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INTRODUCTION

I NTRODUCTION
1.1. T RANSCRIPTOME DYNAMICS AND ZGA
A fertilized egg begins life with a transcriptionally quiescent period, where the
development is guided via maternally provided proteins and RNAs. As development
proceeds, the control is handed over to the products of a newly activated genome
during a process called as the maternal-to-zygotic transition (MZT) [1–4]. The MZT
encompasses two major molecular activities, which together reprogram the terminally
differentiated oocyte and sperm to totipotency. One is clearance of maternal oocyte
program that is necessary for oocyte maturation, homeostasis, and the initial stages of
embryogenesis. The second is the establishment of new zygotic instructions through
gene expression, a process that is activated by the maternal program and is called
zygotic genome activation (ZGA). Together, these two molecular processes remodel the
embryonic gene expression landscape. Two key features distinguish ZGA from
transcription in other cellular transformations. First, ZGA takes the embryo from
transcriptionally quiescent state to a state where up to thousands of genes are
transcribed. This contrasts with cellular developmental transitions wherein a cell’s
global transcription profile remains unchanged and a few transcription factors are
sufficient to give rise to specific cell lineages. Second, early embryo cell division can
proceed by utilizing maternally loaded mRNA and protein, where as in the cellular
context cell division and cell growth are concomitant for complete cellular
transformation.

1.1.1. C LEARANCE OF MATERNAL OOCYTE PROGRAM
The transition from maternal control of development to control by the zygotic genome
is first initiated via the elimination of substantial fraction of maternally loaded mRNA.
Elimination of maternally loaded transcripts is highly regulated and transcript specific.
The regulatory control not only governs timing of elimination, but also permeates to
provide spatial preference for the transcripts. For example in Drosophila Hsp83 mRNA
belongs to a subset of transcripts eliminated from the somatic region of the embryo and

Chapter 1

1

4

1. I NTRODUCTION

not from the germ cells. The type of maternal transcript prioritized for elimination
depends on whether they belong to the stable or the unstable subset. In Drosophila the
stable subset is enriched in transcripts related to RNA metabolic function, whereas the
unstable subset comprises predominantly of transcripts related to cell cycle [5]. This
specificity of elimination reflects the essential requisites of early development.
Clearance of ubiquitously distributed transcripts might allow the patterned
transcription of their zygotic counterparts to direct spatially and temporally localized
control.
Maternal mRNAs marked for elimination during MZT range from 30% in C. elegans,
33% in mice, to 35% in Drosophila [4]. These numbers do not exclude transcript
elimination that occurs during meiotic maturation of the oocyte.
In mouse
approximately 30% of maternal mRNA is degraded during oocyte maturation, while
another 30% is deadenylated but not degraded until MZT [6]. Clearance of the maternal
transcripts relies of two modes of elimination - maternal mode, which is dependent on
maternally provided trans factors, and the zygotic mode which needs the onset of
zygotic transcription.
Both modes work in tandem to provide a functioning
transcriptome licensed for continuing embryonic development.
For example
deadenylation is often the first and rate limiting step of mRNA elimination, but in X.
tropicalis, these two processes are uncoupled.
15% of maternal mRNAs are
deadenylated during ooctye maturation in the early embryo, but they are not degraded
until the onset of ZGA [7, 8]. In Drosophila maternally translated RNA-binding protein
(RBP)
Smaug
induces
maternal
mRNA
deadenylation
by
recruiting
CCR4/POP2/NOT-deadenylase complex, promoting the removal of their poly(A) tail
and thereby destabilizing the target transcripts. This process is independent of the
zygotic mode of elimination and depends rather on maternal transcript codon
optimality, in which stabilizing or destabilizing codons affect mRNA translation and
adenylation status to influence transcript stability [9, 10]. In zebrafish another mode of
maternally driven mRNA clearance has been attributed to N6 -methyladenosine
modification (m6 A) [11]. One-third of maternal mRNAs are m6 A modified via binding of
m6 A-binding protein Ythdf2. Removal of Ythdf2 leads to disruption of timely MZT, cell
cycle pause and embryos remain developmentally delayed throughout larval stages
[12].
MicroRNAs (miR) play an important role in the zygotic mode of clearance. Its mode
of action is conserved across species. For example miR-430 in zebrafish [13], miR-427 in
Xenopus [14] and miR-209 [15, 16] in mouse share a seed sequence and are involved in
destabilization of maternal mRNAs. In fact in zebrafish miR-430 gene cluster is one of the
earliest and highly transcribed genes from the zygotic genome and directly activated by
ZGA transcription factors Nanog, Pou5f3 and SoxB1 [17]. Loss of Nanog leads to severely
reduced levels of miR-430 and consequently stabilization of several maternal mRNAs.
Similarly in Xenopus pri-miR-427 has been found to be first expressed at the eight-cell
stage. This very early expression is not only ubiquitous in nature but it also accumulates
1000-fold more rapidly [18]. In Zebrafish it has also been found that elimination of a
subset of maternal mRNA occurs in a tight time window after MBT. This elimination
occurs via the miR-430 pathway and specifically requires TATA-binding protein (TBP) in
a transcription dependent mechanism [19]. In summary, several pathways of maternal

1.1. T RANSCRIPTOME DYNAMICS AND ZGA

5

1.1.2. A CTIVATION OF ZYGOTIC GENOME
With the onset of ZGA, the embryo begins to transcribe its own repertoire of zygotic
genes which are essential to direct new developmental programs. The dynamics and
the scale of transcription is a species-specific process. Among vertebrates, mouse
embryos undergo the earliest ZGA in terms of developmental stages. The zygotic
transcription at 1-cell and 2-cell stages constitute a minor and major wave of ZGA
involving as many as 800 and 3000 genes respectively [20–22]. Transcriptional
activation also varies from gene to gene [4]. At any point during the MZT, both maternal
and zygotic versions of the transcript can occur at the same time. Therefore most
genome-wide studies lack enough temporal resolution to estimate the scope of ZGA
and consequently the detection of the earliest transcribed zygotic genes (first minor
wave). Large chromosomal ablations in D.melanogaster depleted up to 40% of the
embryonic transcripts thus eliminating only the zygotic component. It showed that
purely zygotic genes represent just a third of the total set of zygotically expressed genes.
The remaining two thirds also had a maternal contribution and were present in
unfertilized eggs [23]. In zebrafish, using metabolic labeling with 4-thio-uridine
triphosphate, a total of 592 transcripts contributed to the first minor wave of
transcription. Of these only 152 were purely zygotic and not detected in the maternal
pool [24]. In Xenopus, ZGA is described more as a progressive process that involves first
a broad wave that starts before and continues through the mid-blastula transition
(MBT) and then a second wave that begins an hour later [25].
ZGA is precisely timed and temporally regulated. A complete understanding of the
mechanisms that fully explain both the general absence of transcription and the gene
specific onset that follows, remains elusive. Several models have been proposed that
explain certain important aspects of ZGA [26]. The deficient transcriptional machinery
model proposes absence or sub-optimal levels of components of the transcriptional
machinery. Likely candidates are transcription factors (TF). In Xenopus TATA-binding
protein (TBP) concentration is limiting before genome activation and is rapidly
translated during genome activation[27]. TFs like Zelda in Drosophila and Pou5f3,
Sox19b, Nanog in zebrafish are maternally provided but their levels increase due to
translation during early cycles and they activate the first zygotically expressed genes
[17, 28–30]. The transcriptional repressor model proposes a maternally provided
repressor that binds DNA with high affinity and represses transcription. In Xenopus
embryos manipulation of the nucleocytoplasmic ratio either by polyspermy or injecting
plasmid DNA led to an earlier genome activation [2, 31, 32]. In Zebrafish genetically
altering the DNA content changed the timing of genome activation [33]. Collectively it
implies that titrating the repressor somehow relieves the transcriptional repression.
Likey candidates are histones whose addition in Xenopus embryos ablates premature
transcription caused by exogenous DNA [34]. Specific changes in chromatin structure
like accessibility of regulatory regions, nucleosome positioning and biochemical
histone modification mediate the onset of transcription [35–40]. More recently it has
been shown that concerted titration of four DNA replication factors - Cut5, RecQ4,
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Treslin and Drf are limiting for replication initiation at increasing nuclear to
cytoplasmic ratio and therefore critical for controlling the events of the MBT [41]. These
models provide valuable insights into ZGA however we still lack a unified model that
explains if there are cascades of events leading up to ZGA or there is a single point of
control that mediates ZGA.

1.2. M OLECULAR CONTROL OF ZGA
1.2.1. C HROMATIN - LINKED DETERMINANTS OF ZGA
As briefly summarized above, coordinated processes between the transcriptional
machinery and chromatin in the early embryo are crucial for the timing of ZGA [31].
Chromatin is composed of DNA wrapped around nucleosomes, which are octamers of
core histone proteins H2A, H2B, H3 and H4. These are in turn joined together by linker
proteins to form compacted heterochromatin. Such compacted chromatin often
prevents TFs from binding to gene regulatory regions. Chromatin accessibility is
controlled by nucleosome positioning which in turn is regulated by histone variants
and biochemical modifications of histone (tails) like methylation and acetylation.
Mouse female and male pronuclei are asymmetric with regard to their chromatin
accessibility [42–44]. Sperm DNA is wrapped with arginine rich protamines which are
exchanged for maternal histone prior to S phase. These new histones are subjected to
permissive modifications including H4 hyperacetylation [45], H3K9 and H3K27
monomethylation [44]. This repackaging of the mouse paternal genome makes it
transcriptionally competent and contributes to an early minor wave of ZGA [22]. Except
zebrafish [46], human, Xenopus and Drosophila have their sperm DNA interspersed
with protamines [47–49]. During development gamete-specific repressive histone
variants are replaced with somatic versions. This exchange adds another feature that
leads to gradual unpackaging to chromatin prior to ZGA in favor of a permissive zygotic
version. MacroH2A is a repressive variant of H2A in mouse and is found preferentially
in the female nucleus and contributes to its transcriptional quiescence. This variant in
progressively lost as embryos become transcriptionally active [50]. Alternatively, in
Drosophila an early embryonic and germ-line specific H1 variant, dBigH1 upon
cellularization is replaced by somatic H1 in the soma but not in the primordial germ
cells (PGCs) that have delayed ZGA. A loss-of-function dBigH1 mutation leads to
premature ZGA in both soma and PGCs showing higher order chromatin assemblies
during early development thwart the onset of ZGA [51]. Similarly, in Xenopus the oocyte
form of linker histone H1 (called B4 or H1M) is replaced by somatic H1 during
gastrulation, which is linked to loss of mesodermal competence [52].Thus,
incorporation of histone variants reform repressive chromatin into permissive
assemblies and prepare the embryo for a period of transcriptional activation.
Biochemical histone modifications define the gene expression timing and
specificity during MZT. Lysine (tri) methylation and acetylation are widely accepted as
major post-transcriptional histone modifications that shape the early embryonic
landscape. Consequences of H3 lysine methylation are cellular context specific,
implicating it in influencing timing of the MZT [53–55]. Both H3K4 and H3K27
trimethylation (H3K4me3, H3K27me3) marked gene promoters are associated with
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active and repressed gene activities respectively. In Xenopus early embryos, bivalent
chromatin was observed but was not a dominant feature [53]. These marks accumulate
with different spatio-temporal kinetics (pseudo-bivalency) during the time between
MBT and gastrulation [56]. α-amanitine injected and control Xenopus tropicalis
embryos (stage 11) show robust H3K4me3 (86%) and H3K27me3 (90%) modifications
independent of embryonic transcription, suggesting they are under the control of
maternal factors [57]. Genome wide nucleosomal occupancy maps in zebrafish
revealed ordered arrays of nucleosomes on the gene promoters marked by H3K4me3.
This suggests perturbation in localized chromatin conformation to prime the zygotic
genes for activity [37]. In Drosophila H3K4me3 is enriched over zygotic genes only
during later stages of development. How it guides ZGA remains to be elucidated
[58, 59]. The mouse female pronucleus is transcriptionally inactive and marked with
H3K27me3, whereas the transcriptionally competent male pronucleus acquires this
mark only towards the end of minor wave of ZGA [44]. Although the female pronucleus
is marked with active H3K4me3 mark, its the repressive H3K27me3 mark that
preferentially regulates its transcriptional inactivity. H4 acetylation is another feature of
transcriptionally active genes. In mouse, these activities are catalyzed by maternally
provided Brg1 and SRG3, components of ATP dependent chromatin remodelling
SWI/SNF complex. Loss of Brg1 results in loss of 30% of zygotic genes and stalled
embryogenesis at the 2-cell stage [60, 61].
H4 acetylation distinguishes the
transcriptionally active mouse male pronucleus from silent female pronucleus.
Following fertilization and the first minor wave of ZGA, histone deacetylases influence
in maintaining a transitory transcriptional repressive phase before the onset of the
major wave of ZGA. Evidence for this role in regulation of specificity for the major wave
of ZGA comes from inhibition studies, where inhibition of histone deacetylases relieves
this transient repression [62]. In Xenopus, one of the major chromatin associated
transitions during early embryonic development is that of acetylation patterns of
histone H4. H4 deacetylation leading up to MBT keeps the transcription off, followed by
hyperacetylation post-MBT which activates transcription in a gene-specific manner
[63].

1.2.2. E PIGENETIC PRE - PATTERNING AND MEMORY
Histone modifications are associated with gene regulation during development.
However, where these chromatin determinants detected in embryos prior to ZGA
originate from is still an outstanding question. Currently two non-exclusive models
explain this aspect of epigenetic pre-patterning [64]. The first model supports the idea
of inheritance of histone marks from the parental gametes, meaning that
developmental instructions are preset by the histone marks already in the gametes.
This inheritance of modified histone marks via fertilization constitutes a mechanism of
"epigenetic memory". This memory may be encoded in the sperm at the level of DNA
methylation, small RNAs or transposons. A significant proportion of genes in pre-ZGA
zebrafish embryos are marked with the same histone modifications as in sperm [65].
This study suggests an epigenetic pre-patterning of early zebrafish developmental gene
expression potential by a state of hypomethylation and marking by H3K4me3 of
CG-rich promoters of developmental importance. Zebrafish sperm DNA also contains
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both H3K4me3 and H3K27me3 marks organized in large multivalent chromosomal
regions that contain genes active late in the embryogenesis [46]. In Zebrafish pre-MBT
H3K4me3 enrichment is strongly associated with a propensity for transcriptional
activation after ZGA [55]. Activity of Polycomb complexes in mouse oocytes is required
for the correct specification of histone marks in the embryo. Embryos lacking Ring 1
and Rnf 2, two core components of the Polycomb repressive complex 1 (PRC 1), arrest at
2-cell stage and present aberrant gene expression at ZGA [66]. In Xenopus tropicalis
embryos, the promoter H3K4me3 and the Polycomb H3K27me3 modifications are
maternally defined. This means that these marks appear at most genomic locations
even if embryonic transcription is inhibited, implying a role for maternal factors in their
deposition [57]. In C. elegans it has been found that genomic locations of histone
modifications in the embryo also reflect the transcriptional activity in the parental
germline in the previous generation [67].
The second model favors the idea of removal of histone marks from the gametal
genomes and their re-establishment post-fertilization [68–70]. Zebrafish early embryos
lack sperm-like multivalent domains, which suggests that these marks are lost and then
reapplied by means of intrinsic signals embedded in the genome [37, 54]. Also, the
exact paternal pattern of differential methylation reemerges in the zebrafish blastula
after passing through a more oocyte-like pattern during cleavage stages [71, 72].
Intrinsic DNA-sequence coded signals are also thought to program the de novo
nucleosome repositioning and establishment of histone marks. In zebrafish, a
promoter usage preference emerges at the time of ZGA. It establishes a switch from
maternal-specific transcription start site (TSS) selection, which requires an A/T-rich
(W-box) motif to a zygotic TSS selection grammar characterized by broader patterns of
dinucleotide enrichments, precisely aligned with the first downstream nucleosome[73].
G/C regions - in vertebrates are also the sites of cytosine methylation in a
cytosine-phospho-guanine (CpG) context. CpG methylation is catalyzed by DNA
methyltransferases
(DNMTs),
which
convert
S-adenosylmethionine
to
S-adenosylhomocysteine by addition of methyl group to the 5th position of a cytosine
on the DNA. A repressive effect of promoter DNA methylation on gene expression is
speculated to be a mechanism of pre-ZGA gene silencing. Kaiso is another repressor
protein that binds methylated CpG dinucleotides and has proven crucial for pre-ZGA
transcriptional repression in zebrafish and Xenopus [74, 75].
However, DNA
methylation is not very dynamic around the MBT in Xenopus and Zebrafish [71, 72, 76].
Moreover, DNA methylation is not very repressive towards transcription in early
embryos, whereas in oocytes or embryos it is [68]. In mammals, however, there is a
major wave of global DNA demethylation between fertilization and
implantation[43, 77].

1.2.3. P IONEERS OF GENOME ACTIVATION
Genomic DNA compaction in a cell’s nucleus occurs first due to DNA wrapping nearly
twice around an octamer of four core histones, thereby making a nucleosome. Second,
due to the local inter-nucleosomal interactions that allow formation of higher levels of
chromatin condensation. This compact chromatin limits the amount of free DNA
available for regulatory proteins to bind, making it intrinsically repressive and
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regulatory. Availability of both general and pioneer transcription factors (pTFs) regulate
gene expression at ZGA. pTFs have the ability to bind DNA sites directly on a
nucleosome, thereby initiating a cascade of regulatory signals in silent chromatin [78].
This helps to get chromatin in transcriptionally primed yet inactive state, thereby
achieving the timely initiation of ZGA. pTF can also act as a repressor protein in
absence of proper transcriptional co-activator [79].
In relation to ZGA, its evident that genome occupancy by pTFs determine activation
of developmental genes at or after ZGA [80]. In Drosophila early gene expression is
driven by the already mentioned Zelda protein. Its mutation leads to abnormal early
mitoses and severe cellularization defects at the MZT [28]. Genome wide binding
studies revealed that it binds promoters of both genes that are activated at or after ZGA.
Before ZGA, it binds to promoters of a thousand genes as well as enhancers of all other
genes activated by their respective TFs at ZGA onset [29]. Its binding correlates well
with chromatin accessibility, thereby expanding its role as a facilitator of chromatin
remodelling [29, 81]. In zebrafish, TFs Nanog, Pou5f3 and Sox19b are maternally
provided and the most robustly translated TFs prior to ZGA. Their combined depletion
leads to dramatic loss in gene expression in the late blastula and the embryo fails to
gastrulate [17]. Nearly all early zygotic genes are enriched in binding sites for these
three TFs, giving them a broad spectrum of control in engaging the embryonic genome.
β-catenin/Tcf complex in Xenopus has a crucial pre-ZGA function. It activates
transcription essential for dorsal-ventral axis specification beginning in early cleavage
stages of development. This pre-MBT transcription of nodal genes xnr5 and xnr6 is
interestingly localized to dorsal blastomeres [82, 83]. In summary, the ability of pTFs to
target silent genes and allow co-activators to bind explains how developmental
competence is gained and cell fate decisions are orchestrated.

1.3. O VERVIEW OF THE THESIS
Vertebrate embryonic development requires fidelity in initiation and regulation of
embryonic gene expression and genomic reprogramming. In chapter 2, we summarize
mechanisms that regulate acquisition of permissive chromatin state and gene
expression. We compare and contrast work in vertebrate models as well as mouse
embryonic stems cells and highlight mechanistic details that formulate gene regulatory
networks and the state of pluripotency.
In chapter 3, we exploit the use of
RNA-sequencing technology to survey the full complement of polyadenylated and
deadenylated coding and non-coding transcripts in Xenopus tropicalis embryos. We
find that the interplay between polyadenylation and deadenylation plays a key role that
shapes the maternal-to-zygotic transition. Based on histone modification and RNA-seq
data we defined a set of long non-coding RNAs that are most likely transcribed from
their own promoters. In the next chapter (Chapter 4) we also used RNA-sequencing and
histone modification data, along with additional ChIP-sequencing data on the
co-activator p300; we used the data to characterize the regulatory landscape in
embryos of Xenopus laevis. Genome duplication occurred in this species, which
resulted from the hybridization of two closely related species about 17 million years
ago. We investigate the consequences of this duplication at the level of the genome, the
epigenome, and gene expression. We use metabolic labeling in Chapter 5 coupled with
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massively parallel RNA sequencing to gain an insight into the early transcriptome. Of
special interest are these earliest (pre-MBT) transcribed zygotic genes that may play
seminal roles in overall success of ZGA which continues for several cell cycles preceding
morphogenesis.Therefore, understanding the identity as well as specific vs. generic
activation of earliest transcribed genes are central to understanding developmental
mechanisms. In chapter 6, we summarize the work presented in this thesis and
compare it to studies performed with new technologies and other experimental models.
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The earliest steps of embryonic development involve important changes in chromatin
and transcription factor networks, which are orchestrated to establish pluripotent cells
that will form the embryo. DNA methylation, histone modifications, the pluripotency
regulatory network of transcription factors, maternal factors and newly translated
proteins all contribute to these transitions in dynamic ways. Moreover, these dynamics
are linked to the onset of zygotic transcription. We will review recent progress in our
understanding of chromatin state and regulation of gene expression in the context of
embryonic development in vertebrates, in particular mouse, Xenopus and zebrafish. We
will include work on mouse embryonic stem cells and highlight work that illustrates how
early embryonic dynamics establish gene regulatory networks and the state of
pluripotency.
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2.1. I NTRODUCTION :

ROUTING

FERTILISED

EGGS

TO

PLURIPOTENCY
At the very beginning of embryonic development two specialized and highly
differentiated cells, the gametes, fuse to form the zygote which in turn produces all cell
types of the organism (as well as extra-embryonic tissue in the case of mammals, see
below). The parental genomes show different histone modification patterns and are
subject to dramatic chromatin reorganization, DNA demethylation and remethylation
after fertilization and during early development, in order to reprogram the sperm and
oocyte epigenomes [1–7]. Early in development a maternal to zygotic transition (MZT)
is triggered, which passes regulatory control of development from maternal to newly
synthesized components [8, 9] ; this regulatory event can be defined as the period of
time encompassing the initial degradation of maternal transcripts, zygotic genome
activation (ZGA, the onset of transcription), until the first major morphological
requirement for zygotic transcripts in embryonic development [9]. Following the ZGA,
pluripotent cells emerge which will give rise to the three germ layers of the embryo,
ectoderm, mesoderm and endoderm, however the relationship between ZGA and
pluripotency is different between mammals and non-mammalian vertebrates (Figure
2.1, Table 2.1).
In amniotic species such as the mammals, the zygote starts transcribing its own
genes just before the two-cell stage. Subsequently, trophectoderm and primitive
endoderm, cell lineages that contribute to placental development, are set up in
addition to the pluripotent cells of the inner cell mass of the blastocyst that will form
the organism (Figure 2.1). Therefore the mammalian zygote is referred to as totipotent,
being able to produce all cell types of both the embryo proper and embryonic placental
tissues [10].
Although early embryonic development is strikingly different in Xenopus and
zebrafish compared to mouse, pluripotency and subsequent germ layer commitment,
patterning and convergent extension are functionally highly analogous in these species.
In Xenopus and zebrafish early cleavage development produces a blastula embryo,
which undergoes ZGA (Figure 2.1). This is also referred to as the mid-blastula transition
(MBT) [8, 9, 11]. Cell cycle lengthening and the acquisition of cell motility coincide with
the onset of embryonic transcription at the MBT [11] and at this stage, at and
immediately after the MBT, cells at the animal pole of the embryo are
pluripotent(Figure 2.1). These cells are normally fated to give rise to ectoderm
(epidermal ectoderm and neural ectoderm) but can also give rise to mesoderm and
endoderm derivatives when exposed to specific factors[12].
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Figure 2.1: Embryonic development in relation to zygotic gene activation (ZGA) and pluripotency in

Figure 1

mouse
(top panel),
Paranjpe
et al.Xenopus (middle panel) and zebrafish (bottom panel). ZGA occurs at the late 1cell stage in mouse, but does not happen until the 12th and 10th cell cycle in Xenopus and zebrafish
respectively. In mouse, before pluripotency is established two other lineages, trophectoderm and
primitive endoderm, need to be formed. The inner cell mass (ICM) epiblast cells of the preimplantation blastocyst (mouse, 3.5 days, red cells) represent the ground state of pluripotency
in vivo, whereas in day 6 embryos (still before gastrulation) these cells have been primed towards
differentiation. In Xenopus, vegetal pole cells have been maternally specified to form endoderm
and secrete signals to induce mesoderm in the marginal zone. Animal pole cells (red) correspond
to the pluripotent cells of the mid-blastula embryo. Times post-fertilization are indicated for
X. laevis at 22◦ C. In zebrafish, the mid-blastula transition (MBT) starts two cell cycles earlier.
Zebrafish has one large yolk cell which does not divide. The nuclei from blastodisc cells closest to
the yolk cell form a syncytium with the yolk cell. This region has a mesendodermal fate. Zebrafish
times post-fertilization are temperature-dependent and indicated at 28.5◦ C.
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Pluripotency, as it emerges from the zygote, represents a functional cellular state,
much in the same way differentiated cells have a defined set of biochemical and cellular
properties. These properties emerge from a cell type-specific reading of the genomic
sequence information, which is part of what is referred to as epigenetic regulation. At
the molecular level this involves chemical modifications of either the DNA itself (for
example methylation of cytosine residues) or the chromosomal proteins associated
with genomic DNA (chromatin). The profiles of epigenetic modifications can vary
between cells and developmental stages and form a molecular regulatory intermediate
between genomic sequence information and biochemical and cellular properties of
cells. Epigenetics therefore constitutes a developmental stage- and cell type-specific
filter of genomic sequence information.
In this review we compare vertebrate studies on the pluripotent chromatin state
and how it emerges during embryonic development. We will discuss DNA methylation,
histone modifications, cis-regulatory elements and transcription factors that prime the
zygote for pluripotency. We will illustrate the findings from mouse, frog and fish embryo
models but also discuss findings in cellular models of pluripotency such as mouse
embryonic stem (ES) cells where warranted. ES cells represent stable pluripotency in
vitro, whereas embryonic pluripotency is transitory, but much has been learned from
these systems that also is highly relevant for pluripotency in vivo. The reader is referred
to excellent reviews for other aspects of pluripotent chromatin and embryogenesis,
including more detailed discussions of the MZT[8, 9], chromatin interactions and
complexes[13–17], and naive and primed pluripotency in cell culture [18, 19].
Table 2.1: Overview of early development and pluripotency in mouse, Xenopus and zebrafish. Note the
interspecific differences in the relationship between (1) zygotic genome activation (ZGA) and pluripotency and
(2) DNA methylation and pluripotency. Abbreviations: hypoM, hypomethylated; hyperM, hypermethylated;
deM, demethylated; ND, not determined.

