped reads. SNPs occurring in the first base of
a read were discarded because this position is more artifact-prone. Genome activation
was analyzed using the list of breed-specific SNPs. A breed-specific SNP was used for
detection of genome activation if its minor allele frequency reached at least 20% in at
least one of the replicates of the embryonic stages. This threshold was chosen to account
for an expected frequency of a transcript with a paternal-specific SNP if the bull was
heterozygous at this position. The probability of an SNP being called erroneously (P =
0.00047) was calculated for nucleotides differing from the expected alleles at all breed-
specific positions. The P value was calculated with a binomial distribution B(n,p) as
the probability of 1 up to n bases representing a paternal allele being called erroneously.
At least two of three replicates at a developmental stage were required to have a P
value for a paternal allele below 0.1. If an SNP fulfilled all of the above criteria, first
occurrence of the paternal variant was considered as indicative of embryonic activation

of the respective gene.

Genome activation by intronic reads. The mapped reads from the three replicates
were counted as falling into intronic positions of a gene if at least 15 reads mapped
to exons of the oocytes and at least six reads to the intronic part of the respective
gene. To assess intronic coverage we counted all reads that completely mapped to
introns as well as all positions that were not covered by any read using the HTSeg-count
module with the intersection-strict parameter. The RINP value was used for detection
of unspliced primary transcripts and was calculated by summing up all mapped intronic
reads for each gene (or each intron as for Figure 3) divided by the positions (bases)
where no coverage was observed. To distinguish between background noise and intronic
expression the threshold was set to the 75th percentile of the RINP value obtained for
MII oocytes (0.0014; Figure S3). Genes with RINP values below the threshold were
discarded. All three replicates of a particular developmental stage were compared with
the three replicates of the subsequent stage in all possible permutations, resulting in
six sets of unique pairwise comparisons. A gene was considered as activated if the
fold-change between subsequent stages was >10 in at least two out of three pairwise

comparisons in all sets of permutations.
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Global view on transcription of introns of all annotated genes. For the oocyte
and embryonic stages the number of mapped reads for each intron was calculated from
the merged three replicates. Only reads aligning exclusively to intronic sequences were
counted. For each intron an RINP value was calculated, and data points were created as
the distance from the transcription start site to the center of each intron. The annotated
genes were ranked by their transcript length in descending order. For each intron with
an RINP value above the background (Figure S3) a dot was plotted at the data point.
The dot density was visualized with a colored scatter plot from the LSD package in R,
with colors ranging from blue (low density) to red (high density).

Read distribution. The merged mapped reads of the replicates were used to determine
the total number of mapped reads and the percentage of reads that could be assigned
to exons, introns, ribosome, or reads containing polyA signals. The number of reads
mapped to exons and introns was calculated with the HTSeq-count script in the union
mode and intersection-strict mode, respectively. The reference for ribosomal sequences
was obtained from NCBI and used to identify ribosomal reads by mapping with Tophat?2
(Kim et al., 2013), allowing multiple hits. The percentage of all reads mapping to
ribosomal sequences was calculated, and multiple mapped reads were counted only once.
Reads with polyA signals had to contain at least six polyA or polyT stretches at their
3" or 5" end and had to be properly aligned to the reference genome after trimming
the stretches. The ratio of "unassigned” reads was determined on the basis of reads

belonging to no other group.

Functional GO clustering. The Cytoscape plugin ClueGO (Bindea et al., 2009)
was used to functionally group the genes activated in bovine four-cell embryos into
GO terms "biological processes” as annotated for their human orthologs. The evidence
was set to "Inferred by Curator (IC)”, and the statistical test was set to a right-sided
hypergeometrical test with a Bonferroni (step down) P value correction and a s score
of 0.3. The GO term restriction levels were set to 3-8, with a minimum of five genes or
1% genes in each GO term. The functional grouping was used with an initial group size
of 2 and 50% for a group merge. To achieve a visualization of the eight-cell activated
genes, the parameters of restriction levels were adjusted to 7-15 and the function "GO

Term fusion” was additionally selected.
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Fig. S1. Read coverage of annotated genes by RNA-Seq. The coverage of reads across each
annotated gene was derived with RSe@QC (Wang et al., 2012), which scales all genes to a
uniform length (100 nt) and calculates the number of reads at each nucleotide position from
the uniquely mapped reads. For each replicate of the oocyte and embryonic stages the read
coverage for the annotated genes was summed an plotted in R.

Table S1. Number of filtered reads for the GV oocyte, MII oocyte, and embryonic stages for
the three replicates.

Developmental stage

Replicate 1

Replicate 2

Replicate 3

GV oocyte 12,348,334 (74.6) 17,508,014 (74.2) 17,367,957 (74.0)
MII oocyte 15,439,935 (72.6) 20,664,911 (72.1) 17,194,714 (72.8)
Four-cell 22,381,046 (73.6) 27,684,367 (61.6) 10,368,947 (72.3)
Eight-cell 28,442,940 (72.7) 25,635,286 (61.6) 18,725,594 (70.0)
16-cell 19,049,174 (66.0) 8,866,945 (64.2) 17,973,667 (71.5)
Blastocyst 58,721,268 (41.8) 29,669,929 (49.8) 35,610,695 (54.5)

The percentage of uniquely mapped reads with Tophat2 is shown in brackets.
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Fig. S2. Distribution of mapped reads. For the oocytes and the embryonic stages, the mapped
reads of the three replicates were merged, and the percentages of exonic (red), intronic (orange),
ribosomal (green), and unassigned mapped reads (blue) were calculated. The percentage of
polyA reads (light yellow) was determined from those reads containing a stretch of at least six

7 A”s at one of the ends and that were then successfully mapped to the reference genome.
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Fig. S3. Boxplots of ratios of intronic read counts to not-covered intronic positions (RINP)
for all genes. For each replicate of the germinal vesicle (GV) and metaphase II (MII) oocyte,
the four-cell, eight-cell, 16-cell, and blastocyst the RINP values were calculated for each gene
and visualized in a boxplot. The background was determined as the 75th percentile of the GV
oocyte as indicated by a red line. This RINP value corresponds to 0.0014.
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Fig. S4. Length of genes activated during early embryonic development. Boxplots for the
gene length of embryonic activated genes. A significant increase of gene length is indicated
with an asterisk and was observed between four-cell and eight-cell stages (Mann-Whitney test,
P < 0.01) and between 16-cell and blastocyst stages (Mann-Whitney test, P < 0.01). No
significant difference was observed between eight-cell and 16-cell stages (P = 0.2).
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Functionally grouped Gene Ontology (GO) terms for genes activated at major

genome activation in bovine embryos. Genes activated at the eight-cell stage were detected
by the presence of de novo transcripts (n = 129), transcripts with paternal-specific SNPs (n
= 395), or primary transcripts with intronic sequences (n = 3965). The significantly enriched
GO terms were analyzed with the ClueGO (Bindea et al., 2009) plugin from Cytoscape. Genes
enriched in GO terms were colored in red. The significance of GO terms is reflected by the
size of the nodes. The main significant GO terms were ”RNA splicing”, "mRNA transcription
from RNA polymerase I promotor”, "regulation of transcription from RNA polymerase II
promotor”, ”positive regulation of myeloid cell differentiation”, and ”protein ubiquitination”.
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primary transcripts

paternal
alleles

Fig. S6. Venn diagram showing the overlap of activated genes in early bovine embryos
as detected by method 2 (appearance of transcripts from the paternal allele) and method 3
(appearance of primary transcripts with intron sequences).

8-cell activated genes

a-amanitin

Fig. S7. Venn diagram comparing eight-cell activated genes identified in our study as first
transcribed genes, by paternal alleles or primary transcripts with differentially expressed genes
captured by a microarray analysis study of untreated bovine eight-cell embryos vs. eight-cell
embryos treated with the transcription inhibitor a-amanitin (Vigneault et al., 2009).
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Abstract

Maternal-to-embryonic transition (MET) is the period in early embryonic development
when maternal RNAs and proteins stored in the oocyte are gradually degraded and
transcription of the embryonic genome is activated. First insights into the timing of
embryonic genome activation (EGA) came from autoradiographic analyses of embryos
following incorporation of [PHJuridine. These studies identified the eight- to 16-cell stage
of bovine embryos as the period of major EGA, but detected first transcriptional activity
already in one-cell embryos. Subsequent studies compared the transcriptome profiles of
untreated embryos and of embryos incubated with the transcription inhibitor a-amanitin
to reveal transcripts of embryonic origin. In addition, candidate gene-based and global
gene expression studies over several stages of early development were performed and
characteristic profiles were revealed. However, the onset of embryonic transcription
was obscured by the presence of maternal transcripts and could only be determined for
genes which are not expressed in oocytes. Using RNA sequencing of bovine germinal
vesicle and metaphase II oocytes, and of four-cell, eight-cell, 16-cell and blastocyst stage
embryos, we established the most comprehensive transcriptome data set of bovine oocyte
maturation and early development. EGA was analyzed by (i) detection of embryonic
transcripts which are not present in oocytes; (ii) detection of transcripts from the
paternal allele; and (iii) detection of primary transcripts with intronic sequences. Using
these three approaches we were able to map the onset of embryonic transcription for
almost 7,400 genes. Genes activated at the four-cell stage or before were functionally
related to RNA processing, translation, and transport, preparing the embryo for major
EGA at the eight-cell stage, when genes from a broad range of functional categories
were found to be activated. These included transcriptional and translational functions
as well as protein ubiquitination. The functions of the genes activated at the 16-cell stage
were consistent with ongoing transcription and translation, while the genes activated in
blastocysts included regulators of early lineage specification. Fine mapping of EGA
provides a new layer of information for detecting disturbances of early development due

to genetic, epigenetic, and environmental factors.
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Introduction

