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Chapter 0: Prologue

Variability is an important and frequently discussed topic in biology. From 
an evolutionary point of view, variability within a population functions as 
a driver of adaptation. Variability, adaptation, and evolution have, however, 
been subject to controversy throughout history. Even though variability, and 
a specific form of variability called dimorphism that we will focus on later, 
is the main theme of this thesis, it is important to understand the premises. 
And our premises start with the father of evolution, Charles Robert Darwin. 

 A couple of observations made by Darwin gave rise to his work 
on evolution by means of natural selection. Differences in morphology, 
physiology, and behavior, also known as phenotypic variation, were the first 
key observations that gave rise to Darwin’s theory (Darwin, 1859). A famous 
example is that of Darwin’s finches on the Galapagos Islands, which show 
great variety in beak form and function (Darwin, 1845; Darwin et al., 1839).
These traits confer differences in survival and reproduction of the finch, 
also known as fitness (Darwin, 1859). An important factor to take into 
account here is the impact of the environment on the organism. Certain 
traits are more or less favorable in certain environmental conditions and 
can be subject to selection (natural selection).  Again, referring to the 
revered finches of the Galapagos, each island with its unique environment 
favors different shapes/functions of beaks for food provision (Darwin, 1845; 
Darwin et al., 1839). Consistent with Darwin’s observations, Alfred Russel 
Wallace attributed the high biodiversity seen on the Indonesian island 
Sulawesi to a similar principle of natural selection (Wallace, 1860). While 
not observed in the Galapagos finches rather in pigeon breeds, Darwin’s 
final observation was that these phenotypic traits are hereditary. He noticed 
particular hereditary patterns of characteristics when crossing specific 
pigeon varieties (Darwin, 1859, 1868).Although his thoughts on heredity were 
nowhere near a mechanism as described by Mendel, they did show Darwin 
had a similar hypothesis. Together, the above-mentioned observations can 
explain the gradual change of a population in its environment over time. 
Parents with favorable traits have higher chances to survive and produce 
progeny containing similar advantageous traits. The successive members of 
a population will, therefore, be better adapted to certain environments. 
 Even though Darwin’s theory of evolution is now generally accepted, 
it was the subject of many controversies, and subsequent adaptations of the 
theory have been proposed. The most impactful adaptation took place in 
the early 20th century, when Mendelian genetics was incorporated into the 
theory to create what is now known as the Modern synthesis (Neo Darwinian 
theory) (Dobzhansky, 1937; Fisher, 1930; Haldane, 1932; Huxley, 1940; Mayr, 
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*Lamarck is often pitted against Darwin, since he had a divergent theory from Darwin’s evo-
lution by means of natural selection. He states the environment has direct influence on 
organisms. Certain environments lead to strengthening or weakening of the development of 
specific organs/traits. Moreover, acquired or lost traits are heritably preserved in individuals 
of the next generation. A frequently used example is that of the giraffe’s long neck, which de-
veloped according to the Lamarckian view because of the giraffe’s need of such an extension 
to reach leaves on tall trees (Lamarck, 1809).

1942; Mendel, 1865; Wright, 1931). This new theory explains the means by 
which traits can be hereditary, namely genetics. Moreover, it explains that 
changes in the genetic traits can give rise to phenotypic variations within 
a population. However, since a couple of decades, there has been some 
debate about whether the commonly accepted theory of evolution was not a 
little too focused on the heritable genetic aspect. Several biologists began to 
notice the direct influence that the environment has on organisms, almost 
proposing a more Lamarckian view on evolution*. There was a call for a 
more extended view on the theory of evolutionary synthesis (Baldwin, 1896; 
Goldschmidt, 1940; Gould and Eldredge, 1972, 1977; Morgan, 1896; Osborn, 
1896; Rendel, 1967; Schmalhausen, 1949; Waddington, 1957, 1942, 1952). 

 The extended view on variability and evolutionary diversification led 
to the inclusion of phenotypic plasticity as a mechanism alongside genetic 
polymorphism. Phenotypic plasticity, of which developmental plasticity is 
a form, is the ability of an organism to change its phenotype in response 
to input from its environment during its lifetime (flexibility) (Nijhout; West-
eberhard, 2003). A good example is the formation of callosities (Duerdon, 
1920). Certain animals can form thickened callosities on skin as adaptation 
that serves as protection against frequent contact with hard surfaces. For 
instance, ostriches are actually born with callus formations on the rump 
without having ever encountered hard surfaces (Duerdon, 1920). The idea that 
a plastic trait, that is usually associated with an adaptation of an organism 
to its environment, is now actually already formed in early development 
paved a way for a possible hereditary mechanism of plastic traits. 
 In 1896, Baldwin, Morgan, and Osborn formed ideas on the hereditary 
aspects of phenotypic plasticity (Baldwin, 1896; Morgan, 1896; Osborn, 1896). 
The ability of an organism to adapt during its lifetime via phenotypic plasticity 
(organic selection) can determine the course of evolution. Moreover, if 
certain variations become heritable by mutations, they can be selected onto 
direct phenotypic evolution (orthoplasy). This thought pattern was later 
called the Baldwin effect, even though many more have proposed similar 
theories (Gause, 1947; Morgan, 1896; Osborn, 1896; Schmalhausen, 1949).
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 The fixation of an initially plastic trait in an organism or population was 
studied by Waddington, who referred to it as canalization (Waddington, 1942, 
1952). During canalization, a trait becomes more stable and less sensitive to 
genetic and environmental perturbations, acting as a buffering mechanism 
in a way. Following his theory on canalization, Waddington extended his view 
by proposing the mechanism of genetic assimilation. In this mechanism, he 
describes the process by which an acquired trait, originally responsive to its 
environment, can be selected for and become fixed in a population, making 
it insensitive to the environment (Waddington, 1953, 1957). 
 Even though genetic assimilation could describe the evolution of 
genetic control by increased frequency or fixation of traits, it could not 
alone explain a decrease in genetic control and trait frequency (Crispo, 
2007; West-eberhard, 2003). Moreover, both the Baldwin effect and genetic 
assimilation focus solely on environmentally induced changes. As described 
above, there was a call for a theory that could combine both the genetic and 
environmental influences on alternative adaptations and evolution. This call 
was met by West-Eberhard, who described accommodation, both phenotypic 
and genetic, to be crucial for the emergence of alternative adaptations (West-
eberhard, 2003). Her theory consists of four concepts. First, a novel input is 
required to affect either one individual (e.g. a mutation) or several individuals 
(e.g. a change in environment). Second, a novel phenotype can emerge from 
the developmental responses to the new genetic or environmental input 
(phenotypic accommodation*). This “adaptive mutual adjustment among 
variable aspects of the phenotype” is independent of genetic change. Third, 
the novel phenotype spreads within the population. This spread can occur 
fast, in a single generation, when the change is caused by environmental 
input common or ubiquitous to the individuals of the population. The 
spread can also require several generations, when there is genetic input 
at the basis. Fourth, the trait must be genetically accommodated. The 
initial spread of the novel trait produces a heterogeneous population in 
its sensitivity and response to the new input. Individuals of the population 
vary genetically and thus differ in their phenotypic response. Subsequently, 
in case of reproductive advantages, the trait and the underlying genetic 
differences become subject to natural selection. This result is what West-
Eberhard describes as “adaptive evolutionary adjustment of the regulation 
and form of the novel trait” (West-eberhard, 2003, 2005). 

*Note that apart from the many similarities the Baldwin effect and phenotypic accommoda-
tion have, they differ in the fact that phenotypic accommodation addresses solely develop-
mentally plastic changes, whereas the Baldwin effect can include non-developmental plastic 
changes as well.



 13

 It is in light of West-Eberhard’s theory on accommodation that 
variability is viewed in the continuation of this thesis. Since a large part 
focuses on transcriptomic differences, addressing the genotypic differences 
alone would be insufficient. However, by extending the view to incorporate 
phenotypic plasticity, the occurrence, function, and origins of variability in 
biology can be addressed more adequately.  
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Chapter 1: General Introduction

Variability in biology contributes to adaptability and fitness of a species. 
Even though variability occurs ubiquitously in biology, the origins and 
consequences are often poorly understood. Biological v   ariability could be 
caused by functional stochasticity that is selected by evolution, or a more 
organized molecular or cellular process at its basis. In this thesis, a specific 
form of variability, which is represented by the occurrence of two distinct 
forms of a species, tissue, or population, will be discussed. This form of 
variability, called dimorphism, derives from the Greek word dimorphos  
(from di- meaning two and morphe meaning shape or form). To try and gain 
a better understanding of the occurrence and function of dimorphism in 
biology, the topic will be considered in three sub-themes: sexual dimorphism 
(A), bilateral asymmetries (B), and variability in behavior (C) (Figure 1). These 
sub-themes will be addressed using nematodes as a model organism; they 
are among the simplest multicellular organisms, making them ideal to study 
this subject on a cellular, organism, and population level.

Figure 1. Dimorphisms in the animal kingdom (A) Sexual dimorphism represented by 
interspecies differences between individuals of opposing sex. Here, the sexually dimorphic 
morphological features of the Superb Fairy-Wren (Malurus cyaneus) are depicted. The male 
(left) has bright blue plumage, whereas the female (right) has light brown/grey plumage 
ideal for camouflage. (B) Bilateral asymmetries represented by left-right asymmetries within 
an individual. Here, the bilaterally asymmetrical coloring of the American Lobster (Homarus 
americanus) is shown. The left side of the animal is orange, while the right side of the animal 
is of a brown-blue color. (C) Behavioral variations represented by differences in behavior 
among individuals of an isogenic population. Here, differently behaving identical twins are 
displayed. One twin is happy (left), while the other twin is upset (right).