ZGA stage
Pluripotent stage
Global DNA methylation
Paternal DNA methylation
Maternal DNA methylation
Histone H3 methylation
Pluripotency transcription factors

Mouse

Xenopus

Zebrafish

2 cells
Blastocyst (E3.5)
hypoM at ZGA and pluripotency
hyperM, active deM after fertilization
Relatively hypoM, passive deM
ZGA and later
OCT4 (POU5F1)
SOX2
NANOG

Blastula
Blastula
hyperM at ZGA and pluripotency
ND
ND
ZGA and later
Oct91, -25, -60 (Pou5f3)
Sox2
Ventx1, -2

512 cells
512 cells
hyperM at ZGA and pluripotency
hyperM, maintained
Relatively hypoM, hyperM after 16-cell stage
ZGA and later
Oct4 (Pou5f3)
Sox2, Sox19b
Nanog

2.2. G LOBAL DNA METHYLATION DYNAMICS IN RELATION TO
PLURIPOTENCY

2.2.1. DNA METHYLATION DYNAMICS IN MAMMALIAN DEVELOPMENT
DNA methylation is an important epigenetic modification with a role in a variety of
processes, including tissue-specific gene expression, development and cellular
differentiation, carcinogenesis and aging, and specifically for mammals, genomic
imprinting and X chromosome inactivation [20–22]. Methylation at the 5-position of
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cytosine (5mC) occurs mainly at CG dinucleotides (commonly referred to as CpG
dinucleotides) in vertebrates and is a prerequisite for normal embryogenesis; the DNA
methyltransferases DNMT1, DNMT3a and DNMT3b are all essential for early mouse
development [23, 24]. DNA methylation can be reversed passively (lack of maintenance
during DNA replication) and by members of the Ten-eleven translocation (TET) family
of 2OG-Fe(II) dioxygenases which catalyze the hydroxylation of 5mC to generate
5-hydroxymethylcytosine (5hmC), which can be further modified to 5-formylcytosine
and 5-carboxylcytosine and subsequently can be removed by base excision repair
[13, 25–27].
DNA methylation in somatic cells portrays a bimodal configuration, in which the
majority of CpG sites are methylated; unmethylated CpGs are primarily found in
clusters, known as CpG islands (CGIs), which are frequently associated with gene
promoters [28, 29]. Two-thirds of gene promoters in mammals are associated with
CGIs. 5hmC signatures are enriched at sites of DNaseI hypersensitivity, which are
indicative of genomic regions bound by regulatory proteins, whereas 5mC is generally
much less abundant at these locations.
5hmC is particularly enriched near
transcription start sites and at active and poised enhancers.
In mouse the paternal genome derived from sperm shows 80 to 90% overall CpG
methylation but is almost completely demethylated shortly after fertilization (Table 1)
[30, 31]. TET3, which is abundant in oocytes and zygotes, plays an important role in this
active demethylation process by oxidizing 5mC, which is then passively lost during
subsequent rounds of replication [32–34]. TET1 is not required for pluripotency and
development, although its loss causes a decrease of 5hmC levels in ES cells and a
skewed differentiation towards trophectoderm in vitro, suggesting a role in inner cell
mass specification [35–37]. In addition, loss of TET1 causes skewed differentiation and
allows ES cells to colonize the placenta in embryo chimeras [38]. TET2 is important for
maintaining active chromatin at the Hoxa cluster during differentiation [39].
Knockdown of Tet1 and Tet2 reduces the expression of pluripotency-related genes
including Esrrb, Prdm14 and Klf2 [40].
Whereas the paternal genome is actively demethylated in a TET3-dependent
fashion, the maternal genome shows lower global methylation levels (40%) and
undergoes replication-dependent (passive) demethylation, leading to the observed
epigenetic asymmetry [41]. In this way the early mouse totipotent zygote is devoid of
DNA methylation except at imprinted regions. Erasure of gametic methylation patterns
and genomic remethylation are not required for pluripotency. Although the genome of
DNMT3a, DNMT3b, and DNMT1 triple-knockout mouse ES cells is hypomethylated,
these cells retain self-renewal and pluripotency but exhibit a host of differentiation
defects [42]. The global demethylation may contribute to a relatively open and
accessible pluripotent chromatin state.

2.2.2. DNA METHYLATION DYNAMICS IN NON - MAMMALIAN VERTEBRATES
Promoters in non-mammalian species tend to be much less CpG-dense and many do
not meet the general sequence criteria of CGIs, but like mammalian CGI promoters they
contain a cluster of unmethylated CpG dinucleotides and they also have a similar core
promoter architecture [43–45].
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In zebrafish the oocyte methylome is significantly hypomethylated compared to
sperm, similar to mammals [46, 47]. The zygote shows an average of the DNA
methylation levels of sperm and oocytes immediately after fertilization, which
gradually increases to the level observed in sperm by the MBT (Table 1). Genes which,
against the general trend, are hypermethylated in oocytes, are demethylated during
early development [47], showing that both the generally hypomethylated oocyte
genome as well as specific hypermethylated oocyte genes are remodeled to a
sperm-like profile during early embryogenesis. Importantly, maternal haploid embryos
remodel their epigenome to a sperm-like pattern, showing that the paternal methylome
is not instructive for maternal methylome remodeling [47]. By the time of ZGA and the
emergence of pluripotent cells the zebrafish embryonic genome is relatively
hypermethylated with no major changes before and after the onset of transcription.
This is in striking contrast to the mouse genome which is globally hypomethylated by
the time of ZGA, to be remethylated during pre-implantation development [7]. Another
difference is the extent of methylome remodeling. Early reports indicated an absence of
global demethylation in both fish and frogs[48, 49] and the remodeling of the maternal
methylome identified in recent zebrafish studies indeed does not lead to global
demethylation but affects specific sequences [46, 47].
In Xenopus, genomic DNA in sperm as well as embryos of early blastula and later
stages are globally hypermethylated [44, 49]. Depletion of maternal dnmt1 by antisense
RNA during cleavage stages is associated with a decrease in the genomic 5mC content
and leads to the activation of zygotic transcription approximately two cell cycles earlier
than normal [50]. Hypomethylation allows the early expression of mesodermal and
organizer genes such as t (brachyury), cerberus, and otx2, which are subsequently
down-regulated during gastrulation of the dnmt1-depleted embryos.
However,
Dnmt1-dependent gene repression was subsequently found to be independent of its
catalytic activity, suggesting Dnmt1 can also act as a potent transcriptional repressor
independent of DNA methylation [51].
Of the three TET family members in mammals, only two (tet2 and tet3) are present
in the Xenopus genome [52]. In contrast to mouse, in which TET3 is abundant in
oocytes and zygotes and contributes to active demethylation of sperm DNA, frog tet3 is
extremely low in oocytes and cleavage stage embryos, consistent with an absence of
global demethylation in Xenopus early development. Tet3 expression increases after the
MBT and peaks at neurula and neural tube stages. Knockdown experiments showed
that Tet3 and its catalytic activity are important for neural development and the
expression of neural and eye genes [52].
In summary, these data point to a major difference in global DNA methylation
dynamics between vertebrates (Table 2.1). Whereas the mouse genome is globally
demethylated from ZGA through the pluripotency at the blastocyst stage, the zebrafish
genome is not globally demethylated in early development and is hypermethylated
during ZGA and pluripotency. Data on DNA methylation is more limited in Xenopus,
but it is clear that genomic DNA is also globally hypermethylated during ZGA and
blastula stages, similar to the situation in fish.
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The studies cited above indicate that the temporal paths and the extent of DNA
methylation remodeling are different between mammals and fish, and that global
hypomethylation is not a conserved aspect of ZGA or pluripotency among vertebrates.
This may suggest that, generally, not the demethylated state, but the act of remodeling
is significant for early development. DNA methylation is known to recruit methyl CpG
binding proteins, which cause repression of transcription [53]. However, contrary to
this general paradigm of DNA methylation-associated repression, methylated DNA can
also recruit many other proteins including transcriptional activators, and methylated
promoters can drive active transcription in some cases [53–57]. This diversity in
methylation readout is probably highly regulated. Notable differences have been
observed in DNA methylation readers in mouse ES cells, neural progenitor cells (NPCs)
and brain tissue. For example, the MBD2-containing NuRD complex is a reader of 5mC
in NPCs and brain, but not in ES cells [56]. Moreover, in both oocytes and late stage
embryos of Xenopus methylated promoter templates are strongly repressed in cis,
however this is not observed in early blastula and gastrula embryos. In early embryos
CpG-dense methylated promoters drive active transcription while DNA methylation is
maintained. These results point to a temporal uncoupling of DNA methylation and
repression of transcription during development [44].
Interestingly, in mouse ES cells, global DNA methylation status depends on the
culture conditions. When grown in 2i media, the genome is globally hypomethylated in
much the same way as the ICM cells of the blastocyst, whereas ES cells grown in serum
plus LIF are also pluripotent but relatively hypermethylated and in this respect more
similar to the mouse epiblast [58, 59] Strikingly, mouse ES cells lacking all three DNA
methyl transferases, DNMT1, DNMT3a and DNMT3b, are viable but cannot
differentiate [42]. These data suggest that DNA methylation is dispensable for
pluripotency but not differentiation.
Interestingly, DNA methylation patterns in fish, frogs and mammals can be
predicted on the basis of conserved DNA sequence content [60] and inserting DNA
sequences in a defined locus determines their DNA methylation state in a fashion that
depends on CpG density and other sequence content, including transcription factor
motifs [61]. Moreover, histone modifications such as the promoter mark H3K4me3
(histone H3 lysine 4 trimethylation) and the Polycomb mark H3K27me3 (histone H3
lysine 27 trimethylation) are preferentially targeted to unmethylated regions. The
locations of each of these histone modifications can, like DNA methylation itself, be
predicted based on DNA sequence content [60]. This interaction between the DNA
methylome and histone modifications raises the possibility that early embryonic
remodeling of the methylome serves other functions than altering the patterns of
methylation-dependent transcriptional repression.
Indeed, remodeling of DNA
methylation has been found to influence active and repressive histone modifications in
the process of reprogramming fibroblasts to induced pluripotent stem (iPS) cells [62].
As such, “indirect reading” of DNA methylation by influencing other epigenetic
modifications may have a very strong impact on pluripotency independent of the
classical function of DNA methylation in repression of transcription. In addition,
remodeling of DNA methylation in early developmental stages may influence gene
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expression at later stages by a more direct readout of interfering with DNA binding of
transcription factors and targeting transcriptional repression. This may be very
important during differentiation which requires the DNA methyltransferases [42].

2.3. H ISTONE AND HISTONE MODIFICATIONS
The major proteins in chromatin are the core histone proteins H2A, H2B, H3, and H4,
which form nucleosome particles. The N-terminal tails undergo a diverse array of
posttranslational modifications and regulate the accessibility to the underlying DNA.
These modifications are deposited and removed by enzymes (‘writers’ and ‘erasers’)
and are recognized by specific proteins (‘readers’) which causes a variety of functional
outcomes such as transcriptional activation or repression of genes (reviewed in refs.
[20, 63–65]. These chromatin states can be transmitted from mother to daughter cells.
Lysine acetylation correlates with chromatin accessibility, recruitment of specific
proteins and transcriptional activity, whereas lysine methylation can have different
effects depending on which residue is modified. Both ES cells and early embryos have a
relatively open chromatin with histones showing relatively high levels of modifications
that are involved in gene activation such as histone H3 lysine 4 trimethylation
(H3K4me3), acetylation of lysines 9 and 14 (H3K9ac, H3K14ac), and histone H4
acetylation (reviewed in [65, 66]). H3K4me3 is found at active promoters while
methylation of another lysine, H3K36me3, is associated with transcribed chromatin
and reflects RNAPII activity. In contrast, H3K9me3, H3K27me3 and H4 lysine 20
(H4K20me3) reflect repressive chromatin states. In ES cells relatively low levels are
observed of modifications associated with gene repression like histone H3 lysine 9
methylation (H3K9me2 and H3K9me3) compared with those in differentiated cells. For
example large, megabase scale chromosomal regions marked with H3K9me2, referred
to as large organized chromatin K9 modifications (LOCKs) are decreased markedly in
ES cells: LOCKs decorate 4% of the genome in ES cells, compared to 10, 31 and 46%
respectively in brain, differentiated ES cells and liver[67]. These domains depend on the
H3K9 methyltransferase EHMT2 (G9A). Tissue-specific methylated K9 domains are
associated with tissue-specific repression of transcription. These findings illustrate the
relatively open nature of pluripotent chromatin relative to that of differentiated cells.

2.3.1. H ISTONE H3K4 AND K27 METHYLATION
Genome-wide epigenome maps of mouse ES cells, neural progenitor cells and
embryonic fibroblasts revealed that H3K4me3 and H3K27me3 can be used to uncover
expressed, poised or repressed genes, allowing the profiling of cells for lineage potential
[68, 69].
When these two modifications, activating H3K4me3 and repressing
H3K27me3, decorate the same genomic location the chromatin is referred to as bivalent
[16]. H3K27 methylation is catalyzed by the Polycomb Repressive Complex (PRC) 2.
PRC1 and PRC2 are among the most extensively studied histone modifying complexes
involved in gene repression. PRC2 contains SUZ12, EZH2, EED, and RBAP46/48 as core
components and catalyzes H3K27 methylation through the methyltransferase activity
of EZH2.
H3K27me2 and H3K27me3 can recruit PRC1, which induces
monoubiquitylation of H2AK119 with the ubiquitin ligases RING1A and RING1B in
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PRC1. PRC1 and PRC2, however, also have independent functions. H3K27me3 is a
marker for developmentally repressed genes, typically decorating the promoters and
transcription initiation sites of these genes. Many of its targets encode transcription
factors important for differentiation. The Polycomb group of proteins are classical
antagonists of the Trithorax group of proteins, which include the H3K4
methyltransferases [15, 70].
The remarkable phenomenon of bivalency with opposing H3K4me3 and H3K27me3
modifications was described first in ES cells but was subsequently found in many other
systems [69]. Bivalent domains have garnered attention because the H3K27me3 mark
might help repress cell lineage-regulatory genes during pluripotency while the
H3K4me3 mark could poise these genes for activation upon differentiation. In
serum-grown ES cells, most bivalent promoters are transcribed at very low levels (with
some exceptions, such as Klf4, Klf5 and Rex1) and are considered to be poised for
activation by developmental signals.
In mammals six methyltransferase proteins, SET1A, SET1B and MLL1 to MLL4,
found in COMPASS-like complexes, are capable of methylating H3K4 [17].
In
fibroblasts, MLL1 is required for the H3K4 trimethylation of a small subset of
promoters, including a subset of Hox genes [71]. Loss of H3K4 methylation at these loci
causes reduced levels of transcription initiation by RNA polymerase II. MENIN, a
shared subunit of both MLL1 and MLL2 complexes, is required for most of H3K4
methylation at Hox loci, whereas this does not depend on the MLL3, MLL4 or SET1
complexes. In line with these findings, in mouse ES cells MLL2 is required for H3K4
methylation of bivalent genes that are also regulated by H3K27me3, including many of
the Hox genes [72, 73]. Loss of MLL2, however, has very little effect on gene activation
during ES cell differentiation.
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Figure 2
Figure 2.2:
Different
Paranjpe
et al. types of bivalent chromatin.

Bivalent chromatin is defined by the cooccurrence of histone H3 lysine 4 and lysine 27 trimethylation (H3K4me3 and H3K27me3). In the
case of intra-molecular bivalency they would co-occur on the same H3 tail; however this is unlikely
to happen in vivo (see text). Asymmetric bivalency: Nucleosomes can carry the two histone
modifications at two different H3 tails within the same nucleosome. Poly-nucleosomal bivalency:
Adjacent nucleosomes can carry the opposing histone modifications. Pseudo-bivalency: Different
cells within a population (or alleles within a cell) carry different histone modifications. This
type is highly relevant in vivo where pluripotency is a transient and unstable state, leading to
lineage commitment in different cells. H3K4me3 and H3K27me3 are indicated in green and red
respectively.

The H3K4me3 and H3K27me3 modifications are unlikely to occur on the same
histone H3 tail [74]. Two copies of H3 are present in the nucleosome octamer, however,
which could accommodate the two modifications. This would correspond to an
asymmetrically modified nucleosome or asymmetric bivalency, rather than
intra-molecular bivalency (Figure 2.2). In heat maps of the genomic distribution of
histone modifications of bivalent chromatin around transcription start sites, it is
apparent that the H3K4me3-positive center of bivalent promoter regions contains less
H3K27me3 signal compared to flanking regions [75], suggesting the presence of
poly-nucleosomal bivalency (Figure 2.2).
In this type of bivalency adjacent
nucleosomes contain the opposing histone modifications.
In some cases cell
populations in which bivalency is observed are heterogeneous. In this case the
opposing histone modifications may be present on the same locus in different cells [76].
This represents pseudo-bivalency among cells with different patterns of epigenetic
modifications (Figure 2.2).
Pseudo-bivalency however, cannot explain the
co-occurrence of H3K4 and H3K27 methylation in highly homogenous cells such as
naïve pluripotent stem cells [75]. In addition, mass spectrometry-based analyses of ES
cells have indicated that 15% of mononucleosomes modified with H3K4me3 also carry
H3K27me3 on the second copy of histone H3 within the nucleosome [77]. Together
these studies suggest that asymmetric, poly-nucleosomal and pseudo-bivalency all
contribute to the observations of co-occurring H3K4me3 and H3K27me3 in chromatin
in ES cells.
During mouse early development, both H3K4me3 and H3K27me3 appear from the
2-cell stage onwards (Table 1). In the pre-implantation blastocyst, the inner cell mass
(ICM) contains the pluripotent cells that will give rise to the embryo proper, whereas
trophectoderm and primitive endoderm cells will contribute to extra-embryonic tissue.
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Trophoblast stem cells and endoderm stem cells (cultured cells derived from the
embryo) show very little H3K27 methylation in contrast to ES cells, whereas these cells
have similar levels of H3K4me3 [78]. Similarly, ICM and trophectoderm show different
H3K27me3 levels [79]. Therefore, there is significant H3K27 methylation in mouse ICM
cells. The H3K27me3 modification however is not universally abundant in pluripotent
cells in vitro. When mouse ES cells are grown in 2i medium, which causes the cells to be
in a ground state of pluripotency that is less poised to differentiation, H3K27me3 is
much reduced in bivalent domains compared to cells grown in serum plus LIF [75].
In Xenopus early embryos, bivalent chromatin was observed, but not as a
quantitatively dominant feature [80]. Instead, the marks accumulate by and large with
different spatio-temporal kinetics during the time between the MBT and the end of
gastrulation.
H3K4me3 and H3K27me3 segregate spatially within the embryo
(pseudo-bivalency, (Figure 2.2 and 2.3), reflecting localized gene expression in different
cells. Moreover H3K4me3 precedes accumulation of H3K27me3 and classical bivalency
is present at low levels but is not a dominant feature of the pluripotent chromatin state
in Xenopus. Interestingly, H3K27me3 nucleates first in promoter-distal locations in
blastula embryos, before accumulating in larger domains (Figure 2.3), highlighting the
spatio-temporal hierarchy of H3K4 and H3K27 methylation during pluripotency and
germ layer induction [60, 80]. Consistent with these findings, Geminin promotes
Polycomb binding and H3K27 methylation and contributes to the transition from
pluripotency to lineage commitment by preventing multi-lineage commitment [81].
The abundance of histone modifications has also been determined by quantitative
mass spectrometry; the results showed relatively abundant H3K4me3 from early stages
on, whereas H3K27me3 accumulated over time and was much less abundant at any
stage compared to mouse ES cells [82].
Bivalent chromatin has been reported in early zebrafish embryos, immediately after
the MBT [83]. Also in zebrafish embryos K4 accumulates first, being very abundant at
the MBT, with K27 methylation accumulating significantly between the MBT and 50%
epiboly (mid-gastrulation)[84]. These studies have also highlighted the accumulation of
H3K4me3 before the MBT and transcriptional activation, suggesting a role for maternal
factors in setting a permissive mark for transcription in preparation for the pluripotent
stage of development.
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Figure 2.3: Figure
Histone
3 modifications and DNA methylation in relation to pluripotency and germ
Paranjpe
layer induction
inet al.
Xenopus. Overall the genome is hypermethylated, but both H4K4me3 and

H3K27me3 emerge in unmethylated CpG islands with different kinetics.

2.3.2. E NHANCER HISTONE MODIFICATION SIGNATURES
Enhancers are distinguished from promoters by robust levels of H3K4me1 while
H3K4me3 is absent or very low [85]. In addition they may be decorated with H3K27
acetylation and feature the recruitment of RNAPII and the EP300 / CBP histone
acetyltransferase which catalyzes H3K27 acetylation. Several hundred thousand
enhancers have been identified in the human genome by profiling these histone
modifications and the transcriptional coactivator EP300 [86–90]. Many of these
enhancers drive cell type-specific gene expression, for example in ES cells. Enhancers
decorated with both H3K4me1 and H3K27ac are considered active enhancers, as
opposed to primed enhancers only marked with H3K4me1, and the active enhancer
subset is more predictive of developmental state than all enhancers [86, 90]. In
addition, H3K4me1-positive enhancers may be enriched for H3K27me3 rather than
H3K27ac, which are referred to as poised enhancers.
Profiling these histone
modifications in ES cells has uncovered human enhancers that are poised in ES cells
but become active during differentiation [89]. Validation of the activity of these human
enhancers in zebrafish embryos showed that they are able to direct cell-type and
stage-specific expression even in the absence of sequence conservation in the fish
genome.
During differentiation a subset of poised enhancers acquires H3K27
acetylation, RNAPII association and enhancer RNAs.
These data show that
developmental enhancers are epigenetically pre-marked and kept in a poised state
during pluripotency. There are indications that the H3K4me1 mark is important not
just for poised or primed enhancers, but also for active enhancers. For example, the
Drosophila Trr complex and its mammalian MLL3 and MLL4 counterparts, are involved
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Profiling of enhancers in Xenopus blastula embryos using H3K4me1 uncovered
many enhancers, a subset of which recruited RNAPII, and another partially overlapping
subset recruited the PRC2 catalytic subunit Ezh2 and the PRC2-associated factor Jarid2
[60], illustrating the dynamic balance of opposing activities present on enhancers
during pluripotency.
In zebrafish, changes in H3K27 acetylation enrichment
accompany a shift from pluripotent to tissue-specific gene expression [94]. A marked
increase in the number of enhancers was observed from the dome stage (blastula) to
80% epiboly (gastrula). This illustrates the high complexity of gene expression
associated with germ layer specification and patterning. Enhancers that lose H3K27
acetylation at blastula and gastrula stages are enriched for pluripotency factor Pou5f1
(Oct4) and Sox2 binding sites, and the majority of them overlap with genomic peaks of
the Nanog-like factor at the dome stage [94]. Like the mammalian pluripotency factors,
the zebrafish Nanog-like protein likely contributes to the pluripotent program and its
down regulation or eviction could facilitate developmental progression.

2.3.3. H ISTONE VARIANTS AND LINKER HISTONES
The histone proteins are highly conserved; however there are nonallelic variants of the
major histones that show a divergence ranging from almost no amino acid differences
to significant changes. Localized replacement of a canonical histone with a variant can
alter chromatin state. Among the core histones, H2A has the largest number of variants,
including H2A.Z, MacroH2A, H2A-Bbd, H2AvD, and H2A.X [95–97]. H2A-H2B dimers
can be replaced by several different H2A variants independently of replication. Histone
variant incorporation is one of the mechanisms to create different states through a
combination of altered chromatin structure or trans-acting factors. For instance,
depletion of H2A.Z leads to reduced chromatin accessibility with a decrease in the
binding of both active and repressive complexes and a reduction in the binding of the
pluripotency transcription factor OCT4 to its binding sites at pluripotency genes. As a
consequence the cells showed a reduction in the efficiency of self-renewal [98]. A study
investigating the reprogramming of mammalian nuclei transplanted to Xenopus
oocytes showed that the HIRA-dependent deposition of H3.3 at the oct4 locus was
required for transcriptional reprogramming to a pluripotent state [99]. Another study in
Xenopus investigated the role of H3.3 during embryonic development. Partial depletion
of H3.3 results in abnormal development, whereas substantial depletion of both H3.1
and H3.3 showed a distinct gastrulation arrest phenotype. Using lineage marker
analyses, the defect was attributed to a loss of competence to respond to mesoderm
inducing cues and this defect was attributed to perturbation in chromatin organization
brought about by loss of H3 and abnormal incorporation of linker histone H1A [100].
Replacement of an oocyte-specific linker histone by somatic linker histones has been
shown to contribute to a loss of mesoderm competence [101]. The H1 linker histone
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in H3K4 monomethylation at enhancers [91–93]. These complexes also contain UTX
(KDM6A), an H3K27 demethylase which counteracts PRC2-mediated H3K27
methylation. This is significant as the lysine cannot accommodate both acetylation and
methylation simultaneously. Indeed, loss of Trr/MLL4 leads to global reduction of
H3K27acetylation, implicating the MLL3/4 complexes in the function of both poised
and active enhancers.
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contributes to silencing of pluripotency factors and participates in mediating changes
in DNA methylation and histone marks necessary for silencing of pluripotency genes
during differentiation [102]. These findings illustrate that the pluripotency gene
network requires both the incorporation and loss of specific histone variants, and that
remodeling chromatin state plays a role in both establishing and the exit of
pluripotency.