The fusion of a male and a female gamete gives rise to an embryo. Initiation of
development and the early embryonic developmental program is controlled by maternal
transcripts and proteins produced and stored during oogenesis (reviewed in Tadros et al.,
2009). In the mouse a number of so-called maternal effect genes have been discovered
which are transcribed during oogenesis. Functions of their products include processing
of the male genome after fertilization, degradation of maternal RNAs and proteins,
and the activation of the embryonic genome (reviewed in Li et al.; 2010). As devel-
opment proceeds, control is switched from maternal to embryo-derived transcripts and
proteins. This crucial process in development has been termed maternal-to-embryonic
transition (MET) and involves the following events: depletion of maternal transcripts
by degradation and translation; replacement of maternal transcripts stored in oocytes
by embryonic transcripts, e.g. ribosomal RNAs; and the generation of new embryo-
specific transcripts (reviewed in Sirard, 2010). In zebrafish and rainbow trout, specific
microRNAs (miRNAs) produced by the embryo have been shown to be involved in the
destruction of maternal transcripts (Giraldez et al., 2006; Ramachandra et al., 2008). A
role of specific miRNAs in MET was also suggested for bovine embryos. Mondou et al.
(2012) observed an increase in the abundance of the mature forms of miR-130a and
miR-21 and of the precursor form of miR-130a from the one-cell to the eight-cell stage,
correlated with MET. Transcriptional inhibition of two-cell embryos by exposure to
a-amanitin decreased the abundances of miR-21, pre-miR-21, and miR-~130a, suggesting
that these miRNAs were — at least in part — of embryonic origin. The authors suggested
that miR-21 and miR~130a are involved in gene regulation during MET and may play a
role in the degradation of maternal mRNAs. Another miRNA which was found increased
in abundance from the two-cell to the eight-cell stage of bovine embryogenesis, is miR-
212. It was suggested as a negative regulator of maternal factor in the germ line alpha
(FIGLA) transcripts during MET in bovine embryos (Tripurani et al., 2013). Other
factors involved in the clearance of maternal transcripts during early development of
metazoan embryos include RNA-binding proteins acting as specificity factors to direct
the maternal degradation machinery to target mRNAs; signaling pathways that trigger
production and/or activation of the clearance mechanism in early embryos; and mecha-

nisms for spatial control of transcript clearance (reviewed in Walser et al., 2011).

During MET, nuclear reprogramming is required to activate the transcriptionally inac-
tive embryonic genome, which lasts two hours in Drosophila and takes one, three, and

up to 3,000 cell cycles in mouse, bovine and Xenopus embryos, respectively (reviewed in
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Sirard, 2010). Oocyte-stored products play an essential role in this process by altering
the chromatin structure (Ostrup et al., 2013). The chromatin structure of early embryos,
which impacts gene expression, can be altered by epigenetic modifications of DNA and
histone proteins (Dean et al., 2001; Santos et al., 2003; Lepikhov et al., 2008; Wossidlo
et al., 2011). Alterations in chromatin structure modulate the activity of transcription
factors by permitting or restricting their access to regulatory elements of the genome,
but are solely not sufficient to activate transcription. The oocyte cytoplasm plays also
an important role in transcription activation by providing active transcription factors
and RNA polymerase II (reviewed in Kanka, 2003).

The initiation of gene expression largely based on the products of an embryo is referred
to as embryonic genome activation (EGA) and, as a part of MET, is the most important
event in the pre-implantation development of mammals. The mechanisms regulating the
onset of EGA are thought to be broadly conserved in mammals, despite species-specific
differences in the timing of major EGA which ranges from the two-cell stage in mouse
embryos (reviewed in Wang et al., 2006) to the four- to eight-cell stage in human (Braude
et al., 1988) and pig embryos (reviewed in Sirard, 2012), and the eight- to 16-cell stage
in bovine and rabbit embryos (Telford et al., 1990; Sirard, 2012). Cell cycle chronology,
which is species-specific, and a cell cycle-dependent localization of RNA polymerase I1
in the nuclei are probably related to embryonic transcription (Marcucio et al., 1995) and

may, at least partly, account for the differences in the onset of EGA.

EGA appears to start gradually and is preceded by an initial minor embryonic tran-
scription. Gene expression studies during preimplantation mouse embryo development
revealed three successive, overlapping waves of gene expression corresponding to minor
EGA (one-cell stage), major EGA (two- to four-cell stage), and mid-preimplantation
gene activation (MGA; four- to eight-cell stage). Subsequent waves of gene expression
were found to be associated with morula compaction and blastocyst cavitation (reviewed
in Wang et al., 2006). Genes involved in cell proliferation, mitotic cell cycle, regulation
of transcription, DNA and protein metabolism were found to be early expressed (Kanka
et al.,; 2012). Although specific mechanisms of the initiation of EGA remain to be eluci-
dated, the involvement of some factors like maternal cyclin A2 (CCNA2), retinoblastoma
protein (RB1), catalytic subunit of SWI/SNF related chromatin remodeling complex
(BRG1) and sex determining region Y-box2 (SOX2), were recently suggested in a model
of EGA in mouse (Kanka et al., 2012).

In bovine embryos, major EGA has been described to occur at the eight- to 16-cell

stage, but the onset of EGA has not been precisely defined and varied dependent on
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the respective techniques used for detecting embryonic transcription. Using [*H]uridine
incorporation after short incubation as an indicator, EGA in bovine embryos appeared
to occur at the eight- to 16-cell stage (Camous et al., 1986; Frei et al., 1989). A further
evidence for bovine EGA at the eight-cell stage was given by a study using polypeptide
profiles of bovine in vitro embryos treated with a-amanitin (Barnes et al., 1991). The
authors showed that these embryos were able to develop only up to the eight-cell stage,
indicating the requirement of embryonic transcripts for further development at this
stage. The eight-cell stage was also characterized by major changes in the structure
of blastomere nucleoli, i.e. nucleolus precursor bodies (NPBs), electron-dense spherical
masses of tightly packed fibrils, transformed into a fibrillo-granular nucleolus including
formation of primary eccentric and secondary peripheral vacuoles (reviewed in Svarcova
et al., 2007). However, after long-term exposure to [*H|uridine, transcriptional activity
could be already detected in two- to four-cell (Plante et al., 1994; Hyttel et al., 1996;
Viuff et al., 1996; Memili et al., 1998) or even in one-cell bovine embryos (Memili et
al., 1999), suggesting minor EGA already at these early stages of development. First
ribosomal RNA transcription was visualized in four-cell embryos using a combination of

fluorescence in situ hybridization (FISH) and silver staining (Viuff et al., 1998).

Subsequent studies aimed at the characterization of EGA in bovine embryos by using ex-
perimental approaches combining incubation with the transcription inhibitor a-amanitin
and subsequent expression profiling by reverse transcriptase-polymerase chain reaction

(RT-PCR) or array hybridization-based methods and are reviewed below.

Insights into EGA by RT-PCR and microarray studies

To investigate the onset of EGA with a resolution higher than global transcription initi-
ation, bovine embryos from the one-cell to the expanded/hatched blastocyst stage were
cultured with and without a-amanitin for four or 12 h, and stage-specific a-amanitin
sensitive transcripts were evaluated by differential display (DD)-RT-PCR (Natale et al.,
2000). Sensitivity of the DD-RT-PCR band pattern to a-amanitin was first detected at
the two- to five-cell stage but became predominant following the six- to eight-cell stage
of development. Only a few of the differential bands could be identified based on their
similarity to human copy DNA (cDNA) sequences.

A subsequent study asked which genes are activated during early bovine embryogenesis.
This question was addressed by comparing the transcriptome profiles of untreated

eight-cell embryos with the profiles of embryos that developed to the eight-cell stage
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in the presence of a-amanitin, and by comparing the transcriptome profiles of both
groups of eight-cell embryos with that of metaphase II (MII) oocytes (Misirlioglu et
al., 2006). Affymetrix BovineMidi euk2v3 Genome Arrays were used, which contained
24,072 probe sets representing about 23,000 transcripts, including assemblies from 19,000
UniGene clusters. About 50% and 53% of the probe sets were called as present in
MIT oocytes and in both groups of eight-cell embryos, respectively, with a P value of
0.04. For a total of 1,490 probe sets the hybridization signals were significantly (P <
0.01) stronger (fold-change > 2) in untreated vs. c-amanitin treated eight-cell embryos.
Among the significant probe sets were 233 specific for genes, and a gene ontology
(GO) classification of those revealed the categories ”Regulation of transcription”, ”Cell
adhesion”, ” Apoptosis/cell death”, ”Protein folding”, ” Transport”, ”Metabolism”, and
"Immune response” as most prominent. Comparison of either group of eight-cell embryos
with MII oocytes resulted in even higher numbers of differentially abundant transcripts,
among them transcripts belonging to the GO categories ” Regulation of transcription”,
”Chromatin modification”, ”Cell adhesion”, ” Apoptosis/cell death”, ”Protein folding”
and ”Signal transduction”. The authors concluded that these changes in gene expression
may result in a unique chromatin structure capable of maintaining totipotency during
early embryogenesis and leading to differentiation during postimplantation development
(Misirlioglu et al., 2006).