Sexual dimorphisms
Perhaps the best-known form of dimorphism in biology is sexual dimorphism 
(Figure 1A). Sexual reproduction is made possible by the existence of at 
least two phenotypically and often behaviorally distinct sexes of the same 
species. It is important to note here that sex is viewed not as a deterministic 
characteristic, but as a plastic trait that results from the interplay between 
genetic and environmental influences on phenotype (Ah-King and Nylin, 
2010). Especially from facultatively sexually reproducing organisms such as 
Caenorhabditis elegans, consisting of two natural sexes, XX hermaphrodites 

B.A. C.Sexual dimorphisms Bilateral asymmetries Variability in behaviour
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and XO males, the sexual dimorphism is noteworthy. In an isogenic 
population, this organism is capable of asexual and sexual reproduction, 
making mating preference and efficiency important subjects of study. Wild 
type C. elegans populations under standard laboratory conditions (15-25 
degrees Celsius) are mostly hermaphroditic, with an occurrence of 1 or 2 
males per 1000 hermaphrodites (Hodgkin and Doniach, 1997; Ward and Carrel, 
1979). Therefore, C. elegans predominantly self-fertilizing. The importance of 
sexual reproduction often becomes more apparent in populations under 
stress. The thought behind it being the potential spread of specific traits 
within a population due to sexual reproduction, which can be advantageous 
for the adaptation of the population to certain stressful environments (Bell, 
1982; Maynard Smith, 1978; Stebbins, 1957). Higher temperatures, for 
instance, can increase the occurrence of males within a population, thereby, 
increasing the diversity within a population by means of sexual reproduction 
(Hodgkin, 1983, 1988; Sulston et al., 1983). The effect of the environment on 
the occurrence of both sexes within a population is a good example of how 
sex can be seen as a plastic trait. 
 The manifestation of sexual dimorphism in C. elegans is overtly visible 
in morphology as has been described extensively by Hodgkin, 1988; Sulston 
and Horvitz, 1977; Sulston et al., 1983, and many more. In fact, 30% of the 959 
somatic hermaphrodite nuclei and 40% of the 1031 somatic male nuclei are 
sexually specialized. Underlying these morphological sexual dimorphisms 
is a complex genetic system orchestrating the sexual differences in these 
many structures, tissues, and cells. 
 Recent advances in transcriptomics allows an opportunity to unravel 
the underlying transcriptional differences between sexes. In 2001, Jiang et 
al., performed a genome-wide analysis of sex-regulated gene expression 
profiles by analyzing DNA microarrays of both adult sexes. Later on, Lamm 
et al., (2011) generated L4 male and various larval stage hermaphrodite 
transcriptomes using multimodal RNA-seq methods. More recently, Kim et 
al., (2016) looked into developmental transcriptomes of the two sexes from 
L3 to adult stages.
 While these whole worm datasets are a great tool to study the sexual 
dimorphic transcriptome of C. elegans, whole-organism sequencing lacks 
spatial resolution. Thus, for questions focusing on sexual differences in 
specific tissues or cell types, many technical and computational adaptations 
were required. Already in 2004, Reinke et al., discovered a way to extract 
germline-enriched and sex-biased expression profiles by comparing 
genome-wide gene expression of whole worms to whole worms lacking 
germline tissue. Germline specific mRNAs were discovered by Wang et al., 
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(2009) through the extraction of gonads from adult hermaphrodites. Sex-
specific germline transcriptomes were generated by isolating feminized and 
masculinized gonads from adult hermaphrodites, by Ortiz et al., (2014). Mature 
sperm transcriptomes were generated by Ma et al., (2014), by sequencing 
isolated mature sperm. Male specific CEM and HOB neuron profiles were 
generated by Wang et al., (2015), by isolating that specific subtype of neurons 
and comparing their transcriptome to that of whole worm lysate. 
 Even though these technical and computational approaches suffice 
for answering some questions, there is yet no method to analyze the sexual 
differences on a genome-wide level while maintaining spatial resolution over 
the whole organism. We, therefore, adapted a technique of RNA tomography-
sequencing (Tomo-seq) (Junker et al., 2014), to address the tissue specific 
transcriptional sexual dimorphisms, which are discussed in Chapter 2. We 
generated a high-resolution gene expression atlas showing gene expression 
patterns along the A-P axis of young adult animals. Region and tissue specific 
genes were elucidated using several computational methods. Subsequently, 
sex-specific gene expression differences in the germline, sperm, and male 
tail structures, were discovered by a combination of pattern-based and 
differential gene expression analysis. Moreover, we show in an additional 
functional assay on male mating efficiency, that the dataset can be used for 
gene function prediction as well. Taken together, we consider the dataset 
described in Chapter 2 to be a powerful resource to study the C. elegans 
transcriptome and characterize the sexual dimorphic differences between 
specific tissues, organs, and cell types. 

Bilateral asymmetries
Next, the subject of bilateral asymmetries will be addressed (Figure 1B). The 
overall architecture of most multicellular organisms is largely bilaterally 
symmetrical, however  asymmetrical differences can arise between the left-
right (L-R). These differences can be observed in morphology: such is the 
case for many organs like the heart and liver, which are present only on 
one side of the body (Wood, 1997; Burdine and Schier, 2000; Hamada et al., 
2002; Mercola and Levin, 2001; Ramsdell and Yost, 1998). L-R asymmetry can 
also affect structures present in both sides of the body, such as functional 
bilateral asymmetries like handedness, which is very prominent in the animal 
kingdom. However, bilateral asymmetries can also be less prominent, as is 
usually the case in the nervous system. For instance, in mammalian brains 
we know several functions, such as language and visuospatial perception, 
are allocated in a left-right (L-R) asymmetrical manner (Davidson and 
Hugdahl, 1995; Glick and Ross, 1981; Ross and Glick, 1981). Lateralization in the 
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nervous system is present in invertebrate organisms as well. For instance, C. 
elegans shows several functional lateralizations in chemosensory neurons 
(Bargmann and Horvitz, 1991; Pierce-Shimomura et al., 2001; Wes and 
Bargmann, 2001). A well-described L-R asymmetry is that of the ASEL and 
ASER neurons, the main taste receptors in C. elegans. While ASEL is activated 
by high NaCl concentrations to cause forward locomotion of the nematode, 
ASER is deactivated by high NaCl concentrations resulting in turning behavior. 
This functional lateralization is not depending on morphology or position of 
the cell body, which is the same for both cells, but on gene expression (and 
protein abundance) of specific sensory receptors driven by the transcription 
factor che-1 (Chang et al., 2003; Pierce-Shimomura et al., 2001; Wes and 
Bargmann, 2001). 
 Another lateralization in the nervous system of C. elegans is that of the 
Q neuroblasts. Both the left and right Q neuroblast lineage give rise to similar 
differentiated sensory neurons (AVM/PVM), ciliated neurons (AQR/PQR), and 
interneurons (SDQR/SDQL). Even though the function of the differentiated 
neurons is similar, there is asymmetry in the migration direction of the 
developing Q neuroblasts. This asymmetrical migration direction results in 
different positions of the final descendants along the anteroposterior (A-P) 
axis (Chalfie and Sulston, 1981; Salser and Kenyon, 1992; Sulston and Horvitz, 
1977). The regulation of the directional asymmetry in Q neuroblast migration 
has been subject of research for over three decades and will be addressed 
in Chapters 3-6 of the thesis as a model for lateralizations in the nervous 
system. 
 The Q neuroblasts arise from an asymmetric seam cell division 
during embryogenesis shortly before hatching. This first division is unique 
from a fate perspective, since a cell type with an epithelial/hypodermal fate 
can give rise to both a hypodermal precursor (V5) and a neuroblast (Q cell). 
Subsequently, whilst migrating in opposite directions, the Q cells undergo 
a similar pattern of divisions and apoptosis, finally giving rise to three 
differentiated neurons in the anterior and posterior of the animal (AQR, 
AVM, SDQR and PQR, PVM, SDQL) (Figure 2) (Chalfie and Sulston, 1981; Salser 
and Kenyon, 1992; Sulston and Horvitz, 1977). Initially, the Q neuroblasts 
migrate only a short distance (10-15um). For QR, this short distance is 
directed towards the anterior, to a position dorsal of seam cell V4. For QL 
the initial migration is directed in the opposite direction, dorsal of seam cell 
V5. Shortly after the end of the initial phase of migration, the first division of 
the Q neuroblasts takes place. The daughter cells will then migrate a longer 
distance towards the anterior and posterior for QR and QL descendants, 
respectively. During this long distance migration, the Q neuroblast daughter 
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cells undergo their final rounds of division, giving rise to fully differentiated 
descendants at the end of their migration trajectory (Figure 2). Separate 
mechanisms, implicating basic cell migration machinery, Wnt signaling, 
and Hox transcription factors, are involved in the initial migration of Q 
neuroblasts and long distance migration of Q daughter cells (Middelkoop 
and Korswagen, 2014; Rella et al., 2016). 

Figure 2. Bilaterally asymmetrical migration of Q neuroblasts (A) Schematic overview of initial 
Q neuroblast migration. After hatching the Q neuroblasts will migrate a small distance (10-
15um) to a position dorsal of seam cell V5 and V4 for QL and QR respectively. This four hour 
process takes depends on the transmembrane proteins DPY-19, MIG-21, PTP-3/LAR-RPTP, UNC-
40/DCC, and CDH-4/Fat. (B) Schematic overview of Q daughter cell migration. After initial Q 
neuroblast migration the Q cells undergo the first division. QL.a will migrate over QL.p before 
it migrates more posterior, while QL.p will remain near seam cell V5. QL.a will divide and 
give rise to QL.ap and QL.aa, which will differentiate into PQR and form an apoptotic body 
respectively. QL.p division will give rise to QL.pa, which will give rise to SDQL and PVM after 
a third division, and QL.pp, which will form an apoptotic body. The posterior migration of 
QL daughter cells is depending on canonical Wnt signaling and the Hox transcription factor 
MAB-5, which inhibits LIN-39/Hox. QR.a will stay in front of QR.p as both migrate towards the 
anterior. QR.a will divide and give rise to QR.ap and QR.aa, which will differentiate into AQR 
and form an apoptotic body respectively. QR.p will give rise to QR.pa, which will give rise 
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to SDQR and AVM after a third division, and QR.pp, which will form an apoptotic body. The 
anterior migration of QR daughter cells is depending on LIN-39/Hox expression and three 
distinct Wnt mechanisms. The long-range migration of QR.a and QR.p is controlled by non-
canonical Wnt signaling. Migration termination of QR.pa is depending on a switch to canonical 
Wnt signaling. Moreover, the migration of QR.pa daughter cells along the dorsoventral axis is 
depending on a PCP-related mechanism. Arrows indicate direction of migration. The different 
stages of Q descendant migration are accompanied by the time point in hours after hatching. 
(C) Schematic overview of final position of the fully differentiated Q descendants 12 hours 
after hatching. PVM, SDQL, and PQR reside in the posterior of the animal, whereas AVM, SDQR, 
and AQR are positioned in the anterior of the animal. The QL lineage is depicted in red (left 
side of the overview) and the QR lineage is depicted in green (right side of the overview). The 
lateral row of seam cells is depicted in black/grey. Dorsal is up and ventral is down. Anterior 
is left and posterior is right. 

