UvA-DARE (Digital Academic Repository)

Transcriptome dynamics in early zebrafish embryogenesis
Rauwerda, J.
Publication date
2017
Document Version
Final published version
License
Other
Link to publication
Citation for published version (APA):
Rauwerda, J. (2017). Transcriptome dynamics in early zebrafish embryogenesis. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).
Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:09 Jan 2023

Han Rauwerda

UITNODIGING
voor het bijwonen van de
openbare verdediging van
mijn proefschrift

Transcriptome
Dynamics In Early
Zebrafish
Embryogenesis

Transcriptome Dynamics
In Early Zebrafish
Embryogenesis

Transcriptome Dynamics In Early Zebrafish Embryogenesis

Op dinsdag 4 april 2017
om 14.00 uur
Han Rauwerda

in de Agnietenkapel
Oudezijds Voorburgwal 231
1012 EZ Amsterdam
Na afloop receptie

Han Rauwerda
j.rauwerda@uva.nl
06-50999438
Paranymfen:
Johanna Pagano
J.F.B.Pagano@uva.nl
Paul Wackers
paul.wackers@gmail.com

Anatomical theater at the University of Padua
photo Provincia di Padova

Natural sciences and observation are inextricably linked. Aristotle already
mentions observation as a source of knowledge. Later protagonists like
Alexander von Humboldt, Linnaeus and Darwin have tried to grasp nature
by mere observation.Without a doubt they must have wondered about the
complexity of biology, its ability to respond in such fine-tuned ways to events
and disturbances from the outside world. Now that we have entered the
realm of genomics our amazement might even be greater than theirs. In
this study we chose to primarily observe rather than to interfere with the
processes that we studied. One reason for this is that we feel that there is
still so much work to do in charting the genomic territory, that we still at the
beginning of understanding the language of RNA.
Built in 1594, the anatomical theater at the University of Padua in Italy is
the oldest surviving anatomical theater in the world.
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Background
Life in sexually reproducing organisms starts with two highly specialized and fully differentiated cells, the egg and the sperm cell that fuse and become the one cell zygote. This
single cell is a totipotent cell or embryogenic stem cell that during development is capable
to divide and produce whatever specialized cells are needed in the tissues of the mature
organism. In this cell a blueprint for the development of the mature organism is present
as is the specific information from the mother and the father that gives rise to individual
traits of the newly growing organism.The repertoire of processes and mechanisms in early
embryogenesis is enormous and some of these have been elucidated, e. g. a number of
genetic mechanisms, epigenetic mechanisms, and regulatory processes on transcriptional,
post-transcriptional and translational level. Nevertheless, many questions remain. Even
more so, some areas are virtually unmapped territory, such as subtle differences in the
developmental program that may exist between individual zygotes, even siblings.Where do
such differences originate from, how do they influence the growing organism, how similar
is the resulting offspring? It is also unknown how strictly developmental programs are regulated and whether all genes are regulated with the same rigor at the cellular level or at the
level of an individual. Also, the timescale at which these developmental processes unfold
is mostly still unknown. Basically, these questions are on the dynamics of development.
In this thesis, we present several studies, carried out in part-time over a period of 7
years, that, by using advances in transcriptomics technologies and by introducing a new
method for single egg and single embryo transcriptome analysis, will answer some of the
questions in the area of transcriptome dynamics in early zebrafish embryogenesis.

Aim
The primary aim of the studies presented in this thesis is to obtain a deeper insight
in transcriptome dynamics during development, by investigating at an omics scale the
changing gene-expression profiles during zebrafish embryogenesis.

Approach
For our transcriptome studies we used Zebrafish (Danio rerio) as model organism. Zebrafish is a tropical freshwater fish, belonging to the cyprinids (Cyprinidae)
family. Its genome contains 25 chromosomes and has a size of 1.4 GBases. In the
recent history it has become a popular model organism [1,2], a popularity which is
fueled by several characteristics: the short reproduction cycle (6-12 weeks); the
applicability of the morpholino technique to easily silence genes in embryogenesis; the transparency of the fertilized egg; the number of eggs per spawn (up to
several hundreds); and the convenience of a relatively short developmental time
from fertilization up to and including gastrulation (approximately 8 hours, Figure 1).
Biology, with protagonists such as Linnaeus and van Leeuwenhoek, has its roots in observation, categorization and classification. This approach is also taken here. In contrast
with many contemporary biological studies no genetic or environmental interventions
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have been applied, which makes the design of the studies straightforward and safeguards the experiments from many of the possible pitfalls in omics experimentation
[3,4]. Hence, by systematically characterizing the gene expression of the transcriptome
in early zebrafish embryogenesis, we were able to better understand the transcriptome
dynamics and gene-expression regulation that occur in this stage of the embryogenesis.
As we employed an omics approach, we left the detailed unraveling of involved molecular
processes and biological pathways to the life-scientists with specific expertise on one or
more of the numerous pathways and elements. To support data mining, we made all our
data freely, conveniently, and publicly available via a dedicated website: http://genseq-h0.
science.uva.nl/shiny/Dr-Browser-v2/.

Biological perspective
An egg cell faces a unique fate that it shares with a sperm cell. As any other cell they need
to stay alive and therefore have metabolic activity, but unlike other cells they must be able
to fuse with one another. The egg and sperm cell must undergo a fundamental change of
identity from ‘belonging to the parent’ to ‘belonging to itself’. It must become totipotent
and at the same time must become the director of its own play. As in mammals, oocytes
in teleosts, such as zebrafish, are arrested during their development at the prophase
of the first meiotic division. By contact with water, the zebrafish egg is activated and
meiosis is completed [5]. In essence, the fertilized egg or zygote, then has to “restart”
and unfold its developmental program. Initially this is done by using information and
material that stem from the mother and father. Gradually a shift occurs towards the use
of information and material that is self-derived, a process, which is called the maternal
to zygotic transition (MZT). For zebrafish the zygote genome activation (ZGA), i.e. the
period at which the embryo begins to transcribe its first RNAs, generally is positioned
at somewhere between cell cycle 7 and 9, which occurs 2 to 2.5 hours post fertilization
(hpf) [6–8]. However, already before the 128-cell stage there is abundant mitochondrial
gene expression and from the 128-cell stage on nuclear expression has been detected
[9]. While all these processes can unfold in more or less variable environments, in the
past years it has become clear that environmental conditions can exert a lasting influence
on the offspring, in zebrafish, e.g. [10] but also in human, e.g. [11].Whether these changes
are truly transgenerational is, at least for vertebrates under debate [12].

Figure 1. Images of zebrafish embryonic development
Stages in the embryonic development of the zebrafish according to Kimmel [42] indicated by
hours post fertilization (hpf). Photos embryos: actual samples in our experiments, RB&AB,
Leiden, November 2015, Stereo Microscope Leica MZ16 FA. All photos are at the same scale
indicated by the bar of 1 mm in the 1-cell zygote. A: Chorion (egg shell), B: Yolk, C: Embryo.
Photo Adult Female Zebrafish: Azul, commons.wikimedia.org.
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The maTernal message.

Here we define the maternal message as all molecules that are either imported from the
circulation of the mother into the developing oocyte or are produced within the oocyte
during oogenesis. During the primary oocyte growth, intense transcriptional activity takes
place [13]. For Bombyx mori [14] and Drosophila melanogaster [15] evidence exists that
mRNAs are imported from the circulation of the mother. For fish such information is not
yet available. The amount of maternal RNA that is present in an egg is huge compared to
the amount of DNA; on average in a zebrafish egg about 400 ng and 10 pg, respectively
(cf. Chapter 1), which translates to 25 DNA molecules (if we ignore the polar bodies) and
about 250 ∙ 109 RNA molecules. This means that RNA contributes substantially to the
genomic information that is conveyed by the mother. It should however be mentioned
that the far majority of maternal RNA consists of non-coding RNA, such as ribosomal
RNA (rRNA) and transfer RNA (tRNA). For Xenopus a preferential specific oocyte
5S rRNA has been reported [16]. Next to this are also other non-coding RNA such
as long non-coding RNAs (lncRNAs), microRNA (miRNA) and Piwi-interacting RNA
(piRNA), albeit at relatively low concentrations. The roles of maternal RNA in (early)
embryogenesis are only partly known. Bridging the period during early embryogenesis
in which the embryo is primarily occupied with DNA replication plus cell division and
is mostly transcriptionally silent, is commonly accepted as the most important role for
maternal RNA [17,18]. Next to this zebrafish mothers can transfer specific information
via maternal RNA to their offspring, such as transcripts that code for Insulin Like Growth
Factor 2 Receptor proteins, which are transferred by mothers, experimentally selected
to have an above average adult body size [10].

The paTernal message

The amount of molecules transferred from the father to its offspring is much smaller
than that from the mother: the contents of a zebrafish egg with a diameter of 0.7 mm
is approximately 180 thousand times that of a sperm cell of 7.8 µm3 [19] and for a
long time it has been thought that no paternal RNA existed. Nevertheless, like eggs,
sperm is loaded with RNA that includes mRNAs, of over 4,000 different genes in human
[20], miRNAs, interfering RNAs, antisense RNAs [21] and long non-coding RNAs [22].
However, the function of sperm RNA is largely unknown and mainly regulatory roles in
development have been hypothesized, such as via epigenetic reprogramming [22].

maTernal mrna characTerisTics

Many maternal mRNAs have a short or no poly(A) tail, which sets them apart from
somatic mRNAs[23]. Recently it also has been shown on an omics scale that maternal
transcripts can differ from somatic counterparts by their 3’UTR, brought on by a process
referred to as alternative polyadenylation (APA). APA is common in eukaryotes and not
restricted to embryogenesis. It entails that the sequence surrounding the polyadenylation signal (PAS) is variable and hence the actual site where the poly(A) tail will start
(poly(A)-site) can vary as well. In many maternal mRNAs, different poly(A) sites are used
in the 3’ terminal exon [24,25] or even different 3’ terminal exons are used [25,26]. This
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results in general in shorter maternal 3’UTRs as compared to their zygotic counterparts.
Also the 5’ UTRs differ between maternal and zygotic transcripts, probably due to use
of different transcription start sites (TSSs) that co-exist in the promoter of maternal
genes [27].

maTernal mrna silencing.

As many maternal mRNAs that are produced during oogenesis oocyte are only needed in
the developing embryo, maternal mRNAs are silenced in oogenesis [28]. During oocyte
maturation and early embryogenesis cytoplasmic modifications of the maternal message
take place. On nuclear export mRNAs with a cytoplasmic polyadenylation element (CPE)
can be bound to a complex containing a cytoplasmic polyadenylation element-binding
protein (CPEB) and several other factors, including the polyadenylation specificity factor
(CPSF). CPSF binds to the PAS.This complex shortens or removes the poly(A) tail which
has been shown for Xenopus [29], and indirectly also for zebrafish [6,26]. Short poly(A)
tails of approximately 20-mers repress translation [30]. In this ‘masking’ of the transcript
for translation the Maskin protein is involved that binds to the cap-binding eukaryotic
initiation factor eIF4E and prevents translation initiation factor eIF4G to attach to the
complex, effectively blocking translation.

maTernal mrna organizaTion.

A zebrafish egg is a complex structure [5,31,32]. During oogenesis the oocyte accumulates proteins and maternal RNAs [33] whilst becoming transcriptionally silent. Maternal
RNA is present in the vitelline membrane, in the germinal disc in oocytes and in the
blastodisc in eggs, but not in yolk RNA [34]. The spatial redistribution of some maternal
mRNAs during early embryogenesis, especially those involved in the formation of the
primordial germ cells has been studied in depth. This process is spatially and temporally
highly organized. Although the movements of individual cells during early embryogenesis
are described in detail [35], there is no study yet that characterizes the redistribution of
maternal mRNAs in time and space on an omics scale. Furthermore, little is known about
the functional relevance of this spatial organization.

oocyTe TranscripTion silencing.

When fertilized early zebrafish embryos are injected with naked plasmid DNA, it is
transcribed [7] showing the transcriptional competence of the transcriptionally silent
early embryo . In Xenopus injected plasmid DNA also showed transcription, but this
transcription was subsequently repressed and only resumed during late blastula. A suppressor complex is proposed that silences oocyte/embryonic DNA until it gets titrated
after a number of cell cycles [36]. However, the silencing of other genes seems to be
independent of both the ratio of nuclear to cytoplasmic volume and number of cell
cycles. Hence, other mechanisms, possibly some kind of developmental timer mechanism
must exist [37]. Of interest, transcription silencing applies to the oocyte or early zygote
genome, however the mitochondrial genome seems not be silenced at all [9].
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maTernal mrna clearance.

Zebrafish embryonic development starts with a phase of meroblastic cleavages; rapid and
synchronous cell divisions of the embryonic cells, whereas the yolk cell does not divide.
Around 2.5 to 3 hours after fertilization the cell cycle lengthens and cell divisions become
asynchronous.Transcriptome profiling studies show a wave of clearance of maternal (and
paternal) RNAs shortly after fertilization and another wave at the maternal to zygotic
transition (MZT) which starts around 3.5 hpf [6,38]. An important element in maternal
clearance is degradation initiated by miR-430 that induces mRNA degradation of target
genes. miR-430 is among the first zygotic genes that are expressed and amongst these
genes it is the most abundant one [9]. It is currently unclear whether maternal mRNAs
are completely cleared and replaced by zygotically produced mRNA. There are indications that maternal mRNAs are recycled by polyadenylation as zygotic mRNAs.

zygoTic TranscripTion iniTiaTion

Over the years there has been quite some confusion as to when zygotic transcription
actually starts. Recent findings indicate that zygotic transcription starts with mir430
genes at the 64-cell stage, followed by nuclear protein-coding genes and other noncoding RNAs at the 128- to 512-cell stage [9]. The early transcribed genes are four
times shorter than maternal genes, relatively intron poor or intron-less, and evolutionary
young; about a quarter of these genes are not expressed as maternal genes [9]. Towards
gastrulation, the embryo becomes more and more differentiated. By the mid blastula
phase two types of cells can be distinguished, around the 512-cell stage on the margin of
the yolk and blastoderm the yolk syncytial layer forms and at gastrulation the endoderm,
mesoderm and ectoderm are established. These tissues require localized, synchronized
and timely expression of specific transcripts. To this end a plethora of transcriptional
and post-transcriptional regulation mechanisms is being used. These mechanisms are not
specific to early embryogenesis but provide means for a localized and synchronous regulation, such as the stalling of the polymerase II complex downstream of the transcription
start site (Pol II pausing) [39].

Technical perspective
Obviously, the omics era has boosted studies on transcriptome dynamics. Microarray
technology and next-generation sequencing allow for time-series experiments as never
seen before. However, these technologies always will be completely dependent on the
biological experiment, the biological samples. Recently there is an increasing awareness
that there are significant differences with respect to transcriptome regulation between
individuals and even between single cells. As omics technologies require less input material, the study of these differences becomes increasingly feasible. Nowadays it is straightforward to analyze the transcriptome of a 700 µm zebrafish egg. A perfect example
of technology progress is the recently published “genome-wide RNA tomography” in
which the RNA from microscopic slices of for instance an embryo can be sequenced
independently. The up to about 100 slices over the three axis of the samples allows
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the reconstruction of genome-wide 3D expression patterns: in essence the RNA-seq
equivalent of in-situ hybridization.

Bioinformatics perspective
An important challenge in whole-transcriptome analysis is the availability, stability of and
consensus on the information regarding the zebrafish genome, transcriptome and their
annotation. Unfortunately, both genome information and annotation are far from stable.
This can be illustrated by a few facts and figures; currently the tenth build of the zebrafish
genome assembly is available (1.4 GBase)[40]: this 10th build is 52 million bases longer
than build 9, but 99 million bases shorter than build 8. In the current Ensembl annotation
(v.84) nearly 25 thousand (25k) coding genes and 6k non-coding genes are annotated [41].
Corresponding numbers for previous assemblies were respectively 26k and 5k for build
9 while 24k coding genes were identified and non-coding genes not annotated in build 8.
Bioinformatics data analyses usually start with some form of pre-processing to
for instance eliminate the technical noise in an experiment. For this several data
normalization procedures have been published. Even after decades of bioinformatics research and omics experimentation, choosing the appropriate normalization
procedure often relies on trial and error. This also applies to downstream data analyses
approaches. Data analyses rely on finding the relevant genes in biological contrasts and
organizing these genes into similar groups, after which a number of standard analyses,
usually based on overrepresentation are performed. Understanding the dynamics of
complex transcriptomes still requires a lot of creative tinkering to achieve fruitful analysis approaches.

Outline of the thesis
The studies in this thesis focus mainly on zebrafish embryogenesis. To illustrate this, we
present the embryogenesis by images from actual experiments done in the context of
this thesis (Figure 1). As there are several experiments used in our studies, we have put
them in context to each other to visualize the coherence of the studies (Figure 2).

chapTer 1

RNA isolation method for single embryo transcriptome analysis in zebrafish
A zebrafish egg is relatively small: 700 µm in diameter excluding the egg shell (chorion,
Figure 1)[42]. The zebrafish embryo, including the yolk, does not substantially increase
in size until the somite stages (from 11 hpf onward, Figure 1) [42]. In this chapter the
challenge was met how to obtain enough RNA as input for a transcriptomics experiment
from a single egg, which is a single cell, or from an embryo.
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chapTer 2

Integrating heterogeneous sequence information for transcriptome-wide microarray design;
a Zebrafish example.
There are a number of resources that identify or predict, and characterize genomic
sequences, such as Ensembl, Vega, Refseq and Unigene. These resources still are incomplete and their information is continuously being updated [43]. In this chapter information
from a number of resources is integrated and used to design the microarray that was used
in the experiments of chapter 3 and 4.

Figure 2. Sample overview of the transcriptomics experiments in this thesis
Transcriptomics experiments carried out in thesis to study transcriptome dynamics in early
zebrafish embryogenesis. Top bar indicates on a non-linear scale developmental stages
according to Kimmel [42] and Parichy [45]. Time indications are in hours post fertilization
(hpf) except for the Adult stage (weeks post fertilization). Samples are visualized as vertical
bars, spawn is indicated by color. I. Microarray transcriptome analysis of 24 unfertilized eggs
that were obtained from five sibling mothers. II. Microarray transcriptome analysis of 179
individual embryos from nine different spawns taken at late blastula to early gastrula (41%
to 80% epiboly). III. Small-RNA-sequencing of 16 individual embryos from the same spawns
as II. IV. Small-RNA-sequencing of an unfertilized egg (3 technical replicates), 12 individual
zebrafish embryos taken at the 64-cell stage to the protruding mouth stage, and an adult
sample (3 technical replicates).
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chapTer 3a

Mother-Specific Signature in the Maternal Transcriptome Composition of Mature, Unfertilized
Zebrafish Eggs.
Maternal mRNA present in mature oocytes plays an important role in the proper
development of the early embryo. As the composition of the maternal transcriptome in
general has been studied with pooled mature eggs, potential differences between individual eggs are unknown. In this chapter we present a transcriptome study on individual
zebrafish eggs from clutches of five mothers in which we study transcriptome dynamics
by investigating the differences in maternal mRNA abundance per gene between and
within clutches (Figure 2-I)

chapTer 3B

Transcriptome Data on Maternal RNA of 24 Individual Zebrafish Eggs from Five Sibling
Mothers.
The data that is produced and the scripts that were developed for the study in chapter
3A are presented with a focus on the bioinformatics procedure that was developed and
used to distinguish ‘expressed’ and ‘non-expressed’ genes.

chapTer 4

Transcriptome dynamics of early zebrafish embryogenesis determined by high-resolution
time series analysis
The behavior of transcriptomes in individual embryos has hardly been studied yet. In this
chapter we present a high-resolution gene-expression time series with 180 individual
zebrafish embryos, obtained from nine different spawns, developmentally ordered and
profiled from late blastula to mid-gastrula stage (Figure 2-II). On average one embryo per
minute was analyzed. The focus is on identification and description of the transcriptome
dynamics of the expressed genes in early embryogenesis. Gene-expression differences
over time are analyzed as well as gene-expression differences between individuals.

chapTer 5

Cellular factors influencing transcriptome dynamics in early zebrafish embryogenesis
In this chapter the dynamic expression types that were defined in Chapter 4 are further
analyzed, together with the set of genes that show a distinct spawn specificity. We investigate a number of mechanisms that may influence the observed transcriptome dynamics.
For this, two small-RNA sequencing experiments using next-generation sequencing [44]
are carried out (Figure 2-III and 2-IV) in which we focus on miRNA expression.
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chapTer 6

Concluding remarks
In this last chapter our findings are put into perspective; how did our efforts to integrate genomic information work out?; what is the fate of maternal RNA?; what is the
significance of the tight regulation of gene expression found in chapter 3 to 5?; and
how can we interpret the relative gradual changes in gene expression we observed?
We discuss our results and their relation to the studies of others, and give our opinion
on possible approaches to deepen our insight into transcriptome dynamics.
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Abstract
Background:

Transcriptome analysis during embryogenesis usually requires pooling of embryos to
obtain sufficient RNA. Hence, the measured levels of gene-expression represent the
average mRNA levels of pooled samples and the biological variation among individuals
is confounded. This can irreversibly reduce the robustness, resolution, or expressiveness of the experiment. Therefore, we developed a robust method to isolate abundant
high-quality RNA from individual embryos to perform single embryo transcriptome
analyses using zebrafish as a model organism. Available methods for embryonic zebrafish
RNA isolation minimally utilize ten embryos. Further downscaling of these methods to
one embryo is practically not feasible.

Findings:

We developed a single embryo RNA extraction method based on sample homogenization in liquid nitrogen, RNA extraction with phenol and column purification. Evaluation
of this method showed that: the quality of the RNA was very good with an average RIN
value of 8.3-8.9; the yield was always ≥ 200 ng RNA per embryo; the method was
applicable to all stages of zebrafish embryogenesis; the success rate was almost 100%;
and the extracted RNA performed excellent in microarray experiments in that the technical variation was much lower than the biological variation.

conclusions:

Presented is a high-quality, robust RNA isolation method. Obtaining sufficient RNA from
single embryos eliminates the necessity of sample pooling and its associated drawbacks.
Although our RNA isolation method has been setup for transcriptome analysis in
zebrafish, it can also be used for other model systems and other applications like (q)PCR
and transcriptome sequencing.
This chapter has been published as:
RNA isolation method for single embryo transcriptome analysis in zebrafish. BMC
Research Notes, 2010;3:73; doi:10.1186/1756-0500-3-73.

All supplemental information is available at: http://genseq-h0.science.uva.nl/projects/TranscrDyn/
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Background
Transcriptome studies of model organisms during development such as Mus musculus[1],
Drosophila melanogaster [2] and Caenorhabditis elegans [3] are exciting research fields
with many opportunities, yet often hampered by the availability or size of biological
materials. In the last two decades Zebrafish (Danio rerio) has joined these experimental
model organisms in many domains of biological and biomedical research [4-6]. This is
also fuelled by the convenient morpholino technique, in which antisense oligonucleotide
injection -usually in eggs or embryos- effectively ‘knocks down’ target gene expression [7].
Additionally, the morpholino technique in combination with genome-wide transcriptome
analysis has boosted developmental studies involving zebrafish embryogenesis. Hence,
many research groups worldwide embraced this model system in their research. In
studies of genetic networks in zebrafish development [8], responses to e.g. pathogen
infection [9,10], or tissue specificity [11-14], biological materials are often pooled to
obtain sufficient RNA. The results of these studies are undoubtedly of great value, but
each measurement can only be interpreted as the average profile of the selected pool.
Although pooling can be useful in some studies, the possible downsides of pooling are
beyond discussion [15-17]. Pooling should therefore be an optional step, rather than a
necessity. Especially with the rapidly developing zebrafish embryos that are only identified by broad-range phenotypic markers, pools of embryos will show variability because
the embryos in it will not reside in the exact same embryonic phase. To tackle these
drawbacks and adopt a more systems biology approach aimed at individual systems,
we developed a reliable protocol to isolate high-quality RNA from individual zebrafish
embryos with a yield sufficient for microarray analysis and other transcriptome analysis
techniques.
Available methods for embryonic zebrafish RNA isolation commonly need to utilize
20 embryos or more to obtain sufficient RNA (For examples see The zebrafish book [18] and
[19]). Scaling extraction volumes proportionally down to less embryos, is feasible to ~10
embryos, but smaller numbers lead to unworkable methods. One method is described to
isolate RNA from 10 embryos at 36 hpf (~500 ng/embryo) or 52 hpf (~600 ng/embryo)
[13], but as these embryos were already relatively far in development, it was not clear
if this would also be applicable to earlier stage embryos. In this work, several methods
were investigated for isolating RNA from individual embryos with the following prerequisites: 1) Isolated RNA should display a RNA Integrity Number (RIN, quality measurement
from Agilent Technologies) greater than or equal to 7.0; 2) The RNA yield per embryo
should be sufficient to allow quality checks and downstream processing, i.e. more than
200 ng; 3) Impurities should be low, so that mRNA amplifications can be performed.
One of the challenges of isolating RNA from zebrafish is the presence of a rigid and
insoluble chorion. Enzymatic degradation of the chorion is possible, but will most likely
affect the transcriptome.Therefore, we chose for a sample preparation method involving
mechanical disruption of the chorion under frozen conditions. RNA isolations itself, can be
performed by several well-established methods based on phenol-chloroform extraction
and precipitation or column-based nucleic acid purification with the aid of e.g. guanidine
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thiocyanate. All kinds of methods and commercial kits are available today, each with particular advantages and applications. We have tested several published methods based on
phenolchloroform extractions with precipitation, column purifications and bead-based
extraction methods. None of them performed well enough with respect to purity, yield
and reproducibility.We therefore changed one of these methods [14] until it fulfilled our
requirements of quality, yield and reproducibility. Important observations during the optimization were: 1) Incompletely homogenized samples gave lower quality RNA; 2) Good
homogenization was only obtained with frozen samples; 3) Increased volumes of applied
Qiazol lowered yield substantially and 4) The use of a phase-separation agent (e.g.
phase-lock gel heavy) is indispensable for maximum yield and limiting Qiazol carry-over.
To validate and demonstrate the value of our method, several dedicated experiments
were performed.

Results
rna quality and technical variation

To investigate the technical variation of our method, RNA was isolated from eight individual embryos (Danio rerio, strain AB) at the germ ring stage. Because embryonic staging is quite difficult, the embryos will be in a marginally different stage and will because of
that, show biological variation. From four embryos, RNA was individually isolated (called
Single 1 to 4). To eliminate the biological variation, the other four embryos were first
individually homogenized, then the homogenized material was pooled, and finally split
into four samples for separate RNA isolations (Semi-single 1 to 4). Hence, the Semi-single
samples should hold the same RNA content and differences could be attributed solely
to technical variation of the RNA isolation method. The quality of the isolated RNA was
very good, as all RIN values were ≥ 8.3 (Figure 1a) [Additional file 1]. All RNA isolations
yielded ≥ 400 ng (Figure 1b). As expected, the variation in RNA yield was much lower in
the Semi-single samples than the Single samples. This might indicate that RNA content
varies greatly between individual embryos, although column affinity differences by, for
example, higher silica content could also have caused this.To further assess the quality of
the isolated RNA, the mRNA from each sample was amplified, labeled, and hybridized on
a custom Agilent 8 × 15 k zebrafish microarray using standard microarray procedures.
RNA isolated from a pool of 20 embryos from the germ ring stage served as a common
reference RNA sample. This RNA was isolated with similar volumes as used for single
embryos as described in the methods section and yielded ~350 ng/embryo with RIN
8.7. Figure 1c shows that the mean unnormalized log2 signal intensities of reference,
as well as test samples on all microarrays were all well-above background and highly
comparable.The variance in the unnormalized log2 ratios (test/reference) between the
samples was investigated with a principle component analysis (PCA) (Figure 1d), which
clearly showed that the 4 Semi-single samples clustered very close together, whereas the
Single samples were widely spread. This implies that the technical variation of our RNA
isolation method, even without data normalization, is much smaller than the biological
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Figure 1. Validation of the RNA isolation method from single zebrafish embryos (a) RNA
RIN values and (b) yields from: Single, individual embryos (4); Semi-single, homogenized,
pooled, and split embryo material (4, see text); Developmental, embryos from the 16-cell to
8-somite stage (8); Unfertilized, unfertilized eggs (30); Epibolic, embryos from dome stage
to 90% epiboly (186). Stages and RNA yield could not be linked. Note that RIN values show
overlap because of a single decimal place measurement accuracy. (c) Mean, unnormalized
log2 signal intensities from microarray analysis (smooth bar, foreground signal and scatter board
bar, background signal). (d) Principal component analysis (PCA) of the unnormalized log2 ratios
(test/reference) from the Single and Semi-single samples. (e) Spearman correlations showing the
similarity of the unnormalized microarray data from Single and Semi-single samples.

variation, especially since most of the variance is observed on the PC1 axis (accounting
for 85% of the variance). Finally, the Spearman correlation coefficients between the RNA
isolations showed that the Semi-single samples are all highly similar (Figure 1e). The
correlations between the reference samples were all ≥ 0.99 (data not shown).
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roBustness

To show the robustness of our RNA isolation methods, two experiments including larger
numbers of samples were executed: 30 unfertilized eggs and 186 individual embryos,
ranging from dome stage to 90% epiboly.The average RIN value of all samples was 8.9 for
the unfertilized eggs and 8.4 for the epibolic samples (Figure 1a). Only one sample from
all isolations was observed with a RIN value below 7.0 (Figure 1a), which is below the
quality prerequisite. All samples yielded ≥ 200 ng of RNA (Figure 1b).

applicaBility in zeBraFish emBryogenesis

To demonstrate applicability throughout zebrafish embryogenesis, a developmental set
of eight embryos was selected, ranging from 16-cell to the 8-somite stage (Figure 2a).
The quality of the isolated RNA was good, as all RIN values were ≥ 7.9 (Figure 1a)
[Additional file 2] and yields were all above 200 ng (Figure 1b). Pooling a small fraction
of RNA from each sample constituted the common reference. All signals on the custom
Agilent 8 × 15 k zebrafish microarrays were well-above background (Figure 2b) and the
common reference signals were highly comparable. The PCA on the unnormalized log2
ratios (test/reference) showed a developmentally ordered separation of all samples
(Figure 2c). The Spearman correlations showed a similar picture with samples further
apart in the embryogenesis having a lower correlation. The correlations between the
reference samples were all ≥ 0.99 (data not shown).