Another study used suppression subtractive hybridization (SSH; Clontech PCR-Select
cDNA subtraction kit) followed by cDNA microarray hybridization to identify transcripts
which are overrepresented in untreated as compared to a-amanitin treated bovine eight-
cell embryos (Vigneault et al., 2009). An SSH library of more than 1,000 clones
overexpressed in control vs. a-amanitin treated eight-cell embryos was spotted onto
glass slides, which were hybridized with Alexa-Fluor® labelled amplified antisense RNA
(aRNA) probes of either group of eight-cell embryos. The array analysis revealed 310
transcripts with at least twofold increased abundance in untreated vs. a-amanitin treated
eight-cell embryos, among them 208 transcripts from genes with established function.
GO classification of the differentially expressed genes found the primary molecular
functions "RNA processing”, ”Regulation of transcription”, ”Protein biosynthesis”,
”Mitochondrial activity”, ”Protein modification/transport” and ”Protein degradation”

to be the most overrepresented (Vigneault et al., 2009).

Interestingly, a previous study comparing untreated with a-amanitin treated bovine
embryos revealed that the presence of some key nucleolar proteins (RNA polymerase

I, upstream binding factor, topoisomerase I, fibrillarin) was dependent on embryonic
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transcription, whereas nucleolin and nucleophosmin were also detected in transcription
inhibited embryos, although their localization was negatively affected by a-amanitin
treatment (Svarcova et al., 2007). Silencing of nucleophosmin mRNA in in vitro
produced bovine embryos using an RNA interference (RNAi) approach resulted in a
marked reduction of nucleophosmin, but development to the blastocyst stage was not
significantly impaired (Toralova et al., 2012). Localization of residual nucleophosmin in
the RNAi treated embryos was comparable to control embryos, with only a slight delay
in relocalization from the nucleoplasm to the nucleoli. The authors concluded that
the amount of maternal nucleophosmin is sufficient for preimplantation development of

bovine embryos.

Other approaches to study EGA in bovine embryos used expression profiling over several
developmental stages. In a study by Vallee et al. (2009), transcriptome profiles of
GV oocytes, and of in vivo derived embryos at the two-cell, eight-cell and blastocyst
stage were analyzed using a custom bovine developmental microarray containing 1,153
cDNAs derived from four different subtracted libraries (GV oocytes — somatic tissues;
GV oocytes — blastocysts; blastocysts — GV oocytes; blastocysts — somatic tissues). A
pair-wise comparison of gene expression data for all developmental stages revealed the
biggest difference between the transcriptome profiles of GV oocytes and blastocysts.
The majority of the genes expressed during bovine preimplantation development could
be grouped into three main clusters with characteristic stage-dependent changes of their
transcript abundance: (i) genes with the highest transcript abundance in GV oocytes
and a lower transcript abundance in embryos which was similar in all stages (72% of
the genes); (ii) genes with a developmental expression profile as in cluster (i), but a
further decreased transcript abundance in blastocysts (17% of the genes); and (iii)
genes as in cluster (i), but with increased transcript abundance in blastocysts (10%
of the genes). The authors concluded that the first two clusters represented maternal
transcripts, whereas cluster (iii) reflected MET and EGA (Vallee et al., 2009). However
the array used in this study represented only a small fraction of the genes that are

actually expressed during early bovine embryonic development.

To overcome this problem, another study analyzing changes in transcriptome pro-
files during early bovine development used microarrays (Affymetrix GeneChip Bovine
Genome Arrays) covering approximately 23,000 transcripts (Kues et al., 2008). The
numbers of individual transcripts detected in MII oocytes, zygotes, two-cell, four-cell,
eight-cell, morula and blastocyst stages ranged from 12.0 to 14.4 x 10%. A pair-wise com-

parison of adjacent stages revealed the largest number of differentially expressed genes in
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eight-cell vs. four-cell embryos, which is consistent with major EGA in bovine embryos at
the eight- to 16-cell stage. However this study could not discriminate between maternal
transcripts still present in eight-cell embryos and de novo transcripts synthesized by
the embryo. The same is true for numerous studies analyzing developmental expres-
sion profiles of candidate genes by semi-quantitative or quantitative RT-PCR analyses
(reviewed in Wrenzycki et al., 2005). These studies allowed the detection of embryonic

gene activation only if corresponding transcripts were not present in oocytes.

RNA sequencing for the study of early bovine development

RNA sequencing (RNA-Seq) has a number of advantages as compared to hybridization-
based techniques, such as microarrays, which compare only relative transcript abun-
dances (reviewed in Wang et al., 2009). RNA-Seq enables the direct determination of
the cDNA sequences from millions of short fragments, allowing transcriptome analyses at
single nucleotide resolution. As compared to hybridization-based techniques, RNA-Seq
has a higher sensitivity, a higher dynamic range, and less background (Wang et al.,
2009). Importantly, RNA-Seq facilitates the discrimination of maternal and paternal
transcripts by the detection of specific single nucleotide polymorphisms (SNPs) or other

genetic markers.

A first RNA-Seq study of bovine embryos compared transcriptome profiles of pools of
normal IVF blastocysts with degenerated ones (Huang et al., 2010). The authors were
able to identify 4,426 alternative splice events, including exon skipping and alternative 5’-
and 3’- splice sites within 2,032 genes, and revealed differential alternative splice events
in several genes. Additionally, a large set of novel, not annotated transcriptional units
(1,785 TUs) within the intergenic regions could be assembled at the blastocyst stage.
Two thirds of these novel TUs could be assigned to expressed sequence tags (EST)
and a large portion was supported by polyA containing reads. These findings revealed
possibilities for more unannotated genes and alternative splicing events involved during

embryonic development than previously thought.

Further studies used RNA-Seq to analyze the transcriptome of individual bovine blas-
tocysts (Chitwood et al., 2013). The authors grouped the genes according to their
level of expression and identified overrepresented functional categories of ” Cytoskeleton”,
"Ribosomes” and "Mitochondria” for the highly expressed genes in bovine blastocysts.

With this approach they were able to discriminate the gender of the sequenced embryo
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and identified allelic imbalances which could be caused by imprinting where one of the

parental alleles is silenced.

We performed an RNA-Seq study of bovine GV and MII oocytes, and of in vitro produced
four-cell, eight-cell, 16-cell and blastocyst stage embryos (Graf et al., 2014). These were
produced by in vitro fertilization of German Simmental (Bos taurus taurus) oocytes
with sperm from a single bull of the genetically distant Brahman (Bos taurus indicus)
breed to obtain a large number of SNPs for identification of the parental origin of
transcripts. Furthermore, RNA-Seq libraries were produced without polyA+ selection
enabling the identification of intronic sequences in transcripts, which can be found in de
novo synthetised transcripts due to incomplete co-transcriptional splicing (Ameur et al.,
2011) and can thus be used to discriminate them from spliced maternal transcripts
stored in the oocyte (Graf et al., 2014). In all developmental stages investigated,
transcripts from 12.4 to 13.7 x 10? different genes were detected. This is the same
order of magnitude as compared to a previous microarray study of gene expression
during early bovine development (Kues et al., 2008). Our differential gene expression
analyses revealed only few transcripts to be differentially abundant between the GV
and MII oocyte and between MII oocyte and four-cell stage. According to the main
embryonic genome activation we found a marked increase in the number of differentially
expressed genes between four- and eight-cell stage and even more between the later
stages. The proportion of transcripts with decreased abundance gradually increased
during embryonic development from 17% between four-cell embryo and MII oocyte to
about 55% between eight- and 16-cell embryos, which could be due to the degradation

of maternal transcripts (Figure 1).
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Fig. 1. Differential gene expression during bovine oocyte and early embryonic development
as revealed by RNA-Seq. (A) Hybrid embryos were generated by fertilizing oocytes from B.
t. taurus donors with sperm of a single B. t. indicus bull. For the GV and MII oocytes and
four-cell, eight-cell, 16-cell and blastocyst stage, three pools of 10 per stage were harvested and
used for RNA-Seq. (B) The numbers of differentially abundant transcripts between subsequent
stages are visualized in the bar diagram. Green bars represent the numbers of transcripts
with increased abundance, red bars the numbers of transcripts with decreased abundance as
compared to the previous stage.

Strategies to identify EGA by RNA sequencing

In our RNA-Seq study of bovine oocytes (GV and MII) and early embryos (four-cell,
eight-cell, 16-cell, and blastocyst) we used three different strategies to fine-map EGA
(Graf et al., 2014): (i) detection of embryonic transcripts not present in oocytes; (ii)
detection of paternal specific SNPs as a marker for the onset of EGA; and (iii) detection

of incompletely spliced transcripts as an indicator of de novo transcription.

The most elementary approach to look for newly expressed genes during EGA is to
identify transcripts that are not present in oocytes. In our study a gene was considered
not to be expressed in oocytes if less than 5 reads were detected in the GV and MII
stages. To be designated as first expressed in an embryonic stage, at least 20 specific
reads for a gene had to be detected and the transcript had to be significantly more

abundant than in the previous stage. Using this strategy, eight genes were found to be
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first expressed at the four-cell stage, 129 genes at the eight-cell stage, 36 genes at the
16-cell stage, and 47 genes at the blastocyst stage.

