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“For every complex problem there is an answer that is clear, simple, and 
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Abstract 
Subcellular localization of mRNA is a prevalent and important regulatory mechanism in many 
polarized cells including neurons, epithelial cells, and oocytes. In early embryos of many 
vertebrate and invertebrate species, spatial patterns of maternal mRNA are essential for the 
proper development of the animal-vegetal and the dorsoventral body axes and the 
specification of cell types, such as germ cells. These processes have been studied in zebrafish 
embryos, but classical developmental studies were limited to few localized mRNA species. 
Systematic analyses have been hindered so far by a lack of spatial and temporal information 
in single-cell RNA sequencing. We performed a spatial-temporal analysis of the zebrafish 
transcriptome during early embryonic development to systematically characterize localized 
mRNA and the fate of maternal transcripts until gastrulation stage. 

I first enhanced sensitivity and resolution of the tomo-seq method (Junker et al., 2014). I then 
systematically acquired spatially-resolved transcriptomes along the animal-vegetal axis of one-
cell stage zebrafish embryos and found 97 genes to be localized to the vegetal pole. This 
increases the number of reported vegetally localized genes by about tenfold. I recovered 
patterns for previously known factors involved in early symmetry breaking events like wnt8a 
and grip2a, and in germ cell development, like dazl. However, for the majority of localized 
transcripts, no role in early development has yet been described. 

To identify the cell types that maternally provided, vegetally localized transcripts contribute to 
later in development, we established an in vivo and high-throughput compatible version of the 
single-cell RNA labeling method scSLAM-seq (Erhard et al., 2019). We labeled zygotically 
transcribed RNA by injecting 4sU at the one-cell stage, conducted a single-cell transcriptomic 
experiment at gastrulation stage and computationally separated labeled (zygotic) from 
unlabeled (maternal) RNA. Maternal transcripts of 22 of the vegetally localized genes from 
one-cell stage embryos were enriched in primordial germ cells compared to other cell identities. 
We propose that these genes have a functional role in the early priming of the germ cell fate. 

In order to investigate the evolutionary conservation of vegetal RNA localization, we acquired 
tomo-seq datasets of mature oocytes of two xenopus species which employ similar RNA 
localization pathways. We compared the pools of localized RNA and only found a small overlap 
of genes localizing to the vegetal pole in all three species. In contrast, a k-mer enrichment 
analysis of 3’UTR sequences of the three species revealed a high similarity of the motifs, 
possibly reflecting a mechanistic conservation of localization pathways. 

As a tool to experimentally characterize the ability of 3’UTR fragments to localize in immature 
oocytes, I developed a massively parallel in vivo assay named CORAL. To this end, I set up a 
system to inject fluorescent RNA into localization competent oocytes to follow first symmetry 
breaking events, and designed a strategy to construct a complex library of 3’UTR fragments. 
Tomo-seq experiments on library injected oocytes combined with the computational analysis 
of localized fragments promise to greatly facilitate the identification of localization elements. 

As an additional layer of post transcriptional regulation of maternal mRNA, we investigated 
RNA A-to-I editing during embryonic development and in organs of adult fish and generated 
the first comprehensive atlas of editing sites in zebrafish. Specifically, we identified 117 
recoding editing sites in the brain that mainly encode for ion transporters and are partly 
conserved in humans. In contrast to RNA editing in mice and humans, we detected the overall 
highest editing levels in ovary and testes and in embryos shortly after fertilization, implicating 
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a potential role in regulating RNA stability. We anticipate that this atlas will serve as a valuable 
resource for the community. 

 

Keywords:  
RNA localization, RNA metabolic labeling, spatial transcriptomics, early zebrafish 
development, maternally deposited RNA, RNA A-to-I editing 
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Zusammenfassung 
Intrazelluläre RNA Lokalisierung ist ein wichtiger Mechanismus zur posttranskriptionellen 
Regulation in polarisierten Zellen wie Neuronen, Epithelzellen und Oozyten. In frühen 
Embryonen verschiedener Vertebraten und Invertebraten sind räumliche Gradienten 
maternaler mRNA entscheidend verantwortlich für die korrekte Ausbildung der animal-
vegetalen und der dorsoventralen Körperachse, sowie der Spezifizierung bestimmter 
Zelltypen, wie Keimzellen. Diese Prozesse wurden in bereits in embryonalen Stadien des 
Zebrafisches untersucht, klassische Entwicklungsstudien waren jedoch auf wenige lokalisierte 
RNA-Spezies beschränkt. Systematische Analysen waren bisher durch einen Mangel an 
räumlichen und zeitlichen Informationen von Einzelzell-Sequenziertechniken nicht möglich. 
Hier untersuchten wir räumliche und zeitliche Dynamiken des Zebrafisch-Transkriptoms 
während früher Embryonalstadien: Wir beschreiben systematisch lokalisierte Gene in 
Embryonen im Einzellstadium, und erfassen, in welche Zelltypen maternale Transkripte bis zur 
Gastrulation transportiert wurden. 

Während meiner Promotion verbesserte ich zunächst die Sensitivität und die räumliche 
Auflösung von Tomo-seq (Junker et al., 2014). Diese Technik benutzte ich, um systematisch 
räumlich aufgelöste Transkriptome entlang der animal-vegetalen Achse von 
Zebrafischembryonen im Einzellstadium zu erfassen. Am vegetalen Pol fand ich 97 lokalisierte 
Gene, etwa zehnmal so viele wie bisher bekannt. Darunter waren unter anderem wnt8a und 
grip2a, die wichtige Funktionen bei der Ausbildung der dorsoventralen Körperachse erfüllen, 
sowie dazl, ein Regulator der Keimzellenentwicklung. Darüber hinaus fand ich viele lokalisierte 
Gene, deren Rolle in der frühen Entwicklung bisher noch nicht beschrieben wurde. 

In einem zweiten Schritt entwickelten wir eine hochdurchsatzfähige Methode zur in vivo 
Markierung neu transkribierter RNA, um die Zelltypen zu identifizieren, die maternale, vegetal 
lokalisierte mRNA aufnehmen. Dazu injizierten wir 4-Thiouridin in Embryonen im 
Einzellstadium, markierten somit zygotisch transkribierte RNA und erfassten dann während 
der Gastrulation markierte und unmarkierte Transkriptome einzelner Zellen. Eine Analyse 
dieser Daten ergab, dass 22 der vegetal lokalisierten Gene später in primordialen Keimzellen 
angereichert waren, was darauf hindeutet, dass weitaus mehr maternale Faktoren an der 
Differenzierung von Keimzellen beteiligt sind, als bisher angenommen. 

Um die evolutionäre Konservierung vegetaler RNA-Lokalisierung zu untersuchen, haben wir 
an ausgereiften Eizellen zweier Xenopus-Arten weitere Tomo-seq Experimente durchgeführt. 
Diese Froscharten verwenden funktionell ähnliche RNA-Lokalisierungsmechanismen. Wir 
verglichen vegetal lokalisierte RNA-Spezies und fanden insgesamt nur eine geringfügige 
Überlappung. Wir suchten nach einer Anreicherung kurzer Nukleotidsequenzen in der 3'-UTR 
der lokalisierten Gene der drei Spezies und fanden unter den drei Arten viele ähnliche Motive, 
was auf eine funktionelle Konservierung der Lokalisierungsmechanismen hindeutet. 

Als Ausblick entwickelte ich einen in-vivo Assay namens CORAL, mit dem Sequenzfragmente 
auf ihre Fähigkeit getestet werden können, in Oozyten vegetal zu lokalisieren. Zuerst injizierte 
ich fluoreszierende RNA in lokalisierungskompetenten Oozyten, um deren vegetale 
Lokalisierung unter dem Mikroskop sichtbar zu machen. Dann entwickelte ich ein Protokoll, 
mit dem eine komplexe Sequenzbibliothek von 3’UTR-Fragmenten synthetisiert und 
anschließend injiziert werden kann. Zukünftig sollen dann Fragmente, die 
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Lokalisierungselemente enthalten, in einem Tomo-seq Experiment und einer in-silico Analyse 
identifiziert werden. 

Eine weitere Möglichkeit der zellulären, posttranskriptionellen Regulation maternaler mRNA ist 
die chemische Modifikation von Adenin zu Inosin. Wir untersuchten diese RNA-Modifikationen 
in ausgewählten Organen adulter Fische und in frühen embryonalen Stadien. Wir fanden unter 
anderem 117 rekodierende Modifikationen in Genen, die im Gehirn exprimiert sind, 
hauptsächlich für Ionentransporter kodieren und teilweise im Menschen konserviert sind. Im 
Gegensatz zu vorherigen Studien in Menschen und Mäusen konnten wir zeigen, dass 
Transkripte in reproduktiven Organen des adulten Zebrafisches sowie in sehr frühen 
Embryonen die häufigsten Modifikationen aufwiesen, was auf eine mögliche Funktion bei der 
Regulation der RNA-Stabilität hindeuten kann. Wir antizipieren, dass dieser Atlas zukünftig als 
Basis und Ressource für viele weitere Studien dienen wird. 

 

Schlagwörter:  
RNA Lokalisierung, räumlich aufgelöste Transkriptomik, Markierung neu synthetisierter RNA, 
frühe Embryonalentwicklung im Zebrafisch, RNA Baseneditierung 
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5. Introduction 

5.1 Functions of cellular mRNA localization  

Subcellular localization of mRNA is an important and pervasive feature in the animal kingdom. 
It has been well studied in neurons and epithelial cells, and is known to provide an additional 
layer of regulation for gene expression and translation. While at first, mRNA localization was 
mainly thought to provide an energy-efficient way to locally produce distinct proteins, we can 
now acknowledge its widespread utilization in a variety of polarized cells, in processes like cell 
migration, and during embryonic development (Martin and Ephrussi, 2009). In early embryos 
of many vertebrate and invertebrate species, spatial patterns of maternal mRNA are vital for 
the proper development of body axes and determine specific cell types such as germ cells. 
While this has been studied extensively in Drosophila and Xenopus, our knowledge about 
these processes in the model organism Danio rerio, the zebrafish, is not yet at a comparable 
level. In zebrafish, only some mRNA species are known to be localized in the early embryo. 
Moreover, we still lack a profound understanding of the mechanisms underlying the localization 
processes. 

 
Figure 1: mRNA localization is a widespread feature in many cell types. 

Polarized cells exhibit mRNA gradients along axes of different nature: in neurons, the mRNA content of 
soma and axon are considerably different. In cell migration, the protruding end of the cell contains higher 
levels of some genes. In epithelial cells, mRNA along the apical-basal axes helps compartmentalization 
of the cell. In oocytes of some vertebrate and invertebrate species, localized mRNA guides the correct 
formation of the dorso-ventral axis. 

Intracellular RNA gradients can be established by different mechanisms, including local 
protection from degradation, diffusion-coupled local entrapment (Chang et al., 2004) and 
directed transport along the polarized cytoskeleton (Lawrence and Singer, 1986). Notably, 
among all cell types, transcripts localize mainly through cis-regulatory localization elements in 
their 3’ untranslated region (3’UTR) (Betley et al., 2002; Jambhekar and Derisi, 2007; Kosaka 
et al., 2007; Taliaferro et al., 2016) which can serve as short binding motifs for RNA-binding 
proteins (RBPs) (Ray et al., 2013) or larger secondary structures (Allen, Kloc and Etkin, 2003). 
Some RBPs seem to be active in more than one polarized cell type: the protein Hermes, or 
RBMS2, has been reported to be involved in RNA localization in oocytes (Marlow and Mullins, 
2008), and in the development of the zebrafish visual system by fine-tuning the neuron density 
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in the optic tectum (Hörnberg et al., 2016). In general, it is not clear, though, how much overlap 
of cis-regulatory elements there is between different polarized cell types. 

The nature of these localization elements has mostly been studied on a single-gene basis, with 
the help of 3’UTR deletion constructs in Xenopus and zebrafish oocytes (Kloc et al., 2000; 
Knaut et al., 2002; Kosaka et al., 2007), as well as in Drosophila oocytes (Brunel and 
Ehresmann, 2004; Kim et al., 2014). However, we lack a systematic overview of localized 
genes and cis-regulatory elements. For the Drosophila embryo, a large microscopy-based 
screen investigated localized RNA (Jambor et al., 2015); and during the course of this work, 
first RNA-seq based studies of localized RNA in Xenopus oocytes were published (Claußen et 
al., 2015; Owens et al., 2017; Sindelka et al., 2018), albeit at low spatial resolution. For the 
zebrafish embryo, our knowledge of localized transcripts and their cis-regulatory elements in 
vertebrate oocytes is still limited to a few genes.  

 The zebrafish embryo as a model system 
The zebrafish has gained popularity as a vertebrate model system for various applications in 
the last decades, starting with questions in developmental biology, like the study of body axis 
formation and erythropoiesis, towards various disease models, the study of tissue regeneration 
as well as systems biology studies (Campbell et al., 2015; He et al., 2016; Dankert, Look and 
Zhu, 2018; Wagner et al., 2018; Hagedorn et al., 2019; Hu et al., 2021). It is originating from 
South Asia, approximately 4 cm long and lives in fresh waters, which makes the husbandry 
well suited for scientific research. 

The zebrafish is particularly well suited to study early vertebrate developmental processes, as 
well as germ cell formation and fertility factors. It generates large offspring, and the embryos 
develop extrauterine and are widely accessible to genetic manipulation through injection of 
morpholinos and transgene constructs at the one-cell stage. Furthermore, embryos are fully 
transparent far into the larval stages. 

The embryo itself develops quickly at first, with rapidly succeeding cell divisions until 
approximately 3 hours post fertilization (hpf). At this time, the zygotic genome starts to be 
actively transcribed, leaving the embryonic development before that time fully dependent on 
maternally deposited transcripts. At the stage of transition from maternal to zygotic transcripts, 
also called the MZT, the embryo consists of approximately 1000 cells. After that, the pace of 
cell divisions finally slows down, and another three hours later, the embryo is at the midst of 
gastrulation. At this stage of 6 hpf, major cell type decisions occur (Kimmel, Warga and 
Schilling, 1990) and can be represented in a cell fate map, as shown in Figure 3. 
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Figure 2: Stages of embryonic development in zebrafish. 

Figure taken from Kimmel et al., 1995. a. The chorion of the fertilized egg lifts a few minutes after contact 
with water. b. The dechorionated zygote 10 min after fertilization, animal pole on top. Segregation of 
cytoplasm and yolk can be observed as ‘cytoplasmic streaming’. Scale bar 250 µm. c-h. Embryos during 
the cleavage period. Lateral views, oriented along the animal-vegetal axis. c. Two-cell stage (0.75 hpf) 
d. For-cell stage (1 hpf) e. Eight-cell stage (1.5 hpf) f. 16-cell stage (1.5 hpf) g. 32-cell stage (1.75 hpf) 
h. 64-cell stage (2 hpf). Scale bar 250 µm. 

 

 

Figure 3: The zebrafish embryo at gastrulation stage. 

a. At gastrulation stage, cells have already somewhat committed to a cell lineage, and the later cell fate 
can be drawn on a map of the embryo. Figure taken from Schier and Talbot, 2005. b Microscopic image 
of the zebrafish embryo at shield stage, 6 hpf. The embryo is at mid-gastrulation. The dorsal side is 
visible as a thickening of the germ ring on the right-hand side. Taken from Kimmel et al., 1995. 

The early embryo has also widely been used to study mRNA localization and its impact on the 
formation of the dorsoventral body axis and the development of germ cells. The accessibility 
of the embryo for experiments enabled researchers to observe and manipulate the 
cytoskeleton, by injecting dyes, polystyrene beads as well as incubating embryos in 
cytoskeletal drugs. 
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 Establishing embryonic polarity and germ cell fate through maternal 
transcripts in zebrafish embryos 

The first embryonic axis that is established is the animal-vegetal axis. It is already formed in 
very early in oocyte development with the transport of a mitochondria-rich structure and distinct 
mRNA species to the vegetal pole as the first symmetry-breaking event of the prospective 
organism. While the animal pole will eventually contain large parts of the transcriptome, the 
female pronucleus and the entry point for the sperm (Marlow and Mullins, 2008), as well as the 
embryonic mass during meroblastic cleavage (Figure 2), the vegetal pole will contain the yolk 
sac and important regulatory signals (Figure 4a). These are specifically transported and 
retained at the vegetal pole (Yisraeli, Sokol and Melton, 1990). This first axis is the basis for 
the subsequent development of the dorsal-ventral-axis, and the left-right axis which only forms 
after maternal-zygotic transition. 

Among the few known RNA species that are transported to the vegetal pole are regulators of 
the dorsoventral axis, like wnt8a and grip2 (Lu, Thisse and Thisse, 2011; Ge et al., 2014; 
Welch and Pelegri, 2014), modulators of the cytoskeleton, like syntabulin, and specific germ 
plasm RNAs (Maegawa, Yasuda and Inoue, 1999; Kosaka et al., 2007). 

 
Figure 4: RNA localization in the zebrafish embryo. 

Schematic of different RNA localizations during development. Orange: embryonic cell mass, grey: yolk. 
a. The vegetal localization of distinct RNA species (dark blue) defines the first embryonic axis, the 
animal-vegetal axis. b. Dorsal determinants (light blue) are transported approximately 20° off-center 
along the cortex. The direction of this transport defines the dorsal-ventral axis which becomes apparent 
later. c. At the four-cell stage, germ plasm RNA (dark purple) is transported to the distal part of the 
cleavage furrows. Germ plasm is taken up around 3 hpf (1k-cell stage) by four cells and defines their 
later lineage fate. 

The formation of the dorsal-ventral axis was first shown to depend on microtubule transport 
with UV irradiation experiments and with the microtubule-depolymerization agent nocodazole 
(Jesuthasan and Strähle, 1997). Ge et al. further showed that the vegetally localized factor 
grip2a is involved in the reorganization of the microtubule network in the vegetal hemisphere 
into parallel tracks, finally enabling the approximately 20° off-centre transport of wnt8a and 
grip2a transcripts to the prospective dorsal site at the cortex (Figure 4b) (Ge et al., 2014). In 
Xenopus, the process of microtubule reorganization and transport of dorsalizing factors is part 
of a process referred to as the ‘cortical rotation’ and is dependent on both kinesin and dynein 
motor activity (Marrari, Rouvière and Houliston, 2004), as well as other factors, like trim36 – a 
ubiquitin ligase whose mRNA is vegetally localized and anchored by Dnd1 to the cytoskeleton 
(Mei et al., 2012). Interestingly, the transport of dorsalizing factors on microtubules in zebrafish 
oocytes shows parallels to microtubule-based transport in neurons: The kinesin I linker protein 
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Syntabulin is transported simultaneously to wnt8a in zebrafish embryos (Nojima et al., 2010), 
and is also required for axonal transport (Su et al., 2004; Cai, Gerwin and Sheng, 2005). 
Additional to its role in the zebrafish dorsal axis formation, Grip has been shown to interact at 
the synaptic plasma membrane in the rat brain (Dong et al., 1999) with AMPA-type (α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid) glutamate receptors. Developmental biology 
and neurobiology can mutually benefit from each another in this regard: Through a better 
understanding of the mechanisms of RNA transport in oocytes, we may be able to draw 
conclusions to mRNA localization in neurons. 

Another critical role of vegetally localized RNA in zebrafish and Xenopus is the formation of 
germ cells. Germ cell development in the zebrafish is dependent on the uptake of a specific 
cytoplasmic component, the germ plasm, around the 1k-cell stage (Raz, 2003). It is highly 
enriched in maternal transcripts of dazl, vasa, dnd1 and nanos1, and is localized at the distal 
parts of the cleavage furrows at the four-cell stage (Figure 4c). After the uptake, it is 
asymmetrically inherited during the following cell divisions. Thereby, the pool of primordial 
germ cells is kept constant and small until proliferation starts, when the embryo consists of 
around 4k cells (Raz, 2003). Earlier in development, germ plasm components have distinct, 
but different localization: dazl transcripts, for example, can be found at the vegetal pole 
throughout oogenesis, while transcripts for vasa are first transported to the vegetal pole, but 
are distributed to the oocyte cortex later, as shown in Figure 5 (Kosaka et al., 2007).  

 
Figure 5: Localization of zebrafish germ plasm RNA during oogenesis. 

Figure taken from Kosaka et al., 2007. In situ hybridizations of serial sections of the zebrafish ovary. a-
d. Localization of vasa. e-h. Localization of dazl. The dark mass in images a and e represents the 
mitochondrial cloud. Scale bars 50 µm. 

To summarize, only a few maternal genes are known to localize to the vegetal pole in the 
zebrafish embryo, but they all have important regulatory roles, namely the formation of the first 
body axis, as well as the fate induction of primordial germ cells. Remarkably, this happens very 
early in development, and yet already somewhat defines the offspring of the prospective 
animal. We think our understanding of these processes can greatly benefit from a systematic 
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and unbiased approach that identifies vegetally localized genes and yield candidates for new 
regulators. 

 Molecular mechanisms of mRNA localization during oocyte maturation 
The process of RNA localization in vertebrate oocytes is best studied in the frog species 
X. laevis. The oocytes of that frog undergo a hormone-dependent maturation process of six 
stages in the female ovary (Figure 6). In the initial stages, oocytes are as small as 50 µm in 
diameter, and grow to a size of 1.3 mm (Figure 6b). After the maturation process, distinct 
mRNA species are distributed along the animal-vegetal axis, alongside with the 
macroscopically different pigmentation of the hemispheres. Several mechanistic studies lead 
to the description of two molecular pathways for RNA localization to the vegetal pole: an early 
pathway that is active in stages I and II, and a late pathway, active in stages III to IV. 
Nonetheless, some publications suggest a functional continuum of these pathways (Claußen, 
Horvay and Pieler, 2004; Choo et al., 2005), leading to the state of sometimes contradictory 
and ‘confusing’ reports (Kloc and Etkin, 2005). The transport of RNA to the animal pole is 
largely not well understood (Sindelka et al., 2018). 

 

 
 

Figure 6: X. laevis oocyte staging (Dumont, 1972). 

a. Image of an ovary part of a recently HCG-stimulated Xenopus female. All oocyte stages, except 
banded stage VI oocytes, are present. Pigmentation starts to develop with the beginning of stage IV, 
while stage I oocytes are translucent. White hemisphere is the vegetal pole, dark hemisphere marks the 
animal pole. b. Microscopy images of differently stages oocytes. A follicle layer growing in thickness can 
be observed. Vitellogenesis begins in stage III, where also pigment and cortical granules are formed. 

RNA transport along the early pathway, or METRO (message transport organizer) pathway, is 
thought to be dependent on the mitochondrial cloud, also called the Balbiani body, which is an 
electron-dense structure rich of mitochondria, ER, membranous vesicles and germ plasm 
mRNA. First described in the oocytes of spiders in 1845, it is present in all examined 
vertebrates, including humans (De Smedt, Szöllösi and Kloc, 2000). The Balbiani body is not 
present in mice, the predominant model for mammalian developmental studies, which likely 
contributes to the fact that its role is less well understood (Kloc and Etkin, 2005).  

The proposed mechanism for RNA transport with the early pathway, as studied in frog, is based 
on diffusion and entrapment and is independent of the cytoskeleton (Kloc and Etkin, 1995; 

b a 
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Chang et al., 2004): The Balbiani body first assembles as a perinuclear, electron-dense 
structure in early oogenesis. It is then transported to the vegetal hemisphere, in a yet 
unclarified way, and then docks at the plasma membrane, disassembles and unloads its 
content. Next, the unloaded ribonuclear particles (RNP) are anchored to the membrane 
(Yisraeli, Sokol and Melton, 1990; Elinson, King and Forristall, 1993). The cargo includes germ 
plasm mRNA like dazl (Kosaka et al., 2007) and vasa (Knaut et al., 2002) and dorsalizing 
factors like wnt8a and grip2a (Ge et al., 2014). While in the frog, mitochondrial cloud 
localization elements (MCLE) have been characterized as repeats of the motif ugCAC (Zhou 
and King, 1996; Betley et al., 2002; Cox and Spradling, 2003), these motifs have not yet or 
sparsely been found in endogenous zebrafish mRNA: Deletion studies in the zebrafish vasa 
and dazl genes did not identify specific motifs, but showed that longer fragments of 80 and 375 
nt, respectively, are sufficient for the localization of the transcripts (Knaut et al., 2002; Kosaka 
et al., 2007). It is therefore still not exactly clear how much mechanistic overlap between the 
localization machineries in zebrafish and Xenopus exists.  

 

 
Figure 7: RNA localization pathways in X. laevis. 