Conclusions
In summary, here we present a robust RNA isolation method for individual zebrafish
embryos. The validation of this method showed that the technical variation is much
lower than the biological variation. Moreover, this method seems excellently suited
to distinguish different embryonic stages by microarray analysis. Although this method
has been setup with a focus on transcriptome analysis, it can also be used for other
applications like (q)PCR or transcriptome sequencing. Our method could also be made
applicable for embryos and small samples of dissected tissues from other model systems,
as we already have done for small human skin biopsies, especially when sample material
is limited or pooling is unwanted.

Methods
Biological materials

Zebrafish were handled in compliance with local animal welfare regulations and maintained according to standard protocols http://zfin.org[20]. Embryos of Danio rerio (strain
AB) were kept at 30°C in egg water (60 μg/ml Ocean sea salts). Individual embryos
were imaged with stereo microscopy (Leica MZ16 FA) and transferred to 1.5 ml tubes.
Remaining egg water was removed and embryos were quickly snap frozen in liquid nitro-
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Figure 2. Dissecting zebrafish development with microarray analysis (a) Eight selected
embryos ranging from the 16-cell to 8-somite stage. (b) Mean, unnormalized log2 signal
intensities from microarray analysis (smooth bars, foreground signal and scatter board bars,
background signal). (c) Principal component analysis (PCA) on unnormalized log2 ratio data
(test/reference) showing a ‘developmental’ curve starting at the 16-cell stage and ending at
the 8-somite stage. (d) Spearman correlations between the samples reflect the developmental
distance.

gen and stored at -80°C. Females were anesthetized briefly in egg water containing
0.02% buffered ethyl 3-aminobenzoate methanesulfonate (Tricaine, Sigma-Aldrich).
They were transferred to petri-dishes and unfertilized eggs were harvested by gentle
squeezing. Afterwards, they were allowed to recover for one month.

zeBraFish test microarrays

Microarrays have been custom designed and obtained from Agilent Technologies using
the 8 × 15 k slide format. The 15 k microarray (design ID: 021987) contains ~15.000
probes and has been designed on a non-rendundant set of Ensembl and Vega transcripts
with a ZFIN annotation. The design for this array and microarray data discussed in this
publication have been deposited in the National Center for Biotechnology Information
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Gene Expression Omnibus (GEO) [21, 22, 23] and are accessible through GEO series
number GSE17736 and GSE17738.

rna extraction protocol

Per RNA isolation, one 1.5 ml tube was filled beforehand with 75-100 mg phase-lock
gel heavy (5-Prime) and pelleted for 30 s at 12,000 × g. Tubes with individual embryos
were kept in liquid nitrogen until processing. Single embryos were grinded individually
with a liquid nitrogen pre-chilled metal micro-pestle (Carl Roth). The pestle was lifted
slightly and 200 μl Qiazol (Qiagen) was added. The pestle was placed back into the tube
with Qiazol and the homogenate was allowed to thaw. Before removal, the pestle was
washed with an additional 100 μl Qiazol to rinse of any material that might have stuck to
the pestle. The homogenate was vortexed vigorously for 15 s, left at room temperature
for at least 5 min, and then spun down quickly for 15 s. 60 μl chloroform was added to
the homogenate, vortexed for 15 s and kept at room temperature for 3 min. The partly
separated mixture was transferred as a whole to a pre-prepared phase-lock gel heavy
containing tube and centrifuged for 15 min at 12,000 × g. The aqueous phase was transferred to a new 1.5 ml tube. The RNA was purified by column precipitation according
to the RNeasy MinElute Cleanup Handbook (version 2007) - Appendix D: RNA Cleanup
after Lysis and Homogenization with Qiazol Lysis Reagent (Qiagen). At the end of the
procedure, the RNA was eluted in 14 μl nuclease-free water.

rna yield and quality

The amount of RNA per μl was measured on the NanoDrop ND-1000 (Thermo Scientific). The integrity of the RNA was investigated with the BioAnalyzer (Agilent Technolgies) using the RNA pico 6000 kit (Agilent Technologies).

ampliFication and laBelling oF rna

200 ng RNA including controls, (Spikeset A for Cy3 and -B for Cy5, 1/16 final dilution)
from the Two-Color RNA Spike-In Kit (Agilent Technologies), was taken as input for half
volume reactions of the one-round mRNA amplification per zebrafish embryo (Amino-allyl MessageAmp II kit, Applied Biosystems). 5 μg of amplified RNA was dried in a
speedvac and dissolved in 5 μl 50 mM carbonate buffer (pH 8.5) by thoroughly up and
down pipetting and placed at 42°C for 5 min.They were vortexed and spun down briefly.
Vials of mono-reactive CyDyes (GE Healthcare) were dissolved in 200 μl DMSO.To each
reaction 10 μl of dissolved CyDye was added (Test - Cy3, Reference - Cy5). They were
mixed thoroughly by pipetting up and down, vortexed and spun down briefly. Subsequently, samples were incubated for 60 min at room temperature in the dark. After 30
min the samples were vortexed and spun down briefly and left the residual 30 min in
the dark. The reactions were quenched by addition of 5 μl 4 M hydroxylamine for 15
min in the dark at room temperature. 80 μl of nuclease-free water was added to each
sample to bring the volume to 100 μl. The RNA was purified with column precipitation according to the RNeasy MinElute Cleanup Handbook (version 2007) - Protocol:
RNA Cleanup and Concentration (Qiagen). Finally, the RNA was eluted twice in 14
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μl nuclease-free water. The yield and CyDye incorporation were measured with the
NanoDrop ND-1000 (Thermo Scientific).

microarray hyBridization, scanning & data processing

Each hybridization mixture was made up from 300 ng ‘Test’ and 300 ng ‘Reference’ sample
according to the Two-Color Microarray-Based Gene Expression Analysis Manual version
5.5 (Agilent Technologies). The RNA was allowed to hybridize for 16 hours at 65°C and
10 RPM. Afterwards the slides were washed and scanned in an ozone-free room with the
Agilent DNA microarray scanner G2565BA (Agilent Technologies). Slides were scanned
with eXtended Dynamic Range and 5 μm resolution. Microarray data was extracted with
Feature Extraction Software version 9.5.3 (Agilent Technologies). The obtained median
signals were log2 converted and the average log2 signal intensity was calculated for
the foreground and background signals. Log2 converted ratios were used to perform
standard PCA and median signal intensities were used for the calculation of Spearman
correlations between samples.
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Abstract
Background:

A complete gene-expression microarray should preferably detect all genomic sequences
that can be expressed as RNA in an organism, i.e. the transcriptome. However, our
knowledge of a transcriptome of any organism still is incomplete and transcriptome
information is continuously being updated. Here, we present a strategy to integrate
heterogeneous sequence information that can be used as input for an up-to-date
microarray design.

Findings:

Our algorithm consists of four steps. In the first step transcripts from different
resources are grouped into Transcription Clusters (TCs) by looking at the similarity of
all transcripts. TCs are groups of transcripts with a similar length. If a transcript is much
smaller than a TC to which it is highly similar, it will be annotated as a subsequence of
that TC and is used for probe design only if the probe designed for the TC does not
query the subsequence. Secondly, all TCs are mapped to a genome assembly and gene
information is added to the design. Thirdly TC members are ranked according to their
trustworthiness and the most reliable sequence is used for the probe design. The last
step is the actual array design.We have used this strategy to build an up-to-date zebrafish
microarray.

conclusions:

With our strategy and the software developed, it is possible to use a set of heterogeneous transcript resources for microarray design, reduce the number of candidate
target sequences on which the design is based and reduce redundancy. By changing the
parameters in the procedure it is possible to control the similarity within the TCs and
thus the amount of candidate sequences for the design.The annotation of the microarray
is carried out simultaneously with the design.
This chapter has been published as:
Integrating heterogeneous sequence information for transcriptome-wide microarray
design; a Zebrafish example. BMC Research Notes, 2010;3:192; doi: 10.1186/1756-05003-192.

The original link: http://staff.science.uva.nl/~rauwerda/resource_integration_array_design
has been replaced by: http://genseq-h0.science.uva.nl/projects/TranscrDyn/chapter2/scripts/
All supplemental information is available at: http://genseq-h0.science.uva.nl/projects/TranscrDyn/
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Introduction
The best scientific experiments are the ones based on the most recent scientific
knowledge. Thus, in expression studies, our detector, i.e. the microarray, preferably
would be based on the most recent and complete understanding of the genome and
transcriptome. Although the annotation of commercially available microarrays is or
can be [1, 2] updated on a regular basis, the microarray designs themselves tend to
stay unchanged for long periods of time, also due to legacy issues. Furthermore, the
microarray design strategy is in many cases proprietary to the microarray manufacturer. Therefore, and apart from the design of the individual probes, for which a variety
of software tools exists [3, 4, 5, 6], we need a way to translate our knowledge of the
genome and transcriptome into a strategy for microarray design for an organism. This
is a trivial task neither on the biological nor on a technical level.
The concept of a gene has evolved from a stretch on the genome that encodes one
protein to an entity that represents many and complex relations that exist between
sequence and biological function. The definition of a gene by Gerstein et al. [7, 8] as ‘a
union of genomic sequences encoding a coherent set of potentially overlapping functional products’ allows genes to have an overlapping sequence, to be alternatively spliced
and to exert functions other than protein coding. However, it makes a gene less tangible
and thus less prone for microarray probe design because in many cases a gene is not just
one distinct physical entity.
On a technical level and fuelled by the information from next-generation sequencing
experiments, we experience an unremitting flow of new transcription evidence and
genome information. This data is used to improve the information in the transcriptome
and genome repositories, such as Vega [9] and Ensembl [10] but also can lead to instability
in gene assignments such as Unigene. Each repository uses different approaches to define
genes and/or transcripts.The differences include the level of confidence that is required for
inclusion of an element into a repository, as well as the different algorithms that are used
to map transcripts to a genome assembly and to in silico predict genes and transcripts [9,
10, 11, 12, 13]. Moreover, and depending on the genome and transcriptome at hand, these
resources still change considerably from version to version, of which an example is shown
in Table 1.
Orthogonal to the genome and transcriptome resources are the organism-centric
resources, such as the Mouse Genome Informatics (MGI) [14] and the Zebrafish Information Network (ZFIN) http://zfin.org [15], which offer an integrated view on the
genome of a selected organism. However, if we were, for instance to base the design of a
zebrafish microarray solely on the ZFIN genes, we would exclude a substantial number
of genes that is present in one or more of the other resources (Figure 1).
Thus, microarray probes should be designed on transcripts or predicted transcripts,
be annotated with gene information and use the most recent transcriptome resources.
Because of the exploratory nature of transcriptomics experiments, most scientists wish
to detect as many different transcripts as possible, rather than to limit themselves to
established transcripts and genes only. The ongoing miniaturization in microarray manufacture also allows such an approach. A simple strategy would be to design probes for all
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Ensembl
version

Date

Assembly

# Known proteincoding genes

# Transcripts

57

March 2010

GRCh37

22,253

142,746

56

Feb. 2009

GRCh37

23,438

140,426

55

July 2009

GRCh37

22,258

101,641

53

March 2009

NCBI36

21,370

62,877

49

March 2008

NCBI36

21,541

48,400

46

Aug. 2007

NCBI36

21,667

44,340

36

March 2006

NCBI36

25,078

21,206

Table 1. Number of Transcripts and Genes in Ensembl
Number of known protein-coding genes and transcripts in the Ensembl human genome
releases from March 2006 to March 2010 are tabulated together with the assembly on which
these genes and transcripts are mapped.

resources separately and put these together on the microarray. However, this approach
causes serious difficulties in the expression analysis, such as problems in gene set
enrichment and overrepresentation analysis due to redundancy of probes representing
the same transcript. Here we will show a strategy to integrate the heterogeneous
sequence information for transcriptome-wide microarray design and show the result of
our approach for the zebrafish transcriptome.

Description
The purpose of the Microarray Design Workflow (Figure 2) is to define, over a set of
transcript resources, distinct groups of transcripts that represent distinguishable and
non-redundant transcripts. These groups, or Transcription Clusters (TCs), will supply the
candidate sequences on which the actual microarray probes are designed. Differences
between the TCs should be large enough to make the design of a non-redundant probe
likely to be successful. Also, the similarity in a TC should be high enough not to merge
biologically different transcripts. The design procedure is organized in 4 steps (Figure 2).
First the transcripts are clustered. Secondly the TCs are mapped to a gene assembly and
reorganized. In the third step the sequences within cluster are ranked according to trustworthiness. Finally, the array can be designed using any oligonucleotide design software.
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Figure 1. Mapping of four gene repositories in the Zebrafish Model Organism Database.
Using the mapping tables supplied by the Zebrafish Information Network (ZFIN) [14] (March
2010) on the Unigene, Vega, Ensembl and Refseq genome resources, indicated by colored
shades, the number of ZFIN identifiers common to each combination of resources are shown.

TranscripT clusTering

The transcript clustering is started by ordering all sequences by length and, starting with
the longest sequence, mapping them onto one another using the BLAST algorithm [16].
A similarity threshold is used as to consider only sequences with a matching part larger
than a threshold T (Figure 2). Hence, if a sequence is only similar to itself, a new TC
containing that transcript is made. If the sequence can be mapped by using the similarity
threshold to more sequences and if those target BLAST sequences that are as long as
or longer than the query sequence itself have a matching part larger than a threshold U,
the query sequence is added to the TC to which the BLAST target sequence belongs.
Query sequences that have a high similarity to the BLAST target sequence but are much
smaller may be actual biologically distinct molecules as compared to the BLAST target
sequences, e.g. a splice variant or a member of gene family. These sequences are set
aside and are further processed in the Array Design step. Thus, if the sequence can be
mapped to more sequences, but if those target BLAST sequences that are as long as
or longer than the sequence itself have a matching part smaller than a threshold U, the
query sequence is categorized as a subsequence unless it contains a non-similar end
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Ensembl 57
Vega 37
Refseq 39
Unigene 117
ZFIN (March 2010)

M
TL
QL

= Matching Stretch in the BLAST hit
= Length of BLAST target
= Length of BLAST query
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LI
MT

= M/QL * PercentageIdentity
= M/TL * PercentageIdentity

28,716
24,712
28,783
51,480
122,670

28,716
24,712
28,783
51,480
122,670
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Figure 2. Microarray Design Workflow. The diagram of the microarray design workflow
is shown together with the rules that are applied at the different stages of the workflow. The
parameterization of the Zebrafish array design example, the scripts used, and the counts of the
number of entities at each step in the workflow are shown at the right of the figure.

of at least H nucleotides in comparison with the BLAST target sequence. H is taken
sufficiently large as to make the design of a probe possible. This step in the algorithm
distinguishes a protruding query sequence from the very similar BLAST target sequence.
The parameter H facilitates the distinction between subsequences for which probes
might be designed (see the Array Design paragraph) and protruding sequences that are
organized by introducing a new TC for which a probe must be designed. If the nucleotide
order and composition of a sequence has low complexity, no BLAST hits are returned.
These sequences are marked as low-complexity (LC) sequences and are discarded from
the design.

TranscripT Mapping

In order to make a gene annotation for each TCs, the table of TCs is mapped to Ensembl
using R-BioMart [17]:The TC is split if its sequences map to more than one Ensembl gene
(Figure 2, Rule 1). In that case, sequences without a mapping to Ensembl are discarded. If
a sequence is mapped to more than one Ensembl gene, the TC is only split, if this does
not introduce redundancy, i.e. different TCs containing identical transcripts.

TranscripT ranking

Next the most-trustworthy sequence in a TC is chosen for the actual probe design.
Resources that apply a higher level of biological evidence are deemed to have a higher
trustworthiness and sequences in a resource that are annotated based on biological
evidence are chosen over transcripts that are in silico predictions (Figure 2, Rule 2). For
instance: Ensembl transcripts are prioritized in the order ‘known’,‘novel’ and ‘pseudogene’.
RefSeq sequences are chosen in the order of their prefix NM_ (mature messenger
RNA transcripts), XM_ (model mRNA), NR_ (non-coding transcripts) and XR_ (model
non-coding transcripts). If there are more UniGenes in the TC, the ‘complete cdss’ are
favored. In all cases, if there is a draw, the longest sequence is taken and if then still no
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decision can be made the first sequence is chosen. If the 5’ to 3’ direction of EST-based
UniGenes is not known, also the reverse complement of the candidate sequence is made.
For a different organism or for a different choice of transcript resources this procedure
can be easily adapted.

array design

With the resulting list of probe target candidate sequences, microarray probes are
designed. Next, the designed probes are mapped onto the subsequences using the BLAST
algorithm. Subsequences that do not show any similarity with a probe are subjected to a
second probe design run.
The final step of this strategy is only applicable to procedures in which the probe design
software also can produce cross-hybridizing probes. Probes representing different TCs
that cross-hybridize with a high identity can be grouped together, i.e. these probes can
be attributed to a specific sequence that is common to a group of TCs. However, probes
with a large number of low to medium cross-hybridization events are not interpretable
and can be removed from the design (Figure 2, Rule 3).
All scripts used in this procedure are written in R or Perl and are available via our website http://genseq-h0.science.uva.nl/projects/TranscrDyn/chapter2/scripts/. The script, in
which the TCs are constructed, uses a local installation of BLAST and is computationally
the most expensive step in the procedure.The computational requirements for the actual
probe-design depend on the software used and whether the design of cross-hybridizing
probes is included.

A Zebrafish Example
The sequence repositories chosen for our Zebrafish Microarray Design: Ensembl 57,
Vega 37, RefSeq 39, and UniGene 117, contain 133,691 sequences. Also genome information of ZFIN has been used. In order to establish the behavior of the algorithm on this
data we have carried out a parameter-sweep experiment of six mappings using similarity
thresholds ranging from 60 to 99 (Figure 3). The total number of clusters produced by
the algorithm increases linearly until a similarity threshold T = U = 85 and starts to
increase at a higher rate at higher values of T. A sharp decrease in number of clusters
with more than 2 members or more is observed a T = U = 95. Additional file 1 lists the
tabulated results of these mappings.
For this array design we have chosen to include cross-hybridizing probes. Therefore, we
have chosen to be rather strict on the similarity threshold, but avoid a high increase rate of
the number of clusters. Hence similarity parameters T and U and the overhang parameter
H were set as 95, 95 and 100 respectively. The first BLAST procedure produced 96,189 TCs,
10,080 sub-sequences and 12 low-complexity sequences were produced. The splitting of
TCs according to the Ensembl gene classification resulted in 97,316 TCs. 2,303 sequences
for which the 5’-3’-direction could not be established were designed in both possible
transcript directions. Afters the second BLAST procedure, in which the TC probes were
aligned against the subsequences (Figure 2), 5,299 subsequences remained to be designed.
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100000

total number of clusters

90000

110000

Figure 3. Effect of the Similarity
Threshold on Transcript Clustering.
The result of the mapping of the sequences
of Ensembl 57, Vega 37, RefSeq 39, and
UniGene 117 onto each other using the
procedure as specified in the Description
section and Figure 2 is shown. Similarity
thresholds T and U were varied from 60
to 99 but were kept equal to one another
in each mapping run. In total 133,691
sequences have been mapped. Depicted are
the total number of clusters, the clusters
with 1 and the clusters with 2 or more
members and the number of subsequences.
At T = U = 60 45% of all TC sequences
is clustered into clusters with 2 or more
members. This percentage drops to 12%
60
75
90
85
99
95
at T = U = 99. This decrease is due to
Similarity Threshold (T,U)
the higher stringency with respect to the
identity of the BLAST query to the BLAST target sequences (T) as well as to the higher limit
at which a smaller BLAST query sequence is added to the TC of the larger BLAST target
sequence (a higher U facilitates the calling of subsequences). At T = U = 95 a sharp rise in
the number of clusters with only one member is observed. However, the increase of the single
member clusters is much larger than the increase of the number of subsequences.
Total Number of Sequences: 133,691

subsequences

clusters with 1 member

70000

60000

50000

40000

30000

0

10000

20000

Number of Transcription Clusters

80000

clusters with 2 or more members

Oligopicker [4] has been used to design up to 5 probes per sequence with a 3’ sequence
preference. A probe is considered to cross-hybridize, if it contains a stretch of 16 nucleotides or has a bitscore higher than 32.5. If only cross-hybridizing probes could be
designed, such a probe was added to the design, together with the information to which
other sequences this probe can cross-hybridize.
The construction of the TCs took less than a day on a 2.8 GHz Dual-Core AMD Opteron
2220 machine. The microarray design has been carried out on a 20 node Pentium-D
computer cluster and took 10 hours.
The results of the zebrafish microarray probe design are summarized in Table 2. For
43% (41,477) of the TC sequences we were able to design 1-5 unique probes, for 56%
(54,461) only cross-hybridizing probes could be designed, and for approximately 1.5% no
probe could be designed. 935 probes have been removed from the design, because of
their potential to massively cross-hybridize with a low to medium stringency.
We have organized the design information in several additional files: Additional file 2, all
non cross-hybridizing probes are tabulated together with their sequences, the characteristics of the transcript the probe is designed on, the other sequences in the TC and
the Ensembl genes and Ensembl transcripts mapped onto this TC; Additional file 3, all
TCs are given that are queried by non cross-hybridizing probes along with the identifiers
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Vega
37

Ensembl
57

RefSeq
39

UniGene
117

2,303

5,299

22,412

20,728

20,533

41,245

with 5 probes

3,397

67

0

821

503

935

1,205

with 4 probes

2,213

139

0

328

199

394

1,431

with 3 probes

4,015

233

0

714

309

618

2,607

with 2 probes

8,080

389

1

1,558

676

1,138

5,098

with 1 probe

23,772

947

23

5,446

2,246

3,049

14,001

without crosshybridizing probes

41,477

1,775

24

8,867

3,933

6,134

24,342

with a cross-hybridizing probe

54,461

484

4,620

13,209

16,330

13,954

16,072

Total queried TCs/
sequences

95,938

2,259

4,644

22,076

20,263

20,088

40,414

TCs/sequences:

Probe target candidate sequences

TC 2
bi-directional

97,316

TC
uni-directional

Sub-sequences

Transcriptome Dynamics in Early Zebrafish Embryogenesis

Table 2. Characteristics of the Zebrafish Microarray Design The rows represent the number
of candidate sequences and the design result of OligoPicker [4]. The columns represent the
number of TCs in one direction, the number of TCs presented to the oligo-design software as
reverse complement, and the number of subsequences. The last four columns show the origin
of the sequences on which the probe design has been based.

of the transcripts and the probe(s); Additional file 4, all cross-hybridizing probes are
tabulated together with their sequences, the characteristics of the transcript the probe
is designed on, the other sequences in the TC, the Ensembl genes and Ensembl transcripts mapped onto this TC and the TCs to which they cross-hybridize; For a number
of TC-pairs no probe could be designed that distinguishes between the members of
the pair. In Additional file 5, 10,757 probes are tabulated that query two or more of
such TCs or subsequences. To indicate the extent of cross hybridization we summarized
the number of sequences to which probes cross-hybridize in Figure 4. 38% (15,296)
uni-directional cross-hybridizing TC-based probes cross hybridize just to one sequence.
55% (29,797) of all cross-hybridizing probes have only perfect hits to the sequences they
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15,489
10,611

Figure 4. Barplot of cross hybridizing probes.
Barplot of TC-based uni-directional cross-hybridizing
probes. Shown are the probes that cross-hybridize to 30
sequences or less; in or on top of the histogram bars the
number of probes is displayed.
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1

2

3

4

5

6

7

Number of sequences to which a probe cross-hybridizes

cross-hybridize with (Additional file 6). In total, we have designed 126,632 probes in this
whole-transcriptome Zebrafish Microarray Design.

Concluding Remarks
The workflow presented here facilitates the integration of heterogeneous sequence
information for transcriptome-wide microarray design and minimizes by construction of
Transcription Clusters, the redundancy of transcripts represented on the microarray by
probes. Together with the microarray design, the annotation of the microarray is drawn
up. Inherently to biology, some probes can never be mapped to individual genes. However,
with this approach, all information which transcripts and genes a probe refers to is available. In this zebrafish example we have chosen to also design cross-hybridizing probes. If
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the research question that has to be answered by the microarray experiment does not
need to investigate the biological mechanism at hand, such as in biomarker studies, these
cross-hybridizing probes can prove to be quite useful.
With the presented workflow we have developed a tool for microarray design that
allows the use of as many heterogeneous genome resources as desired. The easy to
design up-to-date microarrays in the current era of high-density custom-designed
microarrays makes this workflow a valuable tool for whole-transcriptome studies.
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Additional file 1: Effect of the Similarity Threshold on Transcript Clustering. Tabulated are
the total number of clusters, clusters with 1, 2, 3, 4 and more than 4 members and the
number of subsequences that result from a clustering with a similarity threshold T = U
of 60, 75, 85, 90, 95 and 99 respectively. (XLS 14 KB) https://static-content.springer.com/
esm/art%3A10.1186%2F1756-0500-3-192/MediaObjects/13104_2010_596_MOESM1_
ESM.XLS
Additional file 2: Zebrafish Microarray Design - Non Cross-hybridizing Probes. All non
cross-hybridizing probes are tabulated together with their sequences, the TC-id, the
transcript the probe is designed on, whether the probe is designed on the sequence
given by the sequence resource or is designed on the reverse complement, start of
the probe on the transcript, information from the sequence resource, gene symbol, description, chromosome, strand, genomic position, other TC members, Ensembl
Gene, and Ensembl Transcript. (TXT 12 MB) https://static-content.springer.com/esm/
art%3A10.1186%2F1756-0500-3-192/MediaObjects/13104_2010_596_MOESM2_ESM.
TXT
Additional file 3: Zebrafish Microarray Design - TCs queried by Non Cross-hybridizing
Probes. all TCs are given that are queried by non cross-hybridizing probes. Tabulated
are TC ids, probe ids, members of the TC and the Ensembl gene(s) and transcript(s)
to which the TC is mapped. (TXT 3 MB) https://static-content.springer.com/esm/
art%3A10.1186%2F1756-0500-3-192/MediaObjects/13104_2010_596_MOESM3_ESM.
TXT
Additional file 4: Zebrafish Microarray Design - Cross-hybridizing Probes. all cross-hybridizing probes are tabulated together with their sequences, the TC-id, the transcript
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the probe is designed on, whether the probe is designed on the sequence given by
the sequence resource or is designed on the reverse complement, start of the probe
on the transcript, information from the sequence resource, gene symbol, description,
chromosome, strand, genomic position, other TC members, Ensembl Gene, Ensembl
Transcripts and between brackets: cross-hybridizing potential to transcript, TC with
the cross-hybridization bitscore. Subsequences are abbreviated by ‘subs’. (TXT 11 MB)
https://static-content.springer.com/esm/art%3A10.1186%2F1756-0500-3-192/MediaObjects/13104_2010_596_MOESM4_ESM.TXT
Additional file 5: Zebrafish Microarray Design - Probes designed on more than one TC.
Tabulated are the probes that only could be designed to more than one TC. In the
second column the TCs are given between brackets, together with the TC sequence
on which the probe has been designed. Subsequences are abbreviated by ‘subs’. (TXT
765 KB) https://static-content.springer.com/esm/art%3A10.1186%2F1756-0500-3-192/
MediaObjects/13104_2010_596_MOESM5_ESM.TXT
Additional file 6: Zebrafish Microarray Design - Perfect hit only cross-hybridizing
probes. Tabulated are the probes that have an exclusive 100% similarity to the probes
they cross-hybridize with. The probes are given together with the sequences they are
designed on and between brackets the TCs they cross-hybridize with plus the sequence
the TC has been designed on. Subsequences are abbreviated by ‘subs’. (TXT 3 MB)
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Abstract
Maternal mRNA present in mature oocytes plays an important role in the proper
development of the early embryo. As the composition of the maternal transcriptome
in general has been studied with pooled mature eggs, potential differences between
individual eggs are unknown. Here we present a transcriptome study on individual
zebrafish eggs from clutches of five mothers in which we focus on the differences in
maternal mRNA abundance per gene between and within clutches.To minimize technical
interference, we used mature, unfertilized eggs from siblings. About half of the number
of analyzed genes was found to be expressed as maternal RNA. The expressed and
non-expressed genes showed that maternal mRNA accumulation is a non-random
process, as it is related to specific biological pathways and processes relevant in early
embryogenesis. Moreover, it turned out that overall the composition of the maternal
transcriptome is tightly regulated as about half of the expressed genes display a less than
twofold expression range between the observed minimum and maximum expression
values of a gene in the experiment. Even more, the maximum gene-expression difference
within clutches is for 88% of the expressed genes lower than twofold. This means that
expression differences observed in maternally-expressed genes are primarily caused by
differences between mothers, with only limited variability between eggs from the same
mother. This was underlined by the fact that 99% of the expressed genes were found to
be differentially expressed between any of the mothers in an ANOVA test. Furthermore,
linking chromosome location, transcription factor binding sites, and miRNA target sites
of the genes in clusters of distinct and unique mother-specific gene-expression, suggest
biological relevance of the mother-specific signatures in the maternal transcriptome
composition. Altogether, the maternal transcriptome composition of mature zebrafish
oocytes seems to be tightly regulated with a distinct mother-specific signature.
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Introduction
Maternal RNA is defined as those transcripts present in a mature oocyte or (un)fertilized egg before the initiation of zygotic gene expression [1,2]. Their significance is
reflected in the enormous amounts, up to several ug total RNA per egg in oviparous
species [3]. Oogenesis is a complex process in which, during the very early stages DNA
replication takes place [4]. After that, but still in the Prophase I of the meiosis chromosomes unpair and the developing oocyte starts a long period of cytoplasmic growth. In
this lengthy developmental phase the maternal RNA molecules are either produced by
the oocyte or deposited by surrounding cells into the oocyte during oogenesis [5,6].
Spatiotemporal localization of maternal RNAs is at least for germ plasm RNAs highly
dynamic [7]. During oogenesis and early embryogenesis mRNA is actively deadenylated
and polyadenylated [8]. In the oocyte a large number of RNA molecules is stored in
the cytoplasm with short poly(A) tails that can acquire translational competence after
cytoplasmic polyadenylation during oocyte maturation and embryogenesis [9]. Only
after fertilization the second phase of the meiosis is resumed and the second polar
body is produced. Maternal mRNAs provide a means of protein production without
transcription in early embryogenesis [2,10,11].Thus, besides functions in the developing
oocyte, these maternal gene products play an important role in the proper development
of the early embryo, such as the start of the zygotic transcription [1,12]. During the
maternal-to-zygotic transition (MZT) maternal mRNAs are cleared from the embryo in
a highly regulated fashion [13]. Fish maternal mRNA is intensively studied because zebrafish (Danio rerio) is an increasingly popular model organism [14] and maternal RNAs are
considered important determinants of egg quality in farmed fish [15].
Over the years, many studies have been carried out to elucidate the role of maternal
mRNA in oogenesis and early embryogenesis including whole-genome transcriptomics
experiments. This resulted in many new insights on the functioning of maternal mRNAs.
However, as most studies, including those on zebrafish [16–19], C. elegans [20], T. castaneum [21], D. melanogaster [22] and human [23], have been performed using pools of
oocytes, eggs or embryos, little is known about the maternal mRNA differences between
individual oocytes.The few studies using single cell transcriptome analyses [24,25] do not
specifically address the transcriptome variation between oocytes. Another complicating
factor in maternal RNA experimentation is the fact that in the oocyte, many maternal
RNAs have no or short poly(A) tails plus that mRNAs may be specifically polyadenylated
or deadenylated during early embryogenesis [9,26,8]. Therefore the often used poly(A)based selection or amplification protocols will likely result in a biased outcome [13].
Given the important role of maternal mRNA, the constitution of the maternal transcriptome of an individual egg will have a profound impact on the eventual individual [27–30].
This, in fact, might be an epigenetics means to transmit (environmental) information from
the mother to the offspring [31,32]. It has been shown that the epigenetic factor DNA
methylation plays a role in the transmission of environmental stimuli into the embryo
development [33–36]. An approach to investigate the role of maternal mRNA in transmission of such epigenetic information would be to analyze the differences in the maternal
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Figure 1. Maternal gene expression in zebrafish eggs (A) Experiment design: the
transcriptomes of 24 individual zebrafish eggs was determined in five clutches. (B) Geneexpression distribution of the 11,118 expressed (red) and 11,353 non-expressed (green) unique
Ensembl-defined genes. (C) Top 15 over-represented KEGG pathways associated with the
maternally non-expressed genes. (D) Top 15 over-represented KEGG pathways associated
with the maternally-expressed genes.

transcriptomes between sibling oocytes in one clutch and clutches from different mothers.
Accordingly, we performed an experiment using four to five eggs per clutch from five
different mothers, using our single-egg transcriptome-analysis technique [37] that allows
us to detect inter-individual differences (Fig 1A). To avoid the maternal mRNA short
poly(A) tail complication, we depleted the maternal RNA samples for rRNA and subsequently polyadenylated the remaining RNA. To limit the influence of genetic differences,
we used sibling mothers. The transcriptome analysis showed that there is surprisingly
limited differential gene expression between individual eggs, especially within one clutch.
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This indicates the existence of a tightly regulated gene-expression program in oogenesis.
Even though these differences are relatively small, over 99% of expressed genes show
in at least one between-clutch comparison a statistically different gene expression. This
means that there seems to be a mother-specific influence in the maternal transcriptome
of these mature eggs. Importantly, the combined differential gene-expression patterns
exclude the possibility that these differences originate from eggs that are in a different
state of maturation, activation, meiosis, or decay. Hence, we conclude that each clutch
has a highly similar maternal transcriptome yet with a noticeable signature of the mother.
These differences seem to be controlled by direct gene regulation as they involve gene
sets with a non-random chromosome distribution, transcription factor binding sites in
their promotor regions, or differential miRNA targets in their 3’ UTRs.