Initial Q neuroblast migration
While the initial phase of Q neuroblast migration is Wnt independent, 
several components of basic cell migration and polarization mechanisms 
are involved. A combination of transmembrane proteins (UNC-40/DCC, MIG-
21, DPY-19, PTP-3/LAR-RPTP, CDH-4/Fat) is required for the short distance 
asymmetrical migration of the Q neuroblasts (Du and Chalfie, 2001; Honigberg 
and Kenyon, 2000; Middelkoop et al., 2012; Schmitz et al., 2008; Sundararajan 
and Lundquist, 2012; Sundararajan et al., 2014). These transmembrane 
proteins are required for the formation and directionality of protrusions 
crucial for initial migration. 
 dpy-19 encodes a C-mannosyltransferase transmembrane protein 
highly homologous to the four mammalian DPY-19 proteins (mDpy19L1-L4) 
(Carson et al., 2006). mDPY19L1 was shown to control the radial migration of 
glutaminergic neurons in the developing mouse cerebral cortex (Watanabe 
et al., 2011). Additionally, C. elegans DPY-19 was shown to be involved in Q 
neuroblast migration, as dpy-19 mutants showed a randomized polarization 
phenotype (Honigberg and Kenyon, 2000).   
 mig-21 encodes a trombospondin repeat containing transmembrane 
protein showing similar defects in Q cell migration as dpy-19 (Du and Chalfie, 
2001; Middelkoop et al., 2012; Sundararajan and Lundquist, 2012). Even though 
mig-21 has no close orthologs, its two extracellular thrombospondin repeats 
are similar to the repeats found in the Netrin receptor UNC-5 and Semaphorin 
5A, which have roles in cell migration (Leonardo et al., 1997; Li et al., 2012; 
Sadanandam et al., 2010; Wadsworth et al., 1996). Interestingly, compound 
mutant analysis has shown mig-21 and dpy-19 likely function in a linear 
genetic pathway (Middelkoop et al., 2012). Consistent with this observation 
is the finding that DPY-19 is capable of mannosylating the thrombospondin 
repeats of MIG-21 in vitro suggesting a functional interaction (Buettner et al., 
2013). 
 The LAR-type receptor protein tyrosine phosphatase (LAR-RPTP) ptp-3 
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is another transmembrane protein involved in initial Q neuroblast migration 
(Harrington et al., 2002; Sundararajan and Lundquist, 2012; Sundararajan et 
al., 2014). LAR-RPTPs, containing extracellular fibronectin type III repeats and 
immunoglobulin domains, are involved in the guidance of cells and axons 
through interaction with components of the extracellular matrix (Ackley et 
al., 2005; Harrington et al., 2002; Um and Ko, 2013). The Q cell directionality 
phenotype of ptp-3 mutants is less severe than that of mig-21 and dpy-
19 mutants. Nevertheless, compound mutant analysis shows additional 
mutation of ptp-3 in a mig-21 mutant background does not result in an 
enhanced phenotype, suggesting they function in a linear genetic pathway 
(Sundararajan and Lundquist, 2012; Sundararajan et al., 2014). 
 unc-40 encodes a conserved Netrin receptor (Deleted in Colorectal 
Cancer/DCC) (Chan et al., 1996). In many systems, DCC was shown to function 
in the dorsoventral guidance of cells and axons (Chan et al., 1996; Keino-Masu 
et al., 1996; Lai Wing Sun et al., 2011; Wadsworth, 2002; Ziel and Sherwood, 
2010). Upon binding of a ligand, such as UNC-6/Netrin or MADD-4/THSD4/
ADAMTSL, UNC-40 gets stabilized on the plasmamembrane, thus polarizing 
the cell (Adler et al., 2006; Asakura et al., 2007; Chan et al., 1996; Colón-Ramos 
et al., 2007; Tu et al., 2015). Subsequently, UNC-40 is capable of creating 
polarized protrusions by directing F-actin formation at the cell cortex. Apart 
from UNC-6 and MADD-4, ligand-independent functions have been described 
for UNC-40 as well. UNC-40 can interact with other receptors, such as SAX-
3/Robo, MIG-1/Frizzled, and VANG-1/Van Gogh, to potentiate their signaling 
(Tang and Wadsworth, 2014; Yu et al., 2002). Studies have shown unc-40 is 
involved in initial Q neuroblast migration. Furthermore, several epistasis 
experiments have shown unc-40 functions in parallel and/or redundantly 
with dpy-19, mig-12, and ptp-3 (Honigberg and Kenyon, 2000; Middelkoop et 
al., 2012; Sundararajan and Lundquist, 2012; Sundararajan et al., 2014).  
 The Fat-like cadherin CDH-4 is one of the two conserved orthologs 
in C. elegans alongside CDH-3 (Pettitt, 2005). Fat-like cadherins are large 
transmembrane proteins containing several cadherin repeats in their 
extracellular domain. Roles in the regulation of planar cell polarity (PCP), 
tissue size, and cell migration have been ascribed to Fat-like cadherins 
(Horne-Badovinac, 2017; Matis and Axelrod, 2013; Yin and Pan, 2007). 
Mammalian Fat1 controls directional polarization and protrusive activity at 
the leading edge, where it is localized to cytoskeletal organization (Moeller et 
al., 2004; Tanoue and Takeichi, 2004). Moreover, studies have shown a role for 
CDH-4 in initial Q neuroblast migration (Schmitz et al., 2008; Sundararajan et 
al., 2014). Epistasis analysis has shown cdh-4 can function in a linear genetic 
pathway with mig-21 and ptp-3. Furthermore, cdh-4 can function in parallel 
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to unc-40 in QL, whereas it functions in a similar pathway with unc-40 in QR 
(Sundararajan et al., 2014). 
 Even though the general involvement of these transmembrane 
proteins in initial Q cell migration is described, the mechanism how these 
proteins act together to specifically regulate initial Q cell migration is still 
largely unknown. Hence, we examined the role of each protein, on a molecular 
and mechanistic level, in initial Q cell migration further in Chapter 3. By 
focusing on their distinct roles in protrusion formation and directionality 
using single and compound mutant analysis we were able to distinguish 
parallel from overlapping functions. 
 Together, the involvement of these transmembrane proteins in Q cell 
migration suggests an extracellular guidance cue, such as a ligand, might be 
implicated. However, up to date no such guidance cue has been discovered. 
The cause of Q cell symmetry breaking, therefore, remains unclear. Thus, we 
set out to identify potential intrinsic or extrinsic causes of Q cell symmetry 
breaking in Chapter 4. By performing single cell sequencing, we examine a 
potential L-R asymmetric transcriptional difference. Furthermore, we studied 
the L-R asymmetrical cell non-autonomous role of CDH-4 in initial Q cell 
migration further. 

Q daughter cell migration
As mentioned previously various mechanisms are involved in the different 
phases of Q cell migration. While initial Q neuroblast migration is Wnt 
independent, Wnt signaling plays a permissive role in the migration of Q 
daughter cells (Figure 2) (Whangbo and Kenyon, 1999). In QR, the activation 
of non-canonical Wnt signaling results in low expression of the homeobox 
transcription factor mab-5. Since mab-5 is capable of suppressing the 
expression of the Hox transcription factor lin-39, low expression of mab-5 
enables high expression of lin-39. Elevated levels of lin-39 are ultimately 
involved in the anterior migration of QR descendants (Clark et al., 1993; Wang 
et al., 2013). Conversely in the QL lineage, the activation of canonical Wnt 
signaling eventually results in the activation of the Hox transcription factor 
mab-5 (Harris et al., 1996; Korswagen et al., 2000, 2002; Maloof et al., 1999; 
Whangbo and Kenyon, 1999). mab-5 itself is both necessary and sufficient 
to drive posterior migration, since loss and gain of function can drive both 
Q cells in an anterior and posterior direction, respectively (Salser and 
Kenyon, 1992; Tamayo et al., 2013; Zinovyeva et al., 2008). The role of mab-5 in 
posterior QL migration will be further elucidated in Chapter 5. By performing 
tissue-specific transcriptomics, we were able to identify downstream targets 
of mab-5 that are involved in posterior migration. 
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 Even though the distinct phases of Q cell migration are depending 
on different mechanisms, they are still connected with each another. 
Disruption of initial migration, for instance by disruption of one or more 
of the involved transmembrane proteins, results in defects in Q daughter 
cell migration (Chapman et al., 2008; Du and Chalfie, 2001; Honigberg and 
Kenyon, 2000; Middelkoop et al., 2012; Sundararajan and Lundquist, 2012). 
These findings indicate proper initial migration is required for correct onset 
migration. Moreover, the L-R asymmetrical Wnt response is depending on 
a threshold difference for canonical Wnt/beta-catenin signaling activation 
(Middelkoop et al., 2012; Whangbo and Kenyon, 1999). Extensive single 
molecule Fluorescence In Situ Hybridiziation (smFISH) analysis suggests the 
activation of mab-5 is correlated to the relative initial migration of QL and 
QR (Ji et al., 2013). Taken together, the canonical Wnt signaling target mab-
5 seems to have a crucial function as its expression levels can dictate the 
overall migration direction of both QL and QR daughter cells. Thus, robust 
expression of mab-5 is essential for proper Q descendant migration. smFISH 
combined with modelling revealed this robust expression of mab-5 is 
ensured by a complex network of interlocked positive and negative feedback 
loops (Ji et al., 2013). Findings revealed a direct role for mab-5 in repressing 
its own transcription. Moreover, the model suggests additional feedback is 
controlled by regulation of the Frizzled (Fzd) receptor levels. The fine-tuning 
of mab-5 expression levels will be addressed further in Chapter 5. Among 
the mab-5 transcriptional targets identified with tissue specific mRNA 
sequencing is the conserved E3 ligase plr-1/ZNRF3/RNF43, which is known to 
target Fzd receptors for degradation (Hao et al., 2012; Koo et al., 2012; Moffat 
et al., 2014). We show with smFISH plr-1 is part of the negative feedback loop 
responsible for attenuating mab-5 levels, possibly by the downregulation of 
Fzd receptor levels on the plasmamembrane. 
 While the posterior migration of QL descendants is seemingly 
straightforward, the anterior migration of QR daughter cells is more complex. 
A previous study has shown the migration of the QR.p descendant depends 
on three consecutive Wnt signaling mechanisms (non-canonical, canonical, 
and PCP-related) (Figure 2) (Korswagen et al., 2002; Mentink et al., 2014, 2018; 
Whangbo and Kenyon, 1999). 
 The first mechanism of Wnt signaling required for the long-range 
migration of QR.a and QR.p from a position dorsal of seam cell V4 to a position 
dorsal of seam cell V2 is non-canonical. Two distinct non-canonical Wnt 
pathways, CWN-1/Wnt-MOM-5/Fzd and EGL-20/Wnt-CAM-1/Ror, regulate this 
process of long-range migration. Both pathways have separate functions in Q 
cell migration: CWN-1-MOM-5 is responsible for the speed of migration, while 
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EGL-20-CAM-1 is responsible for the directionality of migration. Additionally, 
a role for the conserved receptor MIG-13/Lrp12 in this migration phase has 
been described (Masuda et al., 2012; Sym et al., 1999; Wang et al., 2013). As 
a cellular target of LIN-39, MIG-13 controls the asymmetric distribution of 
the actin cytoskeleton in leading edge of migrating Q cells, thus regulating 
polarity (Wang et al., 2013). The long-range migration is terminated by the 
division of the QR daughter cells. 
 After division, QR.pa migrates a short distance anterior prior to 
stopping. smFISH analysis in Wnt mutant backgrounds show this termination 
is depending on a cell-intrinsic timing mechanism regulating MIG-1 
expression. Ultimately, the upregulation of MIG-1 results in the activation of 
canonical Wnt signaling (second mechanism of Wnt signaling), which is both 
necessary and sufficient for the termination of QR.pa migration (Mentink 
et al., 2014). The question how activation of canonical Wnt signaling can 
lead to the termination of QR.pa migration will be discussed in Chapter 
6. Here, we show canonical Wnt signaling can offset the CWN-1-MOM-5 
pathway, resulting in the termination of migration speed. Moreover, tissue 
specific transcriptomics combined with differential gene expression analysis 
revealed two downstream targets of canonical Wnt signaling, eva-1 and rga-
9, involved in the termination of QR.pa migration. 
 After migration termination QR.pa divides and QR.paa and QR.pap 
migrate in opposite directions along the dorsoventral axis. This phase of 
migration is depending on the conserved PCP transmembrane protein VANG-
1 (Mentink et al., 2014). An interaction of VANG-1 with the Dishevelled MIG-5 
is required to enhance the threshold for canonical Wnt pathway activation, 
resulting in the activation of non-canonical Wnt signaling. 
 To conclude, the Q neuroblasts will be used to study several aspects of 
lateralized migration: the basic cell migration and polarization mechanisms, 
symmetry breaking, and the role of Wnt signaling and the Hox transcription 
factor MAB-5. Enhanced understanding of these complexities in a simple 
system as C. elegans can help our understanding in a broader context. 