2.4. C HROMATIN REMODELLING
As outlined above, chromatin state is affected by myriad proteins, including enzymes
that catalyze the particular chemical modifications, proteins that recognize and bind
the modifications, and the enzymes that remove this modification. In addition,
chromatin state is affected by chromatin remodeling complexes that enable
context-dependent access to packaged DNA. Chromatin remodelers act on
nucleosomes, the basic repeating unit of packaged DNA. They use the energy of ATP
hydrolysis to move, destabilize, eject, or restructure nucleosomes and thereby increase
the fluidity of chromatin. There are four families of nucleosome remodelers [103, 104]:
(1) SWI/SNF [switching defective/sucrose nonfermenting], also called BAF
[Brg/Brahma- associated factor]; (2) ISWI [imitation switch]; (3) CHD [chromodomain,
helicase, and DNA binding]; and (4) INO80 [inositol requiring 80]). All these families of
nucleosome remodelers are involved in diverse activities, including transcription, DNA
repair, and DNA replication. As such many subunits of the complexes are essential for
the maintenance of pluripotency and proliferation of ES cells.
The SWI/SNF (BAF) complexes of mammals contain either BRM or BRG1 as
nucleosomal ATPase subunits. Whereas BRM is dispensable for mouse development,
BRG1 is essential for inner cell mass and trophectoderm survival and preimplantation
development [105]. esBAF is an ES cell-specific SWI/SNF complex, characterized by
subunits BRG1, BAF155 and BAF60A, and the absence of BRM, BAF170, and BAF60C.
esBAF is required for the maintenance of pluripotency. Like BRG1, BAF155 is important
for preimplantation development, maintenance of Oct4 expression and proliferation of
ES cells [106]. In ES cells, knockdown of BRG1 has been shown to downregulate
pluripotency genes and upregulate differentiation genes. BRG1 not only occupied the
promoters of pluripotency genes but also occupied a subset of OCT4, SOX2, NANOG
and PcG protein target genes [107]. esBAF is characterized by the presence and absence
of specific subunits and this complex composition has been shown to direct its specific
role in the core pluripotency network [106]. In murine ES cells, esBAF has been shown
to be involved in a complex regulatory circuitry. BRG1-esBAF functions positively with
PcG to repress differentiation genes (all four Hox loci), but prevents PcG mediated
repression of pluripotency genes activated by ES cells transcription factors like OCT4,
SOX2 and STAT3 [108].
CHD11 is necessary for the maintenance of open chromatin in ES cells [109].
Knockdown of Chd1 increases heterochromatin in ES cells and reduced Oct4
expression. Surprisingly this knockdown decreased the expression of only 25 genes,
suggesting a functional redundancy with other chromatin remodeling complexes. A
much larger group of genes was upregulated upon Chd1 knockdown, including genes
involved in neurogenesis. Although ES cells withChd1 knockdown can maintain an
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Nucleosome remodeling deacetylase (NuRD) complexes contain Mi2 (Chd3 / Chd4)
nucleosomal ATPase, as well as methyl-CpG-binding proteins MBD2 or MBD3, histone
deacetylase and a number of other subunits. This complex is the most abundant source
of histone deacetylase in Xenopus eggs and early embryos [111]. Mouse ES cells lacking
MBD3 are viable but cannot differentiate properly and show LIF-independent
self-renewal [112]. A functional NuRD complex has been implicated in maintaining
transcriptional heterogeneity in ES cell populations by inhibiting pluripotent gene
expression and promoting exit from pluripotency [113]. Several hundred genes show
increased expression in MBD3 knockdown, decreased expression in BRG1 knockdown
and a wild-type like expression in double knockdowns, uncovering their opposing
effects [114]. Unlike ES cells, MBD3-deficient blastocyst ICM cells grown ex vivo fail to
maintain a population of Oct4-positive pluripotent cells [115]. On a similar note, MBD3
is required for reprogramming and the derivation of induced pluripotent stem (iPS)
cells [116]. Depleting MBD3/NuRD complex in somatic cells, impairs somatic cell
reprogramming by establishing heterochromatic features and repression of key
pluripotency genes [117].
Like esBAF, the INO80 nucleosome remodeling complex is found at pluripotency
genes along with Oct4, Sox2 and Nanog [118]. It mediates the recruitment of RNAPII
and maintains open chromatin structure in ES cells as shown by micrococcal nuclease
and DNAseI hypersensitivity assays.
Knockdown of Ino80 causes a decreased
expression of pluripotency factors and a loss of ES cell morphology. Expression of Ino80
is important for iPS cell colony formation. Knockdown of Ino80 in early embryos
caused impaired blastocyst formation and reduced expression of pluripotency factors
in the ICM [118]. The role of chromatin remodeling in Xenopus and zebrafish
pluripotency has yet to be determined. In mouse, the results discussed above illustrate
how mobilization of nucleosomes and/or nucleosome eviction at gene-regulatory
regions is required for development and maintenance of pluripotency.

2.5. T HE PLURIPOTENCY TRANSCRIPTION FACTOR NETWORK
The concomitant actions of cis- and trans-acting elements orchestrate the early
developmental programs, influencing the cascade of events that leads to functional
pluripotency. In this section we will highlight how transcription factors control the
emergence of pluripotency.

2.5.1. T HE CORE PLURIPOTENCY NETWORK IN ES CELLS
OCT4, SOX2 and NANOG form a “core” network of pluripotency transcription factors
[119, 120]. They are co-recruited to regulatory elements of target genes and form
auto-regulatory and feedforward loops that provide stability to pluripotency gene
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undifferentiated state, the cells lose the ability to differentiate into primitive endoderm
and tend to differentiate into neural lineages, indicating that CHD1 is necessary for the
maintenance of pluripotency [109]. More recently CHD1 has been specifically
implicated in maintaining high levels of RNAPI and II in transcribing protein-coding
genes and ribosomal DNA, thereby sustaining the transcriptional competence of
pluripotent cells [110].
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expression and suppress lineage-specific gene expression. These factors regulate each
other and process signals to direct self-renewal and block differentiation by
maintaining the expression of the pluripotency network. The binding of these
transcription factors is transduced by the mediator complex to recruit general
transcription factors to the promoter, which promote the recruitment of RNAPII
complex. The Mediator subunit MED12 interacts with Nanog and these factors work
together in ES cell gene regulation [121]. In addition to the well-characterized core
network of OCT4, SOX2 and NANOG, an additional set of transcription factors,
including ESRRB, TFCP2L1, KLF2, and KLF4 make important contributions to the
pluripotent regulatory circuitry and can reset human ES cells to ground-state
pluripotency [122, 123]. Three KLF transcription factors, KLF2, KLF4 and KLF5, share
many transcriptional targets with NANOG and regulate Nanog and other pluripotency
genes [124].
Mouse ES cells can not only be grown in 2i or serum plus LIF conditions, conditions
that correspond to naïve (ground-state) and primed pluripotent states, they can also be
primed by exposure to FGF2 and activin, leading to the formation of a transient
epiblast-like cells (EpiLCs) or epiblast stem cells (EpiSCs) after prolonged culture
adaptation. ES cells and EpiLCs share the core transcription network consisting of
OCT4, SOX2, and NANOG. The transition between these two pluripotent states,
however, is associated with widespread OCT4 relocalization accompanied by global
rearrangement of enhancer chromatin landscapes [125]. EpiSCs express OCT4 and
SOX2 but do not express naïve pluripotency factors except for NANOG. EpiSCs express
post-implantation marker FGF5 and also show heterogeneous expression of lineage
specific factors such as CER, T, FOXA2 [Kojima et al., Cell Stem Cell 2014, Han et al., Cell
2010].
Motif analyses suggested OTX2 and ZIC2/3 as mediators of primed
pluripotency-specific OCT4 binding.
Blocking differentiation signals and
overexpressing OTX2 was sufficient to drive exit from the naive state and induce
transcription of several primed pluripotency genes. OTX2 drives the early stage of ES
cell differentiation in collaboration with OCT4 at enhancers [126]. ZIC3 is an activator
of NANOG and contributes to maintenance of pluripotency in mouse ES cells
[127, 128], but in zebrafish and Xenopus embryos it functions in neural and neural crest
gene expression [129, 130]. Epiblast stem cells (EpiSCs) are derived directly from
developing mouse epiblast embryos; a subset of these cels express OCT4 in addition to
SOX2.
However EpiSCs also express post-implantation markers and show
heterogeneous expression of lineage specific genes of mesendoderm, definitive
endoderm and the primitive streak [131, 132].
The transcription initiation factor TBP and many of its associated factors (TAFs) of
the TFIID complex are expressed at higher levels in mouse ES cells than in somatic cells.
Knockdown of these factors affected the pluripotent circuitry leading to inhibition of
reprogramming of fibroblasts. Transient expression of TFIID subunits greatly enhanced
reprogramming showing that TFIID is critical for transcription factor-mediated
reprogramming and the maintenance of pluripotency [133].
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The oct4(pou5f1) gene has been duplicated early in the vertebrate lineage, giving rise to
pou5f1 and pou5f3 [134]. Some vertebrates, for example marsupials and sharks, have
retained both copies, whereas mammals have lost pou5f3 (Table 1). Both teleost fish
and frogs have lost the other copy, pou5f1, but retained pou5f3. Additionally, there are
three tandem-duplicated oct4-like pou5f3 genes in Xenopus: oct91 (pou5f3.1) which is
not expressed in the oocyte but is induced at the MBT, oct25 (pou5f3.2) which is
maternal but not translated until after fertilization, and oct60 (pou5f3.3) which is
exclusively maternally expressed [135]. sox2 is present in the Xenopus genome, but
there is no clear orthologue of nanog. Its activity may be taken over by ventx1/2, which
are closely related factors that are structurally and functionally very similar to nanog.
Loss of these factors leads to down-regulation of oct91 and premature differentiation,
suggesting these factors play a Nanog-like role in amphibian development [136].
In Xenopus tropicalis, the zygotic genome activates in a broad wave of new
transcription extending from the 7th cleavage division (early blastula) to beyond the
12th cleavage division (MBT)[137]. The Oct25 protein levels increase dramatically in
early development and Oct25 is with 400 million copies per embryo among the most
abundant transcription factors at the early gastrula stage [138]. Oct25 represses Nodal
and Wnt signaling and antagonizes the T-box transcription factor Vegt, thereby
antagonizing mesoderm induction [139, 140]. Nodal-responsive enhancers are marked
with H3K4me1 and H3K27ac at the blastula stage, independent of zygotic Nodal
signaling [141]. Foxh1 mediates Nodal signaling together with Smad2/3, but also
functions independently and co-occupies Oct25 targets, which may modulate the
transition between pluripotency and mesendoderm induction [142]. In both mouse ES
cells and Xenopus embryos neural differentiation requires Suv4-20h (Kmt5b/c) to
repress Oct25, illustrating the necessity to down-regulate the pluripotency network
upon exit of pluripotency [143].
Two studies in zebrafish have highlighted the role of the pluripotency network in
early development and zygotic genome activation (ZGA). In zebrafish ZGA coincides
with the stage of embryonic pluripotency. Using ribosome profiling it was found that
zebrafish Nanog, Pou5f1 (a homolog of the mammalian pluripotency transcription
factor OCT4) and SoxB1 (related to Sox2) are the most highly translated transcription
factors just before zygotic genome activation sets in [144]. Pou5f1 is recruited to
Sox-POU (Sox2, Pou5f1) binding sites before the MBT, and similarly Nanog binds to
promoters of first wave expression genes. Combined loss of these factors resulted in
developmental arrest before gastrulation and a failure to activate many embryonic
genes [144, 145]. These data link ZGA to the pluripotency network in zebrafish. This
may be different from the situation in mouse, as genetic removal of OCT4 from mouse
oocytes does not affect ZGA, totipotency-pluripotency and developmental competence
[146, 147].

Chapter 2

VERTEBRATES

38

2. E STABLISHING PLURIPOTENCY IN EARLY DEVELOPMENT

2.6. L ONG NON - CODING RNA
RNA is an integral component of chromatin and plays a role in the pluripotent
regulatory circuitry. Large intergenic non-coding RNAs (lincRNAs) have been identified
in ES cells [148], and shRNA loss of function experiments showed that 137 of 147
lincRNAs affected the expression of an average of 175 protein-coding genes in trans
[149]. Of these, 15 lincRNAs were found to be important for the expression of multiple
pluripotency markers and ES cell morphology. In addition lincRNAs were found to
repress gene expression related to endoderm, (neuro-)ectoderm, mesoderm and
trophectoderm differentiation, thereby maintaining pluripotency. Many regulatory
sequences of these lincRNAs are bound by Oct4, Nanog and Sox2. Moreover, many of
the lincRNAs interact with chromatin modifying enzymes, interacting with chromatin
readers, writers and erasers, including the Polycomb complexes PRC1 and PRC2 [149].
PRC2 has also been found to interact with cis-acting RNA; at loci where these RNAs are
made by RNAPII. Although this contributes to targeting of the complex, enzymatic
activity seems to require the PRC2-associated factor Jarid2 [150, 151].
One lincRNA named TUNA was shown to be highly expressed when mouse ES cells
differentiated toward the neural lineages.
TUNA depletion inhibited neural
differentiation. TUNA was shown to occupy promoter regions of Nanog, Sox2, and Fgf4,
genes that are important for pluripotency and neural lineage commitment [152].
The DNA methyltransferase Dnmt1 also interacts with many cellular transcripts,
including the extra-coding CEBPA lincRNA [153]. This lincRNA adopts a stem-loop
structure critical for interaction with Dnmt1 and when transcribed, acts to shield the
Cebpa locus from DNA methylation. This study provides another line of evidence
establishing how cells employ RNAs to modulate the deposition of repressive epigenetic
marks in a genome-wide manner [153]. The WDR5 subunit of MLL complexes also
interacts with RNA, including many lincRNAs important for ES cell pluripotency. WDR5
RNA binding activity is specifically required for H3K4 methylation and maintenance of
pluripotency in ES cells [154]. These data highlight that non-coding RNAs, some of
which are transcribed under the control of the pluripotency regulatory network, can act
in cis or in trans to maintain pluripotency and repress lineage specific gene expression,
and they do so, at least in part, by interactions with chromatin-modifying complexes.
Developmental stage-specific lincRNAs have been identified in Xenopus and zebrafish
embryos [155–159], but their role in establishing pluripotency has not been
determined.

2.7. P ERSPECTIVE
By its very nature embryonic development is highly dynamic, and it is no surprise that
many of the underlying molecular processes are dynamic as well. At its many different
levels of organization, DNA methylation, chromatin composition, histone
modifications acting at diverse genomic elements, and transcription factor networks,
are all acting within their own molecular logic to orchestrate development. As
illustrated above, there are integral links between zygotic genome activation and the
cellular state of pluripotency. In a simple scenario, exemplified by zebrafish, the core
pluripotency network is instrumental for the onset of embryonic transcription while
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establishing the pluripotent state at the same time. In mouse, the zygote activates its
genome, but first needs to produce the extra-embryonic lineages as well as the
pluripotent cells of the inner cell mass of the blastocyst. Despite these differences,
accumulating evidence summarized in this review shows that a great deal of functional
conservation is apparent in the pluripotency network.
One of the major current challenges is to elucidate the interplay between different
layers of regulation that together instruct vertebrate development. In recent years,
techniques like ChIP-sequencing, RNA-sequencing, and proteomics have been applied
to ES cells, their differentiated derivatives, and embryos of mouse, Xenopus, zebrafish
and many others. Ongoing efforts in these areas should allow elucidating systems level
views of the regulatory networks in each of these model systems. These highly fruitful
endeavors will provide further insight in the differences and similarities of pluripotency
in the embryo, in culture and in different species.
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B ACKGROUND
Dynamics of polyadenylation vs.
deadenylation determine the fate of several
developmentally regulated genes. Decay of a subset of maternal mRNAs and new
transcription define the maternal-to-zygotic transition, but the full complement of
polyadenylated and deadenylated coding and non-coding transcripts has not yet been
assessed in Xenopus embryos.

R ESULTS
To analyze the dynamics and diversity of coding and non-coding transcripts during
development, both polyadenylated mRNA and ribosomal RNA-depleted total RNA were
harvested across six developmental stages and subjected to high throughput sequencing.
The maternally loaded transcriptome is highly diverse and consists of both
polyadenylated and deadenylated transcripts.
Many maternal genes show peak
expression in the oocyte and include genes which are known to be the key regulators of
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events like oocyte maturation and fertilization. Of all the transcripts that increase in
abundance between early blastula and larval stages, about 30% of the embryonic genes
are induced by fourfold or more by the late blastula stage and another 35% by late
gastrulation. Using a gene model validation and discovery pipeline, we identified novel
transcripts and putative long non-coding RNAs (lncRNA). These lncRNA transcripts were
stringently selected as spliced transcripts generated from independent promoters, with
limited coding potential and a codon bias characteristic of noncoding sequences. Many
lncRNAs are conserved and expressed in a developmental stage-specific fashion.

C ONCLUSIONS
These data reveal dynamics of transcriptome polyadenylation and abundance and
provides a high-confidence catalogue of novel and long non-coding RNAs.

K EYWORDS
Xenopus tropicalis, RNA-seq, maternal and embryonic transcriptome, polyadenylation,
deadenylation, MBT, codon bias, long-noncoding RNAs

3.1. B ACKGROUND

59

Chapter 3

3.1. B ACKGROUND
Innovations in sequencing technology have allowed deep sequencing of
complementary DNA (cDNA), known as ribonucleic acid sequencing (RNA-seq),
enabling transcriptome assembly and identification of coding and non-coding
transcripts across many cell types[1–4].
Transcriptome profiling studies have been undertaken in zebrafish, using
polyadenylated (polyA+ ) selected messenger RNA (mRNA). These studies have
reported identification of thousands of maternal genes and identified the earliest set of
embryonic transcripts. They also identified a large number of novel transcribed regions
in annotated and unannotated regions of the zebrafish genome [5, 6]. In Xenopus,
several deep-sequencing studies have created different libraries of small RNAs from
oocytes, eggs, gastrula, liver and skin [7–9]. A gastrula stage polyA+ selected RNA-seq
profile was used to identify transcribed loci, to enhance gene annotation and to analyze
spatial regulation of gene expression [10]. Recently, similar polyA+ libraries of multiple
stages of development were published [11]. For the analysis of transcriptome dynamics
it is important to appreciate that, like many other vertebrates, the Xenopus
maternal-to-zygotic transition involves two important processes: first, destabilization
of a subset of maternal mRNAs; second, onset of transcription at the mid-blastula
transition (MBT) [12–14]. Studies in Xenopus laevis identified distinct phases of
maternal, late embryonic and larval gene expression during the course of
embryogenesis, whereas microarray analysis in Xenopus tropicalis identified several
developmentally important maternal mRNAs that are regulated by changes in their
adenylation during oogenesis and early development [15, 16].
Cytoplasmic
polyadenylation is essential for the meiotic maturation of the oocyte as it mediates
translational activation of mRNAs encoding mos kinase and mitotic cyclins involved in
early rapid synchronous cell divisions [17–20]. Several maternally polyadenylated
mRNAs lose their polyadenylated tails after fertilization. In most cases, this is mediated
by an embryonic deadenylation element (EDEN) in the 30 untranslated region (UTR) of
the mRNA, which binds embryonic deadenylation element - binding
protein (EDEN-BP) [21]. Processes that regulate mRNA deadenylation and degradation
are temporally uncoupled. Deadenylated RNAs are as stable as their polyadenylated
counterparts until the blastula stage, several hours after fertilization [22].
For developmental analysis it is important to establish the dynamics and scale of
maternal transcript destabilization on a genome-wide level and to identify the full
complement of embryonic transcripts, including as of yet unannotated and long
non-coding RNAs (lncRNAs), the analysis of which will be facilitated by transcriptome
profiling using polyA+ or total RNA-sequencing. Here, we present results from polyA+
and ribosomal RNA depleted total-RNA (RiboZero, RZ) sequencing.
Our study
distinguishes changes in polyadenylation and abundance, which is critical for the the
analysis of early transcript dynamics and proper identification of maternal and
embryonically induced transcripts. The embryonic genome shows a gradual cascade of
activation, which involves only a third of the number of genes expressed in the oocyte.
By expanding and updating our previously published Xenopus tropicalis experimentally
validated (Xtev) annotation pipeline, we also identified 2,135 new transcripts resulting
in a total collection of 29,663 gene models. These new transcripts do not overlap with
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gene models in the Xenopus model organism database (Xenbase) [23]. Using stringent
filtering criteria and manual curation, 31 transcripts were identified as “stand-alone”
lncRNA transcripts. We characterize these transcripts in terms of exon number,
transcript length, conservation and expression pattern during embryogenesis and thus
anticipate that our catalogue of coding and long non-coding transcripts will enable
more developmental and genomic studies directed towards dissecting their functional
roles.

3.2. R ESULTS
3.2.1. D EEP SEQUENCING OF P OLYA+ AND TOTAL RNA LIBRARIES
To systematically analyze the transcriptome during early development, we performed
polyA+ (PA) and total RNA (RiboZero, RZ) sequencing experiments across Xenopus
tropicalis embryogenesis based on three biological replicates (Figure 3.1a): (1) Oocytes
(PA, RZ); (2) early blastula (stage 6; PA, RZ) ; (3) late blastula (stage 9, after MBT; PA, RZ) ;
(4) gastrula (stage 12; PA) ; (5) neurula (stage 16; PA) and (6) an early larval stage (stage
30; PA). We verified abundance of transcripts in biological replicates with RT-qPCR
using random hexamers. We not only find minimum variance in transcript abundance
among replicates, but also the stage-dependent expression dynamics are similar for the
replicates (Figure S1a). Total RNA was independently extracted for each biological
replicate, subjected to polyA+ or ribosomal RNA depleted total RNA (RZ) enrichment
protocols, quality-controlled, pooled and converted into complementary DNA
sequencing libraries for the Illumina Genome Analyzer platform (Supplementary- Table
S1, see Methods).
Gene expression was calculated as reads per kilobase of exon model per million
mapped reads (RPKM, see Methods) and shows a comparable median distribution
across sequencing libraries (Figure 3.1b). Heatmap representation of the Pearson
correlation coefficients reveal the similarity within the early (oocyte, stage 6, stage 9)
and the late (stage 12, stage 16, stage 30) transcriptomes respectively (Figure 3.1c).
There are major changes in the PA transcriptome marking meiotic maturation and
fertilization (oocyte, stage 6) and the maternal-to-zygotic transition (stages 6, 9, 12;
Figure 3.1c). The total RNA (RZ) profiles of the early developmental stages correlate
relatively well with each other, especially between oocyte and stage 6, most likely due to
the presence of stable maternal RNAs and the early embryo being transcriptionally
quiescent. Correlation between the stages is higher for total RNA than the polyA+ data,
most likely due to changes in polyadenylation of maternal mRNA. To rule out any bias
in correlation arising from low expression values, we filtered the data for a threshold of
1 RPKM in oocyte (PA and RZ data). The Pearson correlation heatmap of the filtered
data shows a similar profile (Figure 3.1c, Supplementary- Figure S1b). The correlation
between same stages in different data sets (PA and RZ), while moderate, is highly
significant (p≤10−15 ), reflecting the representation of most transcripts in both types of
libraries (Figure 3.1d, Supplementary- Table S2 ). A Spearman’s rank order correlation
analysis strongly underscores the similarities in the total RNA and polyA+ data (
Supplementary- Figure S1c). The data are also in good agreement with previously
published RNA-seq and microarray data( [11, 24], Supplementary- Figure S2a, b.)
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Figure 3.1: Generation of RNA-sequencing libraries (a) Developmental stages of Xenopus tropicalis.

(b) RPKM distribution across six developmental time-points. Numbers on the x-axis are Xenopus
tropicalis Nieuwkoop and Faber developmental stages, Oocyte (Oo), stage 6, stage 9, stage 12,
stage 16 and stage 30. (c) Heat map to show Pearson correlation of expression (RPKM) between
all 9 RNA-seq libraries. (d) Scatter plots to show stage specific Pearson correlation between RNAseq data generated using two different methods. Log2 RPKM values are plotted on x and y axis
respectively. PolyA+ (RNA harvested with double PolyA+ selection), RZ (ribosomal rRNA depletedtotal RNA).
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3.2.2. A BUNDANCE AND P OLYADENYLATION S TATE OF M ATERNAL AND
M ATERNAL -E MBRYONIC T RANSCRIPTS
To investigate the maternal contribution to the transcriptome of the developing
embryo, we used polyA+ and total RNA-seq data to classify maternal and embryonic
transcripts. A set of 9,513 transcripts were called as maternally expressed as they met a
filtering criteria of RPKM greater than or equal to 1 in oocyte (PA or RZ data) (Additional
File 2 - Page : Maternal Genes). This set of transcripts includes maternal-embryonic
genes, which are transcribed in both oocytes and embryos. Our maternal subset also
includes well known mouse maternal genes like c-mos, zp2, zp3 and SLBP (for more
examples see Additional File 2 - Page : Maternal Genes) [25, 26]. The polyA+ and total
RNA-seq pool of transcripts are likely to have different complexity, and while their
RPKM expression levels cannot be compared directly, the ratio of these two measures
(PA/RZ) may reflect the relative polyadenylation state. This would allow us to examine
the polyadenylated state of all transcripts during early development. Using this strategy
we initially compared the PA/RZ RPKM ratios for genes like cdk2(Eg1), kif11(Eg5) and
hes7.1, which are known to be deadenylated after fertilization [15, 22], and indeed, their
PA/RZ ratios faithfully reflect their fertilization-induced deadenylated state (Figure
3.2a, Supplementary- Figure S3a). Genome-wide average PA/RZ ratios show an overall
abundance of polyadenylated maternal gene products at stage 9 relative to earlier
stages (Supplementary- Figure S3b). These abundant polyA+ transcripts arise either
from polyadenylation of the maternally derived message, or new transcription
(maternal-embryonic transcripts). We validated the adenylation states of transcripts
using RT-qPCR in combination with oligo(dT)20 primers and random hexamers
(Supplementary - Figure S3c). With one exception (sox3), polyA+ RNA-seq data and
RT-qPCR with oligo(dT)20 primers correlated very well. To analyze the deadenylated
transcripts more systematically, we filtered the log ratio of two measures (PA/RZ) to be
less than or equal to -0.5 for oocyte, stage 6 and stage 9 respectively. This filtering gave
us sets of genes that are highly enriched in RZ data compared to the polyA+ data
(oocyte : 2,675, stage 6 : 5,118, stage 9 : 2,016 genes, see Additional File 2 - Page :
RZ-enriched Genes). Interestingly we find stage 6 to be highly enriched in deadenylated
transcripts. This may reflect the fertilization-induced deadenylated state, which has
been reported in the literature [27–30]. In order to gain an insight in to the functional
categories of deadenylated transcripts at this stage, we compared enrichment of gene
ontology (GO) terms of biological processes (BP) using DAVID [31]. We extracted the
stage-specific functional annotation charts from DAVID and compared them using
clusterProfiler, an R package for comparing gene clusters, with a p-value cut off of 0.01
[32]. Interestingly most of the stage 6 transcripts show an enrichment of biological
processes related to cell-cycle control and regulation (Supplementary - Figure S3d). For
example important cell-cycle regulators like aurka, cdc25c and birc5.1 belong to stage 6
RZ-enriched fraction. Several chromatin reorganizers and modifiers like ezh2, cbx4 and
hdac3 are also enriched in the stage 6 RZ- enriched fraction.
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Figure 3.2: Total and Polyadenylated RNA profiles of the Maternal Transcriptome (a) Boxplots to

show gene specific distribution of log2 RPKM ratios during early development. (b) Heatmap to
show stage specific comparison between PolyA+ and RZ data. The barplots to the right of the figure
represent average PolyA+ and RZ ratios per stage for the same cluster (pink or grey) numbered to
the left of the heatmap. Gene names are representative examples from the corresponding cluster.
(c) Heatmap to show abundance of polyadenylated maternal genes from six developmental time
points. Gene names are representative examples from the corresponding cluster. The heatmaps
(b and c) show scaled expression values (the sum of expression per gene across all stages is set to
one). PolyA+ (RNA harvested with double PolyA+ selection), RZ (ribosomal rRNA depleted-total
RNA).
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To assess patterns of genome-wide polyadenylation during early development in
more detail, we used K-means clustering (Figure 3.2b). Clusters 1, 3, and 4 are groups of
maternally abundant polyadenylated transcripts and include well known genes like
ccnb1, aurkb, mos, emi1 and maskin. These genes show peak expression in the oocyte
and are deadenylated or degraded in a stage-specific manner (Supplementary- Figures
S3a and GO term enrichment for cluster 3 - Figure S4a). Cluster 5 represents 12% of all
the maternally loaded transcripts which are relatively deadenylated. This cluster
includes histone variants like hist1h2ad, hist1h2al, which are known to exist as
deadenylated transcripts [33, 34], emi2 which is well studied for its role in unfertilized
eggs where it, along with its partner mos causes arrest at metaphase of meiosis II (see
GO term enrichment for cluster 5 in Supplementary - Figure S4a) [35, 36]. Cluster 6
transcripts are polyadenylated during early development. A notable gene in this cluster
is celf1, which codes for EDEN-BP, known to mediate sequence-specific mRNA
deadenylation [37–39]. Cluster 7 represents a group of genes that seem to be loaded as
relatively deadenylated messages in the oocyte and are then polyadenylated
post-fertilization or post-MBT (see GO term enrichment for cluster 7 in Supplementary
- Figure S4a). Overall 59% (clusters 1,2,3,4) of transcripts are deadenylated during
oocyte maturation and early post-fertilization development, whereas 57% (clusters
1,3,5,6) show a higher relative polyadenylation state in late blastulae compared to early
blastulae. Motif analysis of 30 ends of transcripts clustered in Figure 3.2b show a
significant enrichment of deadenylation and polyadenylation elements (ARE, EDEN
and eCPE) in several clusters (Supplementary - Figure S4b).
To gain insight into the fate and temporal expression patterns of
maternally-abundant polyadenylated transcripts after the blastula stage, we compared
the polyA+ data from six stages (oocyte, stage 6, stage 9, stage 12, stage 16 and stage 30)
using K-means clustering (Figure 3.2c).
Cluster 2 includes aurkb, a mitotic
serine-threonine kinase, which declines in abundance post-MBT. We find that genes
like tcf3 and oct91 from cluster 3 have different profiles of abundance during
development. oct91, a homologue of the mammalian pluripotency factor oct3/4, peaks
in abundance at late gastrula (stage 12) and declines drastically thereafter
(Supplementary- Figure S5f ) [40]. On the other hand tcf3, a gene encoding a
helix-loop-helix transcription factor responsible for mesoderm and axis formation as
well as anterior forebrain development via repression of wnt/beta-catenin targets,
dramatically peaks at blastula and then exists as a stable polyadenylated transcript up
to organogenesis(Supplementary- Figure S5b) [41–44]. This analysis shows that the
abundance of many maternally loaded polyadenylated transcripts declines after late
blastula.