Material and methods
Zebrafish eggs

Zebrafish were handled in compliance with the local animal welfare regulations and
maintained according to standard protocols (http://ZFIN.org). Mature, unfertilized eggs
were collected from 5 different animals (sisters) of genotype wt ABTL by a squeezing
procedure as described in http://zfin.org/zf_info/zfbook/chapt2/2.8.html#4. In short, a
female, looking large and fat in the belly and a male were placed in one tank separated by a transparent, but watertight division the day prior to the squeezing procedure.
Approximately 1 hour after the start of the light period, the division was removed
and 3 minutes later and before any egg laying or sperm deposition took place, the
female was removed from the tank and anesthetized briefly in another tank with egg
water containing 0.02% buffered ethyl 3-aminobenzoate methanesulfonate (Tricaine,
Sigma-Aldrich). Subsequently, the eggs were obtained by gently squeezing the female.
Finally, some egg water was added to the clutch to facilitate the picking of individual eggs.
During a period of 1 to maximally 15 minutes after expulsion of the clutch, the mature
eggs were one after another, individually put into Eppendorf tubes, flash-frozen in liquid
nitrogen, and stored at -80°C. The local animal welfare committee (DEC) of the University of Leiden, the Netherlands specifically approved this study. All protocols adhered to
the international guidelines specified by the EU Animal Protection Directive 86/609/EEC.
From each female, five eggs were taken from which RNA was extracted.

rNa extractioN & microarrays

RNA was isolated from single eggs as described previously (de Jong et al., 2010). RNA
concentrations were measured on a NanoDrop ND-2000 (Thermo Scientific), S1 File,
and RNA integrity was assessed on a 2200 TapeStation system using RNA ScreenTapes
(Agilent Technologies). Total RNA was polyadenylated using the Poly(A) Polymerase
Tailing Kit (Epicentre). Prior to amplification and labeling, polyadenylated total RNA
was depleted for ribosomal RNA (rRNA) using a set of biotinylated single-stranded
DNA oligonucleotides designed to hybridize to Danio rerio 18S and 28S rRNA (S2 File). A
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detailed ribo-depletion protocol can be found in the S3 File. Polyadenylated ribo-depleted
RNA was amplified and labeled using amino-allyl-CTP (TriLink Biotechnologies) in a
modified version of a standard T7 RNA polymerase-based in vitro transcription protocol [38]. Amplified RNA was purified using the E.Z.N.A. MicroElute RNA Clean Up Kit
(Omega Bio-Tek), quantified using a NanoDrop ND-2000 and its quality was checked
on RNA ScreenTapes (Agilent Technologies). A reference sample - mentioned here for
completeness, since in the analysis a one dye approach was applied - was compiled from
a pool of eggs.
Test and reference samples were labeled with Cy3 and Cy5, respectively, by incubating
5 µg of amino-allyl labeled amplified RNA in 50 mM carbonate buffer (pH 8.5) with Cy3
or Cy5 mono-reactive dyes (GE Healthcare) for 1 hour at room temperature. Reactions were quenched with hydroxylamine (Sigma-Aldrich), purified with the E.Z.N.A.
MicroElute RNA Clean Up Kit and the yield and CyDye incorporation were measured
on a NanoDrop ND-2000. Finally, 4.4 ug test and 2.2 ug reference labeled amplified
RNA was combined and hybridized to custom-designed D. rerio 4x180k SurePrint
G3 microarrays (Agilent Technologies, GEO accession GPL15180) for 17 hours at
65°C. In order to avoid confounding of clutch and hybridization chamber samples
were randomized. The microarrays were scanned in an ozone-free room with a
DNA microarray scanner G2565CA (Agilent Technologies). Feature extraction was
performed with Agilent Feature Extraction software.
In short, these microarrays were designed by applying the method described in [39],
albeit with a few modifications: for each transcript only one probe was designed at the
3’ end of the transcript. The transcripts were based on Ensembl 57, Vega37, Unigene117
and Refseq39. This set comprises of 88,754 transcripts and 24 negative control probes
and is a subset of the microarray design described in GEO GPL 10042 (http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GPL10042). Next to this set the array also contains
44k probes from older, redundant array designs, which were not used in this experiment.

data preprocessiNg & NormaliZatioN

The quality of the microarray data was assessed via multiple quality-control checks, i.e.
visual inspection of the scans, testing against criteria for foreground and background
signals, testing for consistent performance of the labeling dyes, checking for spatial effects
through pseudo-color plots, and inspection of pre- and post-normalized data with box
plots, ratio-intensity (RI) plots and PCA plots.All microarrays passed the minimum quality
criteria and were used in the analyses. Handling, analysis and visualization of all data was
performed in R (http://cran.r-project.org/) using the Bioconductor packages affy, limma
and maanova [40]. At this stage we removed two genes (rdh14b and zgc:63480) from the
dataset, due to the fact that they each had an extreme high expression value in one of
the samples, whereas the expression was consistently absent in all other samples, which
resulted in a unrealistic fold changes of over 3,000 times. We also removed 194 genes
which microarray signals could not be normalized as they apparently already produce
polyadenylated maternal RNA by themselves (S1 Fig., S4 File). Log2 transformed Cy3
data was normalized between microarrays by quantile normalization from the Robust
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Multi-microarray Average (RMA) function in the R Bioconductor affy package. Raw and
processed data are deposited in the Gene Expression Omnibus accession:GSE72839 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=gnahakmgtjurryh&acc=GSE72839).

data aNalysis

In order to distinguish expressed genes from non-expressed genes, we developed a
sequential procedure to: determine which probes are expressed per sample/microarray;
how these expressed probes translate to expressed transcripts in the whole experiment;
and finally how these expressed transcripts translate to expressed genes in this study.
Starting from the raw data and the assumption that high-variant signals are indicative
for expressed genes, we determined for each probe the log variance of the log intensity
over the entire experiment of the Cy3 channel. In the resulting bimodal distribution (S2A
Fig.) the log variance between the low- and the high-variance peak was determined at
-3.74 with the lowest number of probes below which probes were labeled ‘low-variance
probes’ (58,212) and above which probes were labeled ‘high-variance probes’ (30,512).
Using Bayes’ theorem a per-microarray per-probe conditional probability was calculated,
i.e. that the probe given its intensity value belongs to the high-variance distribution. Here
the per-microarray threshold to label a probe as expressed was set at a likelihood of
larger than 0.95. With this threshold, interpreted as the intensity above which we accept
that a probe is reliably detecting the associated gene products in a specific sample, we
are stringently avoiding false positives. To call a transcript “expressed somewhere in the
experiment”, we applied a second requirement in that a specific probe must be assigned
to the expressed category on at least four microarrays;finally Ensembl transcripts identifiers
were linked to their Ensembl gene identifiers where a gene was labeled “expressed” when at
least one of its containing transcripts was called “expressed somewhere in the experiment”.
In those cases where more transcripts link to one gene, the signal intensity of that gene was
determined by the probe with the highest average signal intensity over all samples.
Of all expressed genes the signal intensity range per clutch was determined. If one or
more clutches were identified without any overlap with another cluster, these clusters
were labeled as clusters with an absolute distinct mother-specific gene-expression level.
Hence per gene no to five absolute distinct mother-specific gene-expression levels can
be identified. This procedure was carried out by an R script.
The variability of the maternal transcriptome was also assessed by the calculation in R
per gene of the maximum fold changes (mFCs) in gene expression between any of the 24
eggs in the study.The mFC within clutches was calculated as the largest of the differences
of the highest log intensity in any clutch and the lowest log intensity in the same clutch.
The analysis of variance was carried out with the R Bioconductor maanova package by
applying an F-test on the normalized data that was fitted to linear model with ‘clutch’ as
model factor. A correction for multiple testing was applied using the ‘jsFDR’ option from
the R Bioconductor qvalue package at a false discovery rate of less than 5%.
Comparison of the results in this study with the study of Aanes et al. [16] was done by a
direct comparison of the counts of Ensembl genes. Because of annotation differences not
all Ensembl genes in the Aanes defined clusters (‘Degradation 1’, ‘Degradation 2’, ‘pre-
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MBT 1’, ‘pre-MBT 2’, ‘MBT’, ‘Post-MBT’ and ‘Maternal-zygotic’) were present in our set.
However, since this difference was very small (2%), we did not perform a mapping of our
probes to these missing identifiers. Percentages of overlap were calculated as the ratio
of number of genes in our set and the number of genes given in the study of Aanes et al.
Overrepresentation analyses were carried out using the Functional Annotation Tool of
the DAVID Bioinformatics Resources version 6.7 [41] using Ensembl gene identifiers and
choosing the appropriate background (cf. Results and Discussion) in each comparison
(e.g. choosing all on the microarray represented Ensembl genes as background when
probing overrepresentation of expressed genes). A Fisher Exact statistics was calculated
while a pathway or GO category only was reported if minimally 2 genes in a pathway
were identified and the minimum probability of the category was equal or smaller
than 0.1.
Hexamer motifs, poly(A) sites (PASs) and Pumilio Binding Elements (PBEs) in the 3’UTRs
were determined using the AME tool of the MEME tool suite, version 4.10.1 [42] using
the discriminative mode in which the 3’ UTRs of all sequences that were part of the
comparison were taken as control sequences and only looking for motifs on the same
strand. A Wilcoxon rank-sum test was used, as sequence scoring method an average
odds score was used and p-values were adjusted for the effect of multiple testing in a
motif set by a Bonferroni procedure. The sequence motifs were retrieved from [43–45].
3’UTR sequences were retrieved from Ensembl Biomart using Zv9 (Ensembl release 79),
as were the chromosome locations of the genes.
The visualization of genes on the assembly was done using the Ensembl website (http://
www.ensembl.org/Danio_rerio/Location/Genome, Zv10) by using the ‘View karyotype’
link. Clustering the chromosome distribution of gene sets was performed with a matrix
containing the gene sets (rows) and chromosomes (columns) in which the values represent
the fraction of that particular gene set represented on that particular chromosome. A hierarchical clustering was performed using Euclidean distance with Ward’s method for linkage.
Analysis of overrepresented transcription-factor binding sites (TFBS) in the upstream
region of the genes was performed with the F-MATCH tool of Transfac Professional
[46] while choosing an appropriate background (cf. Results and Discussion) consisting of
Ensembl genes that are represented on the microarray. The default settings of F-Match
were used.
The Ensembl genes that have putative targets of miRNAs in their 3’ UTRs were obtained
from TargetScanFish, release 6.2 [47]. The probability of a found overlap of a gene set
containing the targets for a specific miRNA in a set of interest was calculated using a
hypergeometric test in R by using an appropriate background (cf. Results and Discussion).
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Results and Discussion
experimeNt descriptioN

Little is known about the differences in the maternal transcriptomes between individual
Zebrafish eggs, as to our knowledge in all published studies on transcriptome dynamics
in early embryogenesis eggs are pooled for analysis [16–19,48]. Here, we aim to gain
insight into the composition of maternal RNA by studying the transcriptome differences
between individual mature, unfertilized eggs. For this, we analyzed, by microarray technology, up to five individual eggs from clutches from five different mothers, in total 24 eggs.
To minimize the differences caused by genetic background, we used clutches from siblings (Fig 1A). Although mature eggs, even activated, are supposed to be transcriptionally
quiescent, we followed a strict protocol in harvesting these mature eggs to avoid changes
due to the complete squeezing procedure that is commonly used to obtain a population
of synchronized mature eggs.
We anticipated quite some difference in the maternal transcriptomes, as for instance, we
previously observed considerable differences in the RNA content of individual eggs [37].
In this study again, there was substantial difference in total RNA isolation yield between
eggs, ranging from 80 ng to 474 ng, sd ~ 93 ng (S1 File). However, from a one-way ANOVA
using clutch and yield as independent variable and dependent variable, we conclude that
the clutches on average might have the same yield (P value = 0.2, with an F-value of 1.6).
As we cannot estimate the contribution of the RNA-isolation protocol to the observed
differences in yield, it is difficult to conclude what the quantitative RNA differences are
between individual eggs. Moreover, if these differences exist, it is unclear whether these
are caused by arbitrary gene expression and degradation during oogenesis or reflect a
functional different constitution of an egg. Hence, in this study we only analyzed relative
mRNA expression levels of genes.

materNally-expressed geNes

A first step towards gaining insight into the zebrafish oocyte transcriptome is to determine which genes are expressed in mature eggs. Given the well-known microarray
probe-affinity issues [49,50], as well as the presence of background noise, defining
expressed versus non-expressed transcripts is not a trivial task. We argued that both
technical and biological causes result in the fact that expressed transcripts exhibit
more variation than non-expressed transcripts in raw data. The distribution plot of
gene-expression variance (S2A Fig.) showed a distinct bimodal distribution of low and
high variation, which supports our assumption.The associated average gene-expression
profiles exhibited an expected difference in that transcripts with low variation also displayed low gene-expression intensities and reversely, transcripts with high variation displayed high gene-expression intensities (S2B Fig.). Employing this approach (cf. Materials
and Methods), we could identify 28.276 (32%) transcripts that are expressed in at least
four eggs (S2C and S2D Fig.), which translates into 11,118 (49%) maternally-expressed
unique Ensembl-defined genes and 11,353 non-expressed unique Ensembl-defined genes
(Fig 1B and S5 File).
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This is in line with the findings of Aanes et al. [16] in that the number of expressed genes
is similar to their 11,851 Ensembl-defined expressed genes. In this study 6 clusters of
genes are described that show a typical behavior in the developmental period from egg to
5.3 hours post fertilization (hpf): ‘Degradation 1’, ‘Degradation2’, ‘Pre-MBT 1’, ‘Pre-MBT
2’, ‘Post-MBT’, ‘Maternal-zygotic’. We found that 88% of the genes in the Aanes-defined
clusters that show expression during the oocyte stage (i.e. ‘Degradation 1’, ‘Degradation
2’, ‘Pre-MBT 1’, ‘Pre-MBT 2’ and ‘Maternal-zygotic’, also are expressed genes in our study,
while only 9% of the genes in these clusters overlap with the genes that are identified
as non-expressed in our study. Also, 81% of the genes in the Aanes-defined clusters with
expression at or after the mid-blastula transition (i.e. ‘MBT’ and ‘Post-MBT’) are identified as non-expressed genes in our study (S6 File).
During oogenesis, several miRNAs are implicated in gene-expression regulation [51,52].
Also, in early embryogenesis miRNA play an important role in the clearance of maternal
RNAs in the developing zygote [53–55]. Hence, we investigated whether the maternally-expressed genes contained specific miRNA target sites. It indeed turned out that genes
containing a miRNA target site were, tested against a background of all available genes on
the microarray, overrepresented in the maternally-expressed genes for most oogenesis
and early-embryogenesis implicated miRNAs (Fig 5C and S7 File). Noticeably, none of the
tested miRNAs showed overrepresentation of its target genes in the non-expressed genes.
Early embryonic development relies on the regulated translation of stored maternal
RNAs, which is, at least for a large number of proteins, organized through polyadenylation of the maternal RNA molecules. The polyadenylation mechanism involves recognition by dedicated proteins of specific motifs present in the 3’UTRs of the RNAs [44,45]:
AAUAAA and AUUAAA hexamers, U-rich cytoplasmic polyadenylation elements (CPEs,
UUUUAU and UUUUAMU), and Pumilio Binding Element (PBE, UGUA(N)AUA). Embryonic CPEs (eCPEs) have been reported for Xenopus [56] and for zebrafish [16] as long
U-rich motifs larger than 10 nucleotides. These hexamers, CPEs, PBEs and eCPEs should
be enriched in the maternally-expressed genes. Analysis of the 3’UTRs of these genes
showed that the hexamer motifs were indeed enriched (Bonferroni corrected p-value
of 5.4 E-06 and 2.3 E-03, respectively), as were the CPEs (Bonferroni corrected p-value
of 8.1 E-05 and 1.4 E-04). The strongest overrepresentation was found in the eCPEs; we
tested motifs consisting of stretches Us with a length of 11 to 20 nucleotides and found
Bonferroni corrected p-values of 2.95 E-08 for the 11 mer motif increasing gradually to
9.53 E-06 for the 20 mer motif. The tested PBE motif however did not show enrichment.
These findings support our categorization of genes as maternally-expressed.
It is of interest to see whether the expressed and non-expressed gene categories relate
to any biological mechanism or pathway. For this we performed over-representation
analysis on the gene sets in these categories using all genes that are available on the
microarray as background (S8 File). From these analyses it became clear that the gene
expression is focused rather than random; the non-expressed genes strongly relate to
gene pathways that involve many membrane bound and (neurological) signaling gene
products (Fig 1C), which are less likely to be relevant in early embryogenesis, whereas
the maternally-expressed genes relate very much to basal cellular processes of early
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Figure 2. Variability of the maternal transcriptome. (A) Distribution of maximum fold
changes (mFCs) in gene expression per gene between individual eggs (black, B left panel)
and per gene within clutches (grey, B right panel). (B) Left panel, the maximum fold change
(mFC) in gene expression between individual eggs, calculated as the difference per gene
of the log intensity of the highest gene expression in any egg and the lowest log intensity of
any other egg; Right panel, the maximum fold change within clutches was calculated per
gene as the largest of the differences of the highest log intensity in any clutch (~ mother)
and the lowest log intensity in the same clutch (~ mother). The red dashed line represents an
absolute gene-expression mFC of 2. (C) Four illustrative examples of similar gene-expression
in clutches from different mothers (color code see Fig 1A). Labels on the X-axes represent
‘Mother (clutch)’.

embryogenesis relevant processes (Fig 1D), such as transcription, translation, and DNA
repair. This is in line with earlier observations [16,19].

limited variability iN materNal geNe expressioN withiN clutches

To get a first impression of the variability of the maternal transcriptome between
individual eggs, we examined per gene the maximum fold change (mFC), i.e. the
highest measured intensity divided by the lowest. When we apply a threshold of
mFC = 2 (log2 = 1), about 50% of the 11,118 expressed genes have a higher mFC,
hence the other half of the genes have a bandwidth of just mFC = 2 (Figs 2A and B,
visualized as log mFC). Also, only 5% of the genes have a mFC > 4. This means that
the majority of expressed genes has limited gene-expression variability over all eggs
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Figure 3. Obvious mother-specific maternal gene-expression. Maternal genes expressed
at mother-specific distinct levels. (A) Heatmap showing 17 clusters of genes containing at

60

508423-L-bw-Rauwerda
Processed on: 1-3-2017

Mother-specific signature in the
maternal transcriptome composition of mature, unfertilized Zebrafish eggs

least 25 genes that are expressed at a mother-specific or group-of-mothers specific level (see
main text paragraph Mother-related Gene Expression). The first 10 clusters are numbered
by their relative gene-expression level between mothers as indicated by a 5-digit code (1 =
high; 2 = low). In these 17 clusters only two levels were present because clusters with more
than two levels contain less than 25 genes (S6 File) (B) Raw intensity data of three probes
that query the transcript (ENSDART00000132835, pax1b-001) at positions: 985, 1268 and
1472 (color code: see Fig 1A). Labels on the X-axes represent ‘Mother (clutch)’, labels on the
Y-axes represent log2 Intensity. (C) Illustrative examples of genes with mother-specific gene
expression of the 16 clusters from A that have an inverse counterpart (color code see Fig 1A).
Labels on the X-axes represent ‘Mother (clutch)’, labels on the Y-axes represent log2 Intensity.

in the experiment (Fig 2C). Even more so, we were interested to see if the observed
variation originates from differences between clutches or individual eggs. For this, we
calculated the mFC for each gene per clutch (Figs 2A and B). As a result, 88% of the
expressed genes showed a clutch mFC ≤ 2 and almost all genes (99.5%) have a clutch
mFC ≤ 4. This means that the differences of mFC observed in all expressed genes are
primarily caused by differences between mothers, whereas there is limited variability
between eggs from each mother. The combination of limited variability in maternal
gene expression between mothers, and a substantial difference between mothers
points to a strict regulation during the assembly of the maternal transcriptome in
Zebrafish oogenesis.

mother-related geNe expressioN

To further understand the observed gene-expression differences between clutches, we
evaluated the expression profiles of all expressed genes. Many genes showed an expression profile in which every egg from any mother showed a similar expression level, yet
completely different than that of every egg from one or more of the other mothers.
To rule out that this phenomenon was caused by point mutations in the probe target
sequence in these genes, we checked several genes that were targeted by more than one
probe. It showed that these profiles are, besides the expected variance in intensity due to
variant probe-affinity, identical (Fig 3B). Thus the observed gene-expression differences
represent genuine differences in mRNA presence.
Effectively, eggs from one mother express each gene at one specific level, which can
be substantially different than that in eggs of other mothers. As there are five mothers
in this study, up to five of these specific gene-expression levels are possible for each
gene. Because a different number of mothers can show the same expression level, this
amounts to many potential different gene-expression level combinations. We identified
2,224 genes (20%) displaying absolute distinct mother-specific gene-expression levels (cf.
Materials and Methods), i.e. there is no overlap between the expression range of a gene
in eggs from one or two mothers as compared to the expression range of the remaining
eggs.These genes could be grouped in 174 gene clusters with a unique expression profile
(Fig 3A, and S9 File). 17 clusters contained more than 25 genes, whereas 63 clusters
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Figure 4. Subtle mother-specific maternal gene-expression. Overall low-variable maternal
genes are almost all mother-specific differentially expressed. (A) Representation of the first
four principal components of a PCA on the 11,118 expressed genes. (color code see Fig 1A).
The contribution to the total variability is given as a percentage at the axes. (B) Scatterplots of
the per gene average clutch expression value of the first clutch against the four other clutches.
Red dots represent the 2,224 genes that show an absolute distinct mother-specific expression
level; green dots represent all other expressed genes. Dashed lines represent a fold change
of 2 between the two clutches (also S14 File). Labels on the Y-axes represent ‘Clutch 1’. (C)
Illustrative examples of four mother-specific differentially-expressed genes that do not have an
absolute distinct mother-specific expression. Labels on the X-axes represent ‘Mother (clutch)’,
labels on the Y-axes represent log2 Intensity.

existed of only one gene. The observed profiles (Fig 3C) show a remarkable similar
gene expression within mothers as well as obvious different gene expression between
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mothers. We were concerned that the differences between clutches could be caused
by eggs that are per mother in a different stage of maturation, activation, meiosis, or
possibly decay. However, as all these processes are based on strict cellular programs, the
samples should cluster in an ordered fashion, much as is shown in many embryonic programs [18,22,57]. The fact that the gene expression and eggs cluster like a checkerboard
(Fig 3A), effectively rules out the possibility that these gene expression differences are
caused differences in cell phase, but are truly reflecting relative differences in maternal
mRNA presence as accomplished during oogenesis. The strict regulation of maternal
gene expression within each mother is quite impressive.

differeNtially-expressed materNal geNes

The above gene clusters were defined naïvely, as well as by absolute difference between
mothers. In order to determine whether more genes bear a maternal gene-expression signature, we determined the differences in gene expression within and between
mothers with a standard ANOVA (P< 0.05 at a false discovery rate of 5%) using ‘clutch’
as model factor. Remarkably, the ANOVA identified over 99% (11,005) of the genes
to be differentially expressed (DEG) between any of the mothers (S10 File). Given the
quite low mFCs per mother, this means that even in genes with very low variance in
gene expression over all eggs, stricter regulation within each mother can be observed
(Figs 4B and C). All the small mother-specific differences add up to a maternal-specific
transcriptome that notably differs between clutches, which is illustrated by the PCA
plots in which eggs from each mother convincingly cluster together and separate from
those of other mothers (Fig 4A).

elucidatiNg the mother-specific geNe expressioN

Given the obvious maternal gene-expression patterns between mothers, a specific
regulation of the maternal mRNA pool in the developing oocyte must be in place. As
little is known about the underlying regulation mechanisms, we tried to elucidate the
mother-specific maternal mRNA expression by analyzing the previously-defined 17 gene
clusters with absolute gene-expression differences between mothers, for potential clues
to their origin and function. As first perspective, we analyzed whether we would be
able to associate the detected cellular processes that are overrepresented in the set of
expressed genes (Fig 1D) to a mother-specific expression profile. If these cellular processes were to be associated with gene sub-clusters, then this would immediately show
when mapped onto a heatmap of all expressed genes. However, mapping several of these
clusters showed no tendency for these gene sets to associate with gene sub-clusters;
the only relation we could find was that many of these expressed gene-sets have a high
expression level, which is to be expected taken into account the stock characteristic of
maternal RNA at this developmental stage (data not shown).
Additionally, the potential function of the 17 mother-specific gene clusters was investigated, using all expressed genes as a background, with over-representation using KEGG
and GO gene sets. Only relatively weakly associated gene-sets were found for these gene
clusters (S11 File).
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We also mapped the Aanes et al. defined clusters [16] to our mother-specific gene clusters, but did not find any obvious relation. Which is to be expected as the Aanes clusters
are defined by degradation and activation profile of RNA in early embryogenesis, rather
than by the RNA production during oogenesis. Similarly, only a few of the mother-specific
gene clusters showed overrepresentation of the mentioned 3’ UTR located hexamers
and cPEs (S12 File). Also the most overrepresented set in the expressed vs. non-expressed comparison, i.e. the set of embryonic CPEs, was not overrepresented in any of
the mother-specific gene clusters. So in this respect there seems to be no correlation
between the assembly of the mother-specific genes RNA pool and stabilization and/or
activation via polyadenylation of these mRNA molecules.
Another perspective, the position of the cluster genes in the genome (S9 File) was
examined, as it is known that the organization of chromosomes is often important in
gene expression[58]. There is a clear non-random distribution of the cluster genes over
the chromosomes (S3 Fig.). As can be read from the heatmap of the percentage of genes
in a particular cluster that maps to a specific chromosome (Fig 5A), each mother-specific
gene cluster has a different chromosome distribution of its genes.Yet, after clustering the
chromosome distribution of the gene clusters, it turned out that the gene clusters that
have an inverse expression profile over the mothers cluster together.This means that for
instance the gene cluster in which the genes of mother 1 were expressed higher than in
all other mothers show a chromosome distribution similar to the inverse gene cluster
in which the genes of mother 1 were expressed lower than in all other mothers (Fig
5A). Out of the eight possible inverse cluster combinations, six clustered as a pair in our
heatmap (Fig 5A). So, clusters of genes with a specific expression profiles over mothers,
both up and down, show a similar correlation with chromosome location, which strongly
suggests a genome-based regulation mechanism.
Also, the presence of overrepresented transcription-factor binding sites (TFBS) in the
upstream region of the cluster genes was studied. Many potentially relevant TFBSs (101)
were found to be specific for genes in the identified mother-specific gene clusters
using all the genes in the mother-specific gene clusters as a background (Fig 5B, S13
File). Moreover, as with chromosome location, several (21) of these TFBS were found,
sometimes exclusively, in associated inversed clusters (Fig 5B). Altogether, these findings
point towards a role of transcription factors in the observed regulation of the maternal
gene-expression.
Finally, as several miRNAs were strongly associated with maternally-expressed genes, we
investigated the relation between the mother-specific gene clusters and several miRNAs
involved in oogenesis and early-embryogenesis. For this we looked whether the target
genes of a specific miRNA were overrepresented in a gene cluster. The results indicate a
strong relation between specific miRNAs and specific gene clusters (Fig 5C and S7 File).
Of the 17 gene clusters, 15 could be associated with a tested miRNA and reciprocally;
of the 31 tested miRNA, 25 showed an association with any of the gene clusters (Fig
5C). Moreover, it seems that the interaction was rather specific in that most miRNAs
just correlated with one or two gene clusters. Here, the reciprocal gen-expression clusters do not display co-regulation. Given the well-known role of miRNA in gene-expres-
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Figure 5. Characteristics of mother-specific maternal gene expression. Characteristics of
the 17 mother-specific gene clusters defined by relative gene-expression differences (see Fig
3A). (A) Clusterogram of chromosome location of the genes per cluster. Indicated is the relative
occurrence of genes on a chromosome: dark blue, low; bright yellow, high. (B) Schematic
representation of the overrepresented, TRANSFAC-defined transcription-factor binding sites
(TFBS) in the upstream regions of the genes per cluster. Each horizontal line denotes a specific
TFBS (specified in the same order from top to bottom in S13 File). A bar indicates that a
specific TFBS is found overrepresented in the specified mother-specific gene cluster. Red bars
indicate that a specific TFBS is found overrepresented in both related, inversed gene clusters.
(C) Representation of the overrepresented miRNA target sequences in the transcript sequences
of the genes per cluster, as well as for the expressed and non-expressed genes. The targets for
miRNAs reported in the following references were tested: a Abramov et al. [51], b: Juanchich
et al. [52], c: Yao et al. [53], d: Wei et al. [54], b* whereas in [52] the minor form of miR181 was reported, here the targets for the major form of miR-181 were tested, because in
TargetScanFish 6.2 no targets for miR-181* are available.