Variability in behavior 
Finally, the topic of variability in behavior will be addressed (Figure 1C). 
Variability in behavior can occur at different scales; at the level of species 
diversification, community dynamics, and individual variation (Dingemanse 
and Wolf, 2013). Here, we focus on the occurrence of variation among 
individuals of a population. 
 The topic of variability in behavior has been fervently discussed in 
the past century. Several intrinsic and extrinsic causes (among which genes, 
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physiology, development, and environment) have been attributed to variable 
behavior. It has become clear that there is usually not a singular underlying 
cause behind the behavior of a multicellular organism, rather an interplay 
of several processes is involved resulting in a behavioral phenotype. 
In the ant Pheidole Pallidula for instance, there is a clear interplay of 
environment and genetics causative for certain behavior (Lucas and 
Sokolowski, 2009). These ant colonies are composed of morphologically 
and behaviorally specialized castes. The soldier ants are larger (with bigger 
mandibles) and more aggressive, whereas the foragers are smaller and 
exhibit less aggressive behavior. Individuals of each caste are predisposed 
to specific behavior. However, a change in the environmental circumstances 
can cause a switch in behavior. Thus, the presence of a new food source or 
an attack by a neighboring colony can cause a shift in behavior to foraging or 
defensive. At the basis of this switch lies a single gene, ppfor, which results 
in aggressive behavior when it is expressed at high levels. 
 Another, probably more relatable, example of an interplay of 
processes lying at the basis of behavior is stress. The induction of stress 
by an environmental stimulus can cause a physiological reaction. The 
endocrine response to stress in most vertebrate systems is the circulation 
of norepinephrine and glucocorticoids. Both hormone responses are known 
to affect the behavior of an individual (de Kloet et al., 2005).  
 Together, these examples clearly highlight the complexity underlying 
organism-scale behavior. Even though a clear role has been described 
for genetic, physiological, and environmental variability, the role of other 
processes, such as stochastic fluctuations in gene expression or epigenetics, 
have been less studied. By the exclusion of genetic and environmental 
variability we can gain understanding of these less studied processes causing 
behavioral variability. Thus, we focus on the relatively simple nematodes, 
which can be grown under genetically and environmentally controlled 
conditions. Moreover, regardless of their simplicity, these multicellular 
organisms are still capable of complex behavior, such as chemotaxis, 
foraging, and mating behavior. 
 Salt-chemotaxis in C. elegans is a well-studied behavioral 
phenomenon. The nematode is capable of sensing ionic-concentrations in 
its environment and behaving accordingly. Key to the sensing and response 
to ionic-concentrations are the ASE neurons (Bargmann and Horvitz, 1991; 
Wes and Bargmann, 2001; Yu et al., 1997). These bilaterally asymmetrical 
neurons reside in the nerve ring in the anterior of the animal. Several 
studies have shown that it is the differential expression of key receptor-
type guanylyl cyclases (rGCs) that is responsible for the lateralized function 
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in sensing. ASEL is responsive to NA+ and Li+ due to gcy-6, gcy-7, gcy-14, and 
gcy-20. ASER is responsive to K+, I-, Cl-, and Br- due to gcy-1, gcy-3, gcy-4, gcy-5, 
and gcy-22  (Ortiz et al., 2006; Takayama et al., 2010; Yu et al., 1997). Apart from 
their lateralized function in sensory perception ASEL and ASER can induce 
lateralized behavior as well. On the one hand high ionic concentrations 
result in the activation of ASEL, which causes an increase in forward runs. 
On the other hand low ionic concentrations results in the activation of ASER, 
which causes an increase in turning frequency (Suzuki et al., 2008). Various 
mutant backgrounds of these rGCs and other involved proteins gave distinct 
behavioral phenotypes in chemotaxis assays. Even though the underlying 
molecular mechanism has been zealously addressed, as to where the 
variability is generated under controlled conditions remains unaddressed. 
Thus, we examined the salt-chemotaxis in wild type individuals in Chapter 7. 
We show individuals of an isogenic population show a stochastic preference 
for ion-concentration. Moreover, we show random fluctuations of gene 
expression lie at the basis of these stochastic behavioral events. 

Scope and outline of the thesis
The scope of this thesis entails the occurrence and function of dimorphism, 
as a form of variability, in biology. The topic will be discussed in the three 
sub-themes (Figure 3): sexual dimorphism (Chapter 2), bilateral asymmetries 
(Chapter 3-7), and variability in behavior (Chapter 8-9). 

In Chapter 2 the sexual dimorphism of young adult C. elegans will be 
addressed on a transcriptomic level. By adapting the method of Tomography-
sequencing, we were able to create a gene-expression dataset maintaining 
spatial resolution. A combination of pattern-based computational 
methods with differential gene expression analysis resulted in sex-specific 
transcriptional differences. Further functional analysis showed several 
genes enriched in the male reproductive tract are related to male mating 
efficiency. 

In Chapter 3 we focus on the role of the transmembrane proteins unc-40/
DCC, mig-21, dpy-19, CDH-4/Fat, and CDH-3 in initial Q neuroblast migration. 
The role of the transmembrane proteins in protrusion formation and 
directionality will be discussed on a molecular and mechanistic level. We show 
the proteins define three distinct pathways with partially redundant roles in 
protrusion formation and parallel functions in directionality. Furthermore, 
we demonstrate UNC-40 activity is directed along the anteroposterior axis 
depending on MIG-21, DPY-19, and CDH-4, rather than known ligands. 
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Chapter 4 addresses the symmetry breaking of the Q neuroblasts. The 
outstanding question whether Q cell symmetry breaking is an intrinsic 
mechanism will be addressed using single cell sequencing. mRNA sequencing 
reveals there is no L-R asymmetry on a transcriptional level. Tissue specific 
depletion analysis reveals cell non-autonomous CDH-4 is involved in L-R 
asymmetrical initial Q cell migration, indicating an extrinsic source for 
symmetry breaking. 

In Chapter 5 the role of mab-5 in posterior migration of Q daughter cells 
will be elucidated further. Tissue specific transcriptomics combined with 
differential gene expression analysis resulted in a list of downstream targets 
of mab-5. We show vab-8, eva-1, and ebax-1 are redundantly involved in the 
posterior migration of QL daughter cells. Furthermore, we found that the 
E3 ligase plr-1/ZNRF3/RNF43 is part of the negative feedback attenuating 
mab-5 expression levels, which is required for robust mab-5 expression and 
ultimately posterior migration. 

Chapter 6 discusses the role of canonical Wnt signaling in the termination of 
QR.pa migration. Compound mutant analysis shows canonical Wnt signaling 
can counteract the CWN-1-MOM-5 pathway, decreasing migration speed. 
Furthermore, downstream targets of canonical Wnt signaling involved in 
migration termination were identified using tissue specific transcriptomics 
and differential gene expression analysis. Results show two of the canonical 
Wnt target genes, eva-1 and rga-9, are involved in the termination of QR.pa 
migration via SLT-1/SAX-3/Robo signaling and the RhoGEF PIX-1 respectively. 

Chapter 7 addresses the role of gene expression variation in salt-preference. 
We show salt-preference is stochastic within an isogenic population 
of C. elegans. Subsequent whole animal sequencing reveals stochastic 
fluctuations in gene expression lies at the basis of this observed variation 
in behavior. 

Finally, we provide a discussion in Chapter 8, where the topics of the 
chapters will be put in a broader perspective: Which models and hypothesis 
can explain our findings? How do our results impact future studies? And how 
do the individual Chapters relate to the occurrence, function, and origins of 
variability in biology? 