The cross breeding design (Bos t. taurus x Bos t. indicus) used to produce the model
embryos for our study enabled the analysis of EGA by detection of transcripts from the
paternal allele of the Brahman bull. Therefore, paternal (Brahman-specific) SNPs were
identified genome wide and limited to the coding regions of genes. An SNP was regarded
as paternal, if it was neither found in Bos t. taurus oocytes, nor in any sequenced Bos
t. taurus x Bos t. taurus cross breed embryos (Jersey X German Simmental). The first
occurrence of a breed-specific SNP was indicative of EGA at a particular developmental
stage. The paternal allele approach revealed activation of 16 genes at the four-cell stage,
395 genes at the eight-cell stage, 314 genes at the 16-cell stage, and 212 genes at the
blastocyst stage.

In our research design a combination of oligo-dT and random primers was used for
cDNA synthesis to cover the whole transcriptome except for ribosomal RNAs. With
this approach, we analyzed EGA by the detection of intron derived reads indicating
nascent transcription at a particular developmental stage. This strategy permitted the
detection of 390 genes that were activated at the four-cell stage, 3,965 genes at the
eight-cell stage, 628 genes at the 16-cell stage, and 1,865 at the blastocyst stage, making
it the method that identified the largest proportion of embryonic activated genes.

A detailed examination of the intronic transcripts of all annotated genes for the oocyte
and embryonic stages revealed a marked increase in primary transcripts around the eight-
cell stage, concordant with major EGA in bovine embryos. Interestingly, the proportion
of intronic sequences increased in longer genes from the eight-cell stage to the blastocyst
stage (Graf et al., 2014), which could be explained by intron delays together with rapid
cleavage of early embryos, resulting in early rounds of incomplete transcription of large
genes (Swinburne et al., 2008). Alternatively, less-efficient splicing could be responsible
for the increased proportion of intronic sequences in longer transcripts after the eight-cell

stage.

Genes activated at the four-cell stage or before

Transcripts in early embryos can be of maternal or embryonic origin. This makes it
challenging to distinguish the true origin by conventional techniques. RNA-Seq combined
with specific analysis strategies uncovered new information about genes activated in

different cell stages. These novel strategies enabled the identification of genes activated
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before major EGA, which might play a role in preparing the blastomeres for major EGA.
A functional classification of the 414 genes found to be activated in bovine embryos at
the four-cell stage or before revealed the GO terms "RNA processing”, ”Translation”
and " Transport”, indicating the first transcriptional activity before major EGA (Graf
et al., 2014).

Among the first expressed genes was HNRNPA2B1 encoding heterogeneous nuclear
ribonucleoprotein A2/B1, which is known to interact with the pluripotency transcription
factor SOX2 (Fang et al., 2011). In addition, first expression of the gene KLF17 coding
for Kriippel-like factor 17, which can activate transcription (Vliet et al., 2006), was found
at the four-cell stage. KIf17 was first discovered as a germ cell-specific gene encoding
zinc finger protein 393 (Zfp393) in mouse (Yan et al., 2002). The pluripotency related
gene KLF17 was found to be downregulated during the transition of epiblast from
human blastocysts to primary embryonic stem (ES) cells (Yan et al., 2013). In zebrafish
embryos, the expression of Kif17 is regulated by POU5F1/OCT4 and is involved in the

specification of the extraembryonic enveloping layer (Kotkamp et al., 2014).

Although corresponding transcripts were already detected in oocytes, the activation
of embryonic transcription of the H2A histone family, member Z (H2AFZ) gene, the
epithelial cell adhesion molecule (EPCAM) gene, the histone-lysine N-methyltransferase
(MLL2) gene, and the Yamaguchi sarcoma viral oncogene homolog 1 (YES?) gene was
found at the four-cell stage by the detection of primary (intron-containing) transcripts.
The histone variant H2AFZ affects chromatin structure, promotes the expression of
pluripotency genes, and functions in general as a regulator of gene expression, chromo-
some segregation and X-chromosome inactivation. Homozygous disruption of H2afz in
mouse embryos resulted in an abnormal inner cell mass and early embryonic lethality
(Faast et al., 2001). Knockdown experiments of H2afz in mouse ES cells demonstrated
that H2AFZ is required for both self-renewal and differentiation (Hu et al., 2013). Inac-
tivation of the Epcam gene in mice led to a delay of embryonic development, prominent
placental abnormalities, and death in utero by E12.5 (Nagao et al., 2009), arguing against
an essential role of this gene during preimplantation development. However, knockdown
experiments in mouse ES cells demonstrated that EPCAM is essential for maintaining
their self-renewal (Gonzalez et al., 2009). The histone-lysine N-methyltransferase MLL2
regulates transcription by histone modifications and is critical for early development.
MI127/- mouse embryos showed retarded growth and development from E6.5 and died
before E11.5 (Glaser et al., 2006). In contrast, conditional MIl2 knockout experiments
demonstrated that MLL2 is dispensable after E11.5 of mouse development (Glaser et al.,
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2009). While disruption of the Yes! gene in mice did not result in an overt phenotype
(Stein et al., 1994), YES1 was shown to play a role in self-renewal and maintenance of
ES cells and in the regulation of the pluripotency genes Pou5f1/Oct/ and Nanog (Tamm
et al., 2011).

Genes activated at the eight-cell stage

While it was known from previous studies that major EGA in bovine embryos occurs at
the eight- to 16-cell stage, our RNA-Seq study was able to detect the onset of embryonic
expression for 4,489 specific genes at the eight-cell stage. GO classification of the eight-
cell activated genes revealed the functional categories ” Transcription, DNA-dependent”,
”Purine nucleotide metabolic process”, ” Protein ubiquitination”, ”Translational initia-
tion” and most prominently ”RNA metabolic process” to be significantly overrepresented
(Figure 2). These GO terms correlate well with the major EGA events such as the initi-
ation of transcription and translation and with the continuous degradation of maternally

stored RNAs and proteins at this developmental stage.

Within the large number of genes which were activated at the eight-cell stage, we found
genes relevant for the maintenance of pluripotent cells in early embryos or of ES cells.
Among them was sal-like 4 (Drosophila) (SALL4) which was shown to be important
for cell fate decisions in early mouse embryos (Zhang et al., 2006). SALLJ is an
essential regulator of Poudf1/Oct4 expression and is required to maintain pluripotency
of the inner cell mass of blastocysts. The proto-oncogene MYC was also found to be
activated in bovine eight-cell embryos. A recent study on mouse embryos indicated that
MYC levels are heterogeneous among epiblast cells, and that competition refines the
epiblast cell population through the elimination of cells with low MYC levels, eventually
contributing to the selection of the epiblast cell pool in the early mammalian embryo
(Claveria et al., 2013). Another eight-cell activated gene in bovine embryos was TBX3
(T-box 3). In the mouse, low levels of Thz3 transcripts were found in MII oocytes as well
as in two- and four-cell embryos, higher levels in eight-cell embryos and morulae, and
highest levels in blastocysts (Guo et al., 2010). The pluripotency-related transcription
factor TBX3 was shown to be essential for the maintenance of self-renewal of mouse
ES cells and for their differentiation into extraembryonic endoderm (Lu et al., 2011).
Further, transcription of the Kriippel-like factor 4 (KLFJ) gene in bovine embryos was
first detected at the eight-cell stage. KLF4 was shown to prevent differentiation of mouse

ES cells and to regulate the expression of Nanog (Zhang et al., 2010). However KLF4
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Fig. 2. Functionally grouped Gene Ontology (GO) terms for genes activated at the eight-cell
stage. The Cytoscape (Kohl et al., 2011) plugin ClueGO (Bindea et al., 2009) was used to group
the genes activated at the eight-cell stages into functional GO terms of "biological processes’. A
right-sided hypergeometrical test with a Bonferroni correction was used with a kappa score of
0.3. The genes were annotated for their human orthologs and the evidence was set to ’Inferred
by Curator (IC)’ with the GO term restriction levels of 6-15 with a minimum of 5 or 1% genes
in each GO term. The initial group size for functional grouping was 2 and 50% for a group
merge. The analysis of the 4,489 genes activated at this developmental stages revealed the
GO term "RNA metabolic process” as the most prominent and additionally the GO terms
”Translation initiation”, ” Protein ubiquitination”, ” Purine nucleotide metabolic process”, and
"Transcription, DNA-dependent”. The significance of the GO terms is reflected by the size
of the nodes and assigned genes are represented in squares and colored according to their
respective GO terms. Shared genes between GO terms are represented in multiple colors.

does not seem to be essential for early development, since KIf{”/~ mouse embryos develop
to term, but die shortly after birth due to a skin defect that results in loss of fluids (Katz
et al., 2002). While SALL4, MYC, TBX3, and KLF) transcripts were already present
in bovine oocytes, NANOG (Nanog homeobox) was found to be first expressed in bovine
eight-cell embryos, which is in line with a previous report (Khan et al., 2012). NANOG
is essential for early development, as mouse embryos with a homozygous disruption of
the Nanog gene die between E3.5 and E5.5 and are characterized by abnormal embryonic
and extraembryonic tissue development (Mitsui et al., 2003). A recent study involving
depletion experiments of POU5F1/0CT4, SALL4 and NANOG in early mouse embryos
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revealed that an integrated Pou5f1/Octf-Sallj-Nanog regulatory network of protein-
coding genes and microRNAs is required to govern progression in pre-implantation
development (Tan et al., 2013).