3.2.3. P ROGRESSIVE A CTIVATION OF THE E MBRYONIC G ENOME
An embryonic set of 2,481 transcripts was obtained by filtering the data for a 10-fold
increase in any of the stages compared to oocyte expression. This set includes
transcripts which are transcribed around or immediately after the MBT. Concomitant
polyadenylation could stabilize the newly synthesized transcripts and mark them for
translation. To examine whether this is the case we compared the relative adenylation
status of embryonic transcripts expressed at stage 9 to that of maternally abundant
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stage 9 transcripts. This comparison revealed that a large number of stage 9 embryonic
transcripts are highly polyadenylated compared to their maternal counterparts,
although the polyA+ state is also more variable in the embryonic subset of the late
blastula transcriptome than in the maternal-embryonic subset (Figure 3.3a). The
polyadenylation distribution of this variable embryonic transcriptome at stage 9 is
robust and does not change with filtering criteria of embryonic transcripts (fold
increase relative to oocyte levels) (Figure 3.3a). To explore this variable transcriptomic
landscape during embryogenesis, we used K-means clustering to group genes
according to their expression (log-transformed RPKM values) or according to their
expression relative to maximum gene expression (scaled expression per gene) (Figure
3.3b, d). This revealed that many genes are activated at the MBT, but most are more
strongly induced at later stages (Figure 3.3b). Comparing the numbers of expressed
transcripts relative to the total embryonic pool of transcripts reveals that about 30% of
the embryonic genes are induced by fourfold or more during blastula stages and
another 36% by late gastrulation (Figure 3.3c). Clustering gene expression relative to
maximum gene expression reveals exquisitely well-defined clusters of dynamic gene
expression (Figure 3.3d). Genes which peak in the late blastula (Figure 3.3d, cluster 1)
include nodal 3.2/5/6 and sial1/2, respectively signalling and transcription factors
important for the Spemann-Mangold organizer (Supplementary- Figure S5d and g)
[45, 46]. Gastrula expression represented by cluster 5 contains 8% of genes peaking in
expression (Figure 3.3e). This cluster is dominated by high expression of genes involved
in mesendoderm specification and patterning such as eomes, chrd, gsc, and t
(Supplementary- Figure S5g). Cluster 3 and 4 shows genes peaking during neurulation
and include genes like neurog, pax6, nkx2-5, wnt4 and myod. Cluster 2 and cluster 6
together represent clusters of genes peaking in expression at stage 30 of development
and include transcription factors involved in hematopoietic development like gata1
and tal1. celf3 is an embryonic gene which belongs to the CELF family of genes that
code for RNA binding proteins involved in deadenylation of mRNAs. It is known to be
exclusively expressed in the nervous system including domains in the brain, spinal
cord, optic and otic vesicles [47]. irx5, a homeobox transcription factor known for its
role in neural patterning also peaks during organogenesis [48]. As the embryonic
genome is progressively taking control of development, we found 50% of the
developmentally induced genes reach maximum expression late in development
(Figure 3.3e).
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Figure 3.3: Overview of the Embryonic Transcriptome (a) Density plot to show distribution of
Maternal-Embryonic (grey) and Embryonic (red) ratios of polyA+ vs. RZ expression (RPKM) at

Stage 9. (b) Heatmap to show dynamic expression of 2,481 polyadenylated embryonic genes.
Scale represents the log2 transformed RPKM values. Gene names are representative examples
from the corresponding cluster. (c) A pie-chart to show percentage of genes whose expression is
increased four folds or more relative to Oocyte. (d) A heatmap to show scaled expression (the sum
of expression per gene across all stages is set to one) of 2,481 polyadenylated embryonic genes.
Gene names are representative examples from the corresponding cluster. (e) A pie-chart to show
percentage of embryonic genes peaking in expression per stage.
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Figure 3.4: Gene Ontology Analysis of the Embryonic Transcriptome (a) GO term enrichment

analysis from DAVID. Barplots (i) Stage 12, (ii) Stage 16, (iii) Stage 30 show stage-specific significant
Biological Processes and their -log P-values plotted on x-axis. (b) A plot to cluster and visualize
DAVID-derived GO terms from stages 9, 12, 16 and 30) Xenopus tropicalis developmental stages
using R package clusterProfiler with a p-value cutoff < 0.01 [32]. The DAVID GO terms have been
derived from biological process annotation of Xenopus tropicalis genes.
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To correlate these temporal profiles with gene function, enrichment for GO terms of
BP were examined using DAVID [31] . Using gene names as unique identifiers, we found
a significant enrichment of stage-specific processes (Figure 3.4a). We then extracted the
stage-specific functional annotation charts from DAVID and compared them using
clusterProfiler, an R package for comparing gene clusters, with a p-value cut off of 0.01
(igure 3.4b) [32]. Cluster 1 (from igure 3.3d) is a small cluster of 31 genes and shows
enrichment of terms like nucleosome assembly, a term with 3 genes (hist2h2ab,
hist1h4k, hist1j2aj) (blue arrowhead, Figure 3.4b). The stage 12-specific genes (cluster
5, from Figure 3.3d) show enrichment for the term gastrulation and include well-known
genes (for example bmp4, cer1, fgf8, gsc, foxa2, nodal, eomes, lef1, lhx1, foxc1, foxc2,
chrd, gata4) (red arrowhead, Figure 3.4b). In conclusion, apart from confirming genes
enriched in terms with known functions, our GO analysis also provides a framework of
hypothesis for several genes with unknown function.

3.2.4. E XPERIMENTAL VALIDATION OF G ENE M ODELS AND A NALYSIS OF
N OVEL T RANSCRIPTS
To improve gene annotation and identify potentially novel transcripts, we updated our
previously published Xenopus tropicalis experimentally validated (Xtev) annotation
pipeline [10]. Using more sequencing data and the latest genome build, we performed
guided transcript assembly with Cufflinks using all our polyA+ and total RNA-seq data
with JGI 7.1 annotation as reference [49, 50] and combined the Cufflinks transcripts
with expressed sequence tags (EST) clusters (Gurdon clusters, courtesy of Dr. Mike
Gilchrist). Both histone H3 lysine 4 tri-methylation (H3K4me3) and RNA polymerase
II (RNAPII) chromatin immuno-precipitation sequencing (ChIP-seq) data were used to
validate or update the 50 ends of the gene models as described previously [10] (see
Supplementary- Figure S6, Additional File 3 - Page : Gene Models). The annotation
pipeline resulted in a collection of 29,663 Xenopus tropicalis spliced gene models out of
which 18,305 were validated or updated by the Xtev pipeline. From these validated
models, 17,592 (96%) can be detected by RNA-seq and 65% have H3K4me3 enrichment
at the annotated start site. Several thousand gene models were updated and/or
reannotated leading to addition of 50 , 30 or internal exons (for a complete overview of
Xtev(v3.4) known gene model update see Additional file1 - Figure S6 and S7a). In
addition 2,135 spliced transcripts were newly identified on basis of RNA-seq and/or
EST evidence.
As a by-product of our gene annotation pipeline, we find evidence for a total of
33,601 single exon unspliced gene models. These unspliced single exon gene models
are filtered out early on in the pipeline and have not been analyzed further (for a
complete list with genomic co-ordinates see Additional File 3 - Page : Single exon gene
models ). These single exon models include MALAT1 (metastasis associated lung
adenocarcinoma transcript 1), a known single exon lncRNA conserved in mammals,
zebrafish and Xenopus [51]. From the expression data it appears to be most abundant at
the at neurula stage, suggestive of a specialized stage-dependent regulatory role
(Supplementary- Figure S7b).
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Figure 3.5: Analysis of Novel transcripts (a) Subsets of gene models from the updated Xenopus

tropicalis gene annotation pipeline. (b and c) Cumulative frequency chart to show distribution of
codon bias (LLR score) and ORF length between new gene models (NGM), all gene models (GM),
new gene models with validation support (NGM-vv), random genomic sequences (Genomic seq.)
and Xenbase extracted X.tropicalis mRNAs (X.trop mRNA).

Compared to our published annotation pipeline, where we only validated and
updated known gene models, which are mostly protein-coding, the new
implementation is more inclusive in annotating both coding and long non-coding
RNAs. To identify new gene models we looked for Cufflinks transcripts lacking any
overlap with gene models from the Xenopus model organism database (Xenbase) [23].
We found 2,135 gene models to be new and non-overlapping (new gene models (NGM),
Figure 3.5a, for a complete list with genomic co-ordinates see Additional File 3 - Page :
NGM). Out of this set, 594 gene models are supported by both expression data
(RNA-seq, EST) and a 50 H3K4me3 modification peak (new gene models with validation
support (NGM-vv), see Supplementary- Figure S6, for a complete list with genomic
co-ordinates see Additional File 3 - Page : NGM-vv), meaning that they are likely
stand-alone transcripts. To validate some of these transcripts, we looked at their
relative abundance by performing RT-qPCR of RNA from several developmental stages
(stage 9, stage 10, stage 10.5 and stage 12). We find evidence of regulated stage-specific
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expression (Supplementary- Figure S8a).
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Figure 3.6: Analysis of NGM-vvo transcripts (a) Cumulative frequency chart to show distribution of

codon bias (LLR score) for NGM-vvo, random genomic sequences (Genomic seq.) and Xenbase
extracted X.tropicalis mRNAs (X.trop mRNA). (b) An example to illustrate NGM-vvo gene model.
H3K4me3 peak demonstrates the gene being transcribed from its own promoter [10]. (c and
d) Frequency distribution to compare number of exons and transcript length between all gene
models (GM) and new gene models (NGM-vvo).

To assess the coding potential of the various gene model subsets (Xtev gene
models (GM), NGM, NGM-vv) we used open reading frame (ORF) length and the log
likelihood ratio (LLR) of codon bias (see Methods). We find that 65% of new transcripts
that are not overlapping with known genes (NGM subset), show a codon bias score
comparable to non-coding genomic sequences (Figure 3.5b). Also, 70% of these NGM
transcripts have a maximum ORF length comparable to non-coding genomic
sequences (Figure 3.5c). By contrast, transcripts from annotated protein-coding genes
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(Xenopus tropicalis mRNA) and all GM have large ORF lengths and higher codon bias
score, the cumulative distribution of which is well-separated from that of non-coding
genomic DNA. However it should be noted that the subset of new non-overlapping
transcripts that has strong experimental validation support (594, NGM-vv) may contain
both coding and non-coding transcripts. 60% have an ORF length of less than 100
amino acids and also the codon bias distribution suggests this subset represents a
mixed population of coding and non-coding RNAs (Figure 3.5b, c). To enrich for
lncRNAs, we curated the NGM-vv subset both bioinformatically and manually. Since
high-confidence lncRNAs have been shown to lack an ORF length greater than 100
amino acids [4], we used this as a first step to enrich for putative lncRNAs. Inspection of
this subset of gene models revealed that it was enriched for the 50 UTR exons of
downstream gene models without H3K4me3 peak and a number of other artifacts. We
therefore excluded new gene models that were upstream of the known genes without a
H3K4me3 peak, or did not meet more stringent expression and splicing criteria (see
Methods). The resulting 98 gene models were screened using BLASTN and BLASTP
against homology to known protein coding sequences and an array of other problems
on the genome browser. For example models in regions with many gaps were excluded.
Also, several intronic transcripts were selected against as they may not represent
independent transcription units. This screening resulted in a set of 37 transcripts. We
compared our different subsets of transcripts with the new transcripts identified by Tan
et al.,[? ]. The Tan study reports the identification of 13,836 novel transcripts, a set of
transcripts which collapses to a set of 3,726 unique models that map to the JGI7.1
genome assembly and are not included in the JGI7.1 annotation. Only 122 of these
models overlap with the NGM set of 2,135 transcripts. All of the 37 transcripts we
selected were identified in the Tan study, however six of these were linked to
protein-coding genes in their multi-stage RNA-seq data sets. Therefore, our stringent
filtering and curation approach has generally enriched for transcripts identified as new
gene models in both studies and we conclude that the remaining 31 transcript models
are likely stand-alone transcription units. This subset is referred to as NGM-vvo:
manually curated new gene models with H3K4me3 peaks and RNA-seq evidence, and a
longest ORF potential of 100 amino acids. In terms of assessing coding metrics, this set
has a codon bias score comparable to random genomic sequences and their cumulative
distribution is well separated from known protein-coding mRNA (Figure 3.6a). An
example is shown in Figure 3.6b (two more examples shown in Supplementary - Figure
S9a). Compared to the protein-coding transcripts, the manually curated new gene
models with ORF less than 100 amino acids (NGM-vvo) transcripts have low exon
number and relatively shorter transcripts (Figure 3.6c, d), similar to what has been
reported for lncRNAs [52, 53]. Based on our manual curation, coding potential metric
and gene-structure analysis, we conclude that NGM-vvo subset represents a set of
high-confidence lncRNAs.
Mammalian and zebrafish lncRNA show a mean expression varying from a 3-fold to
a 10-fold difference from their protein-coding counterparts [53, 54]. To investigate the
expression of NGM-vvo lncRNAs during embryogenesis, we looked at their polyA+
mRNA profiles during embryogenesis. We find that the median expression level of
lncRNAs during embryogenesis is one-third of their protein-coding counterparts
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(Figure 3.7a, b and Supplementary- Figure S8b). To investigate expression patterns of
NGM-vvo transcripts, we performed unsupervised hierarchical clustering of polyA+
and total-RNA expression profiles during embryogenesis. Just like the protein-coding
genes, some NGM-vvo transcripts have maternal expression.
Many are
developmentally regulated and show a stage-specific peak in expression (Figure 3.7c
and Supplementary- Figures S8b).
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Figure 3.7: Expression analysis of putative long non-coding RNAs (NGM-vvo) (a) Barplot to show
log transformed expression (RPKM, PolyA+ ) across six developmental stages in the NGM-vvo
subset. (b) Density graph to compare stage-9 expression (RPKM, PolyA+ ) between all gene

models (GM) and NGM-vvo subset. (c) Heat map to show unsupervised hierarchical clustering of
expression (RPKM) of polyA+ and RZ data across embryogenesis. Colorscale represents deviation
from mean expression calculated row-wise. (d) Density plot to compare distribution of log10
transformed conservation score (phastCons analysis, see Methods) between random genomic
sequences (Genomic Seq), Xenbase extracted X.tropicalis mRNAs (X.trop mRNA) and NGM-vvo
subset. PolyA+ (RNA harvested with double polyA+ selection), RZ (ribosomal rRNA depleted-total
RNA).
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The GENCODE v7 catalogue of human lncRNAs has looked into conservation of
human lncRNAs using phastCons analysis [52]. Our lncRNA conservation results are in
line with these analyses, since we find NGM-vvo exons to be less conserved than
annotated protein-coding mRNA, but more conserved than the random genomic
sequences (Figure 3.7d). The evolutionary constraints on their sequence and their
developmentally regulated expression may be an indication of their stage-specific
functionality.

Our results present temporal profiles of maternal and embryonic transcripts during
early development. We report a total number of 14,819 non-redundant Xenbase
transcripts expressed in any of the six assayed stages from oocyte to tailbud embryos
and mapped to Xenopus tropicalis genome assembly (Joint Genome Institute (JGI) 7.1).
In our data set the maternal transcriptome consists of over 9,000 transcripts that show
differential adenylation and of these 46% are abundant in the oocyte polyA+ data
(Figure 3.2c). This is interesting in view of the fact that the oocyte serves as a reservoir of
stable maternal transcripts which drive early development in the absence of embryonic
transcription. To better understand the dynamics of polyadenylated vs. deadenylated
mRNA, we compared the ratio of polyA+ and total RNA. This comparison gave us a tool
to examine the dynamics of transcript abundance and polyadenylation during early
development. We observed fertilization-induced deadenylation of several cell cycle
regulators like cdk2(Eg1), kif11(Eg5) as already reported [16]. Also, it is interesting to
note that there is an exclusive pool of relatively deadenylated transcripts, which in our
analysis accounts for 12% of the maternal genes and includes well known
non-adenylated transcripts like the histone mRNAs (Figure 3.2b). Transcription has
been reported to start at the mid-blastula stage [12, 13, 55], although a number of genes
are transcribed before this stage. We find little evidence of pre-MBT transcription at
stage 6 in our data. Many maternal transcripts are gaining polyadenylation during
post-fertilization development and may appear as false-positives in an analysis of early
transcription if only polyA+ messages are considered. Between stage 6 and stage 9,
some genes are activated early as described for several nodal genes [56]. The embryonic
transcript abundance is stage-specific. About 30% of the embryonic genes are induced
four-fold or more by late blastula and another 35% by late gastrulation (Figure 3.3c).
50% of the genes peak late in development (Figure 3.3e). Our GO analysis of embryonic
genes provides confirmation of genes with known functions as well as provides a
framework for hypothesis for several genes with unknown functions (Figure ??b).
We have generated an updated annotation pipeline for Xenopus tropicalis
experimentally validated Xtev gene models, featuring a total of 31,157 transcripts. Of
these, we find 2,135 gene models to be new, however many of these may be linked to
known transcripts and are not independently generated. The NGM-vvo subset of 31
transcripts is a high-confidence set of lncRNAs, which shares many of the characteristic
features of lncRNAs such as low exon number, relatively short length and overall low
expression during embryogenesis [4, 51, 53]. They are decorated with H3K4me3 histone
modification at the 50 end, evidence that these high-confidence lncRNAs are
transcribed from their own promoter. Like their protein-coding counterparts, the
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expression profile of high confidence lncRNAs (NGM-vvo) is stage-specific and
temporally restricted.
It proved surprisingly difficult to identify this high-confidence set of lncRNAs. This
is because any selection for novel or unannotated transcripts enriches resulting subsets
for annotation problems (broken genes) and assembly problems (poorly assembled
regions with fragmented genes).
Our high-confidence approach may however
underestimate the true number of lncRNAs that are expressed during embryogenesis.
First of all, lncRNA may be transcribed from complex loci and not all may meet our
criteria of stand-alone transcripts. Second, many lncRNAs are expressed at very low
levels. Inclusion of more RNA-seq data is therefore likely to identify more lncRNAs. On
the other hand, true stand-alone lncRNA transcription units, produced from their own
promoter, may be far less common than frequently assumed, and the majority of “new
transcripts” may arise as by-products of known genes or be transcribed from highly
complex loci. Also, RNA-seq alignment tools produce artifacts and multiple, sometimes
incorrect, models for the same locus. Therefore, approaches that integrate expression
and histone modification data are essential to curate transcription units.
Functional analyses of the novel lncRNAs are required to elucidate their potential
roles in pre-MBT transcriptional repression, gastrulation, neurulation and
organogenesis. Our catalogue of high confidence stand-alone lncRNAs with sequence
conservation and stage-specific expression provides a prioritized resource for studies in
lncRNA function during vertebrate development.

3.4. C ONCLUSIONS
We provide a comprehensive survey of the Xenopus tropicalis transcriptome using
polyA+ and ribosomal-RNA depleted total RNA expression data. These results provide
insights into the maternal and embryonic components of expression and
polyadenylation dynamics through out early embryogenesis. In addition, our improved
annotation has led to the discovery of new transcripts which constitute subset of
high-confidence stand-alone lncRNAs.
Together, these data provide a rich
developmentally relevant resource, integration of which will enable new genomic and
genetic studies in the near future.

3.5. M ATERIALS AND METHODS
3.5.1. A NIMAL P ROCEDURES
X.tropicalis embryos were obtained with in vitro fertilization from three separate
crosses (different outbred animals). Briefly, both females and males were primed with
10 units of human chorionic gonadotropin (hCG-pregnyl, Organon). Four to six hours
before embryo collection, female frogs were injected with 200 units of hCG. Forty-five
minutes after the onset of egg laying, embryos were collected and dejellied in 3%
cysteine hydrochloride (pH 8.0) in 10% MMR. Embryos were then cultured in 10% MMR
at room temperature and were staged according to Nieuwkoop and Faber (1994) [57].
Embryos from three separate clutches were harvested and frozen at -80◦ C until RNA
isolation. Stage VI oocytes were harvested by treating ovarian follicles with collagenase
(Clostridium type I collagenase, Sigma).
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3.5.2. RNA P REPARATION AND S EQUENCING
Oocyte and embryos from Nieuwkoop-Faber stages 6 - 30 were collected and total RNA
was isolated using Trizol and the QIAGEN RNeasy Kit. Subsequently, polyadenylated
RNA was selected by enriching with the Oligotex mRNA kit (QIAGEN). To ensure
complete removal of ribosomal RNA (rRNA), polyadenylated mRNA was subjected to an
additional round of Oligotex treatment. Total RNA was subjected to depletion of rRNA
using Ribozero Epicenter low input kit. Two important quality control measures were
taken to confirm removal of rRNA. First, the rRNA -depleted sample was tested on a
RNA-chip (Experion, BIORAD) in comparison with non-depleted total RNA. Absence of
28S and 18S peaks in the rRNA depleted sample confirmed good depletion. RT-qPCR
with primers against 28S, 5S and GAPDH was performed. 28S RNA levels were less than
5%, typically around 1% after depletion, whereas GAPDH was typically at more than
80% of the levels before depletion. Second, for sequencing, cDNA was prepared for
both PA and RZ samples with random hexamer primers using Superscript III
(Invitrogen) and the second strand was made with DNA polymerase I, DNA ligase and
T4 DNA polymerase. The purified double-stranded cDNA was used for Illumina sample
preparation. All quality control qPCR reactions were performed on a MylQ single-color
reader real-time PCR detection system (BioRad) using iQ SYBR Green Supermix
(BioRad).
The three biological replicates were checked by RT-qPCR and pooled for sample
preparation and sequencing. These samples were then processed according to the
manufacturer’s protocol (Illumina). Shortly, adapter sequences were linked to the cDNA
samples, the library was size selected (300-350bp), and amplified by polymerase chain
reaction (PCR). The subsequent sequencing was carried out on Genome Analyzer
(Illumina).
3.5.3. RNA- SEQ E XPRESSION A NALYSIS
On average, we obtained about 16-50 million reads per stage (Supplementary- Table
S1). Out of the total reads about 50-60% could be aligned to the genome assembly (JGI
7.1) of the Xenopus tropicalis genome sequence. To allow a quantitative comparison all
reads were normalized before analysis. The transcript list contains all the genes that are
expressed (= non zero RPKM) in at least one stage. The RPKM per gene is the mean of
all RPKM of all the non-redundant exons of all isoforms per gene. The total list contains
around 15,289 genes of which only 470 are not detected as expressed in any stage. All
unknown/unnamed gene names have been changed to include the genomic position
for reasons of identification. Alignment was performed using Burrows-Wheeler
Aligner (BWA), reads mapping to multiple positions (non-unique) were not included in
the RPKM calculation [58].
3.5.4. X TEV ( V 3.4) G ENE A NNOTATION P IPELINE
Gene
models
(JGI
7.2)
were
downloaded
from
Xenbase
(http://www.xenbase.org)and EST clusters mapped to the JGI 7.1 X.tropicalis
genome were supplied by Mike Gilchrist (NIMR). Spliced transcription units were
generated from the RNA-seq data. All reads were mapped to JGI 7.1 using TopHat v2.0.4
[50]. The TopHat output was filtered to keep only new splice sites with evidence of at
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least 5 spliced reads. The filtered TopHat output was used with Cufflinks v1.3.0 to
perform transcript assembly [49]. The experimental annotation pipeline consists of
several steps: 1) collect gene models; 2) update with experimental data; 3) validate
and/or update gene models with RNA-seq data; 4) validate and/or update transcription
start-site (TSS) with H3K4me3 and/or RNAPII ChIP-seq data and 5) Choose the most
likely model (Supplementary- Figure S6). All Xenbase gene models sharing at least 1
exon were considered as multiple models of a single gene. The EST clusters and
transcripts determined by Cufflinks were used to update the gene models with extra
putative exons, mainly at the 50 and 30 end of genes. The number of RNA-seq reads was
determined for all exons of all models. If 1/3 of the exons of a model contained at least 3
RNA-seq reads the model was considered as expressed. If the first exon of a gene model
overlapped with a H3K4me3 peak the TSS was considered as validated. If no single
model of a gene had a validated TSS, we looked for evidence of a TSS upstream. In this
case there had to be a H3K4me3 peak upstream of a gene model, with no different gene
models in between, and the mean RNAPII level of the region between the upstream
H3K4me3 peak and the 50 exon of the gene had to be at least 0.5 of the mean RNAPII
level of the gene body. Furthermore, all gene models were checked for evidence of a
downstream H3K4me3 peak, which can indicate a putative alternative TSS. For each
single gene the most likely model was chosen according to the following criteria, in
order of decreasing importance: a validated TSS, number of expressed exons, number
of exons. Of the new models, which are not present in the Xenbase JGI 7.2 annotation,
only spliced transcripts were included.