 31

Figure 3. Schematic overview of the scope of the thesis (A) Sexual dimorphisms in the C. 
elegans transcriptome examined using Tomography-sequencing. The method, dataset 
analysis, and subsequent sex comparisons are topics which will be discussed in Chapter 2. 
(B) Bilateral asymmetries in Q neuroblast migration. Wnt independent initial Q neuroblast 
migration will be discussed in Chapters 3-4. The role MAB-5/Hox in posterior migration 
of the QL descendants will be elucidated further in Chapter 5. The termination of QR.pa, 
depending on canonical Wnt signaling and downstream targets, will be discussed in Chapter 
6. (C) Behavioral variability in isogenic nematode populations. The role of stochastic gene 
expression in salt-preference in C. elegans will be examined in Chapter 7. 
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Abstract
To advance our understanding of the genetic programs that drive cell and 
tissue specialization, it is necessary to obtain a comprehensive overview 
of gene expression patterns. Here, we have used spatial transcriptomics 
to generate high-resolution, anteroposterior gene expression maps of 
males and hermaphrodites. To explore these maps, we have developed 
computational methods for discovering region and tissue-specific genes. 
We have found extensive sex-specific gene expression differences in the 
germline and sperm, and discovered genes that are specifically expressed in 
the male reproductive tract. These include a group of uncharacterized genes 
that encode small secreted proteins that are required for male fertility. We 
conclude that spatial gene expression maps provide a powerful resource 
for identifying tissue-specific gene functions in C. elegans. Importantly, we 
found that expression maps from different animals can be precisely aligned, 
enabling transcriptome-wide comparisons of gene expression patterns.

Introduction
Examination of spatial gene expression patterns provides important insight 
into the gene expression programs that drive the functional specialization 
of cells and tissues in multicellular organisms. A model organism that is 
ideally suited to connect such spatial expression information to cellular 
functions is the nematode C. elegans. It has a relatively simple body plan of 
959 somatic cells in adult hermaphrodites and 1031 somatic cells in adult 
males (Sulston et al., 1980; Sulston and Horvitz, 1977), which enables gene 
expression pattern analysis at cellular resolution in a complete organism. 
Moreover, there is considerable complexity in specialized cell and tissue 
types (Sulston and Horvitz, 1977) to link expression patterns to specific 
evolutionarily conserved functions.
 Gene expression analysis in C. elegans has mostly relied on microscopy-
based techniques such as mRNA in situ hybridization, immunohistochemistry 
and promoter analysis with reporter transgenes. Even though large-scale in 
situ hybridization and promoter studies have been performed (Dupuy et 
al., 2007; Tabara et al., 1996), a transcriptome-wide overview of spatial gene 
expression patterns has remained out of reach. Moreover, since most gene 
expression studies have focused on the hermaphrodite, expression patterns 
in the male are still largely uncharacterized (Kim et al., 2016).
 RNA sequencing is a powerful approach to study gene expression 
at the whole-genome level, but it does not provide spatial information. 
Gene expression analysis on isolated cell populations partially solves this 
problem, but isolation of certain cell types can be problematic and spatial 
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information is limited (Cao et al., 2017). An approach to overcome these 
limitations is to combine RNA sequencing with serial tissue-sectioning 
(Junker et al., 2014). Here, spatial information is retained by cryo-sectioning 
the sample along a specific axis, and then performing RNA sequencing on 
the individual sections. This method, which is referred to as RNA tomography, 
has been used to create a three-dimensional gene expression atlas of the 
zebrafish embryo (Junker et al., 2014) and has also been applied to study 
expression patterns in organs such as the heart (Wu et al., 2016).
 A major challenge in applying RNA tomography to small organisms 
such as C. elegans is the limited amount of mRNA that can be extracted from 
individual sections, especially when thin sections are used to create high-
resolution gene expression maps. Here, we have used the sensitive CEL-seq 
method (Hashimshony et al., 2012) to create high-resolution, anteroposterior 
(AP) gene expression maps of C. elegans males and hermaphrodites. We 
have developed computational methods to align and cluster expression 
maps into distinct anatomical regions and to identify spatially co-expressed 
genes based on the similarity of expression patterns. Using this approach, 
we have identified genes specific to the germline, sperm, and different 
somatic cells and tissues. Furthermore, by combining these results with sex-
specific differential gene expression analysis, we have identified male and 
hermaphrodite specific gene expression differences in the germline and 
in sperm. Using a similar strategy, we discovered somatic genes specific to 
the male reproductive system, including a set of reproductive tract genes 
encoding secreted proteins that are required for male fertility. Our results 
demonstrate that RNA tomography maps provide a powerful resource to 
identify sex- and tissue-specific gene functions in C. elegans. 

Results
Generation of high-resolution, transcriptome-wide anteroposterior 
gene expression maps of C. elegans
To generate high-resolution gene expression maps of C. elegans, we adapted 
the RNA tomography approach developed for zebrafish (Junker et al., 2014). 
In brief, we individually froze and cryo-sectioned young adult male and 
hermaphrodite animals into 20 μm thick sections along the anteroposterior 
(AP) body axis (Fig. 1A). RNA was extracted from each section using Trizol 
and processed using a unique molecular identifier (UMI) extended CEL-
seq protocol (Grun et al., 2014). In this approach, each detected molecule is 
labeled by a UMI (Kivioja et al., 2011) and a section specific barcode before 
the samples are pooled to prepare a single Illumina sequencing library. The 
resulting sequencing reads were trimmed for low quality bases and aligned 
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to the C. elegans reference transcriptome (WS249) by BWA-MEM. Finally, 
the spatial distribution of the transcripts was recovered using the section 
specific barcodes.
 We sectioned and analyzed 4 young adult hermaphrodites and 4 
young adult males. In addition, we included 2 germline deficient glp-1(q231) 
hermaphrodites (Austin and Kimble, 1987) to examine somatic gene expression 
in the mid-body without interference from the mRNA-rich germline. Despite 
the low amount of input material (sections that do not cover the germline 
contain on average only about 20-30 somatic cells), our approach yielded 
high-complexity data. After optimizing sequencing depth, we obtained 13-
22 million uniquely mapped, unduplicated reads, corresponding to 4-11 
million unique transcripts per sectioned wild type male or hermaphrodite 
animal (Fig. 1B, Table S1). We could detect an average of 16394 genes in 
hermaphrodites and 16994 in males, with a total 18778 and 19241 genes in 
the combined datasets, respectively. This represents 93% and 95.3% of genes 
that were detected in a recent study using bulk RNA sequencing of young 
adult hermaphrodites and males (Kim et al., 2016). 
 For further analysis, we kept all genes expressed above 10 unique 
transcripts in at least one section. The majority of these genes were detected 
in all datasets of the same sex (71% in males and 69% in hermaphrodites, Fig. 
1G, S1A). Sequencing libraries were normalized to 10 million total transcripts 
per animal. Next, the anterior and posterior ends of the expression maps 
were defined by the first or last two consecutive sections with ≥50 genes 
(with ≥20 transcripts each). Internal sections with <50 genes were removed 
(an average of 1.1 sections per animal). The total number of high-quality 
sections per animal was, on average, 41 sections for the hermaphrodite and 
34 for the male datasets, which is consistent with the difference in length 
between the two sexes. Along the sectioning axis, there was an average of 
2170 genes per section in hermaphrodites and 2210 in males (Fig. 1D, E). 
Interestingly, we found that 39 genes show clear spatial differences in 3’ 
isoform usage, most notably between the soma and germline, or between 
different regions of the germline (Fig. S1B, Table S2, Supplementary dataset 
1). Sections within the boundaries of the animal were z-score transformed, 
or normalized to 10 million reads per animal, or converted to transcript per 
million (TPM) values per section for specific analyses. When comparing the 
different hermaphrodite and male datasets, Pearson correlation coefficients 
of the pooled transcriptome data ranged from 0.90-0.98 for hermaphrodites 
and 0.95-0.97 for males, demonstrating the high reproducibility of the 
method (Fig. 1C). As expected, transcriptome-wide Pearson correlation 
distinguished the male and hermaphrodite datasets by sexual identity (Fig. 
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1F). Taken together, these results show that RNA tomography is a sensitive 
and reproducible method to examine gene expression in C. elegans.
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Figure 1. RNA tomography in C. elegans. (A) Schematic overview of the tomo-sequencing 
method. Individual young adult animals were sectioned along the AP axis into 30-45, 20 μm 
thick sections. Each section underwent mRNA extraction, followed by reverse transcription 
and addition of section specific barcodes and unique molecular identifiers (UMIs). Next, 
the samples were pooled and subjected to linear amplification by in vitro transcription, 
followed by reverse transcription, library preparation and Illumina sequencing. (B) Total 
number of genes and transcripts per young adult hermaphrodite and male dataset. The 
2 young adult glp-1(q231) germline deficient mutants were sequenced at lower depth. (C) 
Pearson correlation (r) of total transcript data in Hermaphrodite datasets #2 and #3. (D) Total 
number of genes detected. Mean and standard deviation are indicated. (E) Distribution of 
the number of genes detected per section along the AP axis. Red line indicates threshold of 
50 genes per section. (F) Pearson correlation clustering segregates the datasets by sex and 
shows high reproducibility across datasets of the same sex. (G) Venn diagram of genes with 
>10 transcripts in at least 1 section in the 4 male datasets. >70% of genes are detected in each 
of the 4 datasets. See also Figure S1.

Expression patterns of marker genes validate the high spatial 
resolution and sensitivity of C. elegans RNA tomography maps
To get a global view of gene expression patterns along the AP axis, we 
performed hierarchal clustering on the z-score normalized gene expression 
data. As shown in Fig. 2A and B, several large clusters of co-expressed genes 
could be identified in males and hermaphrodites: an anterior cluster including 
genes known to be specifically expressed in the head region, several clusters 
in the mid-body region that represent the germline and sperm and a group 
of genes in the posterior that includes tail specific genes. To examine these 
expression patterns in more detail, we plotted the expression of marker 
genes that are specific to major anatomical structures such as the pharynx, 
the nerve ring, the germline, the spermatheca and vulva, as well as the male 
reproductive tract and tail (Fig. 2C, E). As expected, the expression patterns 
of these marker genes were consistent with the anatomical localization and 
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spacing of the corresponding structures along the anteroposterior body axis 
in the intact animal. Importantly, also genes expressed in specific pairs of 
neurons could be readily detected, demonstrating the high sensitivity of 
our approach. An example is cwp-1, which is expressed in only two adjacent 
neuron pairs in the head (the male specific ventral CEMV and dorsal CEMD 
neurons) (Portman and Emmons, 2004), and shows the expected single 
peak of expression in the anterior region of the male expression maps (Fig. 
2F). Finally, we found that the spatial resolution of the expression patterns 
corresponded well with the 20 um sectioning width. For example, the IL1, OLL 
and URB neurons that express the neuropeptide gene flp-3 (Li et al., 1999) 
and neurons of the nerve ring that express flp-1 (Nelson et al., 1998) are 
positioned approximately 60 um apart in the head region. As expected, we 
found that the peaks of flp-3 and flp-1 expression were 2-3 sections apart in 
the hermaphrodite expression maps (Fig. 2D).