sion regulation, it seems that miRNAs have an important role in the emergence of the
observed mother-specific gene clusters.
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Conclusions
The extent of the conclusions in our study is defined by the fact that in this experimental
set-up, mother and clutch are confounding factors. We do not know how subsequent
clutches from a mother relate to each other with respect to their maternal transcriptome. At the same time, in this study only relative gene-expression differences of genes
represented by a probe on the microarray are analyzed. Substantial variance in RNA yield
was observed after isolation, but by lack of proper means to control this process, it is
impossible to determine whether these differences are actually present in the eggs, are
a result from the isolation procedure, or are merely caused by a different rRNA content
of the eggs. Nevertheless, the relative gene-expression differences found in this study are
very convincing, because they are observed between clutches, while at the same time
the gene-expression within a clutch is highly similar. Additionally, given the total lack of
order in the detected mother-specific gene-clusters it is not likely that the observed
gene-expression differences originate from different stages of maturation, meiosis, or
activation of the studied eggs. One outcome of our study, the consistency of the maternal
transcriptome within each clutch, means that pooling of mature oocytes or eggs for
gene-expression studies will likely not severely affect the outcome, although replicate
pools will be needed to statistically determine the mother-specific differences.
There are two main conclusions that emerge from this study. First and foremost, it seems
that the maternal transcriptome in zebrafish eggs is incredibly tightly organized; half of
all expressed genes shows maximally a lower than twofold difference between any of the
24 profiled transcriptomes. Even more, the maximum gene-expression difference within
clutches is for 88% of the expressed genes lower than twofold. It seems improbable that
such a tight regulation of gene-expression levels is regulated by transcription alone, so it
is likely that a fine-tuned system of transcription, stabilization and degradation is in place
during oogenesis. Although one could argue that embryogenesis is a tightly programmed
process and as such it is logical that maternal RNAs are also tightly regulated, the extent
of similarity between the transcriptomes over mothers has surprised us.
The second main conclusion is that the subtle differences we find are highly specific
for mother, given that over 99% of the expressed genes are differential with respect
to mother. This aspect is also illustrated by the fact that all clutches are convincingly
separated in a principal component analysis of the expressed maternal transcriptomes.
This is even more remarkable because the mothers studied here are siblings, in which
we may assume limited genetic variation. Nevertheless, we cannot exclude that genomic
variation might be a partial cause of this mother-specific behavior, but from the example
in Fig 3B we learn that it cannot be the only cause of this. Although we can only speculate
why these clusters exist, their specific occurrence with respect to chromosome localization indicates a functional cause, a hypothesis further strengthened by the occurrence
of overrepresented clusters with inversed gene expression on identical chromosomes.
Also the co-occurrence of the same transcription factor binding sites in promoters
of genes in the mother-specific clusters and their inverse counterpart hints on a biological function for the subtle differences in the transcriptomes of different clutches.
The analysis of miRNAs provides the most convincing evidence of gene-expression
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regulation, in that we were able to establish a relation between the mother-specific
gene clusters and specific miRNAs. Although these functional analyses were limited
to identifiable gene-clusters, one has to realize that these clusters extend beyond the
absolute between-mother differences in which we defined them.Virtually all genes were
found to display mother-specific gene-expression differences, so all genes are under the
control of many factors that purposely result in a mother-specific signature in maternal
zebrafish transcriptomes.
Altogether, the maternal transcriptome composition of mature zebrafish oocytes seems
to be tightly regulated in a mother-specific manner, controlled during oogenesis by many
factors, such as chromosome conformation, transcription factors and miRNAs.
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S1 Fig. Data-quality control after normalization
(A) All raw intensity data were centered on the array average. Shown is the per probe
correlation of the used scaling factors and the centered intensities vs. the standard deviation of these centered intensities. 194 suspect probes with a high anti-correlation and a
high standard deviation are indicated with red dots. (B) Distributions of all gene-expression data (black) and the gene expression of the 194 red probes from A (blue) in a similar,
but separate 36 single eggs microarray experiment in which a different protocol was
applied. In this experiment, shortly described below, overall very low signal intensities
were observed. We attribute these low intensities to the polyadenylation step on total
fragmented RNA; i.e. due to the very large amount of molecules to be polyadenylated
the polymerase was exhausted prior to generating sufficiently long poly(A) tails to all
mRNAs. However, mRNA molecules with native long poly(A) tails would still be able to
produce a sufficient signal. In this experiment the 194 suspect genes from the experiment
in the current 24 egg study show a substantially higher expression value than most other
genes and hence will be in this category of transcripts with a native long poly(A) tail. We
reasoned that the performance and the efficiency of the polymerase is likely a major
reason for the sample-to-sample variability and is a major factor on which the data in the
24-egg is normalized. However, if mRNAs are already polyadenylated such a normalization likely produces spurious intensity data for these genes.Therefore, we removed these
genes from further analysis.
Description of the 36-egg array experiment of Fig. S1B:
The experimental setup of the experiment shown in Fig S1 is similar to the 24 egg
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experiment discussed in this article. Below is a short specification of this experiment:
• Array used: NimbleGen custom microarray with a design to 24 egg experiment [39]
• Biological material: 36 eggs, similar to 24 egg experiment (cf. Materials and Methods)
• Protocol used: after isolation of total RNA similar to 24 egg experiment: fragmentation followed by polyadenylation and IVT similar to 24 egg experiment.
• Microarray procedure: according to manufacturer’s protocol (Nimblegen)
• Scanning and data extraction: similar to 24 egg experiment.
doi:10.1371/journal.pone.0147151.s001 (PDF)
S2 Fig. Maternal gene expression in zebrafish eggs
(A) Distribution of the gene-expression intensity variance of raw expression data. The
variance cut-off is indicated by a dotted vertical line at -3.74 (cf. Material and Methods).
(B) Distribution of the gene-expression intensity of the variance categories. (C) Distribution of transcripts by the number of eggs in which each was called present based on
the gene-expression variance cut-off from A. Grey: Transcripts that are called present in
at least 4 eggs as a definition for the category: “Expressed” in this study. (D) Distribution
of the gene-expression intensity of the expressed categories.
doi:10.1371/journal.pone.0147151.s002 (PDF)
S3 Fig. Chromosomal distribution of the genes in the 17 mother-specific gene clusters
Each page shows the schematic representation of the chromosome location of genes
(red arrowhead) from a mother-specific gene-expression cluster as indicated by a 5-digit
code (1 = high; 2 = low) in the upper right corner of the page.
doi:10.1371/journal.pone.0147151.s003 (PDF)
S1 File RIN values and Yields of from the 24 zebrafish eggs
doi:10.1371/journal.pone.0147151.s004 (XLSX)
S2 File Capture oligo sequences
doi:10.1371/journal.pone.0147151.s005 (XLSX)
S3 File Ribo-depletion protocol
doi:10.1371/journal.pone.0147151.s006 (DOCX)
S4 File Genes with a high anti-correlation with a calculated scaling factor were
removed from further analysis
doi:10.1371/journal.pone.0147151.s007 (XLSX)
S5 File List of expressed and non-expressed genes
doi:10.1371/journal.pone.0147151.s008 (XLSX)
S6 File Overlap of this study with the study of Aanes et al.
doi:10.1371/journal.pone.0147151.s009 (XLSX)
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S7 File Over-representation in expressed, non-expressed and mother-specific cluster genes for targets of miRNAs reported of importance in oogenesis and early
embryogenesis.
doi:10.1371/journal.pone.0147151.s0010 (XLSX)
S8 File Over-representation of KEGG pathways and Gene Ontology categories in
expressed and non-expressed genes.
doi:10.1371/journal.pone.0147151.s011 (XLSX)
S9 File Genes showing absolute distinct mother-specific gene-expression levels
doi:10.1371/journal.pone.0147151.s012 (XLSX)
S10 File Differentially expressed genes with p< 0.05 at a false discovery rate of 5%
using ‘clutch’ as model factor
doi:10.1371/journal.pone.0147151.s013 (XLSX)
S11 File Over-representation of KEGG pathways and Gene Ontology categories in
mother-specific gene-expression clusters
doi:10.1371/journal.pone.0147151.s014 (XLSX)
S12 File Enrichment of hexamer motifs, PASs and PBEs in 3’ UTRs of mother-specific gene-expression clusters
doi:10.1371/journal.pone.0147151.s015 (XLSX)
S13 File Transcription factor binding motifs found in the promoters of the mother-specific gene-expression clusters
doi:10.1371/journal.pone.0147151.s016 (XLSX)
S14 File Scatterplots of the per gene average clutch expression values. Red dots
represent the 2,224 genes that show an absolute distinct mother-specific expression
level; green dots represent all other expressed genes. Dashed lines represent a fold
change of 2 between the 2 clutches.
doi:10.1371/journal.pone.0147151.s017 (PDF)
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Abstract
Maternal mRNA that is present in the mature oocyte plays an important role in
the proper development of the early embryo. To elucidate the role of the maternal
transcriptome we recently reported a microarray study on individual zebrafish eggs
from five different clutches from sibling mothers and showed differences in maternal
RNA abundance between and within clutches [1]. Here we provide in detail the applied
preprocessing method as well as the R-code to identify expressed and non-expressed
genes in the associated transcriptome dataset. Additionally, we provide a website that
allows a researcher to search for the expression of their gene of interest in this
experiment.

Key words

Zebrafish; Danio rerio; Egg transcriptome; Single egg

refers to:

Rauwerda, H. et al. Mother-Specific Signature in the Maternal Transcriptome Composition of Mature, Unfertilized Zebrafish Eggs. PLoS One 11, e0147151 (2016).
This chapter has been published as:
Transcriptome data on maternal RNA of 24 individual zebrafish eggs from five sibling
mothers, Data in Brief, Volume 8, September 2016, Pages 69-72, ISSN 2352-3409, http://
dx.doi.org/10.1016/j.dib.2016.04.045.

All supplemental information is available at: http://genseq-h0.science.uva.nl/projects/TranscrDyn/
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Specifications Table
Subject area
More specific subject area
Type of data
How data was acquired
Data format

Biology
Developmental biology
Figures, R-code
DNA microarray scanner G2565CA (Agilent Technologies) using
Agilent Feature Extraction software version 10.7.3.1
Raw, normalized

Experimental factors

Mature non treated eggs from different mothers

Experimental features

Expression profiles from 24 individual zebrafish eggs from five different clutches (mothers that are siblings).

Data source location

University of Amsterdam,The Netherlands

Data accessibility

Data are within this article

Value of the data
• This data contains the maternal transcriptomes of 24 individual zebrafish eggs,
whereas up to date only a very limited amount of data is available on transcriptomes
of individual eggs.
• In this dataset, maternal transcriptomes from several individual eggs from the same
mother are available; an experimental design that makes this dataset unique.
• This data offers a valuable and searchable resource on maternal gene expression and
can be used for zebrafish embryology studies.

Data
The data that are shared here include the raw data of the experiment, via Geo submission GEO: GSE72839 (raw data: Agilent data extraction files, as well as the normalized
data together with the experiment design).
Data on the definition of expressed and non-expressed genes, together with the relevant
R-code are also provided, as well as the plots of expression levels of expressed genes
via a searchable web interface, which also allows to detect the set of genes that have a
similar expression profile as the gene of interest.
See also http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE72839 and
http://rnabiology.nl/Dr-Browser.html
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Experimental Design, Materials and Methods
The basic material and methods, including “zebrafish eggs”, “RNA extraction & microarrays” are presented in the manuscript describing the original finding of the zebrafish
oocyte study [1].

data preprocessing & normalization

In order to distinguish expressed transcripts from non-expressed transcripts the procedure described in Supplemental File SD1 has been applied to the raw data (the separate
microarray data is combined in Supplemental File SD2 and Supplemental File SD3; the
annotation file is in Supplemental File SD4). In short, for each microarray probe the log
variance of the log intensity over the entire experiment of the Cy3 channel was determined. In the resulting bimodal distribution (Supplemental Figure SF1) the log variance
between the low and the high-variance peak was determined at -3.74 with the lowest
number of microarray probes below which probes were labeled ‘low-variance probes’ (n
= 58,212) and above which probes were labeled ‘high-variance probes’ (n = 30,512). As
expected, probes in the low-variance distributions have in general lower intensities than
probes in the high-variance distribution (Supplemental Figure SF2). Hence, the probability
of a probe to be part of the high- or the low-variance distribution depends on the intensity level of that probe. Now we can infer per array, per probe the conditional probability
Pr(E|I) of being in the high-variance distribution given a certain intensity. This conditional
probability is calculated from the intensity probabilities of the two distributions by applying Bayes’ theorem:
(1)

With: Pr(E) as the probability of a probe being in the high-variance distribution
Pr(I) as the probability of a probe having a certain intensity value
Probabilities are calculated by dividing the intensity range into bins of 0.25 log2-intensity
units. In order to avoid erratic behavior in lowly populated bins the lower intensity region
has been collapsed into one bin. Because the conditional probability Pr(E|I) will increase
with increasing intensities we can determine a per array intensity level above which we
have a certain confidence that probes will belong to the high-variance distribution. In
other words: an intensity level above which we believe that signals do not originate from
noise. It is noteworthy that, because the distributions are overlapping, also low-variance
probes with high intensities are included. Here the per-microarray threshold to label
a probe (or transcript) as “expressed” was set at a likelihood of larger than 0.95. With
this threshold, interpreted as the intensity above which we believe a probe is reliably
measured on a specific array, we are stringently avoiding false positives. Both per
array intensity cut-off value, as the per array likelihood of being expressed as a function
of intensity can be found in Supplemental Figure SF3. To call a transcript “expressed
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somewhere in the experiment” we applied a second threshold, i.e. the requirement that
a specific probe must be assigned “expressed” in at least four samples. Finally, Ensembl
transcripts identifiers were linked to their Ensembl gene identifiers where a gene was
labeled “expressed” when at least one of its containing transcripts was called “expressed
somewhere in the experiment”. The resulting two data sets with expressed and non-expressed probes are in Supplemental File SD5 and Supplemental File SD6, respectively.
The quality of the microarray data was assessed via multiple quality-control checks, i.e.
visual inspection of the scans, testing against criteria for foreground and background
signals, testing for consistent performance of the labeling dyes, checking for spatial effects
through pseudo-color plots, and inspection of pre- and post-normalized data with box
plots, ratio-intensity (RI) plots and PCA plots. All microarrays passed the minimal criteria
for quality assessment of the microarray data and were used in the analyses. Handling,
analysis and visualization of all data was performed in R (http://cran.r-project.org/) using
the Bioconductor packages affy, limma and maanova [2]. In this stage, we removed two
genes (rdh14b and zgc:63480) from the dataset, due to the fact that they each had
an extreme high expression value in one of the samples, whereas the expression was
consistently absent in all other samples, which resulted in an unrealistic fold change
of over 3,000 times. Log2 transformed Cy3 data was normalized between arrays by
quantile normalization from the robust multi-array average (RMA) function in the R
Bioconductor affy package, resulting in the normalized data as deposited in GEO data
set GEO: GSE72839.

search and visualization of expressed genes

Via the web site http://rnabiology.nl/Dr-Browser.html the set of expressed genes, as given
in Supplemental File SD5 can be browsed and searched. An in-text search is possible on
Ensembl identifiers and linked Refseq, Entrez, ZFIN and Unigene identifiers, as well as on
the descriptions and symbols of the genes. Also, for each gene of interest, the associated set
of 100 genes with the most similar gene expression, based on correlation can be selected.
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Abstract
Background:

Recently, much progress has been made in the field of gene-expression in early embryogenesis. However, the dynamics behaviour of transcriptomes in individual embryos has
hardly been studied yet and the time points at which pools of embryos are collected
are usually still quite far apart. Here, we present a high-resolution gene-expression
time series with 180 individual zebrafish embryos, obtained from nine different spawns,
developmentally ordered and profiled from late blastula to mid-gastrula stage. On
average one embryo per minute was analysed. The focus was on identification and
description of the transcriptome dynamics of the expressed genes in this embryonic
stage, rather than to biologically interpret profiles in cellular processes and pathways.

Findings:

In the late blastula to mid-gastrula stage, we found 6,734 genes being expressed with low
variability and rather gradual changes.Ten types of dynamic behaviour were defined, such
as genes with continuously increasing or decreasing expression, and all expressed genes
were grouped into these types. Also, the exact expression starting and stopping points of
several hundred genes during this developmental period could be pinpointed. Although
the resolution of the experiment was so high, that we were able to clearly identify four
known oscillating genes, no genes were observed with a peaking expression. Additionally,
several genes showed expression at two or three distinct levels that strongly related to
the spawn an embryo originated from.

conclusion:

Our unique experimental set-up of whole-transcriptome analysis of 180 individual
embryos, provided an unparalleled in-depth insight into the dynamics of early zebrafish
embryogenesis. The existence of a tightly regulated embryonic transcriptome program,
even between individuals from different spawns is shown. We have made the expression
profile of all genes available for domain experts. The fact that we were able to separate
the different spawns by their gene-expression variance over all expressed genes, underlines the importance of spawn specificity, as well as the unexpected tight gene-expression
regulation in early zebrafish embryogenesis.

keywords:

maternal RNA, individual transcriptome, Zebrafish, Danio rerio, embryogenesis, gastrulation
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Background
How and when genes are expressed is an important topic in contemporary life-sciences
research. Over the past decades, fuelled by ever-improving omics technologies, many
new insights on gene-expression regulation were gained with respect to promotors,
enhancers, and a large variety of trans acting factors such as, transcription factors and
miRNAs. Furthermore, by adjusting for instance rates of transcription, splicing, polyadenylation, nuclear export, ribosome access, and transcription elongation, gene expression
can be timed in a precise fashion. A cell thus has a broad repertoire to realize a finetuned system of transcription dynamics that allows for localized, synchronized and timely
expression of needed transcripts and proteins. Given the fact that the transcription
elongation is on average about 2 kb/min [1,2], genes can be switched on in the order of
minutes. Hence, studying transcriptome dynamics can be a challenge, also given de complexity of the cellular mechanisms plus the now widely appreciated additional regulatory
roles for RNA other than just being a messenger between DNA and proteins. Scientists
studying transcriptome dynamics favour embryogenesis as an experimental system,
because it provides a biological system in which RNA plays an important role in many
of the regulatory processes. For example, cells can respond to differences in morphogen
concentrations and via this realize a highly localized gene expression.
A well-studied model organism in this context is zebrafish (Danio rerio). Several excellent studies have been published over the past decade that provide much insight in
the overall processes of early embryogenesis. These studies entail; global inventories of
the zebrafish transcriptome in early embryogenesis [3–6]; dynamics of small [7,8] and
long [6] non-coding RNAs; differential isoform usage pre and post MZT [9]; the start
of zygotic gene expression [10,11]; transcription and translation dynamics during the
maternal-to-zygotic transition (MZT) [12]; the role of polyadenylation in RNA stability
[11,13]; the diversity in 3’ UTRs during development with respect to alternative polyadenylation [14,15]; the dynamics of the methylation state of the zygotic genome [16,17];
and changing chromatin signatures around MZT [18,19]. Complemented with extensive in-situ experiments this has resulted in a rapidly increasing insight of the complex
transcriptome dynamics in early zebrafish embryogenesis. One thing that has not been
studied comprehensively yet, is the behaviour of transcriptomes in individuals and that
of individual gene expression. Besides our own study on individual unfertilized zebrafish
eggs [20], all of the studies mentioned above were based on pooled samples and quite
dispersed time points. The fact that some studies employed a poly-A+ protocol, given
the fact that many maternal RNAs lack a poly-A tail, sometimes complicates the interpretation of the results.
To investigate the transcriptome at the level of an individual, we performed a high-resolution time course gene-expression experiment, in which on average one embryo per
minute was measured from late blastula to mid gastrula stage, covering about three
hours developmental time. In total 180 individual embryos were interrogated. The start
of this series is well after the onset of the MZT, which implies that the vast majority of
maternal mRNA in the embryo is replaced by zygotic mRNA. We should, by employing
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a poly-A+ protocol, be able to gain insight into the embryonic transcriptome program
and its dynamics. At the same time, we anticipated that we might be able to pinpoint
the exact starting and/or stopping points of individual genes. Given that genes usually
operate in pathways that are organized as cascades, knowing consecutive starting points
might help reconstruct embryonic pathways. Based on our previous findings in zebrafish
eggs [20] that maternal gene expression has a significant mother-specific component, we
introduced nine spawns in our experiment.
Our finding here showed an extremely tight embryonic transcriptome program over
all individual embryos and we succeeded in defining a clear gene-expression profile for
each of the 6,734 expressed genes. This allowed us to classify the gene-expression profiles in ten biologically interpretable classes, including genes that, during this embryonic
stage become activated or are switched off. The resolution of our time course was
such that we were even able to identify several oscillating genes. Similar to what we
observed in our study on unfertilized eggs [20], were the clear spawn-specific effects on
gene-expression in many of the expressed genes.
As our aim was to investigate transcriptome dynamics; we did not analyse the behaviour
of genes in biological pathways. This should be done by relevant experts in the domains
these genes are involved. As we were able to pinpoint the starting and stopping of genes,
we feel that our dataset might prove to be a valuable resource for biological experts by
their attempts to unravel and reconstruct cellular pathways. Besides the transcriptome
data, we also provide an intuitive web-resource for convenient access to the expression
profiles of all expressed genes: http://genseq-h0.science.uva.nl/shiny/Dr-Browser-v2/.

Results
experiment set-up

Gene expression in early zebrafish development is quite dynamic, as can be inferred
from the many differentially expressed genes (DEGs) found in studies with up to
eight developmental sample points covering early embryogenesis [4–7,11]. Especially
from the mid blastula stages onward to the early gastrula stage, characterized by the
formation of the yolk syncytial layer and the morphodynamic loss of symmetry followed
by progressing epiboly plus cellular differentiation and cell migration [21], many genes
are switched on, off, or show other differential expression. Because typically studies
on embryogenesis use quite distant sample points, as well as pools of staged embryos
[4–6], it is still quite unclear what the expression dynamics, including the inter-individual
transcriptome differences, are of each gene in this embryonic phase.
Hence, we designed and executed a high-resolution time course experiment with many
individual zebrafish embryos. Using microarray technology, the gene expression of 180
individual zebrafish embryos in a developmental period ranging from 40% epiboly (late
blastula, ~5 hours post fertilization (hpf) to 80% epiboly (mid gastrula stage, ~8 hpf) was
measured (Figure 1). Thus, we effectively measured the embryonic transcriptome via, on
average, about one embryo per minute during this period. In this developmental period
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Figure 1. Individual transcriptomes were established of 180 embryos from 9 different spawns
(parents) in a developmental stage ranging from late blastula to mid gastrula (approximately
5 to 8 hours post fertilization, hpf). The developmental stage was samples with an average of
one embryo per minute. Each embryo was photographed and several metrics were recorded
(Additional file 1). Here ten embryos are shown with increasing epiboly from left to right.
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the onset of the zygotic transcription that in zebrafish roughly coincides with the
mid blastula transition (MBT)[4,10,11,22] is tightly coordinated with the clearance of
maternal transcripts [23] and from the late blastula stage onwards maternal transcripts
are reported to be almost entirely cleared [3,24]. Hence, it is assumed that from
late blastula phase onward, embryos primarily contain zygotically expressed transcripts.
These mRNAs also should have a regular poly-A tail, which can be short or absent
for maternal RNAs. Therefore, we used a poly-A+ protocol for our microarray analysis,
thereby focusing on zygotic mRNAs. Moreover, the increasing epiboly provided us with
a crude, gradual phenotypic marker of embryonic development. As fertilization took
place at different time points due to the multiple pushes by which the mothers released
their eggs and because there are significant differences in developmental speed between
embryos, it is impossible to use timed samples to obtain a developmentally-ordered
sample series.Thus, a crude phenotypic marker was needed for the basic ordering of the
embryos based on their developmental progress.The percentage epiboly of a sample was
determined by measuring the epibolic distance, from the animal pole to the progressing
epibolic border, in the photographs of each embryo at the time of sampling (Additional
file 1, Additional file 2). Spawns from nine different zebrafish pairs were used (Additional
file 3). All but one microarray (gFG_465103A06) passed the minimum criteria for quality
assessment of microarrays, therefore 179 samples were used in the further analyses.

epiBoly-expressed genes

Transcriptome analysis typically starts with determining which genes are expressed
somewhere during the investigated developmental stage. In our experiment, we iden-
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Non expressed
associated KEGG-Term

p-value

IE
rank

Neuroactive ligandreceptor interaction

1.36E-38

1

Calcium signaling pathway

9.63E-17

Cytokine-cytokine receptor
interaction

Expressed
associated KEGG-Term

p-value

IE
rank

Spliceosome

3.83E-26

2

2

Ribosome

2.87E-25

1

6.52E-09

4

Cell cycle

2.84E-10

11

Cell adhesion molecules
(CAMs)

1.17E-05

3

Oxidative phosphorylation

2.07E-09

4

ECM-receptor interaction

8.75E-04

6

Proteasome

7.45E-07

17

MAPK signaling pathway

9.34E-04

8

DNA replication

8.68E-06

10

Chondroitin sulfate biosynthesis

1.39E-03

-

Ubiquitin mediated proteolysis

3.21E-05

3

Phosphatidylinositol signaling system

1.58E-03

-

RNA degradation

5.37E-05

5

GnRH signaling pathway

4.35E-03

11

Pyrimidine metabolism

1.43E-04

13

Toll-like receptor signaling
pathway

4.44E-03

14

Nucleotide excision repair

3.24E-04

8

Table 1. Top 10 over-represented KEGG pathways associated with the non-expressed (upper
panel) and expressed (lower panel) genes in this time series and their associated p-values. The
IE rank column gives the rank of the pathway in an overrepresentation analysis of respectively
non-expressed and expressed genes in a study on individual non-fertilized zebrafish eggs [20].

tified 12,015 (17%) expressed transcripts and 58,291 (83%) non-expressed transcripts,
which translates into 6,734 (30%) Ensembl-defined expressed and 15,938 (70%)
Ensembl-defined non-expressed genes (Additional file 4). As expected, epiboly-expressed genes show a significantly higher expression than the non-expressed genes
(Additional file 5).
Like reported before, pathway over-representation analyses revealed that gene expression in epiboly is rather focused on basal cellular processes such as splicing, translation
or cell cycle (Table 1) and not so much on cellular signalling such as ligand-receptor
interaction or cell adhesion. Most over-represented pathways were also found for
maternal RNAs as present in zebrafish eggs, which is to be expected given the high
overlap with maternally-expressed genes. However, this does not fit well with the generally-accepted theory that maternal RNA is only used for the pre-gastrula development,
then is subsequently cleared and replaced by zygotic RNA that is specific for gastrula
development.
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Figure 2. A Principal Component
Analysis (PCA) plot of the expression
levels of the expressed Ensembl
genes. The variance explained by
the components is indicated between
brackets as percentages. The colouring
of the embryos is by developmental
order (cf. Materials & Methods,
Establishing the Sample Order).