3.5.5. A NALYSIS OF C ODING P OTENTIAL
Coding potential of RNA sequences was determined using maximal ORF length and
codon bias metrics, as described [59]. The codon bias metric is based on unequal usage
of synonymous codons. Briefly, triplet frequencies were determined in non-coding
genomic X.tropicalis DNA (JGI4.2, GL172663:1-4,425,020, UCSC table browser
basepair-wise intersection of complemented Human Proteins with UCSC xenTro3
assembly), whereas X.tropicalis codon frequencies were downloaded from
http://www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=8364. Log
likelihood ratios (LLRs) for each codon were calculated based on the codon frequency
conditional of the encoded amino acid, such that for each codon i coding for amino
acid ai , LLRi = log2 (ci /ni ) , in which ci and ni correspond to the likelihood of codon i
conditional on amino acid ai in coding and non-coding sequences respectively
(Additional File S4). The total LLR score is determined by summing LLRi values in all 90
bp windows in six potential reading frames. After computing a score for windows, the
max LLR score was defined as the maximum score observed in all windows of the
transcript.
3.5.6. QUANTITATIVE RT- Q PCR FOR KNOWN AND NEW GENE MODEL
(NGM SUBSET ) VALIDATION
Validation of known and novel transcripts was performed on total-RNA which was
subjected to depletion of rRNA using Ribozero Epicenter low input kit. Total RNA was
then DNase treated and column purified to remove any contaminating genomic DNA.

3.6. L IST OF ABBREVIATIONS USED
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cDNA was prepared with oligo(dT)20 primers or random hexamers using Superscript III
(Invitrogen). qPCR reactions were performed on a MylQ single-color reader real-time
PCR detection system (BioRad) using iQ SYBR Green Supermix (BioRad). With Stage 9
as reference, fold change was calculated by normalizing Ct values in Stages 10, 10.5 and
12 against odc1 gene using the 2−∆∆C t method (for primer sequences see Additional
File S5) [60].

3.5.8. C ONSERVATION ( PHAST C ONS ) A NALYSIS
For conservation analysis all gene models were mapped to JGI v4.1 (UCSC: xenTro2)
using blat. The average phastCons score per gene model was calculated using the
Conservation track (phastCons7way) of the UCSC genome browser.
3.5.9. D ATA AVAILABILITY
The data have been deposited in NC B I 0 s Gene Expression Omnibus [61] and are
accessible through GEO Series accession number GSE43652. Xtev gene models are
available at : http://veenstra.ncmls.nl/genomedata.asp

3.6. L IST OF ABBREVIATIONS USED
polyA+ polyadenylated
RT-qPCR real time RT-PCR
cDNA complementary DNA
RNA-seq ribonucleic acid sequencing
mRNA messenger RNA
MBT mid-blastula transition
EDEN embryonic deadenylation element
EDEN-BP embryonic deadenylation element - binding protein
UTR untranslated region
Xtev Xenopus tropicalis experimentally validated
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3.5.7. B IOINFORMATIC AND M ANUAL CURATION OF NGM- VV SUBSET
NGM-vv subset is collection of 594 new gene models. As a first step, we filtered these
models for ORF length less than or equal to 100 amino acids. This resulted in a set of
331 gene models, which were then screened using following criteria: 1) Absence of a
downstream gene (same orientation) with a X or U annotation for H3K4me3 (see
flowchart for Xtev pipeline in Supplementary - Figure S6); 2) RPKM of all exons should
be greater than or equal 1 (to filter out models where our data does not support the
model) and 3) Evidence of splicing in our data. This resulted in a set of 98 gene models.
These models were then manually curated using BLASTN and BLASTP to filter against
homology to known protein coding sequences (as described in the main text).
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lncRNAs long non-coding RNAs
ORF open reading frame
PA polyA+
RiboZero, RZ ribosomal RNA depleted total-RNA
RPKM, see Methods reads per kilobase of exon model per million mapped reads
GO gene ontology
BP biological processes
EST expressed sequence tags
GM gene models
NGM new gene models
NGM-vv new gene models with validation support
NGM-vvo manually curated new gene models with ORF less than 100 amino acids
LLR log likelihood ratio
JGI Joint Genome Institute
rRNA ribosomal RNA
BWA Burrows-Wheeler Aligner
PCR polymerase chain reaction
H3K4me3 histone H3 lysine 4 tri-methylation
RZ ribosomal RNA depleted total RNA
RNAPII RNA polymerase II
ChIP-seq chromatin immuno-precipitation sequencing
TSS transcription start-site
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3.11. S UPPLEMENTARY FIGURES

Table S1 : Statistics for RNA-sequencing libraries.
Poly(A)
Library
Total reads
Mapped reads
% mapped

Oocyte

Stage 6

Stage 9

Stage 12

Stage 16

Stage 30

31523769
19659282
62.4

50019507
16003974
32.0

16649345
10756981
64.6

30313122
14999462
49.5

18261070
11076320
60.6

19901121
13606315
68.3

Ribozero
Library
Total reads
Mapped reads
% mapped

Oocyte

Stage 6

Stage 9

30420177
15064112
49.5

31831783
13836284
43.5

30896600
15960698
51.7

Table S2 : Pearson correlation coefficients for polyA+ vs. total RNA (RZ) libraries.
Library
Oocyte(PolyA)
Stage 6(PolyA)
Stage 9(PolyA)
Stage 12(PolyA)
Stage 16(PolyA)
Stage 30(PolyA)

Oocyte(RZ) Stage 6(RZ) Stage 9(RZ)
0.66
0.67
0.60
0.65
0.67
0.57
0.56
0.55
0.55
0.40
0.35
0.43
0.36
0.35
0.37
0.35
0.35
0.30
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Figure S1
(a) Barplots showing RT-qPCR validation in biological replicates.
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Figure S2
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Figure S3
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Figure S3
(d) Comparison of DAVID-derived GO terms for RZ-enriched genes
in Oocyte, Stage 6 and Stage 9 respectively.
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Figure S4
(a) Comparison of DAVID-derived GO terms for clusters 1-7 related to Figure 2b.
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(b) A heatmap to visualize adenylation motif enrichment in clusters 1-7 related to Figure 2b.
(ARE : A-U rich elements, CPE : Cytoplasmic polyadenylation element,
EDEN : Embryonic deadenylation element, eCPE : Embryonic -CPE)
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Figure S5. UCSC Genome browser shots of developmentally regulated genes
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Figure S6. Flow-chart to describe Xenopus tropicalis Experimentally Validated Genes Annotation
pipeline (v3.4)
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Figure S7.
(a) Statistics on updated Xtev(v3.4) gene models.
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Scale
scaffold_4:
H3K4me3-St.12
polyA+-Oocyte
polyA+-Stage 6
polyA+-Stage 9
polyA+-Stage 12
polyA+-Stage 16
polyA+-Stage 30
RZ-Oocyte
RZ-Stage 6
RZ-Stage 9

200 1_
100 1_
100 1_
100 1_
100 1_
100 1_
100 1_
100 1_
100 1_
100 1_

60,100,000

5 kb

60,105,000

60,110,000

MALAT1

3.11. S UPPLEMENTARY FIGURES

89

Figure S8
(a) Real-time qPCR validation of new gene models (NGM subset).
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(b) Average polyA+ expression (RPKM, GM subset) profiles during embryogenesis.
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Figure S9
(a) Examples of lncRNAs from NGMvvo subset.
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(b) Stage-specific polyA+expression (RPKM) of high-confidence lncRNAs (NGMvvo subset).
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Chapter 4

LAEVIS

B ACKGROUND
Genome duplication has played a pivotal role in the evolution of many eukaryotic
lineages, including the vertebrates. A relatively recent vertebrate genome duplication is
that in Xenopus laevis, which resulted from the hybridization of two closely related
species about 17 million years ago. However, little is known about the consequences of
this duplication at the level of the genome, the epigenome, and gene expression.

R ESULTS
The X. laevis genome consists of two subgenomes, referred to as L (long chromosomes)
and S (short chromosomes), that originated from distinct diploid progenitors. Of the
parental subgenomes, S chromosomes have degraded faster than L chromosomes from
the point of genome duplication until the present day. Deletions appear to have the
largest effect on pseudogene formation and loss of regulatory regions. Deleted regions are
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enriched for long DNA repeats and the flanking regions have high alignment scores,
suggesting that non-allelic homologous recombination has played a significant role in
the loss of DNA. To assess innovations in the X. laevis subgenomes we examined
p300-bound enhancer peaks that are unique to one subgenome and absent from X.
tropicalis. A large majority of new enhancers comprise transposable elements. Finally, to
dissect early and late events following interspecific hybridization, we examined the
epigenome and the enhancer landscape in X. tropicalis × X. laevis hybrid embryos.
Strikingly, young X. tropicalis DNA transposons are derepressed and recruit p300 in
hybrid embryos.

C ONCLUSIONS
The results show that erosion of X. laevis genes and functional regulatory elements is
associated with repeats and non-allelic homologous recombination and furthermore
that young repeats have also contributed to the p300-bound regulatory landscape
following hybridization and whole-genome duplication.

K EYWORDS
Whole genome duplication, Interspecific hybridization, Genome evolution, Pseudogenes,
Epigenomics, Enhancers
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4.1. B ACKGROUND
Genome duplication is a major force in genome evolution that not only doubles the
genetic material but also facilitates morphological innovations. In plants, whole
genome duplications (WGD) appear to occur more often than in animals [1] and some
phenotypic innovations, like the origin of flowers, have been attributed to this
phenomenon [2]. In animals, two rounds of WGD at the root of the vertebrate tree ( 500
million years ago, Mya) gave rise to the four HOX clusters and have led to the expansion
of the neural synapse proteome [3]. It is likely that this facilitated an increase in the
morphological complexity [4] and allowed an increase in the complexity in the
vertebrate behavioral repertoire [5]. More recent genome duplications have been
documented in fish, at the root of the teleost fish 320 Mya and in the common ancestor
of salmonids 80 Mya [6]. Amphibians in general appear to have undergone many
polyploidisations, with natural polyploids in 15 Anuran and in 4 Urodelan families. In
Xenopus (African clawed frogs) duplications have occurred on multiple occasions,
giving rise to tetraploid, octoploid, and dodecaploid species [7]. One such duplication
occurred in the ancestor of the amphibian Xenopus laevis 17 Mya [8].
The
allo-tetraploid genome of X. laevis consists of two subgenomes, referred to as L (long
chromosomes) and S (short chromosomes), that originated from distinct diploid
progenitors [8]. Most of the additional genes that result from WGD events tend to be
lost in evolution. In the case of allopolyploidy this loss is biased to one of the parental
subgenomes [9], a phenomenon referred to as biased fractionation. One explanation
for biased fractionation is the variation in the level of gene expression between the
homeologous chromosomes [10], with the lowest expressed gene having the highest
probability of being lost because it would contribute less to fitness.
The effects of polyploidization on the epigenome have mainly been studied in
plants, where correlations between the gene expression and epigenetic modifications
have been observed between homeologous genes [11], but are not well characterized in
animals. The epigenetic modifications found in chromatin (DNA methylation and
post-translational modifications of histones) are involved in gene regulation during
development and differentiation [12, 13].
A high density of methylated CpG
dinucleotides is repressive towards transcription; conversely, the DNA of a large
fraction of promoters is unmethylated. In addition, histone H3 in promoter-associated
nucleosomes is tri-methylated on lysine 4 (H3K4me3) when the promoter is active.
Active enhancers on the other hand are decorated with mono-methylated H3K4
(H3K4me1) and they also recruit the p300 (Ep300) co-activator which can acetylate
histones. When genes are expressed, they not only recruit RNA polymerase II (RNAPII),
responsible for the production of the mRNA, but the gene body will be decorated with
H3K36me3, which is left in the wake of elongating RNAPII. Therefore, deep sequencing
approaches to determine these biochemical properties in a given tissue or
developmental stage can be used to interrogate the activity of genomic elements. This
is highly relevant in the context of genomic evolution, as changes in gene expression
caused by mutations in cis-regulatory elements are a major source of morphological
change during evolution [14].
Here we ask how genome evolution and the epigenetic control of gene expression
are related to interspecific hybridization and whole genome duplication. We compare
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functional regulatory elements in the L and S subgenomes of X. laevis embryos by
ChIP-sequencing of histone modifications, RNA-sequencing and whole genome
bisulfite sequencing and use Xenopus tropicalis, a closely related diploid species as a
reference. We quantify the loss and the gain of genetic material and analyze how it has
affected genes and gene-regulatory regions. Although genome evolution after the
hybridization appears dominated by sequence loss, we also find evidence for the gain of
functional elements. We specifically identify new subgenome-specific regulatory
elements that recruit p300 and show that these are enriched for transposable elements.
Finally, to assess the early gene-regulatory effects of hybridization we analyze
experimental interspecific X. tropicalis × X. laevis hybrids and we observe
hybrid-specific p300 recruitment to DNA transposons, further highlighting the role of
such elements in the evolution of gene regulation.

4.2. R ESULTS
4.2.1. T HE X. LAEVIS L AND S SUBGENOMES SHOW A BIAS IN CHROMATIN
STATE AND GENE EXPRESSION

To study the evolution of gene regulation in the context of whole-genome duplication
we generated transcriptomic and epigenomic profiles in X. laevis early gastrula embryos
(Nieuwkoop-Faber stage 10.5; Additional file 1). We performed RNA-sequencing and
obtained epigenomic profiles using chromatin immunoprecipitation followed by deep
sequencing (ChIP-seq). We generated ChIP-seq profiles for H3K4me3, associated with
promoters of active genes, H3K36me3, associated with actively transcribed genes, the
Polr2a subunit of RNA Polymerase II (RNAPII) and the transcription coactivator p300. In
addition, we performed whole genome bisulfite sequencing to obtain DNA methylation
profiles [15]. The sequencing results and details are summarized in additional file 1.
We created whole genome alignments (see Methods) to establish a framework for
analysis of the epigenetic modifications in the two X. laevis subgenomes and in the X.
tropicalis genome. Respectively 61% and 59% of the X. laevis L and S non-repetitive
sequence can be aligned with the orthologous X. tropicalis sequence. This allows for
comparisons of the activity of genes and regulatory elements between homeologous
regions. Figure 4.1 shows a region on X. tropicalis chromosome 8 containing four genes,
together with the corresponding aligning sequences on chr8L and chr8S in X. laevis.
The epigenomic profiles (H3K4me3, p300, RNAPII and H3K36me3) of both X. laevis and
X. tropicalis [16] are shown and the sequence conservation obtained from the whole
gene alignment is illustrated by grey lines in the center of the plot. Regions that are
conserved at both the sequence level and at the functional level (as measured by
ChIP-seq) are highlighted. The anp32e gene is an example of a conserved gene that is
expressed from all three genomes, as evidenced by H3K4me3 at the promoter and
H3K36me3 and elongating RNAPII in the gene body. In contrast, expression of the
plekho1 gene has been lost from S. The gene is still present, but it is not active. There is
no evidence of expression and both the H3K4me3 and the p300 signal are lost. Finally,
the vps45 gene is an example of a gene that is completely lost from L.
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vps45
plekho1

Sequence conservation
otud7b

X.tropicalis

H3K4me3 peaks
p300 peaks

anp32e.L

anp32e

otud7b.S
plekho1.L
vps45.S

repeats
plekho1.S

H3K36me3
RNAPII
p300

otud7b.L

H3K4me3

X.laevis S

anp32e.S

X.laevis L

subgenomes annotated with experimental ChIP-seq data (gastrula-stage embryos; NF stage 10.5).
Shown are the gene annotation (black), repeats (grey), ChIP-seq profiles for H3K4me3 (green),
p300 (yellow), RNA Polymerase II (RNAPII; brown) and H3K36me3 (dark green). The sequence
conservation is indicated by grey lines. Conserved H3K4me3 and p300 peaks are denoted by green
and yellow lines respectively. The anp32e gene is expressed in X. tropicalis and both the L and S
subgenome of X. laevis. The plekho1 gene, on the other hand, has lost promoter and enhancer
activity on the X. laevis S locus, and shows no experimental evidence of being expressed.

Next, we quantified gene expression patterns in the X. laevis subgenomes. Of the
17,303 genes expressed at stage 10.5, 9,230 can be assigned to the L subgenome and
6,685 to S. Of those expressed genes, 4,972 are singletons located on L, and 2,646 on
S. As reported previously [8], when both genes of a homeologous pair have detectable
expression (3,545 genes), the expression level is correlated (Pearson R = 0.60, p <1e-300;
Figure 4.2a) and a minor but significant expression bias is detected (median expression
difference of L compared to S = 5.7%; p < 1e-4; Wilcoxon signed-rank test). However,
for many homeologs the expression bias is quite high, such that for one copy hardly any
expression can be detected. Such non-expressed homeologs are located on both L and
S, but occur more frequently on S (L: 494, S: 713; P=6.0e-11, Fisher’s exact).
We examined whether the expression differences between the L and S homeologs
could be explained by differential transcription regulation. We used the epigenomic
profiles to assay the promoter state (H3K4me3, DNA methylation), enhancer activity
(p300) and active expression (RNAPII, H3K36me3). The L subgenome has 38% more
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Figure 4.1: Alignment of a region on chromosome 8 in X. tropicalis and the X. laevis L and S
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annotated genes than the S subgenome [8]. We observe the same trend for the
regulatory elements. The number of H3K4me3 peaks, DNA-methylation free regions
(see Methods) and p300 peaks is higher on L (28%, 23% and 35%, respectively;
Additional file 2). The overall effect is that there is no significant difference between the
numbers of regulatory elements per gene for the two subgenomes.
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Figure 4.2: (a) Scatterplot of the expression level (log2 TPM) of L and S homeologs that are both

expressed. The expression level of homeolog genes is generally similar (Pearson R = 0.60, p
< 1e-300). (b) Fraction of epigenetic signals (“peaks”) conserved in X. laevis compared to X.
tropicalis. Promoters appear more conserved than enhancers; S has lost more epigenetic elements
than L. (c) Active functional elements are equally conserved between L and S as compared to
X. tropicalis. The background level of sequence conservation in fourfold degenerate sites from
coding sequences with respect to X. tropicalis is 78.4% in L and 77.7% in S

To analyze the conservation of regulatory elements, we compared the H3K4me3 and
p300 data to similar ChIP-seq profiles from X. tropicalis obtained at the equivalent
developmental stage [16]. In general promoters are much more conserved than
enhancers (Figure 4.2b). From all H3K4me3 peaks in X. tropicalis, 40% are conserved in
X. laevis, while for the p300 peaks the conservation is only 13% (p < 1e-4; Chi-squared
test). This is congruent with the finding in mammals that enhancers evolve much more
rapidly than promoters [17]. Whereas the number of conserved regulatory elements is
lower in S than in L, the elements that can be aligned differ relatively little at the
sequence level and show over 60% sequence identity (Figure 4.2c).
These analyses show that the L and S subgenomes have evolved differently with
respect to gene content [8] and regulatory elements. Many more genes from S are lower
expressed than their homeologs in L than vice versa. The number of functional
regulatory elements, as identified by H3K4me3 and p300 ChIP-sequencing, is
proportional to a more profound loss of homeologous genes from the S subgenome.
Next we set out to determine the origin of this differential loss.

4.2.2. L ARGE DELETIONS ARE PROMINENT IN THE S SUBGENOME
The chromosomes of the X. laevis S subgenome are substantially shorter than the L
chromosomes. The average size difference is 17.3% based on the assembled sequence
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[8] and 13.2% based on the karyotype [18]. To investigate the cause of these differences,
we analyzed the pattern of deletions on both subgenomes. We called deleted regions
based on the absence of conservation between the X. laevis subgenomes if they were at
least partly conserved between one X. laevis subgenome and X. tropicalis. In addition,
to be able to measure the size of the deletions, we required that the putative deleted
regions were flanked on both sides by conserved sequences on both X. laevis
subgenomes (Supplementary: Figure S1). This resulted in a set of 19,109 deletions, of
which 13,066 (68%) were deleted from S(L∆S) and 6,043 (32%) were deleted from
L(S∆L). There is a clear deletion bias towards S, which increases with the size of the
deletion (Figure 4.3a). These deletions affect genes and their regulatory sequences, as
for example in the glrx2 locus where the promoter and most of the exons have been lost
from the S subgenome ((Figure 4.3b). We asked to what extent functional sequences in
the L and S subgenomes are preserved (i.e. subject to fewer deletions) relative to the
subgenome-specific deletion rates. To do that we randomly redistributed the deletions
per chromosome and compared the effect on various annotated and experimentally
derived features. As we cannot assess these features prior to their deletion we used the
annotation and experimental data of the homeologous feature from the other
subgenome as a proxy for the state in the genome from which that feature was deleted.
The fold difference between the observed number of deleted basepairs and the
expected number (mean of 1,000 randomizations) is visualized in (Figure 4.3c). As
expected, the frequency of deletions in intergenic regions and introns is similar relative
to a uniform chromosomal distribution of deletions. The observed loss of exons on L is
significantly lower than this randomized distribution (p = 1.8e-20; Figure 4.3c). The
fraction of exonic sequence that has disappeared is 4-fold less than intronic or
intergenic sequence (Supplementary: Figure S2). This is likely the result of negative
selection against loss. By contrast, for subgenome S the fraction of exonic sequence that
has been deleted is similar to the rest of S (Figure 4.3c) and exonic sequences in S
appear not to be under selection against deletion. To obtain more direct evidence of
functional sequences, we examined the loss of genomic elements that are decorated
with RNAPII and the active transcription histone mark H3K36me3 (IntronicTx,
ExonicTx, see Methods), with the enhancer coactivator p300, or with the active
promoter mark H3K4me3. There appears to be strong selection on both S and L against
deletion of actively transcribed exons (Figure 4.3c, middle panel; p = 2.4e-4 and p =
2.3e-7, respectively) but not of transcribed introns. Furthermore, active enhancers and
promoters in S and in L have significantly fewer deletions compared to the uniform
chromosomal distribution (Figure 4.3c; p = 8.4e-7, p = 8.4e-8, p = 1.4e-5 and p = 2.9e-12,
respectively) and therewith appear to be under selection against loss. There is a large
difference in the number of deletions between L and S (Figure 4.3a), however, this in
itself is not necessarily the result of selection as it mostly affects non-functional
sequences (Fig. S2a). We asked if, on top of this difference in absolute number, there is
evidence for more selection against deletions in L than in S. We therefore compared the
reduction in the loss of transcribed exons, promoters and p300 elements relative to
background loss between L and S. For all three the reduction in L appears to be larger
than in S (Figure 4.3c). For p300-bound enhancers and for H3K4me3-decorated
promoters this difference in the reduction between L and S is significant (p = 0.003 and
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p = 0.001, respectively). This suggests that, aside from a higher deletion rate in S, there
is also less selection against deletion of functional genetic elements in S than in L.
1600

b

LΔS
SΔL

1200

chr4L

H3K4me3
RNAPII

800

H3K36me3

400

100

Xetrov90012236m.S

100

H3K36me3

d

e
10

0.5
0.0
-0.5
-1.0
-1.5

SΔL
LΔS

-2.0

6
4

4m

e3

2

H
3K

Tx

p3
00

x
cT

on
ic

Ex

ic

on
ic

ni

Ex

In
tro

In
tro

ge
n

ni
c

-2.5

8

LΔS
SΔL
all
repeats

in retained
region

140
120
100
80
60
40
20
0

m

*

Deleted promoter

nd
o

*

1.0

te
r

86430000

Conserved promoter

SΔ
L

*

1.5

e
86420000

chr4S

ra

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4

700

do
m

H3K4me3

100

LΔ
S

RNAPII

1.0

ra
n

2.0

Average size of repeat
families (log2 bp)

Log2 ratio obs./expected

Xetrov90012236m.L

conservation

3.0

In

105410000

100

Size of deletion (log10 bp)

c

105400000

glrx2.L

0

0.0

105390000
700

Alignment score of 1kb flanks

Log2 ratio LΔS / SΔL

# of deletions

a
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of deletion size (bottom panel) (b) An example of a gene (grlx2) that has lost the promoter on the S
genome due to a deletion. Shown are the gene annotation (black), ChIP-seq profiles for H3K4me3
(green), RNAPII (brown) and H3K36me3 (dark green). The sequence conservation is indicated
by grey lines. (c) The log2 fold difference between the observed number of deleted basepairs
and the expected number (mean of 1,000 randomizations). The fold difference is calculated per
chromosome and summarized in a boxplot. Intergenic: 1kb distance from a gene. Intronic:
introns. Exonic: UTRs + CDS. IntronicTx: introns from genes actively transcribed. ExonicTx:
Exons from genes actively transcribed. p300: genomic fragments having a p300 peak. H3K4me3:
genomic fragments having a H3K4me3 peak. The asterisks mark significant differences between
the L and S chromosomes (P < 0.001, Mann-Whitney U). (d) Retained regions associated with
deletions are enriched for relatively long repeats (p < 1e-52 for both L∆S and S∆L; Mann-Whitney
U test) (e) 1kb flanks of the retained regions are more similar to each other than random genomic
regions of the same size (p < 1e-114 and 1e-83 for L∆S and S∆L respectively; Mann-Whitney U
test).

One of the possible sources of the loss of genomic DNA in the L and S subgenomes
is non-allelic homologous recombination (NAHR), which is known to occur between
long repetitive elements on the same chromosome [19]. To test whether this
phenomenon could be responsible for the genomic losses detected, we examined the
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length distribution of repetitive elements in retained regions, i.e. the homeologous
regions of the sequences that were lost in one of the subgenomes (Figure 4.3d). Indeed,
we observe that repetitive elements are on average 3.7 times longer (p < 1e-52;
Mann-Whitney U test) compared to random genomic sequences (Figure 4.3d).
Furthermore, the flanks of the retained regions (L for L∆S and S for S∆L, respectively)
tend to be more similar to each other than random genomic sequences (p < 1e-83;
Mann-Whitney U test; Figure 4.3e). Nevertheless, the current density of repetitive
elements is similar in the L and S subgenomes (Supplementary: Figure S3), indicating
that repeat density alone does not cause biased sequence loss on S chromosomes.
These observations suggest that NAHR of ancient repeats has played a significant role
in the deletions of regions from both subgenomes; the overall sequence loss is much
more prevalent on the S chromosomes (Figure 4.3a). To estimate when in the evolution
these deletions and other types of mutations occurred we dated the origin of the
pseudogenes that they caused.
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4.2.3. H IGH
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Figure 4.4: The S subgenome has a higher mutation rate than L. Only genes which none of the L or

S copies fall into the pseudogene category are considered. (a) Ks distribution per subgenome in X.
laevis. (b) Ka/Ks in X. laevis and X. tropicalis.

