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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

135

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

Transcriptome Dynamics in Early Zebrafish Embryogenesis

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
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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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