Sample index in developmental ordering

a strict emBryonic gene-expression program

As measuring the percentage epiboly is quite error prone, for instance due to the
orientation of the embryo under the microscope, plus the known fact that the increase
of epiboly does not proceed at a constant pace during embryogenesis [22], we applied
a bioinformatics procedure to determine the actual developmental ordering of the
selected embryos. After data normalization, a developmental order for the embryos
was established based on a training subset of continuously increasing gene-expression
genes. We checked this approach by also establishing a developmental order using
a training subset continuously decreasing gene-expression genes. We are confident
that this approach is effective, because these independently obtained developmental
orders are quite similar (Additional file 6). More importantly in both cases all test genes
exhibited less variance over the whole developmental course as compared to the basic
epiboly-estimated order (Additional file 6). The developmental order aligns almost perfectly with the Principal Component’s first axis (explaining 37% of the variance) in a PCA
on all 6,734 epiboly-expressed Ensembl genes (Figure 2). This implies that during this
developmental period gene-expression is quite strictly regulated. It also appeared that
the variation (on the PC2 axis, explaining 6% of the variance) decreased at the end of
our time course as an indication of even more strict regulation (Figure 2). The striking
strict gene-expression regulation becomes apparent in the gene-expression plots of the
ordered embryo samples (Figure 3B-D). There are many genes that show an extreme
consistent gene expression over all embryos (Figure 3B). Also, most expressed genes
show limited variability and small distance to a fitted line (DTFL): 96% ≤ 0.4 DTFL (Figure
3A). These findings are even more amazing, if one realizes that the depicted samples are
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A

B
ENSDARG00000007693: nfkbiab
DTFL
0.09

C

D
ENSDARG00000044803: dhrs3b
DTFL
0.20

ENSDARG00000040144
DTFL
0.48

Figure 3. Tight geneexpression
regulation
in the late blastula and
early gastrula stages in
zebrafish embryogenesis.
A) Density of the median
distance to a fitted lowess
line (DTFL) of all expressed
Ensembl genes. B-D) Three
examples showing the
profiles of genes with an
increasing DTFL. 98.3% of
all expressed genes have a
DTFL < 0.48

individual embryos from different spawns, selected on different days, and analysed individually by a complex laboratory technique. Apparently, there is quite a remarkable precise
developmental program in place for gene expression during this embryonic development
phase.
This is underlined by the fact that we were able, by just visual inspection of all gene-expression profiles, to identify four genes that displayed a clear oscillatory gene expression
during this embryonic development: deltaC, her1, her15.1 and her7 (Figure 4B and Additional file 7). All four genes are reported as oscillating genes, although usually in a later
embryonic stage [25,26]. These findings demonstrate that the ordering of embryonic
samples it quite good and that the transcriptome organizations, even over embryos and
spawns, is extremely regulated.

types oF gene-expression proFiles

Because the observed gene-expression profiles in our high-resolution time-course are
quite distinct, it is possible to analyse the transcriptome dynamics by categorizing these
profiles. For this, we defined ten overall types of gene-expression profiles, each of which
represent a logical and biologically significant behaviour (Figure 4). As can be expected,
these gene-expression profile types blend together, so we applied arbitrary thresholds
to three modes of dynamic behaviour: up, down or oscillatory gene expression; to continuous or discontinuous behaviour; and to the observation of ‘starting’ or ‘stopping’ of
gene expression in this developmental stage.
Although this study covers about three hours of embryonic development and apart
from the four oscillatory genes (Figure 4, type 10), we did not encounter any gene
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Type 2
n=610

Signal intensity (log2)

ENSDARG00000011370: fyna

Type 1
n=255

Type 1

ENSDARG0000039173: ctslb

ENSDARG0000076538: fbxl14a

Type 5

Type 9

Type 3
n=1,060

Type 4
n=340

Type 5
n=2,319

Signal intensity (log2)

ENSDARG00000070621: thsd7ba

ENSDARG00000020043: cnot8

Signal intensity (log2)

Type 6
n=171

Type 7
n=1,279

Type 2

Type 3

ENSDARG00000011876: ednraa

Type 8

ENSDARG00000059279: tfap2a

Type 7

ENSDARG0038030: rbx1

Type 5

ENSDARG00000002336: Delta C

Type 10

Type 8
n=539

Type 9
n=157

Type 10
n=4

Signal intensity (log2)

ENSDARG00000020131: fnbp1l

Type 4

Embryos in developmental order

ENSDARG00000020956: pck2

Type 6

Embryos in developmental order

ENSDARG00000016725: zgc:85869

Type 10

Embryos in developmental order

Figure 4. Categorization of gene-expression profiles in the late blastula and early gastrula
stages (~ 5 hpf. to 8 hpf.). A) 10 profile types are distinguished. n, number of genes. B)
Examples for each type of gene-expression profile.

that clearly peaked within this period, neither up nor down. This means that during
early gastrulation gene-expression in general changes rather gradually. Also, about onethird of the expressed genes showed a constant expression profile (type 5), whereas
one-third showed an increasing and one-third a decreasing gene expression. Within the
latter groups there are several genes that were clearly switched-on (type 9; 2.3%) or
switched-off (Figure 4, type 1; 3.8%) during this embryonic stage. However, of the genes
with changing expression, the gradually up (type 8) or gradually down (type 3) were
most prevalent. If we examine the rate of change, it is clear that the starting (type 9)
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A

B

ENSDARG00000003371

A

BC

C

A

ENSDARG00000074094: tgm2b

Spawn

1

3

6

7

Figure 5. Multilevel geneexpression behaviour is highly
spawn specific; examples of
multilevel gene expression. A)
examples of genes with a two-level
(upper plot), a three-level (middle
ENSDARG00000055589: s100t
plot) and a highly variable (lower
plot) expression. B) the same genes
are ordered first as spawn then by
developmental order. C) the same
Principal Component Analysis
(PCA) plot of the expression
levels of the expressed Ensembl
genes as in Figure 2, but with a
colour scheme for four spawns as
indicated, while the remaining five
C
spawns
are marked by in grey. Additional file 13 provides a PCA plot with all spawns marked
with a different colour.

and stopping genes (Figure 4, type 1) have the steepest slope, on average respectively
1.33 FC/hour (fold change per hour) and 1.28 FC/hour (Additional file 8) and the lowest
intensities (Additional file 9 and Additional file 10).
For the starting (type 9) and stopping genes (type 1) the expression starting and stopping
points are within this developmental stage. Overall is seems that there are relatively more
genes starting in the first half of this phase and more stopping in the second half (Additional file 11). However, there are also many genes that have a considerable expression
at the beginning of this phase. Given that we know the rate of gene-expression increase
(type 7), as well as the first expression level, we can extrapolate to a predicted starting
Spawn 1 3 6 7
point (Additional file 11). This approach would place the far majority of gene-expression
starting points before the moment of spawning. Expression of Type 5 genes does not
change during this stage; here we used the maximum positive gene-expression rate we
found in this study, to predict the starting point for the type 5 genes (Additional file
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11). Again many gene-expression starting points are calculated well before spawning. So
either the gene-expression rates in the earlier stages of embryogenesis are much higher
than in the investigated stage, or there is massive polyadenylation of maternal mRNA
that result in Poly-A+ mRNA.

mother-speciFic gene-expression variation

During the analysis of our experiment, we noticed that a minority of the genes showed
a clear multilevel expression profile (88 two-level and 5 three-level genes, Additional
file 12). These genes, irrespective whether they have an overall increasing, decreasing
on unchanged expression, are expressed at two or three expression levels, seemingly
random throughout the time series (Figure 5A). This seems an unlikely exception to the
observed strict regulation of embryonic gene expression. It rapidly became clear that
this phenomenon was related to spawns (i.e. mother and/or father) (Figure 5B). Although
there is a clear relation to spawn, it is not absolute as sometimes embryos from one
spawn show different gene expression levels. It is obvious that maternal, and presumably
paternal factors strongly influence the embryonic expression of these genes. Moreover,
close inspection reveals that this spawn-specific effect might be present in many more
genes, as also genes without an obvious multilevel gene-expression profile exhibit this
phenomenon (Figure 5B, ENSDARG0000055589, Additional file 14). The importance of
this effect became clear after we labelled Spawn in the PCA of all expressed genes: there
are spawns that completely separate on the PCA-2 axis (Figure 5C). This means that
in addition to a tight overall gen-expression regulation, embryos have a spawn-specific
regulation.

Discussion
In this study we set out to investigate the transcriptome dynamics of early zebrafish
embryogenesis with a comprehensive experimental set-up that interrogated individual
embryos about every minute during the circa three hour period during epiboly from
late blastula to the mid gastrula stage. We did so, because most studies into (zebrafish)
embryogenesis are typically using pools of staged embryos plus quite dispersed time
points, and we reasoned that a high-resolution time course could provide much insight
into the true dynamics of the individual genes of the embryonic transcriptome. The fact
that we were able to identify several oscillating genes shows the value of our approach.
We set-out to prove that it should be feasible to pinpoint the starting and stopping
points of individual genes. We were able to do so for the genes that started or stopped
during the epibolic stage. Hence it is also possible to define consecutively starting, or
stopping genes, which should be of great help reconstructing cellular processes and
molecular pathways. In this study, we did not aim to unravel the role of individual genes
nor that of the molecular pathways in zebrafish embryogenesis. This should be done
by the appropriate experts on each molecular process. To facilitate them, we have not
only uploaded our entire dataset to NCBI’s Gene Expression Omnibus with accession
number GSE83395 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE83395), but
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also set-up a web resource in which experts can conveniently investigate the expression
profiles of the genes of their choice: http://rnabiology.nl/Dr-Browser.html in combination with the expression in zebrafish oocytes from our previous study [20]. To gain
perspective, it is important that by interpreting individual genes, one is aware what the
common transcriptome dynamics are for all genes during the same developmental stage.
To put our study in context, we compared our finding with three other studies: Junker et
al. (2014) on genome-wide RNA tomography, which has one sample point (shield stage)
that overlaps with our time-course [27]; Aanes et al. (2011) of which the 5.3-hpf sample
point overlaps with the start of our time course [4]; and our own study Rauwerda
et al. (2016) concerning maternal RNA in zebrafish eggs [20]. In general, the findings
of the current study were in line with the previous studies (Additional file 15). The
genome-wide RNA tomography by Junker et al. provides an exciting opportunity to link
the temporal gene expression data to embryonic location. Given that genes primarily
function in the context of a cellular network this would allow the decomposition of
the temporal transcriptome data from multicellular embryos to clusters of genes that
operate together in pathways or cellular mechanisms. It was possible to look into this,
as the RNA tomography data overlapped with one embryonic developmental sample
point (shield stage) with our data. A similar number of expressed genes (7,358), with 70%
overlap in our study were found in the overlapping shield-stage samples from Junker et
al. (2014) (Additional file 15-B). Hence, we clustered the tomography data in 16 spatial
gene-expression patterns and analysed which pathways were overrepresented in these
spatial expression clusters. Genes of the KEGG Pathway “Ribosome”, which also is overrepresented in our time course experiment, were indeed found to be overrepresented
in the same spatial expression cluster (Additional file 16). However, for many other
overrepresented pathways from our expressed genes, we failed to find them back using
the tomography data.We feel that the “Ribosome” pathway probably succeeded as these
genes are highly expressed. Unfortunately, although the overall data of the tomography
study is excellent, the data of the overlapping shield sample point is rather noisy compared to the other sample points, with only a few distinct gene-expression patterns.
So, we believe that new tomography data could help decompose the whole-genome
temporal transcriptome data, which could support the discovery of new pathways or
new genes into known pathways.
In another comparison, also a high-percentage overlap (77% relative to our study) was
found with the Aanes et al. (2011) study with also a similar relative gene expression
for the overlapping genes per Aanes-defined gene-expression clusters in both studies
(Additional file 15-D).
Comparing the current results to our previous study [20] of maternal RNA, revealed
that 87% of the expressed genes were also found to be present as maternal RNA in egg
(Additional file 15-F). Given the assumptions that in epiboly (almost) all maternal RNA
is cleared and maternal RNA primarily functions in the pre-gastrula development, this is
in line with the finding of Lee et al. (2013) that 74% of the early-zygotically transcribed
genes still had a maternal contribution. There is however, no clear relation between the
expression level for each gene as observed in eggs and that at the late blastula stage
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(Additional file 15 E-F). There is also no correlation between the genes that showed a
distinct mother-specific effect in egg expression and a spawn-specific effect in epiboly
expression. Altogether, the clearance and subsequent transcription of these genes seems
a complicated aspect of the MZT.
The most impressive result of the high-resolution embryonic time course is the extremely
tight regulation of gene expression, even over different embryos from different spawns. A
technical conclusion is that pooling of embryos for experimentation poses no problem,
if the staging of the individual embryos is done properly. The observed spawn-specific
differences will obviously be lost, if eggs from different spawns are combined. At the same
time, if spawns are not evenly distributed between pools, spawn-specific gene-expression
differences might lead to false positive differential gene-expression conclusions.
More importantly, the presence of such a tightly regulated embryonic program for
transcription, which took us by surprise, signals a rather robust system that in essence
is resilient to the differences at many cellular levels that must occur between individuals.
Notably, even though we classified the expressed genes into ten different types, virtually
each individual gene has its own unique expression profile with respect to intensity,
change and variability.
Our unique experimental set-up also allowed us to identify the starting and stopping
points of gene-expression at an omics scale. Only several hundreds of genes appeared
to be switched on or off during this period of embryogenesis, which seems to be quite
a quite limited number given the multitude of developmental processes that occur. We
must however consider that even though we found many genes expressed, we might
miss out on several important developmental regulating genes as they could be below
the detection limit of our experimental technique due to low gene expression or only
be expressed just in a small fraction of the embryo cells. Regardless, if we accept the
premise that maternal RNA is cleared previous to the gastrula stage, this means that,
except for the identified 157 starting genes (type 9), all zygotic gene expression has to
start prior to this embryonic stage. Although for some genes the maternal and zygotic
contributions can be deconvoluted on the basis of their 3’UTR [14,15], for many genes,
polyadenylation of maternal transcripts and zygotic gene expression are confounded.
So the expression levels and differences for each individual gene are a net result of
those poly-A+ generating mechanisms, as well as specific RNA-degrading mechanisms.
Collectively, the gene-expression changing rates are quite modest, on average about
1.3 FC/h. They do not explain the observed gene-expression levels as extrapolation of
present genes predicts for most of the expressed genes a starting point well before fertilization. As, besides the oscillating genes, no genes with peaking gene-expression were
found, we conclude that gene expression in this embryonic stage is unexpectedly gradual,
which might be the sign of a complex, strictly regulated system.
Our final observation with respect to transcriptome dynamics concerns the spawn-specific gene-expression effects. Much alike we observed in our oocyte study, we detected
several genes with a substantial spawn-specific difference. Moreover, it appeared that this
property might be present in the majority, if not all genes, albeit often with extremely
small differences. As the eggs in our previous study were unfertilized, we could identify

93

508423-L-bw-Rauwerda
Processed on: 1-3-2017

Transcriptome Dynamics in Early Zebrafish Embryogenesis

this effect to be mother-specific. In the present study it is undoubtedly a mixed effect of
several maternal and paternal epigenetic factors that collectively produce these differences in gene expression.This would also explain why in eggs multilevel expressed genes
are almost always expressed at one level in all eggs of one mother, whereas in this study
embryos from one spawn often show multilevel gene expression. Although we were
unable to model all the gene-expression differences between the embryos, it is clear
that given the strict regulation of the transcriptome, they will be related. As such, the
spawn-specific differences provide an additional layer of information that could support
the understanding of transcriptome regulation in embryogenesis.

Conclusions
In our high-resolution time-course study, we determined that gene-expression
in zebrafish embryogenesis from late blastula to mid-gastrula is tightly regulated
and gene-expression changes are in general gradual with small fold changes. The
fundamental processes that take place during this developmental period at the transcriptome level involve ~700 genes that are switched on and ~900 genes that are
switched off. On top of, that some 1,450 genes show increasing and 1,400 genes show
decreasing gene-expression, while 2,300 genes show no change in gene-expression. The
resolution of the experiment was so high, that we were able to clearly identify four
known oscillating genes. Additionally, it allowed us to precisely establish the expression
starting and stopping points of several hundred genes. Furthermore, we found 93 genes
that show an obvious multilevel expression profile over the embryo’s. The different
expression levels of these genes could be linked to the spawns the embryos originated
from. The fact that we were able to identify the different spawns by their gene-expression variance over all expressed genes, underlines the importance of spawn specificity,
as well as the tight regulation in different individuals. Our unique experimental set-up
of whole-transcriptome analysis of 180 individual embryos, provided an unparalleled
in-depth insight into the dynamics of early zebrafish embryogenesis that we also made
available to the scientific community.

Materials and Methods
ZeBraFish emBryos

Zebrafish were handled and maintained according to standard protocols (http://ZFIN.
org). The local animal welfare committee (DEC) of the University of Leiden, the Netherlands specifically approved this study.All protocols adhered to the international guidelines
specified by the EU Animal Protection Directive 86/609/EEC. Embryos were obtained
by placing a female and a male, both of genotype ABTL, overnight in a tank separated
by transparent, but watertight division. Approximately 1 hour after the start of the
light period the division was removed after which spawning and fertilization took place,
generally in one or more pushes. Embryos were retrieved by transferring both animals
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to a different tank and sieving the remaining water. In total from 9 pairs, embryos were
obtained (labelled Spawn, Figure 1) that were retrieved on 5 separate days. Embryos
were maintained at 28.5 °C in egg water (60 μg/ml Instant Ocean sea salts). In total 180
embryos were processed, from approx. 5 hours post fertilization (hpf) to 8 hpf. During
this period, embryos were, while kept at a temperature of 28.5 °C, one by one taken out
of the medium and positioned along the anteroposterior axis under a stereo microscope
(Leica MZ16 FA) in a 1.5% agarose gel (Sigma Aldrich IX-A) composed with egg water.
After an image was taken the embryo was transferred to a 1.5 ml tube and exactly 30
seconds after the photograph was made the embryo was snap-frozen in liquid Nitrogen.

image processing

First from the metadata of the photograph a conversion factor of pixels to μm was determined.The embryo size, roundness, perimeter, height, width and epiboly were determined
from the images using GraphPad Prism 6 software with which also the pixels belonging to
the embryo and yolk were identified with a masking procedure (Additional file 1). Next,
the height of the embryo plus yolk was determined as the diameter of the form in the
animal-vegetal direction, the width as the diameter in the direction perpendicular to the
direction in which the height was measured and the percentage epiboly was determined
as the fraction of the epibolic distance and the height (Figure 1B). Perimeter length was
determined and roundness was calculated as the ratio of 4π*Area over the square of the
perimeter. For each metric the maximum relative change was determined (Additional file
1). All individual images, rotated as to position the anterior-posterior axis of the embryo
onto the x-axis of the image are given in Additional file 2.

rna extraction, ampliFication and laBelling, hyBridiZation, scanning

RNA was extracted from single embryos using the procedure described in (de Jong
et al. 2010). The amount of RNA per μl was measured on the Nano- Drop ND-1000
(Thermo Scientific; Additional file 3). RNA integrity was assessed with the BioAnalyzer
(Agilent Technologies) using the RNA pico 6000 kit (Agilent Technologies). Amplification
and labelling of RNA was done in an identical fashion as described in [29] in a oneround mRNA amplification per zebrafish embryo using the Amino-allyl MessageAmp II
kit (Applied Biosystems). Test samples were labelled with Cy3 and a reference sample
was labelled with Cy5. The reference sample was made by pooling equimolar amounts
of RNA from test samples and is mentioned here for completeness only, since in the
analysis a one dye approach has been applied. The yield and CyDye incorporation were
again measured with the NanoDrop ND-1000 (Additional file 1). The hybridization
cocktail was made according to the manufacturer’s instructions (Nimblegen Arrays
User’s Guide). Microarrays were designed using the approach described in [30] albeit
with a few modifications (Additional file 4) and were produced as Nimblegen 135k arrays.
The array design has been submitted to NCBI’s Gene Expression Omnibus with accession number GPL22016 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL22016).
Hybridization took place for 17 hours at 65°C. In order to avoid confounding with
spawn, samples have been randomized with respect to labelling batch and hybridization
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chamber. The microarrays were scanned in an ozone-free room with a DNA microarray
scanner G2565CA (Agilent Technologies). Data was retrieved with Feature Extraction
Software version 9.5.3 (Agilent Technologies).

data pre-processing & normaliZation

The quality of the microarray data was assessed via multiple quality-control checks, i.e.
visual inspection of the scans, testing against criteria for foreground and background signals, testing for consistent performance of the labelling dyes, checking for spatial effects
through pseudo-colour plots, and inspection of pre- and post-normalized data with box
plots, ratio-intensity (RI) plots and PCA plots. Handling, analysis and visualization of all
data was performed in R (http://cran.r-project.org/) using the Bioconductor packages
affy, limma and maanova [31]. Log2 transformed Cy3 data was subjected to a procedure,
similar to the one described in [32], in which probes were identified as expressed or
non-expressed probes. Here a log variance cut-off value of -2 was used to separate low
and high variant probes and the per microarray cut-off for the likelihood of a probe to
be expressed was set to 20%, thus avoiding too many false negatives. Hence, in this step
for each array, individual probes were called ‘present’ or ‘not-present’. Next, we defined
that a probe to be truthfully expressed must be called ‘present’ in at least 6 samples in
one moving window of 30 with the samples ordered in epiboly stage to avoid false positives. Next all ‘present’ probes were quantile normalized and collapsed into transcripts
using the R Bioconductor affy package. In the procedure no background removal was
applied. Quantile normalization in this data set appeared to outperform other much used
normalization approaches in a comparison using spike-in controls on the microarray
(Additional file 17). Finally, when applicable, transcripts were merged into genes, using
Ensembl gene identifiers on the Zv9 assembly by calculating the mean of all transcripts
that belong to a gene.

estaBlishing the sample order

In this experiment, on average one sample (embryo) per minute was analysed. Because
in each spawn fertilization took place at different time points due to the multiple pushes
by which the mothers released their eggs, the exact time of fertilization could not
be established at a resolution below 15 minutes. We therefore first looked if a crude
phenotypic marker would allow us to roughly order the embryos along developmental
time. The metric with the largest relative change (percentage epiboly) was chosen as
initial metric to roughly order the individual embryos in time. However, at around 50%
epiboly, the rate at which the blastoderm extends over the yolk stalls, which makes
epiboly an imprecise metric for the ordering of this entire time course. We assume that
embryos with a low epiboly can indeed with confidence be positioned at the start of
the time course of this experiment and, likewise, that embryos with a high epiboly are at
the end of this time course. Thus, we selected 10 samples with the lowest epiboly and
10 samples with the highest epiboly. In these samples we looked for transcripts with a
low expression level (mean log intensity below 12) in the low epiboly samples and for
transcripts with a high expression level (mean intensity above 13) in the high epiboly
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samples. Next, we took the intersect of both sets and calculated the mean intensity
in this intersect of 97 transcripts with increased expression for all 179 samples. The
developmental order of the samples was then determined by ordering all samples
according to the mean intensity of these intersecting transcripts from low to high.
The ordering was tested to evaluate the overall variance of the expressed genes that
were not used to order the samples. The whole procedure was tested by reversing the
approach for transcripts with a high expression level (mean intensity above 13) in the
low epiboly samples and for transcripts with a low expression level (mean log intensity
below 12) in the high epiboly samples. The 121 transcripts with decreasing expression
were used to order the samples and the remaining genes were evaluated for their overall
variance in gene expression.

calculation oF tightness oF gene regulation

Given this developmental order we wanted to know how much individual embryos
deviate from the gene expression trend in this period. For this we fitted a lowess line
through all samples using the lowess function of R with a smoother span of 2/3. Per gene
we calculated the median distance of each sample to this fit as the Distance to the Fitted
Line (DTFL).

gene categoriZation

All Ensembl genes were assigned to exclusive gene-expression dynamics categories,
which we call ‘types’. These 10 types are defined by three modes of behaviour: up, down
or oscillatory gene expression; continuous or discontinuous behaviour; identification of
switching-on or switching-off events (‘starting’ and ‘stopping’ genes) in this developmental stage. Oscillatory genes were checked with literature [25,26]. By visual inspection of
all profiles; 4 genes were included in this type.
Up trends and down trends were identified by fitting a linear model through the profile
using the R lm function. All profiles with an angle > 0.1 degrees were categorized as
‘increasing’, all profiles with an angle < - 0.1 degrees were categorized as ‘decreasing’.
The continuous and discontinuous trends were identified by comparing the linear fit
from above with lowess fit. The lowess fit was made using the R lowess function with
the default parameters (smoother span of 2/3). For each embryo the absolute distance
to each fit was determined and per fit the average of the distances over all embryos was
calculated. Finally, per gene the ratio of these two averages was taken. Genes with a ratio
larger than 0.95 were categorized as continuous, genes with a ratio of 0.95 or smaller
were categorized as discontinuous.
Starting and stopping genes were identified with all ‘increasing’ and ‘decreasing’ genes
respectively. To call a gene starting we required that less than 7 out of the 15 first
embryos were queried by probes that were called ‘present’; to call a gene stopping we
required that less than 7 out of the 15 last embryos were queried by probes that were
called ‘present’. By looking at the probes we consider the gene expression of individual
embryos and can exclude the information on the developmental order that is present in
the profile and in the ‘expressed’ calling of a gene. The tracing back from the gene to the
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probe level was done by first by choosing the transcript of that gene with the highest
expression value and then choosing the most 3 prime ‘present’ probe of that transcript
as the probe that reports the presence of a gene.

identiFication oF starting and stopping points

Identification of starting and stopping points of genes was carried out on increasing
starting and decreasing stopping genes, respectively (type 8, 9 and type 1, 2, Figure 4).
First, for these starting and stopping genes a lowess fit (lof1), using the R lowess function
with the standard parameters and a linear fit (lf1) are made on all samples (the red
respectively the green line in Additional file 18) and the points at which these two lines
intersect is determined. Next, for each sample the absolute difference of the sample’s
expression value to the lowess fit and to the linear fit is calculated. These differences are
ordered and the indices (sample number in developmental order) of the two smallest
differences are identified (the two grey lines in Additional file 18). Also the index with
the largest absolute difference that lies between the two former indices is determined
(index L1, indicated by a solid blue line in Additional file 18). Next, a second linear fit is
made (lf2); for stopping genes only the embryos with an index ranging from 1 to L1 are
used; for starting genes this fit is made using the embryos ranging from L1 until index
179. Then, the intensity expression value at respectively the start or the end of the
time course was determined by the median of the probe intensities of the ‘not-present’
probes in the first respectively the last 15 embryos (embryos marked with an asterisk
in Additional file 18) and a horizontal line at this intensity level is drawn. Finally, starting
and stopping points are calculated at the intersection of this horizontal line and lf2 by the
minimum absolute difference between the 179 extrapolated point of the fitted lines. In
order to ensure an actual starting or stopping behaviour this minimum was required to
be smaller than 0.05 (stopping and starting points are indicated by the dotted blue line
and by the labels ‘stop’ and ‘start’ in Additional file 18).

identiFication oF multilevel genes

Identification of multilevel genes was done by firstly selecting the genes with a log2
variance higher than -0.1. To these genes a 2-means clustering was applied using the R
kmeans function. The ratio of the within-cluster sum of squares and the between-cluster
sum of squares was calculated and genes with a ratio smaller than 0.3 were selected for
further analysis. Furthermore, the requirement was set for each cluster to span more
than one third of the developmental time in this study. Finally, a visual inspection was
done to discard apparently false positive genes that show rather temporal dynamics than
a multilevel behaviour.

tomography data analysis

Data from the shield samples in the tomography study of [27] was compiled as one matrix
with rows for each gene and with columns representing the slices in the animal-vegetal
pole direction (50 slices), left right direction (56 slices) and ventral-dorsal direction (49
slices).The rows were clustered using a 16-means clustering with the R kmeans function.
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Next, the resulting spatial expression clusters are subjected to an overrepresentation
analysis on KEGG pathways using the David Bioinformatics Resources 6.7 [33].

supplemental File descriptions
All supplemental information is also available at: http://genseq-h0.science.uva.nl/projects/TranscrDyn/

Additional file 1 (XLSX) - Image metrics of all samples (embryos). For a description of
the metrics cf. Material & Methods, paragraph “Image Processing”.
Additional file 2 (PDF) - Images of all 179 embryos positioned in the animal pole - vegetal
pole direction
Additional file 3 (XLSX) - Sample information. Array=array identifier, ID=array
index; Dye=Cy5 or Cy3; Slide=slide identifier; Location=location of array on slide;
Day=Hybridization day; HybStation ~ Hybridization chamber; Epiboly ~ measured
epiboly in percentage; Image ~ image index; AmpBlock ~ amplification block; Spawn
~ spawn the embryo belongs to; RIN ~ RIN value; Yield..ng. ~ yield in ng;
Additional file 4 (XLSX) - Number of expressed and non-expressed Ensembl genes and
Vega, Refseq and Unigene genes
Additional file 5 (PDF) - Intensity distribution of the 6,734 expressed (red) and 15,938
non-expressed (green) unique Ensembl defined genes.
Additional file 6 (PDF) - Using two different training sets to establish developmental
order. Page 1, A - Samples ordered by a training set of genes with continuously increasing gene-expression vs. samples ordered by a training set of genes with continuously
decreasing gene-expression. Samples are colored by epiboly. B - ENSDARG00000016725
ordered according to epiboly (bottom) and in developmental order (top); Page 2 - 123:
test set of 121 continuously decreasing genes ordered by a training set of 97 continuously
increasing genes. Page 124-221: test set of 97 continuously increasing genes ordered by a
training set of 97 continuously decreasing genes.
Additional file 7 (XLSX) - Information on the Ensembl expressed genes. Ensembl_id ~
Ensembl identifier; ProbeID ~ probe set identifier; Designed_on ~ identifier on which
the probe set was designed;REFSEQ ~ Refseq identifier; refseq.symbol ~ Refseq symbol; ENTREZ ~ Entrez identifier; refseq.descr ~ Refseq description; Unigene ~ Unigene
identifier; unigene.symb ~ Unigene symbol; Unigene.descr ~ Unigene description; zfin ~
ZFIN identifier; zfin_descr ~ ZFIN description; probeNumber ~ number of probes in
the probe set; Type ~ type (cf. Results); StartingPoint ~ starting point of gene expression;
StoppingPoint~ stopping point of gene expression; Angle ~ angle of expression rate corrected for starting and stopping position; FoldChange.per.hour ~ fold change per hour

99

508423-L-bw-Rauwerda
Processed on: 1-3-2017

Transcriptome Dynamics in Early Zebrafish Embryogenesis

corrected for starting and stopping position.
Additional file 8 (PDF) - Boxplots per type of absolute expression changes of genes over
time, expressed as fold changes per hour.
Additional file 9 (PDF) - Intensity distributions per type. A) Left panel: top 10 highest
gene expression intensities per type. Right panel: top 10 genes with the largest gene
expression rates (expressed in angles) type. B) Scatterplot of gene expression rates,
expressed as angles versus intensity. In each plot the genes belonging to the type are
highlighted.
Additional file 10 (PDF) - Boxplots of median expression intensities per type.
Additional file 11 (PDF) - Starting and stopping points. A) Histogram of starting and
stopping points in developmental time for genes belonging to type 1 and 9. B) Histogram
of extrapolated starting points for type 5 and 7 genes. For type 7 genes the starting
point was calculated from the observed expression rate for each gene. For type 5 genes
we took the maximum positive expression rate we found in this experiment (2.98 FC/
hr for ENSDARG00000095866) to calculate the starting point. The approximate time of
spawning is indicated by a dashed line, the start of the time course in this experiment
lies to the right of 5 hpf.
Additional file 12 (PDF) - Multi-level genes. On each page the left panel displays the
expression intensities of a gene in developmental order, the right panel displays the same
gene plotted in developmental order ordered per spawn.
Additional file 13 (PDF) - First two principal components of the intensity matrix of
the expressed Ensembl genes. The variance explained by the components is indicated
between brackets as percentages. Each embryo is colored by spawn as indicated.
Additional file 14 (PDF) - High-variance genes of type 5 with a log2 variance > -1. On
each page the left panel displays the expression intensities of a gene in developmental
order, the right panel displays the same gene plotted in developmental order ordered
per spawn.
Additional file 15 (PDF) - Comparison of this study with the zebrafish tomography study
of [27] (study T), with the study on the early embryonic zebrafish transcriptome of [4]
(study EET) and with the study on individual zebrafish eggs from 5 different mothers
of [20] (study IE). A) Scatter plot of log2 read counts in the shield stage of study T vs.
the log2 expression intensity in this study of genes that are expressed in both studies.
Read counts are calculated as the log2 of the sum of counts in all slices in study T
and from this study the samples 85 to 95 in the developmental order are taken. The
correlation between the two sets is 0.64. B) Venn diagram on Ensembl genes in study T
and expressed Ensembl genes in this study. C) The distributions of log2 intensity values
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of Ensembl genes in this study (upper panel) that are per category in common with the
Ensembl genes from study EET; in the lower panel for the same genes the distribution
of read counts in the 7 categories of expression clusters in study EET are displayed. D)
Per category comparison of number of expressed genes in this study and study EET. E)
Scatter plot of log2 expression intensity in study IE (X-axis) and this study (Y-axis) of
genes that are expressed in both studies. For this from study IE the median of all 24 eggs
was taken and from this study the median of the first five samples was taken. The correlation between the two sets is 0.50. F) Venn diagram on study IE this study. Compared
are expressed Ensembl genes from both studies.
Additional file 16 (PDF) - Temporal and spatial behavior of genes in 27 KEGG pathways.
Each page displays three plots.The left plot shows the temporal expression in log2 intensity in our time course experiment for a pathway ordered in developmental time. The
middle plot shows the spatial expression pattern in the tomography set [27] in log2
read counts. The three peaks represent the three axes in the embryo: respectively the
animal-vegetal, left-right and ventral-dorsal axes. The right plot shows the number of
genes of the pathway that belong to a spatial expression cluster. The spatial expression
cluster 9 is the only spatial expression cluster in which an overrepresentation was found
(KEGG pathway “Ribosome”).
Additional file 17 (PDF) - Spike in controls were added to the samples and were
hybridized to specific probes on the array. Based on the application of 3 widely used
normalization methods and the resulting variance we decided to apply quantile normalization in this analysis.
Additional file 18 (PDF) - Example of the determination of a stopping point and a starting
point. For an explanation see Materials and Methods, paragraph “Identification of starting
and stopping points”.
lf1= linear fit on all samples; lof1=lowest fit on all samples; grey lines indicate intersect
of lf1 and lof1; L1: embryo with the largest difference between lf1 and lof1; for stopping
genes lf2=linear fit of L1 to 179; for starting genes lf2 = linear fit of 1 to L1; embryos
marked with an asterisk: ‘not present’ probes in the last (stopping) 15 respectively in
the first (starting) 15 embryos; horizontal black line: median probe intensity of embryos
marked with an asterisk; dashed line: intersect of lf2 and the horizontal black line indicating the stopping respectively the starting point.

list oF aBBreviations
CAM
DEC
DEG
DFTL
hpf

- Cell Adhesion Molecules
- Dierexperimentencommissie (Animal Welfare Committee)
- Differentially Expressed Genes
- Distance to the Fitted Line
- Hours Post Fertilization
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lof
lf
MBT
MZT
PCA
RI plots

- Lowess Fit
- Linear Fit
- Mid Blastula Transition
- Maternal-to-zygotic Transition
- Principal Component Analysis
- Ratio-Intensity plots
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Abstract
A dynamic transcriptome is a key characteristic of zebrafish embryogenesis. In a previous
study on the transcriptomes of 179 individual embryos from late blastula to mid gastrula
we observed a tight regulation of gene expression. The measured embryonic transcriptome dynamics was captured using ten logical gene-expression types, such as starting and
stopping gene expression. Here, we study several cellular factors that might be involved
in the regulation of these gene-expression types, by extensive bioinformatics analyses
and two small-RNA sequencing experiments. We analyzed several cellular factors; the
genome location of genes, the gene size, transcription factor binding sites in promoter
regions, polyadenylation signals in 3’UTRs, and miRNA target sites in 3’UTRs.The results
indicate that these factors are concurrently operational with no factor clearly prevailing
in any gene-expression type. Hence the tight regulation of the embryonic transcriptome
is a cumulative result of many regulators. This raised the question if regulators show
a tight regulation as well. For this, we analyzed the miRNAs that are present in this
embryonic stage, and show that embryonic miRNA expression itself is tightly regulated,
both during development, as well as when miRNA expression from individual embryos
is compared.