In addition to genes relevant for embryonic cell fate decisions, we found embryonic
transcripts of a number of genes coding for subunits of the eukaryotic translation
initiation factor 3 (EIF3) complex in bovine eight-cell embryos (Figure 2). The EIF3
complex is composed of 13 subunits, which are organized in the linked modules A
(EIF3A, EIF3B, EIF3G, EIF3I), B (EIF3F, EIF3H, EIF3M), and C (EIF3C, EIF3D,
EIF3E, EIF3K, EIF3L). This complex is required for several steps in the initiation of
protein synthesis. It associates with the 40S ribosome and facilitates the recruitment
of EIF1, EIF1A, EIF2:GTP:methionyl-tRNAi and EIF5 to form the 43S preinitiation
complex (43S PIC). The EIF3 complex stimulates mRNA recruitment to the 43S PIC
and scanning of the mRNA for AUG recognition. The EIF3 complex is also required for
disassembly and recycling of post-termination ribosomal complexes and subsequently
prevents premature joining of the 40S and 60S ribosomal subunits prior to initiation
(reviewed in Hinnebusch, 2006). Thus expression of multiple EIF3 subunit genes in
bovine eight-cell embryos prepares them for efficient translation initiation at the time of
major EGA.

Another group of genes activated in bovine eight-cell embryos belongs to the family of
DDB1 and CUL4-associated factors (DCAFs) (Figure 2). The CUL4-DDB1 ubiquitin
ligase regulates cell proliferation, survival, DNA repair, and genomic integrity through
targeted ubiquitination of key regulators, and DCAFs have been recently identified
as substrate receptors which dictate the specificity of this ubiquitination machinery
(reviewed in Lee et al., 2007).

Further, genes encoding subunits of the mitochondrial ATP synthase (ATP5A1, ATP5B,
ATP5F1, ATP5J2) were found to be switched on in bovine eight-cell embryos (Figure 2).
Mitochondrial membrane ATP synthase produces ATP from ADP in the presence of a
proton gradient across the membrane which is generated by electron transport complexes
of the respiratory chain (reviewed in Jonckheere et al., 2012). In addition to many other

cellular functions, ATP is essential for nucleotide biosynthesis and metabolism (Pelley
et al., 2011).

Genes of the DEAD- and DEAH-box families (DDX5, DHXS8, DHX15, DHX38) were
also activated at the eight-cell stage of bovine embryos (Figure 2). The putative RNA he-
licases of the DEAD/DEAH-box family were shown to be involved in RNA metabolism,

such as transcription initiation, ribosome biogenensis and pre-mRNA splicing, and are
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believed to have a function in differentiation processes (Abdelhaleem et al., 2003),

consistent with major EGA at the eight-cell stage.

Another group of genes activated in bovine eight-cell embryos is functionally related
to DNA methylation and chromatin structure. Examples are DNMTS3B coding DNA
(cytosine-5-)-methyltransferase 3 beta and MTA2 coding metastasis tumor antigen 2.
DNMT3B has been shown to be essential for development because Dnmt3b”/~ mouse
embryos had multiple developmental defects including growth impairment and rostral
neural tube defects (Okano et al., 1999). MTA2 is a component of the nucleosome
remodeling and histone deacetylation (NuRD) complex and essential for the maintenance
of monoallelic expression of some imprinted genes in mouse blastocysts (Ma et al., 2010).
Additionally, the SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily a, member 4 (SMARCA4) gene was found to be activated in bovine
eight-cell embryos. The chromatin remodeling factor SMARCA4 has been shown to be
involved in trophoblast stem cell maintenance, pluripotency and self-renewal (Kidder
et al., 2010).

Genes activated at the 16-cell stage

The GO classification of genes activated in later developmental stages revealed new roles
and functions as compared to the earlier stages. As certain general processes have already
been initiated at the four- and eight-cell stages, the functions of the genes activated at the
16-cell stage become diversified and targeted. The 978 genes could be classified into the
GO categories "RNA splicing”, ”Regulation of glycolysis”, ” ATP biosynthetic process”,
”Negative regulation of transcription”, ”5S class rRNA transcription from RNA poly-
merase III typel promoter”, ”Carbon catabolite regulation of transcription from RNA
polymerase II promoter”, ” Cytosolic calcium ion homeostasis”, and ”Transcription ini-
tiation/elongation from RNA polymerase II promoter”, implicating the maintenance of

transcription and translation and the initiation of metabolic processes (Figure 3).

First activation of the elongator acetyltransferase complex subunit 2 (ELP2) gene was
found at the 16-cell stage. Studies in embryonal carcinoma P19 cells revealed that ELP2
and ELP3 bind to SF1 which activates the Pou5f1/Oct promoter (Barnea et al., 2000).
Tumor susceptibility gene 101 (T'SG101) was also found to be activated at the 16-cell
stage. It is required for cell proliferation before gastrulation and is involved in the regula-
tion of the p53 pathway. Tsg1017/- mouse embryos showed a decreased cell proliferation
in the ICM and died around E6.5 (Ruland et al., 2001). Furthermore, first expression
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Fig. 3. Functionally grouped Gene Ontology (GO) terms for genes activated at the 16-cell
stage. The analysis of the 978 genes activated at the 16-cell stage revealed the GO terms
"RNA splicing”, ”Regulation of glycolysis”, ” ATP biosynthetic process”, ”Negative regulation
of transcription”, ”5S class rRNA transcription from RNA polymerase III typel promoter”,
”Carbon catabolite regulation of transcription from RNA polymerase II promoter”, ” Cytosolic
calcium ion homeostasis”, and ” Transcription initiation/elongation from RNA polymerase II
promoter”. The analysis was done as described in Figure 2. The GO term restriction level was
set to 1015 and the minimum of genes in each GO term was set to 2 or 10%. The significance
of the GO terms is reflected by the size of the nodes and assigned genes are represented in
squares and colored according to their respective GO terms. Shared genes between GO terms
are represented in different colors.

of TEAD/ coding for TEA domain family member 4 was found at the 16-cell stage,
which is required for the development and specification of the trophectoderm. Tead4™/"
mouse embryos were not able to form clear blastocoels and died at pre-implantation
stages (Nishioka et al., 2008). The authors suggested different regulatory functions for
TEAD4, such as up-regulation of Cdz2 in the outer embryonic cells and subsequent
down-regulation of Pou5f1/0Oct/, leading to trophectoderm development.

Additionally, we found activation of the genes chromodomain helicase DNA binding
protein 2 (CHD2) and bystin-like (BYSL) at the 16-cell stage. CHD2 is known to
function in chromatin remodeling and it was shown that CHD2 deficient mice embryos
displayed growth delays which lead to lethality around birth (Marfella et al., 2006),

whereas BYSL is an important factor for the 40S ribosome subunit biogenesis during
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the development of preimplantation embryos and is required for blastocyst formation.
When mouse embryos at the 16-cell stage were treated with Bysl siRNA, differentiation
of the trophectoderm was impaired (Adachi et al., 2007).

Further, the gene fuzzy planar cell polarity protein (FUZ) was activated at the 16-cell
stage. Studies in mice show that FUZ is important for membrane trafficking and is
involved in the planar cell polarity signaling pathway which is essential for embryonic
development (Gray et al., 2009).

Another 16-cell activated gene was FOSL1 encoding the Fos-like antigen 1, which acts
downstream of the PISK/AKT signaling pathway, is required for development of the
trophoblast lineage, and is a key regulator of trophoblast placentation (Kent et al.,
2011).

In addition, we found the genes programmed cell death protein 2 (PDCD2) and sal-like
1 (SALL1) among the 16-cell activated genes. Pdcd2”/- mouse blastocysts showed an
interruption of ICM growth, and it is suggested that PDCD?2 is involved in self-renewal
of pluripotent embryonic cells (Mu et al., 2010). Besides PDCD2, SALL1 was shown to
interact with NANOG and SOX2 and to play a role in stem cell pluripotency (Karantzali
et al.; 2011). The authors showed that SALL1 and NANOG bind together to a large
number of self-renewal and differentiation related common target genes of mouse ES
cells and that silencing or overexpression of Salll during differentiation had effects on

the expression patterns of certain differentiation markers.