Two pathways have been described to localize RNA in Xenopus oocytes, the early pathway (active 
between stages I and II) and the late pathway (active in stages III-IV). Several publications suggest that 
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these pathways are likely an overlapping functional continuum (Claußen, Horvay and Pieler, 2004; Choo 
et al., 2005), indicated by overlapping gradients in blue and yellow at the bottom. a. Early pathway RNAs 
are exported from the nucleus and assemble with the Balbiani body, a structure rich in mitochondria, 
endoplasmic reticulum and membranous vesicles. In a microtubule-independent manner, the RNA and 
the Balbiani body reach the vegetal pole where the RNA is then stored in granules. Examples of typical 
early pathway mRNAs: Xcat2, XNIF, Xlsirts, DeadSouth, XDazl, Xwnt11 (Ku and Melton, 1993; Claußen 
and Pieler, 2010). b. Late pathway RNAs are typically ubiquitously distributed in stage I oocytes. In 
stages II and III, RNA is bound by RBPs and transported with the help of molecular motors along the 
microtubule cytoskeleton. Macroscopically, RNA starts to accumulate in a wedge-shaped region 
between the nucleus and the vegetal cortex. With the beginning of stage IV, transported RNA occupies 
huge parts of the vegetal cortex. Examples are: Vg1, VegT, XVelo1, XDead end (Melton, 1988; Claußen 
and Pieler, 2010). 

The second wave of mRNA localization, or the late pathway, is active in stages III-V and 
depends on microtubules. These form continuous filaments from the nucleus to the cortex 
(Gard, 1991), and unidirectional motor proteins are thought to transport their cargo on them. 
During the microtubule-dependent localization, RNA accumulates in a wedge-shaped region 
between the nucleus and the vegetal cortex around stage III (Figure 7b). RNA is then 
transported in larger complexes together with RNA binding proteins, motor proteins and ER to 
the vegetal cortex (Figure 7b, bottom) (Deshler, Highett and Schnapp, 1997; Kloc and Etkin, 
1998). While the plus-end directed motor proteins kinesin I (Yoon and Mowry, 2004) and 
kinesin II (Betley et al., 2004) have been shown to be involved in microtubule-dependent, 
vegetally directed transport, it is ‘paradox and confusing’ (Kloc and Etkin, 2005) that around 
96% of the microtubules have their minus ends directed towards the cortex at these stages. 
This stands in contrast to somatic eukaryotic cells, and possible explanations include the 
suggestion that RNA-binding proteins (RBPs) can change the directionality of the RNA 
transport (Kloc and Etkin, 2005).  
Few RBPs have been identified in the context of RNA transport in Xenopus; among them the 
protein Vera, also called Vg1RBP. It has shown to bind several sub elements of LEs, including 
those of Vg1, VegT and Xvelo1 mRNAs (Git and Standart, 2002; Kwon et al., 2002; Claußen, 
Horvay and Pieler, 2004). Localization elements mostly reside in 3’UTRs (Zhou and King, 
1996; Betley et al., 2002; Kloc, Zearfoss and Etkin, 2002) and rarely in the 5’UTR (Claußen, 
Horvay and Pieler, 2004). Secondary structures play a role in at least some of the studied 
localized mRNAs: Localization competent 3’UTR deletion constructs of Xlsirts, a group of non-
coding mRNA, were predicted to contain a common secondary structure. This stem-loop 
structure was abolished in deletion constructs that were consequently not able to localize 
(Allen, Kloc and Etkin, 2003). 

A report from the Nüsslein-Volhard laboratory showed that the 3’UTR of the zebrafish vasa 
gene is sufficient to localize a reporter to the vegetal pole of Xenopus oocytes, and later to 
PGCs of the embryo. This study implies that there is a degree of evolutionary conservation of 
RNA binding proteins, since the localization machinery of the frog is able to recognize and 
transport the localization element of the vasa 3’UTR. However, the search for the repetitive, 
short motifs known from Xenopus, has not been successful so far. 

Despite the numerous reports characterizing the early and the late pathway, other studies in 
the frog suggest that they do not represent two independent pathways, but rather a functional 
continuum that uses the same, or similar, motifs (Claußen, Horvay and Pieler, 2004; Choo et 
al., 2005). Following this hypothesis, it still remains unclear whether any RNA can indeed get 
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localized at any of the stages I to IV during oocyte maturation, which specific cis-regulatory 
elements are needed for that, and how much functional overlap to the localization machinery 
of the zebrafish exists.  

RNA localization is important to understand basic principles of embryonic development. 
However, the underlying mechanisms are not restricted to developmental processes, but in 
some cases show similarities at least in regard to motor proteins and RBPs (see chapter 5.1.2). 
We therefore anticipate that a profound understanding of RNA transport in oocytes can inspire 
a general understanding of how subcellular localization is created in other systems. 

5.2 Methods for investigating cellular transcriptomes with spatial and 
temporal resolution  

 Spatial mRNA detection 
To understand the spatial composition of developing embryos is one important goal in 
understanding the regulation of developmental programs that eventually form an entire new 
animal from a fertilized egg. Furthermore, physicians, biologists and pharmacologists are 
interested in the decomposition of complex tissues into different cell types and their spatial 
origin, to better understand organ function and the cellular basis of diseases. The human cell 
atlas project, for example, aims at providing large single-cell sequencing as well as spatial 
RNA-seq reference maps for all cells of the human body. 

The first methods to detect spatial mRNA patterns were based on hybridizing gene specific 
fluorescent probes, and have consecutively been further developed to a higher throughput (Xia 
et al., 2019). They also inspired the development of in situ sequencing methods like FISSEQ, 
STARmap and INSTA-seq, where transcript sequences are deduced from a sequencing-by-
synthesis approach using nucleotides coupled to fluorescent dyes (Lee et al., 2014; Wang et 
al., 2018; Fürth, Hatini and Lee, 2019). Other approaches, like tomo-seq, Geo-seq and NICHE-
seq, are cryosectioning a sample with classical histological methods and are recovering gene 
expression along a linear axis, or are increasing their resolution by laser capture 
microdissection (Chen et al., 2017) and subsequent 3D-spatial reconstruction (Schede et al., 
2021). The most recently developed techniques, slide-seq and 10X visium (‘spatial 
transcriptomics’), present as a fusion of different methods: There, poly-dT-primer with spatial 
barcodes are applied onto a glass slide. On top of these, a thin tissue section is placed, and 
the cellular mRNA hybridizes to the primers. After sequencing the cellular mRNA content, it 
can be mapped back in space to the original tissue, as well as analysed with classical 
clustering methods (Ståhl et al., 2016; Rodriques et al., 2019). Additional to these experimental 
methods, various computational approaches facilitate the spatial reconstruction of scRNA-seq 
data (Nitzan et al., 2019; Stuart et al., 2019; Kleshchevnikov et al., 2020). A comprehensive 
description of spatial transcriptomic techniques can be found in Asp et al., 2020 and Liao et 
al., 2020. In the following, I will describe the basic underlying principles of the above-mentioned 
methods. 



13 

 

 

 
Figure 8: The development of spatial transcriptomic methods over time. 

Spatial transcriptomic methods arranged by the order of their publication, and coloured according to the 
underlying principle of the method. Modified from Asp et al., 2020. 

In silico spatial reconstruction has first been described in 2015 for zebrafish embryos (Satija 
et al., 2015), but similar principles have been applied in many other studies and systems later. 
The underlying idea here is to construct a map of gene expression for a couple of genes from 
in situ hybridizations (ISH). These then serve as a scaffold to which the cells of a scRNA-seq 
dataset can be mapped back based on their marker gene expression (Figure 9a). Authors of 
the novoSpaRc framework show that the reconstruction of spatial gene expression from 
scRNA-seq data improves in terms of reliability and precision with the of amount of ISH data 
(Nitzan et al., 2019). Versatile computational methods have a high potential to facilitate the 
creation of large spatial atlases with single-cell resolution, for human organs as well as to 
broaden our general understanding of the developmental biology across the animal kingdom. 

In a second category of spatial RNA-seq methods, a tissue or a whole embryo is sectioned 
into thin slices (Figure 9b). After that, the RNA can either be extracted directly from the slices 
(Holler and Junker, 2019), or a further dissection can be performed, using either a cryostat 
(Schede et al., 2021) or laser capture microdissection (Chen et al., 2017). In the following, 
gene expression tracks can be used to investigate mRNA localization (Holler et al., 2020), to 
map single-cell RNA-seq data (Hu et al., 2021), or to create a 3D-reconstruction (Junker et al., 
2014; Schede et al., 2021). 
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Figure 9: Schematic overview of different spatial transcriptomic methods. 

Spatial transcriptomic methods can be categorized into four subtypes: a. Computational methods for in-
silico reconstruction, here described on the example of Seurat (Satija et al., 2015). The blastoderm cap 
of a zebrafish embryo was dissociated into single-cells. After scRNA-seq, marker genes have been 
defined computationally and were used to map the sequenced cells back to a spatial reference map that 
had been created from previously published in situ hybridization data. b. Methods that use classical 
tissue sectioning like tomo-seq, GEO-seq and LCM-seq. The latter two further dissect single sections 
with laser capture microdissection and spatially barcode these subsections before sequencing. c. 
Imaging-based in situ sequencing methods either amplify and sequence mRNA in a fixed tissue or 
directly hybridize targeted probes. The sequence is read out by microscopy. d. Methods based on 
barcoded glass slides: A thin tissue section is applied to a glass slide, and the mRNA hybridizes to 
primers with spatial barcodes which are subsequently released. The mRNA is then reverse transcribed 
and can be mapped back with an uncertainty of 20 – 40 µm after sequencing. Figure modified from Liao 
et al., 2020. 

To further increase the spatial resolution to a sub-single-cell level, a multitude of methods have 
been developed to sequence mRNA in situ (Lee et al., 2014; Chen et al., 2015; Wang et al., 
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2018) and are usually based on hybridization methods (Figure 9c). While in zebrafish and 
Xenopus oocytes, whole-mount in situ hybridization (WISH) have been used as the gold 
standard to visualize mRNA gradients for long (Weeks and Melton, 1987), a first method to 
measure single RNA molecules by hybridization of fluorescent probes (smFISH) was published 
in 2008 (Raj et al., 2008). The gene-specific probes are 20-nucleotide DNA oligos that are 
linked to single fluorophores, and label the target mRNA with single fluorescent spots. The 
available colours for the simultaneous use of fluorescent probes naturally limit the throughput 
per experiment to a low number of genes, though. A first attempt to overcome this limitation 
was to combine different labels for combinatorial indexing (Lubeck et al., 2014), but only the 
development of in situ sequencing techniques brought a transcriptome-wide detection of 
mRNA into reach: Here, mRNA is either amplified in situ, for example by rolling circle 
amplification (Wang et al., 2018), or sequentially hybridized to gene-specific probes (Chen et 
al., 2015; Codeluppi et al., 2018). While the experiments are usually time-consuming and 
require specialized, often costly equipment, first studies have been published that utilize such 
techniques (Eng et al., 2019; Xia et al., 2019). 

Novel methods, like slide-seq and ‘spatial transcriptomics’ by 10X Genomics (Ståhl et al., 2016; 
Rodriques et al., 2019), developed a different interpretation of the in situ sequencing approach 
(Figure 9d): With these methods, a thin tissue section is applied to a glass slide that has 
previously been covered with poly-dT-primers, carrying a spatial barcode. The fixed and 
stained tissue is imaged before the hybridized mRNA is reverse transcribed and released from 
the glass slide. A sequencing library is then prepared, and the gene expression can finally be 
mapped back to the tissue and visualized computationally, although not at single-cell 
resolution. Since one of these methods has been made commercially available in the 
meantime, the protocol is now optimized for a shorter hands-on-time in the laboratory and is 
comparably easy to set up, but also comes with higher costs per sample. Still, it provides the 
opportunity to expand the application of spatial RNA expression studies into broad basic 
research, and, finally, into the clinic. 

Evaluating the presented methods, it becomes clear they would provide different and distinct 
advantages for investigating the RNA localization in oocytes and early embryos: While in situ 
sequencing methods can, in principle, detect more complex patterns, the method only 
recovered a few genes at the beginning of this project. Furthermore, the high autofluorescence 
of the yolk would require a sophisticated clearing protocol. We expected the most striking RNA 
patterns along the animal-vegetal axis, so we decided to investigate these with tomo-seq, a 
cryo-sectioning based and transcriptome-wide, unbiased approach. While methods based on 
glass slides carrying oligonucleotide barcodes, like ‘spatial transcriptomics’ and slide-seq, can 
potentially uncover more sophisticated localization patterns, they were only published recently 
and generally come with higher costs per section. However, they could be used to map the full 
3D transcriptome of oocytes and early embryos in the future. 

 On measuring mRNA dynamics 
The temporal levels of cellular mRNA have long been a subject of intense studies among 
biochemists and cell biologists – accessing and modelling mRNA synthesis and degradation 
rates in response to stimuli opens the door to a deeper understanding of the underlying gene 
regulation networks. While historically, mRNA abundance has been measured on a single-
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gene level, with the introduction of RNA labeling, research moved to transcriptome-wide 
studies, approximately 15 years ago. 

In 2005, Cleary et al. first reported the incorporation of the uracil analogue 4-Thiouracile into 
cellular RNA of Hela cells and parasites in mice (Cleary et al., 2005). To that end, they 
introduced an enzyme from the protozoan Toxoplasma gondii, uracil 
phosphoribosyltransferase (UPRT), into the cells, biotinylated 4sU labeled RNA and 
subsequently separated labeled from unlabeled RNA for detection with microarrays (Cleary et 
al., 2005). Six years later, Rabani et al. first combined this approach with high-throughput 
sequencing techniques to model transcription and degradation rates in mouse dendritic cells 
in response to lipopolysaccharide (Rabani et al., 2011). Back then, the detection of newly 
synthesized RNA was depending on the separation of 4sU-labeled and biotinylated, and 
unlabeled RNA with streptavidin coated columns or beads. 

 
Figure 10: Chemoconversion of 4-Thiouridine. 

a. Chemical mechanism of the alkylation of 4-Thiouridine in SLAMseq: The reaction is a nucleophilic 
substitution of second order, iodide anion as the leaving group. Taken from Herzog et al., 2017. b. The 
chemical reaction employed in TimeLapse-seq: The oxidation of the thiol group by NaIO4 makes the 
molecule accessible for a nucleophilic aromatic substitution. The resulting molecule has a similar 
electron donor (D) and acceptor (A) structure to cytosine, as has the resulting structure in a. Taken from 
Schofield et al., 2018. 

That changed in 2017, when Herzog et al. reported the chemical conversion of 4sU with 
iodoacetamide in a nucleophilic substitution reaction (SN2), resulting in a T-to-C nucleotide 
polymorphism after sequencing (Herzog et al., 2017). Only four months later, a different 
chemical reaction was published with the same result of a T-to-C conversion after sequencing 
of newly synthesized RNA: Schofield et al. introduced TimeLapse-seq and used 2,2,2-
trifluoroethylamine (TFEA) and sodium perchlorate (NaIO4) for an oxidative-nucleophilic-
aromatic substitution on the 4-Thiouridine (Schofield et al., 2018). Importantly, these methods 
laid the foundation for measuring labeled and unlabeled RNA molecules in the same cell, at 
the same time. 

In July 2019, two publications reported the simultaneous detection of newly synthesized and 
pre-existing RNA in single cells (Erhard et al., 2019; Hendriks et al., 2019): NASC-seq is an 
alkylation-dependent, SMART-seq2 based RNA labeling technique that the team employed to 
study Jurkat T-cell activation (Hendriks et al., 2019). Erhard et al. developed single-cell SLAM-
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seq (scSLAM-seq) that is also alkylation-dependent and based on a commercially available 
version of SMART-seq (Erhard et al., 2019). They applied their method to the onset of lytic 
cytomegalovirus infection in mouse fibroblasts. While it was a significant improvement to 
develop a single-cell protocol for RNA metabolic labeling, these methods rely on a plate-based 
technique which naturally limits the number of cells that can be studied. However, for the 
discovery of rare cell types it is important to sample large numbers of cells. These limits were 
overcome by making RNA labeling compatible with high-throughput droplet-microfluidics (Qiu 
et al., 2020): The researchers successfully combined the chemistry of TimeLapse-seq with 
Drop-seq, performing the chemoconversion of 4sU while the mRNA is hybridized to the primers 
on the beads. They also compared that to a conversion with iodoacetamide, as used in SLAM-
seq, with the result of a much lower quality of their sequencing data. They assayed 
approximately 55.000 cells and also studied a rare cell transition state between pluripotent and 
totipotent two-cell embryo (2C)-like stem cell states. Still, these recent reports apply RNA 
labeling in cell culture systems, leaving the investigation of whole organs or embryos beyond 
reach. 

 
Figure 11: Experimental outline of the scSLAM-seq protocol. 

Sketch of a scSLAM-seq experiment, adapted from Erhard et al., 2019: Cultured cells are incubated for 
2 h in the presence of 4sU (labeling phase), with or without infection with murine cytomegalovirus 
(mCMV). Then, cells are FACS-sorted into single wells of a 96-well plate, lysed, and treated with 
iodoacetamide (IAA). After sequencing the RNA of single cells, T-to-C mismatches mark reads of the 
newly synthesized RNA. 

Parallel to biochemical approaches, computational methods have been developed to infer, 
within certain limits, the ‘future transcriptome’ of a cell. ‘RNA velocity’ captures the otherwise 
discarded intronic reads from droplet-microfluidic scRNA-seq datasets and compute gene 
expression changes by the ratio of unspliced to spliced mRNA molecules (La Manno et al., 
2018). In the framework ‘scVelo’, these assumptions are combined with a dynamical modelling 
of splicing kinetics instead of a common splicing rate (Bergen et al., 2020). As intronic read 
counts are inherently sparse and noisy, the inferred future cell state is still best complemented 
with experimental data. 

When we found spatial patterns of maternal RNA in the zebrafish one-cell stage embryo, we 
asked which cell types these transcripts contribute to later, at gastrulation stage, when first cell 
fate decisions are being made. At this time-point, the zygotic genome has already been 
activated, and cells contain a mixture of maternal and zygotic mRNA. In order to trace the 
localized, maternal transcripts of the one-cell stage embryo, we would need to distinguish 
between newly transcribed, zygotic and older, maternal mRNA. This is possible by labeling 
newly transcribed RNA. In our analysis, we needed to include rare cell types like primordial 
germ cells, as they represent a likely target cell type for some vegetally localized transcripts 
(see chapter 5.1.2), but are generally low in numbers at this stage. So, we aimed at 
establishing a high-throughput, in-vivo single-cell RNA labeling approach to follow localized 
maternal transcripts over time. The first challenge to that aim was to deliver the labeling 
reagent, 4-Thiouridine, into the embryonic cells. These have different degrees of water contact 
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related to the three-dimensional architecture of the embryo, so we could not expect labeling 
protocols from cell monolayers to work in zebrafish embryos. Therefore, we to inject 4sU at 
the one-cell stage. The second challenge was to combine the iodoacetamide treatment with a 
microfluidic system for single cell transcriptome analysis. Iodoacetamide is not transported 
across the cell membrane, so in previous studies, cells had been lysed to accomplish the 
chemical conversion. Here, we aimed at increasing the membrane permeability by methanol 
fixing the cells, followed by chemoconversion of 4sU and a microfluidic single-cell RNA-seq 
experiment. 

5.3 RNA A-to-I editing as a cellular mechanism to expand transcriptome 
diversity 

Biology offers a rich repertoire of mechanisms to regulate the fate of RNA molecules after they 
have been synthesized in the cell nucleus; differential splicing, polyadenylation, nuclear 
retention and the regulation of translational activity are only some. One important mechanism 
directly targets the RNA sequence, and specifically edits adenine bases into inosines. This 
reaction is catalysed by enzymes called “adenosine deaminase acting on RNA” (ADAR), which 
specifically bind double-stranded RNA molecules, and are represented by three different 
genes in the human genome: ADAR1 and ADAR2 are thought to be the catalytically active 
proteins, while there is no reported role for ADAR3 so far. Interestingly, an embryonic 
homozygotic knockout of ADAR1 is lethal in mice (Hartner et al., 2004; Wang et al., 2004), but 
can be rescued by knocking out a sensor protein for double-stranded RNA molecules, MDA5 
(Liddicoat et al., 2015). This suggests that the main purpose of A-to-I editing in mammalian 
development by ADAR1 is to dissolve double-stranded RNA structures that would otherwise 
trigger the innate immune response (Mannion et al., 2014; Liddicoat et al., 2015; Pestal et al., 
2015). 
Since ribosomes recognize inosine as a guanosine during translation, RNA editing can also 
be employed to specifically change the amino acid sequence of a protein and therefore 
diversify the putative proteome. A well-studied example are AMPA receptors in the mouse 
brain: the glutamate receptors exist as a tetramer of glia1-glia4, and one editing event in the 
glia2 subunit leads to an amino acid exchange from glutamine to arginine (Q/R) in the pore of 
the ion channel (Brusa et al., 1995). The positive charge of the arginine renders the channel 
impermeable for Ca2+ ions, and decreases the channels conductance by about tenfold (Brusa 
et al., 1995). Alterations of the otherwise quantitative editing at this side result in premature 
death, epilepsy and other neurological disfunctions (Brusa et al., 1995; Feldmeyer et al., 1999; 
Krestel et al., 2004). 

Despite the rare and specific examples of RNA editing in mammals, it has also been described 
as a general mechanism to increase the proteome plasticity in coleoid cephalopods, especially 
in behavioural sophisticated octopuses, like Octopus vulgaris (Liscovitch-Brauer et al., 2017). 
In their work, the authors identified some ten thousand protein recoding sites in two octopus 
species, with the cost of a higher DNA sequence conservation around the editing sites, and 
hence an overall slowed down genome evolution. 

In zebrafish, however, A-to-I editing is not well studied yet. Previous studies showed that the 
genome encodes for four ADAR enzymes (Savva, Rieder and Reenan, 2012; Shamay-Ramot 
et al., 2015), but how ADAR enzymes shape the zebrafish transcriptome is still an open 
question. We wanted to investigate whether it provides an additional layer of regulation for 
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maternal mRNA in the first hours of development, before zygotic transcription starts. It could 
further be a suitable mechanism to fine-tune neuronal activity, or the animals adaption to 
different environmental conditions, like the water temperature. 
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6. Aims of this thesis 
To systematically characterize RNA localization patterns and the fate of localized maternal 
transcripts, we performed a spatio-temporal analysis of the early embryonic transcriptome of 
zebrafish. For that, major improvements for two methods were necessary: First, I needed to 
increase the resolution of the tomo-seq technique and optimize the experimental workflow with 
regard to a higher robustness towards lower RNA input. Second, we required an in vivo, high-
throughput single-cell RNA labeling protocol to distinguish maternal from zygotic transcripts 
during gastrulation. With these methods we answered the following questions: 

 

Which genes are localized vegetally in the one-cell stage zebrafish embryo? Can we identify 
additional localization patterns? As a tool to answer this question, I employed the optimized 
tomo-seq protocol that I set up in the beginning. 

 

What is the role of these maternal transcripts later in development? To which cell types do they 
contribute? To follow maternal transcripts during development, we used high-throughput 
scSLAM-seq to differentiate between maternal and zygotic transcripts at gastrulation stage, 
when cells undergo first cell fate decisions. 

 

How conserved is the vegetal localization of genes in Xenopus species? How well conserved 
are localization motifs between zebrafish and Xenopus? Assuming that the localization 
machineries are evolutionarily conserved between the species, do zebrafish and Xenopus 
frogs localize similar sets of genes? To compare localized genes, we additionally performed 
tomo-seq experiments on mature X. laevis and X. tropicalis oocytes. Further, we performed a 
k-mer enrichment analysis of 3’UTRs to investigate localization elements. The extent of motif 
conservation could thereby serve as a measure for the evolutionary conservation of the 
localization machineries. 

 

Can we experimentally identify 3’UTR fragments that are sufficient for vegetal localization? As 
a proof of principle for follow-up projects, I designed a massively parallel injection assay to 
simultaneously screen multiple sequence fragments for their localization competence. 

 

In a second project, we wanted to investigate RNA A-to-I editing in the zebrafish. We were 
specifically interested in the extent of RNA editing during zebrafish development and in organs 
of the adult fish. We generated the first comprehensive atlas of editing sites in zebrafish and 
identified recoding sites in 55 genes expressed in the brain. 
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7. Results 

7.1 High resolution spatial transcriptomics with tomo-seq 

 Methodological development of tomo-seq 
The method tomo-seq was first published in 2014 by Junker et al. (Junker et al., 2014), where 
it was used for the 3D-reconstruction of gene expression patterns in zebrafish embryos 6 hours 
post fertilization (hpf). At this developmental stage, the embryo already has about 10,000 
transcriptionally active cells. At the beginning of my thesis, my goal was to set up an 
experimental protocol that would work with a considerably lower mRNA input and at higher 
spatial resolution, so that I could a) use it to systematically acquire spatial mRNA gradients in 
the one-cell stage zebrafish embryo, and b) to make the method available for multicellular 
systems with inherent mRNA gradients. The protocol was published in 2019 (Holler and 
Junker, 2019), and Diag et al. (Diag et al., 2018) and Hagedorn et al. (Hagedorn et al., 2019) 
transferred it to the C. elegans gonad and the zebrafish stem cell niche for haematopoiesis, 
respectively. In the following, I will briefly describe the changes I introduced to the original 
protocol. 