Keywords:

maternal RNA, individual transcriptome, Zebrafish, Danio rerio, embryogenesis, gastrulation
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Introduction
Gene-expression regulation is a key process in the life cycle of a cell that enables it
to develop and respond to the wide array of intracellular and extracellular signals to
which it is exposed during its lifetime. The means available to regulate gene expression
are manifold such as control of the production or rate of production of mRNAs in the
nucleus by chromatin remodeling, nucleosome organization at promoters [1], transcription factors (TFs) interacting with transcription-factor binding sites (TFBSs), interaction
of the transcription machinery with promoters and enhancers, RNA pol II pausing [2] or
by structural components in the nucleus, i.e. nuclear laminae [3]. Also export of mRNAs
to the cytoplasm is well-regulated [4] and in the cytoplasm transcripts can be activated
via polyadenylation or silenced and degraded via deadenylation and interaction with
miRNAs. These processes are deployed at different timescales: chromatin remodeling
can take place within seconds [5], RNA pol II transcription takes place at a speed of
tens of bases per second (minutes per transcript) [6] and nucleosome turnover can
be in the order of minutes to hours [7]. Even more, transcription regulation may also
have a stochastic component, which in some cases is used to create a binary switch [8].
In general, in a multicellular organism responses of an individual cell are integrated at
tissue level and, upwards at the level of the organ and the organism. The modeling of
this process is reviewed by Coulon et al. [9].
Also embryo development is driven by tight regulation of gene activity [10,11], which
makes transcriptome-regulation an important research topic in embryology as well. The
early zebrafish embryo is primarily dependent on maternally provided transcripts that
are activated by cytoplasmic polyadenylation [12,13]. From the 64-cell stage onwards,
miR-430 genes are zygotically transcribed and between the 128-cell and 512-cell stages
a wider range of relatively short zygotic transcripts are observed [14,15]. Maternal
transcripts are, at least partially cleared by miR-430 [16] and from the gastrulation
onwards the amount of polyadenylated mRNA molecules, which most likely have a
zygotic origin [15,17,18], increases steadily[19].
Until recently, transcriptome dynamics in embryogenesis was studied using pools of
eggs or embryos taken at time points rather far apart during development. Nowadays,
comprehensive studies on individuals and/or at a high time-resolution are feasible. Our
previous study of the transcriptome in individual zebrafish eggs revealed an overall strict
regulation of the maternal transcriptome, including a maternal effect that introduced
mother-specific differences [20]. Recently two high-resolution time-course studies along
embryonic development were carried out. In Xenopus the developmental period from
egg to 65 hours post fertilization (hpf) was covered by pools of minimally 10 embryos
and time points along the entire development that are minimally 30 minutes apart [19].
In a previous study of us (Figure 1B) [21] we profiled transcriptomes of 180 individual
zebrafish embryos that are on average one minute apart in a period from late blastula to
mid gastrula. Both studies indicate that the changes in gene-expression during gastrulation are modest and transcriptome dynamics are described by half periods (off - on - off)
of hours rather than minutes. In our study we further showed that this tight regulation
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of gene-expression also applies to individual embryos. In total we identified ten types of
distinct gene-expression profiles (Figure 1D) and determined the precise starting and
stopping points of expression for a number of genes. Noticeable, several genes showed
expression at two or three distinct levels that strongly related to the spawn an embryo
originated from (Figure D).
In the current study, we focus on several cellular factors that might be involved in
the dynamics of the different gene-expression types. We investigated: i) the genome
location of genes in these types to determine the role of nucleosome organization; ii)
the gene size since in early development, the size of the expressed genes is increasing
[14]; iii) the gene promoter regions for specific TFBSs; iv) the 3’UTRs for cytoplasmic
polyadenylation motifs; v) the 3’UTRs for miRNA targets and vi) overrepresentation of
specific pathways and gene ontology (GO) categories within the gene-expression types.
In all these analyses, we also included the set of genes that showed a distinct multi-level
expression pattern (Figure 1D) that correlates with spawn. To obtain insight in the
regulation of the gene-expression regulating factors, we investigated miRNA expression
in individual embryos at approximately 50% epiboly (Figure 1C) using the same spawns
as in our high-resolution gene-expression time course, plus miRNA expression in
individual embryos spanning the entire zebrafish embryogenesis including unfertilized
eggs and adult zebrafish (Figure 1A).

Results and Discussion
experiment set-up

To investigate the factors that are involved in regulation of transcriptome dynamics during
early zebrafish embryogenesis, we started our analyses using the results of our gene-expression series with an extremely high temporal resolution on 180 individual zebrafish
embryos [21], (Figure 1B). These embryos were obtained from nine different spawns,
developmentally ordered and profiled from late blastula to mid-gastrula stage (approximately 40 - 80% epiboly). The individual profiles of the genes in this high-resolution time
course can be queried at http://genseq-h0.science.uva.nl/shiny/Dr-Browser-v2, together
with the maternal-transcriptome results from another study of individual unfertilized
zebrafish eggs [20]. The transcriptome dynamics in the embryonic time course was captured in ten distinct gene-expression profiles, i.e. types (Figure 1D). These ten types can
be summarized in four categories of gene-expression dynamics: Down (Types 1-4), Level
(Type 5), Up (Types 6-9), and Oscillating (Type 10), which leaves only one atypical type:
Multi-Level (Figure 1D). Here we set out to link the observed gene-expression profiles
to cellular factors that possibly can explain the observed transcriptome dynamics, such
as chromosome location, TFBSs and miRNA expression. And as an example of the regulation of regulators, we investigated miRNA expression during the complete zebrafish
embryogenesis by two additional small-RNAseq experiments (Figure 1A and 1C).
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down

3‐levels

Type 1

Multi‐level

Figure 1. Graphical representation of the experiments. A. Small-RNAseq time course
experiment over embryonic development from unfertilized egg to adult (male). Photos
represent the individual embryos that were sequenced. B. High-resolution time course
microarray experiment on 180 individual embryos from late blastula to early gastrula, which
study is described in detail in [21]. C. Small-RNAseq experiment of individual embryos from
the same spawns (except spawn 4) as in B, indicated by the same color legend. D. Schematic
representation of the 10 gene-expression types from the high-resolution time course microarray
experiment (B) plus multi-level gene expression types [21]. Not all multi-level genes show
level expression; some also show an increasing or decreasing expression at one or more levels.

LinKing genome Location and gene size to gene-expression types

The ten distinct gene-expression types of the time series (Figure 1 B and D) are based
on the dynamic behavior of 6,734 Ensembl-defined expressed genes. Since chromosome
organization, e.g. by nucleosome organization at promoters [22] plays a role in gene-expression regulation, we investigated the genome distribution of the associated genes per
type (Supplemental File S1, pages 1-10). Overall, the fold enrichment of the number of
genes of a specific gene-expression type on a chromosome, are distributed in a non-random fashion (Figure 2). The Discontinuously-Increasing Type (Type 6) and the Starting
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Figure 2. Relative number of genes in a gene-expression type per chromosome. Fold
enrichment of number of genes of gene-expression types on chromosomes. The enrichment is
calculated against all expressed genes and colored according to the Color Key.

Type (Figure 1D, Type 9) show a distinct pattern on the genome that differs from the
other types. Both these types of genes are significantly overrepresented with a more
than twofold enrichment on chromosome 4 and 9 respectively, (Supplemental File S2).
We also plotted the position of the Multi-Level Type genes on the genome. These genes
show an even wider distribution of fold enrichments on the chromosomes as compared
to the Types 6 and 9 (Supplemental File S1, page 11), however none of the chromosomes
showed a significant overrepresentation of Multi-Level Type genes. Altogether, this means
that, although the link appears not to be particularly strong, chromosome location seems
to be a factor that is involved in the transcriptome dynamics of some types during early
embryogenesis.
In early embryogenesis, gene size is strongly related to gene expression [14]. In an
attempt to link gene-size to gene-expression we found that gene-size distributions of
expressed and non-expressed genes are different (Supplemental File S3). On average,
expressed genes are shorter but very short genes of less than 4 kb were shown to be
overrepresented in the non-expressed set. Comparing sizes of the genes in the Up, Level,
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and Down Categories with that of expressed genes, the Up and the Down Category
distributions are significantly different: the Up Category genes are shorter while the
Down Category genes are longer.This is in line with the fact that the earliest transcribed
zygotic genes are relatively short [14]. It also suggests that especially the longer genes in
the Down Category are not early zygotic genes and thus are likely to have a maternal
origin. The size distribution of Multi-Level Type genes did not significantly differ from the
size distribution of the present genes (results not shown).

LinKing promoter tFBss to gene-expression types

TFs have an obvious role in gene-expression, hence we investigated the possible binding sites for TFs in the sets of expressed and non-expressed genes. TFBSs are typically
located in the promoter, however defining promoters is a challenge
and hence we arbi20
trarily took 300 bp regions upstream and downstream of the start site of each gene.
Thus, we detected some remarkable patterns in our dataset. In the set of expressed
genes, 307 TFBS motifs were found while in the set of non-expressed genes only 165
(Supplemental File S4) were found. Both in the expressed and non-expressed gene sets,
the number of TFBS motifs found in the upstream regions was larger than that in the
downstream regions (respectively 1.9 and 1.4 times more). Three TFBS motifs that were
enriched in the downstream regions of the non-expressed gene set were also enriched
in the expressed genes upstream regions; two of them being POU domains (Pou2F2
and Pou3F3, for sequence logos, cf. Supplemental File S5). In the upstream analysis of
the non-expressed gene set and the downstream analysis of the expressed gene set an
overlap was found of 8 TFBS motifs, two of these belonging to the IRF-class (Irf6 and Irf4).
The overrepresented TFBS motif with the lowest p-value in the upstream analysis of
the expressed gene set was the TATA-box (Tbp primary). By considering the TFBS motif
descriptions, some patterns appear that link homeobox domains (Hox, Homez, Hlx
or lmx) and POU domains to gene expression, whereas SRY (SOX) boxes and Zinc
motifs relate to non-expression (Table 1). One of the two uniquely enriched motifs in
the non-expressed downstream set is Pou5f1::Sox2, a protein that is implicated in the
maintenance of pluripotency, the activation of zygotic genes and in the regulation of
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miR-430, a miRNA responsible for the clearance of maternal mRNAs [23]. E2F TFs are
involved in regulation of cell cycle progression [24]. The E2F6 (inhibitory) binding site is
overrepresented in both the non-expressed upstream and the expressed downstream
set. All other both inhibitory as activating sites are overrepresented in the upstream and
downstream expressed set, except E2F1 and E2F3 which are unique for the upstream
expressed sequences.
We also tested the gene-expression categories Down, Level, Up, and Type Multi-Level
for TFBSs (Table 1). The absence of any overrepresented binding motifs in the Type 5 set
probably implies that the genes in this set are not one group and thus are regulated by
many different factors. Most (56%) of the overrepresented TFBSs were found upstream
of the Up Category genes, which is understandable given that they all change expression in the examined embryonic developmental period. The overrepresented motifs in
the gene sets with increasing gene expression are in majority zinc finger motifs. In the
Up-Category 5 TFAP motifs and 10 zinc finger motifs were found.
All 11 TFBSs found in the downstream sequences of the Down Category overlap with
TFBSs in the non-expressed genes. This TFBS set contains 4 MEIS homeoboxes, 2 PBX
homeoboxes and 2 TALE family homeoboxes (TGFB) with remarkably low p-values.
All these box motifs, except for one PBX box motif, are also overrepresented in the
downstream sequences of the gene-expression Type 1 set, while one MEIS box is overrepresented in the Type 2 set as well. The Meis cofactor has been reported to bind
directly to Pbx, and to displace histone deacetylases from Hoxb1 regulated promoters in zebrafish embryos [25]. Interestingly, meis itself (ENSDARG00000042361, ENSDARG00000002795) is not expressed, whereas pbx/knotted1 (ENSDARG00000018765,
ENSDARG00000078080) is expressed as Type 6 (Discontinuously Increasing) and
hoxB1b (ENSDARG00000054033) is expressed as Type 9 (Starting). This reveals the
puzzling status quo, in which the expression of the meis/pbx regulated genes is going
down, whereas the gene expression of the regulators pbx and hoxB1b is going up (for
profiles, see http://genseq-h0.science.uva.nl/shiny/Dr-Browser-v2/). As Pbx/Hox1b regulation in a later phase of embryogenesis is used in the formation of the hindbrain [26],
the up regulation of pbx and hoxB1b might be an initial stage in this process, while the
observed down regulation of the genes during early gastrulation might be the final part
of a process that took place in an earlier phase of embryogenesis.
Noticeably, in the set of Multi-Level Type genes, we did not find any overrepresented
TFBS motifs.

LinKing 3’utr poLyadenyLation motiFs to gene-expression types

At the late blastula stage in zebrafish embryogenesis, which coincides with the start of
our high-resolution time course (Figure 1B), there is extensive zygotic transcription.
Whether at the early gastrula stage all maternal mRNA has been cleared, is still a question. Maternal mRNA can be polyadenylated in the cytoplasm, a process that uses polyadenylation motifs in the 3’ UTR of transcripts [12,17]. Hexamer motifs (hex-1 and hex-2)
form the actual polyadenylation signal and determine the actual start of the poly(A)-tail.
Cytoplasmic polyadenylation elements (eCPE, CPE-1, CPE-2, and CPE-3) can bind to
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Pathway
dre04010:MAPK signaling pathway
dre04622:RIG-I-like receptor signaling pathway
dre04070:Phosphatidylinositol signaling system
dre04144:Endocytosis
dre03018:RNA degradation
dre04621:NOD-like receptor signaling pathway
dre04620:Toll-like receptor signaling pathway
dre00071:Fatty acid metabolism*
dre04114:Oocyte meiosis*
dre03040:Spliceosome
dre00280:Valine, leucine and isoleucine degradation
dre00640:Propanoate metabolism
dre04110:Cell cycle
dre04144:Endocytosis
dre03010:Ribosome
dre00190:Oxidative phosphorylation
dre03050:Proteasome
dre00260:Glycine, serine and threonine metabolism*
dre04260:Cardiac muscle contraction*
dre04512:ECM-receptor interaction*

Down
5.42E-03
2.28E-02
2.28E-02
2.47E-02
3.37E-02
3.66E-02
3.98E-02
2.73E-02
9.78E-03

Level

Up

e.

n.e.

5.36E-29
1.38E-03
1.11E-02
1.14E-02
1.90E-02
3.83E-02

8
20
14
1
15
19
3
2
4
5
-

6
8
10
5

(1)

(2)

(2)
(2)
(3)
2.84E-09
3.47E-03
1.09E-02
2.05E-02
4.57E-02

(5)
(5)
(5)
(5)
(5)
(7)
(7)
(7)
(9)
(7)
(6)

Table 2. Overrepresented KEGG Pathways in the gene-expression categories. The geneexpression types are organized in three categories: Down (Types 1-4), Level (Type 5) and Up
(Types 6-9) Categories (Figure 1D) and overrepresentation is determined (p-value) against
the background of the expressed genes. Shown are the p-values of the overrepresentation
of the Down, Level and Up Categories. Gene-expression types that are overrepresented
individually are indicated by their type number between brackets. *; no overrepresentation
was found in any category, but that a gene-expression type was overrepresented individually.
In that case p-values are shown in italics and represent the overrepresented gene-expression
type. The columns marked with e. and n.e. respectively indicate the rank by which a pathway
is overrepresented in the expressed genes and non-expressed genes. Ranks are called by
p-values, without a fold-enrichment criterion.

the CPE-binding protein and to other factors and not only support polyadenylation
but also act as regulatory elements in cytoplasmic polyadenylation as well [12]. Finally
Pumilio binding elements (PBEs) facilitate the binding of the Pumilio protein, which
in its turn can stabilize the binding of CPEB [27]. We analyzed overrepresentation
of such motifs in the gene-expression categories and types (Supplemental File S6).
In the Expressed genes all motifs but one hexamer (hex-2) and the Pumilio Binding
Element are highly overrepresented. The hex-2 motif within the expressed genes is
overrepresented in the Type 2 set. Furthermore, two other motifs are overrepresented
in the Type 5 set, among which is the embryonic cytoplasmic polyadenylation element
[28]. Likewise, the hex-1 motif is overrepresented in the Up Type, which is largely due
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to its highly significant overrepresentation in Type 7 genes. These results indicate that
a process in which maternal mRNAs are reused via cytoplasmic polyadenylation cannot
be ruled out.

LinKing pathways to gene-expression types

Genes operate in cellular pathways. Hence pathway analysis is a common approach in
omics experiment analysis. Here, we tested which biologically important sets, such as
KEGG pathways, were overrepresented in any of the gene-expression types and categories (Table 2). The top five KEGG pathways that are overrepresented in the Expressed
gene set are also overrepresented in the gene-expression Types 5 and 7.These two types
are characterized by an expressed status throughout the studied embryogenic period.
Other overrepresented pathway categories in the Types 5, 6 and 7 also point at
transcriptional and translational processes, whereas the starting Types 8 and 9
show morphogenic terms and an involvement of the homeobox domain (Supplemental File S7). In the Down Category gene-set, a number of signaling pathways
are overrepresented that are also overrepresented in the Non-Expressed gene set.
Remarkably, also some embryonic developmental gene ontology terms are overrepresented in the gene-expression Type 4 which is characterized by presence during the
entire developmental process studied here. Three pathways from the expressed set are
also overrepresented in the Down Category, but with a lower rank than the pathways
in the Level and Down Category. With three genes, the iron-sulfur cluster binding set
was found to be the only overrepresented category in Multi-Level Type genes. The fact
that in these analyses mostly pathways that describe processes on a high generic level
such as ‘Cell cycle’ or ‘Spliceosome’ are identified is because genes in pathways are not
expressed at the same time and in the same way. Hence, genes of a pathway are likely to
be scattered over the gene expression types and categories, preventing their discovery
by this naïve analysis.

LinKing 3’utr mirna target sites to gene-expression types

Over the last decades it has become clear that non-coding small-RNAs, such as
miRNAs play an important role in gene-expression regulation. We therefore examined the regulation of genes in the various gene-expression types by miRNAs by
estimating the overrepresentation of miRNA target sites in the 3’UTRs of these
genes (Table 3, Supplemental File S8). The gene sets in the Up Category do not have
overrepresented miRNA targets, neither do the sets in the Down Category have
any underrepresented targets. There is a large overlap in target sites between the Up
Category underrepresented set and the Down Category overrepresented set, although
miR-128-3p, miR-20a-3p and miR-20a-5p are specific for the Up Category underrepresented set and miR-181a-2-3p, miR-124, miR-16a, miR-228 and miR-150 are specific for
the overrepresented targets in the Down Category genes. No overrepresented target
sites were found for the Level Category and Multi-Level Type genes. The observations
that no miRNAs are expressed that target genes with increasing expression and that
genes with a decreasing expression have miRNA targets of actually expressed miRNAs
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Table 3
Number
of targets
(pcorrected
<0.15)

Intersect of
targets and
expressed
miRNAs

Table 3. Number of
miRNA targets [17] that
miR‐124, miR‐462, miR‐23a, miR‐365, let‐
are overrepresented or
Expressed
28
5
7a
miR‐93, miR‐430a‐3p, miR‐430a‐5p, miR‐
underrepresented in the
733, miR‐430c‐3p, miR‐430c‐5p, miR‐
Non‐expressed
10
8 (5)
set of expressed genes and
430b‐3p, miR430b‐5p
Up
0
0
in the types of the high(overrepresented)
miR19a‐3p, miR19a‐5p, miR‐128‐3p, miR‐
resolution time course
148, miR‐430c‐3p, miR‐430c‐5p, miR‐122,
Up
26
13 (8)
miR‐16a, miR‐20a‐3p, miR‐20a‐5p, miR‐
(underrepresented)
experiment [21] and the
17a‐3p, miR‐17a‐2‐3p, miR‐17a‐5p
intersect with these targets
Level
0
0
(overrepresented)
and the actually expressed
Level
0
0
(underrepresented)
miRNAs in embryos taken
miR‐17a‐3p, miR‐17a‐2‐3p, miR‐17a‐5p,
from the same spawns as
miR‐148, miR‐19a‐3p, miR‐19a‐5p, miR‐
Down
20
14 (10) 181a‐2‐3p, miR‐124‐3p, miR‐122, miR‐
(overrepresented)
in [21] at approximately
16a, miR‐228, miR‐150, miR‐430c‐3p,
miR‐430c‐5p
50% epiboly (fig. 1 C).
Down
0
0
(underrepresented)
The types are organized
Multi‐Level
0
0
in three categories: Down
(overrepresented)
Multi‐Level
(Types 1 to 4), Level (Type
0
0
(underrepresented)
5) and Up (Types 6 to
9).
Overrepresentation
the expressed
genes is calculated
Number
of miRNA targets [17] thatfor
are overrepresented
or underrepresented
in the set of against the background of all
expressed genes
and inand
the types
of the high‐resolution
time course
experiment
[21] and the
queried
genes
analysis
of the genes
in the
gene-expression
types is performed against
intersect with these targets and the actually expressed miRNAs in embryos taken from the
the
ofapproximately
the expressed
genes.
TargetScanFish,
from which the targets were
same background
spawns as in [21] at
50% epiboly
(fig. 1 Since
C). The types
are organized in
three categories: Down (Types 1 to 4), Level (Type 5) and Up (Types 6 to 9).
retrieved
often does not discriminate between the 3p and 5p mature miRNA forms, the number
Overrepresentation for the expressed genes is calculated against the background of all
queried
genes and analysisoccurrences
of the genes in theof
gene‐expression
is performed
the is indicated between brackets.
of
corresponding
expressedtypes
miRNAs
andagainst
targets
Class/Category

Intersecting expressed miRNAs

background of the expressed genes. Since TargetScanFish, from which the targets were
retrieved often does not discriminate between the 3p and 5p mature miRNA forms, the
number of corresponding occurrences of expressed miRNAs and targets is indicated between
brackets.

are in line with the general miRNA mechanism. MiR-430c-3p, miR-19a-3p, miR-19a-5p
and miR-430c-5p are the 1st, 6th, 7th and 8th most expressed miRNAs and target genes
21
in the Down Category. However,
other highly abundant miRNAs, such as miR-430b and
miR-20a do not specifically target a gene-expression category nor type.

anaLyzing mirnas in zeBraFish emBryogenesis

Although miRNA target-sites in 3’ UTRs were used it was not possible to establish a
strong link between our gene-expression categories or types and miRNAs. Nevertheless,
it is obvious that miRNAs are an important factor in gene-expression regulation. To estimate the function of overrepresentation, we checked which miRNAs are actually present during early gastrulation by a small-RNAseq experiment of 16 individual zebrafish
embryos that originated from the same spawns as the high-resolution time course and
are at around 50% epiboly (Figure 1C and Supplemental File S9). Of the overrepresented
miRNA targets in the expressed set, a sobering less than 20% show actual expression of
the associated miRNA in early gastrulation, whereas the five most abundantly expressed
miRNAs, miR-430c-3p (1), miR-430b-3p (2), miR-430a-3p (3), miR430b-5p (4), miR430a-5p (5) correspond with overrepresented targets in the non-expressed set.
Further analysis revealed that the correlation of total number of miRNA reads and the
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Figure 3. Heatmaps of high- and low abundant miRNAs. Heatmaps of scaled and centered
log2 miRNA counts. The spawn number is indicated below the sample-id. Sample information
is provided in Supplemental File S11. A. Heatmap of high-abundant miRNAs with a total read
count > 5,000. B. Heatmap of low-abundant miRNAs with a read count of at least 50 in one of
the samples but with less than 5,000 reads in all samples.

relative amount of synthetic spike-in reads of 0.79 does not suggest big differences in the
absolute amount of expressed miRNAs between these staged embryos. Moreover, we
found 11 miRNAs with over 5,000 reads in all 16 samples together (high-abundant) and
84 miRNAs with less than a total of 5,000 reads, but more than 50 reads in at least one
sample (low-abundant, Supplemental File S10). Remarkably, the top 5 miRNAs accounts
for 91% of all miRNA, whereas the top 11 for 96%.
In our previous high-resolution time series experiment, we observed that the expression
of genes belonging to the Multi-Level Type correlated with the spawn from which the
embryos originated. We questioned whether miRNAs would also show a spawn-specific
expression effect. In the high-abundant miRNA set only the samples from spawn 7
Figure 4. Relative miRNA abundance in zebrafish development. Relative counts of miRNA
abundances in an embryonic developmental time course. The X-axis represents developmental
stage as specified in panel H. The Y-axis represents relative counts. A-G miRNAs specific for
a developmental stage. All miRNAs have a relative abundance of at least 700 (approximately
0.5% of all mapped miRNA reads) and are present in one or more specific stages relative to
all other stages at a ratio indicated in the figure. A. Egg; B. Maternal: egg, 64 cell + oblong
stage; C. Late Blastula + gastrula: 30% epiboly + 70% epiboly + 90% epiboly; D. Somite:
3-somite + 12-somite + 22-somite; E. Pre-hatching: prim-5 + prim-16; F. Post-hatching:
Long-pec + protruding mouth; G. Adult (male). H. Legend of the X-axis.
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Figure 5. Comparing miRNA expression. Results from two early gastrulation small-RNAseq
experiments (Figure 1C and A). A. Expression of the four most high-abundant miRNAs (dremiR-430c-3p, black; dre-miR-430b-3p, red; dre-miR-430a-3p green; and dre-miR-430b-5p,
blue) in the early-gastrulation experiment (Figure 1C) with the samples ordered by dre-miR430c-3p. B. Relative abundances of the top-11 miRNAs during embryonic development as
measured in the whole embryogenesis time course (Figure 1A).

cluster together and in the low-abundant miRNA set this is the case for spawn 7 and
spawn 1 (Figure 3, Supplemental File S10). Hence, in contrast to mRNA expression,
spawn seems no major determinant in relative miRNA expression.
To gain a better insight in the regulation of miRNAs during embryogenesis, we additionally sequenced small-RNA along the entire zebrafish embryonic development (Figure
1A). In contrast to the small RNA samples taken at early gastrulation, over embryonic
development the correlation of the small RNA read counts with the amount of synthetic
spike-in reads is low, i.e. 0.24. Also, the number of miRNA reads in the 64-cell stage is
substantially lower than in later stages (Supplemental File S11). This indicates that the
absolute amount of miRNA is changing during embryogenesis, an observation that was
also made by others [29,30]. To evaluate how miRNAs are relatively expressed during
embryogenesis, we partitioned the developmental time in seven stages (egg, maternal,
gastrulation, somite, pre-hatching, post-hatching and adult) (Figure 4H). It is clear that
there are several distinct miRNA expression profiles during embryogenesis, which shows
an extensive regulation of the expression of these miRNA during embryogenesis. As
these expression profiles are indicative for their functioning in embryogenesis, they may
be used to elucidate the roles of these miRNAs. The miR-430 serves as an example,
being involved in maternal mRNA degradation and being expressed with a peak at the
gastrulation (Figure 4C).
Pushing forward, we analysed the 11 high-abundant miRNAs that we previously identified at early gastrulation more extensively. These miRNAs display a wave-like expression
pattern over the entire embryogenesis (Figure 5B); some that are maternally deposited
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show an increase in relative abundance by late gastrula stage and have a decreased
relative abundance in adult tissue. Others are zygotically expressed from the oblong
stage onward, with relative abundance peaking at different stages. Yet in the early
gastrulation experiment (Figure 1C), we see in the highly abundant set 2 subsets
of miRNAs that show an opposite behaviour in two groups of samples (figure 3A).
However, upon closer inspection, it became clear that, at 50% epiboly, whenever dremiR-430c-3p is expressed at a high level, dre-miR-430b-3p is expressed at a low level
(correlation -0.90, Figure 5A). So these two miRNAs with this striking anti-correlating
expression during gastrulation, show a decreasing and an increasing relative abundance,
respectively if measured from oblong to 90% epiboly, (Figure 5B). It is therefore possible
that the anti-correlating behaviour originates from the fact that the analysed embryos
were in a slightly different embryonic stage.
To a lesser extent, dre-miR-430a-3p and dre-miR-430b-5p also show anti-correlated
expression (correlation -0.6). In total, we found in the combined high- and low-abundant (n=95) miRNAs, eight sets with a correlation higher than 0.9 and two sets of
miRNAs with a correlation lower than -0.85 (Supplemental File S12). A correlation of
-0.85 was found between dre-miR-430b-5p and dre-miR-17a-5p, which are the 4th and
21th most abundantly expressed miRNAs. A decreasing, respectively increasing relative
expression similar to dre-miR-430c-3p and dre-miR-430b-3p pair is observed with the
anti-correlating pair miR-430b-5p and miR-17a-5p (data not shown). While the genomic
clusters of miR-430a and miR-430b lie on chromosome 4 at around 28 Mbase, with
many variants (e.g. miR-430a-10.1, miR-430b-20.1 and miR-430a-17.2) interspersed with
one another, miR-17a has two variants, one on chromosome 1 and on chromosome 9.
So chromosome location alone does not explain this strong correlation. Collectively, it
shows that the expression of miRNAs that regulate the expression of mRNA is quite
strictly regulated.