Unbiased computational and manually curated alignment of male 
and hermaphrodite expression maps identifies region-specific genes 
Although the order of gene expression patterns along the anteroposterior 
axis was highly consistent between expression maps of different animals, 
we found some variability in the spacing of expression peaks (Fig. S2). This 
is most likely caused by subtle differences in the length of the animals and 
technical variability of the cryo-sectioning procedure. However, since the 
anatomical positions of cells in C. elegans are largely invariable (Sulston 
et al., 1980; Sulston and Horvitz, 1977), we could align and merge expression 
maps using (1) unbiased computational clustering and (2) manually-curated 
alignment.
 In the first approach, we assigned each section to a distinct region 
by sequentially breaking down the expression map into smaller regions 
using hierarchical clustering. In brief, we first calculated pairwise Pearson 
correlations between all sections using the TPM-normalized data. Male 
sections were first separated into the 3 most distinct clusters, resulting in an 
anterior germline region (Germ1), a posterior germline region (Germ2) and 
a somatic cluster (see supplemental experimental procedures for detailed 
description of the clustering approach). The Germ1 cluster corresponds to the 
distal part of the germline, while Germ2 corresponds to the spermatogenic 
region of the germline. The somatic cluster contained the head and tail 
regions, which could be separated by their AP position. Moreover, we found 
that the head region could be further divided into two sub-clusters (Head1 
and Head2), which correspond to the anterior part of the head, and the 
nerve ring plus anterior intestine, respectively (Fig. 3A). As hermaphrodites
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Figure 2. Validation of RNA tomography expression maps. (A, B) Transcript distribution correlates 
with anatomical structures. Heatmaps of z-score normalized gene expression in Hermaphrodite 
#3 and Male #3 (genes with ≥ 15 normalized reads in ≥2 consecutive sections are shown). Pearson 
correlation based clustering shows groups of genes specific to the head, germline and tail. The 
largest set of genes in hermaphrodites is germline related and is expressed in a symmetric way 
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around the vulva. Anatomical features such as the head, germline (Germ), hermaphrodite 
reproductive tract (RT), vulva, sperm and tail are indicated. (C, D) Expression of representative 
cell and tissue-specific marker genes in hermaphrodites and (E, F) males. The symmetric 
hermaphrodite germline anatomy (green) and the linear spermatogenic and reproductive 
region (blue, orange, red) in males are clearly delineated. The AP expression of spe-44 
(initiation of spermatogenesis) and spe-9 (mature spermatids) correlates with the different 
stages of male spermatogenesis. Note that the colour coded drawings of the expression 
patterns are not at the same scale as the graphs. See also Figure S2.

have a more complex gonadal structure (two symmetric gonad arms centered 
around the uterus and vulva), we applied a hybrid approach combining 
clustering with the use of marker genes. First, we defined the vulva as the 
section with the highest expression of the marker gene pes-8 (Hope et al., 
1998) (Fig S3A). Next, we defined the two regions where sperm is stored 
as anterior and posterior expression maxima of the marker gene msp-3 
(Kosinski et al., 2005). These 3 sections separate the animal into 4 regions: 
an anterior region, two reproductive tract regions RT.a and RT.p flanking 
the vulva, and a posterior region. The anterior region was then separated 
into the three most distinct sub-clusters: Head1 (pharynx and nerve ring), 
Head2 (anterior intestine) and Germ.a (anterior arm of the gonad); and the 
posterior region was divided into two sub-clusters: Germ.p and Tail (Fig. 3B). 
In agreement with the symmetric structure of the hermaphrodite germline, 
the Germ.a and Germ.p regions showed high pairwise correlation with each 
other. Importantly, we found that a similar hierarchical clustering strategy 
could be used to align and merge sections from all sequenced animals of 
the same sex. As shown in Fig. 3C for the 4 male datasets (and Fig. S3B for 
the 4 hermaphrodite datasets), we found that sections separated by the 
same AP regions as in the individual animals, but not by sample of origin.
 In the second approach, we manually aligned the different 
expression maps using marker genes showing a unique expression 
peak at key locations along the AP body axis and merged the remaining 
sections with their most similar neighbors (see supplemental experimental 
procedures for details). Next, we combined the corresponding regions for 
each sex, and calculated the average normalized expression. This approach 
yielded merged expression maps that are of higher resolution than could be 
obtained with hierarchical clustering: the hermaphrodite expression maps 
could be divided into 12 regions that include different sections of the head, 
the anterior intestine, vulva and tail, and the symmetrical structure of the 
germline and reproductive system (Fig. 3E, S3C). In males, 11 regions were 
defined that correspond to different parts of the head, the anterior intestine, 
the germline, parts of the reproductive tract and the tail (Fig. 3D, S3D). 
 An important advantage of the merged expression maps is an 
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increase in sensitivity and a corresponding decrease in noise. The merged 
expression maps are therefore especially useful for examining genes that 
are expressed at a low level, which can subsequently be further investigated 
in the individual high-resolution datasets. Cluster heatmaps of all male and 
hermaphrodite datasets, and comparisons of clustering to the marker genes 
used in the manual alignment are provided (Supplementary dataset 2). To 
facilitate the discovery of tissue-specific genes, the expression pattern of 
each gene (per section and per manually assigned region) can be viewed 
interactively on the project website (http://celegans.tomoseq. genomes.nl).

Identification of tissue-specific genes based on expression pattern 
similarity 
Each gene in the tomo-seq expression maps displays a specific pattern along 
the AP axis. A germline gene, for example, shows a complex series of peaks 
that correspond to the anterior and posterior arms of the hermaphrodite 
gonad, while a neuron specific gene such as flp-3, shows only a single peak 
in the head region (Fig. 2C, D). The peak pattern of a gene, therefore, provides 
a unique fingerprint that can be used to identify other genes with a similar 
expression pattern. We developed a computational approach to identify 
co-expressed genes using Pearson correlation of z-score normalized gene 
expression across sections (see supplemental experimental procedures for 
details). Using this algorithm, the germline genes glh-1 and pgl-1, for example, 
show a Pearson correlation coefficient (r) of 0.98, while the correlation 
coefficient of glh-1 with the ubiquitously expressed household gene act-1/
actin is only 0.68 (Fig. 4A, B). Thus, co-expression of genes can be reliably 
detected, even when their expression patterns are complex.
 We found that peak pattern similarity provides a powerful approach 
to identify tissue-specific genes. By taking a gene with a known expression 
pattern as an anchor point and setting a stringent threshold, this approach 
identifies other genes in the dataset that show a highly similar expression 
pattern. These we call “pattern specific genes”. An example is the identification 
of sperm pattern genes using the sperm genes spe-4 and msp-3 as anchor 
genes (Fig. 4E). Using a threshold of r > 0.90, we found a total of 1602 genes 
in males and hermaphrodites. These include 30 out of 47 sperm specific 
msp genes and 19 out of 26 spe genes annotated in Wormbase (version 
WS260) (Table S3). Furthermore, there is 94% overlap with genes expressed 
in dissected masculinized germlines (Fig. 4F) (Ortiz et al., 2014). These results 
indicate that we have identified the majority of sperm specific genes and 
validate our approach to discover tissue-specific genes. Importantly, because 
of the stringent criteria for similarity, our approach enriches for genes that
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Figure 4. Identification of germline and sperm specific genes using spatial co-expression. (A, B) 
Quantification of spatial co-expression using Pearson correlation. Examples of co-expression 
between the germline genes glh-1 and pgl-1 and between glh-1 and the ubiquitously 
expressed gene act-1 in Hermaphrodite #3. (C) 4025 germline specific genes were identified 
in hermaphrodites using co-expression similarity to glh-1 or mei-2 at a Pearson correlation 
value > 0.90. (D) 94.5% of the 4348 combined hermaphrodite and male germline pattern genes 
overlap with genes identified by bulk RNA sequencing of dissected gonads (Ortiz et al., 2014). 
2728 germline pattern genes are shared between hermaphrodites and males, while 1297 were 
only identified in hermaphrodites. 211 of these genes are 2-fold enriched in hermaphrodites 
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and 330 overlap with bulk RNA sequencing data of oogenic germlines (Ortiz et al., 2014). (E) 
1560 sperm specific genes were identified in males using co-expression similarity to spe-4 
or msp-3 at a Pearson correlation value > 0.90. Expression in Male #3 is shown. (F) 94.4% 
of the 1602 combined hermaphrodite and male sperm pattern genes overlap with genes 
identified by bulk RNA sequencing of dissected masculinized gonads (Ortiz et al., 2014). 1227 
sperm pattern genes are shared between males and hermaphrodites. 217 of the 333 sperm 
pattern genes only detected in males are >10-fold enriched in the male transcriptome. See 
also Figure S4.

are specific to the tissue. This is an advantage over RNA sequencing of 
isolated cells or tissues, which detects all genes, including housekeeping 
genes that are expressed throughout the organism.
 Because our approach is based on similarity in peak patterns, there 
is little overlap between genes identified with different anchor genes, even 
when these are expressed in close proximity. The seminal vesicle and vas 
deferens, for example, are located next to each other in the male reproductive 
tract (Fig. 2E, 5D, 5G), but only show 7 overlapping genes out of 125 seminal 
vesicle and 323 vas deferens specific pattern genes, respectively (Table S3). 
Encouraged by these results, we identified genes with specific expression 
patterns for a range of tissues and organs, including the anterior head region, 
the nerve ring, the pharynx, the germline and sperm, the spermatheca, the 
vulva and uterus, the male CEM neurons and the male reproductive tract 
and tail (Table S3). Furthermore, an interactive search tool is available on 
the project website.