To date the pseudogenes, we aligned them with the protein coding regions in L, S and
the outgroup X. tropicalis (Methods: Search and alignment of orthologs and evolution
rates). The coding regions in S are generally less conserved than in L, especially
regarding synonymous substitutions (Ks, Figure 4.4a, p < 2.2e-16; Wilcoxon signed-rank
test). However, the ratio between nonsynonymous and synonymous substitutions
(Ka/Ks) is only slightly higher in S compared to L (Figure 4.4b, p < 2.2e-16; Wilcoxon
signed-rank test). The difference in Ks between the L and S subgenomes shows that S
has been subject to moderately higher mutation rates than L. In order to examine
whether the relatively high level of mutations in the S genome persists to this day, we
examined the level of SNPs separating the published inbred genome [8] and the
progeny of two outbred individuals (Methods: SNP calling). We observe that the level of
SNPs in the S genome is 3% higher than in the L genome in intergenic (p = 5e-136;
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Chi-squared test) and intronic regions (p = 8e-101; Chi-squared test). A similar
difference is observed in 4-fold degenerate (4D) positions of coding DNA (also assumed
to be under relaxed constraint) but this is not statistically significant (Additional file 4).
The 4D positions exhibit a SNP density higher than in non-coding DNA; this correlates
with an overrepresentation of CpGs in coding DNA (Supplementary: Figure S4) and has
been observed before in human genomes [20].
Given that the hybridization event occurred 17 Mya [8], the higher SNP density in S
relative to L (Additional file 4) cannot be a relic from the time before the hybridization,
(Additional file 5) and it suggests that the relatively high rate of genome degradation in
S continues to this day. To examine the continuity of this genome degradation we dated
unitary pseudogenes [21] caused by point mutations and/or deletion-related events
(Figure 4.5a). We distinguish four, non-exclusive types of pseudogenes: genes that
contain a premature stop codon, genes of which the coding sequence is at least 50%
shorter than their homeolog and their ortholog in X. tropicalis, genes that have lost at
least the 75% of their promoter relative to their homeologs that do have a promoter
decorated with H3K4me3 in embryos, and genes that contain a frameshift. We
furthermore required for each class that the pseudogene candidate is expressed at least
10-fold lower than its homeolog. In all cases, we do observe that the rate of
pseudogenization has increased dramatically around 18 Mya, i.e. close to the inferred
date of the hybridization, and that that rate is 2.3 fold higher in S than in L (Figure 4.5a).
Furthermore, this rate continues to be high until this day for every class considered
(Figure 4.5b). We obtained very similar results when we included one-to-one orthologs
from additional species in the dating of the pseudogenes and bootstrapped the results
per gene to obtain confidence intervals (Methods, Bootstrapping pseudogene dates)
(Supplementary: Figure S5). When we separate the pseudogenes into non-overlapping
classes we observe that deletions are a prevalent cause of pseudogenization (39% and
44% on resp. L and S), and, as expected, the older pseudogenes are affected by more
than one type of damage (Supplementary: Figure S6). Pseudogenization after genome
duplication has been observed to affect certain classes of protein functions more than
others, with metabolic functions often being the first ones to be lost relative to
regulatory proteins [6]. Indeed, when we date the loss of genes in the function
categories associated with the loss, we find an overrepresentation of various metabolic
processes, with the pseudogenes belonging to those categories dating often shortly
after the WGD event (Supplementary: Figure S7).
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We found no evidence for the preferential loss of complete complexes rather than
partial complexes, e.g. for dimers the fraction of cases where of both genes only a single
copy was left (17.6%), was not higher than the expected percentage if we assumed the
losses of the genes from complexes to be independent from each other (18.0%)
(Methods). To test for the influence of a potential dosage effect on gene loss, we
compared the predicted genome-wide haploinsufficiency score (GHIS) [22] of the
human ortholog of X. laevis homoeolog and singleton genes (Supplementary: Figure
S8). Singletons indeed have a significantly lower GHIS score than homeologs (p =
1.1e-17; Mann-Whitney U test), although the difference is minor (3.0%).
To find independent evidence that the rate of pseudogenization in X. laevis remains
high until the present we examined genes that appeared to be polymorphic with
respect to their pseudogene state: i.e. we searched for protein truncating variants
(PTVs) (variants which potentially disrupt protein-coding genes) in the progeny of two
of our outbred genomes (Methods: SNP calling) relative to the published inbred
genome [8]. Among all possible PTVs, we limited the analysis to SNPs that introduce a
premature stop codon (nonsense mutations), as they can be called relatively reliably
[23]. As a reference, we compared the nonsense SNP density with the one we measured
in X. tropicalis using the same type of data and settings to call the SNPs: i.e. the progeny
of two outbred genomes. In the 23,667 annotated genes in L and 16,939 in S we detect
528 (2.23%) and 367 (2.17%) genes with at least one loss of function variant. In contrast,
in the 26,550 genes of X. tropicalis we detect only 388 (1.46%) loss of function variants
(Figure 4.5c, left). When normalizing the nonsense variants by the total number of SNPs
in coding regions per (sub) genome, the fraction of premature stop variants in S (5.9e-3)
is slightly higher than that in L (5.7e-3) while both are substantially and significantly
higher than in X. tropicalis (4.5e-3; p < 0.001 for both comparisons; Chi-squared test;
Figure 4.5c, right). To substantiate that the selected PTVs are indeed hallmarks of
incipient pseudogenes, we compared their expression with the expression of the other
genes in their respective (sub)genome and found that genes with a SNP introducing a
premature stop codon have a significantly lower expression (Figure 4.5d). Second, we
used the equation for dating of unitary pseudogenes to estimate the time of loss of
selection in the PTV containing genes. We found that genes with this type of variants
present in the population show evidence of loss of selection when compared to the set
of genes that are not pseudogenes (p = 1e-5; Student’s t-test; Figure 4.5e), and that this
loss of selection is more recent than for pseudogenes with only a single feature for
pseudogenization that is fixed in the population (p = 5.6e-7; Student’s t-test; Figure
4.5e). That we find a higher level of SNPs in S than in L cannot be a relic from the time
before the hybridization in which the S species may have had a higher SNP density than
L, given that the hybridization occurred 17Mya (Supplemental note). Altogether, these
results suggest that, in addition to deletions, a higher mutation rate and a more relaxed
selection pressure in S has contributed to the differences that the subgenomes present
nowadays, including differential gene loss. This gene loss continues to be at a higher
rate than in a closely related diploid species.
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4.2.4. T RANSPOSONS

HAVE

CONTRIBUTED

SUBGENOME - SPECIFIC

ENHANCER ELEMENTS
The results described above document the pervasive loss and ongoing decay of coding
and regulatory sequences after interspecific hybridization genome duplication. We
next asked to what extent regulatory innovations have contributed to genomic
evolution of this species. At many loci, the profile of p300 recruitment is remarkably
different between L and S loci, with differences in both p300 peak intensity and number
of peak regions across homeologous loci, for example in the slc2a2 locus (Figure 4.6a).
We identified 2,451 subgenome-specific p300 peaks lacking any conservation with
either the other subgenome or X. tropicalis (colloquially referred to as ‘new’ enhancers).
There are similar numbers of these non-conserved subgenome-specific p300-bound
elements in the L subgenome (1,214) and the S subgenome (1,237).
Because new sequences can be acquired by transposition, we examined the overlap
of subgenome-specific enhancers with annotated repeats and found that 87% (2,143 of
2,451; overlap >50%) are associated with annotated repeats, compared to 24% (5,557 of
23,017) of all enhancers (p < 1e-308; hypergeometric test). Three repeats (designated
REM1, Kolobok-T2 and family-131) were particularly enriched; individually they
overlap with 37-53% of the subgenome-specific p300 peaks, compared to 3-9% at other
p300 peaks (Figure 4.6b). Together these three annotations account for 1,338 (54%) of
new enhancers, 862 of which have all three annotations overlapping at the same
location. They form a 650 bp sequence with an almost perfect 195 bp terminal inverted
repeat (TIR), the most terminal 65 bp of which shows 83-90% similarity with the TIRs of
a Kolobok-family DNA transposon present in X. tropicalis (Supplementary: Fig. S9).
This specific Kolobok DNA transposon carries the REM1 interspersed repeat and is
present almost exclusively in X. laevis (8,833 and 8,802 copies in resp. L and S, versus
four copies in X. tropicalis), suggesting that it is a relatively young transposable element
that proliferated after the split with X. tropicalis. It carries several transcription factor
motifs, including the Eomes T-box motif and the Six3/Six6 homeobox motif (Figure
4.6c).
We examined the correlation of the new Kolobok enhancers with gene expression
and found that genes with a transcription start site within 5kb of these
subgenome-specific Kolobok enhancers are more highly expressed than other genes in
that subgenome (p = 1e-4 for L and p = 8e-5; Mann-Whitney U test) (Supplementary:
Fig. S10), suggesting that the new enhancers are inserted close to active genes and/or
promote the expression of these genes.
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Figure 4.6: Sub-genome-specific recruitment of p300 is associated with transposable elements.

Subgenome-specific p300 peaks are enriched for transposable elements carrying transcription
factor motifs active in early development. (a) Differential regulation of the slc2a2 homeologs at
stage 10.5. Shown are the genomic profiles of H3K4me3 (green), RNA Polymerase II (RNAPII;
purple), H3K36me3 (blue) and p300 (yellow) ChIP-seq tracks, as well as DNA methylation levels
determined by whole-genome bisulfite sequencing (grey). The top panel shows slc2a2.L, which is
highly expressed, as evidenced by RNAPII and H3K36me3, and has a number of active enhancers
(a-g), while slc2a2.S, shown in the bottom panel, is expressed at a lower rate. The conservation
between the L and S genomic sequence is shown in gray between the panels. Differential
enhancers between L and S are highlighted in yellow, which illustrates lost enhancer function (a,b),
conserved enhancer function (c-e) and deleted enhancers (f,g). (b) Subgenome-specific p300
peaks are associated with DNA transposon repeats (Threshold p ≤ 10e-4, 2 times fold enrichment
compared to all X. laevis peaks, and present at least in 15% of the peaks). The barplots show the
frequency of occurrence of each of the three repeat types per megabase in the three (sub)genomes.
Over the bars is represented the percentage of subgenome-specific peaks overlapping with the
corresponding repeat. (c) Transcription factors found to be enriched in the subgenome-specific
p300 peaks (Threshold p≤10e-4, 3 times fold enrichment compared to all X. laevis peaks, and
present at least in 20% of the peaks).
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4.2.5. R EGULATORY REMODELING BY TRANSPOSONS IN X. TROPICALIS × X.
LAEVIS HYBRIDS
The gene expression (Figure 4.2) and p300 recruitment (Figure 4.6) differences between
the L and S subgenomes may have been caused by regulatory incompatibilities
affecting enhancer activity or DNA methylation, which could act immediately upon
interspecific hybridization. Alternatively, these differences may represent the long-term
effects of genomic co-evolution of the two subgenomes. To examine whether the
differences between the two subgenomes were caused by the hybridization event itself,
we determined the immediate effect of hybridization on DNA methylation and the
patterns of H3K4me3 and p300 enrichment at regulatory regions. We generated
embryos obtained by fertilization of X. laevis eggs (LE) with X. tropicalis sperm (TS).
The resulting LETS hybrid embryos were compared to normal laevis (LELS) and
tropicalis (TETS) embryos. The reverse hybrid (TELS) was not viable, as previously
described [24].
To examine the early potential changes in DNA methylation, we performed whole
genome bisulfite sequencing on the DNA of LETS, LELS and TETS embryos. The overall
methylation in hybrid and normal embryos is almost identical at 92%. We identified a
total of 709 differentially methylated regions (DMR) (FDR =0.05); 181 and 72
hypermethylated and 384 and 72 hypomethylated regions in respectively the X. laevis
and X. tropicalis genomes. This reflects both gain and loss of DNA methylation in the
sub-genomes of LETS hybrid embryos (Figure 4.7f-g). There is no evidence in the
underlying DNA sequence signatures for these regions being related to gene-regulatory
regions (Supplementary: Figure S11a-d). They are also not in close proximity of genes
and may represent regions with inherently unstable DNA methylation. The global
pattern of H3K4 trimethylation at promoters is also quite similar in hybrids and normal
embryos; less than 10 peaks changed in hybrid embryos relative to normal embryos
(Supplementary: Figure S11e).
Recruitment sites of p300 however, are specifically gained and lost at several subsets
of X. tropicalis genomic loci in hybrid embryos (Figure 4.7a); 629 p300 recruitment sites
were gained (a 2.6% increase relative to normal X. tropicalis embryos), whereas just 67
p300-bound regions were lost (adjusted p-value cutoff 1e-5). In the X. laevis part of the
hybrid genome none were lost or gained (Figure 4.7a), indicating that the changes in the
hybrid are biased towards the paternal X. tropicalis genome. To assess the epigeneticstate
of the gained and lost p300-binding regions, we used our epigenome reference maps of
histone modifications in X. tropicalis [16]. Among all the marks tested, only H3K9me3
was significantly enriched, specifically at sites of gained p300 recruitment (Figure 4.7b),
suggesting that these regions are heterochromatic in normal (TETS) embryos but can
recruit the p300 co-activator in LETS hybrid embryos.
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Figure 4.7: (a) Changes in p300 recruitment in LETS hybrids. In the X. tropicalis genome there

are new hybridization-induced peaks as well as peaks that disappeared after hybridization. In
the X. laevis genome there are no changes. (b) Newly introduced peaks appear to be repressed
by H3K9me3 in X. tropicalis embryos. (c, bottom) A significant number of hybrid-specific peaks
are associated with DNA transposon repeats (Threshold p≤10e-6, > 20 times fold enrichment
compared to all X. tropicalis peaks and present at least in 10% of the peaks). (c, top) The bar plots
show the frequency of occurrence of Motif:lcl|rnd-1_family-451_DNA, Motif:rnd-1_family-203
and Motif:lcl|rnd-1_family-189_DNA_PiggyBac repeats per megabase in the three (sub)genomes.
Those repeats are X. tropicalis specific, as they occur more often compared to X. laevis genomes.
(d) Profiles of X. tropicalis embryos p300 and LETS hybrid p300 in X. tropicalis hybridizationinduced peaks loci. New peaks overlap with DNA transposon repeats. (e) Newly introduced
peaks found to be enriched in TF DNA binding sites (Threshold p≤10e-6, 5 times fold enrichment
compared to all X. tropicalis peaks, and present at least in 10% of the peaks). The transcription
factors that can bind these motifs include Homeobox factors, C2H2 Zinc finger proteins (CTCF,
ZNF232), PAX4, TERF and T-box factors. The AATC motif, marked by an asterisk, is annotated
in TRANSFAC as a GATA1 motif, but closely resembles a Paired Homeobox consensus motif. (f)
Differentially methylated regions (DMRs) in hybrid embryos (g) DNA methylation profiles showing
the DNA methylation instability in LETS hybrids.
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While examining the p300 hybrid-specific recruitment sites, we noticed that
transposable elements were present at many locations (Figure 4.7c, d); 82% of the
hybrid-specific p300 peaks overlapped more than 50% with annotated repeats. We
therefore examined the occurrence of specific repeats at gained p300 sites, and found
that three repeat annotations (family-451, 203 and 189) were strongly enriched (p =
1e-5; hypergeometric test), each accounting for 20-37% of all newly gained p300 peaks,
whereas they only overlap with <1% of other p300 peaks (Figure 4.7c, lower panel). The
three repeat annotations strongly co-occur and form a 1.3 kb sequence with a 200 bp
imperfect TIR, which shows 80% similarity with those of known PiggyBac-N2A DNA
transposons (Supplementary: Figure S12). We recently found that DNA transposons
that are heterochromatinized by H3K9me3 in X. tropicalis embryos are relatively young
relative to other transposable elements [25]. Indeed, the piggyBac DNA transposons
that gain p300 binding in hybrids are much less abundant in X. laevis than in X.
tropicalis, suggesting that these relatively young transposons get derepressed in the X.
laevis egg which has had little prior exposure to this transposon. These elements also
carry transcription factor binding sites.
Nine motifs are enriched (p = 1e-5;
hypergeometric test) and are present in 10-35% of gained p300 recruitment sites,
compared to a 1-3% prevalence of these motifs in other p300 peaks (Figure 4.7e). These
DNA binding motifs represent binding sites of Homeodomain and T-box binding
factors, which are abundantly expressed during early embryogenesis.
These results document DNA transposon-associated p300 recruitment and DNA
methylation instability in experimental interspecific hybrids.

4.3. D ISCUSSION
The genomes of the parental Xenopus species that gave rise to X. laevis through
interspecific hybridization have remarkably been maintained as separate and
recognizable subgenomes propagated on different sets of chromosomes [8]. These
clearly distinguishable subgenomes allow detailed analyses of the patterns of
(epi)genomic loss and regulatory remodeling. The loss of genes, regulatory elements
and genomic sequence is caused predominantly by deletions and mutations in both
subgenomes, which erode the S subgenome more strongly than the L subgenome. Such
biased loss of genes has been observed in polyploid plant species and has been
suggested to be a general result of allo-polyploidisation, in contrast to
auto-polyploidies where the subgenomes are indistinguishable and degrade at a similar
rate [9]. As to why one particular subgenome erodes more quickly than another, one
hypothesis is that interspecific hybridization generates a crisis, referred to as ‘genomic
shock’, for example by transposon reactivation on one of the subgenomes which can
disrupt coding sequences [26]. Consistent with this possibility is the proliferation of
S-specific Mariner DNA transposons in X. laevis at the time of hybridization [8]. Also
consistent with transposon reactivation are our results from artificial X. tropicalis × X.
laevis hybrids (LETS, X. laevis eggs, X. tropicalis sperm), in which a set of X.
tropicalis-specific DNA transposons recruits the p300 co-activator in the hybrid,
whereas normally they are repressed by H3K9me3. Relatively young DNA transposons
are heterochromatinized with H3K9me3 [25], but when introduced into eggs that have
been little exposed to these transposons these mechanisms may fail. We have not been
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able to detect transposon expansion in the short time of Xenopus hybrid embryogenesis
(data not shown), but together the observations suggest that transposon reactivation
can contribute to genomic perturbations in hybrids. Similarly, in the Atlantic salmon,
which has undergone several (320 Mya, 80 Mya) whole genome duplications,
transposon expansion has been associated with the whole genome duplication event
and with chromosome rearrangements [6].

All in all, the higher level of genome degradation in S relative to L appears to be the
result of a slightly higher mutation rate and a considerably higher deletion rate in S,
combined with less selection against the loss of (epi)genetic elements in S than in L.
The higher deletion and mutation rates are supported by higher numbers of deletions
and SNPs in regions that appear not to be under selection: intergenic regions, introns
and redundant coding positions. Reduced selection against the loss of genetic elements
from S relative to L is supported by a larger difference in the loss of p300 peaks and
promoters relative to the background in the L subgenome than in the S subgenome and
a slightly but significantly lower Ka/Ks ratio in the L subgenome relative to the S
subgenome.
The deletions bear the hallmarks of NAHR [29]; the retained regions in the other
subgenome are enriched for ancient repeats and the sequence similarity between the
flanks of the region is higher than expected by chance. The S chromosomes have also
experienced significantly more rearrangements including inversions [8]. Normally, in
meiotic recombination double strand breaks are fixed using allelic sequences. In the
absence of proper chromosome pairing, other non-allelic homologous sequences, for
example repeats in the same chromosome, are used for double strand break repair,
leading to deletions and inversions [29].
Interestingly, Prdm9, a fast-evolving
mammalian DNA-binding protein involved in meiotic chromosome pairing and
recombination hotspot selection, has been implicated in hybrid sterility in mouse
[30, 31]. There is no known one-to-one ortholog of Prdm9 in Xenopus and the L and S
subgenome-encoded proteins involved in meiotic double strand break repair are also
not fully known, but it is conceivable that their skewed expression or activity is involved
in subgenome-biased NAHR.
The results reported here identify a major role for repetitive elements in subgenome
bias, gene loss and regulatory remodeling. Not only sequence loss by NAHR is linked to
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In contrast to these short-term effects of hybridization, our analyses indicate that
new pseudogenes continue to arise, both by mutations that cause premature stop
codons, and by deletions that truncate the coding region or delete intergenic or
promoter regulatory sequences. An elevated rate of pseudogene formation is observed
on both the L and S subgenomes since the time of hybridization ( 17 Mya, cf. Figure 4.5)
up to the present day, suggesting genome erosion is a continuous process that has been
and still is higher on S compared to L. Consistent with this result is a mildly elevated
level of SNPs observed in S relative to L (Figure 4.4; Additional file 4). The cause of the
higher mutation rate of the S subgenome is unknown. The local mutation rate has been
shown to correlate with replication timing [27], and it is possible that there are subtle
but consistent differences in replication timing between the two subgenomes. It can
also be due to differences in background selection [28], in which selection against
non-neutral variants would also reduce neutral variation in their vicinity.

120

4. R EGULATORY REMODELING IN THE ALLO - TETRAPLOID FROG X ENOPUS LAEVIS

repeats, subgenome-specific acquisition of enhancer elements is also overwhelmingly
associated with transposable elements. Moreover, young transposons also gain p300
recruitment in X. tropicalis × X. laevis hybrids. DNA transposons can contribute
sequence variation to the genome, which can affect gene expression by changing the
local chromatin state at the site of insertion, resulting in metastable epi-alleles [26].
Once a host is invaded, transposable elements usually duplicate freely before they
become repressed. When introduced in relatively unexposed eggs this repression may
be lost. Interestingly, transposable elements can be co-opted as enhancers for the
regulation of developmental genes [32, 33]. Transcription factors have been found to
bind to transposable elements with open and active chromatin signatures in both
human and mouse cells, but the binding patterns were largely different between the
two species [34], suggesting that transposons contribute to regulatory change during
evolution. In addition to the potentially large and sudden changes in regulatory
potential caused by transposition, mutational changes are known to cause
transcription factor binding sites to be lost and gained [17, 35], causing turnover and
change in the regulatory landscape over longer time scales.

4.4. C ONCLUSION
It is not known exactly how the ancient two rounds of whole genome duplications at the
root of the vertebrate tree have contributed to genome evolution. Its analysis is
confounded by the pervasive loss of homeologs over hundreds of millions of years and
the absence of tractable subgenomes. The X. laevis interspecific hybridization and
genome duplication event is one of the most recent vertebrate genome duplications.
Excitingly, the clearly distinguishable chromosomes of different parental origins allow
for reconstruction of the parental genomes. We have found evidence for a pervasive
influence of repetitive elements, driving gene loss and genomic sequence loss through
NAHR, in addition to remodeling of the regulatory landscape through
transposon-mediated gain of coactivator recruitment.
In combination with
experimental interspecific hybrids, Xenopus can therefore be a powerful new model
system to distinguish the short and long-term consequences of hybridization and to
study the mechanisms of vertebrate genome evolution.

4.5. M ETHODS
4.5.1. A NIMAL P ROCEDURES
Embryos were generated using IVF (in vitro fertilization) with outbred animals,
including LELS embryos (laevis eggs-laevis sperm), TETS embryos (tropicalis
eggs-tropicalis sperm) and LETS embryos (laevis eggs-tropicalis sperm). X. laevis
female frogs were injected with 500U of hCG (human chorionic gonadotropin,
BREVACTID 1500 I.E) 16 hours before IVF. A X. laevis male was sacrificed and isolated
testis was macerated in 2 mL Marc’s Modified Ringer’s medium (MMR) to be used
immediately for fertilization. Both male and female X. tropicalis frogs were primed with
100 and 15U of hCG 48 hours before IVF. Five hours prior to egg laying, females were
boosted with 150U of hCG. Male testis was always isolated fresh. The testis was
macerated in 2 mL FCS-L15 (10% fetal calf serum-90% L15 medium) cocktail and used
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4.5.2. C H IP- SEQUENCING
Embryos (n = 35-90, two biological replicates for every ChIP experiment) were fixed in
1% formaldehyde for 30 minutes at Nieuwkoop-Faber stage 10.5. Embryos were washed
once in 125 mM glycine / 25% Marc’s Modified Ringer’s medium (MMR) and twice in
25% MMR, homogenized on ice in sonication buffer (20 mM Tris-HCl, pH 8/10 mM
KCl/1mM EDTA/10% glycerol/5 mM DTT/0.125% Nonidet P-40, and protease inhibitor
cocktail (Roche)). Homogenized embryos were sonicated for 20 minutes using a
Bioruptor sonicator (Diagenode). Sonicated extract was centrifuged at top speed in a
cold table-top centrifuge and supernatants (ChIP extracts) were snap frozen in liquid
nitrogen and stored at –20◦ C until use. Prior to assembling the ChIP reaction, the ChIP
extract was diluted with IP buffer (50 mM Tris-HCl, pH 8/100 mM NaCl/2mM EDTA/1
mM DTT/1% Nonidet P-40, and protease inhibitor cocktail) and then incubated with
1–5 µg of antibody and 12.5 µl Prot A/G beads (Santa Cruz) for an overnight binding
reaction on the rotating wheel in the cold room. The following antibodies were used:
H3K4me3 (Abcam ab8580), H3K4me1 (Abcam ab8895), p300 (C-20, Santa Cruz sc-585),
H3K36me3 (Abcam ab9050) and RNA polymerase II (Diagenode C15200004). The beads
were sequentially washed, first with ChIP1 buffer (IP buffer plus 0.1% sodium
deoxycholate), then ChIP2 buffer (ChIP1 buffer with 500 mM NaCl final concentration),
then ChIP3 buffer (ChIP1 buffer with 250 mM LiCl), then again with ChIP1 buffer, and
lastly with TE buffer (10 mM Tris, pH 8/1 mM EDTA). The material was eluted in 1%
SDS in 0.1 M sodium bicarbonate. Cross-linking was reversed by adding 16 µl of 5 M
NaCl and incubating at 65◦ C for 4–5 hours. DNA was extracted using the Qiagen
QIAquick PCR purification kit. ∼10 ng input DNA was used for sample preparation for
high-throughput sequencing on an Illumina HiSeq 2000 or NextSeq (according to
manufacturer’s protocol).
4.5.3. RNA- SEQUENCING
For RNA-sequencing experiments total RNA was extracted from 20 Nieuwkoop-Faber
stage 10.5 embryos (two biological replicates each for LELS and LETS respectively) using
Trizol and Qiagen columns. 4-5 µg of total RNA was treated with DNase I on column
and depleted of rRNA (ribosomal RNA) using Magnetic gold RiboZero RNA kit (Illumina)
resulting in a yield of 45 - 52 ng of rRNA depleted total RNA. 2 ng of rRNA-depleted total
RNA was reserved for Experion (Bio-Rad) quality assessment run for rRNA depletion and
the remaining was used for first and second strand synthesis (strand-specific protocol).
Total yield of dscDNA was between 14.5-15.8 ng and out of this 1.2 - 5 ng was used for
sample preparation for high high-throughput sequencing (according to manufacturer’s
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immediately for IVF. LETS embryos were obtained similarly using species and
sex-specific hormonal stimulation as described above. Once the macerated sperm
suspension was mixed vigorously over the layered eggs, they were left undisturbed for
three minutes and then the Petri dish was flooded with 25% MMR for the fertilized X.
laevis eggs (LELS and LETS) and 10% MMR was added to the fertilized X. tropicalis eggs
(TETS). Embryos were cultured at 25◦ C. The jelly coats were removed 4 hpf (hours
post-fertilization) using 2% cysteine in 25% MMR (pH 8.0) for LELS and LETS and using
3% cysteine in 10% MMR (pH8.0) for TETS.
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protocol). qPCR quality controls before and after sample preparation corroborated well
and relative depletion of 28S rRNA compared to control genes (eef1a1 and gs17) was
taken as a quality assessment indicator for sequencing-grade dscDNA.