Concluding Remarks
The embryonic transcriptome is tightly regulated during development. This is not only
established for pools of embryos [19], but is also true when individual embryos are
compared to one another over time. Here we analysed a number of cellular factors that
might be involved in this regulation and found that all gene-expression regulation strategies studied here are used by the developing zebrafish embryo. The picture that emerges
is that a large number of different regulatory events take place in the short developmental time from late blastula to gastrula. For instance, the overrepresented motifs in the Up
Category were almost exclusively found in genes of that category, but these motifs are
only found in the promoters of a subset of these genes; the most highly overrepresented
motif in this category, ESR1 was found in 18 % of the genes of this category (data not
shown, cf. Material & Methods). Hence ESR1 is a cis-element that is important in the
up-regulation of genes during this embryonic phase, but it is only one of the many factors
involved in the up-regulation. Another example that illustrates the diversity of regulatory
mechanisms involved is the co-occurrence of miR-430 as the predominant miRNA in
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the blastula and gastrula stages and the presence of cytoplasmic polyadenylation motifs
in many expressed genes. MiR-430 is widely implicated in the clearance of the maternal
message [16] while the presence of cytoplasmic polyadenylation motifs still keeps open
the possibility for the embryo to activate and use maternally provided transcripts.
Looking at predominant pathways and Gene Ontology categories we see that a number
of these sets are overrepresented in the gene-expression types. However, the percentage of genes that is called to be present in a set is with 19% highest in the Type 6 for
GO:0045449 (regulation of transcription), but in general these percentages are below 5%
(Supplemental File S7). Rather than to characterize early gastrulation as to be regulated
by a handful of mechanisms, we observe an overwhelming amount of processes. Not only
the resulting gene expression is tightly regulated, also at least some of the regulators
themselves are tightly controlled. This is illustrated by the anti-correlating expression of
miR-430c-3p and miR-430b-3p (Figure 5A), but also by the wave-like expression cascade
of the different members of the miR-430 family Figure 5B).
We conclude that genes in gene-expression types are active in specific pathways. These
temporal expression profiles might also be referred to as synexpression groups, a term
coined by Niehrs and Pollet [31] and recently again used to characterize the embryonic
transcriptome [19]. Compared with the latter study our study zooms in on a much
shorter time period and has an even higher sampling density. But also in this shorter
developmental period of 3 hours, the underlying regulation of the strict temporal
behaviour of the transcripts in the Up, Level and Down Categories, is extremely complex
on the level of the individual transcriptome. Novel approaches in single cell analysis [32],
RNA tomography [33] and RNA tracking in live cells [34] may add to the resolution in
time and space at which the developing embryo can be studied in the future.

Materials and Methods
high-resoLution time course experiment Late BLastuLa to mid-gastruLa

The high-resolution time course experiment in early zebrafish embryogenesis and
specifically the handling of the zebrafish embryos, image processing, RNA extraction,
amplification & labeling, hybridization, scanning, data preprocessing & normalization,
determination of the sample order, gene categorization, identification of starting
and stopping points and identification of multi-level genes is described in [21]. 3’ UTR
sequences, sequences upstream of genes and gene locations were retrieved using
Biomart Zv9 (Ensembl release 79). From the same experiment 16 previously not used
samples from 8 spawns were taken (Supplemental File S11) and their small RNA content
was sequenced using the procedure described below. The 16 embryos were in early
gastrulation with an epiboly ranging from 43% to 58%.

emBryonic deveLopmentaL course

A number of samples were taken along the zebrafish’ development (Supplemental File
S11). Zebrafish were handled and maintained according to standard protocols (http://
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ZFIN.org). The local animal welfare committee (DEC) of the University of Leiden, the
Netherlands specifically approved this study. All protocols adhered to the international
guidelines specified by the EU Animal Protection Directive 86/609/EEC. Embryos were
obtained by placing a female and a male, both of genotype ABTL, overnight in a tank
separated by transparent, but watertight division. Approximately 1 hour after the start
of the light period the division was removed after which spawning and fertilization took
place, generally in one or more pushes. Embryos were retrieved by transferring both animals to a different tank and sieving the remaining water. Embryos, which were obtained
from one spawn were maintained at 28.5 °C in egg water (60 μg/ml Instant Ocean sea
salts). The embryos were processed, from approx. 10 minutes’ post fertilization (hpf) to
72 hpf. During this period, embryos were, while kept at a temperature of 28.5 °C, one
by one taken out of the medium and positioned along the anteroposterior axis under
a stereo microscope (Leica MZ16 FA) in a 1.5% agarose gel (Sigma Aldrich IX-A) composed with egg water. After an image was taken the embryo was transferred to a 1.5 ml
tube and was snap-frozen in liquid Nitrogen. Unfertilized eggs (oocytes) were collected
by following a similar approach as described above. However, approximately 1 hour after
the start of the light period the female now was removed from the tank and anesthetized
briefly in another tank with egg water containing 0.02% buffered ethyl 3-aminobenzoate
methane sulfonate (Tricaine, Sigma-Aldrich). Subsequently, the eggs were obtained by
gently squeezing the female. Whole body male-adult zebrafish samples and eggs were
flash-frozen in liquid nitrogen and stored at -80°C. Before freezing, fish were put under
anesthesia using 0.02% buffered Tricaine.

smaLL-rna isoLation

Tubes with single zebrafish embryos were kept in liquid nitrogen and processed using a
pre-chilled metal micro-pestle (Carl Roth) and Qiazol (Qiagen) as described by de Jong et
al 2010 [35]. Synthetic spike-ins [36] were added to the Qiazol (equal amounts for each
single embryo) and subsequently the phase separation was performed according to the
manufacturer’s instructions. For the samples in the time course experiment (Figure 1A)
the aqueous phase was precipitated to first isolate total RNA, followed by an enrichment
of small RNAs using the mirVana miRNA Isolation Kit (Thermo Fisher Scientific). For
the samples taken at gastrulation (Figure 1C) the aqueous phase was directly applied to
a mirVana spin-column and further processed according to the manufacturer’s instructions. Small RNA concentration and quality were assessed on a NanoDrop ND-2000
(Thermo Fisher Scientific) and 2200 TapeStation System with Agilent RNA ScreenTapes
(Agilent Technologies), respectively.

smaLL-rna-sequencing

Bar-coded small RNA sequencing libraries were generated using the Ion Total RNASeq Kit v2 and the Ion Xpress RNA-Seq bar coding kit (Thermo Fisher Scientific). For
the developmental course samples (Figure 1A), the two-step bead-based size selection
that directly follows reverse transcription and cDNA amplification was replaced with
a single bead-based purification step using ethanol at a final concentration of 45% and
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enrichment anaLysis oF poLyadenyLation motiFs

Hexamer motifs, poly(A) sites (PASs) and Pumilio Binding elements (PBEs) in the 3’
UTRs were determined using the AME tool version 4.11.2 of the MEME suite [39]. The
sequence motifs were retrieved from [18,28,41,42]. The background model was established once using the sequences of genes that are interrogated by the microarray [21].
A one-tailed Wilcoxon rank-sum test was applied on the average odds motif score, after
which a correction for the multiple testing of 16 motifs was applied using a Bonferroni
procedure. A corrected p-value of 0.05 was used. AME was used with a fixed partition
and all sets were tested in a similar fashion as with the TFBS analysis.

set anaLysis

Overrepresentation analysis on pathways and Gene Ontology categories was carried
out using the web version of DAVID Bioinformatics Resources 6.7 [43]. Backgrounds
were specified by choosing an appropriate subset of all genes that are queried by the
microarray. The criteria to call a category (i.e. GO category, chromosome, KEGG pathway) as overrepresented are an EASE-score < 0.05 and a fold enrichment (calculated in
a similar fashion as before) larger than 1.5.
mirna target site anaLysis

The Ensembl genes that have putative targets of miRNAs in their 3’ UTRs were obtained
from TargetScanFish, release 6.2 [17], using those targets with context scores smaller
than -0.2.The probability of a found overlap of a gene set containing the targets for a specific miRNA in a set of interest was calculated using a hypergeometric test in R by using
an appropriate background (cf. Results and Discussion). A correction for multiple testing
was applied using the Benjamini Hochberg procedure from the multtest R-library [44].
mirna mapping, normaLization and expression anaLysis

Reads were mapped to zebrafish miRNA hairpin and mature sequences from miRBase
version 21 [45] by the following procedure; all reads larger than 14 nucleotides but
shorter than 44 nucleotides were mapped against the annotated mature miRNAs augmented with 3 nucleotides on the 5’ and 3’ end, while allowing for 10% mismatches
or indels. For the mature miRNAs that lack either a 5p or 3p counterpart, reads were
mapped against the half of the premature hairpin opposite to the half that contains the
annotated mature miRNA.These mappings were annotated as ‘putative mature miRNAs’.
Since a number of our analyses uses the miRNAs that are defined by TargetScanFish, miRBase annotations were condensed into the annotations ofTargetScanFish by aggregation
of the miRBase identifiers that point to an identical mature miRNA.
A normalization factor was estimated using the assumption of an equal amount of smallRNA molecules in all samples. This factor was checked using the read counts of the
synthetic spike-ins [36]. However, since the assumption that the number of small-RNA
molecules is the same throughout development is evidently not correct [29,46], we used
relative counts in our analyses. A relative count is defined as the ratio of reads mapping
in a sample to a miRNA and the total number of reads in that sample mapping to
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miRNAs times the average number of reads mapping to miRNAs in the entire experiment. Clustering of relative counts was performed on log transformed counts that were
subsequently scaled and centered over all samples. Heatmaps were drawn with the heatmap.2 function in R using ward.D2 as clustering method and using a Euclidean distance.

data avaiLaBiLity

All experimental data sets are available online. High resolution gene expression profiles from late blastula to mid-gastrula stage (Figure 1B): accession number GSE83395
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE83395). Sequencing data are
deposited at (www.ncbi.nlm.nih.gov/bioproject), small-RNA-seq data developmental
time course (Figure 1A): PRJNA347637; small-RNA-Seq data at gastrulation (Figure 1C):
PRJNA350377.

suppLementaL FiLe descriptions
All supplemental information is also available at: http://genseq-h0.science.uva.nl/projects/TranscrDyn/

Supplemental_File_S1.pdf

Chromosomal location of expressed genes. Page 1 displays the number of expressed
genes on each chromosome. The pages 2-10 display per page the position of these genes
in a gene-expression type on the genome. The Types 1 to 9 are shown. Page 11 displays
the position of the Multi-Level Type genes on the genome. Page 12 shows the distributions of the fold enrichment of the number of genes per type on a chromosome.

Supplemental_File_S2.xlsx

Overrepresentation of the gene-expression types, of the Down and Up Category and
of the Multi-Level Type genes. Shown are the following categories: General: Chromosome, Gene ontology: Biological Process, Molecular Function & Cellular Compartment,
Functional Categories: Uniprot Sequence Feature, PIR (Protein Information Resource),
Protein Domains: Interpro, SMART, Pathways: KEGG, Tissue: Uniprot Tissue. Each tab
shows the set for which overrepresentation was tested and displays all categories that
have an EASE value (indicated by PValue) smaller than 0.05 and a fold enrichment larger
than 1.5.

Supplemental_File_S3.xlsx

Tab A. Table of average gene size in expressed and in the Up, Level and Down Categories
compared with the average gene size of the remaining genes as indicated in the table.The
p-value indicates probability that the gene sizes in the comparison are drawn from the
same distribution. Tab B. Visualization of the distributions of gene size in the expressed,
Up, Level and Down gene-expression Categories.
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Supplemental_File_S4.xlsx

Enriched motifs in stretches of DNA 300 nt upstream and downstream of the transcription start site. From the 4th column the overrepresented motifs from JASPAR2014 and
Uniprobe Mouse are given for each gene-expression type, first by a column enumerating
the possible motifs in the upstream sequences and then by a column indicating the possible motifs in the downstream sequences. All values are ordered by corrected p-value
from low to high, unless a motif already occurred in a previous column, in which case the
p-values are unordered.
Supplemental_File_S5.pdf
All enriched motifs per gene-expression type, p-values, corrected p-values and sequence
logos. Gene-expression types without any enriched motifs are omitted.
Supplemental_File_S6.xlsx
Overrepresentation of hexamer motifs, cytoplasmic polyadenylation elements, embryonic cytoplasmic polyadenylation elements and Pumilio binding element per gene-expression type. Corrected p-values above 0.05 are indicated by a dash.

Supplemental_File_S7.xlsx

Overrepresentation of KEGG pathways, Gene Ontology (GO) categories, Chromosomes, Interpro protein ids, SMART ids (http://smart.embl.de/), PIR keywords (Protein
Information Resource), Uniprot Sequence Feature and Tissue (http://www.uniprot.org/
uniprot) in expressed genes, gene-expression types and Multi-Level Type genes against an
appropriate background (cf. Material & Methods) with an EASE-score < 0.05 and a fold
enrichment larger than 1.5.

Supplemental_File_S8.xlsx

Genes carrying specific miRNA targets in their 3’UTR that are overrepresented and
underrepresented in specific categories. Tab A. Counts of overrepresented and underrepresented miRNA targets in the set of expressed genes, their p-values and corrected
p-values. Actual expression of the miRNA at gastrulation is indicated by a ‘1’. Tab B. All
miRNA targets overrepresented in gene-expression types. Only types that contain overrepresented targets are shown. The yellow shading indicates the specific miRNA target
- dynamic type combination with a called overrepresentation (with a corrected p-value
< 0.15). Tab C. All miRNA targets underrepresented in gene-expression types and presented similar to tab B. Tab D. Overrepresentation and underrepresentation in the set of
expressed genes of all miRNA targets. Tab E and F. Respectively Overrepresentation and
underrepresentation of all miRNA targets in all dynamic categories.

Supplemental_File_S9.pdf

Total number of miRNAs normalized with the assumption of equal amounts of small
RNA in the 16 samples taken at gastrulation (Figure 1C).
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Supplemental_File_S10.pdf

Relative counts of read mapped to miRNAs in 16 samples taken at gastrulation (Figure
1C).

Supplemental_File_S11.xlsx

Experiment information on the small RNA sequencing experiments: 18 samples in a
developmental time course (upper panel) and 16 samples of embryos taken at gastrulation around 50% epiboly.

Supplemental_File_S12.pdf

Anti-correlating miRNA expression (page 1 and 2) with a correlation coefficient < -0.8
and correlating miRNA expression (page 3 to 10) with a correlation coefficient > 0.9 in
16 samples taken at gastrulation (Figure 1C). Expression is given as log 2 relative counts.
Samples without any mapping are indicated as non-expressed.
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Introduction
The research for this thesis has been carried out in part-time over a period of seven
years. As a consequence, I have had the opportunity to follow, longer than in a regular PhD experience the advance in scientific fields such as bioinformatics, genomics
and (zebrafish) embryology. During these years, in all of these fields progress was
spectacular; a large amount of knowledge has been acquired, many new technologies
both in the laboratory (wet-lab) as in silico (dry-lab) have been developed and have
matured. Yet, many questions on early embryonic development remain, such as on the
total or partial clearance of maternal RNAs or, and this is a much broader question, on a
precise characterization of the molecular mechanisms that lead to the onset of gastrulation. Also, with the advancement of knowledge many new questions have arisen, such as
questions on the biological function of the sub-cellular structures that can be observed
at the onset of gastrulation [1] or on the biological function of different 3’UTRs that are
used during development [2,3].
The aim we set at the start of our research was to get a deeper understanding of
transcriptome dynamics; we wanted to know how much individual cells, such as eggs
that are in the same physiological stage, differ. Also, we wanted to understand how,
during a short period of development and measured at a resolution of minutes rather
than hours, gene expression changes and how much individual zebrafish embryos differ
from one another in that respect. In the course of this thesis’ research we have at least
partially answered these questions for two very specific phases in the development of
zebrafish: the egg and gastrulation. The question how generalizable these answers are
to other cellular and life’s processes is open for debate. Undoubtedly, with the advancement of technology it will become easier to include aspects of dynamics and individual
signature in biological research. In our opinion these aspects should, wherever feasible,
be included.
Research questions on transcriptome dynamics carry a large technological component.
In our studies we used new technologies, such as the small-RNA sequencing methods
applied in Chapter 5 and made technological contributions ourselves, e.g. by the development of the RNA-isolation method presented in Chapter 1 [4]. Advancements in
technology, such as techniques in the area of microscopy [1], applications of sequencing
technology [5–10], single-cell analysis [11] and RNA tomography [12] make it possible
to study the developing embryo at an ever higher resolution in time, in space and with
respect to molecular signatures. Yet, our own research, as well as the aforementioned
studies reveal a fundamental problem in biological research: the way life is organized
makes it necessary to find ways to study interconnected (i.e. in a tissue, organ or
organism) and more or less autonomous units (e.g. cells). On submission of our
study on single zebrafish embryos (Chapter 4) to a scientific journal one reviewer
commented that the presented gene-expression types hold limited informative value,
because in our study we looked at populations of cells, i.e. one whole embryo at the
time. Of course he/she is right to note that a zebrafish embryo contains many cells and
cell populations; however, in comparison to existing studies [5,6,9,10] we profiled single
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individual embryos rather than pools of individuals and, to our knowledge we did this
for the first time ever. When studying fundamental biological processes, it can indeed be
fruitful to investigate these on the level of an individual cell. But by profiling only one or
at most a few cells, the understanding of functioning at higher levels is not automatically
generated. Moreover, single cells are not the most fundamental unit at which biology
can be studied. In Chapter 3 we studied single eggs which are single cells (if we ignore
the small polar bodies). Eggs are highly complex and dynamic structures with many subcellular compartments containing different transcripts [13,14]. Locati et al. (personal
communication) identified a specific maternal type of 5S and 45S rRNA in zebrafish eggs
that probably are processed in different ways than their maternal counterparts, possibly
in different compartments. Hence, if we want to study the processing of these different
rRNA types, single cell analyses are not sufficient. The further we zoom in, the more we
learn about the underlying fundamental processes, but this is at the cost of the overall
picture. Investigating transcription dynamics on the level of subcellular structures, cells,
tissues and so on will help us to understand and model transcription and transcription
regulation, as reviewed by [15]. To do this we need temporal and spatial data of unsurpassed detail. New techniques such as RNA tomography [12] and RNA tracking in live
cells [16], as well as the advancements in next-generation sequencing will help us with
this and hopefully will enable us to eventually understand how life starts. Questions like
the earlier stated one on the precise characterization of molecular mechanisms that lead
to the onset of gastrulation are but a tiny part of this large endeavor.

The elusive role of cytoplasmic polyadenylation
During oogenesis the oocyte transcriptome is produced and probably acquires, while in
the nucleus a long poly(A) tail (~200-250 nucleotides) [17]. On export to the cytoplasm
a complex containing the cytoplasmic polyadenylation element-binding protein (CPEB)
and several other factors shorten or remove the poly(A) tail. This has been shown for
Xenopus [18], and indirectly also for zebrafish [2,5]. Prior to the maternal to zygotic
transition (MZT) most transcripts contain no or only short poly(A) tails [19] but do
contain elements in their 3’UTR that allow for binding into a stabilizing conformation
[18]. CPEB is also involved in the (re)-polyadenylation and does so by binding onto
cytoplasmic polyadenylation elements in the 3’UTR of a transcript [17]. While maternal
mRNAs are enriched in their 3’UTRs for miR-430 targets, miR-430 genes are among
the first zygotic genes that are expressed from the 128-cell stage onward [8]. MiR-430
induces rapid deadenylation of targeted genes [20]. Estimates on the scale of clearance
of maternal transcripts exist and often assume a total clearance of maternal RNAs.,
Walser and Lipshitz [21] mention, based on the data of [22] 36% clearance at fertilization,
42% after the MZT and 23% degraded later on in embryogenesis. A problem with this
approach is that the authors implicitly exclude the possibility of cytoplasmic deadenylation and polyadenylation after fertilization in their calculations because they base their
estimates on data produced with an oligo(dT) protocol. This protocol is strongly biased
against short or absent poly(A) tails. In Chapter 4 we learned that expression changes
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on average are below 1.3-fold change per hour. Extrapolation of the majority of the gene
expression profiles that either stay level or increase during the early gastrula stage (Types
5 and 7), would position the starting of gene expression prior to fertilization (Chapter 4).
Moreover, by a comparison of the results from Chapter 3 and Chapter 4, it became clear
that 87% of the expressed genes that are expressed from late blastula to mid-gastrula are
also expressed in unfertilized egg. This finding is in line with the finding of Lee et al. [23].
In our opinion it is unlikely that from the MZT onward until early gastrula, a period of
approximately 2 hours, a massive expression of zygotic genes takes place at a rate that is
generally not observed in the post-blastula embryos while simultaneously nearly identical
maternal transcripts are cleared. Although it is a fact that with the expression of miR-430
clearance of maternal transcripts takes place and that zygotic transcripts can differ from
their maternal counterparts by a different and in general longer 3’UTR [2,3], we think
it is highly likely that maternal transcripts are used and re-used in the late blastula stage
and beyond.

Oversimplifying complex biological processes
A total clearance of maternal RNA by early gastrula however is conveyed by many of
the visualizations on the concept of the maternal to zygotic transition (MZT), e.g. Figure
1 in [24] or Figure 1A in [5]. Another concept implied by these visualizations is that a
change in maternal transcript abundance is simultaneously counteracted by an increase in
zygotic transcript abundance, thus suggesting a constant transcript abundance. In general
this is not true, at MZT a peak in the amount of polyadenylated transcripts in an embryo
is observed [9]. Although biological cartoons are a useful means to convey biological
concepts, it is also important to be aware of their pitfalls, such as the one observed in the
visualization of the MZT by the aforementioned two examples. Hierarchical decomposition calls for categorization, which in turn demands neglecting certain sample specifics
e.g. by using smoothing procedures or by the use of cut-off values. Aanes et al. provide,
based on a subset of developmentally expressed genes seven clusters of early developmental genes [5]. These clusters of genes later were used in studies on other aspects of
early development such as in [2]. We have looked at the profiles of transcripts in these
gene clusters in our data and observed a high variability within them. The seven cluster
profiles only represent the behavior of individual transcripts to some extent and as such
give a limited view on the transcriptome dynamics of these categories. We noticed that
especially in the study of transcriptome dynamics it is a problem to generalize observations into concepts.This is one of the reasons why in Chapter 4 we rather give examples
of genes that are part of a gene expression type than to use e.g. average or eigen-gene
profiles of the entire type. Nevertheless, and aware of these pitfalls, we presented the
generalization into 10 gene expression types during late blastula and early gastrulation.
The message that is conveyed here is also about the gene-expression types that are not
found during this period such as genes that show a half period or one entire period.
These generally gradual changes in gene expression during gastrulation, a period in which
the embryo differentiates from a single layered to a three layered form, has surprised us.
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In Chapter 5 many cellular factors were identified that play a role in the gene expression
within the gene expression types, but many of them were only affecting a subset of genes
within the type. Hence, the similar behavior in gene-expression types is the result of many
factors that are at work and that differ from gene to gene. To understand the biological
processes that are at work, it is necessary to be able to look at the gene expression of
individual genes. For this reason we set up the website (http://genseq-h0.science.uva.nl/
shiny/Dr-Browser-v2) that provides this information for the studies in this thesis.

The importance of knowing the starting and stopping
points of gene expression
One of the assets of the study presented in Chapter 4 is the identification of genes
which expression starts (Type 8, Type 9) or stops (Type 1, Type 2) during late blastula
and early gastrula. For many genes we were able to identify the exact gene-expression
starting and stopping time points. This is important, because in principle it would enable
to study pathways not as a monolithic block of genes, but to approach it as processes
that enfold in time. Such approaches in which changes of gene expression are evaluated
by their meaningfulness in the pathway (e.g. with respect to order and movement, up or
down or tissue in which the pathway is deployed) have been proposed earlier [25], but
the resolution of the data until now has been such that success of these approaches is
still limited. During our studies we tried to combine our gene-expression results from
Chapter 4 with the recently published RNA tomography dataset [12]. With the high resolution spatial data, it is possible to pinpoint gene expression to a location in the embryo.
Together with our information on starting and stopping genes, in theory it should be
possible to infer the dynamics of a pathway in time. Although we were successful in
linking some KEGG pathways, spatial expression clusters and our data, we have not been
able to infer a ‘pathway unfolding in time’. We think this is due to a lack of sequencing
depth; in 3D tomography the depth of the sequencing in 503 voxels is determined by
the 50 + 50 + 50 tomography slices that are sequenced. Nevertheless, the combination
of RNA tomography experiments sequenced at an ultra-high depth together with high
time-resolution data is a very attractive approach for pathway reconstruction as it does
not require any modification in the biological system under study (cf. the tracking of
RNA in live cells with CRISPR/Cas9 [16]).

Tight regulation in embryogenesis
One of the biggest surprises in our study was to discover that the regulation of the
zebrafish egg transcriptomes as well as the embryonic transcriptomes is extremely tight.
When we compare eggs from different mothers the maternal message appears to be
highly similar. Even in embryos that stem from different spawns, and that under the
microscope markedly display individual morphological features (cf. Introduction, Figure
1), the far majority of genes around early gastrula shows a strict regulation. Biological
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processes are sometimes characterized by an hourglass or bow-tie architecture, defined
as ‘a feature of multi-layered networks in which the intermediate layer has significantly
fewer components than the input and output layers’ [26].We have observed three aspects
in the gene regulation in early gastrula: i) transcription levels are regulated in a very tight
manner; ii) the number of output layers is large (cf. the number of processes unfolding
in early gastrulation, Chapter 5, Table 2), and iii) the number of input layers also appears
to be large, one of the conclusions in Chapter 5 being that ‘an overwhelming amount of
processes [is] involved in regulation at this developmental stage. Gene expression therefore can be considered as the knot of the bow-tie. A remarkable observation in Chapter
5 was that at least one of the many regulators that control the abundance of transcripts,
miR-430 was in its turn again tightly regulated (Chapter 5, Figure 5): another knot in
another bow-tie architecture. It is not unlikely that this is a more generic principle
throughout early embryogenesis. Such bow-ties do not only explain the robustness in
development, but identification of them can also help to predict fragilities in the system
that in general can be found in the knots [27].

The signature of the individual
One of the reasons to focus on the profiling of individual eggs and individual embryos
was that we could not answer the very basic question on the admissibility of using pools
of individuals in transcriptomics experimentation. Since the use of pools has been and
is quite common in biological research, this is an important question. For zebrafish eggs
and zebrafish early embryogenesis we can now answer that question. In general, by using
pools of samples for most genes not a large error is introduced. In eggs we found that
although almost all genes show a significant ‘mother’ effect, this contribution is generally
small. Thus, depending on the research question, if the use of pools is unavoidable, it
might be wise to use pools of eggs from the same mother. In gastrulation some genes
show a spawn specific effect, but this effect is more intricate and is less pronounced
than in the maternal message, the latter observation also made by [9]. In general, if we
want to study genes which expression is depending on the individual, we should not use
sample pools. Moreover, in statistical terms it is more informative to have 10 separate
sequencing runs on 10 individuals than a 10 times as deep sequencing run on the pool of
these individuals. At least having data on individuals available will help us to identify genes
that are expressed at an individual level. On the importance of these genes we don’t have
a definitive answer. Fact is that these genes are outside the knot in the bow-tie and as a
group are involved in many different processes.