Spatial gene expression analysis identifies sexually dimorphic 
germline and sperm-specific genes
The generation of both hermaphrodite and male expression maps allowed 
us to compare sex-specific gene expression in different tissues and organs. 
A tissue of particular interest is the germline. In adult hermaphrodites, the 
germline produces oocytes that are loaded with the maternal products 
that are required for the early stages of embryogenesis, while in males the 
germline produces sperm (Bowerman, 1998; Ellis and Stanfield, 2014; Kimble 
and Crittenden, 2007; Sulston et al., 1980). To identify germline specific genes 
in hermaphrodites and males, we used our pattern similarity algorithm to 
search for genes co-expressed (at r > 0.90) with the germline specific genes 
glh-1 (Gruidl et al., 1996) and mei-2 (Srayko et al., 2000) (Fig. 4C). This resulted 
in the identification of 4025 genes in hermaphrodites and 3051 genes in 
males (Table S3). As a validation of our approach, we found that most of these 
genes overlap with germline expressed genes that were identified by RNA 
sequencing of dissected gonads (94% for both the male and hermaphrodite 
germline genes) (Fig. 4D) (Ortiz et al., 2014). When the hermaphrodite and 
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male data were combined, the total number of germline pattern genes was 
4348. These comprise most germline specific genes that have been studied 
to date, including regulators of germ cell proliferation, meiosis and gamete 
production.
 In addition to the 2728 germline pattern genes that were shared 
between the two sexes, there were 1297 genes that were only detected in 
hermaphrodites and 323 genes that were only detected in males (Fig. 4D). 
Examination of the expression patterns of these non-overlapping genes 
showed, however, that most are expressed in both the hermaphrodite 
and male germline regions (Fig. S4A), with differences in gonad structure 
precluding their detection in both sexes. These results indicate that the 
majority of the germline pattern genes are expressed in both the male and 
hermaphrodite germline. To further investigate if there are sex-specific 
differences in the expression of the germline pattern genes, we examined 
differential gene expression in the pooled male and hermaphrodite 
datasets using DESeq2 (Love et al., 2014). We found that 1274 genes were >2 
fold enriched in hermaphrodites (adjusted p value < 0.1) and 3895 genes 
in males, which corresponds well with bulk RNA sequencing data (Kim et 
al., 2016). We found that 789 of the germline pattern genes were >2 fold 
enriched in hermaphrodites, 211 (27%) of which were only identified in the 
hermaphrodite expression maps (Fig. 4D, Table S3). Moreover, 330 of the 
germline pattern genes overlapped with a dataset of genes upregulated in 
feminized germlines (Ortiz et al., 2014), consistent with a specific function of 
these genes in the oogenic germline. Finally, we found that 10 of the germline 
pattern genes were male enriched (>10 fold higher expression) (Table S3), and 
that these genes were only identified in the male expression maps. Among 
these was fog-3, which encodes a key regulator of spermatogenesis (Ellis and 
Kimble, 1995; Ortiz et al., 2014). We conclude that in addition to the majority 
of germline genes that are shared between males and hermaphrodites, 
there are also important differences in sex-specific expression. These 
observations are consistent with previous studies on dissected germlines 
(Ortiz et al., 2014), but our data and approach has the advantage that it can 
directly identify germline specific genes without the need to compare to 
somatic data.
 We used a similar approach to examine sex-specific gene expression 
differences between male and hermaphrodite sperm. In hermaphrodites, 
sperm is produced for a brief period at the end of larval development and 
is stored in the spermatheca to take part in fertilization once the animal 
switches to oocyte production (Ellis and Stanfield, 2014; Nishimura and 
L’Hernault, 2010). Males produce sperm throughout adulthood and can mate 
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with hermaphrodites to produce cross progeny. Interestingly, male sperm has 
an advantage over hermaphrodite sperm through a still poorly understood 
sperm competition mechanism (Ellis and Stanfield, 2014; Kulkarni et al., 
2012; Singson et al., 1999). In males, initiation of spermatogenesis is marked 
by expression of spe-44 (Kulkarni et al., 2012), while spe-9 is expressed in 
developing spermatids (Putiri et al., 2004). We found that these genes showed 
a clear spatial separation in the male expression maps, corresponding 
to the linear assembly line like structure of the male gonad (Fig. 2F). To 
identify sperm specific genes in both hermaphrodites and males, we used 
the spermatid specific genes spe-4 and msp-3 as anchor genes (Arduengo et 
al., 1998; Kosinski et al., 2005). spe-4 and msp-3 were expressed in two sharp 
peaks in hermaphrodites, and in a single broad peak in males (Fig. 4E, S4A, B). 
We identified 1560 genes in males, and 1269 genes in hermaphrodites (1602 
genes combined) that were co-expressed with either sperm marker (Fig. 4F, 
Table S3). As discussed above, these comprise the majority of the previously 
identified sperm specific genes and show 94% overlap with genes expressed 
in masculinized gonads (Ortiz et al., 2014). We found that the similarity to 
isolated mature male sperm (Ma et al., 2014) was lower (68%), which may 
reflect a difference in gene expression between the immature spermatids 
of young adults and the mature sperm of older adult males. Interestingly, 
while most (97%) of the sperm pattern genes identified in hermaphrodites 
overlapped with those in males, there were 333 genes that were only identified 
in males, 217 of which were >10 fold enriched in the male transcriptome (Fig. 
4F, Table S3). We propose that these are male specific sperm genes that 
may contribute to the functional and morphological differences that enable 
male sperm cells to outcompete hermaphrodite sperm.
 Taken together, these results show that using spatial transcriptomics, 
we can detect sex-specific differences in gene expression in sexually-
dimorphic structures, such as the germline and sperm, and provide insight 
into male and hermaphrodite specific aspects of reproductive biology.

Spatial and sex-specific gene expression analysis identifies male 
specific genes in neurons and in the reproductive system
Genome-wide expression studies in C. elegans have mostly focused on 
the hermaphrodite, while the male transcriptome has remained relatively 
understudied (Kim et al., 2016). Motivated by the identification of male sperm 
genes, we therefore set out to characterize male specific genes that are 
expressed in cells required for mating and fertility. The successful mating 
of a male with a hermaphrodite depends on specific adaptations of the 
male nervous system and tail. Neurons such as the male specific CEM and 
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MCM neurons in the head as well as mechanosensory and chemosensory 
neurons in the tail are required for detecting the hermaphrodite and 
locating the vulva (Sammut et al., 2015; Wang et al., 2014), while coupling 
to the vulva is mediated through the specialized structure of the male tail 
(Liu and Sternberg, 1995). Furthermore, sperm storage and ejaculation is 
dependent on parts of the male reproductive tract (including the seminal 
vesicle and vas deferens), which are also responsible for producing seminal 
fluid and the activation of spermatids prior to injection into the uterus of 
the hermaphrodite (Ellis and Stanfield, 2014; Kim et al., 2016; Palopoli et al., 
2008; Smith and Stanfield, 2011).
 The two pairs of CEM neurons (CEMV and CEMD) are located at a 
similar AP position in the head. The CEM neurons express genes related to 
the polycystic kidney disease (pkd-2) pathway, and share this profile with 
the HOB and RnB ray neurons in the tail (Barr and Sternberg, 1999; Wang et 
al., 2015; Wang et al., 2014). We used one of these genes, cwp-1 (Fig. 1F), as 
an anchor gene to identify co-expressed genes in the head region (Fig. 5A, 
Table S3). Since the CEM neurons are only present in males, genes specific 
to the sections containing the CEM neurons are expected to be enriched 
in the male transcriptome. We found that 42 (24%) of the 173 genes co-
expressed with cwp-1 showed a >5 fold higher expression in males (Fig. 5B, 
Table S3). These included known CEM specific genes such as cwp-2, pkd-2 
and trf-1. Furthermore, 25 of the 42 male enriched genes were also found 
by bulk RNA sequencing of isolated extracellular vesicle releasing neurons 
(EVN), a subset of 27 different neurons that includes the CEM, HOB and RnB 
neurons (Wang et al., 2015). To further validate our results, we generated 
transcriptional reporters for trf-1 and the uncharacterized gene F49C5.12. As 
expected, both genes were specifically expressed in the CEM neurons in the 
male head region (Fig. 5C, S5A). Moreover, consistent with the functional 
similarities between the CEM neurons and the HOB and RnB neurons, both 
genes were also expressed in the tail (Fig. S5A). We conclude that combining 
pattern similarity with sex-specific gene expression is a powerful approach 
to identify gene expression in individual male neurons.
 Encouraged by these results, we set out to identify genes that are 
specifically expressed in the male tail, the seminal vesicle and the vas 
deferens. For the male tail, we selected cwp-1 (for its expression in the HOB 
and RnB neurons) and flp-25, a neuropeptide gene that showed a specific 
peak of expression at the posterior end of our expression maps. We found 
375 genes to be co-expressed with these marker genes, 123 of which were 
>5 fold enriched in males (Fig. 5B, Table S3). 26 of these genes overlapped 
with the CEM specific pattern genes, which is consistent with the shared EVN 
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expression profile of these neurons (Wang et al., 2015). 

Figure 5. Identification of male specific genes expressed in male specific neurons and the 
reproductive tract. (A) Identification of genes expressed in the male CEM neurons and the 
HOB and RnB neurons in the tail. The anchor gene cwp-1 is shown in green. Genes detected (r 
> 0.90) in both the CEM neurons and the tail (Table S3) are shown in grey. (B) Genes detected 
in the CEM neurons using cwp-1 (*) and tail neurons using cwp-1 and flp-25 (**) as anchor 
points. The number of genes >5-fold enriched in males is shown in red. (C) Expression of 
transcriptional reporters of the CEM pattern genes trf-1 and F49C5.12 in the CEM neurons 
(arrow heads). Scale bar is 25 μm. (D) Identification of genes expressed in the seminal vesicle. 
The anchor gene ins-31 is shown in orange. Male enriched genes detected (r > 0.90) in at 
least 2 datasets are shown in grey. (E) 126 seminal vesicle pattern genes were identified, 113 
of which are >5-fold enriched in the male transcriptome. (F) Validation of the expression of 
2 seminal vesicle pattern genes (seminal vesicle indicated by arrow head). (G) Identification 
of genes expressed in the vas deferens. The anchor gene clec-207 (solid line) and clec-219 
(dashed line) are shown in red. Male enriched genes detected (r > 0.90) in at least 3 datasets 
are shown in grey. (H) 323 vas deferens pattern genes were identified, 162 of which are >5-fold 
enriched in the male transcriptome. (I) Validation of the expression of 2 vas deferens pattern 
genes (arrow heads point to the vas deferens). For all reporters, at least 2 independent 
transgenic strains per gene were analysed. See also Figure S5.