Genes activated after the 16-cell up to the blastocyst stage

During embryonic development the morula differentiates into the blastocyst which con-
sists of two morphologically different cell types: the inner cell mass (ICM), which later
forms the embryo, and the outer layer forming trophectoderm, which contributes to
the placenta. Our functional analysis of the 2,214 genes activated after the 16-cell up
to the blastocyst stage revealed GO terms like ”Intracellular transport”, ”Regulation
of multicellular organismal process”, ” Nucleobase-containing compound metabolic pro-
cess”, and ”Negative regulation of response to stimulus” as overrepresented (Figure 4).
The terms clearly indicate first differentiation processes and the ongoing transcription
and translation required for cell specification. Interestingly, the gene homeobox protein
CDX-2 (CDX2) was among the activated genes. Studies of mouse ES cells showed
that CDX2 expression represses Poudfl/Oct4 to induce differentiation into the tro-
phectoderm lineage (Niwa et al., 2005). In bovine embryos, CDX2 was shown to be
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important for trophectoderm lineage maintenance as well, but it did not influence OCTY4
levels, suggesting a different role of CDX2 in embryonic development between mice
and cattle (Berg et al., 2011). Besides CDX2, the GATAS gene was activated during
these stages. The transcription factor GATA3 induces trophoblast differentiation and
regulates Cdz2 transcription (Ralston et al., 2010), confirmed by knock-down of Gata3 in
mouse pre-implantation embryos which were stalled during the transition from morula to
blastocyst (Home et al., 2009). Additionally, the gene SNW domain-containing protein
1 (SNW1) was activated in blastocysts. SNW1 is known to regulate gene expression,
and functional screens in Xenopus and zebrafish identified SNW1 as key regulator of
bone morphogenetic protein (BMP) activity at the end of gastrulation which is involved

in neural crest specification in vertebrates (Wu et al., 2011).
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Fig. 4. Functionally grouped Gene Ontology (GO) terms for genes activated after the 16-
cell up to the blastocyst stage. The analysis of the 2,124 genes activated between the 16-
cell and blastocyst stages was achieved as described in Figure 2 with GO term restriction
levels set to 4-8. The functional grouping revealed the GO terms ”Negative regulation of
response to stimulus” as the most prominent and additionally the GO terms ”Intracellular
transport”, ”Regulation of multicellular organismal process” and ”Nucleobase-containing com-
pound metabolic process”. The significance of the GO terms is reflected by the size of the nodes
and assigned genes are represented in squares and colored according to their respective GO
terms. Shared genes between GO terms are represented in different colors.

Another activated gene was FURIN (furin (paired basic amino acid cleavage enzyme)),

a member of the proprotein convertase family, which converts precursor proteins into
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their active product. It has been shown in human and mice, that FURIN is important
for embryonic development, as it plays a role in placental development and trophoblast
fusion by processing insulin-like growth factor 1 receptor (IGF1R) and the vascular
endothelial growth factor (VEGF) (Zhou et al., 2013). Deletion of FURIN in mouse
embryos leads to lethality on approximately day 11 of development (Roebroek et al.,
1998). In addition, we identified the activation of the gene insulin-like growth factor
1 receptor (IGFIR) at the blastocyst stage. The IGF1R signaling pathway regulates
proliferation, differentiation, and survival of many cell types. Disturbances in the
IGF1R signaling pathway induced by specific inhibitors in mouse embryos impaired
trophectoderm formation (Bedzhov et al., 2012). The authors showed that the activation
of IGF1R requires E-cadherin (CDH1) for proper maintenance of the trophoblast lineage,
which is in concordance with our findings of CDHI being activated in parallel with
IGF1R at the blastocyst stage. Gene CCL17 (chemokine ligand 17), which is speculated
to play a role in trophoblast invasion and migration in humans (Li et al., 2014), was
found by using the primary transcripts as marker for embryonic expression. Within
the genes first expressed after the 16-cell stage we identified TFCP2L1 (CP2 family
transcription factor). In mouse ES cells it was shown that TFCP2L1 is involved in their

maintenance and self-renewal in a similar way as NANOG (Ye et al., 2013).

Relevance and outlook

In our study (Graf et al., 2014), we performed RNA-Seq analyses of pools of in vitro
produced bovine embryos. These are known to be developmentally less competent than
their in vivo derived counterparts (reviewed in Lonergan et al., 2008). Therefore it would
be most interesting to repeat the RNA-Seq experiments with in vivo derived embryos,
which might provide new molecular insights into the developmental differences of in
vitro vs. in vivo derived embryos. Another question is how different culture conditions
for embryos affect the timing of EGA and if there is an effect on developmental outcomes.
An elegant study switching the environment of bovine embryos at defined stages from in
vivo to in vitro and vice versa demonstrated that embryos are particularly sensitive to
changes in culture condition around the time of EGA (Gad et al., 2012). Our approaches
for detecting the activation of individual genes based on RNA-Seq data could clarify the
question if EGA is in general affected by a change of the culture environment or if specific

genes or groups of genes are particularly affected.
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In our study, we analyzed three replicates of pools of 10 oocytes or embryos per
developmental stage. This was mainly done since early embryos may suffer from a
considerable proportion of cytogenetic abnormalities (Kawarsky et al.; 1996; Demyda-
Peyras et al., 2013) which may affect the gene expression profile. Nevertheless, RNA-
Seq analysis of individual embryos (Chitwood et al., 2013) or even single embryonic
cells (Tang et al., 2009; Xue et al., 2013) is technically feasible and could provide
new insights into the inter-embryo variability of gene expression profiles and into the
transcriptome changes guiding the first differentiation events in early embryos. RNA-Seq
has already been applied for expression profiling of single cells derived from human and
mouse embryos, revealing transcriptional modules that are activated during key steps
of development (Xue et al., 2013; Yan et al., 2013). It would be interesting to see how

conserved these are in bovine embryo and embryos from other livestock species.

Another important aspect is the study of allelic gene expression in early embryos.
Although it is widely believed that transcription of autosomal genes occurs from both
parental alleles, specific classes of genes have been shown to express only one, randomly
selected allele (allelic exclusion) (reviewed in Deng et al., 2014). Furthermore, parental-
specific (imprinted) expression has been demonstrated for about 1% of autosomal genes
(reviewed in Reik et al., 2001). A recent RNA-Seq analysis of allelic expression in
individual cells of mouse preimplantation embryos (CAST/EiJ x C57BL/6J) revealed
12-24% monoallelic expression of autosomal genes. The monoallelic expression appeared
random and dynamic because there was considerable variation among closely related
embryonic cells. This study provided evidence for a de novo inactivation of the paternal
X chromosome starting at the four-cell stage (Deng et al., 2014). It will be interesting to
see the dynamics of monoallelic gene expression in bovine embryos. In the Bos t. taurus
x Bos t. indicus design of our study (Graf et al., 2014), informative parental SNPs were
found in the coding regions of about 20% of the known bovine genes, supporting this

type of analysis.

In summary, RNA-Seq analyses provided new insights into embryonic genome activation,
allelic expression of genes, and transcriptional networks governing early development of
embryos. RNA-Seq data provide a fundamental basis for embryo biosystems research,

including genetic, epigenetic and environmental disturbances of early development.
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3 Discussion

Aim of this work was to study genome activation in early bovine embryos by bioinfor-
matic evaluation of transcriptome profiles. These profiles had been generated by whole
transcriptome shotgun sequencing (RNA-Seq) of oocytes at the GV and MII stage and of
embryos at the four-cell, eight-cell, 16-cell and blastocyst stage. Bos t. taurus oocytes
fertilized with sperms from a single Bos t. indicus sire had been used to construct
sequencing libraries without polyA+ selection or rRNA depletion. These transcriptome
profiles were evaluated by tailored bioinformatic approaches in order to gain new insights

in genome activation in early bovine embryos.

Alignment of RNA-Seq data

The basic step in evaluation of transcriptome profiles is to align the sequence reads
against the reference genome. A high quality mapping is a precondition for the sig-
nificance of subsequent bioinformatic evaluation. For this thesis, a number of powerful
software packages were available to handle RNA-Seq data, like GNSAP (Wu et al., 2010),
STAR (Dobin et al., 2013), MapSplice (Wang et al., 2010), PALMapper (Jean et al.,
2010), ReadsMap (Seledtsov et al., 2012), JAGuaR (Butterfield et al., 2014), TopHat
(Trapnell et al., 2009) and TopHat2 (Kim et al., 2013). A comparison of these programs
with simulated and real RNA-Seq data sets revealed that GSNAP, MapSplice and STAR
outperform the other alignment programs in terms of base wise accuracy (Engstrom et
al., 2013). But in detail, GSNAP and STAR showed a significant weakness because they
spliced reads over several false exon junctions. TopHat2 performed well compared to
other aligners only when a gene annotation was provided because it maps reads directly
to the annotated transcripts. This makes it only suitable for well annotated genomes
(Engstrom et al., 2013).
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A further aspect is the tolerance for mismatches, required for the detection of parternal
SNPs that were used as marker for the detection of EGA. Programs like GSNAP, STAR
and MapSplice reported less mismatches compared to TopHat2. These tools truncate
reads at the end, where multiple SNPs would be introduced in the alignment and thus
they were not able to map the entire read (Engstrom et al., 2013). Therefore, those
alignment programs seem not to be suitable for the detection of parent-specific variants
in RNA-Seq data. In this thesis Tophat2 was used because it maps reads spanning exon-
exon boundaries correctly while it tolerates mismatches. Thus, Tophat2 allowed not only
to study differential abundance of transcripts but also to detect paternal-specific SNPs in
transcriptome profiles. In general, the correct mapping is impaired by reads mapping to
repetitive regions and therefore a common practice of alignment algorithms is to discard
multi-mapped reads or to place them heuristically to one location (Li et al., 2010).
Using Tophat?2, the number of uniquely mapped reads decreased from 74% of sequence
reads derived from GV oocytes to 50% in those from blastocysts. Simultaneously the
percentage of reads mapped to intronic regions increased from below 10% in the oocyte
stages to about 30% in the blastocysts. These results indicated extensive changes in the
transcriptome during early embryonic development. The almost completely spliced RNA
of GV oocytes was replaced by de novo transcribed RNA species, which in their nascent
form are still incompletely spliced. For the first time, the capture of intronic sequences
paved the way for a sensitive analysis of de novo transcribed genes. In addition, these
sequences allow the discrimination between maternally delivered spliced RNA species

and nascent ones, generated by the activation of the embryonic genome.