Conclusion
During this PhD study, we learned a lot about zebrafish embryogenesis, the associated
gene-expression and transcriptome dynamics. Nevertheless, we are left with more questions than we started with, which renders the uneasy feeling to know less now about
the subject than at the beginning of this endeavor. This might be an unavoidable aspect

139

508423-L-bw-Rauwerda
Processed on: 1-3-2017

Transcriptome Dynamics in Early Zebrafish Embryogenesis

of science, certainly when you start to dissect a biological system, as complicated as
embryogenesis. On the other hand, it is an exciting prospect that there are so many
questions still that need to be answered. After all, answering them demands entering
unmapped territory in technology as well as in biology.
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IntroductIon
The aim of this thesis is defined as to obtain a deeper insight in transcriptome
dynamics, by investigating at an omics scale the changing gene-expression during
biological processes. The approach taken is to carry out a number of non-perturbing
gene-expression studies in which zebrafish eggs and embryos are used as model system.
Early zebrafish embryogenesis is introduced. Specifically, the material that is maternally
collected in the egg, maternal mRNA characteristics, maternal mRNA silencing, the
organization of maternal mRNA, the silencing of the oocyte transcription, clearance of
maternal mRNA and zygotic transcription initiation are briefly discussed. A technical
perspective on omics technologies required to study transcriptome dynamics is given.
Furthermore, some bioinformatics aspects of this study are introduced. Finally, an outline
of the thesis is given.

chapter 1

rna

IsolatIon method for sIngle embryo transcrIptome analysIs In

zebrafIsh

A zebrafish egg is small: 700 µm in diameter excluding the egg shell (chorion). The
zebrafish embryo, including the yolk, does not substantially increase in size until the
somite stages (from 11 hours post fertilization (hpf) onward). In this chapter, the challenge was met how to obtain enough RNA from a single egg, which is a single cell, or
from an individual embryo that can be used as input for transcriptomics experimentation.
In recent years, several methods have been developed for single-cell transcription profiling. These all heavily rely on amplification steps, either by a PCR reaction or via in vitro
transcription (IVT). Both approaches suffer from biases. Here a protocol is presented by
which we optimize the yield of the RNA isolation in order to allow for a lower number
of amplification cycles and thus limiting the technical bias in transcriptomics studies
using low amounts of input material. The technical variability of this method was tested
and its robustness was demonstrated. The RNA isolation method developed here was
subsequently used in all experiments that were performed in this thesis.

chapter 2

IntegratIng

heterogeneous

sequence

tome-wIde mIcroarray desIgn; a

InformatIon

zebrafIsh example

for

transcrIp-

There are a number of resources that identify or predict, and characterize genomic
elements, such as Ensembl,Vega, Refseq and Unigene.These resources still are incomplete
and their information is continuously being updated. In each resource, a procedure is
followed that implements a different set of rules. The results are gene and/or transcript
catalogues that only partly overlap and to which individual elements different levels of
confidence must be attached. However, in our studies into transcriptome dynamics, we
preferably should be able to detect, e.g. by microarrays all genomic sequences that can
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be expressed as RNA in an organism. In this chapter, we present a strategy to integrate
heterogeneous sequence information that can be used as input for an up-to-date
microarray design. We show it is possible to use a set of heterogeneous transcript
resources for microarray design, reduce the number of candidate target sequences on
which the design is based and reduce redundancy. By changing the parameters in the
procedure it is possible to control the similarity and the amount of candidate sequences
for the design. This procedure was used to design the microarrays that were used in
Chapters 3 and 4 of this thesis.

chapter 3a mother-specIfIc sIgnature In the maternal transcrIptome composItIon
of mature, unfertIlIzed zebrafIsh eggs
Maternal mRNA present in mature oocytes plays an important role in the proper development of the early embryo. As the composition of the maternal transcriptome almost
without exception has been studied with pooled mature eggs, potential differences
between individual eggs are unknown. In this chapter we presented a transcriptome
study on individual zebrafish eggs from clutches of five mothers in which we focus on
the differences in maternal mRNA abundance per gene between and within clutches. To
minimize technical interference, we used mature, unfertilized eggs from siblings. About
half of the number of analyzed genes was found to be expressed as maternal RNA.
The expressed and non-expressed genes showed that maternal mRNA accumulation
is a non-random process, as it is related to specific biological pathways and processes
relevant in early embryogenesis. Moreover, it turned out that overall the composition
of the maternal transcriptome is tightly regulated. Expression differences observed in
maternally expressed genes can for the far majority of genes be traced back to differences between mothers, whereas only a limited variability is observed between eggs
from the same mother. Linking chromosome location, transcription factor binding sites,
and 3’ UTR miRNA target sites to clusters of genes that were grouped by a distinct and unique mother-specific gene-expression, suggests biological relevance of the
mother-specific signatures in the maternal transcriptome composition. Altogether, the
maternal transcriptome composition of mature zebrafish oocytes seems to be tightly
regulated with a distinct mother-specific signature.

chapter 3b transcrIptome data on maternal rna
eggs from fIve sIblIng mothers

of

24 IndIvIdual zebrafIsh

The data that is produced and the scripts that were developed for the study in Chapter
3A are made available in an annotated form. A Bayesian procedure is presented that
exploits the observation that the log variance of log intensities is bimodally distributed.
This allows for the calculation of the conditional probability of a gene to be in the high
variance distribution, i.e. ‘expressed’, given a certain intensity. This procedure is used in
the analysis of the data from Chapters 3 and 4.

146

508423-L-bw-Rauwerda
Processed on: 1-3-2017

Summary

chapter 4

transcrIptome dynamIcs of early zebrafIsh embryogenesIs determIned by
hIgh-resolutIon tIme serIes analysIs

Recently, many discoveries have been made in the field of gene-expression in early
embryogenesis, such as by studies mentioned in the Introduction in the paragraph on the
Biological Perspective. However, the behavior of transcriptomes in individual embryos
has hardly been studied yet. In this chapter we present a high-resolution gene-expression
time series with 180 individual zebrafish embryos, obtained from nine different spawns,
developmentally ordered and profiled from late blastula to mid-gastrula stage. On average
one embryo per minute was analyzed. The focus is on identification and description of
the transcriptome dynamics of the 6,734 expressed genes in early embryogenesis, rather
than to biologically interpret profiles in cellular processes and pathways. The existence
of a tightly regulated embryonic transcriptome program, even when individuals from different spawns are compared is shown. In general, gene expression shows low variability
and during this developmental period changes rather gradually. Ten types of dynamic
behavior were identified and the exact expression starting and stopping points of several
genes during this developmental period could be pinpointed. Starting and stopping genes
appeared to have the steepest fold changes observed in this study. Apart from four truly
oscillating genes, no genes were observed with a peaking expression. Additionally, several
genes showed expression at two or three distinct levels that strongly related to the
spawn an embryo originated from. This spawn-specific transcriptome effect is likely the
accumulated outcome of the many epigenetic factors in gene-expression regulation.

chapter 5

cellular factors InfluencIng transcrIptome dynamIcs In early zebrafIsh
embryogenesIs

In this chapter, the gene-expression types that were defined in Chapter 4 are further
analyzed, together with the set of genes that show distinct spawn specificity. These categories were analyzed by investigating the genome location of genes in these types, their
gene size, their gene promoter regions for specific transcription factor binding sites, their
3’ UTRs for cytoplasmic polyadenylation motifs, and their 3’UTRs for miRNA targets.We
also checked for overrepresentation of specific pathways and gene ontology categories
in these gene expression types. Furthermore, we investigated the actual miRNA expression of individual embryos at approximately 50% epiboly in a sequencing experiment
using the same spawns as in the experiment of Chapter 4. The miRNA expression of
individual embryos spanning the entire zebrafish embryogenesis including unfertilized
eggs and adult zebrafish was established in another sequencing experiment. We observe
that genes in gene-expression types are active in specific pathways. However, rather than
to characterize early gastrulation as to be regulated by a handful of mechanisms, we
find an overwhelming amount of processes involved in regulation of this developmental
stage. Not only the resulting gene expression is tightly regulated, also at least some of
the regulators themselves are tightly controlled. This is illustrated by the behaviour of
miR-430. We conclude that even the gene-expression types that enfold in this short
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developmental period are the integrated results of many regulating processes and, to
further unravel these processes, we need to zoom in on an even higher resolution,
specifically in space and with respect to the molecular signature of the transcripts.

concludIng remarks
Finally, our findings are put into perspective; how did our efforts to integrate genomic
information work out; what is the fate of maternal RNA; what is the significance of the
tight regulation of gene expression found in Chapters 3 to 5; how can we interpret the
relative gradual changes in gene expression we found? We discuss our results, specifically with respect to cytoplasmic polyadenylation, conceptualization, starting and stopping points of gene expression, tight regulation of gene expression over time and when
individuals are compared, and the individual signature on gene expression. We discuss
our results in their relation to the studies of others and give our opinion on possible
approaches to deepen our insight into transcriptome dynamics.
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InleIdIng
Het doel van de experimenten die in het kader van dit proefschrift uitgevoerd zijn
wordt allereerst toegelicht: de studies richten zich op het verkrijgen van een dieper
inzicht in transcriptoom dynamica door op een omics-schaal veranderingen in genexpressie tijdens biologische processen te bestuderen. Met het transcriptoom wordt
het ensemble van alle aanwezige RNA-moleculen bedoeld. Deze steady state is het
resultaat van transcriptie en van afbraakprocessen. Een studie op omics-schaal richt zich
in principe op alle genen, c.q. aanwezige RNA-moleculen. In de hier gekozen aanpak
worden een aantal genexpressie studies uitgevoerd met zebravis eitjes en embryo’s
als modelsysteem. Hierbij hebben we niet ingegrepen in de ontwikkeling van eitjes of
embryo’s.
Na het beschrijven van de aanpak wordt de vroege embryogenese in zebravis besproken
en in context geplaatst. Hierbij wordt het materiaal dat de moeder doorgeeft in het eitje,
de karakteristieken van het maternale mRNA (boodschapper RNA), het stilleggen van
translatie van maternaal mRNA, het stilleggen van de oocyt transcriptie, de verwijdering
van maternaal mRNA tijdens de embryogenese en de initiatie van de transcriptie van de
zygote kort besproken. De technische voorwaarden welke vervuld moeten worden om
een omics-studie op dit materiaal uit te voeren worden bediscussieerd, samen met de
bioinformatica aspecten die hierbij van belang zijn. Tenslotte wordt een samenvatting van
het proefschrift gegeven.

Hoofdstuk 1 een RnA-IsolAtIemetHode

vooR de tRAnscRIptoom AnAlyse vAn een

IndIvIdueel zebRAvIs embRyo

Een zebravis eitje is klein: zonder de eischaal (chorion) heeft het een diameter van 700
µm. Een zebravis embryo, inclusief het dooiermateriaal blijft tot het somite stadium
(ongeveer 11 uur na bevruchting, hpf) ongeveer even groot. In dit hoofdstuk wordt een
nieuwe methode beschreven die het mogelijk maakt voldoende RNA uit één eitje een eitje is één enkele cel - of uit één individueel embryo te verkrijgen om een
transcriptoom experiment uit te kunnen voeren. In de afgelopen jaren zijn er
verschillende methodes ontwikkeld voor single-cell transcriptoom studies. Deze
maken echter alle gebruik van amplificatie stappen, hetzij door middel van PCR, hetzij
met in vitro transcriptie (IVT) methodes. Het nadeel van deze technieken is dat ze bias
introduceren. In hoofdstuk 1 wordt een protocol gepresenteerd dat de opbrengst van
de RNA-isolatie optimaliseert en het daarmee mogelijk maakt de transcriptoom experimenten met een lager aantal amplificatiestappen uit te voeren. Hierdoor kan, ondanks de
lage hoeveelheid uitgangsmateriaal de technische bias beperkt worden. In dit hoofdstuk
is de technische variabiliteit van de ontwikkelde methode getest en de robuustheid ervan
aangetoond. Deze RNA-isolatiemethode is in alle experimenten die in dit proefschrift
zijn uitgevoerd gebruikt.
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Hoofdstuk 2 IntegRAtIe vAn HeteRogene (dnA en RnA) sequentIe InfoRmAtIe vooR
een tRAnscRIptoom-bReed mIcRoARRAy ontweRp; een zebRAvIs vooRbeeld
Er bestaan een aantal bronnen die genomische elementen indentificeren, voorspellen
en/of karakteriseren. Voorbeelden daarvan zijn Ensembl, Vega, Refseq en Unigene. Deze
bronnen leveren nog steeds geen uitputtende en definitieve beschrijving van deze elementen en worden voortdurend aangepast. Elke bron volgt een een eigen procedure
en past een set bron-specifieke regels toe. Het resultaat is dat de verschillende gen- en
transcriptcatalogi slechts gedeeltelijk overlappen. Bovendien zijn aan genen en transcripten een verschillend niveau van betrouwbaarheid toegekend.We verwachten echter
dat de detector in onze studie naar transcriptoom dynamica, d.w.z. bijvoorbeeld een
microarray, in staat is om alle genomische sequenties die als RNA in een organisme tot
expressie kunnen komen kan waarnemen. In dit hoofdstuk wordt een strategie gepresenteerd om heterogene sequentie informatie op een zodanig wijze te integreren dat deze
gebruikt kan worden als input voor een up-to-date microarray ontwerp. We tonen aan
dat het mogelijk is een verzameling heterogene transcript bronnen te gebruiken om een
microarray te ontwerpen, om het aantal kandidaat doel sequenties op welk het ontwerp
gebaseerd is beperkt te houden en om redundantie te verminderen. Door de parameters
in de procedure aan te passen is het bovendien mogelijk het oplossend vermogen van het
array en het aantal kandidaat sequenties voor het ontwerp te reguleren. Het in hoofdstuk
2 beschreven algoritme is gebruikt bij het ontwerp van de microarrays die zijn gebruikt
in de experimenten in de hoofdstukken 3 en 4 van deze studie.

Hoofdstuk 3A een moedeR specIfIeke sIgnAtuuR In de sAmenstellIng vAn Het mAteRnAle
tRAnscRIptoom vAn RIjpe onbevRucHte zebRAvIs eItjes

Het in rijpe oocyten aanwezige maternale mRNA speelt een belangrijke rol in de ontwikkeling van het vroege embryo. De samenstelling van het maternale transcriptoom is tot
nu toe bijna zonder uitzondering bestudeerd door in een experiment een hoeveelheid
eitjes uit één of meer legsels samen te nemen (te poolen). In zo’n experimentele opzet
kunnen mogelijke verschillen in het transcriptoom van individuele eitjes niet worden
waargenomen. In dit hoofdstuk wordt een transcriptoom studie op individuele eitjes
van legsels van vijf moeders gepresenteerd, waarin de verschillen in de aanwezigheid van
maternale mRNA’s per gen tussen en binnen legsels bestudeerd wordt. Om de invloed
van mogelijke genomische verschillen te minimaliseren werden daarbij rijpe onbevruchte
eitjes van zusters gebruikt. Ongeveer de helft van het aantal gemeten genen bleek tot
expressie te zijn gebracht. De verdeling van tot expressie gebrachte en niet tot expressie gebrachte genen laat zien dat de accumulatie van maternale RNA’s gerelateerd is
aan specifieke biologische pathways en aan processen die met vroege embryogenese
verband houden. Dit toont aan dat het een niet-random proces is. Bovendien bleek
dat over het geheel genomen de samenstelling van het maternale transcriptoom zeer
strak gereguleerd is. Waargenomen verschillen in expressie van deze maternale genen
kunnen in de overgrote meerderheid van de gevallen toegewezen worden aan moeders;
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in eitjes van dezelfde moeder wordt slechts een beperkte variabiliteit in maternale
genexpressie waargenomen. We hebben vervolgens door middel van hierarchische
clustering genen verzameld met een unieke en verschillende moeder-specifieke genexpressie. De vergelijking van deze gen sets met chomosoom lokatie, transcriptie factor
bindingsplaatsen en 3’ UTR miRNA doel sequenties suggereert dat de gevonden moeder
specifieke signatuur in de de maternale transcriptoom samenstelling biologisch relevant is. Samenvattend wijst dit experiment op een strakke regulatie van de maternale
transcriptoom samenstelling in rijpe zebravis oocyten samen met een unieke en verschillende moeder specifieke signatuur.

Hoofdstuk 3b tRAnscRIptoom

dAtA vAn mAteRnAAl

eItjes vAn vIjf moedeRs (zusteRs)

RnA

vAn

24

IndIvIduele zebRAvIs

De data en de scripts die geproduceerd zijn voor het experiment dat in hoofdstuk 3A
beschreven is worden hier in een geannoteerde vorm beschikbaar gemaakt. Hier wordt
de Bayesiaanse procedure gepresenteerd die is ontwikkeld om een tot expressie komend
transcript van een niet tot expressie komend transcript te kunnen onderscheiden. Deze
procedure gebruikt de waarneming dat de log variantie van de intensiteit sterk bimodaal
verdeeld is. Dit maakt de berekening van de voorwaardelijke waarschijnlijkheid mogelijk
dat een gen zich in de hoge variantie modaliteit bevindt. Deze per array bepaalde grens
wordt geinterpreteerd als het signaal niveau waarboven genen betrouwbaar gemeten
kunnen worden en waarvoor daarmee een expressieniveau vastgesteld kan worden. De
hier gegeven procedure is gebruikt in de analyse van de data van hoofdstuk 3 en 4.

Hoofdstuk 4 tRAnscRIptoom dynAmIcA vAn vRoege zebRAvIs embRyogenese bepAAld In
een Hoge-ResolutIe tIjdReeks
In de afgelopen jaren zijn vele ontdekkingen gedaan op het gebied van genexpressie
in vroege embryogenese. In de Biological Perspective paragraaf van de introductie zijn
verschillende van deze genoemd. Omtrent het gedrag van het transcriptoom in individuele embryo’s zijn echter nog nauwelijks studies uitgevoerd. In dit hoofdstuk wordt een
hoge resolutie genexpressie studie gepresenteerd met 180 individuele zebravis embryo’s,
afkomstig van negen verschillende legsels (verschillende moeders en vaders), geordend
naar ontwikkeling in de periode van late blastula tot midden gastrula. Gedurende deze
periode van drie uur zijn embryo’s willekeurig bemonsterd zodat gemiddeld per minuut
ontwikkelingstijd een embryo is geanalyseerd. Meer dan naar de biologische relevantie
van gevonden profielen in cellulaire processen of pathways richt dit hoofdstuk zich op
het identificeren van de transcriptoom dynamica van de 6,734 in vroege embryogenese tot expressie gebrachte genen. Het bestaan van een strak gereguleerd embryonaal
transcriptoom programma wordt aangetoond, zelf wanneer individuen afkomstig van
verschillende legsels worden vergeleken. In het algemeen vertoont gen expressie
gedurende deze ontwikkelingsperiode een lage variabiliteit; veranderingen zijn geleidelijk.
Er worden tien typen dynamisch gedrag geïdentificeerd. Bovendien worden voor een
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aantal genen de exacte tijdstippen waarop genexpressie start of stopt vastgesteld. Deze
startende en stoppende genen produceren in deze studie de wat concentratie betreft
snelst veranderende transcripten (hebben de hoogste fold change). Op vier oscillerende
genen na worden in deze periode van drie uur geen genen gevonden die een piekwaarde
in hun expressie vertonen. Daarnaast vertonen een aantal genen een expressie die zich
op twee of drie aparte niveaus afspeelt. Deze niveaus zijn sterk gerelateerd aan het legsel
waaruit het embryo afkomstig is. Het sterke vermoeden bestaat dat dit legsel-specifieke
transcriptoom effect de resultante is van een verzameling epigenetische factoren die
genexpressie regulatie bepalen.

Hoofdstuk 5 cellulAIRe fActoRen dIe de tRAnscRIptoom dynAmIcA In vRoege zebRAvIs
embRyogenese beïnvloeden

In dit hoofdstuk worden de genexpressie typen welke in hoofdstuk 4 werden gedefinieerd
en de verzameling genen die een legsel specificiteit vertonen verder geanalyseerd.
De genexpressie typen worden op de volgende determinanten geanalyseerd: genoom
locatie, grootte van de genen, promoter regionen voor specifieke transcriptie factor
bindingsplaatsen, 3’ UTR’s voor cytoplasmatische polyadenylatie motieven en 3’UTRs
voor miRNA doel sequenties. De overrepresentatie van specifieke biologische pathways
en gen ontologieën werd getest. Bovendien werd de miRNA expressie van individuele
embryo’s omstreeks 50% epibolie (vroege gastrula fase) door middel van een sequencing
experiment bepaald, waarbij dezelfde legsels als in het experiment van hoofdstuk 4
gebruikt werden. De miRNA expressie van individuele embryos gedurende de gehele
zebravis embryogenese, inclusief de miRNA expressie in onbevruchte eitjes en volwassen zebravis werd bepaald in een ander sequencing experiment. We zien dat genen in
genexpressie typen in specifieke pathways aktief zijn. Vroege gastrulatie kan echter niet
beschreven worden als het resultaat van een handvol mechanismen. Eerder is een
overweldigende hoeveelheid processen betrokken bij de regulatie die in deze ontwikkelingsfase plaatsvindt. Niet alleen is de resulterende genexpressie strak gereguleerd,
dit geldt ten minste ook voor een aantal van de regulatoren zelf. Een en ander wordt
geïllustreerd door het gedrag van de miRNA miR-430. We concluderen dat zelfs in deze
korte spanne ontwikkelingstijd het gedrag van de genexpressie typen onder controle
staat van vele regulerende processen. Om dit gedrag verder te ontrafelen zullen we nog
verder moeten inzoomen op het ontwikkelingsproces, in bijzonder wat betreft de locatie
waarin de biologische processen zich afspelen en wat betreft het moleculaire signatuur
van de transcripten.

tot besluIt
In dit laatste hoofdstuk worden de bevindingen in perspectief geplaatst; met welk resultaat hebben we genomische informatie geïntegreerd; wat is het lot van maternaal RNA;
wat is het belang van de strakke regulatie van genexpressie zoals deze in de hoofdstukken 3 en 5 gevonden werd; hoe kunnen we de bescheiden veranderingen in gen-
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expressie interpreteren? De discussie van de resultaten wordt gevoerd aan de hand
van met name de volgende aspecten: cytoplasmatische polyadenylatie, conceptualisatie,
tijdspunten waarop genexpressie start en stopt, de strakke regulatie van genexpressie
zowel in tijd als wanneer individuen met elkaar worden vergeleken en de individuele
signatuur van genexpressie. Deze discussie wordt gevoerd in de context van studies van
anderen. Tenslotte geven we onze mening over mogelijke benaderingen om het inzicht in
transcriptoom dynamica verder te verdiepen.
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Nu het proefschrift er ligt is het al bijna niet meer voor te stellen hoeveel tijd in dit
onderzoek is gaan zitten, noch hoeveel mensen er een bijdrage aan deze studies hebben geleverd. Ik zal m’n best doen om hier iedereen te noemen die zijn/haar kennis en
expertise heeft ingezet bij de totstandkoming van m’n experimenten, maar realiseer me
onmiddellijk dat er een grote kans is dat ik mensen vergeet te noemen. Daarvoor wil ik
me bij voorbaat excuseren.
Op de eerste plaats wil ik Timo bedanken. Never a dull moment is een understatement;
voor verveling is weinig tijd, ideeën tuimelen vaak over elkaar heen en het gebeurt nogal
eens dat afgesproken analyse-aanpakken door de werkelijkheid worden ingehaald. We
praten altijd over het wet lab en het dry lab maar eigenlijk hebben we nog een ander
lab waar de meeste experimenten in uitgevoerd worden. Ons imaginary lab (ik noem
het bewust geen virtual lab); als je van de buitenkant naar dit lab kijkt zie je vooral min
(komt voor) of meer (komt ook voor) genoeglijk pratende dames en heren. Sommigen
spreken er schande van om zoveel tijd te verkletsen, anderen zijn er misschien wel een
beetje jaloers op. Maar ik ben er zeker van dat Socrates er trots op zou zijn! Dit is het
lab waarin we zonder twijfel de meeste tijd doorbrengen en waarin we ook de meeste
experimenten uitvoeren. Verreweg het meeste mislukt in dit lab, iets dat de resultaten
van ons wet en dry lab trouwens bijzonder ten goede komt. Timo, ik vind het bijzonder
met je te werken, het is spannend, vernieuwend, je benadert wetenschap wars van conventies en bent niet snel onder de indruk van de één of andere imposant uitziende
methode. ‘Het klinkt goed, maar is het dat ook?’ Dat is bijzonder, een zo vrije geest die
een technologische club leidt en die bovendien ook zulk fundamenteel onderzoek leuk
vindt en faciliteert. Want uiteindelijk zou het bij een transcriptomics club misschien wel
vooral gepast hebben om technologisch onderzoek te doen. Ik ben je dankbaar dat we
technische problemen kunnen identificeren en oplossen maar ben vooral reuzeblij dat de
biologie altijd de drijvende vraagstellingen voor ons onderzoek levert. Daarnaast blijft de
academische ontdekkingsreis die we door allerlei samenwerkings- en serviceprojecten
maken ongelofelijk boeiend. De hoeveelheid en diversiteit van de onderwerpen waar
we ons mee beziggehouden hebben, van bacteriën in tandplaque tot high performance
computing, van toxicogenomics tot experiment design, van microRNA’s in asperges tot
het vinden van een genomisch spoor van muskusratten in het milieu, te veel om op te
noemen. Om zo’n reis te maken heb je reizigers nodig met veel en verschillende expertises, een multidisciplinaire groep. Het is bijzonder om in zo’n groep te werken, omringd
te zijn door zoveel kennis en waarin bovendien het uitgangspunt is dat die kennis in elk
project tot de beschikking staat voor iedereen in de groep. Het heeft tijd gekost om zo’n
groep te vormen. Dat is vooral jouw verdienste. Dank daarvoor.
Mijn dank aan de groep als geheel, voor alle discussies, de tijd en de expertise, is daarom
verre van obligaat. Graag wil ik een aantal mensen met name noemen.
Allereerst mijn twee paranimfen, Johanna en Paul. Johanna, onze discussies, niet alleen
de wetenschappelijke maar ook over wat er op dit moment goed en minder goed is in
het wetenschappelijk bedrijf en de wereld in het algemeen houden me scherp. Dank ook
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voor je creatieve inbreng in de analyses van met name hoofdstuk 4. Paul, ha! Dank voor
je toewijding en ongelofelijke geduld bij onze analyses op de zebravis eitjes. We zijn heel
wat keren vooruit en weer terug gegaan, er zijn heel veel mooie visualisaties gemaakt en
heel veel interessante analyses uitgevoerd die de publicatie niet gehaald hebben en zelfs
niet in de supplemental information zijn terecht gekomen. Geen verloren moeite, we
hebben er naar gekeken, we weten weer meer: ‘There and Back Again’, je moet er maar
tegen kunnen.
Wim, het is al weer meer dan 10 jaar geleden dat we met de bouw van het e-biolab zijn
begonnen, de laatste consumer grade PC’s staan nu met uitgerookte condensatoren
klaar om afgevoerd te worden. Zonder jouw kennis was het onmogelijk geweest om de
bioinformatica omgeving die we nu hebben op te bouwen. Genseq is een groot succes
en alleen als ik met onderzoekers van andere universiteiten praat besef ik hoe bijzonder
het is dat wij nooit compute-resource problemen hebben. Zonder die omgeving zou
dit proefschrift er niet liggen. Ook dank voor al je geduld en oorspronkelijkheid bij het
oplossen van biologische en bioinformatica problemen en voor je bereidheid om mee te
denken bij de problemen van anderen.
Rob, Marina, Wim en Selina, het hele proefschrift steunt op jullie werk, maar in het
bijzonder het labwerk voor hoofdstuk drie, vier en vijf is buitencategorie. Het zou nooit
gelukt zijn om de conclusies te trekken die we nu kunnen trekken als jullie niet zo
ongelofelijk schoon, precies en reproduceerbaar gewerkt zouden hebben. Weinig labs
doen het jullie na. Daanaast hebben jullie altijd een bewonderingswaardige hoeveelheid
geduld, ook als het planningbord helemaal vol staat. Ik wil hier zeker ook Mark de Jong
noemen. De gedachten aan onze Leiden-sessies voor hoofdstuk vier en vijf zijn me dierbaar en jouw bijdrage in het bijzonder aan hoofdstuk vier is groot. Ik ben je hiervoor erg
dankbaar! De wat aparte humor tussen ons zette anderen vaak op een verkeerd been,
erg komisch.
Selina, je hebt de afgelopen tijd heel wat waterdragen van mij overgenomen. Ik waardeer
dat heel erg. Mijn dank dat je dat op zo’n ongelofelijk goede en fijne manier doet.
Dry lab, Martijs, Geneviève, Mauro, Inez, wat een kennis bij elkaar! Geneviève, dank voor
je onderwijs en TKI-U werk maar natuurlijk nog veel meer voor alle mooie gesprekken
en ideeën. Je suggesties wat literatuur en muziek betreft zetten me op een spoor dat ik
anders gemist zou hebben. Bijzonder.
Ook wil ik Mateusz graag bedanken. Niet alleen voor je werk, alhoewel je snakemake en
QC sporen onuitwisbaar zijn en hun nut elke dag bewijzen. Ik vond het een voorrecht je
kamergenoot te zijn, bedankt voor al je energie, je vrolijkheid en je creativiteit.
Martijs, dank voor je bereidheid en vermogen om je denken over statische en analytische
problemen te delen. Het levert vaak een nieuwe manier van kijken tegen een onderwerp
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dat ik dacht te kennen op en is altijd verhelderend. Je bent ook een kritische poortwachter tegen te snelle conclusies. Je hebt hiermee een grote bijdrage aan met name
hoofdstuk drie en vier van dit proefschrift geleverd. Dank ook voor je reflectie op het
onderwijs dat we geven. Ik kijk er naar uit om samen met Rob,Timo en jou dit onderwijs
verder te ontwikkelen.
In dit proefschrift hebben we gebruik mogen maken van de zebravisfaciliteit van het
Institute of Biology van de Leiden Universiteit. Niet een middagje maar dagen, weken
achter elkaar. De gastvrijheid die we ervaren hebben, en de ruimhartigheid waarmee
materiaal, vriezers en microscopen ons ter beschikking werden gesteld is ongelofelijk
groot geweest. Zelfs als er ingewikkelde dingen georganiseerd moesten worden, zoals
een nacht doorwerken in het lab kregen we medewerking. Daarom, Herman, Marcel,
Annemarie en Gerda, heel erg bedankt. En in het bijzonder: Ulrike enorm bedankt voor
al je werk, de planningen die nodig waren voor eitjes en bevruchtigen, je bereidheid om
een proef over te doen als de dames niet meewerkten en, niet in de laatste plaats voor je
vriendelijkheid!
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