The first published tomo-seq protocol was based on the CEL-seq workflow, consisting of a 
Trizol RNA extraction step, a reverse transcription (RT) of cellular mRNA into double-stranded 
cDNA, a linear preamplification step with an In-Vitro-Transcription (IVT) reaction, and a final 
reverse transcription, followed by a library PCR to result in a sequenceable library. Biochemical 
reactions are less than 100% efficient and the more reactions are performed after another, the 
lower we expect the transcript capture rate to be. Indeed, with CEL-seq 1, we capture around 
5% of the cellular transcripts (Svensson et al., 2017). Notably, the loss of material before the 
first amplification step, the IVT, is particularly dangerous to the amount of information, or library 
complexity, that can be theoretically be obtained after sequencing. 

To increase the RNA recovery rate in the first steps of the protocol, I introduced the following 
steps from the CEL-seq2 protocol (Hashimshony et al., 2016):  
1. Pre-annealing of the first RT primers at a higher temperature than the reaction 
temperature itself highly increased efficiency. 

2. Use of the more sensitive enzyme SuperscriptII for the first RT increases cDNA 
concentration – the sensitivity can be increased even more by using SuperscriptIV (data 
not shown). 

3. Clean-ups are performed with magnetic beads instead of columns. 
4. Illumina adapters are introduced using elongated RT primers instead of ligation steps. 
5. Sequencing adapter were swapped between first and second RT primers, to avoid 
sequencing stretches with low-complexity (polydT) at the timepoint when the sequencer 
performs quality checks. 

With these modifications, the molecular biology part of the protocol was sensitive enough to 
recover very low amounts of RNA. To perform tomo-seq on one-cell stage embryos, I had to 
address an additional issue: The embryos are transparent and hence not visible after freezing 
them in cryomedium. While their transparency is useful for microscopy-based methods, I had 
to perform the cryosectioning fully blind. I facilitated the sectioning by placing a small blue 
polyacrylamide bead between the edge of the block, where I would start to cut, and the sample. 
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To make the process of sample sectioning more robust and reproducible, I additionally 
calculated the distances between edges, bead and sample (Figure 12a). 

 Tomo-seq robustly recovers spatial mRNA gradients in one-cell stage 
embryos 

After having set up the protocol, I sectioned one-cell stage zebrafish embryos at a resolution 
of 10 µm into 96 sections each, for a total of three independent samples (Figure 12a). After 
sequencing and data mapping, I found that most of the reads were distributed to the area of 
the blastodisc – the part of the embryo, where the first cell separates from the yolk sac and will 
undergo rapid cell division to form the embryo. I accounted for this pattern by normalization to 
transcripts counts per section, and recovered known localization patterns for important 
developmental genes (examples in Figure 12b and c). In total, we recovered spatial patterns 
for an average of 7300 genes, and their expression values spanned five orders of magnitude 
(Figure 13). Notably, with an average of 61 M reads per sample, we did not exhaust the 
maximal complexity of these libraries, shown as UMIs and reads per gene, in Figure 12d. The 
maximum number of possible UMIs can be estimated with the following formula (Grün, Kester 
and Van Oudenaarden, 2014):  

𝐲 = 𝒃 ∗ %𝟏 −	𝒆
!	𝒙
𝒃 *   , with 𝒃 = #𝒔𝒆𝒄𝒕𝒊𝒐𝒏𝒔 ∗ 𝟒𝑼𝑴𝑰	𝒍𝒆𝒏𝒈𝒕𝒉  (Equation 1) 

Since our approach uses a UMI length of 6 bases and 96 section barcodes, the maximum 
number of UMIs per gene can be ~390,000 (green line in Figure 12d) and is not reached in our 
experiments. Gene expression between replicates correlates well, as is shown exemplary in 
Figure 13. 

 

 
Figure 12: Subcellular tomo-seq recovers spatial mRNA gradients.  
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a. Experimental outline. The embedded embryo is sectioned along its animal-vegetal axis into 96 
sections. RNA is extracted in individual tubes, subsequently reverse transcribed and barcoded. After 
the barcoding step, the samples can be pooled, amplified and sequenced. Histogram shows exemplary 
distribution of transcripts per section. b. Recovery of known spatial patterns with whole-mount in situ 
hybridizations (top) and tomo-seq tracks (bottom) of vegetally localizing genes dazl and trim36. c. Tomo-
seq tracks of important developmental, vegetally localized genes celf1, wnt8a, grip2a. For b and c, 
normalized expression values are shown (see Methods). d. Sequencing depth as UMIs and reads per 
gene. The distribution follows a saturation curve that describes the maximum number of UMIs, 
depending on the number of sections and the UMI length and on the number of reads per gene, as 
determined by Grün et al. (Grün, Kester and Van Oudenaarden, 2014). 

 

 

Figure 13: Correlation of gene 
expression between replicates. 

Scatterplot with raw counts per gene from 
two different tomo-seq replicates in 
zebrafish. Libraries have been normalized 
for sequencing depth. Purple line is a 
linear fit of the data, Pearson’s correlation 
coefficient R = 0.99. The difference in 
scale between the x- and y-axis is caused 
by different sequencing depths of the 
respective libraries. 

 

 

 

To systematically categorize gene expression patterns for the full transcriptome, we first 
calculated cumulative expression patterns and normalized the summed-up expression to one 
(Figure 14a and b). This resulted in smoothened expression patterns which were then sorted 
by a self-organizing map (SOM) into 50 profiles on a linear axis (Yin, 2008). Indeed, using 
cumulative expression patterns (Figure 14b) instead of expression patterns that were simply 
normalized to reads per section (Figure 14a), significantly reduced the impact of technical 
noise as a confounding factor and overall improved the classification of localization patterns.  

As a result of the SOM classification in Figure 14c, we find three major groups of spatial 
patterns: one that includes genes localized to the animal pole of the embryo (profiles 1 to 8), a 
second group that shows no clear localization, and vegetally localized genes in a third group 
(profiles 46 to 50). The classification with self-organizing maps works reproducibly between 
replicates, especially for genes from the first or third category, as shown in Figure 14d. It is 
likely that genes we find animally localized are a mixture of transcripts that had been localized 
before fertilization, as transcripts that are transported in an unspecific, cell-directed manner 
called ‘cytoplasmic streaming’ (Schier and Talbot, 2005). In contrast, vegetally localized genes 
have not only been specifically transported to the extra-embryonic part, but have been retained 
there, probably through an anchoring mechanism (Yisraeli, Sokol and Melton, 1990).  

Pearson’s R = 0.99 
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Figure 14: Data processing and SOM clustering. 

a. Exemplary tomo-seq tracks for genes that are vegetally localized, not localized or animally localized, 
respectively. b. Cumulative expression patterns for the genes in a. The sum of the counts for any gene 
is normalized to one. c. Heatmap of cumulated gene expression. Animal-to-vegetal position on the x-
axis, genes sorted into profiles on the y-axis. d. Correlation of profile assignment to all genes from two 
tomo-seq replicates in zebrafish. Profiles 1 (animally localized) to 50 (vegetally localized) of replicate 1 
on the x-axis, profiles 1 to 50 on the y-axis. Dots are genes. Dashed lines are cutoffs for animal (red) 
and vegetal localization (blue), respectively.  

Genes that show vegetal localization in late oogenesis and shortly after fertilization have been 
shown to have important regulatory functions in the determination of the dorsal-ventral axis 
and in the specification of germ cells during embryonic development (Langdon and Mullins, 
2011; Welch and Pelegri, 2014). Since only a few genes are known to localize vegetally, I was 
motivated to investigate this group of genes with vegetal localization in more detail. I therefore 
compared genes in profiles 48 to 50 in the three replicates, and found an overlap of 66 genes 
being reproducibly localized to the vegetal pole of the embryo (Figure 15b). When I examined 
the expression of genes in the profiles 48 to 50 for two of the replicates, I find that some genes 
are only expressed in one of the samples. A likely interpretation is that due to different 
sequencing depths of the libraries, lowly expressed genes pass the applied expression filter in 
one of the samples, but not in the other (Figure 15b). Additionally, inter-embryo variation can 
also contribute to such effects. When searching for the profiles that the localized genes from 
replicate 1 fall into in replicate 3, I found that a large part of genes had been sorted in profiles 
46 and 47, just below the cutoff for localization (orange bars, Figure 15c). I manually reviewed 
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localization patterns for genes from these categories (Figure 15d) and found that they also 
showed vegetal localization. I therefore expanded the criteria for a gene to be categorized as 
vegetally localized to the following: If a gene had been sorted by SOM into profiles 46-50 in 
three replicates, and at least into profile 48 in one replicate, I defined it as vegetally localized. 
Applying these conditions, we found 97 genes to be vegetally localized in the one-cell stage 
embryo. 

 
Figure 15: Capturing spatial patterns reproducibly between replicates.  

a. Heatmap of cumulative expression patterns. Spatial position along the animal-vegetal axis of the 
embryo on the x-axis, genes as sorted by SOM into profiles 1-50 on the y-axis. Animally localized genes 
are at the top. b. Venn-diagram showing the overlap of vegetally localized genes in different replicates 
(profiles 48-50). c. Histogram of profile numbers of genes that are not localized in both of the replicates 
1 and 3. Most of the genes were only recovered in one sample (blue bar), or fall into profiles just below 
the cutoff (orange). Left side: Profiles of genes assigned vegetal localization in replicate 3, but not in 
replicate 1. Right side: Profiles of genes of replicate 3, found vegetally localized only in replicate 1. d. 
Exemplary tomo-seq tracks of genes that fall into the orange bar in c: dnd1, ca15b, bach2a. 

Whole-mount in situ hybridization (WISH) for seven vegetally localized genes with varying 
expression amplitudes, as well as for the animally localized gene exd2, confirmed the 
localization patterns that we found in our tomo-seq data (Figure 16). 
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Figure 16: Whole-mount in situ hybridization of selected genes. 

Comparison of tomo-seq and WISH for selected newly described vegetally localized genes as well as 
for the animally localized gene exd2. Scale bars represent 200 µm. 

With the recent advances in the field of spatial transciptomics, new tools have been developed 
to detect spatial differentially expressed genes. To test whether these algorithms were better 
suited to identify spatial patterns in our data, we reanalyzed the tomo-seq dataset with 
SpatialDE (Svensson, Teichmann and Stegle, 2018). This algorithm aims at identifying 
spatially significant and differentially expressed genes. We adapted the workflow to our data 
along a linear axis, and of 6863 genes, only found 31 to be spatially differential. Of these, 15 
had been characterized as vegetally localized in our previous analysis. The algorithm finds 
three of the earlier published vegetally localized genes, among them grip2a and dazl, but 
misses others, like wnt8a. One important difference between the analyses with SpatialDE and 
self-organizing maps is that SpatialDE includes a significance test and hence results in a short 
list of spatially significant, differentially expressed genes. While significance testing is essential 
for (unique) histological samples, we used SOM to sort a given set of localization patterns, and 
assessed the reproducibility of our data with biological replicates and by whole-mount in situ 
hybridizations. Importantly, we accounted for technical variability between sections by using 
cumulative expression patterns, which SpatialDE, to our knowledge, does not do. We think 
that SpatialDE is a valuable computational tool to find spatial expression patterns for sample 
types where reproducibility is not easily tested. However, due to a relatively high signal-to-
noise ratio especially for the lowly expressed genes, it is not well-suited for our tomo-seq data. 

When I compared our set of 97 vegetally localized genes to previously published research, I 
found five genes that had been confidently been known to localize vegetally before the start of 
this work: wnt8a and grip2a are important for establishing the dorsal-ventral axis (Lu, Thisse 
and Thisse, 2011; Ge et al., 2014). Dazl encodes for an RBP involved in 3’UTR mediated 
mRNA stabilization (Maegawa, Yasuda and Inoue, 1999) and syntabulin interacts with kinesin-
like proteins to transport RNA to the cleavage furrows of four-cell stage embryos (Oh and 
Houston, 2017), both genes contribute to the proper development of germ cells (Kosaka et al., 
2007; Oh and Houston, 2017). Celf1, or bruno-like, also encodes a protein that binds 3’UTR 
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sequences of mRNA, and is expressed in oogenesis, and in the eye and lens (Suzuki et al., 
2000; Matsui et al., 2012; Siddam et al., 2018). A sixth gene, hook2, was confirmed as a 
vegetally localizing germ cell factor during the course of this project (Roovers et al., 2018). Its 
human orthologue encodes a protein that is involved in microtubule organization and 
intracellular transport (Xu et al., 2008; Gaudet et al., 2011).  
From the other 91 genes, some had been reported to localize to the vegetal pole in Xenopus, 
like trim36 and rnf38 (Cuykendall and Houston, 2009; Owens et al., 2017). Additionally, I found 
that several of the vegetally localized genes are zygotically expressed in neural tissues and 
the developing eye later in development, for example anln (actin binding protein) (Paolini et 
al., 2015), camk2g1 (calcium/calmodulin-dependent protein kinase II gamma 1) (Rothschild, 
Lister and Tombes, 2007), celf1, shcbp1 (SHC SH2-domain binding protein1), zswim5 (zinc 
finger, SWIM-type containing 5) and trim36 (tripartite motif containing 36) (Loppin et al., 2001). 
While a GO-term analysis did not point towards a specific pathway or a common function of 
these genes, vegetally localized transcripts in Xenopus oocytes had previously been reported 
to be substantially expressed in neural structures like the eye, cranial glia, the neural tube, the 
brain and the otic vesicle at tailbud stages (~2 dpf) (Owens et al., 2017). However, the authors 
did not identify a specific function for these genes.  
The kinase camk2g1, however, contributes to early dorsal-ventral patterning by non-canonical 
Wnt-signaling, and the knockout of one of these ligands additionally causes eye malformations 
and cell migration effects (Kühl et al., 2000; Westfall et al., 2003). As a sensor of intracellular 
calcium levels, camk2g1 propagates non-canonical Wnt-signaling induced by wnt5 and wnt11 
(Kühl et al., 2000). These ligands increase the frequency of intracellular Ca2+ waves through 
complex intracellular signaling networks, and act antagonistically to Wnt/b-catenin (Westfall et 
al., 2003). A constitutively active camk2g1 rescued the knockout of wnt5, implicating that the 
kinase is the main downstream sensor of Ca2+ levels in the developing embryo. Wnt11 
knockout embryos showed defects in the development of the eye (Figure 17) as well as cell 
movement defects like incomplete cell migration during epiboly (Westfall et al., 2003). While 
the authors did not perform the same rescue experiments in this case, it seems likely that a 
constitutively active camk2g1 could restore neural phenotypes for wnt11 knockout embryos. 

 
Figure 17: Eye-developmental defects in wnt5-/- embryos. 

Figure from Westfall et al., 2003. Lateral view of embryos 24 -36 hpf, anterior to the left. a. Wildtype 
embryo, the arrow indicates one eye, the dashed line marks the tail. b. The Wnt11-/- mutant (slb-/-) has 
a fused eye, the arrow indicates the lens. 

These studies demonstrate that camk2g1 modulates an important signaling pathway that is 
active at two different developmental timepoints: during the dorsoventral axis specification in 
early embryogenesis and during the differentiation and maturation of neural tissues, possibly 
by affecting cell migration processes. Further biological studies are needed to test whether this 
is also the case for other vegetally localized genes. 



28 

 

 

A synopsis of all vegetally localized genes in zebrafish can be found in supplementary table 2 
in Holler et al., 2020. 

We conclude that, based on the studies listed above, vegetal transcripts could fulfill multiple 
different functions in early embryonic development. To systematically characterize the role of 
these vegetally localized genes, we hypothesized that by finding the cell types that these 
transcripts would primarily contribute to, we could infer functional roles for the localized genes. 
The first time point in zebrafish embryonic development, for which scientists have imposed a 
map of cell fates, is the onset of gastrulation at 6 hpf (Schier and Talbot, 2005). The zygotic 
genome is already activated at 3 hours post fertilization, so at gastrulation stage, cells contain 
a mixture of maternal and zygotic transcripts. To follow localized maternal transcripts 
throughout development until gastrulation, we would hence have to distinguish newly 
transcribed zygotic mRNA from already existing, maternal mRNA. Before the beginning of this 
dissertation, there have been protocols to differentiate existing from newly transcribed RNA by 
RNA labeling (see introduction chapter 5.2.2). This was further taken to the single cell level by 
different groups (Hendriks et al., 2018; Schofield et al., 2018; Erhard et al., 2019; Qiu et al., 
2020) in the following years, but the methods were restricted to cell culture systems and, apart 
from Qiu et al., plate-based and limited in throughput. To further investigate the fate of maternal 
transcripts in developing embryos, we developed a single-cell RNA metabolic labeling 
approach for the application in living animals. Furthermore, our protocol is compatible with the 
common microfluidic platform from 10X Genomics and hence enables a higher throughput of 
cells for a single experiment. 

7.2 Detection of newly synthesized mRNA with scSLAM-seq on the 10X 
microfluidic system 

 A high-throughput scSLAM-seq protocol for in vivo application in 
zebrafish embryos 

We wanted to follow maternal transcripts on a systematic level, and to catch even very rare 
cell types such as primordial germ cells. So, we aimed at an RNA labeling protocol that can be 
integrated into a high-throughput single cell transcriptomic workflow.  

As a basis for our method, we used the idea to introduce thiol uridines into cells that would be 
incorporated into RNA and later be chemically modified with iodoacetamide into a cytosine 
analogue, published first by Cleary and applied to single cells by Erhard et al. (Cleary et al., 
2005; Erhard et al., 2019). During library preparation, a reverse transcriptase translates these 
conversions into A-to-G mutations, which can be read out after sequencing as T-to-C 
conversions. To apply this method in the zebrafish embryo, we had to overcome two major 
challenges: First, we had to deliver the modified uridine into the cells of the embryo. These are 
growing in layers and hence hinder a simple diffusion-based transport. Second, we wanted to 
perform the iodoacetamide conversion in intact cells. Erhard et al. (Erhard et al., 2019) did this 
after lysing the cells in wells of a 384-well plate, which makes this method incompatible with 
microfluidic systems.  

Incubation of dechorionated embryos in 4-Thiouridine (4sU) did not yield significant RNA 
labeling. Since its triphosphate, 4sUTP, had been successfully used in bulk injection 
experiments to label early zygotic transcription (Heyn et al., 2014), we wanted to use this 
attempt to deliver the labeling agent into embryonic cells. Additionally, 4sUTP has the benefit 
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that it is ready to be incorporated immediately into the RNA without further metabolic 
conversion. Indeed, we observed efficient labeling in bulk experiments (data not shown). Next, 
we wanted to convert incorporated thiouridines in intact, single cells. We hypothesized that by 
permeabilizing the cell membrane, iodoacetamide could penetrate the cell more easily. A 
methanol fixation would serve two purposes here: It permeabilizes the cell membrane, and 
fixes the RNA inside so it would not leak and contribute to ambient RNA. As a side effect, RNA 
could be partially fragmented, but this would not negatively influence transcript capture with 3’ 
biased 10X Genomics chemistry. In Figure 18a, we show base mutation rates of methanol 
fixed, injected embryos, and find strongly increased T-to-C mutation rates in the 4sUTP 
injected sample. Inspecting T-to-C mutation rates gene-wise, we find a bimodal distribution of 
genes in the 4sUTP injected sample in contrast to the control sample, suggesting efficient 
labeling of a broad number of genes.  

 
Figure 18: T-to-C mutation rate is specifically and significantly higher in 4sUTP injected embryos. 

a. Nucleotide mutation frequencies of a scSLAM-seq library after injecting 4sUTP or Tris and quality 
filtering of the data. b. Histogram of T-to-C mutations in 4sUTP- and Tris-injected embryos.  

Based on these experiments, we set up a protocol with the following steps (Figure 19a): 
Embryos were injected at the one-cell stage with 4sUTP, dechorionated and dissociated at 
shield stage (around 6 hpf). The cells in suspension were then methanol fixed, and 4sU is 
derivatized with IAA. The transcriptomes were then captured with the 10X Genomics 3’ kit 
(chemistry v3). We applied this protocol to shield stage embryos and analyzed the expression 
of labeled and unlabeled RNA with custom code.  
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Figure 19: scSLAM-seq in zebrafish embryos: workflow. 

Schematic representation of the protocol: 4sUTP injection into zebrafish one-cell stage embryos, 
dechorionation, dissociation into single cells at gastrulation stage and methanol fixation (see Methods). 
Incorporated 4sU is converted in a SN2 reaction with iodoacetamide into a cytosine analogue. Single 
cell solution is then loaded onto a microfluidic device, chemical labels introduce SNPs during the first 
reverse transcription. 

 Following the fate of maternal transcripts with scSLAM-seq 
With the aim of distinguishing maternal from zygotic transcripts in gastrulation stage embryos, 
we performed scSLAM-seq in shield stage zebrafish embryos and sequenced a total of 7472 
cells. This resulted in a dataset each for labeled, zygotic RNA, and for unlabeled, maternal 
RNA. We mapped and analyzed the data with custom code.  

We clustered cells based on their labeled transcriptome and found eight cell clusters with 
specific marker gene expression (Figure 20a). We also clustered cells on the information of 
their maternal transcriptome, imposed cell identities as defined on labeled (zygotic) RNA and, 
as expected, found that cell types separate much better when clustered on new, zygotic RNA. 
A remarkable exception are cells from the enveloping layer and primordial germ cells (PGCs), 
which also had the most distinct marker gene expression (Figure 20b). Interestingly, these cell 
types were characterized with the most extreme labeling rates: Cells of the enveloping layer 
have the highest observed labeling rates, indicating high transcriptional, and likely also 
proliferative activity (Figure 20c). In contrast, PGCs have the lowest observed labeling rates, 
which is in accordance with reports showing a constant and low number of PGCs before the 
onset of gastrulation (Raz, 2003; Yoon et al., 2016). 
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Figure 20: scSLAM-seq recovers early zebrafish development 

a. UMAP representation of cells based on labeled RNA (left side) and unlabeled RNA (right side). For 
the latter, we imposed cell identities as determined on the basis of labeled RNA. b. Marker gene 
expression of labeled cells in different cell types. Cell number per cluster was down sampled to equal 
numbers. c. Transcript labeling efficiency in single cells in percent, projected on the UMAP 
representation for labeled RNA. 

I then investigated whether the maternal, vegetally localized genes are enriched in any of the 
cell types. From 97 localized genes, I still detected transcripts for 91 genes after 6 hours of 
development. Among the degraded transcripts, I found the important dorsal-ventral axis 
determinant syntabulin. I additionally filtered out lowly expressed genes, and for the remaining 
47 genes, calculated the expression fold change for cells of every cell type against all other 
cells (Figure 21a). I found that vegetally localized genes are highly enriched in the PGCs (p-
value = 4.67*10-5, Welch’s t-test), and that 28 genes are marker genes for that particular 
cluster, with ppp1r3b and itpkca having the highest fold change. Of the genes that passed the 
expression filter, 22 are more than twofold higher expressed in PGCs than in other cells. When 
investigating the log2 fold change distribution of vegetally localized genes in the PGC cluster, 
I noticed that it follows a bimodal distribution (dashed line in Figure 21b) and hypothesized that 
only a part of the vegetally localized genes are enriched in PGCs and thus could have a 
functional role in this cell type, while the rest of the vegetally localized genes shows an 
enrichment at a level comparable to other cell types. Indeed, I could deconvolve the bimodal 
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distribution (dashed line) into two normal distributions (light and dark blue in Figure 21b). The 
distribution in light blue resembles a distribution of randomly sampled genes (light grey), while 
the one in dark blue shows a significant higher mean value (p-value = 1.7*10-4, Welch’s t-test). 
This supports our hypothesis that some genes are strongly enriched in PGCs, and these would 
contribute to the deconvolved distribution in dark blue. Since the deconvolved distributions 
have a considerable overlap, it is difficult to assign genes to one of these distributions with 
certainty. However, for six of the genes with the highest fold change in PGCs, the average 
maternal expression in the different clusters is significantly higher in PGCs (Figure 21c). For 
orientation, the maternal expression for the established germ cell markers h1m (linker histone 
H1M), dnd1 (dead end 1) and buc (bucky ball) are shown on a UMAP representation (Figure 
21d).  

 
Figure 21: High-throughput scSLAM-seq follows the fate of maternal transcripts until 
gastrulation.  

a. Fold change enrichment of maternal vegetally localized genes for different cell types vs. all other cells. 
Genes with an average expression lower than 0.1 were excluded from this analysis. Red bars represent 
mean values. b. Deconvolution of the bimodal distribution of vegetally localized genes in PGCs (black 
dashed line) into two normal distributions (light and dark blue). Mean value of dark blue distribution is 
significantly higher than of a randomly sampled distribution (meangray = 0.4, meandarkblue = 1.52, p-value = 
1.7*10-4, Welch’s t-test). c. Average expression of most highly enriched genes in PGCs in different cell 
types. d. Unlabeled RNA expression of established germ cell markers on a UMAP representation. 