The percentage of uniquely mapped reads and the fraction of intronic mapped sequences
(e.g. 30% for blastocysts) were in the same range as found by others in bovine embryos.
Transcriptome profiles generated by RNA-Seq from pools of normal and degenerated
bovine IVF blastocysts resulted in about 50% uniquely aligned reads. Furthermore,
17% of the reads were mapped to intronic sequences in normal blastocysts and 34%
in the degenerated ones (Huang et al., 2010). RNA-Seq data of single bovine blasto-
cysts contained also about 20% of reads mapped to intronic regions (Chitwood et al.,
2013).
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Comparative analysis of transcriptome profiles

A commonly used strategy for the evaluation of RNA-Seq data sets is the comparative
analysis of transcriptome profiles. This approach captures all transcribed genes and
detects differentially expressed genes (DEG). Based on this approach, transcripts of
about 13,000 genes were detected in GV and MII oocytes and in all investigated
embryonic stages. The number of DEG increased during embryonic development from
120 between GV and MII oocytes to approximately 3,000 between 16-cell embryos and
blastocysts. The number of detected genes showed that the transcriptome of oocytes
contained a large number of RNA species, which was stepwise altered during embryonic
development. The increasing number of DEG during early embryonic development
correlated inversely with the percentage of uniquely mapped reads, together indicating
ongoing alterations of the transcriptome. A RNA-Seq study compared pools of normal
bovine IVF blastocysts with degenerated ones (Huang et al., 2010). In their study, they
could identify approximately 16,000 genes as transcribed. They defined, that a gene was
considered to be expressed if a single read was mapped to the coding region. Without
using any biological replicates, they reported about 20% more transcribed genes in the
study as presented in this thesis, but it is statistically questionable to take a single read

in a single replicate as evidence for the presence of a transcribed gene.

The ability of RNA-Seq to identify transcribed genes and to measure the abundance of
certain transcripts relies on the number of reads that were sequenced and mapped to
the correct position. Therefore sequencing depth is a limiting factor for the detection
of transcribed genes and the identification of DEGs. In order to obtain an accurate
quantification of expressed transcripts in the size of a mammalian genome, it was
shown that about 700 million reads would be required to cover about 95% of expressed
transcripts (Blencowe et al., 2009). The comparison of three human RNA-Seq data
sets could show that a saturation of identified transcripts according to read depth
was not reached in any of these experiments (Tarazona et al., 2011). Furthermore,
a recent comprehensive study in yeast (Schulz et al., 2013) showed that together with
transcription of open reading frames a broad diversity of short intermediate and antisense
transcripts are initiated, so that a true saturation of transcriptome analysis may not
be reachable at all. In this thesis — due to the high costs of RNA-Seq — about 9-58
million reads were produced for each biological replicate. This was sufficient to detect
approximately 13,000 transcripts in each investigated sample. Under consideration of

the decreasing percentage of uniquely mapped genes during the course of early embryonic
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development more sequencing reads would enhance sensitivity toward the capture of low

expressed genes and could result in a higher number of identified transcribed genes.

Several other comparable studies of gene expression and genome activation in bovine
embryos were performed with microarrays. Misirlioglu et al. (2006) compared tran-
scriptome profiles of eight-cell embryos treated with or without a-amanitin. They
identified about 12,000 transcribed genes in untreated eight-cell embryos and 233 DEG
in response to a-amanitin treatment. The number of DEG was in the same range as
found in a later study by Vigneault et al. (2009). Their array analysis revealed 310 DEG
in untreated eight-cell compared to eight-cell embryos treated with a-amanitin. Both
microarray based analyses resulted in significantly lower numbers of DEG than found by
the RNA-Seq approach of this thesis. However, microarrays may provide comprehensive
transcriptome profiles and enable holistic comparative analysis of transcript abundances
(Marioni et al., 2008). In contrast to RNA-Seq, the sensitivity for the detection of lowly
abundant transcripts is limited by unspecific hybridization (Marcelino et al., 2006) and
causing a high noise level. Thus, the lower number of DEG found by Misirlioglu et al.

(2006) might be caused by the intrinsic properties of microarrays.

Detection of actively transcribed genes in early bovine

embryos

The most elementary approach to detect de novo transcription was to look for transcripts
that were completely absent in MII and GV oocytes. In total 220 genes could be
identified: eight genes in four-cell embryos, 129 genes in eight-cell embryos, 36 genes
in 16-cell embryos and 47 genes in blastocysts. Compared to the 13,000 RNA species
found to be present in MII and GV oocytes, this number was relatively low. Moreover the
increasing numbers of DEG found by comparative analysis of the transcriptome profiles
indicated that at least a part of the 13,000 RNA species was actively transcribed. A
first hint how to detect de novo transcription among this RNA pool was provided by
the finding, that during the course of embryonic development the number of uniquely
mapped reads decreased with a simultaneously increase of intronic mapped reads. A
closer look at the mapped sequencing data revealed that the RNA species found in MII
and GV oocytes were completely spliced, whereas in all embryonic stages immature
unspliced RNA species were present. This observation was enabled by the fact, that
all sequencing libraries were constructed with total RNA without prior enrichment of

matured polyadenylated RNA species. Therefore nascent primary transcripts could be
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captured as well as incompletely spliced and mature mRNA. In order to distinguish
between actively transcribed genes and transcriptional inactive ones, a tailored bioin-
formatic approach was developed. This approach calculated the ratio of intronic read
counts to not-covered intronic positions (RINP) for each gene. The method was able
to identify actively transcribed introns even if they contain spikes, small regions with
unusually high read coverage. These spikes were found both within introns that were
uniformly covered, as well as in introns that showed no read coverage outside the spikes.
They might be caused by antisense transcripts or residual genomic DNA. In total, the
onset of transcription of 6,848 genes could be detected by the presence of transcribed
introns from the four-cell to the blastocyst stage. Nearly 60% of these genes were
actively transcribed for the first time in the eight-cell stage. The capture of incompletely
spliced transcripts enabled us to determine the onset of transcription of genes even if
the RNA species were maternally delivered and present in high abundance. A global
view on the onset of transcription of all annotated genes showed that activation of
genes during the early embryonic development was size dependent. The smaller genes
were preferentially activated earlier than the larger ones. This might be caused by less
efficient splicing of larger transcripts, leading to accumulation of incompletely spliced
RNA species. Alternatively, short cell cycles in the earlier stages might interfere with
complete transcription of the longer genes, so that their activation is detected only in

the later stages, where the cell cycle is getting long enough.

Parent-specific transcription

Another unique feature of high throughput sequencing is that it provides the correct
nucleotide sequence of each transcribed gene. The sequencing libraries were constructed
starting with Bos t. taurus x Bos t. indicus crossbreed embryos fertilized with sperms
from a single Bos t. indicus sire. Due to the single nucleotide resolution of RNA-
Seq, breed-specific single nucleotide polymorphisms (SNPs) could be used to distinguish
whether the maternal Bos t. taurus allele or the paternal Bos t. indicus allele was
transcribed. In this thesis, 61,000 Bos t. indicus specific SNPs were identified, covering
approximately 20% of all annotated genes. Based on these SNPs, the first active
transcription of paternal alleles could be determined in 937 genes. Nearly 400 genes were
found for the first time in the eight-cell stage. The identification of SNPs from mapped
reads was impaired by several aspects. Therefore, tailored optimized software would be

needed. Often the alignment algorithms incorrectly align the reads and introduce false
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positive SNPs. Misalignments were discovered in highly repetitive regions. Another
source for false positive SNPs is found by a wrong alignment of reads spanning the
splice site or by sequencing errors generated by the sequencer (Piskol et al., 2013).
The per-base quality scores might vary due to the technical properties of the sequencer
and the sequence context might lead to incorrect quality scores and thus might impair
identification of SNPs. Furthermore, current alignment tools map each single sequence
read to the reference genome independently and therefore especially sequence reads
spanning indels were mostly misaligned (DePristo et al., 2011). All these aspects might
result in the identification of false positive SNPs and lower the significance of results. An
improvement was recently suggested by the Genome Analysis Toolkit (GATK) (DePristo
et al., 2011). GATK locally corrects the alignments around the detected indels and the
base quality scores were recalibrated to obtain variant calls with high quality. Besides
the suggested improvements of the software, the evaluation of the sequencing data of
the Bos t. taurus x Bos t. indicus crossbreed could be improved by using the data
generated by whole genome sequencing of 43 Simmental animals. More than 91,000 SNPs
were detected in approximately 18,444 genes (Jansen et al., 2013). Additionally, the
currently 28 million variants from 234 different cattle breeds identified in the 1000 bull
genome project (Daetwyler et al., 2014) could provide informative nucleotide variants
for additional detailed studies.

Besides the identification of the onset of transcription, the detection of parental-specific
transcripts might be used for detailed studies of allele specific transcription. It has
recently been published, that allele-specific silencing is a prerequisite for proper devel-
opment of early embryos (Miyanari et al., 2012). Thus, the analysis of allele specific
transcription might pave the way for detailed insights into the processes regulating the

development of early bovine embryos.

Study of genome activation in early bovine embryos

An important phase in the development of early embryos is the activation of the em-
bryonic genome. During this phase the maternally provided RNA species are gradually
replaced by de novo transcribed embryonic ones. Transcripts of approximately 13,000
genes could be detected, indicating the experimental setup was able to capture a high
percentage of the transcriptome. Probably the percentage could be enhanced by an
increase of sequencing depth, especially for very low abundant transcripts. Differentially

abundant transcripts can only reflect net changes of the transcriptome during embryonic
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development. The pure number of DEG significantly increased at the eight-cell stage,
indicating the onset of major genome activation at that stage. Nevertheless, this kind
of evaluation delivered only limited information because the huge amount of mater-

nally delivered transcripts masks the small changes in transcript abundance caused by
EGA.