4.5.4. C H IP- SEQ AND RNA- SEQ DATA ANALYSIS
ChIP-seq reads were mapped to the X. laevis genome (Xenla9.1) using bwa mem
(version 0.7.10-r789) with default settings [36]. Duplicate reads were marked using
bamUtil v1.0.2. Where applicable (H3K4me3, p300) peaks were called using MACS
(version 2.1.0.20140616)[37] relative to the Input track using the options –broad -g 2.3e9
-q 0.001. –buffer-size 1000. Peaks were combined for replicates using bedtools intersect
(version v.2.20.1) [38]. Figures of genomic profiles were generated using fluff v1.62 [39].
In addition to the RNA-seq triplicate produced in this study, we used the eight stage
10.5 samples from NCBI GEO series GSE56586 (GSM1430926, GSM1430927,
GSM1430928, GSM1430929, GSM1430930, GSM1430931, GSM1430932, GSM1430933).
RNA-seq reads were mapped to the Xenla9.1 genome with the JGI 1.8 annotation using
STAR version 2.4.2a [40]. Quantification of expression levels was performed using
express eXpress version 1.5.1 [41]. The mean expression level (TPM; transcript per
million) per transcript was obtained by combining all replicates.
4.5.5. M ETHYL C- SEQ FOR WHOLE - GENOME BISULFITE SEQUENCING
Genomic DNA from Xenopus embryos (LELS and LETS, n = 20-50, NF stage 10.5) was
extracted as described before [42] with minor modifications. Briefly, embryos were
homogenized in 3 volumes STOP-buffer (15 mM EDTA, 10 mM Tris-HCl pH7.5, 1% SDS,
0.5 mg/mL proteinase K). The homogenate was incubated for 4 hours at 37◦ C. Two
phenol:chloroform:isoamyl alcohol (PCI, 25:24:1) extractions were performed by
adding 1 volume of PCI, rotating for 30 minutes at RT (room temperature) and spinning
for 5 minutes at 13k rpm. DNA was precipitated in 1/5 volume NH4AC 4M plus 3
volumes EtOH with an overnight incubation at 4◦ C. Subsequently, the DNA was spun
down for 20 minutes at 13k rpm in a cold centrifuge and the pellet was washed with
70% EtOH and dissolved in 100 µL of DNAse free water. To remove contaminating RNA,
a 2 hours RNase A (0.01 volume of 10 mg/mL) treatment was performed at 37◦ C.
Sample was further purified with two Mg/SDS precipitations. 0.05 volumes of 10% SDS
plus 0.042 volumes of MgCl2 2M was added to the sample followed by incubation on ice
for 15 minutes. Subsequently, the precipitants were spun down at 4◦ C for 5 minutes at
13k rpm.
A third PCI extraction was also performed followed by only one
chloroform:isoamyl alcohol (CI, 24:1) extraction. DNA was precipitated overnight at
-20◦ C in 2.5 volumes EtOH plus 1/10 volume NaOAc 3M pH 5.2. Next, the precipitated
DNA was spun down for 30 minutes at 13k rpm in a cold centrifuge and the pellet was
washed with 70% EtOH. The purified DNA pellet was then dissolved in 50 µL H2O.
MethylC-seq library generation was performed as described previously [43, 44]. The
genomic DNA was sonicated to an average size of 200 bp, purified and end-repaired
followed by the ligation of methylated Illumina TruSeq sequencing adapters. Library
amplification was performed with KAPA HiFi HotStart Uracil+ DNA polymerase (Kapa
Biosystems, Woburn, MA), using 6 cycles of amplification. MethylC-seq libraries were
sequenced in single-end mode on the Illumina HiSeq 1500 platform. The sequenced
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reads in FASTQ format were mapped to the in-silico bisulfite-converted Xenopus laevis
reference genome (Xenla9.1) using the Bowtie alignment algorithm with the following
parameters: -e 120 -l 20 -n 0 as previously reported [45, 46]. Differentially methylated
regions were called using the methylpy pipeline, as described before [46], with FDR <
0.05 and the difference in fraction methylated larger than or equal to 0.4. To estimate
the bisulfite non-conversion frequency, the frequency of all cytosine base-calls at
reference cytosine positions in the lambda genome (unmethylated spike in control) was
normalized by the total number of base-calls at reference cytosine positions in the
lambda genome. See below for sequencing and conversion statistics.
DNA-methylation free (hypo-methylated) regions were detected using the hmr tool
from MethPipe version 3.0.0 (http://smithlabresearch.org/software/methpipe)
[47].

4.5.7. W HOLE - GENOME ALIGNMENT
Genome alignment of X. tropicalis and X. laevis was performed using progressiveCactus
version 0.0 (https://github.com/glennhickey/progressiveCactus) [39, 40] with
the default parameters. X. tropicalis, X. laevis L and S were treated as separate genomes
and were aligned using (Xla.v91.L:0.2,Xla.v91.S:0.2):0.4,xt9:0.6) Newick format
phylogenetic tree. In order to reduce computational time alignment was done
per-chromosome, with homeologous chromosomes aligned to each other.
4.5.8. C ALLING DELETIONS
A set of high-confidence deleted regions was obtained using the progressiveCactus
alignment. We extracted all regions from the X. laevis genome that reciprocally aligned
either X. tropicalis and/or to the other subgenome. We then selected all regions that
reciprocally aligned to X. tropicalis but not to the other X. laevis subgenome. We
merged all regions within 10 bp and removed those that overlapped for more than 25%
of their length with gaps. As a final filtering step, we required a sequence that
reciprocally aligned to the other subgenome in both 500 bp flanks of the putative
deletion. Finally, the size of the region between the two aligned flanks should be at most
4kb and at least 3 times shorter than the size of the region in the subgenome where the
sequence was not deleted.
4.5.9. SNP CALLING
SNPs were called using the GATK pipeline (version 3.4-46-gbc02625 [48]) on basis of the
best practices workflow [49, 50]. As input we used a high-coverage ChIP-input track
from a clutch of wild-type embryos compared the reference J-strain genome. The
HaplotypeCaller tool was used to call SNPs. All putative SNPs were subsequently
filtered with the VariantFiltration tool. The filterExpression was set to “QD < 2 || FS >

Chapter 4

4.5.6. A CTIVE TRANSCRIPTION
To consider a region as actively transcribed, we measured the H3K36me3 and RNAPII
marks (as RPKM) of 200.000 random regions in X. laevis to define background levels.
Regions with active transcription are those with at least the average of the measures plus
two standard deviations, for both signals independently.
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60.0 || MQ < 35.0 || MQRankSum <-12.5 || ReadPosRankSum < -8.0” for X. tropicalis. For
X. laevis the same settings were used, except for MQ, which was set to “MQ < 40”. SNPs
passing the filter were required to have at least ten-fold coverage with at least four
observations of the alternative allele. The SNP coverage was calculated relative to the
sequence regions where SNPs could be called given the minimum required coverage, as
determined by the CallableLoci tool from the GATK pipeline.

4.5.10. S EARCH AND ALIGNMENT OF ORTHOLOGS AND EVOLUTION RATES
Orthologs of X. tropicalis were searched in the genome of X. laevis with the
cdna2genome tool from Exonerate [51]. From 14,500 sequences submitted, 14,276 were
successfully scanned. From those, 10,935 found a match in both subgenomes, leaving
3343 sequences that did not return any sequence from either L or S subgenomes or
both. Among the sequences with a match in both subgenomes, those having no
synteny (939) were discarded because they were potential wrong matches in closely
related gene families.
Once we had our three sequences per gene (9996), we aligned them using MACSE
[52], which allows frameshifts and premature stop codons, with the following
parameters: gap creation -18, gap extension -8, frameshift creation -28, premature stop
codon -50. 10 sequences were discarded in this step. In order to obtain evolutionary
rates of each of the three copies per gene triangle, we performed ancestral sequence
reconstruction with FastML [53], which gave us the most likely sequence present at the
speciation between X. laevis L and S ancestors. Once we obtained this crossroad
sequence, we measured the amount of ratio of nonsynonymous mutations per
nonsynonymous sites versus synonymous mutations per synonymous sites (i.e., Ka/Ks
ratio) using the seqinR package [54].
4.5.11. P SEUDOGENE DATING
Similar to Zhang et al. [21] we related the excess of nonsynonymous mutations to the
evolving rate average of the gene to date the approximate time when the copy lost
constraint on its sequence.
4.5.12. B OOTSTRAPPING PSEUDOGENE DATES
We took the pseudogene candidates and retrieved their annotated 1 to 1 orthologs in
human, mouse and chicken through Ensembl. We then aligned them using MACSE
[52][ with default parameters, considering the pseudogene as a “less reliable” sequence.
After this, we reconstructed the ancestral sequence with FastML [53] and then
measured the Ka/Ks ratio using the seqinR package [54]. In order to confirm the
reliability of these results, we bootstrapped the alignments 1000 times each and
measured the Ka/Ks ratios of all of them. Briefly, we cut up the alignments in codons
and we built an artificial alignment of the same length of the original protein by
randomly adding (with replacement) aligned codons found in the original alignment.
4.5.13. QUANTIFICATION OF GENOMIC LOSSES PER GENOMIC REGION
Using the deletions track generated through the deletions call step (see Methods:
Calling deletions), we quantified the amount of DNA lost per genomic region by
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measuring the overlap between both coordinates. To do so, we used the R packages
rtracklayer [55] and GenomicRanges [56]. To compare the observed distribution of
deletions to the expected distribution, we performed 1000 genomic randomizations of
the deletions, keeping features on the same chromosome, using bedtools shuffle [38]
with the -chrom argument. P-values for enrichment or depletion of overlap with
specific features were calculated based on the z-score obtained from the 1000
randomizations. P-values for differences in observed/expected rate between L and S
chromosomes were calculated using the Mann-Whitney U test. All P-values were
adjusted for multiple testing using the Benjamini-Hochberg approach.

4.5.14. G ENE O NTOLOGY TERM ENRICHMENT ANALYSIS
Term enrichment analysis was performed using PANTHER [57]. Briefly, we used X.
tropicalis orthologs names of the pseudogenes discussed in section 6 and we compared
it to the list of genes in X. tropicalis that successfully returned syntenic orthologs in X.
laevis (see Methods: Search and alignment of orthologs and evolution rates).
4.5.15. QUANTIFICATION OF PREFERENTIAL LOSS OF COMPLETE PROTEIN
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COMPLEXES
We took the hetero-dimers from the human protein complex CORUM database [58] and
examined the extent to, when completely represented in the X. laevis genome (357
complexes), both genes were present on both genomes (170 complexes), only one gene
was present on both genomes (124 complexes), or both genes were present on only a
single genome (63 complexes). Also, extending the analysis to trimers did not show an
over representation of completely lost complexes.
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4.6.3. AVAILABILITY OF DATA AND MATERIALS
The data have been deposited in NCBI’s Gene Expression Omnibus [35] and are
accessible through GEO Series accession numbers GSE76059 (X. laevis ChIP-seq) [59],
GSE92382 (genomic DNA; X. laevis RNA-seq; X. tropicalis × X. laevis ChIP-seq) [60],
GSE90898 (X. tropicalis × X. laevis whole-genome bisulfite sequencing) [61] and
GSE67974 (X. tropicalis ChIP-seq) [62].
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Figure S1. Strategy for calling deletions based on blocks of sequence conserved between one
X. laevis subgenome and X. tropicalis, but lost from the other subgenome.

Figure S2: Fraction of genomic regions lost by deletions. Numbers on top of the bars
represent the ratio of the fraction lost in S relative to the one lost in L. Intergenic: 1kb
distance from a gene. Intronic: introns. Exonic: UTRs + CDS. IntronicTx: introns from genes
actively transcribed. ExonicTx: Exons from genes actively transcribed. p300: genomic
fragments having a p300 peak. H3K4me3: genomic fragments having a H3K4me3 peak.
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Figure S3. Number of repeats on L and S chromosomes.

Figure S4: CpG density is in CDS and in introns for both L and S subgenomes
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Figure S5: Dating of pseudogenes using extra species. (a) Number of likely pseudogenes (i.e.,
a gene presenting one or more pseudogene features and 10 times less expression than its
homeolog) which have been successfully aligned to their orthologs in human, mouse and
chicken, binned by predicted date of pseudogenization event (b) Likely pseudogenes with
different (non-exclusive) pseudogene features and their sum over the years. The shaded area
depicts the upper and the lower estimates based on the results of the bootstraps.

Figure S6: Median age of each category in each subgenome for pseudogenes with one-to-one
orthologs in human, mouse and chicken.
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Figure S7: GO term enrichment analysis. Each dot is a pseudogene and its predicted
pseudogenization time.
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Figure S8: The distribution of genome-wide haploinsufficiency scores (GHIS;
Steinberg et al.) of the human homologs of X. laevis genes that are
present in eitehr one copy (singleton) or two (duplicate; homeologs).
Genes that are retained as two copies have a significantly higher GHIS
score (p=1.09e-17, Mann-Whitney U).

Figure S9. Structure (top) and sequence (bottom) of X. laevis Kolobok-REM1 DNA
transposon which can recruit the p300 co-activator. The component annotations from the
repeat track are shown.
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Figure S10: Expression of genes without and with new p300 peaks in laevis specific
transposons.
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4.7. S UPPLEMENTARY FIGURES

Figure S11. Analysis of differentially methylated regions (DMRs) and H3K4me3 in hybrid
embryos. (a-d) Receiver-Operator Curves (ROC) of Support Vector Machines trained on
DMR k-mers versus k-mers present in random genomic DNA (red), H3K4me3-positive
promoter regions, and unmethylated regions (blue) profiled using Bio-CAP [55]. Areas under
the curve (AUC) > 0.5 imply that the SVM distinguishes DMR sequence from other
sequences in the case of lost (a) or gained (b) DNA methylation in the X. tropicalis
subgenome of hybrid embryos, and lost (c) or gained (d) DNA methylation in the X. laevis
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subgenome of hybrid embryos. DMR sequences appear to be different from promoters
(H3K4me3 ChIP-seq peaks), unmethylated CpG islands and random genomic sequences,
suggesting they represent a specific subset of genomic sequences. However, DMRs with
gained DNA methylation (HyperMe) were indistinguishable from DMRs with lost DNA
methylation (HypoMe; not shown). A similar result was obtained in the comparison between
DMRs present in the X. laevis L and S genomes. This indicates that there are no specific
sequence signatures distinguishing different types of DMRs (de novo methylated or
demethylated, X. tropicalis or X. laevis). (e) Virtually no gain or loss of H3K4me3 peaks was
observed in the subgenomes of LETS hybrid embryos.

Figure S12. Structure (top) and sequence (bottom) of the X. tropicalis PiggyBac 451.203.189
DNA transposon which can recruit the p300 co-activator in LETS hybrid embryos. The
component annotations from the repeat track are shown.
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Control of gene regulation is fundamental to the life cycle of all multicellular organisms.
Establishment of new zygotic instructions through gene expression, a process that is
activated by the maternal program is called zygotic genome activation (ZGA). Thus, the
earliest genes expressed support the rapid cell divisions that precede morphogenesis.
Here, we identify the earliest zygotic transcripts in Xenopus laevis through metabolic
labeling and purification of RNA from staged embryos. We find that a large fraction of
these early transcripts are nascent and not fully spliced. Early RNA transcription is
dominated by rRNA and maternal-embryonic transcripts are abundant and represent
61% of the earliest transcribed genes.
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The transition from maternal to zygotic control is a fundamental aspect of vertebrate
embryonic development. Genomes are transcriptionally inactive from fertilization until
zygotic genome activation (ZGA). Thus, the earliest genes expressed probably support
the rapid cell divisions that precede morphogenesis and, if so, might be evolutionarily
conserved. Here, we identify some of the key features of the early transcriptome, which
in our understanding are a small but important step in expanding this line of research.

5.1. I NTRODUCTION
Cellular RNA levels are strictly regulated via RNA production, processing and
degradation machineries. These machineries supplement the cell’s repertoire of RNA
according to its developmental requirement. The remodelling of a fertilized oocyte into
a totipotent zygote depends upon the mRNAs accumulated in the oocyte during
oogenesis. In almost all animals, the fertilized egg is transcriptionally inactive for a
number of cleavage cycles, the number of which is different among species. In Xenopus,
the embryonic genome is transcriptionally inactive after fertilisation and zygotic
genome activation (ZGA) takes place after 12 synchronous cell divisions [1]. It is
accompanied by lengthening of the cell cycle, loss of synchrony and degradation of
maternal RNAs. Together, these processes are termed as the mid-blastula transition
(MBT) [2–5]. Mouse embryos undergo bursts of transcription at 1-cell and 2-cell stages
which constitutes a minor and major wave of ZGA, involving as many as 800 and 3,500
genes, respectively [1, 6–8]. Human embryos are transcriptionally active at 1-cell stage
followed by a major wave of transcription at 4-8 cell stage [9, 10]. In other vertebrates
like zebrafish and Xenopus, peak zygotic transcription occurs after several cell cycles
have elapsed. In zebrafish, onset of transcription occurs between 64-cell and 256-cell
stages (cycles 7-9) [11–14]. In Xenopus embryos several hundred transcripts start
appearing between cycles 6 and 9, ramping up to high levels of transcription at the
MBT, which is 12-13 cycles into development [15, 16]. These patterns reveal that ZGA is
regulated by multiple, diverse mechanisms that are controlled by cell cycle dynamics
and developmental contexts. Of special interest are the earliest (pre-MBT) transcribed
zygotic genes, function of which remains to be elucidated.
Maternally deposited RNAs greatly outnumber the newly transcribed zygotic
transcripts. For example in zebrafish at the peak of zygotic expression 60 to 70% of
mRNA molecules are maternal in origin [13]. This large maternal contribution coupled
with dynamic regulation of maternal mRNAs, including changes in poly(A) tail length,
substantiates the need to distinguish the maternal and zygotic contributions to the
transcriptome pool. This makes RNA analyses and interpretation very complex.
Methods like sequencing total or polyA+ RNA faces limitations as the results are
obscured by the presence of pre-existing maternal RNAs and newly synthesized
maternal-embryonic RNAs. To overcome this limitation, we sought to establish a
method in Xenopus early embryos that can effectively and specifically capture the
earliest complement of zygotically transcribed genes. Metabolic labeling of cellular
RNA in conjunction with high-throughput sequencing has been successfully
implemented in mammalian cells as well as early zebrafish embryos with minimum
interference to cell growth, gene expression and embryogenesis [14, 17, 18]. This
protocol involves labeling of newly transcribed RNA with 4-thiouridine triphosphate
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(4-sUTP), a naturally occurring uridine derivative that is incorporated into the growing
RNA chain in place of uridine and serves as an attachment point for a biotin tag for easy
separation from total cellular RNA [19]. Microinjection of 1-cell stage Xenopus laevis
embryos results in its incorporation into newly transcribed RNA when zygotic
transcription begins. Following isolation of total cellular RNA, the 4-sUTP labeled RNA
is thiol-specifically biotinylated generating a disulphide bond between biotin and the
newly transcribed RNA. Total cellular RNA can then be quantitatively separated into
labeled (newly transcribed) and unlabelled (pre-existing) RNA with high purity using
streptavidin-coated magnetic beads. Finally, labeled RNA is recovered from the beads
by adding a reducing agent like beta-mercaptoethanol, cleaving the disulphide bond
and releasing the newly transcribed RNA from the beads. Here, we use metabolic
labeling coupled with massively parallel RNA sequencing to gain an insight into the
earliest transcriptome. Our data provides a snapshot of the early transcriptome and
specifically labels only the newly transcribed RNA.

In order to identify the full complement of earliest transcribed zygotic genes, we first
established the protocol of labeling RNA metabolically using 4-sUTP. A step-by-step
representation of the protocol is included for clarity (see Figure 5.1A). As a first step
towards protocol development, we first tested the effects of 4-sUTP on Xenopus laevis
embryogenesis. Single cell embryos were microinjected with 4-sUTP (Figure 5.1B, C)
and embryonic development was monitored. The embryos were allowed to grow until
stage 36 and did not show any noticeable 4-sUTP induced physiological defects or
toxicity compared to control (non-injected) embryos. Prior to deep sequencing, we
verified the efficiency of the protocol and quality of metabolically labeled RNA. Control
and 4-sUTP microinjected embryos were developed till stage 9 and total RNA was
harvested, purified and subjected to RT-qPCR (see Figure 5.1A & Methods). Bound
fraction represents the streptavidin-bound RNA which is subsequently eluted with a
reducing agent. Flow-through fraction represents the unbound supernatant. Ratio of
their relative abundance shows efficiency and specificity of metabolic labeling.
Embryonically transcribed gs17, eef1a, t (Xbra) and pou5f3.2 (oct25) are enriched in the
bound microinjected fraction (Figure 5.1E). 28S RNA is abundantly maternally loaded
and hence remains unlabelled and relatively deficient in metabolically purified RNA.
Following verification of the protocol with RT-qPCR data, both stage 8 and stage 9
4-sUTP RNA was subjected to deep sequencing. Since one of the main goals of this
study was to survey early transcribed zygotic genes, we focussed on stage 8 and stage 9
as these are the time-points well before and after the onset of MBT.
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Figure 5.1: Protocol development. (A) Chemical structure of 4-thiouridine-5-triphopsphate (4-sUTP). (B) and
(C) Control non-injected and 4-sUTP microinjected n.f stage 36 Xenopus laevis embryos. (D) A flow diagram
to explain step-wise execution of the metabolic labeling experiment. For details see Results section. (E) Real
time qPCR validation experiments done 4-sUTP (orange) microinjected stage 9 embryos. Relative abundance
is calculated over the total input RNA and the ratio of bound over flow-through represents relative transcript
enrichment. Streptavidin-bound fraction represents the streptavidin-bound fraction which is eluted with
beta mercaptoethanol and flow-through is the unbound supernatant that is recovered post-incubation with
streptavidin beads.
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Metabolically labeled transcripts provide a snapshot of the active transcriptome.
For stage 9, it provides specific information of the transcriptome right after MBT. We
wanted to understand the features of these early transcripts. To accomplish this aim we
also sequenced stage 9 total transcriptome (RZ, ribosomal RNA-depleted) and 4s-UTP
injected polyA+ fraction of total transcriptome. On comparing the distribution of total
reads over the gene bodies, we find stage 9 RZ and 4-sUTP-polyA+ libraries map 64%
and 57% of their reads to exonic regions (Figure 5.2A) . Stage 9 4-sUTP RNA, including
non-polyA+ RNA, on the other hand has more reads mapped to the intronic (64%) than
the exonic (31%) region. This distribution suggests that newly made RNA is not yet fully
spliced and represent nascent transcripts (Figure 5.2C). To gain insight into the diversity
of the early transcriptome, we set out to investigate different classes of transcripts
present in the stage 9 4-sUTP library. To accomplish this we used BLAT to derive
Xenopus laevis genome annotation for rRNA, mtRNA, U1U2RNA and snRNA. Using this
annotation, we then calculated the number of reads that fall into every class of RNA.
Our quantitation reveals that the early transcriptome is dominated by rRNA
transcription (67%) followed by mitochondrial RNA transcription (5.1%) (Figure 5.2B).
This analysis suggests that nuclear RNAP I has a major role in contributing towards the
the earliest wave of transcription.
To identify the genes transcribed before the MBT, we also deep-sequenced polyA+
selected stage 8 4-sUTP micro-injected embryos. For this library a total of 17,150
transcripts were detected. To classify transcripts in maternal, maternal-embryonic and
embryonic categories, we used published multi-stage Xenopus laevis polyA+ RNA
datasets [20]. These data represent maternal, maternal-embryonic and exclusively
embryonic polyadenylated transcripts. These libraries have been normalized with
spike-in controls. We compared our stage 8 4-sUTP data with the published data set
and selected 9961 genes based on common genes names. To select for earliest
transcribed genes we set a filter of FPKM greater than equal to 1 for stage 8 4s-UTP,
which gave us a total of 8740 genes. Using heatmaps for visualisation, we performed
k-means clustering on these 8740 genes (Figure 5.3A). Of all the six clusters, four show
post-MBT transcription (cluster 1-4) and only two clusters (5,6) show a pre-MBT
expression profile. In this published data it is not clear what the mechanism underlying
an increase in abundance is. It could be due to polyadenylation of maternal transcripts
or new transcription. We therefore checked the clusters obtained of the polyA+
RNA-seq data with the metabolically labeled stage 8 4-sUTP data. For this purpose we
looked at the expression medians of clusters from stage 8 polyA+ data (Figure 5.3A) with
corresponding genes clustered from stage 8 4-sUTP data (Figure 5.3B, C). Clusters 5 and
6 (Figure 5.3B) show high levels before the MBT after which they decrease to lower
levels, and the mRNAs involved are likely to be of (mostly) maternal origins. The genes
in these clusters, however, show relatively high expression in the stage 8 4-sUTP library
(Figure 5.3C), indicating that these genes are also (re)expressed at the MBT. The data
strongly suggests that both stage 8 4-sUTP and stage 9 4-sUTP data represents
transcripts that are both maternal embryonic and embryonic in origin. 4-sUTP labeling
will enrich for everything that is newly made although a large fraction of this newly
made transcripts are maternal-embryonic in origin.
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Figure 5.2: Features of earliest wave of post-MBT genes. (A) A stacked bar-plot representation to show exonic
(cyan) and intronic (orange) reads plotted as a percentage of total genic reads in n.f stage 9 embryos. RZ
(Ribosome depleted total RNA), 4-sUTP-polyA+ (4-sUTP microinjected and polyA selected RNA), 4-sUTP (4thiouridine triphosphate labelled total RNA). (B) A barplot to depict percentage of total mapped reads of
non-coding RNA in n.f stage 9 4-sUTP microinjected embryos. (C) Two (top and bottom) genome-browser
snapshots of genes pou5f3.2 and odc1 to show genic architecture of a post-MBT transcribed loci.
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5.3. D ISCUSSION
In this work we have combined metabolic labeling of RNA in pre and post-MBT
Xenopus laevis embryos with high-throughput RNA sequencing to assess the features of
an early transcriptome. We highlight four findings. (i) Newly made pre-MBT transcripts
are relatively poorly processed and show weak exon/intron boundaries (ii) Early RNA
transcription is dominated by rRNA. This makes RNA polymerase I an important player
in establishing post-MBT transcription. (iii) Exclusively embryonic transcripts are not a
major fraction of earliest wave of transcripts. (iv) Maternal-embryonic transcripts are
abundant and represent 61% of the earliest transcribed genes.
Our work highlights the need for an unbiased method to specifically identify all
classes of newly transcribed genes on genomic scale. Several current methods like
polyA RNA selection or ribosome depleted-total RNA measurement are biased in their
preference for detecting either only matured transcripts or their inability to differentiate
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Figure 5.3: Pre-MBT Transcription. (A) A heatmap to visualise K-means clustering on 490 developmentally
selected genes [20]. Rows are first aggregated and clustered using pearson correlation. The relative scale
depicts the z-scores and the corresponding color scale represents the standard deviation from the mea (B)
6 clusters extracted from (A) stage 8 are represented with a barplot to display their respective expression
medians. (C) Corresponding gene clusters are also extracted from n.f stage 8 4-sUTP data and barplots
represent their expression medians.
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between maternal contribution and new embryonic transcriptional program. In
comparing a similar study done in zebrafish, out of the earliest transcribed genes 74%
are maternal-embryonic [14]. This matched our result where we also find majority
(61%) of the earliest transcribed genes as maternal-embryonic. We realize that because
we did not use spike-in controls, we lacked the means to normalize between stage 8 and
9 4-sUTP libraries. In the absence of spike-ins, data are usually normalized based on
transcript length and the depth of sequencing (for example RPKM or FPKM). This is
only valid if the total transcriptome studied is the same in amount and complexity,
prerequisites that are violated in 4-sUTP libraries. In future implementations the use of
spike-in controls is therefore recommended. Parallel control experiments done using
inhibitors of transcription like Actinomycin D and alpha-amanitin [21] will further
enhance and confirm our understanding of the earliest transcribed zygotic genes.
Our work opens up many directions for future research. First, it will be very exciting
to compare new embryonic transcription between lower and higher vertebrate model
systems and test the differences or the similarities that arise from biology. Second,
linking new RNA production to ribosome occupancy and proteomics can shed light on
all the biological players that maintain the delicate balance between protein
production, degradation and regulation. Third, correlating the epigenetic marks and
their role in prioritising which genes are destined for the first wave for embryonic
transcription would allow us to better understand the role of epigenetic memory.
Fourth, metabolic labeling can improve both coding and noncoding RNA annotations
that would further enhance gene models. Fifth, with the means of labeling every
transcript produced in a cell, several classes of new functional RNA biotypes can be
discovered, which are very often masked by highly abundant total RNA in a routine RNA
sequencing experiments.
Overall, our method provides a tool to directly take a snapshot of the transcriptome
at any given time-point, which can be simultaneously used to study several key
regulatory processes and model their interactions with each other, creating a
framework to decipher molecular mechanisms controlling RNA life cycle in a
developing embryo.