While here, I focused the analysis of the scSLAM-seq dataset mainly on formerly vegetally 
localized genes, one could ask whether the tendency of maternal transcript enrichment in 
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primordial germ cells applies to other genes as well. To answer that question, I filtered 
unlabeled genes with an average expression higher than 0.1 transcripts/cell, and calculated 
the expression fold change for different cell identities versus all other cells (Figure 22: 
Enrichment of all maternally expressed genes in different cell identities at 6 hpf.Figure 22). 
Indeed, we found a general enrichment of maternal transcripts in primordial germ cells: Out of 
4541 genes after filtering, 205 genes were enriched in PGCs (log10FC>2) and additionally had 
higher fold change values when compared to other cell identities.  

 

 

Figure 22: Enrichment of all 
maternally expressed genes in 
different cell identities at 6 hpf. 
Expression fold changes of 
unlabeled, maternally expressed 
genes for different cell identities 
versus all cells. Yellow bars are mean 
values. Genes with less than an 
average of 0.1 transcripts/cell were 
excluded from the analysis. Cell 
identities from left to right: 
undetermined, ectoderm, non-axial 
mesoderm, non-axial/ventral 
mesoderm, axial mesoderm/dorsal 
organizer, prospective neural plate, 
enveloping layer, prospective 
primordial germ cells. 

To investigate possible functions of maternal transcripts in embryonic cells at gastrulation 
stage, we explored cell-cell interactions by reanalyzing our single-cell dataset with 
CellPhoneDB (Efremova et al., 2020) and genome orthology data (Agapite et al., 2020). We 
first identified ligand-receptor pairs between cell types at 6 hpf and filtered for statistically 
significant ones, which are depicted on the x-axis of Figure 23. We then calculated the fraction 
of maternal transcripts of the respective interaction partners, with zero referring to an 
interaction that was exclusively driven by zygotic transcripts and one representing an 
interaction entirely driven by maternal transcripts. Figure 23 shows a heatmap of the results: 
Here, we found a clear enrichment of maternal interaction partners in primordial germ cells and 
the prospective neural plate, while the potential other interaction partner came from varying 
cell types (Figure 23, boxes outlined in orange and red). The interaction between lamp1 and 
fam3c particularly stands out as signaling pathway with a high maternal contribution, not only 
in PGCs and the prospective neural plate, but also in cells of the enveloping layer and the 
mesoderm (Figure 23). Lamp1b was enriched as a maternal gene in primordial germ cells 
(Figure 24) and interacts with the secreted ligand FAM3C. This protein was previously linked 
to the epithelial-to-mesenchymal-transition and tumor metastasis, as well as the formation of 
the retinal laminar structure in mice (Waerner et al., 2006; Katahira et al., 2010). These studies 
suggest that the interaction of lamp1b and fam3c could have a potential role in cell migration 
processes during zebrafish gastrulation as well. 
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Figure 23: Interaction of cell identities via different pathways, analysis with CellDB. 

CellPhoneDB analysis and heatmap by Bastiaan Spanjaard and Anika Neuschulz. From a scSLAM-seq 
dataset at gastrulation stage, we identified ligand-receptor pairs at a cell type level, filtered for 
statistically significant ones and colored them in this figure. For each of the interaction partners, we 
calculated the fraction of maternal transcripts per cell type and color-coded the averaged the values for 
the respective interacting pairs. 
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Figure 24: Average expression of lamp1b in cell types at 6 hpf. 

Lamp1b encodes for the lysosomal associated protein 1b, and is enriched in zebrafish primordial germ 
cells at gastrulation stage (6 hpf). Figure shows violin plots of averaged, normalized gene expression 
per cell identity. Clusters in the legend correspond to left-right order in the plot. 

In summary, we show that we can assess mRNA localization patterns in the zebrafish embryo 
globally, and found 97 vegetally localized genes. From these, a large part is being transported 
to the primordial germ cells until gastrulation stage, and we suggest a functional role for them 
in germ cell development. We further identified an enriched interaction between maternally 
expressed lamp1b and fam3c which is potentially involved in controlling cell migration 
processes. 

Next, we were interested to which degree the vegetal localization of germ cell factor candidates 
is evolutionarily conserved. A study from Knaut et al. (Knaut et al., 2002) showed that 
sequences from the zebrafish germ cell gene vasa were able to drive localization in Xenopus 
oocytes. Another study showed that the localization mechanisms between two Xenopus 
species X. laevis and X. tropicalis were at least partial functionally overlapping (Claußen, 
Horvay and Pieler, 2004; Choo et al., 2005). We reasoned that Xenopus oocytes would be a 
suitable model to compare vegetal mRNA localization. 

7.3 Spatial transcriptome comparison between zebrafish embryos and 
mature oocytes of two Xenopus species  

 Tomo-seq of mature Xenopus oocytes identifies sets of localized mRNA 
Zebrafish and the two laboratory Xenopus species share a last common ancestor ~450 Million 
years ago (Figure 25b). Despite this rather distant evolutionary kinship, the three species store 
germ cell factors as well as factors for dorsal-ventral axis specification at the vegetal pole 
(Figure 25c). A study demonstrating the localization of the zebrafish vasa 3’UTR in Xenopus 
oocytes is further indicating the existence of common cis-regulatory elements for vegetal 
localization (Knaut et al., 2002). Overall, these hints suggest functional similarities of mRNA 
localization despite a considerable evolutionary distance. 
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Figure 25: Xenopus oocytes as a model. 

a. Light microscopy image of whole oocyte lobes from X. laevis and X. tropicalis before dissociation. b. 
Phylogenetic tree of Xenopus species and zebrafish. c. Deposition of germ plasm and dorsal factors in 
Xenopus before and after the first cell division. Artwork and pictures in a and c by K. Holler, pictures in 
b are derived from Xenbase.org and zfin.org. 

Existing spatial expression data for Xenopus oocytes were either obtained from pooled 
oocytes, or lacked a spatial resolution comparable to our tomo-seq data (Claußen et al., 2015; 
Owens et al., 2017; Sindelka et al., 2018). We therefore decided to produce tomo-seq datasets 
for mature X. tropicalis and X. laevis oocytes, in two replicates with a spatial resolution of 10 
µm and 16 and 18 µm, respectively. 

 
Figure 26: Xenopus tomo-seq 

a and b: Total transcript counts per section for tomo-seq experiments from (a) X. laevis and (b) 
X. tropicalis. c. Tomo-seq tracks of known vegetally localized genes rtn3.L, nanos1.L, grip2.L and 
trim36.L in X. laevis.  
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We filtered out lowly expressed genes and sections whose RNA content had not been 
amplified successfully. We normalized gene counts to the sum of transcripts per section and 
recovered spatial patterns of known localized transcripts (Figure 26c).  

 
Figure 27: Evolutionary conservation of mRNA localization between zebrafish and Xenopus. 

a. and b. Correlation of profile assignment to all genes of two replicates from X. laevis and X. tropicalis. 
Profiles 1-50 of replicate 1 on the x-axis, profiles 1-50 of replicate 2 on the y-axis; dots are genes. 
Dashed lines are cutoffs for animal and vegetal localization, respectively. c and d: Heatmap of z-score 
normalized expression per section in Xenopus oocytes, c: X. laevis, d: X. tropicalis. Genes on the y-axis 
as sorted into profiles 1-50 by SOM, spatial position along the animal-vegetal axis on the x-axis. 

As before, we calculated cumulative expression patterns and sorted them into 50 profiles along 
a linear axis by self-organizing maps. Gene clustering was well reproducible between 
replicates (Figure 27). In X. tropicalis, we identified 151 genes localized to the animal pole 
(1.5%) and 161 localized to the vegetal pole (1.6%). In X. laevis, we found 245 genes animally 
localized (1.9%) and 216 genes vegetally localized (1.7%). In agreement with previous findings 
(Claußen et al., 2015), we find an interspecies overlap of animally localizing genes of 30%, 
and an overlap of 50% for vegetally localizing genes. While previous studies of spatial 
transcriptomes in Xenopus oocytes have found either a very low number of animally localizing 
genes (0.2%, (Owens et al., 2017)), or a surprisingly high number (94.4%, (Sindelka et al., 
2018)), our study shows a comparable number of genes to be localized animally and vegetally. 
Especially in regard to further embryonic development in Xenopus with symmetric cell 
divisions, our estimation of localized transcripts seems more realistic. To better understand the 
data, however, I compared the animally localized genes from our tomo-seq datasets to 
previously published studies (Claußen et al., 2015; Owens et al., 2017; Sindelka et al., 2018). 
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Owens et al. removed animal and vegetal caps of mature X. laevis oocytes and subsequently 
prepared RNA-seq libraries. For a gene to be categorized animally, they required an 
expression higher than 5 FPKM (fragment pro kilobase million) and a 10-fold higher enrichment 
in comparison to the vegetal pole. They find 27 animally localized genes, of which 15 are 
annotated (Owens et al., 2017). The low number of genes they find enriched animally is likely 
caused by the stringent enrichment cutoff. Further, the authors require genes to be present at 
both poles. Due to the high functionalization of these subcellular compartments, this is not an 
obvious requirement and leads to missing genes that are expressed exclusively at one of the 
poles. While the comparison to our data was not possible for all genes due to different gene 
annotations, I only found one gene (prkag1.S) categorized as “not localized” (SOM profile 18) 
in our dataset. 

Sindelka et al. sectioned parallel aligned X. laevis oocytes into 5 sections and then prepared 
independent Illumina RNA-seq libraries. In their analysis, the authors don’t use standard RNA-
seq normalization methods, but instead introduce a new normalization method based on qRT-
PCR for ten genes (Sindelka et al., 2018). However, it is not fully clear how they calculated the 
percentage expression presented in their figures. Overall, they find 14,600 genes to be 
localized animally. As our datasets comprise a total of 12,894 genes, we don’t expect a detailed 
comparison to be very informative.  

The team of Claussen et al. provide the only study investigating RNA localization in two 
Xenopus species, using RNA-seq data of oocyte halves (Claußen et al., 2015). We expect this 
study to be better comparable to our data, as none of the above described discrepancies apply 
here. The authors calculated the logarithmic expression fold change between oocyte 
hemispheres and selected genes with values above 1. We compared their data to our tomo-
seq experiments and summarized the results in Table 1. Additionally, we investigated which 
SOM profiles the animally and vegetally localized genes from Claussen et al., 2015 are 
assigned to in our data (Figure 28). In general, we found a substantial overlap between the 
data. However, some genes had been categorized into profiles just adjacent to the cutoffs we 
set to define vegetal or animal localization. 

 
 X. laevis X. tropicalis 
 Claussen et al. Tomo-seq Claussen et al. Tomo-seq 
Vegetally localized 253 214 231 372 
Overlap vegetal 
genes 

108 174 

Animally localized 276 270 209 295 
Overlap animal 
genes 

90 133 

Table 1: Comparison of localized Xenopus genes between tomo-seq data and Claussen et al, 
2015. Prepared by Janita Mintcheva. 
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Figure 28: Comparing gene localization between Claussen et al., 2015, and tomo-seq. Figure 
kindly prepared by Janita Mintcheva. 

Correlation of SOM classification for two biological replicates per species. Profile numbers one to 50 
(vegetal-to-animal position) on x- and y-axis, respectively. Genes that are reported as animally localized 
in Claussen et al. are colored orange, genes that are reported to be localized vegetally are colored 
green. a. Data for X. laevis. b. Data for X. tropicalis. 

In summary, our data generally compares well to previously published data. The described 
deviations can be attributed to specific differences in the experimental or computational 
methods. We think that our results benefit from the high-resolution spatial transcriptome 
analysis and that the datasets provide a valuable resource for the scientific community. 

 Evolutionary conservation of gene localization in zebrafish and Xenopus  
I next investigated the overlap of vegetally localized genes between zebrafish and Xenopus 
species. As, according to the literature, there is a rather high level of evolutionary conservation 
between the species, we expected a high number of genes to be localized in all three of them 
(Claußen, Horvay and Pieler, 2004; Choo et al., 2005; Kosaka et al., 2007). While I found an 
overlap of 81 genes at the vegetal pole between Xenopus species, only nine of these were 
also localized to the vegetal pole of the zebrafish, showing a surprisingly variable transcript 
composition of the vegetal pole (Figure 29a). For these nine genes though, we can state with 
high certainty that they are true positives, since we find a high overlap of vegetally localized 
genes between species and provide a high resolution of the sequencing experiments (see 
chapter 7.1.2).  

 
Figure 29: Evolutionary conservation of gene localization. 

a b 
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a. Overlap of vegetally localized genes in zebrafish and Xenopus species, considering only genes that 
were expressed in all three species at the respective developmental stage. b. Overlap of animally 
localized genes in mature oocytes of X. laevis and X. tropicalis. 

The overlap of animally localized genes between the two Xenopus species is 53 genes (Figure 
29b). Here, the comparison to animally localized genes of the zebrafish can be misleading, 
since in zebrafish, the vast majority of RNA is being transported to the animal pole in a process 
called ‘cytoplasmic streaming’ (CB et al., 1995). It is therefore more likely - but not necessarily 
meaningful - to find a large overlap between animally localizing gene sets. 

Additionally, due to independent genome duplications in zebrafish and in X. laevis, it is not 
trivial to find gene orthologues for comparing localized gene sets. It is therefore possible that 
we missed some genes in our analysis. Another reason for false negatives could be that the 
expression for localized genes might be lower than our expression cut-off in one of the species. 
Therefore, I investigated localization and expression of the vegetally localized zebrafish genes 
in both Xenopus species. Of 97 genes, I found 53 to be expressed above the cut-off in 
Xenopus. In Figure 30a, I correlated the SOM profile numbers of zebrafish vegetally localized 
genes in frog tomo-seq. Indeed, a large fraction of the genes did not show localization in 
Xenopus oocytes. To test whether vegetal localization in Xenopus might be masked by a very 
low gene expression and hence a higher signal-to-noise ratio, I compared expression levels of 
the 53 common expressed vegetal genes (Figure 30b). After normalizing for different 
sequencing depths, I found that the expression levels of the 53 genes are actually higher in 
Xenopus than in zebrafish. Although this analysis was only done exemplary for a subset of the 
expressed genes, it suggests that technical noise was not a confounding factor in finding 
localized genes. 

 

 
 

Figure 30: Localization of 97 vegetally localized zebrafish genes in Xenopus oocytes. 

a. Comparison of gene expression patterns as SOM profile numbers in X. laevis and X. tropicalis for the 
53 common expressed genes. Dots are genes, dashed lines are cut-offs for vegetal localization. The 
genes in the bottom left corner correspond to conserved vegetally localized genes. b. Violin plots for 
normalized gene expression distribution for the 53 common expressed genes. 

While the number of conserved vegetally localized genes is lower than we expected, it allows 
us to propose a somewhat conserved role of these nine genes in germ cell development or 
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dorsal-ventral axis development. Table 2 summarizes the gene names and the described 
biological function and the protein class for these genes. Among them are well studied 
developmental regulators like dazl and syntabulin, but also less well characterized genes like 
ppp1r3b and rnf41, or genes that have only been studied in a very different biological context, 
like the calcium/calmodulin dependent protein kinase camk2g1. This gene has shown to affect 
the development of the inner ear (Rothschild, Lister and Tombes, 2007) and the translation of 
Calcium ion gradients into the left-right asymmetry of the embryonic body (Francescatto et al., 
2010), but is also enriched in primordial germ cells at the stage of gastrulation (see chapter 
7.2).  

gene name 
(zebrafish) biological function protein function 

dazl germ plasm component, translational activator 3‘UTR RNA binding 
sybu dorsal/ventral axis specification kinesin binding 
grip2a cytoskeleton organization, germ plasm receptor interaction 
rfn41 E3 ubiquitin ligase RING finger proteins 

rnf38 germ cell development in X.leavis (Owens et 
al., 2017) 

RING finger proteins 

trim36 regulation of cell cycle RING finger proteins 
ppp1r3b glycogen metabolism phosphatase 
ctdsplb regulation of RNA Pol II transcription phosphatase 

camk2g1 
expressed in gut, nervous system, neural tube, 
and involved in differentiation of inner ear 
(Rothschild et al., 2013) 

Ca2+-dependent 
kinase 

Table 2: Summary of genes with conserved vegetal localization in zebrafish, X. laevis and X. 
tropicalis 

To further characterize these conserved vegetally localized genes, I explored whether they are 
enriched in a particular cell type at gastrulation stage. For the maternal fraction of transcripts, 
I calculated the expression fold change between different cell types versus all other cells. Of 
nine genes, ppp1r3b, dazl and camk2g1 were above the expression cut-off in the scSLAM-seq 
data, and all three were enriched in primordial germ cells (Figure 31). The small phosphatase 
ppp1r3b and the kinase camk2g1 therefore represent new candidates for a potential role in 
germ cell specification and development. 
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Figure 31: Cell type enrichment of conserved vegetally localized genes. 

Maternal expression fold change of ppp1r3b, dazl and camk2g1 in cell identities versus all other cells 
from our scSLAM-seq data. Dots represent these genes, respectively, dashed line represents a fold 
change of one. Blue bars are mean values of expression of the three genes. 

Interestingly, anln, a gene that is localized in both zebrafish and X. tropicalis, and is also 
enriched in PGCs, (see Figure 21c), is not localized in oocytes of X. laevis. A sequence 
comparison of the three genes shows a large deletion of ~1 kb in the 3’UTR of the X. laevis 
ortholog, suggesting an important functional contribution of that sequence to the localization 
of the transcripts (Figure 32).  

 
Figure 32: 3’UTR conservation of anln. 

The 3’UTR of anln has a comparable large deletion in the species X. laevis. The transcripts of this gene 
are vegetally localized in Danio rerio and in X. tropicalis, but not in X. laevis. 

This also demonstrates that the scope of our analysis reaches beyond the number of nine 
evolutionary conserved genes, but can generally be used as a resource about mRNA 
localization and its sequence dependency for other scientists in the field. 

7.4 Sequence analysis of localized 3’UTRs 

Motivated by the high spatial resolution and the extent of our data for localized genes, we 
investigated common cis-regulatory elements in localized genes. Former studies have shown 
that these elements mainly reside in 3’ untranslated regions (Betley et al., 2002; Knaut et al., 
2002; Kosaka et al., 2007; Taliaferro et al., 2016), although rare exceptions exist (Saunders 
and Cohen, 1999; Claußen and Pieler, 2010). Exemplary deletion studies narrowed down the 
search space for localization elements to some hundred nucleotides in the zebrafish germ 
plasm genes dazl and vasa, but the exact nature of the localization elements in these genes 
still largely remained elusive (Kloc et al., 2000; Knaut et al., 2002; Kosaka et al., 2007). We 
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reasoned that our high-resolution spatial transcriptome datasets from three different species 
might now pave the way to a more systematic analysis of putative sequence elements. 

To further investigate 3’UTR sequences of localized mRNAs, we needed additional information 
about the expressed isoforms at this stage. Since tomo-seq only recovers the 3’-most part of 
transcripts, we cannot infer the expressed isoforms from this data, although for some genes, 
alternative polyadenylation sites enable the inference of isoform information (Diag et al., 2018). 
We therefore generated full-length coverage bulk RNA sequencing data of matching stage 
embryos, mapped the sequences to the newest genome version (danRer10) and extracted 
isoform information with the cufflinks pipeline v2.2.1 (Trapnell et al., 2010). For the analysis, I 
omitted transcripts with FPKM values lower than 10. 

I divided the expressed isoforms into two groups: transcripts of genes which were vegetally 
localized, and all other (background). I then extracted nucleotide sequences of expressed 
3’UTRs, based on the annotation danRer10, and weighted the lengths of vegetally localized 
3’UTRs isoforms according to the relative contribution to the expression of a gene ID. I 
compared the weighted lengths to the background, and found that they were on average 1.7-
fold longer (Figure 33a, meanvegetal = 1.06 kb, meanbackground = 0.6 kb, p-value < 2.2*10-16, 
Wilcoxon-test). In contrast to that, I only found moderate differences in the length of the coding 
sequences (Figure 33b, meanvegetal = 2.78 kb, meanbackground = 2.42 kb, p-value = 7.66*10-14, 
Wilcoxon-test), and no differences in the nucleotide composition (Figure 33d, meanGC = 0.37). 
Inspecting the weighted gene expression, I found vegetal genes to be expressed higher than 
other genes (Figure 33, meanvegetal = 64.1 FPKM, meanbackground = 37.4 FPKM, p-
value < 2.2*10-16, Wilcoxon-test), which could be an effect of slightly different expression cut-
offs in the analysis of tomo-seq and bulk RNA-sequencing data. It is also possible that a higher 
signal-to-noise ratio in lowly expressed genes hinders the identification of vegetal localization 
patterns. However, we did not find any evidence for this hypothesis (see chapter 7.3.2). 
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Figure 33: Sequence characteristics of expressed isoforms of vegetally localized to all genes. 

a. Weighted 3’UTR lengths: Isoforms contributed according to the relative expression of the respective 
gene, mean(vegetal genes) = 1.06 kb, mean(background) = 0.6 kb, p-value < 2.2e-16 (two-sample 
Wilcoxon test). b. Weighted lengths of coding regions, mean(vegetal genes) = 2.78 kb, 
mean(background) = 2.42 kb , p-value = 7.655e-14 (two-sample Wilcoxon test). c. FPKM sum per gene 
ID, IDs with less than 10 FPKM were omitted. Mean expression of vegetal genes 64.1 FPKM, mean of 
background 37.4, p-value < 2.2e-16, (two-sample Wilcoxon test). 

To identify cis-regulatory sequences of localizing mRNAs, we searched for enriched k-mers 
with a length between 6 and 10 nucleotides in the respective 3’UTRs (DREME, Bailey, 2011). 
Here, we found motifs containing a CAC core, previously unknown variations of GUU, and a 
U-rich sequence that has been described to increase RNA-stability in early zebrafish 
development (Rabani et al., 2017) (Figure 34). While we couldn’t identify an RNA-binding 
protein to match GUU containing motifs, we found that the ‘UUCAC’ motif has been described 
in Xenopus laevis to be bound by the RNA-binding protein igf2bp3-a (‘Vg1 RBP‘), which has 
also been identified to be an important component of the RNA localization machinery during 
oocyte maturation, as well as in the developing nervous system (Zhang et al., 1999). 
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Figure 34: 3’UTR motifs in vegetally localized genes in zebrafish and Xenopus. 

a. Results of the k-mer enrichment analysis of 3’UTRs of 216 expressed isoforms, zebrafish vegetally 
localized genes. Top seven motifs and logos. b. Results of the k-mer enrichment analysis of the longest 
3’UTR of vegetally localized genes in X. laevis and X. tropicalis, top six motifs, and their respective 
description based on previous publications. 

Since in Xenopus, the annotation of untranslated gene regions is not yet on the level of other 
model organisms, we picked the longest annotated 3’UTR for a k-mer enrichment analysis. As 
previously described for vegetally localizing genes, we found several motifs containing a CAC 
core, including the mitochondrial localization motif ‘UGCAC’ and the partial miR-430 seed 
‘GCACUU’ (Figure 34). As in zebrafish, we found poly-U stretches in both Xenopus species, 
suggesting a conserved role in stability of maternal RNA. A possible binding protein for these 
could be elavl1a, which contributes to RNA localization and stability in early development (Wu, 
Good and Richter, 1997). In X. tropicalis, we also found a motif with a GUU core, similar to that 
we found in zebrafish; however, the local sequence environment differed.  

 
Figure 35: 3’UTR motifs in animally localized genes in X. laevis and X. tropicalis. 

For animally localized genes in both species, we used the longest annotated 3’UTR and searched for 
enriched k-mers with a length between 6 and 10 nucleotides. Shown are selected motifs. 
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For animally localizing genes in Xenopus, we again found U-rich sequences, as well as GU-
rich motifs (Figure 35). Interestingly, we found a partially inverted AU-containing motif which 
could be folded back on itself in a secondary RNA structure in both species. 

In summary, we found a relatively high conservation of 3’UTR motifs, which contrasts with the 
rather low overlap in vegetally localized genes that were described in paragraph 7.3.2. We 
could reproduce previously published results of likely candidates for localizing elements, but 
we did not identify one single motif that explains localization all genes. Additionally, candidate 
sequences from our analysis could still be involved in various regulatory processes other than 
RNA localization, like RNA anchoring, regulation of RNA stability and translational activity. To 
disentangle these effects experimentally, I designed experiments towards an in vivo injection-
based 3’UTR localization assay. I will describe the details in the following chapter. 

7.5 An experimental strategy to asses localization competence of 3’UTR 
sequences (CORAL assay) 

In the past, experiments to test 3’UTR sequences for their localization competence were either 
based on the generation of transgenic reporter lines, or on the injection of labeled, synthetic 
RNA (Kloc et al., 2000; Betley et al., 2002). While the generation of a reporter line is a tedious 
process, the results can be obtained much quicker with the second approach. However, both 
strategies involve microscopy to analyze the results, and are, due to the limited number of 
distinguishable dyes, not well suited for high-throughput experiments. 

To overcome these limitations, I designed an assay to investigate the ability of multiple 
sequences to localize in oocytes; and accomplished the first steps towards that goal. The idea 
of that assay is to inject sequences into localization competent (immature) oocytes which would 
transport some of the synthetic sequences together with endogenous transcripts to the vegetal 
pole. In a tomo-seq experiment along the animal-vegetal axis, we could then identify the 
sequences that are sufficient for vegetal localization (Figure 36). 