This limitation could be resolved by analysis of transcription of intronic regions, enabling
high sensitive detection of de mowvo transcribed RNA species. Summed up over all
embryonic stages de novo transcription was found in nearly 8,000 genes or 60% of all
captured genes. The majority of de novo transcribed genes was found at the eight-cell
stage pointing to the onset of major genome activation at that stage. Analysis of the
functional GO terms of these genes resulted, exemplarily in "RNA splicing”, "mRNA
transcription from RNA polymerase II promotor” and "regulation of transcription from
RNA polymerase II promotor”. This demonstrated the ability of RNA-Seq to provide
transcriptome-wide insight in biological processes occurring during major genome ac-
tivation. The onset of major genome activation was confirmed by a third approach
that analyzed the occurrence of paternal-specific SNPs in actively transcribed genes.
Oocytes contain a huge amount of maternally provided RNA, but the spermatozoid
carries only neglectable amounts of mRNA. Therefore, the presence of RNA species with
paternal SNPs can be associated with de novo synthesis from the embryonic genome.
This approach identified 40% of all paternal SNP containing transcripts at the eight-cell
stage. This result demonstrates, that RNA-Seq of crossbreed embryos enables to unveil
fine-tuning of regulation of transcription by detection of allele specific gene expression
during major genome activation. First insights in bovine EGA were previously obtained
by the evaluation of datasets generated with microarrays (Misirlioglu et al., 2006; Kues
et al., 2008; Vigneault et al., 2009), which enable holistic analysis of the transcriptome.
These studies were able to identify the major onset of bovine EGA at the eight-cell stage
and identified some hundreds of involved genes. In contrast to the published findings,
in this thesis a much higher number of genes involved in major genome activation could

be identified, demonstrating the superiority of RNA-Seq based analyses.

In summary the bioinformatic analyses performed in this thesis confirmed the onset
of major genome activation at the eight-cell stage of bovine embryos and proved, that
the majority of the transcriptome is affected. Furthermore, a basis for studying major

genome activation with an unprecedented resolution was generated.
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Conclusion

The comprehensive bioinformatic analysis of RNA-Seq data derived from bovine GV and
MITI oocytes and of embryos at the four-cell, eight-cell and 16-cell and blastocysts stage
could provide detailed insights into transcriptome changes during early embryonic devel-
opment. Differentially abundant transcripts were captured by comparative analysis of
transcriptome profiles and actively transcribed genes were identified based on transcribed
intronic regions. Furthermore, expression of paternal alleles was detected with the
occurrence of Bos t. indicus specific SNPs. This was accomplished using crossbreed Bos
t. taurus X Bos t. indicus embryos and by developing tailored bioinformatic methods.
All results proved that the major genome activation occurs at the eight-cell stage and
affects approximately 4,000 genes. According to functional GO analyses, these genes
are involved in transcriptional and translational processes and their regulation. This
study opens new possibilities for embryo biosystems research and for detecting genetic,

epigenetic and environmental disturbances in early embryo development.
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4 Summary

In this thesis, comparative analyses of RNA-seq data set were performed. The sequencing
libraries had been constructed starting with germinal vesicle (GV) and metaphase 11
(MII) oocytes and embryos at the four-cell, eight-cell, 16-cell and blastocyst stage. The
embryos had been generated in vitro by fertilization of Bos taurus taurus oocytes with
sperm of a Bos taurus indicus sire. In total, approximately 13,000 RNA species could
be identified in oocytes and each embryonic stages. The number of identified differential
abundant transcripts increased in the course of development from roughly 100 to several

thousands, with a sharp rise at the eight-cell stage.

A bioinformatic approach could be developed to capture maternally delivered and de
novo synthesized RNA species separately. It sensitively identified actively transcribed
genes despite the fact that comparative analyses failed due to presence of the huge
amount of RNA provided by the oocyte. Actively transcribed RNA species could be
identified for approximately 8,000 genes, the majority of them at the eight-cell stage.
This finding indicated, that the majority of all RNA species provided by oocytes was
de novo transcribed during early embryonic development. Furthermore, it could be
shown that the de novo transcription of larger genes was initiated later in embryonic

development than smaller ones.

A procedure was established to identify Bos t. indicus specific SNPs in RNA-Seq
datasets. It identified more than 60,000 SNPs occurring in 20% of all annotated genes.
A major part of these SNPs could be detected at the eight-cell stage. This procedure
enables a way to capture and study allele-specific transcription during early embryonic

development.

The described bioinformatic approaches were used to study major genome activation,
an important step in the maternal-to-embryonic transition. More than 4,000 genes were

de novo transcribed during major genome activation, which was found to occur at the
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eight-cell stage. These genes were functionally related to transcription, translation and

their regulation.

In summary, this thesis created and applied a powerful tool set for bioinformatic dissec-
tion of processes occurring during development of early bovine embryos and provided

unprecedented insights in major genome activation.
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5 Zusammenfassung

In der vorliegenden Doktorarbeit wurden vergleichende Analysen an RNA-Seq Da-
tensdtzen durchgefiihrt. Die zur Sequenzierung verwendeten Genbanken sind ausgehend
von unreifen Oozyten und MII Oozyten, sowie von Embryonen im Vierzell-, Achtzell-,
16-Zell- und Blastozysten-Stadium erstellt worden. Die Embryonen waren in vitro durch
Befruchtung von Bos taurus taurus Oozyten mit Sperma eines Bos taurus indicus Bullen
erzeugt worden. In jedem Ansatz konnten RNA-Spezies von etwa 13.000 Genen nach-
gewiesen werden. Die Anzahl der differentiell abundanten Transkripte stieg ausgehend
von einigen wenigen in den Oozyten im Laufe der Entwicklung generell an und wies im

Achtzell-Stadium einen sprunghaften Anstieg aus.

Es gelang, ein bioinformatisches Verfahren zu entwickeln, das die maternalen RNA-
Spezies der Oozyten und die de movo transkribierten RNA-Spezies getrennt erfassen
konnte. Dieses Verfahren identifizierte aktiv transkribierte Gene mit hoher Nachweis-
empfindlichkeit, obwohl diese wegen der groflen Menge an vorhandener maternaler RNA
nicht durch vergleichende Analysen der Genexpression erfasst werden konnten. Insge-
samt konnten 8.000 de movo transkribierte RNA-Spezies nachgewiesen werden, wobei
der grofite Anteil im Achtzell-Stadium erfasst wurde. Dieses Ergebnis zeigte, dass der
iiberwiegende Anteil aller von Oozyten stammenden RNA-Spezies im Laufe der Em-
bryonalentwicklung neu transkribiert wird. Aulerdem konnte gezeigt werden, dass die
de novo Transkription von léngeren Genen in spiteren Entwicklungsstadien angestoflen

wird als die von kiirzeren Genen.

Ein Verfahren zum Nachweis von Bos t. indicus spezifischen SNPs in RNA-Seq Da-
tensédtzen konnte entwickelt werden. Dieses identifizierte etwa 60.000 Bos t. indicus
spezifische SNPs in allen RNA-Seq Datenséitzen, die in etwa 20% aller annotierten Gene
vorkommen. Ein grofler Teil der SNPs konnte im Achtzell-Stadium nachgewiesen werden.
Dieses Verfahren ermoglicht somit die Erfassung und Untersuchung allel-spezifischer

Transkription wéhrend der frithen Embryonalentwicklung.

72



ZUSAMMENFASSUNG

Die bislang beschriebenen bioinformatischen Verfahren wurden zur Untersuchung der
groflen Genomaktivierung eingesetzt, einem wichtigen Vorgang wéhrend der maternal-
embryonalen Ubergangsphase. Insgesamt wurden etwa 4.000 Gene wihrend der grofien
Genomaktivierung de novo transkribiert, die im Achtzell-Stadium stattfindet. Diese Ge-
ne sind funktionell den Ontologien Transkription und Translation sowie der Regulation

zugeordnet.

Zusammenfassend wurden in der vorliegenden Arbeit leistungsfihige bioinformatische
Verfahren entwickelt um die Vorgénge wihrend der frithen Entwicklung von Rinderem-
byonen mit hoher Auflésung zu untersuchen. Dies ermoglichte neue Einblicke in die grofe

Genomaktivierung.
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Appendix

Dataset 1

Dataset 2

Differentially expressed genes between subsequent developmental
stages of GV oocytes, MII oocytes, four-cell, eight-cell, 16-cell
and blastocysts were identified with DFESeq and filtered with
an adjusted P value < 0.05. The baseMean corresponds to the
averaged normalized read count over all compared samples. The
group baseMean represents the mean normalized read counts of
the replicates in each group. The P values were adjusted with the

Benjamini-Hochberg procedure.

File: Dataset S01' in supporting information of Graf et al. (2014)

List of first activated genes in bovine embryos identified with
method (i) the detection of transcripts which are not present in
oocytes (first expression), method (ii) detection of transcripts with
the paternal allele as marker for the onset of EGA (paternal SNP)
and method (4ii) the detection of primary transcripts with intronic

sequences (primary transcripts).

File: Dataset S02” in supporting information of Graf et al. (2014)
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