5.4. M ETHODS
5.4.1. A NIMAL AND E MBRYO P ROCEDURES
Embryos were generated using IVF (in vitro fertilization) with outbred animals. X. laevis
female frogs were injected with 500U of hCG (human chorionic gonadotropin,
BREVACTID 1500 I.E ) 16 hours before IVF. An X. laevis male was sacrificed and isolated
testis was macerated in 2 mL Marc’s modified Ringer’s medium (MMR) to be used
immediately for fertilization. Once the macerated sperm suspension was mixed
vigorously over the layered eggs, they were left undisturbed for three minutes and then
the petridish was flooded with 25% MMR. Embryos were cultured at 25◦ C. The jelly
coats were removed 20 minutes post fertilization using 2% cysteine in 25% MMR (pH
8.0).
Embryos were microinjected in a medium consisting of 2.5% Ficoll 400
(Sigma-Aldrich)
in
1/3x
MMR.
The
embryos
were
injected
with
4-thiouridine-5’-triphosphate (4-thio-UTP) (Trilink BioTechnologies N-1025-1). The
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embryos were cultured in 1/3x MMR and harvested at the required stage according to
Nieuwkoop and Faber (ref). The embryos were subsequently snap frozen in liquid
nitrogen and stored at -80◦ C until use.

Total RNA was extracted from 15 Nieuwkoop-Faber stage 8.0 or stage 10.5 embryos using
Trizol and Qiagen columns. Extracted total RNA was treated with DNase I on column for
15 minutes at room temperature. Extracted total RNA was measured and snap frozen at
80◦ C until use.
Biotinylation of the metabolically labelled RNA extracted from 4-thio-UTP
microinjected embryos was performed using EZ-Link®HPDP-Biotin (Thermo
Scientific). Prepared fresh in DMF at a final concentration of 1 mg/ml. 15µg of total
RNA extracted from microinjected and non-injected controls was used to set up two
biotinylation reactions containing 10mM Tris-HCl, 1mM EDTA, 50µl HPDP-Biotin. This
mixture was incubated on a rotator in dark for 3 hours at room temperature. After
incubation 1 volume of Chloroform/Isoamyl Alcohol (24:1) was added and the mix was
vortexed. The mixture was centrifuged at 13K RPM for 5 minutes in Maxtract™ High
Density tubes(Qiagen). The aqueous phase was collected and precipitated overnight
with 1/10 volume of 5M NaCl and 3 volumes ethanol. RNA pellet was collected after 30
minutes of centrifugation at top speed in a cold centrifuge. The pellet was washed with
1ml 80% ethanol and centrifuged again at top speed in a cold centrifuge for 10 minutes.
After air drying the pellet, it was resuspended in 50µl nuclease free water. For every
RNA sample, 50µl of resuspended Dynabeads® MyoneT M Streptavidin C1(Invitrogen)
solution was used. The beads were first washed 3 times before use on a magnetic rack
in 2x BWT buffer (10mM Tris-HCl, 1mM EDTA, 2M NaCl and 0.05% Tween20). After the
final wash the beads were resuspended in 50µl 2xBWT buffer and mixed with 50µl of
RNA. This mix was incubated for 30 minutes with rotation at room temperature. On a
cold centrifuge. The pellet was washed with 1ml 80% ethanol and centrifuged again at
top speed in a cold centrifuge for 10 minutes. After air drying the pellet, it was
resuspended in 50µl nuclease free water. For every RNA sample, 50µl of resuspended
Dynabeads® Myone™ Streptavidin C1(Invitrogen) solution was used. The beads were
first washed 3 times before use on a magnetic rack in 2x BWT buffer (10mM Tris-HCl,
1mM EDTA, 2M NaCl and 0.05% Tween20). After the final wash the beads were
resuspended in 50µl 2xBWT buffer and mixed with 50µl of RNA. This mix was incubated
for 30 minutes with rotation at room temperature with glycogen and 3 volumes ethanol.
The RNA pellet was collected after 45 minutes of centrifugation at top speed in a cold
centrifuge. The pellet was washed twice with 1ml 80% ethanol and centrifuged for 10
minutes at top speed in a cold centrifuge.

5.4.3. S AMPLE PREPARATION FOR HIGH - THROUGHPUT SEQUENCING
F RAGMENTATION
This was performed according to the NEBNext® Magnesium(Biolabs) protocol with 4
minutes of incubation. After adding the stop solution the sample was adjusted to 180µl
and RNA was precipitated with 18µl of 3M sodium acetate, 40µg of glycogen and 3
volumes of pure ethanol for 1 hour at -20◦ C.The pellet was collected with cold
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centrifugation at top speed for 30 minutes.The pellet was washed twice with 500µl of
70% ethanol.
C DNA SYNTHESIS
First strand was synthesized with the use of Superscript® III First-strand synthesis
(Invitrogen). Random hexamer primers (5µg) were annealed to the RNA at 65◦ C for 5
minutes. After this step the RNA was added to First strand buffer(5x), 2µl of 100mM
DTT, 1µl of 10mM dNTP Mix, 2µl of 100mM Actinomycin D, 40U of RNase inhibitor and
200U of Superscript III. The PCR reaction was carried out as follows; 10 minutes at 25◦ C,
90 minutes at 50◦ C and 15 minutes at 70◦ C. To clean the single strand cDNA the
MinElute Reaction cleanup kit (Qiagen) was used. For second strand synthesis the
single stranded cDNA was added to the following mixture - 20µl Second Strand
buffer(5x), 4µl First-Strand buffer(5x), 2µl of 100mM DTT Mix, 5µg Random hexamers
primers, 3µl of 12.5mM dUNTP, 10U E.Coli Polymerase I, 10U E.Coli DNA ligase, 2U
RNase H (Ambion). This mix was incubated for 2 hours at 16◦ C . 10U of T4 Polymerase
(Biolabs) was added and the mix was incubated for 10 minutes at 16◦ C. To clean the
double stranded cDNA the MinElute Reaction cleanup kit (Qiagen) was used. A strand
specific sample preparation protocol (Illumina) was carried out with minor changes. A
300-400 basepairs library was created with the use of an E-gel® size select™ Gel(Life
technologies). The DNA was amplified with PCR (10 cycles). Sequencing was performed
on a HiSeq2000 (Illumina). Real-time qPCR was used for quality control assessment.
Sample before and after amplification were compared to check for amplification bias.

5.4.4. RNA- SEQ DATA ANALYSIS
RNA-seq reads were mapped to the Xenla9.1 genome with the JGI 1.8 annotation using
STAR version 2.4.2a [22]. Quantification of expression levels was performed using
express eXpress version 1.5.1 [23]. The mean expression level (TPM; transcript per
million) per transcript was obtained by combining all replicates.
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6
The activation of the zygotic genome occurs during the so-called maternal to
zygotic transition and prepares the embryo for zygotic takeover from maternal factors
[1–4]. These processes include reorganization of the chromatin structure to a
transcriptionally permissive state, changes in composition and function of structural
and regulatory DNA-binding proteins, and changeover of the transcriptome as it is
overhauled from that deposited in the oocyte to a zygotically transcribed complement.
We have reviewed in detail the integral links between zygotic genome activation to
cellular state of pluripotency (chapter 2). The overall aim of the project described in this
thesis was to provide a comprehensive overview and analysis of the transcriptome
during early embryonic development. First, we survey early embryonic transcriptome
of Xenopus tropicalis using total and polyadenylated RNA -sequencing strategy in
oocytes and five developmental stages (chapter 3). Our results provide temporal
profiles of maternal and embryonic transcripts during early development. To study
evolution of gene regulation in the context of whole-genome duplication, we generated
transcriptomic and epigenomic profiles of Xenopus laevis gastrula embryos (chapter 4).
In chapter 5, we establish the protocol of metabolic labeling in Xenopus laevis early
embryos and provide preliminary data on the features of early embryonic transcripts.
Our findings and their implications as well as future research perspectives will be
discussed.
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6.1. T RANSCRIPTOME SEQUENCING
The transcriptome is the complete set of transcripts in a cell, and their quantity is a
signature for a specific developmental stage or physiological condition. Understanding
the transcriptome is essential for interpreting the functional elements of the genome.
The key aims of transcriptomics are: to catalogue all species of transcript, including
mRNAs, non-coding RNAs and small RNAs; to determine the transcriptional structure
of genes, improving gene-models, splicing patterns and other post-transcriptional
modifications; and to quantify the changing expression levels of each transcript during
development and under different conditions. RNA-sequencing allows transcriptome
profiling that uses deep-sequencing technologies.
RNA-sequencing is the first
sequencing-based method that allows the entire transcriptome to be surveyed in a very
high-throughput and quantitative manner. This method offers both single-base
resolution for annotation and ‘digital’ gene expression levels at the genome scale. In
general, a population of RNA (total or fractionated, such as polyA+ ) is converted to a
library of cDNA fragments with adaptors attached to one or both ends. Each molecule,
with or without amplification, is then sequenced in a high-throughput manner to
obtain short sequences from one end (single-end sequencing) or both ends (pair-end
sequencing).The reads are typically 30–400 bp, depending on the DNA- sequencing
technology used. Following sequencing, the resulting reads are either aligned to a
reference genome or reference transcripts, or assembled de novo without the genomic
sequence to produce a genome-scale transcription map that consists of both the
transcriptional structure and/or level of expression for each gene [5].

6.2. T RANSCRIPTOME DYNAMICS IN THE EARLY X ENOPUS
EMBRYOS
In Xenopus, large-scale zygotic transcription begins after 12 rapid, synchronous cell
divisions. It is accompanied by lengthening of the cell cycle and a loss of synchrony [6].
Together these phenomena are referred to as the mid-blastula transition (MBT) [1, 2].
Like many other vertebrates, the Xenopus maternal-to-zygotic transition involves two
important processes: first, destabilization of a subset of maternal mRNAs; second,
onset of transcription at the MBT [3]. Destabilization of maternal mRNA is mediated via
both maternal and zygotic mode of transcript clearance. In Xenopus embryos a
maternal mode of clearance is facilitated via the AU-rich elements [7] and the
embryonic deadenylation elements (EDEN) in the 3’ untranslated region of mRNAs [8].
However, zygotic transcription is required for the deadenylated transcripts to be
eventually degraded [9]. Processes that regulate mRNA deadenylation and degradation
are temporally uncoupled. Deadenylated RNAs are as stable as their polyadenylated
counterparts until the blastula stage, several hours after fertilization [9]. To understand
the dynamics and scale of maternal transcript destabilization on a genome-wide level
and to identify the full complement of embryonic transcripts we undertook
transcriptome profiling in Xenopus tropicalis embryos using both polyA+ and
ribosome-depleted total RNA sequencing (Chapter 3). Six developmental stages
(Oocytes, early blastula (stage 6), late blastula (stage 9, after MBT), gastrula (stage 12),
neurula (stage 16) an early larval stage (stage 30) spanning the embryogenesis were
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Aforementioned studies, including our work (Chapter 3) primarily uses RNA
sequencing datasets to capture embryonic developmental transcriptome. These
datasets, although robust have either been sampled at widely spaced time points or
normalized in such a way that undermines measurement of gene expression in
absolute numbers. Measurement of transcript kinetics requires both measurement of
gene expression in absolute numbers of transcripts per cell or embryo and sampling at
sufficiently high temporal resolution to calculate rates of change of transcript numbers.
Absolute transcript measurements can be achieved by spiking in RNAs at known
abundances for use as quantification standards. Native transcripts are calibrated
against RNA standards to calculate absolute transcript copy number estimates. Owens
et al. [13] used RNA sequencing and ERCC spike-in RNAs for creating genome-wide
data sets to precisely measure transcript kinetics in Xenopus tropicalis. RNA spike-in
standards were added in constant ratio to the embryos directly to the homogenates
prior to RNA extraction. To attain absolute quantification both relative normalization
for sequencing depth and spike-in standard abundances were kept constant with time
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subjected to polyA+ and total RNA (ribosome depleted, RZ) sequencing experiments.
Comparing ratios of polyA+ and total RNA in a stage-specific manner gave a tool to
understand the dynamics of transcript abundance and polyadenylation during
embryonic development. Several cell cycle regulators like cdk2(Eg1) andkif11(Eg5) were
reconfirmed as transcripts undergoing fertilization induced deadenylation [10] in our
study. This comparison between total RNA and polyA+ sequencing libraries also helped
us to distinguish between de novo transcribed and polyadenylated RNAs from maternal
RNAs that are subjected to post-transcriptional regulation of the poly(A) tails. We
observed good correlation for the new zygotic transcription between the two
sequencing strategies. A similar study undertaken in Xenopus tropicalis provided a
more detailed picture of the onset of transcription at MBT [11]. A distinctive feature of
the latter study is the use of a fine-grained and temporally unbiased time series.
Synchronously developing Xenopus tropicalis embryos were collected at 30 minute
intervals between fertilization and 9.5 hours post fertilization. Both polyA+ and
ribosome depleted total RNA profiles were used together to discriminate between
changes in adenylation status of mRNA and changes of mRNA level brought about by
transcription or degradation. This direct and stage-wise comparison between two
different profiling strategies identified three waves of gene activity: a post-fertilisation
wave involving polyadenylation of maternal transcripts; a broad wave of zygotic
transcription detectable as early as the seventh cleavage and extending beyond the
MBT at the twelfth cleavage; and a shorter post-MBT wave of transcription that
becomes apparent as development proceeds. This and our study (chapter 3) highlight
the significance of using both polyA+ and ribosome-depleted total RNA profiles in
tandem to gain insight into the dynamics of early embryonic transcriptome. These
findings together differ from those of Tan et al. [12] who interpreted increasing levels of
specific polyA+ transcripts between the 2-cell and 32-cell stages in Xenopus tropicalis as
representing genes for which transcription is activated before the MBT. Many maternal
transcripts are gaining polyadenylation during post-fertilization development and may
appear as false-positives in an analysis of early transcription if only poly(A) messages
are considered.
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at the know amount spiked into each sample. Relative normalized spikes exhibited a
decreasing trend that was the result of increasing RNA in the embryo with time. This
validated the quality of the spikes and their fidelity towards absolute normalization.
ERCC spike-ins are manufactured to log-scale precision and exhibit significant
sequencing biases. Log-scale precision means the error is proportional to abundance
and doubles for doubling of every target transcript copy numbers. Authors do address
the issues regarding the log-scale precision in RNA standard concentrations and
emphasize the need for better RNA quantification standards for improved absolute
quantification.

6.2.1. P ROBING THE MATERNAL CONTRIBUTION TO THE TRANSCRIPTOME
An important dimension of probing the early embryonic transcriptome is the ability to
distinguish between maternal and maternal-embryonic transcription. Maternally
deposited RNAs greatly outnumber the zygotic transcripts; between 40% and 75% of all
protein coding-genes are maternally expressed in various species [14–16]. Maternal
RNAs undergo dynamic regulation, including changes in poly(A) tail length.
Degradation of maternal RNA copies occurs concurrently with de novo transcription,
which makes detecting transcriptionally active genes challenging. In Chapter 5, we
have sought to implement a method in Xenopus early embryos that can effectively and
specifically capture the earliest complement of transcriptionally active genes.
Metabolic labeling of cellular RNA in conjunction with high-throughput sequencing
has been successfully implemented in mammalian cells as well as early zebrafish
embryos with minimum interference to cell growth, gene expression and
embryogenesis [17–19]. This protocol involves labeling of newly transcribed RNA with
4-thiouridine triphosphate (4-sUTP), a naturally occurring uridine derivative that is
incorporated into the growing RNA chain in place of uridine and serves as an
attachment point for a biotin tag for easy separation from total cellular RNA [20]. Our
work in Chapter 5 highlights the need for an unbiased method to specifically identify all
classes of newly transcribed genes on a genomic scale. We have shown successful
implementation of the protocol attempted for the very first time in Xenopus laevis
embryos. Our lack of use of spike-in controls limited our means to normalize between
stage-specific libraries. In the absence of spike-ins, data are usually normalized based
on transcript length and the depth of sequencing (for example RPKM or FPKM). This is
only valid if the total transcriptome studied is the same in amount and complexity,
prerequisites that are violated in 4-sUTP libraries.
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6.3. P OLYPLOIDY AND ITS RAMIFICATION ON THE GENOME
AND EPIGENOME
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Ancient polyploidization events have shaped diverse eukaryotic genomes, including
two rounds of whole-genome duplication (WGD) at the base of the vertebrate radiation
[21, 22]. A relatively recent vertebrate genome duplication is that in Xenopus laevis,
which resulted from the hybridization of two closely related species about 17 million
years ago [23]. Most of the additional genes that result from WGD events tend to be lost
in evolution. In the case of allopolyploidy, this loss is biased to one of the parental
subgenomes, a phenomenon referred to as biased fractionation [24]. Our work in
Chapter 4 shows how genome evolution and the epigenetic control of gene expression
are related to interspecific hybridization and WGD.
The genomes of the parental Xenopus species that gave rise to Xenopus laevis
through interspecific hybridization have been karyotyped as separate and recognizable
subgenomes propagated on different sets of chromosomes [23, 25]. These clearly
distinguishable subgenomes allow detailed analyses of the patterns of (epi)genomic
loss and regulatory remodelling. In Chapter 4, we investigate various epigenetic
modifications (DNA methylation and post-translational modifications of histones)
found in the chromatin, which are involved in gene regulation during development and
differentiation. Using deep sequencing tools, we investigate activity of various
functional genomic elements.
The allo-tetraploid genome of Xenopus laevis consists of two subgenomes, referred
to as L (long chromosomes) and S (short chromosomes), that originated from distinct
diploid progenitors [23]. The chromosomes of the S subgenome are substantially
shorter than the L subgenome. The average size difference is 17.3% based on the
assembled sequence and 13.2% based on the karyotype [23, 25]. Compared to L
subgenome, the S subgenome shows large exonic deletions that are similar to rest of the
intron and intergenic sequences and appear not to be under selection against deletion.
Higher level of genome degradation in S relative to L appears to be the result of a
slightly higher mutation rate and a considerably higher deletion rate in S, combined
with less selection against the loss of epigenetic elements in S than in L. Reduced
selection against the loss of genetic elements from S relative to L is supported by a
larger difference in the loss of enhancer (p300) peaks and promoters (H3K4me3)
relative to the background in the L subgenome than in the S subgenome. To further
strengthen this finding, we also present evidence for a pervasive influence of repetitive
elements, driving gene loss, and genomic sequence loss through non-allelic
homologous recombination (NAHR), in addition to remodelling of the regulatory
landscape through transposon-mediated gain of coactivator recruitment.
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6.4. C ONCLUDING REMARKS AND FUTURE PERSPECTIVE
The work presented in this thesis has provided important insights into the early
embryonic Xenopus transcriptome. By using both high-throughput RNA sequencing
and bioinformatic analysis we provide a comprehensive survey of the Xenopus
tropicalis maternal and embryonic components of expression and polyadenylation
dynamics. By using metabolic labeling in early Xenopus laevis embryos, we have tested
a method that selectively labels only the newly synthesized transcripts. This method
provides a tool to directly take a snapshot of the transcriptome at any given time-point.
Gene expression is highly dynamic and tightly regulated. A recent study done with
an ultra-high frequency sampling of Xenopus tropicalis embryos and absolute
normalization of sequence reads has provided unprecedented insight into the global
transcript kinetics during development [13]. A kinectic transcriptome dataset together
with the ability to distinguish between the maternal, maternal-embryonic and
exclusively embryonic genes will be transformative to predict and test gene regulatory
network models during development. An important aim in developmental biology is to
determine temporal and spatial expression patterns of key developmental genes. Our
work is a step towards that goal. By combining multistage RNA sampling data, RNA
tomography and single cell RNA-sequencing experiments, there is a promising
opportunity to create a multidimensional atlas of develomental gene expression.
Metabolic labeling of closely spaced developmental stages can be used to study several
key regulatory processes, creating a framework to decipher molecular mechanisms
controlling RNA life cycle in a developing embryo.
Xenopus is an excellent vertebrate disease model. Our data provides a rich
developmentally relevant resource, integration of which will enable new genomic and
genetic studies in the near future.
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Our work described in this thesis provides a comprehensive overview and analysis of
the transcriptome during early embryonic development. Zygote genome activation
leads switching on of several key regulatory processes that include reorganization of the
chromatin structure to a transcriptionally permissive state, changes in composition and
function of structural and regulatory DNA-binding proteins, and changeover of the
transcriptome as it is overhauled from that deposited in the oocyte to the zygotic
complement.
In chapter 2, we have reviewed in detail the integral links between zygotic genome
activation tand the cellular state of pluripotency. We compare and contrast work in
vertebrate models as well as mouse embryonic stems cells and highlight mechanistic
details that contribute to gene regulatory networks and the state of pluripotency. In
Chapter 3, we exploit the use of high throughput RNA-sequencing technology to survey
the full complement of polyadenylated and deadenylated coding and non-coding
transcripts in Xenopus tropicalis embryos. We survey the embryonic transcriptome in
oocytes and five developmental stages. Our results provide temporal profiles of
maternal and embryonic transcripts during early development. Here, we find that the
interplay between polyadenylation and deadenylation plays a key role that shapes the
maternal-to-zygotic transition.
To study evolution of gene regulation in the context of whole-genome duplication,
we generated transcriptomic and epigenomic profiles of Xenopus laevis gastrula
embryos in chapter 4. We were able to charaterize the regulatory landscape in these
embryos by combining information gained via RNA-sequencing, histone modification
data and ChIP-sequencing data on the co-activator p300. Xenopus laevis underwent
genome duplication, which resulted from the hybridization of two closely related
species about 17 million years ago. With our high throughput data, we have
investigated the consequences of this duplication at the level of the genome, the
epigenome, and gene expression.
In chapter 5, we establish the protocol of metabolic labeling in Xenopus laevis early
embryos and provide preliminary data on the features of early embryonic transcripts.
Metabolic labeling coupled with massively parallel RNA sequencing provides a robust
tool to gain an insight into the early transcriptome. Of special interest are these earliest
(pre-MBT) transcribed zygotic genes that may play seminal roles in overall success of
ZGA which continues for several cell cycles preceding morphogenesis.
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Chapter 6 entails discussion on the work presented in this thesis and compares it to
several other studies performed with new state-of-the-art technologies and other
experimental models. It describes new avenues and limitations in the field of
transcriptomics. We discuss our findings and their implications on future research
questions.
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Het werk dat we in dit proefschrift beschrijven geeft een uitgebreid overzicht alsmede
een analyse van het transcriptoom gedurende de vroeg-embryonale ontwikkeling. De
activering van het zygote genoom zorgt voor het in gang zetten van diverse essentiële
processen waaronder de reorganisatie van de chromatinestructuur zodat transcriptie
mogelijk is, veranderingen in samenstelling en functie van structurele en regulerende
DNA-bindende eiwitten, en de overgang van het transcriptoom zoals dat aangelegd
wordt in de oocyt naar het transcriptoom van het embryo.
In hoofdstuk 2 hebben we de integrale verbindingen tussen zygote genoomactivatie
en de cellulaire pluripotente staat uitvoerig besproken. We vergelijken en zetten
tegenover elkaar zowel werk in gewervelde modellen als werk in embryonale stamcellen
van muizen en accentueren mechanistische details die bijdragen aan de netwerken van
genen die pluripotentie reguleren.
In hoofdstuk 3 gebruiken we ‘high throughput’ RNA-sequencing technologie om
alle gepolyadenyleerde en gedeadenyleerde coderende en niet-coderende transcripten
in Xenopus tropicalis embryo’s te onderzoeken.
We onderzoeken eveneens de
embryonale transcriptoom in oocyten en vijf ontwikkelingsstadia. Dit resulteerde in
temporele profielen van maternale en embryonale transcripten gedurende de vroege
ontwikkeling.
Hier vinden we dat de wisselwerking tussen polyadenylatie en
deadenylatie een sleutelrol speelt die de maternale-tot-zygote-overgang vormgeeft.
Om de evolutie van genregulering in de context van genoombrede duplicatie te
bestuderen hebben we transcriptoom- en epigenoomprofielen van Xenopus laevis
embryo’s tijdens de gastrulatie geproduceerd in hoofdstuk 4 .
We konden de regulatie in het genoom van deze embryo’s karakteriseren door het
combineren van informatie verkregen uit RNA-sequencing, met ChIP-sequencing
gegevens met betrekking tot histonmodificaties en de co-activator p300. Xenopus laevis
heeft een genoomduplicatie ondergaan ten gevolge van de hybridisatie van twee
nauwverwante soorten ongeveer 17 miljoen jaar geleden. Met behulp van onze ‘high
throughput’ gegevens hebben we de consequenties van deze duplicatie onderzocht op
het niveau van het genoom, het epigenoom en de genexpressie.
In hoofdstuk 5 presenteren we een protocol voor het metabolische labelen van RNA
in vroege Xenopus laevis embryo’s en verstrekken we voorlopige gegevens met
betrekking tot de kenmerken van vroeg-embryonale transcripten. Metabolisch labelen
levert gecombineerd met RNA-sequencing een robuuste methode om inzicht te
verkrijgen in het vroege transcriptoom.
Vooral belangrijk zijn de vroegst
overgeschreven zygotische genen die mogelijk een belangrijke rol spelen in het algehele
succes van zygotische genoomactivatie die gedurende verschillende celcycli
voorafgaand aan de morfogenese blijft doorgaan.
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Hoofdstuk 6 bevat de discussie over het werk dat in dit proefschrift wordt
gepresenteerd en vergelijkt het met andere studies die zijn uitgevoerd met nieuwe,
geavanceerde technologieën en andere experimentele modellen. Het beschrijft nieuwe
wegen maar ook de beperkingen in het transcriptomics-veld. We bespreken onze
resultaten en de implicaties ervan met betrekking tot toekomstige onderzoeksvragen.
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