The complete localization assay can be sectioned into five milestones:  

1. Obtain and cultivate oocytes in which the localization machinery is still active. This would 
involve experiments with adult animals, since oocytes are inaccessible, in the abdomen of the 
females.  

2. Produce and fluorescently label RNA of a known vegetally localizing gene and inject it into 
oocytes. Since localization competent oocytes are much smaller than zebrafish embryos, they 
are more sensitive to environmental conditions and hence more difficult to inject.  

3. Robustly detect localized fluorescence by microscopy. This would uncover the animal-
vegetal axis and confirm the activity of the localization machinery.  

4. Produce and inject a library of 3’UTR sequences, and include appropriate control UTRs. 

5. Finally, recover injected sequences in a tomo-seq experiment along its animal-vegetal axis 
of the injected oocyte. 
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Figure 36: An in vivo parallel sequence localization approach oocytes. 

Classical localization experiments inject a fluorescently labeled nucleotide sequence into oocytes. The 
CORAL assay aims at injecting a complex mixture of non-labeled sequences in parallel. After an 
incubation time, we would then perform a tomo-seq experiment and hence identify the localization 
competent sequences. To facilitate the correct orientation of the otherwise white oocyte, we would need 
a marker for its animal-vegetal axis. A possibility is to inject a known localization element that we labeled 
fluorescently (represented by a green colored gradient). 

 Cultivation and injection of immature zebrafish oocytes 
The molecular machinery driving the RNA localization process is active in developing oocytes 
from stages II to IV. Therefore, we dissected adult female fish, extracted the eggs and cultured 
them in accordance with a protocol from Nair et al., 2013. In pilot experiments, we examined 
the integrity of the oocytes after 22 h of culture with a live and dead stain (see Methods) and 
observed a considerable number of dead cells (Figure 37a).  

Since attempts at optimizing culturing conditions did not yield a higher fraction of live cells, we 
decided to go ahead and injected a reporter construct, consisting of the reporter gene dTomato 
and the 3’UTR of dazl, a known vegetally localizing gene (Figure 37b). This construct was in-
vitro transcribed and fluorescently labeled with Aminoallyl-UTP-ATTO488, to allow the 
simultaneous detection of the RNA (ATTO488: λexc = 500 nm, λem = 520 nm) and the translated 
protein (dTomato: λexc = 555 nm, λem = 581 nm) with stereomicroscopy. After injecting the 
construct into oocytes of various stages of maturation, we noticed that most of the green 
fluorescence had dimmed after 22 h (Figure 37d, middle), indicating that the RNA had been 
degraded quickly. However, we detected a strong signal in the dTomato channel after 22 h 
(Figure 37d, right hand side), indicating that the mRNA had been present long enough to be 
translated in some of the oocytes. Our hypothesis was that oocytes showing fluorescence in 
the red spectrum are healthier than the one without, which we confirmed with an additional 
FDA staining (data not shown). However, even in the few bright red fluorescent oocytes, we 
could not figure out a localization pattern for the injected mRNA. 
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Figure 37: Injection of a known vegetally localizing gene into zebrafish oocytes. 

Zebrafish oocytes were extracted from adult female fish and cultivated according to Nair et al., 2013 a. 
After 22 h of cultivation, we stained live cells with fluorescein diacetate (FDA) and dead cells with 
propidium iodide (PI). b. Cloned construct with a reporter dTomato, and the 3’UTR of the vegetally 
localized gene dazl. The construct was in-vitro transcribed and injected. c and d. Injection of the 
ATTO488 labeled reporter fusion shown in b, directly after injection (c) and after 22 h of culture (d). A 
part of the cells shows fluorescence in the spectrum of dTomato, caused by the translation of the injected 
mRNA. 

Suboptimal culture conditions were most likely responsible for the fast degradation of the 
injected mRNA. Despite some optimizations in the culture conditions, we were unable to 
significantly raise the number of vital oocytes in culture. Since injections into zebrafish oocytes 
are not a well-established system, we did not proceed to optimize these techniques. However, 
as described in chapter 5.1.3, literature suggested a conservation of localization machineries 
between Xenopus and zebrafish. Inspired by this, we followed a promising, alternative route. 

 Cultivation of Xenopus oocytes 
Literature on RNA localization mechanisms in zebrafish oocytes hypothesized that these are 
evolutionary closely related to the mechanisms active in Xenopus oocytes (Babin, Cerdà and 
Lubzens, 2007; Marlow and Mullins, 2008; Heim et al., 2014; Jamieson-Lucy and Mullins, 
2019). Moreover, a study by Knaut et al. introduced the zebrafish vasa 3’UTR into Xenopus 
oocytes and showed that it was, despite a considerable evolutionary distance of 450 Ma 
between zebrafish and Xenopus (Wheeler and Brändli, 2009), able to localize transcripts in 
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the other species (Knaut et al., 2002). Indeed, our comparison of enriched k-mers in vegetally 
localized genes in zebrafish and Xenopus in chapter 7.4 showed a relatively high conservation 
of 3’UTR motifs, arguing for an at least a partial functional overlap of the localization 
machineries. Moreover, the localization pathways in X. laevis oocytes are well studied 
(Claußen, Horvay and Pieler, 2004; Choo et al., 2005; Gagnon et al., 2013), and their 
cultivation and injection with synthetic sequences had been established in previous studies 
(Kloc et al., 2000; Cox and Spradling, 2003; Claußen et al., 2015). We therefore decided to 
establish the localization assay in oocytes of the frog X. laevis. We named the assay CORAL, 
for Conserved RNA Localization.  

First, I set up the dissociation and cultivation of X. laevis oocytes in our laboratory. We initially 
prepared cells from whole ovary lobes according to Claussen and Pieler, 2010 and Dumont, 
1972 obtained from the UK. We changed, related to Brexit, to a provider who delivered already 
dissociated and staged oocytes (Figure 38, left panel). I additionally confirmed the health of 
the oocytes upon arrival and after 48 h in culture with live and dead stainings (Figure 38, panels 
in the middle and right-hand side).  

 
Figure 38: Xenopus oocytes are healthy after 48 h in culture. 

Dissociated oocytes were cultivated as in Claussen and Pieler, 2010 on agarose coated dishes, and 
after 48 h stained with fluorescein diacetate (FDA) to mark healthy cells and with propidium iodide (PI) 
to mark dead cells. 

Since we could successfully cultivate the oocytes in our lab, we were optimistic to continue 
with injections. Next, I prepared expression constructs, fluorescently labeled the transcribed 
RNA and injected it. Furthermore, I designed and prepared injection libraries of full-length 
zebrafish 3’UTRs, including a known localizing gene from X. laevis as a positive control, and 
genes with evenly distributed transcripts as negative controls. The ultimate goal was to assess 
how many of the 97 3’UTRs would localize, and to then test the ability of smaller 3’UTR 
fragments to localize. 

 Injection and imaging of Xenopus oocytes 
To assess whether the cultivated oocytes were able to localize injected mRNA, I designed 
different constructs for injection (Figure 39 a). Knaut et al. previously showed that the zebrafish 
vasa UTR guides reporter transcripts to the vegetal pole of Xenopus oocytes (Knaut et al., 
2002). So, I cloned the vasa 3’UTR next to a dTomato reporter that was under the control of 
an SP6 promotor. Furthermore, a fragment of the last 439 nucleotides of the dazl 3’UTR had 
shown to localize to the mitochondrial cloud and the vegetal cortex in fish reporter lines; 
additionally, dazl showed to be conserved in its vegetal localization between Xenopus and 
zebrafish (see chapter 7.3.2). I therefore PCR amplified this 3’UTR part with primers containing 
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an SP6 promotor. As a control, I prepared a construct that only contained the dTomato CDS, 
which we expected to be evenly distributed in the cells. I produced labeled RNA for injection 
in an in-vitro transcription reaction with fluorescently labeled uridines.  

To reduce cellular stress levels prior to injection, I incubated the oocytes for 24 h in agarose 
coated dishes after they had arrived in the laboratory. I then microinjected them with glass 
capillaries on customized silicon ramps. Directly after injection, I imaged the oocytes and 
sorted out non - fluorescent ones. I incubated the rest in the dark for 24 to 48 hours. 

After 24 h, I imaged the oocytes with a stereomicroscope and evaluated localization. We 
hypothesized that localized fluorescence in a wedge-shaped perinucelar region in the green 
spectrum (ATTO488: λexc = 500 nm, λem = 520 nm) would show successful localization. And, as 
a result of the translation of the injected mRNA, we expected fluorescence in the red channel 
(dTomato: λexc = 555 nm, λem = 581 nm). The detection of these fluorescence signals would 
suggest that the injected mRNA was intact, that the localization machinery was active and that 
the cells are vital, since they are actively translating mRNA. 

 
Figure 39: Imaging after injection of fluorescent mRNA. 

Injection experiments into dissociated oocytes of stages II – III. The cells have white pigmentation and 
are not translucent like the smaller oocytes. a. Constructs used for injections: A dazl 3’UTR fragment of 
~440 nt length showed localization to the mitochondrial cloud and vegetal anchorage in zebrafish 
oocytes (Kosaka et al., 2007, fragment d). The vasa construct consists of a dTomato coding frame next 
to the entire 3’UTR of the zebrafish vasa gene, as in Knaut et al., 2002. As a control, we prepared a 
construct with the coding frame for dTomato only. b. Stereomicroscopic image of oocytes injected with 
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fluorescent RNA for the dazl construct after 24 h of incubation. Some oocytes show localized 
fluorescence in the green channel. Diameter for oocytes *1 = 390 µm, *2 = 370 µm. c. Stereomicroscopic 
image of localized fluorescence in an oocyte injected with the vasa construct. d. Oocytes injected with 
the dTomato construct don’t show localized fluorescence in the green channel. Fluorescence in the red 
channel results from translation of the mRNA and varies between cells. 

As expected, I found evenly distributed fluorescence after injecting the dTomato construct, and 
a strong signal in the red channel for most of the cells (Figure 39d). We conclude that the cells 
can easily compensate the stress of the injection process, and furthermore, that the mRNA as 
well as the translated fluorescent protein are able to diffuse through the entire cell during the 
incubation time. After the injection of the dazl fragment and the vasa construct, I detected 
localized fluorescence in a fraction of the oocytes, as depicted in Figure 39b and c. In dazl 
injected oocytes, I could reproduce the wedge shaped, perinuclear region that was described 
as a region for the accumulation of vegetally localizing transcripts before (Claußen et al., 2015). 
The cells that showed a graduated fluorescence were of a size where we expected the 
localization machinery to be active. This motivated me to construct 3’UTR libraries for injection 
to investigate the conservation of the localization machineries on a deeper level. 

 Preparation of the injection library 
With the aim of identifying cis-regulatory elements for localization from the vegetally localized 
genes of one-cell stage zebrafish embryos (see chapter 7.1.2), we focused our experiments 
on their 3’UTRs. While there had been published 3’UTR screens to investigate mRNA 
degradation in early zebrafish development (Rabani et al., 2017; Yartseva et al., 2017), none 
of them was directly applicable to investigate spatial transcriptomes. However, the 3’UTR 
library strategy by Yartseva et al. could be adapted so that I could combine it with tomo-seq. 

For our assay, we first wanted to test a library consisting of the 97 vegetal zebrafish genes to 
find genes that localize in Xenopus oocytes upon injection. Then, in order to identify stretches 
that contain a localization element, I would construct and inject a fragmented 3’UTR library. 
Later, the analysis would focus on finding enriched sequences at the vegetal pole which had 
been sufficient for localization. In contrast, fragments lacking the respective elements would 
be evenly distributed.  

For constructing the 3’UTR library for the CORAL assay (Figure 40), I used the strategy of 
Yartseva et al. as a starting point. However, I left out the Illumina sequencing adapters, and 
significantly increased the efficiency of the protocol by using forked adapters for the assembly 
(Figure 40a). In order to minimize the cellular stress response after injection, I mimicked 
endogenous gene structures by fusing a fluorescent reporter gene to the 3’UTR fragments. 
The synthetic RNA in our assay would finally be capped and polyadenylated. In the following, 
I describe the procedure in more detail. 

I amplified the 3’UTR sequences of the vegetally localized genes with customized primers in a 
PCR reaction (primer 3 based algorithm for primer design was friendly provided by Dr. Esteban 
Peguero Sanchez). We required each primer pair to cover at least 90% of the total UTR 
sequence, while keeping their melting temperature in a defined range (see Figure 41). Eight 
primer pairs were designed manually. 
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Figure 40: Experimental outline of a cloning-free approach to construct complex 3'UTR libraries 
for injection, inspired by Yartseva et al., 2016. 

a. 3’UTRs are amplified and fragmented if desired. After fragmentation, the ends are repaired and a 
single adenine is added to the most 3’ end. A forked adapter with a 5’ thymine overhang is then ligated 
to the 3’UTR fragments. The adapter consists of a hybridizing stem and two single-stranded overhangs: 
a sequence hybridizing to dTomato (red) and an end adapter (green). b. The ligation product of a): The 
forked adapters allow sense and antisense strands of the 3’UTR (blue) to be attached to exactly one 
dTomato compatible sequence (red) and one end adapter (green), for later amplification. This adapter 
design also minimizes unnecessary side products where one 3’UTR sequence was ligated to adapter 
ends of the same kind. c. In an overlap PCR, a dTomato amplicon hybridizes to an adapter ligated 
3’UTR fragment, both sense and antisense can hybridize. In an absence of primer, the 3’ends of the 
single-stranded DNA are elongated. The dTomato reporter gene carries an SP6 promotor upstream of 
the CDS for mRNA production. d. A final PCR enriches correct fusion products from c). Primers are 
binding the SP6 promotor and the end adapter (green, a-c). 

  
Figure 41: Library preparation: Characteristics of amplified 3'UTR sequences. 

For the 3’UTRs of 97 vegetally localized genes in the zebrafish embryo, we designed primers for 
targeted amplification. We here show a) the coverage of the amplicon relative to the 3’UTR and b) the 
length distribution of the amplicons. 

a b 
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After PCR amplification, the 3’UTR sequences were pooled and fragmented with a covaries 
machine (Illumina) to an average length of 100 nucleotides (Figure 42a). The ends of the 
fragments were then filled to blunt ends, 3’ adenylated and ligated with ‘forked’ and pre-
annealed adapters (Figure 40c, sequences see Appendix). These adapter sequences 
simultaneously introduced a sequence partial complementary to a dTomato reporter, and a 
short stretch that was used as a primer binding site to enrich for full-length products. The partial 
complementary parts are hybridized in an overlap PCR, and the 3’ ends of the strands are 
elongated in the absence of primers (Figure 40c and Figure 42b, lanes 1 and 2). 

Then, full-length products are amplified in an enrichment PCR (Figure 40d and Figure 42b, 3 
and 4) with the result of a DNA library of molecules carrying an SP6 promotor, a dTomato 
coding frame, and a random, on average 100 bp long 3’UTR fragment that ends with a common 
adapter sequence (see Figure 40). For injection, the DNA library was transcribed using an in-
vitro-transcription kit as described before. After polyadenylation, I examined the correct length 
of the product in an RNA gel (data not shown). 

 
Figure 42: Step by step assembly of the injection library, gel electrophoresis. 

1% agarose gels after electrophoresis. a. 1) Amplified and pooled 3’UTRs of vegetally localized genes. 
2) The pool of 1) after a random fragmentation on a covaries machine. The mean length of the fragments 
is 100 bp. b. 1) Product after an overlap PCR between the fusion of an SP6 promotor and dTomato, and 
adapter ligated 3’UTR fragments, respectively. 2) Overlap PCR between the SP6/dTomato fusion and 
adapter ligated full-length 3’UTRs. 3) Product of the enrichment PCR of 1), using primers binding the 
SP6 promotor and the end adapter. 4) Product of the enrichment PCR of 2), using the same primer pair 
as in 3). 

We confirmed the successful assembly of the injection libraries by sequencing. Figure 43 
exemplarily shows characteristics of an uninjected CORAL library built from fragmented 
3’UTRs: Figure 43a illustrates the high read coverage in the dazl 3’UTR after mapping to the 
zebrafish genome (danRer10), and the histogram in Figure 43b shows UMIs per gene of sense 
and antisense fragments after normalizing to the 3’UTR length of the respective genes. 
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Figure 43: Characteristics of an injection library consisting of 3'UTR fragments after sequencing. 

A library that was built from zebrafish 3’UTR fragments was sequenced without prior injection. Reads 
were mapped to the zebrafish genome (danRer10). Reads mapping to the sense strand are shown in 
red, reads mapping to the antisense strand are shown in blue. a. Alignment of reads to the sense and 
antisense strand of the 3’UTR. b. Histogram of UMIs per gene mapping to the respective sense and 
antisense strand. Counts have been normalized to the 3’UTR length of the respective genes. 

Since we could not robustly recover the localization of injected fluorescent RNA in a majority 
of oocytes in a single experiment (see chapter 7.5.3), we decided that the injection and analysis 
of 3’UTR libraries for a complete CORAL assay would be beyond the temporal scope of this 
work. Further experiments had to be cancelled due to the COVID-19 pandemic. However, prior 
to the first lockdown, I performed a pilot tomo-seq experiment with a single oocyte showing 
localized fluorescence, and could successfully recover known endogenous mRNA gradients 
for early pathway genes (see Appendix). 

7.6 RNA A-to-I editing in zebrafish 

The editing of adenine to inosine in RNA molecules poses an additional and powerful layer of 
regulation and can increase proteome diversity (see chapter 5.3). The zebrafish undergoes a 
phase of embryonic development that relies on maternally deposited mRNA, and starts 
transcription only after ~3.3 hpf, or ten cell divisions. It is therefore possible that the zebrafish 
employs a variety of post-transcriptional methods to orchestrate early development.  

Since RNA A-to-I editing has not been well studied in the zebrafish yet, we set out to investigate 
its extent in early development and as well as in adult organs. To this end, we sampled 
embryos from six timepoints during embryonic development: one-cell stage, 64-cell stage (2 
hpf), sphere stage (4 hpf), 90% epiboly stage (9 hpf), prim-5 stage (24 hpf), as well as the head 
and the body of embryos at 72 hpf (protruding-mouth stage). We sequenced total RNA and 
mRNA with full-length coverage from these seven samples. All embryos were derived from 

a 

b 
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single crosses of two couples, which were sacrificed later. Of these adult fish, we sequenced 
the mRNA of the whole brain, as well as RNA and genomic DNA from body muscle and skin. 
Sequencing data for heart, liver, skin, brain, ovary and testes was additionally obtained from 
GEO (Armant, Gombeau and Guillermin, 2017; Aramillo Irizar et al., 2018; Klett et al., 2019). 

We aligned the RNA-seq data from our brain samples to the zebrafish reference 
genome danRer10. To remove strain-specific and individual single-nucleotide polymorphisms 
(SNPs), we aligned matching genomic DNA to the reference genome and excluded all non-
homozygous genomic sites found in at least one of the four samples. We thereby found 
129,296 sites, of which 53.7% (69,394) were A-to-G (Figure 44). We additionally excluded 
clusters that contained multiple substitution types, as they are a typical signature of misaligned 
reads, as well as isolated sites with no corresponding mismatch in the range of 400 bases, 
because the literature suggests that RNA editing mostly occurs in clusters (Porath, Carmi and 
Levanon, 2014). This results in 63,837 mismatches, of which 96% were A-to-G mutations, with 
a rather low noise level of 1.5%, estimated by the number of C-to-T mismatches. Using a 
previously published method (Porath, Carmi and Levanon, 2014), we identified 14,164 
additional RNA-editing events in reads that could not be aligned earlier due to their high editing 
level.  

 
Figure 44: Filtering of raw data in the analysis pipeline. 

Figure by Ilana Buchumenski. Unique A-to-I editing sites. For each of the filtering steps, the respective 
nucleotide mutation is shown in different colors. Absolute numbers represent A-to-G mismatches of the 
analyzed replicates. 

Of these sites, 45.4% (34,254 sites) were located in annotated genes, with 23,774 sites in 
exonic regions and 608 in exons. We further filtered for sites in coding regions that appeared 
in at least two of the four brain samples which resulted in a list of 149 putative A-to-I editing 
recoding sites (Figure 45 b), of which only 18 have been described before (Shamay-Ramot et 
al., 2015), and 117 result in a non-synonymous amino acid exchange (Figure 45 b). A gene 
ontology analysis (Thomas et al., 2003) revealed a significant enrichment for ion transporter 
(FDR < 9*e-4), including glutamate receptors, a potassium channel and different calcium 
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channels, in accordance with previous studies describing the role of RNA editing in signal 
transduction and neuronal function (Rosenthal and Seeburg, 2012). 

 
Figure 45: Editing sites in coding regions. 

Figure by Ilana Buchumenski. a. Distribution of nucleotide mismatches, after applying the filtering for 
coding regions (Ensembl annotations). Low specificity of A-to-G mismatches was observed, suggesting 
a high false-positive rate. b. Relative proportions of the total number of mismatches detected after 
considering only recoding sites that occurred in at least two out of four samples. Most of the detected 
mismatches were of the A-to-G type. 

Eleven sites from this list are conserved to human, which suggests a selective advantage for 
the recoded amino acid exchange, although only eight of these sites result in an amino acid 
exchange. The conserved sites lie within four neuronal genes: gria2, gria4, cadps and cacna1d 
which have been studied in the context of RNA editing in mammals previously (Brusa et al., 
1995; Huang et al., 2012; Miyake et al., 2016). The recoding of these four genes affects the 
permeability of the respective ion channels for Ca2+ ions, thereby modulating neuronal 
excitability. 

Another important role of A-to-I editing is to dissolve double-stranded RNA structures, which 
often form through the expression of repeats, originating from transposable elements. In 
humans, the most abundant repeats are Alu elements, and the expression of a forward and a 
reversed oriented Alu repeat can result in strong double-stranded RNA structures (Kim et al., 
2004). In zebrafish, a multitude of different repeat families exist (Howe et al., 2013), but the 
extent of RNA-editing among these has not been assessed yet. To this end, we calculated a 
global editing index (Roth, Levanon and Eisenberg, 2019) for each repeat family, consisting of 
the number of guanosines aligned to adenosines, weighted by the expression level of all 
adenosine positions. We found editing to be extensive and well spread across all repeat 
families (Figure 46a), but found many palindromic sequences among higher edited repeat 
families. As palindromic sequences are likely to fold over themselves, they can form stable 
double-stranded RNA structures, as predicted in (Figure 46b). We averaged the editing index 
by selecting only repeat families with an at least 2-fold higher A-to-G signal than the next most 
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frequent substitution, C-to-T (Figure 46a, blue line). For the adult zebrafish brain, this averaged 
editing index is 0.93%, meaning that in the most frequently edited repeats, every hundredth 
adenine is deaminated to inosine. 

 
Figure 46: RNA editing in repetitive elements. 

Figure by Ilana Buchumenski. a. RNA editing index, defined as the average level of editing over all 
adenosines, calculated for all repeat families. The editing index varies across repeat families and is not 
significantly higher for any specific repeat family. The repeats are ordered by their abundance in the 
genome. Abundance percentage is shown within each bar. The blue line represents the maximal index 
of the next most frequent substitution (C-to-T mismatch in low complexity repeat family, value of 0.32%). 
b. Prediction of the secondary structure of the most edited repeat class. Upper structure represents the 
palindromic repeat, ANGEL, a member of a DNA repeat family (using mfold) that has 62 unique editing 
sites (62/63 adenosines). Edited adenosines are marked in yellow; The lower structure represents a 
prediction of the secondary structure (using mfold (Zuker, 2003)) of two reverse oriented HE1_DR1 
repeats, members of SINE elements (tRNA-V family). 

Next, we wanted to investigate A-to-I editing in zebrafish development. We therefore 
examined both the ADAR expression and the average editing index at different time points. 
Among the expression of the four ADAR enzymes, ADAR1 and ADAR2b were significantly 
higher between 0 hpf and 4 hpf (Figure 47a), when the embryo mostly depends on maternal 
transcripts. ADAR expression generally decreases over time, with the exception of higher 
expression of ADAR1 and ADAR2a in the adult brain (Figure 46a). 
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Figure 47: RNA editing in zebrafish development. 

Figure by Ilana Buchumenski. a. Expression of different ADAR variants during zebrafish embryonic 
development. Expression levels suggest that ADAR1 and ADAR2b are the active RNA editors until 4 to 
9 hpf. b. The repeats editing index as a measure for the editing activity across developmental stages, 
for different nucleotide mismatches and time points. The editing index shows high levels of editing in the 
early stages. 

We compared the global editing activity over time by calculating the average editing index for 
each time point (Figure 47b). Interestingly, we saw a very high editing level between 0 hpf and 
4 hpf, correlating with the high expression of ADAR1. We conclude that, like in mammals, 
ADAR1 is the enzyme mainly responsible for dissolving double-stranded RNA from transcribed 
transposable elements. The high editing activity in embryos until 4 hpf poses the question of 
whether the embryo inherited highly edited transcripts from their parents. Therefore, we 
evaluated ADAR expression in testes and ovary and compared these to the expression in 
heart, liver, brain and skin. Indeed, we found a very high ADAR1 expression in testes, while 
the ADAR1 expression in the ovary was not significantly higher than in other tissues (Figure 
48a).  

 
Figure 48: RNA editing in adult zebrafish tissues.  

Figure by Ilana Buchumenski. a. Expression levels of ADAR enzymes in heart, liver, brain, skin, testes 
and ovary. b. Global repeats editing index weighted the editing level over all adenosines in the most 
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edited repeats, for six different tissues. The editing levels vary between the different tissues and were 
significantly elevated in testes and ovary. 

We additionally calculated the editing index in these six tissues and, in contrast to the 
comparable low ADAR1 expression in the ovary, could confirm a significantly higher repeat 
editing rate in the ovary (Figure 48b). While the mRNA levels of ADAR1 in testes and ovary 
(Figure 48a) is characterized by the synthesis and degradation rate of the mRNA, the biology 
of oocyte maturation, happening in the ovary, is drastically different. Here, mRNA is produced 
and stored into oocytes to ensure proper embryonic development for the first hours of 
development. Consequently, mRNA degradation rates can be assumed to be low, allowing an 
accumulation of edited repeats (Figure 48b) despite a comparably low ADAR1 expression 
(Figure 48a). Generally, this supports our hypothesis that the high levels of edited RNA in early 
zebrafish embryos are largely inherited from the mother.  

This observation inspired us to follow the expression levels of the edited genes at 0 hpf in 
developmental time. For the 253 edited genes at 0 hpf, we followed their expression over time, 
and found that RNA levels of the edited versus non-edited genes decreased (Figure 49). This 
might be an indication for RNA editing marking maternal transcripts for degradation at 
maternal-to-zygotic transition around 3 hpf. However, this hypothesis needs further 
experimental validation. 

 
Figure 49: RNA levels of edited versus non-edited genes in zebrafish development. 

Figure by Ilana Buchumenski. Mean levels of normalized gene expression as Transcripts Per Kilobase 
Million (TPM). Levels of edited genes at 0 hpf (n=253) are depicted in orange, unedited genes in black 
color.  

In summary, we generated the first, comprehensive atlas of RNA A-to-I editing in zebrafish, 
identifying 149 editing sites in coding regions of genes expressed in the brain, and showing 
that editing during embryonic development mostly occurs in genomic repeats, but is not limited 
to any repeat family, as it is in humans and mice. Interestingly, zebrafish editing events are 
more common in testes and ovaries as in the brain, unlike in other species studied so far. 
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8. Discussion 

8.1 Combining spatial and temporal transcriptomic techniques to follow 
maternal transcripts during embryonic development 

In this work, we achieved major advances for two technologies: For tomo-seq, I enhanced the 
spatial resolution and increased the sensitivity, so it could be applied to one-cell stage 
zebrafish embryos to recover spatial gradients of maternal mRNA along the animal-vegetal 
axis. Second, we set up an RNA labelling protocol that is compatible with high-throughput 
microfluidic systems for single-cell analysis and applied it in a model organism by injecting 4-
Thiouridine into one-cell stage zebrafish embryos.  

The combination of a spatial transcriptome technique with the tracking of maternal transcripts 
until the stage of first cell fate decisions created powerful synergy: We systematically 
investigated very early embryonic stages that heavily depend on maternally provided mRNA 
and its spatial patterns which have previously been inaccessible to large-scale single-cell RNA-
seq studies (Farrell et al., 2018; Wagner et al., 2018).  

By applying tomo-seq in one-cell stage embryos, I found 97 genes to be localized to an extra-
embryonic position, the vegetal pole, while the majority of transcripts is transported 
independently of the cytoskeleton in the opposite direction, into the dividing embryonic cells 
(CB et al., 1995). The genes that we found at the vegetal pole include all, to our knowledge, 
previously identified vegetally localized genes in zebrafish. Through scSLAM-seq, we were 
able to in silico separate zygotic and maternal RNA at gastrulation stage. From the 97 vegetally 
localized genes, we still found 47 genes to be expressed, and 28 of them were identified as 
marker genes of primordial germ cells, which makes them likely candidates for new germ 
plasm factors.  

Functionally, we can divide vegetally localized genes into three groups: In the first, genes such 
as wnt8a and grip2a induce the dorsoventral body axis by activating canonical Wnt-signaling 
and inducing the primary dorsal center (Lu, Thisse and Thisse, 2011; Ge et al., 2014), and are 
hence referred to as ‘dorsalizing factors’. 
For the second group of the vegetal genes, we propose a functional role in germ cell 
specification and development. This group consists of 28 genes that we found as marker genes 
in PGCs in our scSLAM-seq experiment, like ppp1r3b, itpkca, krtcap2 and elovl1a. Additionally, 
we identified hook2 to colocalize with germ plasm factors in four-cell stage embryos by whole-
mount in situ hybridization (data not shown), and it has been validated independently as a 
germ cell factor during the course of this work (Roovers et al., 2018).  
Genes in the third group are expressed zygotically in neural structures and the developing eye 
later in development, similar to a fraction of the vegetally localized genes in Xenopus (Owens 
et al., 2017). Some examples in zebrafish are anln, camk2g1, celf1, shcbp1, trim36 and 
zwsim5. While they could be involved in intracellular transport, for example by interacting with 
the cytoskeleton, it is also possible that these genes act in processes or signaling pathways 
that are active both in very early development and in neural differentiation processes. One 
example for that is the kinase camk2g1 which acts as an intracellular Ca2+ sensor and 
promotes non-canonical Wnt-signaling. Blocking these signals by knocking out the respective 
Wnt ligands resulted in defects in dorsoventral patterning, in incomplete cell migration during 
epiboly and in malformations of the eye (Kühl et al., 2000; Westfall et al., 2003). However, for 
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many of these genes such functional studies have not yet been conducted, but they will likely 
promote our understanding of the processes active in very different stages of embryonic 
development. 

We additionally produced tomo-seq datasets along the animal-vegetal axis for oocytes of two 
related Xenopus species, defined large groups of localized transcripts and compared vegetally 
localized genes to zebrafish tomo-seq data, as all three species use the vegetal pole for storing 
germ cell factors and regulators of the dorsal-ventral axis. However, we only find a small 
overlap of nine genes at the vegetal pole, including three RING finger proteins (rfn38, rfn41 
and trim36), two phosphatases (ctdsplb and ppp1r3b) and well-studied genes like dazl, 
syntabulin and grip2a. We suggest an evolutionary conserved function in early embryogenesis 
for these genes. Interestingly, only three of these genes were expressed above the maternal 
expression cutoff in our scSLAM-seq data (Figure 31), and all were enriched in primordial germ 
cells: ppp1r3b, dazl and camk2g1. These genes are likely functioning in germ cell specification. 

While there have been systems-level approaches to characterize RNA localization in embryos 
of other model organisms, such as the large scale microscopic screen in Drosophila oocytes 
(Jambor et al., 2015), there has not been any systematic data for zebrafish embryos. We 
produced the first systematic spatial analysis with high resolution for zebrafish embryos, and 
for mature oocytes of two Xenopus species, for which previous analyses provided only a 
relatively low spatial resolution of pooled biological samples (Claußen et al., 2015; Owens et 
al., 2017; Sindelka et al., 2018). We envision that our data will serve as a valuable resource 
for the research community. 

Tomo-seq is a well-suited tool to investigate RNA patterns in the early zebrafish embryo, as 
we expected the most prominent localization patterns along the animal-vegetal axis. However, 
there are patterns that we did not capture, like the ones of cortically localized transcripts, or 
the typical off-center shift for transcripts of dorsalizing factors. While sectioning along the linear 
animal-vegetal axis could obscure some of these patterns, it is also possible that the self-
organizing maps missed some localization patterns in our tomo-seq data. We tested this 
hypothesis with SpatialDE, a package designed to recognize significantly different spatial 
expression patterns, and conclude that, due to a relatively high signal-to-noise ratio especially 
for lowly expressed genes in our tomo-seq data, it does not outperform our approach that uses 
self-organizing maps in combination with biological replicates and in situ hybridizations. 

A strategy to detect more and complex localization pattern could be to perform additional tomo-
seq experiments in different angles. However, the zebrafish embryo exhibits radial symmetry 
at the one-cell stage, which hinders a reproducible sectioning of biological replicates and 
impedes a full 3D-reconstruction of the transcriptome. Conversely, microscopy-based methods 
like seqFISH+ could be better suited to resolve these patterns (Eng et al., 2019), although they 
pose high demands on the technical equipment, and the high autofluorescence of the yolk 
would require a well-suited clearing protocol. Other promising tools for resolving more complex 
patterns are Slide-seq (Rodriques et al., 2019, see Introduction) and tomographer, an imaging-
free three-dimensional reconstruction that requires less specialized instrumentation, but 
extensive secondary sectioning at different angles (Schede et al., 2021). These techniques 
might finally reveal the full 3D transcriptome of the zebrafish embryo in the future. 

In conclusion, tomo-seq is a powerful technique that can be used to describe spatial RNA 
gradients in polarized tissues like epithelial sheets, in developing embryos, as well as in plants. 
It is well-suited as a guide to order single-cell RNA-seq data into a spatial context (Hu et al., 
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2021) and can potentially act in synergy with algorithms like novoSpaRc (Nitzan et al., 2019). 
While experimental and computational adaptations, e.g. by switching to a more efficient and 
robust reverse transcriptase or by modifying the analysis pipeline, make tomo-seq adaptable 
to diverse sample types, we anticipate the most impactful application in combination with 
single-cell sequencing techniques like single-cell ATAC-seq or RNA labeling methods. 

For the metabolic labeling of RNA in single cells, we made two major improvements: First, we 
made the method accessible for high-throughput microfluidics by performing the chemical 
conversion of 4sU in methanol fixed cells. Since microfluidic platforms such as 10X Chromium 
are becoming increasingly popular, the combination of both will pave the way for more studies 
of transcriptome dynamics, for example for studying the effects of drugs or novel compounds 
on cells and organoids (Uhlitz et al., 2020). For the first time, we applied this method in an in 
vivo system to study the fate of maternally provided transcripts by injecting 4sU into one-cell 
stage zebrafish embryos. While our analysis of the zebrafish scSLAM-seq data primarily 
focused on vegetally localized, maternal transcripts, this dataset can, however, also provide 
insights into other developmental processes. We investigated expressed ligand-receptor pairs 
of cells at gastrulation stage, and identified the interaction between fam3c and lamp1b as 
mostly driven by maternal transcripts. Previous studies suggest a potential role in cell migration 
processes (Waerner et al., 2006; Katahira et al., 2010). 

This analysis demonstrates that our scSLAM-seq data serves as a versatile resource for a 
multitude of developmental research questions. Furthermore, scSLAM-seq as a technique 
presents as a powerful tool to extend very short-time tracking of RNA dynamics as measured 
by computational methods, like RNA velocity, to the range of hours. While for the application 
in other systems, the challenge of the intracellular delivery of 4-Thiouridine needs to be solved, 
single-cell RNA metabolic labeling remains a highly powerful technique to generally investigate 
cellular responses in different contexts, including for example wound healing processes of 
whole organs like the heart and the brain, or the investigation of pharmaceutical compounds 
and their mode of action. 

8.2 Understanding mRNA localization in zebrafish oocytes and early 
embryos 

Intracellular RNA localization is a universal mechanism to compartmentalize cellular functions 
and to guide early embryonic development (Martin and Ephrussi, 2009; Medioni, Mowry and 
Besse, 2012; Elkouby and Mullins, 2017). It has been described in a multitude of cell types, 
including neurons, epithelial cells and oocytes, as an additional layer of post transcriptional 
gene expression regulation, for example to target protein translation to specific compartments 
(Taliaferro et al., 2016; Zappulo et al., 2017), regulate translation efficiency (Moor and Itzkovitz, 
2017) and to orchestrate the specification of embryonic body axes (Escobar-Aguirre, Elkouby 
and Mullins, 2017). Intracellular RNA gradients can be promoted by different mechanisms, as 
localized protection from degradation, diffusion-coupled local entrapment (Chang et al., 2004), 
and directed transport along the polarized cytoskeleton (Lawrence and Singer, 1986). The cis-
regulatory elements necessary for localization mostly reside in 3’UTRs of transcripts (Betley et 
al., 2002; Taliaferro et al., 2016). While in Xenopus oocytes, localization elements for some 
transcripts have been characterized (Zhou and King, 1996; Kloc et al., 2000; Betley et al., 
2002; Cox and Spradling, 2003), this characterization has been lagging in zebrafish. 
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We systematically acquired intracellular mRNA gradients in zebrafish one-cell stage embryos 
and Xenopus oocytes and identified sets of localized RNA along the animal-vegetal axis. We 
performed a k-mer enrichment analysis on the 3’UTR of localized transcripts and found known 
motifs for vegetal localization in Xenopus, as well as related motifs in zebrafish. However, we 
could not identify a single motif for all localized genes that would hint towards a specific RNA 
binding protein. A U-rich motif has previously been described to enhance RNA stability (Rabani 
et al., 2017). It is possible that the motifs we identified in vegetally localized genes reflect 
intertwining cellular processes, like transport and anchoring of RNA, as well as regulating RNA 
stability as well as translational efficiency. We furthermore showed that 3’UTRs of vegetally 
localized genes in zebrafish are significantly longer than of non-localized transcripts, which 
suggests that, instead of short motifs, longer and more complex localization elements or even 
secondary structures could be involved in the localization process. Since other studies 
previously proposed a role for secondary structures (Rabani, Kertesz and Segal, 2008; Martin 
and Ephrussi, 2009) and small RNAs (Vourekas et al., 2016) in localizing RNA in oocytes, we 
anticipate that systematic studies in that direction have the potential to reveal more mechanistic 
insights of the mRNA localization machinery in zebrafish oocytes. 

Experimental approaches present an orthogonal strategy to investigate localization elements. 
Since it has been challenging to systematically identify localization elements in oocytes, a 
localization screen of sequence libraries in vivo would be ideally suited to complement 
computational analyses. To that aim, I set up CORAL, an injection assay in Xenopus oocytes 
and designed a library strategy to test multiple 3’UTR sequences of varying lengths for their 
localization competence in oocytes. Tomo-seq experiments on injected oocytes and a 
computational analysis of localized sequences have the potential to finally reveal functional 
regulatory elements, and to deconvolute functional differences of the motifs we found at the 
vegetal pole. By using different lengths of 3’UTR fragments, for example, it would also be 
possible to test whether the localization competence of sequences depend on a critical 3’UTR 
length, which could be a clear indication that longer localization elements or even secondary 
structures have a fundamental role in localizing RNA in oocytes. Furthermore, it could be 
employed in other cultivable systems where RNA localization plays an important role, such as 
cultured neurons. For neuronal cells, it could finally be possible to design short synthetic 
sequences by employing multiple experimentally validated localization motifs to transport RNA 
directly to the synapse, for example to target local translation. 

For a complete CORAL assay, it would first be necessary to optimize the robust and 
reproducible vegetal localization of a previously published sequence as a control for the intact 
function of the localization machinery. To exclude an inhibitory interaction of the fluorescent 
dye ATTO488 that I used in this study, it seems important to additionally test different dyes. 
Furthermore, an in-depth analysis of replicate and existing tomo-seq data with injected 3’UTR 
libraries, including sequence coverage of the 3’UTRs, unique read start sides, and enriched 
fragments at the most vegetal position, is necessary. To increase the nucleotide resolution and 
describe even short localization motifs, the assay can be performed with short 3’UTR 
fragments while longer 3’UTR fragments offer the opportunity to investigate secondary 
structures.  

A CORAL 3’UTR library always contains sense and antisense sequences (Figure 40), so it 
could theoretically be possible that these form double stranded structures in vivo. However, in 
the study of Yartseva et al. the presence of sense and antisense sequences did not prevent 
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microRNA binding to their target sequences to induce mRNA degradation (Yartseva et al., 
2017). Therefore, we do not expect sense and antisense sequences being present at the same 
time to impede localization. 

The CORAL assay could finally be used to compare the evolutionary conservation of the 
mechanisms of localizing RNA to the vegetal pole in Xenopus and zebrafish on a molecular 
level. However, it is important to note that the vegetal pole of these species might not be fully 
biological equivalent: In zebrafish, the blastomeres divide on top of the yolk sac, resulting in 
the vegetal pole being an extra-embryonic part, in contrast to Xenopus that exhibits symmetric 
cell divisions of the intermixed yolk and cytoplasm. The transport of vegetally localized RNA 
into embryonic cells of the zebrafish hence adds an additional layer of complexity to identifying 
localization elements in that system. 

8.3 RNA A-to-I editing in zebrafish embryos and adult organs 

RNA editing is a widespread phenomenon in mice, humans and other vertebrate and 
invertebrate species (Bass, 2002; Blow et al., 2004; Liscovitch-Brauer et al., 2017; Lundin et 
al., 2020), but had not been studied systematically in zebrafish yet. We established the first 
comprehensive RNA editing atlas for adult zebrafish organs and the developing embryo for 
five different stages. We found thousands of editing sites, most of which reside in long 
repetitive elements. The elements present in zebrafish often contain palindromic sequences 
that can form strong double-stranded RNA structures by folding over themselves, without the 
need of a nearby reverse oriented sequence. As a result, we did not find RNA editing to be 
predominant in one single repeat family, in contrast to editing levels in humans (Blow et al., 
2004; Levanon et al., 2004). These double-stranded RNA structures trigger the innate immune 
response in mice via specific sensors like Mda5 (Liddicoat et al., 2015). However, in zebrafish 
it is not entirely clear whether the resolution of double-stranded RNA structures constitutes an 
additional defense mechanism against RNA viruses, or poses an evolutionary advantage by 
preventing an excessive immune reaction. 

In the coding parts of mRNA, editing was found less frequently. In samples of zebrafish brains, 
we detected 149 editing events in coding sequences. Of these, 117 were non-synonymous 
variants that alter the amino acid sequence during translation. Similar to recoding sites in 
human, most of these variants were located in genes encoding ion transporters. While 
zebrafish and humans share many edited genes, only gria2, gria3, gria4, cadps and cacna1d 
were edited at the exact same position in both species. This suggests that these editing sites 
confer a selective advantage to their host, potentially by providing an additional layer of 
biochemical diversity, and implies that the zebrafish could possibly be a suitable model system 
to further investigate the physiological function of the conserved sites in the future. So far, 
studies in mice showed that editing of AMPA-type glutamate receptors modulates their 
permeability for calcium ions, while the editing of cadps was reported to promote the exocytosis 
of insulin in the pancreas and catecholamines like noradrenaline and dopamine as dense-core 
vesicles in the brain (Brusa et al., 1995; Feldmeyer et al., 1999; Krestel et al., 2004; Miyake et 
al., 2016). 

During embryonic development, we detected particularly high levels of the catalytically active 
proteins ADAR1 and ADAR2b. This goes well in line with high editing levels of genomic repeats 
in testes and ovaries. Besides its function in resolving double-stranded RNA structures, our 



65 

 

 

data indicates that in early developmental stages, RNA editing could additionally mark 
maternal transcripts for degradation at maternal-to-zygotic transition. 

In Drosophila, RNA editing and alternative splicing can influence each other via conserved 
secondary structures (Mazloomian and Meyer, 2015). Whether this mechanism could also 
direct isoform expression in zebrafish still needs further investigation. We provided a time 
course of deeply sequenced bulk RNA-seq data with full-length transcript coverage. This data 
is ideally suited to infer isoform expression during early embryonic development and to 
investigate the impact of A-to-I editing on alternative splicing. We anticipate that our screen 
will foster new research in the field and advance the understanding of gene expression 
regulation in zebrafish and on the prospective role of RNA editing in disease conditions. 
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9. Materials 

9.1 Chemicals and enzymes 

Chemical or reagent Composition Order 
number 

Company 

Affi Gel blue media 
polyacrylamide beads 

  BIORAD 

Agarose  840004 Biozym 

AMPure XP beads - A63880 Beckmann Coulter  

BSA  A9418 Sigma-Aldrich 

Chloroform - 7331.2 Carl Roth 

Deyolking buffer 55 mM NaCl, 
1.8 mM KCl, 

1.25 mM NaHCO3 in 
HBSS 

- - 

DNA Pol I, E. coli  M0209L NEB 

dNTPs  R0181 Thermo 

DTT (cell suspensions)  6908.2 Carl Roth 

DTT 0.1 M   Invitrogen 

EDTA 0.5 M solution - 90004931 Molecula 

ERCC spike-in RNA  4456740 Ambion 

Ethanol - 9065.2 Carl Roth 

Exo I  M0293L NEB 

First strand buffer  18064014 Invitrogen 

Fluorescein diacetate (FDA)  F7378 Sigma-Adrich 

Fragmentation buffer 200 mM Tris-
acetate, pH 8.1, 

0.5 M KOAc, 0.15 M 
MgOAc 

  

Gene Ruler DNA ladder  SM1331 Thermo 

Glycoblue  M9516 Ambion 

HBSS  14175095 Life technologies 

Isopropanol - 9866.2 Carl Roth 

O.C.T.-Compount Tissue-Tek  50583 Sakura 

Liberase  5401119001 Sigma-Aldrich 

Methanol  11646935 Th. Geyer 

ND96 buffer 96 mM NaCl, 2 mM 
KCl, 1.8 mM 
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CaCl2*2H2O, 1 mM 
MgCl2*6H2O, 5 mM 

HEPES 

NEBnext High Fidelty 2x PCR 
Master mix  

 M0541L NEB 

NEBnext ultra II End repair/ 
A-tailing module 

- E7546S NEB 

NEBnext ultra II ligation module - E7595 NEB 

Oocyte culture medium 1x Leibovitz + 
glutamine, insulin, 

HEPES, 
gentamycin, nystatin 

  

ORII buffer 100 mM NaCl, 2 mM 
KCl, 1 mM 

MgCl2*6H2O, 5 mM 
HEPES 

- - 

Propidium iodide (PI)    ab14083 Abcam 

Quenching buffer DBPS, 0.1% BSA, 
1 U/µl RNaseOUT, 

100 mM DTT 

  

RNA clean XP beads  A63987 Beckman Coulter 

RNaseOUT  10777019 Life Technologies 

rSAP  M0371L NEB 

Second strand buffer  10812014 Life Technologies 

SP6 polymerase  M0207 NEB 

Superscript II  18064014 Invitrogen 

Superscript III  18080085 Invitrogen 

TBE buffer  42557.01 Serva 

TRIzol reagent  AM9516 Ambion 

9.2 Consumables 

 Order number Company 

Cryomolds, 10 mm x 10 mm x 5 mm 50701 Sakura 

Tungsten needles 25 mm 500134 WPI 

Toothpicks - Local supermarket 

DNA LoBind tubes 0.5 mL 0030108035 Eppendorf 

DNA LoBind tubes 1.5 mL 0030108078 Eppendorf 

Falcon tubes, 15 mL TPP91015 Faust 

Falcon tubes, 50 mL TPP91051 Faust 
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PCR stripes  A1402-3700 Starlab 

Petri dishes, 10 cm 50194 Lager 

Petri dishes, 35 mm CLS430588-500EA Sigma 

Cell strainer, 40 µm 11832427 Th. Geyer 

10X Chromium 3’ kit 1000075 10X Genomics 

HiScribe T7 ARCA mRNA Kit 
(with tailing) 

E2060 NEB 

 

9.3 Equipment 

 Model Company 

Cryotome Cryo Star NX70 Thermo Scientific 

Thermocycler Nexus gradient/nexus X2e Eppendorf 

Table top centrifuges with 
adjustable temperature 

5427R Eppendorf 

Heat block ThermoStat C Eppendorf 

Magnetic separator  For PCR Tube and 1.5/2.0 
Tube 

10X Genomics 

Qubit fluorometer Qubit 4 Invitrogen 

Bioanalyzer 2100 Bioanalyzer Agilent 

Vortex Vortex-Genie 2 Carl Roth 

Gel chamber EasyPhor Mini/Midi Biozym 

Pipette set Research Plus Series Eppendorf 

Aluminium rack Alu Rack 1.5/2/5 Carl Roth 

10. Methods 

10.1 Laboratory methods 

 Animal models 
Zebrafish were kept at 26 °C, according standard laboratory conditions. All animal procedures 
were conducted as approved by local authorities (LAGeSo, Berlin, Germany). For embryo 
experiments, group crosses of six female and three male AB wildtype fish were set up. 

Xenopus oocytes were sent from the European Xenopus Resource Centre (University of 
Portsmouth) and dissociated into single oocytes on agarose coated Petri dishes according to 
the protocol of Claussen et al. (Claußen and Pieler, 2010) and staged according to Dumont, 
1972 (Dumont, 1972). 
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 Tomo-seq 
Large parts of this chapter have been published in Methods in Molecular Biology (Holler and 
Junker, 2019). 

In short, for a tomo-seq experiment we embed an embryo in a cryomold filled with tissue 
freezing medium and orient it along a visible axis. We then section it into thin slices, and 
separately extract the RNA from that. Cellular mRNA from each section gets a different DNA 
barcode in a first reverse transcription reaction. The cDNA then is linear amplified by an in-
vitro transcription reaction, reverse transcribed again and finally amplified by a library PCR. 

10.1.2.1 Sample preparation 
Embed zebrafish embryo of desired stage in a cryomold filled with tissue freezing medium. 
Under a dissection microscope, orient the embryo to the axis that you want to section along. 

Snap freeze the tissue block by placing it on top of an aluminum rack on dry ice. The sample 
is completely frozen when it appears matt white. Label the edge of the cryomold where you 
want to start sectioning with a pen, and mark the corresponding edge of the block by adding a 
small notch with a razor blade. 

Prepare a sample holder with cryomedium, and place the frozen tissue block in the proper 
orientation. Snap freeze on dry ice or the cryostat. Prepare a rack with consecutively numbered 
RNase free 1.5 ml tubes and cool on dry ice. 

Section the tissue block on a cryostat at desired thickness. We recommend 8-10 µm thickness 
in a total of up to 96 sections. For larger samples section thickness may have to be increased. 
During the cutting process, let the individual sections roll up. Transfer them to individual pre-
chilled tubes with a toothpick. Discard empty sections. 

10.1.2.2 RNA extraction 
To each tube, add 0.5 mL TRIzol reagent, 0.5 µl GlycoBlue and 1 µl of 1:50,000 diluted ERCC 
spike–in RNA. If available, use multistep pipette. Use a well-mixed master mix to ensure 
correct concentrations of spike-in RNA and GlycoBlue. 

Close tubes tightly and shake vigorously for 15 sec. Incubate at room temperature for 5 min. 
Samples can be frozen and stored at -80° C at this point. 

Add 100 µl chloroform to each tube, shake vigorously for 15 sec, incubate at room temperature 
for 5 min. Centrifuge at 12,000 g for 15 min at 4° C. 

Remove 250 µl of the colorless aqueous phase by angling the tube at 45° and transfer into a 
fresh tube. Avoid contaminating the RNA with the interphase consisting of tissue freezing 
medium.  

Add 250 µl isopropanol to each sample, shake vigorously and incubate over night at -20° C. 

Centrifuge samples at 12,000 g for 10 min at 4° C. A small blue pellet should be visible in each 
tube. 

Remove the supernatant without disturbing the pellet. Wash with 500 µl freshly prepared 75% 
ethanol. Samples can be stored at -20° C in 75% ethanol. 
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10.1.2.3 cDNA synthesis and linear amplification 
Prepare primer/dNTP-mix for each barcoded primer in 96-well plate: 

 

Primer premix 4 reactions 
primer (25 ng/μl) 1    μl 
dNTPs (10mM each) 0.5 μl 
nuclease-free H2O     3.1 µl 

 4.6 μl 
Remove as much ethanol of the sample as possible, spin down to collect all the liquid at the 
bottom of the tube. Use a P10 pipette to carefully remove the remaining ethanol. 

Air-dry pellet on room temperature for a few minutes in aluminum racks until any remaining 
traces of ethanol have evaporated. Process 4-10 at the same time. 

When pellets are dry, add 1 µl of barcoded primer/dNTP mix respectively and put the samples 
back on ice. 

Critical: Incubate RNA/primer mix at 65° C for 5 min. Meanwhile prepare master mix for the 
first reverse transcription (first strand mix): 1 µl per section, 5% reserve (for 96 sections prepare 
a 100x master mix). After incubation, cool down samples on ice for at least 1 min.  

 

 

 

 

 

 

Add 1 µl of the reaction master mix to each sample. Mix well, spin down and incubate at 42° 
C for 1 h in a thermal cycler with the lid set to 50° C. Heat inactivate the enzyme for 10 min at 
70° C. 

Cool samples below 16° C by leaving them on ice for 5 min. Prepare a master mix for the 
second strand synthesis, and add 11 µl of the second strand synthesis mix to each sample. 

 

 

 

 

 

 

 

First strand mix 1 section 
First Strand Buffer 0.4 μl 
DTT 0.1 M 0.2 μl 
Nuclease-free H2O 0.2 µl 
RNase Out 0.1 μl 
Superscript II 0.1 μl 

Second strand mix 1 Section 
Nuclease-free H2O 7.72 μl 
Second strand buffer  2.5 μl 
dNTPs, 10 mM total 0.25 μl 
DNA ligase  0.09 μl 
E. coli DNA Pol I  0.35 μl 
RNaseH 0.09 μl 
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Mix well, spin down briefly and incubate at 16° C for 1 h in a thermal cycler with the lid set to 
20° C. Stopping point. Samples can be pooled and frozen at -20° C. 

Clean up cDNA with AMPure XP beads: 
• Prewarm AMPure XP beads to room temperature. 
• Pool all samples into one tube. You should have ~13 μl from each section. 
• Vortex AMPure XP Beads until well dispersed, then add, for each 100 μl of pooled 

sample, 20 μl beads and 100 μl bead binding buffer. 
• Incubate at room temperature for 5 min, do not use the aluminum rack. 
• Place on magnetic stand for at least 5 min, until liquid appears clear. 
• Remove and discard the supernatant. 
• Add 200 μl freshly prepared 80% ethanol. 
• Incubate at least 30 seconds, then remove and discard supernatant without disturbing 

beads. 
• Repeat ethanol wash once. 
• Air dry beads for 10 min, or until completely dry. 
• Resuspend with 13 µl nuclease-free water. Mix thoroughly. 
• Incubate at room temperature for 3 min. 
• Place on magnetic stand for 5 min, until liquid appears clear. 
• Transfer 12.9 μl of supernatant to new tube. 

Assemble the following mix for the first amplification step: 
IVT MIX 1 X 

cDNA      6.4µl 
T7 Buffer 1.6µl 
T7 Enzyme 1.6µl 
ATP 1.6µl 
GTP 1.6µl 
CTP 1.6µl 
UTP 1.6µl 

Incubate the sample in thermocycler at 37°C for 16 h with lid at 70° C, then cool down to 4° C. 
RNA is stable for at least some hours. 

Store the remaining cDNA at -20°C as a backup.  

Add 3 µl ExoI and 3 µl rSAP to the sample in the IVT mix and incubate for 15 min at 37° C. 
This step removes residual barcoded primers. 

To the resulting 22 µl of amplified RNA (aRNA), add 5.5 µl fragmentation buffer. Heat to 94° C 
for 3- 6 min in a thermal cycler. Immediately put on ice and stop reaction with 2.75 µl 0.5 M 
EDTA. Critical: Fragmentation time depends on RNA concentration. Start with a 3 min 
fragmentation and repeat, if necessary. 

Clean up aRNA with 1.8x RNA clean beads: 
• Prewarm RNAClean XP beads to room temperature. 
• Vortex RNAClean XP beads until well dispersed, add to sample 55μl beads.  
• Incubate at room temperature for 5 min. 
• Place on magnetic stand for at least 5 min, until liquid appears clear. 
• Remove and discard the supernatant. 
• Add 200μl freshly prepared 70% EtOH. 
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• Incubate at least 30 seconds, then remove and discard supernatant without disturbing 
beads. 

• Repeat ethanol wash two more times. 
• Air dry beads for 4 min, or until completely dry. 
• Resuspend with 7.5 μl nuclease-free water. 
• Incubate at room temperature for 2 min. 
• Place on magnetic stand for 1 min, until liquid appears clear. 
• Transfer 7 µl of the supernatant to new tube. 

Stopping point. RNA can be kept at -80° C. 

Measure RNA concentration with Qubit RNA high sensitivity kit. Dilute 1 µl aRNA to 1 ng/µl 
and analyze 1 µl of the dilution on a Bioanalyzer RNA pico chip. Size distribution should peak 
between 300 and 500 bp. 

10.1.2.4 Library preparation 
Dilute aRNA to a maximum of 50 ng/µl in a volume of 5 µl. Add 0.5 µl of the second RT primer 
(c=250 ng/µl) and 0.5 µl dNTPs 10 mM each.  

Incubate for 5 min at 65° C and immediately put on ice. Cool down for at least one minute. 

Add the following reaction mix to the RNA: 

 
2nd RT mix 1 x 

First strand buffer 5x 2    μl 

0.1 M DTT 1    μl 

RNase Out 0.5 μl 

Superscript III 0.5 μl 
 4    µl 

Generate cDNA by incubating in a thermal cycler for 10 min at 25° C, then for 1 h at 42° C with 
lid set to 50° C, inactivate for 10 min. at 50° C. Then place the tube on ice. 

In a final PCR, the Illumina sequencing adaptor and index are introduced. Add the following 
reagents to the cDNA and mix well by pipetting up and down: 

 

PCR mix 1x 
Nuclease-free H2O 11 μl 
PCR premix NEBnext 2x 25 μl 
RP1 primer  2 μl 
RPI index primer 2 µl 
 40 µl 

Run the following PCR program: 
• 30 sec at 98° C 
• 12-15 cycles of 

o 10 sec at 98 °C 
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o 30 sec at 60° C 
o 30 sec at 72° C  

• 10 min at 72° C, hold at 10 °C  
Stopping point. Samples can be frozen at -20° C. 

Clean up PCR product as after second strand synthesis. Use 45 µl beads and elute in 30 µl. 

Clean up again before, but use 30 µl AMPure beads and elute in 11 µl nuclease free water. 
Stopping point. Sample can be kept at -20° C. 

Analyze sample concentration with Qubit DNA high sensitivity assay kit. Concentration should 
be between 1 and 15 ng/µl. 

Examine size distribution of the cDNA library on a Bioanalyzer using a DNA high sensitivity 
chip. Library should peak between 200 and 500 bp. Fragments should not be longer than 1 kb. 

All libraries were sequenced paired-ended on a NextSeq500 machine (Illumina), allocating 
500.000 reads per section. 

 scSLAM-seq 

10.1.3.1 4sUTP injection 
Zebrafish embryos from group crosses were harvested at the one-cell stage and injected with 
4 nl 4sUTP (12.5 mM, Sigma-Aldrich, in 10 mM Tris•HCl pH 7.4, Carl Roth). Chorions were 
removed at 50% epiboly stage since embryos are more robust then. We dissociated embryos 
at 50% gastrulation, ~6 hpf (shield stage). 

10.1.3.2 Single cell suspension and 4sU conversion 
For one sequencing experiment, 10 shield stage embryos were dissociated by carefully 
pipetting on and down in deyolking buffer (55 mM NaCl, 1.8 mM KCl, 1.25 mM NaHCO3 in 
HBSS, Life Technologies). Cells were then fixed by adding cold methanol to a final 
concentration of 80% and an incubation at -20° C for 30 min.  

We subsequently added 1M iodoacetamide in 80% methanol and 20% HBSS until a final 
concentration of 10 mM and gently agitated the suspension overnight, at room temperature, in 
the dark to convert the incorporated 4sU into a cytosine analogue.  

10.1.3.3 Single cell RNA sequencing 
We inactivated iodoacetamide by transferring the cells into a buffer containing the quenching 
agent DTT: cells were spun down at 1000 g for 5 min, resuspended in quenching buffer and 
incubated 5 min at room temperature. Then, cells were spun down again as before, 
resuspended in working buffer and passed through a 35 µm strainer. 

We finally counted cell numbers and immediately loaded the cell suspension onto a 10X 
Chromium system, using the 3’kit (v2). The sequencing libraries were prepared according to 
the manufacturer’s instructions. 

The libraries were sequenced on NextSeq 500 machines (Illumina). 
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 Whole-mount in situ hybridization 
AB wildtype zebrafish embryos were fixed at the desired stage (20 min post fertilization or 1 h 
post fertilization) with 4% PFA for 2 h. We then followed the protocol for whole-mount in situ 
hybridization by Thisse et al. . 

 CORAL library preparation 

10.1.5.1 Amplification of expressed 3’UTR transcript variants 
Zebrafish embryos were transferred into TRIzol 30 min after fertilization. RNA was extracted 
with chloroform and isopropanol, pelleted in ethanol und resuspended in nuclease-free water. 
Concentration was measured using a spectrometer, quality was inspected on a bioanalyzer 
RNA pico chip. 

Then, RNA was transcribed into single-stranded DNA (ssDNA) using poly-dT-primer and 
SuperscriptII as a reverse transcriptase. The reaction was kept for downstream reactions. 

In a targeted, plate-based PCR, 3’UTR sequences of the desired gene isoforms were 
amplified. The primers were designed using primer3 software, and ordered in plates at 
eurofins. The PCR was performed in plates using the polymerase Phusion Hot Start Flex, 
correct band size was checked on a 1% agarose gel. The PCR products were purified using 
AMPure beads and a plate magnet and subsequently pooled. 

10.1.5.2 Constructing templates with gene-like structure 
To resemble the structure of endogenous genes, 3’UTRs or 3’UTR fragments were fused 
behind a reporter gene, dTomato, that can emit photons with a wavelength between 564 nm 
and 639 nm (excitation: 554 nm). The reporter was amplified using a gene specific primer pair 
in which a SP6 promotor was included into the forward primer.  

The 3’UTR sequences were randomly fragmented by ultrasound in a covaris machine, and the 
size distribution was inspected on a 1% agarose gel. Then, ends were repaired and 3’ 
adenylated using the NEBnext ultra II End repair/dA-tailing module. Then, forked adapters (see 
appendix) with a partial dTomato sequence were ligated to either full-length 3’UTRs or 
fragments using NEBnext ultra II ligation module.  

The dTomato reporter and ligated 3’UTRs were fused in an overlap PCR reaction in a 1:1 
molar ratio (calculations using https://nebiocalculator.neb.com) using Phusion Hot Start 
Polymerase. An enrichment PCR targeting the SP6 promotor and a part of the 3’UTR adaptor 
amplifies the full-length product. The PCR product was purified with AMPure beads, eluted in 
nuclease-free water. Its concentration was measured with a qubit fluorometer. 

10.1.5.3 Producing mRNA for injection 
I used an in-vitro-transcription kit that incorporates a 5’ cap into the transcripts and that allows 
to add a polyA-tail after the RNA synthesis. By this, transcripts resemble the structure of the 
endogenous mRNA. Additionally, I incorporated fluorescently labeled uridines for microscopic 
imaging after mRNA injection. 

IVT labeling mix  
Nuclease-free water 6 – x µl 
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Transcription buffer 2 µl 
2X ARCA/NTP Mix 10 µl 
Alexa488-UTP 1 mM 1 µl 
Template DNA x µl (400 ng) 
SP6 RNA Polymerase Mix 2 µl 

 20 µl 
I incubated the mixture for 3 h at 37° C. Note that the incorporation of labeled nucleotide lowers 
the yield of the IVT. Then, the template was digested by adding 2 µl DNase I mix and incubating 
for 15 min at 37° C. Finally, the transcripts were polyadenylated: 

Polyadenylation mix  
IVT mix 22 µl 
10x PolyA polymerase buffer 5 µl 
PolyA-Polymerase 5 µl 
Water 19 µl 
 51 µl 

Incubate for 30 min at 37° C, take an aliquot before and after to confirm successful 
polyadenylation on an RNA gel. Cleanup mRNA after reaction with 1.8x RNAclean beads. 

 Oocyte preparation and injection 
Xenopus oocytes were derived from the Xenopus resource centre (University Portsmouth, UK) 
as oocyte lobes, or already dissociated and staged from EcoCyte Bioscience. To dissociate 
oocytes lobes into injection ready oocytes, we used the following protocol: 

We first manually dissected oocyte lobes in ND96 buffer into pieces of ~0.5 cm with forceps. 
We then digested the connective tissue with 2 mg/mL liberase in ORII buffer for 3 x 15 min 
with gentle agitation and washed thoroughly in between. Removal of follicle cells was 
successful when oocytes can be pierced easily with a glass capillary. Cells were finally washed 
extensively with ND96 buffer until the solution was clear.  

Stage II and III oocytes were then handpicked on agarose coated dishes, put into culture 
medium and incubated on agarose coated dishes overnight at 18° C to reduce cellular stress 
before the injections. 

For injections, we chose 40 oocytes per batch and injected 2 nl of a 200 ng/µl mRNA solution 
on a customized silicone ramp. After injection, oocytes were kept in the dark in fresh culture 
medium at 18° C until imaging and further processing. 

 Live and dead staining 
Fluorescein diacetate (FDA) is taken up and metabolized into a fluorescent dye by living cells, 
while propidium iodide can cross disordered layers of cell membranes and therefore is only 
taken up by dead cells. For a staining, oocytes were incubated in a solution of 1:625 FDA and 
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1:100 PI in ND96 buffer for 5 min at room temperature, washed three times for 5 min with a 
minimum of 5 mL ND96 and were immediately imaged under a fluorescence microscope.  

 Preparation of sequencing libraries 
I followed the tomo-seq protocol (Holler and Junker, 2019) until the 2nd reverse transcription 
step. The resulting cDNA is split in half: For one part, a standard tomo-seq library for the 
endogenous transcripts is prepared. For the second half, a targeted amplification of dTomato 
and UTR sequences follows. To that aim, two nested PCRs and a library PCR are performed 
according to the following protocol: 

• Add 4 µl ExoI/rSAP to the 2nd RT reaction 
• Incubate 10 min. at 37° C, deactivate for 10 min. at 80° C 

Targeted amplification of dTomato sequences: 
• Add 1µl water, 5 µl B113 (fw) primer and 5µl B105 (rev), both at 1 µM 
• Mix with 25 µl NEBnext PCR premix 
• Run 1st nested PCR (or touchdown nested PCR): 

o 3 min at 98° C 
o 6-9 cycles of: 

§ 15 sec at 98 °C 
§ 30 sec at 66° C 
§ 20 sec at 72° C  

o 10 min at 72° C, hold at 10° C 
• add 20 µl ExoI/SAP, incubate for 10 min. at 37° C 
• remove primer and free dNTPs with 1 volume AMPure beads, elute in 15 µl water 
• measure concentration by qubit 
• product should be ~490 nt + fragment length of UTRs 

Nested PCR: 
• Mix 7.5 µl of the 1st PCR product, dilute with 7.5 µl water, add 5 µl K2_RFP_UTR 

primer (1 µM), 5 µl B105 primer (1 µM), and 25 µl NEBnext 
• Run the following program: 

o 2 min at 98° C  
o 6-9 cycles of: 

§ 15 sec at 98° C  
§ 25 sec at 66° C  
§ 15 sec at 72° C  

o 10 min at 72° C, hold at 10° C 
• remove primer and free dNTPs with 1 volume AMPure beads, elute in 15 µl 
• measure concentration with qubit 
• product should be ~140 nt + UTR size 

Library PCR 
• Mix 2 µl of the 2nd PCR product, dilute with 8.5 µl water, add 1 µl RPI index primer 

(12,5 µM), 1 µl RP1 primer (12,5 µM), and 12,5 µl NEBnext 
• Run library PCR: 

o 3 min. at 98° C 
o 10-13 cycles of: 
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§ 10 sec at 98° C 
§ 30 sec at 60° C  
§ 15 sec at 72° C 

o 10 min at 72° C  
• completely remove primer sequences by cleaning the PCR product twice with 1 

volume AMPure beads, elute in 15 µl 0.1 TE buffer 
• measure concentration with qubit 
• check product length with Bioanalyzer or Tapestation, product should be ~186 nt + 

UTR size 

10.2 Computational methods 

 Mapping of tomo-seq data 
Fastq files were mapped with STAR (v2.5.3a) using the --quantMode option. Genome versions 
used were GRCz10 (D. rerio), 9.2 (X. laevis) and 9.1 (X. tropicalis). From the SAM file, gene 
counts were assigned to a spatial barcode resulting in a count matrix. An exemplary mapping 
script can be accessed via github: https://github.com/karolineholler/tomo-seq. 

 Analysis of tomo-seq data 
We filtered out sections with a low recovery of ERCC spike-in controls. The cutoff depends on 
the sequencing depth, and was set as approximately 0.04 percent of the mapped reads of the 
respective library (or 8000 transcripts for the replicate 1). In the remaining sections, we 
excluded lowly expressed genes (with less than 5 counts in at least one section, for replicate 
1). We normalized gene expression by dividing gene counts by the total counts in that section 
and multiplied with the median of the summed counts per section. For clustering based on self-
organizing maps (SOM), we calculated cumulative expression going from low to high section 
numbers, normalized the maximum of the cumulative expression to one and let the SOM sort 
these patterns into a linear matrix of 1x50 profiles. A gene was called vegetally localized in all 
replicates when it was assigned any profile between 46 and 50 in all replicates and at least 48 
in one replicate. The code for the data analysis can be found online: 
https://github.com/karolineholler/tomo-seq. 

 Isoform analysis and k-mer enrichment 
Isoform expression in zebrafish one-cell stage embryos was determined using cufflinks v2.2.1. 
For k-mer enrichment, we extracted 3’ UTR sequences as annotated in the zebrafish genome 
version GRCz10. Next, we compared vegetally localized to all expressed genes with DREME 
(v4.11.2) using the parameters: -g 1000 -norc -e 0.5 -mink 3 -maxk 10. For Xenopus, we used 
the longest annotated 3’UTR for our analysis. 

We calculated the 3’UTR length of a gene ID by weighing the isoforms 3’UTR length according 
to their relative contribution to a gene IDs total expression. CDS lengths were calculated 
accordingly. 
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 Alignment of 3’UTRs from D. rerio, X. laevis and X. tropicalis 
UTR sequences were aligned using the mafft online tool (http://mafft.cbrb.jp/alignment/server/) 
using the following parameters: %mafft --reorder --anysymbol --maxiterate 1000 --retree 1 --
genafpair input. 

 scSLAM-seq mapping and analysis 
Raw data was demultiplexed with cellranger mkfastq (v3.0.2), and mapped with the default 
parameters of cellranger (10X Genomics) to the zebrafish genome, version GRCz11.95. We 
used the inbuilt cell detection algorithm to create a ‘whitelist’ with all barcodes that contain cells 
and extracted these barcodes from the BAM file to only consist of reads from real cells. We 
then separated the mapped reads into labeled reads (more than 1 T-to-C mutation per UMI, 
base quality >20) and unlabeled reads. We then created a fastq file for labeled and for 
unlabeled reads, respectively, mapped them with STARsolo and obtained count matrices that 
were further analyzed with Seurat v.3.1.2. The code for data analysis is publicly available via 
https://github.com/karolineholler/scSLAM-seq. 

 Analysis of ligand-receptor interactions 
We used CellPhoneDB to identify maternal genes involved in potential ligand-receptor 
interactions (Efremova et al., 2020). Human gene names were converted to zebrafish genes 
using orthology data from the Alliance of Genome Resources, release 3.2.0 (Agapite et al., 
2020). We added up contributions from zebrafish genes that have the same human orthologue, 
and we removed orthologue pairs where one zebrafish gene can be converted to multiple 
human genes. We then calculated the fraction of maternal reads for the genes involved in 
interactions based on the raw count matrices for each cell type. We included only cells that 
had at least 150 labeled and at least 150 unlabeled features, resulting in a total of 6844 cells. 
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11. Appendix 

11.1 Tomo-seq of a 3’UTR library injected Xenopus oocyte 

As described in chapter 7.5.4, I prepared 3’UTR libraries for injection. In this experiment, I 
injected either unfragmented and fragmented 3’UTR libraries, together with ATTO488 labeled 
RNA control that we expected to localize vegetally. After incubation for 24 h, I imaged the 
oocytes and sorted for healthy looking ones that exhibited fluorescence in the green and in the 
red channel. I embedded and snap froze single oocytes and performed a tomo-seq experiment 
on one of them. The diameter of the shown sample (Figure 50) has a diameter of ~440 µm. It 
was sectioned at a spatial resolution of 24 µm in what I assumed to be a vegetal-to-animal 
direction (arrow in Figure 50b).  

  
Figure 50: Localized fluorescence in an injected Xenopus oocyte. 

Microscopy images of an injected oocyte from X. laevis. a. Brightfield image. b. Green fluorescent 
channel showing ATTO488-labeled injected mRNA. An unlabeled 3’UTR library was coinjected in this 
experiment. 

I prepared a sequencing library for the endogenous transcriptome, and a targeted library that 
only recovered the injected fish reads (see chapter 10.1.8 for details). When analyzing the 
Xenopus transcriptome, I first filtered out sections with less than 10,000 transcripts (Figure 51), 
normalized the counts to reads per sections, and then plotted tomo-seq tracks for known 
vegetally localized genes (Figure 52). While the early pathway genes dazl.L and ddx25.L show 
a spatial restriction of reads in the suspected vegetal hemisphere, the gradients are more 
stretched out towards the centre of the sphere when compared to the patterns in mature 
oocytes. One reason for that could be that the localization process is still ongoing at the time 
point of the experiment, and transcripts might not be anchored yet at the vegetal cortex. I did 
not find a spatial restricted expression for beta-actin, as well as for the well-studied late 
pathway gene gdf1/Vg1 (Weeks and Melton, 1987). This pilot experiment shows that the 
strategy for the CORAL localization assay can, in principle, be realized successfully. However, 
more microscopy control experiments, and a deeper-level analysis are necessary to draw 
conclusions from this assay. 

 

a b 

200 µm 
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Figure 51: Transcript distribution over section barcodes for a tomo-seq experiment on an 
immature Xenopus oocyte. 

Bar plot showing transcripts per section as black bars, before normalization, ERCC spike-in controls are 
shown as an orange line. Y-axis shows log10 values. Sections below the expression cut-off are greyed 
out. 

  

  
Figure 52: Tomo-seq tracks of selected endogenous genes. 

Localization patterns for selected genes after filtering and normalization: The early pathway genes dazl 
(a) and ddx25 (b), as well as beta-actin (c) and the late pathway gene gdf1/Vg1 (d). 
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11.3 CORAL primer sequences 

Forked adapter, ordered as a 
pre-annealed duplex at IDT: Sequence in 5’-to 3’ direction 

CORAL_fork_antisense 
CATCGAGCTCAATATGTATGCATTGGCTTCAGTGGCC*T 
(* phosphothioate bond) 

CORAL_fork_sense 
/5Phos/GGCCACTGAAGCCTTGTACAGCTCGTCCATGCCGTAC
AGGAACAGGTGGTGGCGGCCCTCGG 

Tomato_Kozak_SP6_fw 
Introduces Kozak sequence 
and SP6 promotor to dTomato  

ATTTAGGTGACACTATAGAGCCACCATGGTGAGCAAGGGCGA
GGA 

Enrichment of full-length 
fusions:  

SP6_Kozak_fw ATTTAGGTGACACTATAGAGCCACC 

CORAL.end_rev CATCGAGCTCAATATGTATGCA 

Library preparation:  

B113 CGGCACGCTGATCTACAAGG 

B105 CCTTGGCACCCGAGAATTCCA 

K2_RFP_UTR 
GTTCAGAGTTCTACAGTCCGACGATCGTTCCTGTACGGCATG
GACG 

11.4 Primer for targeted amplification of 3’UTRs 

wnt8a ACGCGTCGTGGATGAAGTAA TCTAATGTGCTTCCCACTACAA 

smx5 GGTTTTGTTCCAATGTTCAGAAGC TTTTTGCATCAATGTGTGAACCT 

vrk3 ATAATCACTCAACCGGCAGG TGGTTGCTGCACAAAACAGT 

vrtn CATGCCTGAATGCTGTCACA TTCAAACATGCATGCAGACAT 

ralbp1 CTGCCCTTTGACCTCGGTTA TGACTCTCCAACCTTCCGTT 

zcchc10 TCGGCTGGCTCTGAATTGAG TGAGACATGCTCCACTTTCCA 

krtcap2 AGCACTTTAGCCATCCCAGC ACGCCTTAAACAAAAATATTTTGCG 

bach2a TGTGTGCTGCATATGGATGTG TGTGATCCTACAGACGCGAG 

slbp2 CTGGAGAATTGCGTAGTGTCA TCCATTCATAGAGGTCCACACA 

shcbp1 ACCTTCCATTACTGAAGCATCTCA TGCCATTTTTGGACAGCAGT 

tor1 ACGAGAAGAGACAGATGAGACTC TCCTGGAGCATCTCAGAAGTC 
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hmmr ATATCCGCATTGAGCAGCCA ACAAAGACAAAATGAATGGTGCA 

fam117ab TGGGTTGGACAGTGAACACT GGGTGCCAAAACATACTGCA 

UNC13B CAAGCGGCTAAATGAAGACTGT TGGAGTGCACACAAACATCA 

ppp1r3b AGAATCTACTTTTGGCGTGGTCT TTGAACATACCGAATACCGCTGA 

si:dkey GACCAAACGACCTGTGAGGA ACTCCTGAGTCTGTTCTTCATGA 

myh9a AATTCAGTGCTGAGCCCCTG ACTGGGTACAAAAGACAAAGCT 

mob1bb ACGAAAGACAGATAAACCGAGA ACAGCAATAACAGCAGCTAGTG 

ube2w ACATGCTAGTATCCTCAGCTTTTCA TAGCCGTCTTGCTGAAACAG 

ormdl1 TCCCAATGTTCAGAGGGCAC AGGGCAAAACAATTGGCACA 

map3k1 AGAAACACAATCACTGAAGAGGC TCATTATAAAATGCTTCGAATGGGG 

tmem104 TTTGGTCTCGCAAGCACAGT CAAGTGACGAGCAGCACAAT 

rab3aa CGCTTGCTAACCGGAATCAC AAGCGATCTGTCCAAGGGTG 

rnf41 GAGGACTTCCAGCATTCCCA GTCAGTAACCCACAGCACGA 

zgc:153952 GGAACAGAAAATAAACTGATACGGT TCTTGCCAGGCATGCCAATA 

anln GTGAAGGTCACTTTTACACTGACT TGCGTGATACATGGAAGCCA 

mast3b TGTGAACCTGTCGAGAAGGG AGGCAGTGGTATTCCCTCTT 

KIF2A GCTGTAGCCTGGAACACACT AGCAGCGGGATAAGTGTTGT 

tsc22d2 CTTCTCGTCCTGGGACTCCT ACGGTCTAGTTCTCGATGGA 

mxd3 AAGAGGACGACAGACTCCAA CAAAGGGGTTCCTGGTCCAA 

hook2 ATGAACAAACCCCTCCGTCC AACAACGCCGTGATGAAACG 

nemp2 TCTTTTGAAACTCAGCCAGGA TGAAATGGCCTGCACAGAGT 

tgfa CAGTGGGAGAACTCGAGCAA CGGCTCTCCAGGAATTGAGT 

celf1 CAGCAAGCCATACTGAGTGA CTGAGGATTTCAGTGCACTTACA 

fndc3ba ACAGAAAACATTTACGCTTCGAGT TCATGACAAGCCTGGAATGT 

slc38a7 GGGTTTGCTGTGACTGCATG AGGATCACAATGAGCACAAAAACA 

crlf3 AGTGCTGGTGTTCTGATTGGT TGTTCAGTTGTATTCCCGCA 

slc7a6 TGCACTGCGGTTTCAGGAAT GCTGTTCAGAGTGTTTTGTGGT 

zbtb1 AGAGGCCTCTCTCTGCTACC AATACACCGCTGAATGGCCA 

clcn3 TTCATCCCTCTGACCACACG TAATGAGAACACAGGCCCCG 

yap1 GCTATAGAGAGCCCGAACCC TCTGGGTGCGTTTAAAGGAA 

sh2d5 CTGTAGCTCCTCACTGCTGG ACTGTGTGTATTTGAGAGGTGCA 

itpkca AGAAGTGAAAGCCATCGTGGA AGTTAGCACAGCAACCCGAA 

tex261 CAGGACACAAACACACACGC AATGAAGCACGTCCGACACT 

efhd2 CGCATCCACCTCCTCCTTTT GACTGACACAGACGCTGACA 

sybu GGACACTTAGCGGCCCTC TTGCACATAGCTCAGGCACA 

mapkapk2a TAAGGACACATTCGCACACG CATACACCTGCCTTTCCCTGT 

grip2a AGTTGACCTCTGATTCCCACA ACATCTCATTCCCGGCATCC 

ptprga GAGTCCCTCGTTTGAAGCCC CGACACCCACCTGCTTTGTA 

lnx2b TGGCAGTCTGGTTTAAAACTCA TCGAGACTTGACATCTGGCT 
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rftn2 TGTGAACTCAAAAACTTGCCGT ACACTGATCAGATCTGGCAAA 

dazl GCCTTCACTACTAGCACAGACT CAGCAACATCGTACAATGCCA 

samd13 AAGTAACGTCTCGTAGCCGC ACCCTGTATCACAAGCTGCT 

larp4b CCTCTGCTTTGCTTCCAGGA AGAAAGCACACACATACGAGTG 

flii GCACCCGCATAAATCAGCAA AGCTGCTGTGACGAGAAGAA 

rtn4a GCCAAAGACTGAGTGAAGCA CACAATGCATTCACAGACAGCA 

fam135a TTTTTCAGTAGCCGTGCTGGA AAAGTCTCTTCGCACACAAGC 

clic4 GCGGCGGAAAGATTTTCACA TTGTCATAGCTGCCAGCAGT 

tpm3 TCTAAAGAAGACCTGGAGCAGA TCATTGTGGGCTTTTTCCAGT 

myl12,1 CAACCCTTTTTAAGCATCCCCC TGCATGTAACTACAATCAACACGT 

usp19 TGAAACTTGACCCGGTCAGG TCACAGCAGCATTCTCACGA 

dazap2 AACAGTGAACACCCCTCTGG CAGCAAGTTGAACCCACGTC 

tpd52l2b CCGCCTCTCTCCATCCAAAC TATGGTGCCTGTTCCCCAAA 

ist1 ACAGATCCAGATCACATCAGAACA ACACACCCAAACATTGCCAG 

yipf3 TGGCTTCTGGGTAGGTCACA AGCACAGAACTTCCTCACCC 

map3k7 GGCACCTCATGAACCCTCTA AGATGCGACCTTCACCTGTG 

lmbr1 CGCTTAGAGTCGCCTGATGT ACAGACAACACACTGGACACA 

tpd52l2a AACGCACCTCTGTGAGCAAG TGTGCTCCTGTTGACTTTTTGG 

b4galt6 TCCATGCTGGCTTTAGCGAA AACGCAGTGAACAGACTGGT 

rnf38 GCGGGATTCTGAGTGATGCT AAGAGACCACCACACCACAG 

elovl1a TGAACCAGTCAAAACACAGCC ACAACTCGTACATTTCCAATCGA 

r3hdm1 CTCTCAATGAGGCCACTCCC AGTCCACACATCTCGCAACA 

fhod1 ACGGGAAGGTCTGAATCTGG ACTTCAGGCATCCATACAGCA 

lef1 AATGGAGGAAAGCGGACGTC CGAATGTGACCACTTGGAAGC 

chmp4ba TGGGCTGCCAATTAATGCTC AGGTGTGAGGTTGAAAGGCA 

ino80db TAGTACACCGGCACCACCTT ACACACACACACACCCACAT 

zswim5 CGTTTCGGTTAAACCTCGCC AGGCGACAAACACTTTCCCT 

tmem120b ACTGAGTCTCTGCGTCAGAC GCTGTTGGAGACCCCCAAAA 

micall2a GTGCTGCGCCTAAACCAAC AGGCCTCTTTGCACATCTACT 

git1 AAAAACAGTGACCCGTCCGG CCTAACAGGTAGGTGCAGCT 

ctdsplb GTAGCAGACCAAACGGCCT GCACTGTACAGCCTCTCCAA 

pip4k2aa AAACAGCTGAGTCCACTGGG GTGTGATGATGCAGCGCTTC 

ppm1bb TGACGACCCCTGGTAGCC TCATTACATGGGCTCGTCGG 

ube2q2 CTAGGAAAGGCATTGATCCGC TGCCAACAGTGTGAGCTTCA 

camk2g1 CCCCATTACAGTGAACCGCA GGGAGCATACCAAGCAGAGG 

ppp2r5eb TCCCACTTAACGAAGCGCTT TCTGACACAGCTCACCACAG 

sulf1 GCTGCCCAATTTCACAGAGG ACAGCTTCTTGGCTTTCCAGA 

raver1 GCGCATCTTTTGACCACAACT CAGCAGCTCAAGCACATGTC 

kpna6 AGCCTTCTGACTCTTTCCGG CTGCATCATTGAGACGGGGA 
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ccdc88c GCGTGTAGAACCTCAGCCTT TCGGGTTTTGGACATCAGCT 

ggnbp2 CAGGATCTGCCGTGAGTGAG TCGCACATTGCTTTCAACATCA 

chic2 TTCAGGCCGGATTAGCAGC GACGATGTCCCTGGGATTCG 

pawr CCAGCTCACCAGGTAGAAGC AGGTAAAGCAGCAGGAGAGC 

ndel1b GCGTTTGACACACTTTCCCC AACAGCACATCAGCCCAGTT 

trim36 GGAGTCTGACTGTGTGTGTGT AACAGAGCAGAGCAGAGCAG 

tmem194b GCCAGCGTGGGCTGTTATTA TAAGGGGTTGCCTGGACAGA 

ell-202 CTTCTTCGTTCTCCCTTTTGGG CGATGCAAACCTATACAACAGGTC 

wasf2-201 ACCTGTGCAACCACATCAAGA GGACTAGTACTGTGCGGCTG 

daxx-202 CACAGGGTACTGAACTGGCA ATTGAGCAGGGAAATCTGGCT 

 

11.5 CELseq3 primer sequences 

random_hexamer_2nd_RT 
 
AGTTCTACAGTCCGACGATCNNNNNN  

 
1 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTTATAACGTTTTTTTTTTTTTTTTTTTTTTTV 
2 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCCACAATGTTTTTTTTTTTTTTTTTTTTTTTV 
3 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNATATACACTTTTTTTTTTTTTTTTTTTTTTTV 
4 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGCACACGCTTTTTTTTTTTTTTTTTTTTTTTV 
5 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNAGAGAGAGTTTTTTTTTTTTTTTTTTTTTTTV 
6 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTCACAGCATTTTTTTTTTTTTTTTTTTTTTTV 
7 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCTATAGTATTTTTTTTTTTTTTTTTTTTTTTV 
8 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCGAGATTCTTTTTTTTTTTTTTTTTTTTTTTV 
9 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTAATCAACTTTTTTTTTTTTTTTTTTTTTTTV 
10 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCGACCAGCTTTTTTTTTTTTTTTTTTTTTTTV 
11 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTTAGCCAGTTTTTTTTTTTTTTTTTTTTTTTV 
12 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCCAACCGGTTTTTTTTTTTTTTTTTTTTTTTV 
13 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGCAACGCCTTTTTTTTTTTTTTTTTTTTTTTV 
14 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNATAGCGTCTTTTTTTTTTTTTTTTTTTTTTTV 
15 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTCAACTAATTTTTTTTTTTTTTTTTTTTTTTV 
16 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGAATCTCGTTTTTTTTTTTTTTTTTTTTTTTV 
17 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCTAGCTGATTTTTTTTTTTTTTTTTTTTTTTV 
18 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNAGACCTTGTTTTTTTTTTTTTTTTTTTTTTTV 
19 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCTACGACATTTTTTTTTTTTTTTTTTTTTTTV 
20 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTCATGATATTTTTTTTTTTTTTTTTTTTTTTV 
21 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTAAGGCTCTTTTTTTTTTTTTTTTTTTTTTTV 
22 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCCATGGCGTTTTTTTTTTTTTTTTTTTTTTTV 
23 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTTACGGTGTTTTTTTTTTTTTTTTTTTTTTTV 
24 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGCATGTACTTTTTTTTTTTTTTTTTTTTTTTV 
25 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNATACGTGCTTTTTTTTTTTTTTTTTTTTTTTV 
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26 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGCAGTATCTTTTTTTTTTTTTTTTTTTTTTTV 
27 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCTAATCAATTTTTTTTTTTTTTTTTTTTTTTV 
28 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNAGATTCCGTTTTTTTTTTTTTTTTTTTTTTTV 
29 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTCAGTCGATTTTTTTTTTTTTTTTTTTTTTTV 
30 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGAACTCTGTTTTTTTTTTTTTTTTTTTTTTTV 
31 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCGATTGACTTTTTTTTTTTTTTTTTTTTTTTV 
32 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTAACTGGCTTTTTTTTTTTTTTTTTTTTTTTV 
33 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCCAGTTAGTTTTTTTTTTTTTTTTTTTTTTTV 
34 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTGCTACAGTTTTTTTTTTTTTTTTTTTTTTTV 
35 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGCCGACCATTTTTTTTTTTTTTTTTTTTTTTV 
36 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCACCACGGTTTTTTTTTTTTTTTTTTTTTTTV 
37 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNATCAACTATTTTTTTTTTTTTTTTTTTTTTTV 
38 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGACCAGCCTTTTTTTTTTTTTTTTTTTTTTTV 
39 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNAGCTAGTCTTTTTTTTTTTTTTTTTTTTTTTV 
40 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTACCATAATTTTTTTTTTTTTTTTTTTTTTTV 
41 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGTCAATCGTTTTTTTTTTTTTTTTTTTTTTTV 
42 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCGCTATGATTTTTTTTTTTTTTTTTTTTTTTV 
43 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNACCGATTGTTTTTTTTTTTTTTTTTTTTTTTV 
44 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGTCTCAAGTTTTTTTTTTTTTTTTTTTTTTTV 
45 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCGCGCACATTTTTTTTTTTTTTTTTTTTTTTV 
46 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTACACATATTTTTTTTTTTTTTTTTTTTTTTV 
47 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCACACGCGTTTTTTTTTTTTTTTTTTTTTTTV 
48 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNATCTCGGATTTTTTTTTTTTTTTTTTTTTTTV 
49 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTGCGCGTGTTTTTTTTTTTTTTTTTTTTTTTV 
50 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGACACTACTTTTTTTTTTTTTTTTTTTTTTTV 
51 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNAGCGCTGCTTTTTTTTTTTTTTTTTTTTTTTV 
52 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNAGCCGACCTTTTTTTTTTTTTTTTTTTTTTTV 
53 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGACTGATCTTTTTTTTTTTTTTTTTTTTTTTV 
54 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCGCCGCAATTTTTTTTTTTTTTTTTTTTTTTV 
55 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNACCAGCCGTTTTTTTTTTTTTTTTTTTTTTTV 
56 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTACTGCGATTTTTTTTTTTTTTTTTTTTTTTV 
57 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGTCGGCTGTTTTTTTTTTTTTTTTTTTTTTTV 
58 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCACTGTAGTTTTTTTTTTTTTTTTTTTTTTTV 
59 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNATCGGTCATTTTTTTTTTTTTTTTTTTTTTTV 
60 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTGCCGTGGTTTTTTTTTTTTTTTTTTTTTTTV 
61 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGCCAGTTATTTTTTTTTTTTTTTTTTTTTTTV 
62 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTGCATACGTTTTTTTTTTTTTTTTTTTTTTTV 
63 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGCCTTAGATTTTTTTTTTTTTTTTTTTTTTTV 
64 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCACGTATGTTTTTTTTTTTTTTTTTTTTTTTV 
65 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNAGCATCACTTTTTTTTTTTTTTTTTTTTTTTV 
66 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGACGTCGCTTTTTTTTTTTTTTTTTTTTTTTV 
67 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNACCTTGAGTTTTTTTTTTTTTTTTTTTTTTTV 
68 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTACGTGCATTTTTTTTTTTTTTTTTTTTTTTV 
69 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGTCCTGGGTTTTTTTTTTTTTTTTTTTTTTTV 
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70 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCGCATGTATTTTTTTTTTTTTTTTTTTTTTTV 
71 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCCGTAACATTTTTTTTTTTTTTTTTTTTTTTV 
72 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTTGCAATATTTTTTTTTTTTTTTTTTTTTTTV 
73 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCAGGACCCTTTTTTTTTTTTTTTTTTTTTTTV 
74 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTGGAACTCTTTTTTTTTTTTTTTTTTTTTTTV 
75 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCTGCAGCGTTTTTTTTTTTTTTTTTTTTTTTV 
76 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTCGTAGTGTTTTTTTTTTTTTTTTTTTTTTTV 
77 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGTGCATACTTTTTTTTTTTTTTTTTTTTTTTV 
78 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNACGTATGCTTTTTTTTTTTTTTTTTTTTTTTV 
79 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNACGGCACCTTTTTTTTTTTTTTTTTTTTTTTV 
80 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGTGACATCTTTTTTTTTTTTTTTTTTTTTTTV 
81 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCCGGCCAATTTTTTTTTTTTTTTTTTTTTTTV 
82 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTTGACCGATTTTTTTTTTTTTTTTTTTTTTTV 
83 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCAGCCGACTTTTTTTTTTTTTTTTTTTTTTTV 
84 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTGGTCGGCTTTTTTTTTTTTTTTTTTTTTTTV 
85 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCTGACTAGTTTTTTTTTTTTTTTTTTTTTTTV 
86 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNAGGTCTCATTTTTTTTTTTTTTTTTTTTTTTV 
87 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTCGGCTGGTTTTTTTTTTTTTTTTTTTTTTTV 
88 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGAGCCTTATTTTTTTTTTTTTTTTTTTTTTTV 
89 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTCGCGACGTTTTTTTTTTTTTTTTTTTTTTTV 
90 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCTGTGATGTTTTTTTTTTTTTTTTTTTTTTTV 
91 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNACGCGCACTTTTTTTTTTTTTTTTTTTTTTTV 
92 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGTGTGCGCTTTTTTTTTTTTTTTTTTTTTTTV 
93 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTTGTGGCATTTTTTTTTTTTTTTTTTTTTTTV 
94 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCCGCGGTATTTTTTTTTTTTTTTTTTTTTTTV 
95 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCAGAGTTCTTTTTTTTTTTTTTTTTTTTTTTV 
96 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTGGCTAACTTTTTTTTTTTTTTTTTTTTTTTV 
97 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCAGTTAGCTTTTTTTTTTTTTTTTTTTTTTTV 
98 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTCGATCAGTTTTTTTTTTTTTTTTTTTTTTTV 
99 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGAGTTCCATTTTTTTTTTTTTTTTTTTTTTTV 
100 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCTGGTCGGTTTTTTTTTTTTTTTTTTTTTTTV 
101 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNAGGCTCTATTTTTTTTTTTTTTTTTTTTTTTV 
102 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGTGGTGCCTTTTTTTTTTTTTTTTTTTTTTTV 
103 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNACGATGTCTTTTTTTTTTTTTTTTTTTTTTTV 
104 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCCGATTGATTTTTTTTTTTTTTTTTTTTTTTV 
105 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNAATTAACCTTTTTTTTTTTTTTTTTTTTTTTV 
106 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCATTACAATTTTTTTTTTTTTTTTTTTTTTTV 
107 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNATTGACCGTTTTTTTTTTTTTTTTTTTTTTTV 
108 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTGTCACGATTTTTTTTTTTTTTTTTTTTTTTV 
109 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGCTAACTGTTTTTTTTTTTTTTTTTTTTTTTV 
110 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCTTGAGACTTTTTTTTTTTTTTTTTTTTTTTV 
111 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTCTAAGGCTTTTTTTTTTTTTTTTTTTTTTTV 
112 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCGTCATAGTTTTTTTTTTTTTTTTTTTTTTTV 
113 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNACTAATCATTTTTTTTTTTTTTTTTTTTTTTV 
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114 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTATTATGGTTTTTTTTTTTTTTTTTTTTTTTV 
115 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTATGCACGTTTTTTTTTTTTTTTTTTTTTTTV 
116 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGTTCCAGATTTTTTTTTTTTTTTTTTTTTTTV 
117 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCGTACATGTTTTTTTTTTTTTTTTTTTTTTTV 
118 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNAATGCCACTTTTTTTTTTTTTTTTTTTTTTTV 
119 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGGTACCGCTTTTTTTTTTTTTTTTTTTTTTTV 
120 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNATTCCGAGTTTTTTTTTTTTTTTTTTTTTTTV 
121 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTGTACGCATTTTTTTTTTTTTTTTTTTTTTTV 
122 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCATGCGTATTTTTTTTTTTTTTTTTTTTTTTV 
123 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTCTGGAACTTTTTTTTTTTTTTTTTTTTTTTV 
124 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCTTAGAGCTTTTTTTTTTTTTTTTTTTTTTTV 
125 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTATCGCAGTTTTTTTTTTTTTTTTTTTTTTTV 
126 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGTTAGCCATTTTTTTTTTTTTTTTTTTTTTTV 
127 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCGTTGCGGTTTTTTTTTTTTTTTTTTTTTTTV 
128 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNACTGGCTATTTTTTTTTTTTTTTTTTTTTTTV 
129 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNAATCGGTCTTTTTTTTTTTTTTTTTTTTTTTV 
130 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTGTTGTAATTTTTTTTTTTTTTTTTTTTTTTV 
131 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGCTGGTCGTTTTTTTTTTTTTTTTTTTTTTTV 
132 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCATCGTGATTTTTTTTTTTTTTTTTTTTTTTV 
133 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNATTAGTTGTTTTTTTTTTTTTTTTTTTTTTTV 
134 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGCTCTAAGTTTTTTTTTTTTTTTTTTTTTTTV 
135 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCATATACATTTTTTTTTTTTTTTTTTTTTTTV 
136 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTGTGTATATTTTTTTTTTTTTTTTTTTTTTTV 
137 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTCTCTCTCTTTTTTTTTTTTTTTTTTTTTTTV 
138 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNCGTGTGCGTTTTTTTTTTTTTTTTTTTTTTTV 
139 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNACTCTGGATTTTTTTTTTTTTTTTTTTTTTTV 
140 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNTATATGTGTTTTTTTTTTTTTTTTTTTTTTTV 
141 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNGGTGTTACTTTTTTTTTTTTTTTTTTTTTTTV 
142 GCCGGTAATACGACTCACTATAGGGCCTTGGCACCCGAGAATTCCANNNNNNAATATTGCTTTTTTTTTTTTTTTTTTTTTTTV 
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