 To identify seminal vesicle specific genes, we used the previously 
identified marker gene ins-31 as an anchor gene (Fig. 5D) (Kim et al., 2016). 
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We found 126 genes with a similar peak pattern, the majority (90%) of which 
were male specific (>10 fold higher expression) (Fig. 5E, Table S3). Among 
these is try-5, a known seminal vesicle specific gene that is required for 
sperm activation (Smith and Stanfield, 2011). To further validate these results, 
we generated transcriptional reporters for two of the uncharacterized genes 
(F17E9.3 and Y110A2AL.7) and confirmed that both are specifically expressed 
in the seminal vesicle (Fig. 5F, S5B). 
For the vas deferens, we used the markers clec-209 and clec-219 (Kim et al., 
2016). We found 323 co-expressed genes, 162 of which were male specific (>10 
fold higher expression) (Fig. 5G, H, Table S3). Again, we picked genes (fipr-
17, clec-137 and C09G12.5) for validation and found that all were specifically 
expressed in the vas deferens (Fig. 5I, S5C). Interestingly, a quarter of the 
vas deferens genes encode C-type lectins, a class of proteins that bind 
carbohydrates in a calcium dependent manner (Drickamer and Fadden, 
2002). Together, these results provide unique insight into sex-specific gene 
expression in male neurons and the male reproductive system.

Identification of male mating and fertility genes
The successful identification of genes specific to male neurons, the male tail, 
and the male reproductive tract prompted us to examine the function of the 
identified genes in mating and fertility. We measured mating efficiency as 
the ability of males to sire progeny. For this, we crossed RNAi treated males 
with dpy-5 hermaphrodites. dpy-5 mutants have an easily recognizable, 
recessive Dpy phenotype, enabling us to distinguish self-progeny (Dpy) from 
heterozygous cross-progeny (wild type). We depleted 30 male tail and CEM 
specific genes, 34 seminal vesicle genes and 57 vas deferens genes (Table 
S4) and found 10 genes that induced a significant decrease in cross-progeny 
(Table 1). Among these are 5 uncharacterized genes that encode small (62 - 
133 amino acid) proteins, 2 genes that encode C-type lectins and 3 genes that 
have mammalian homologs. These include clc-4, which encodes a Claudin 
protein, frm-8, which encodes a FERM domain containing protein and grd-4, 
which encodes a Hedgehog-like protein. Interestingly, the uncharacterized 
proteins and the two C-type lectins are predicted to be secreted, indicating 
that they may represent components of the seminal fluid that are required 
for male fertility. Taken together, these results demonstrate that combining 
pattern-based gene identification with RNAi screens is a powerful approach 
to identify tissue-specific gene functions.
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Table 1. RNAi screen identifies genes required for male mating and fertility

See supplementary methods for a description of the RNAi screening procedure. The inositol 
triphosphate receptor gene itr-1 - which is required for turning behavior, spicule insertion 
and sperm transfer (Gower et al., 2005) - was used as a positive control. 1Percentage of cross-
progeny (mean ± SEM, *p < 0.05, **p < 0.01 compared to empty vector control, Student’s t-test). 
2Number of RNAi assays showing a percentage of cross-progeny below a threshold of 35% 
(mean minus one standard deviation of the empty vector control). n, total number of animals 
scored. 3Genes that are predicted to encode secreted proteins (presence of signal sequence 
but no transmembrane domains, using SignalIP 4.1 server and TMHMM v2.0 server).

Discussion
Genome-wide expression maps of C. elegans: an expression pattern 
resource and a tool for tissue-specific gene identification
We used RNA tomography to generate genome-wide gene expression 
maps of C. elegans males and hermaphrodites. Despite the low amount of 
input material (with a sectioning width of 20 μm, sections outside of the 
germline contain only about 20-30 cells), this resulted in high complexity 
data, with the majority of young adult stage genes detected in our datasets. 
Examination of cell specific marker genes confirmed the high spatial 
resolution of the expression maps and demonstrated that genes expressed 
in small numbers of cells, such as specific neurons, can be readily detected. 
Since the anatomy of C. elegans is largely invariant (Sulston et al., 1980; 
Sulston and Horvitz, 1977), sensitivity could be further increased by aligning 
and pooling datasets. These pooled expression maps, which were generated 
by unbiased transcriptome-wide clustering as well as by manual alignment, 

Gene % Cross-
progeny1

# RNAi assays 
below threshold2

n Secreted3 Mammalian 
homologs

Controls vector 59 ± 8.5 1/8 832
itr-1 0 ± 0** 6/6 468 ITPR1

Seminal 
vesicle F56D2.8 37 ± 10* 4/8 711 yes

Y110A2AL.7 42 ± 8.3* 3/8 794 yes

Vas 
deferens C09G12.5 29 ± 9.9** 4/8 857 yes

clec-136 41 ± 10* 3/8 805 yes
clec-137 27 ± 9.1* 5/8 835 yes

clc-4 36 ± 12* 4/8 551 Claudin
F23A7.1 38 ± 11* 4/8 725

Male tail C07B5.3 28 ± 10* 4/8 846 yes
frm-8 38 ± 10* 4/8 723 FRMPD1
grd-4 30 ± 14* 3/5 230 yes HedgehogL
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are especially useful for analyzing lowly expressed genes. 
 In addition to examining expression patterns on a gene-by-gene 
basis, a powerful application of the expression maps is the identification 
of tissue-specific genes. We developed a computational approach that 
identifies co-expressed genes based on similarity in expression patterns and 
showed that this can be used in combination with marker genes to identify 
tissue-specific genes. An advantage of this approach over RNA sequencing 
of isolated cells or tissues is that it focuses on genes that are specific to the 
cell or tissue, while ubiquitously expressed genes are filtered out. We have 
identified genes that are specifically expressed in major organs and cell 
types of males and hermaphrodites, providing important insight into tissue-
specific gene expression profiles.
 The expression maps and an interactive search tool for finding co-
expressed genes are accessible on the project website. Both resources 
provide valuable information on the tissue-specificity and thus possible 
function of genes of interest, and are a starting point for further analysis 
using microscopy based techniques such as single molecule fluorescent in 
situ hybridization (smFISH) or fluorescently-tagged reporter transgenes.

Gene expression maps as a tool to study sex-specific gene expression 
differences in male and hermaphrodite tissues
As an application of our approach to identify tissue-specific genes, we 
focused on sex-specific gene expression differences in the germline, 
sperm, and specific somatic cells of the male. Using meiotic markers in the 
germline as anchor genes, we identified over 4000 genes with a germline 
specific expression pattern. Among these are the majority of germline genes 
that have been described to date. We found that most germline pattern 
genes are shared between the two sexes, but that there are also clear sex-
specific differences in expression levels that are consistent with the distinct 
spermatogenic and oogenic functions of the male and hermaphrodite 
germline. These results are in agreement with previous studies on dissected 
gonads (Ortiz et al., 2014), but are enriched for genes that are specific to 
the germline. Further information on spatial gene expression and 3’ UTR 
regulation in the hermaphrodite germline can be found in the accompanying 
paper by Diag and coworkers (Diag et al., 2018).
 Interestingly, we found that the difference between male and 
hermaphrodite sperm genes was more pronounced than what we observed 
for the germline. Thus, while most hermaphrodite sperm genes overlapped 
with male sperm genes, there were over 200 sperm pattern genes that were 
male specific. Male sperm has the ability to displace hermaphrodite sperm 
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from the spermatheca to ensure the effective production of cross-progeny 
(Ellis and Stanfield, 2014; LaMunyon and Ward, 1998; Singson et al., 1999). 
This sperm competition mechanism is still poorly understood, but it is clear 
that the larger size and increased motility of male sperm plays a key role in 
this process. We suggest that the male specific sperm genes that we have 
identified may contribute to these morphological and functional differences.
 We adapted this approach to identify genes expressed in specific 
somatic cells of the male. To extract the male specific genes from genes 
that are similarly expressed between the two sexes, we combined pattern 
similarity search with sex-specific differential gene expression analysis. This 
proved to be an effective way to find genes that are specifically expressed 
in the male CEM and tail neurons, and the seminal vesicle and vas deferens 
regions of the male reproductive tract, as shown by the detection of 
previously identified marker genes for these tissues and validation with 
transgenic reporters. RNAi mediated depletion of these male specific genes 
identified 10 genes that are essential for male mating or fertility. This is likely 
an underestimate, however, as not all genes are efficiently knocked-down 
by RNAi (Kamath et al., 2003). Interestingly, we found that 5 of the 7 seminal 
vesicle and vas deferens genes with a male fertility phenotype encode 
small, secreted proteins. One of the functions of the seminal vesicle and vas 
deferens is the production of seminal fluid. The seminal fluid is required for 
the ejaculation of sperm cells during copulation, but also plays an important 
role in sperm activation and potentially in sperm competition (Ellis and 
Stanfield, 2014; Kim et al., 2016; Palopoli et al., 2008; Smith and Stanfield, 
2011). We propose that the 5 secreted proteins that we have discovered are 
components of the seminal fluid that play an essential role in male fertility. 
These results illustrate the power of combining pattern similarity analysis 
with RNAi screens to identify tissue-specific gene functions.

Applications of spatially resolved transcriptomics in C. elegans and 
other nematodes
The expression maps that we have generated give a detailed overview of gene 
expression patterns in young adult males and hermaphrodites. A valuable 
addition will be the generation of expression maps of the different larval 
stages, which will provide insight into gene expression pattern changes 
during post-embryonic development. Importantly, since our work shows that 
expression maps from different animals can be aligned, RNA tomography 
can also be used as a powerful tool for comparative studies. For example, 
gene expression patterns can be compared between wild type and mutant 
animals, or between the laboratory strain Bristol N2 and strains isolated from 
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the wild. Since nematodes share a common body plan, such comparisons 
can be extended to other nematode species to analyze spatially resolved 
gene expression differences in an evolutionary context. Such studies will be 
especially useful for the functional annotation of the many uncharacterized 
genes in nematode genomes.

Materials and Methods
C. elegans strains and culture
Unless noted otherwise, C. elegans strains were cultured at 20°C using 
standard conditions (Lewis and Fleming, 1995). For RNA tomography, young 
adult Bristol N2 males and hermaphrodites, or young adult glp-1(q231) 
mutants (grown at the restrictive temperature of 25°C) were used. Other 
mutant alleles were dpy-5(e61) and him-5(e1490).

C. elegans reporter constructs and transgenesis
Transcriptional reporters were generated by combining approximately 
1500 bp of upstream promoter sequence with fluorescent reporter genes. 
For cwp-1, F17E9.3 and Y110A2AL.7, PCR amplified promoter fragments were 
combined with mCherry or tdTomato and the unc-54 3’ UTR through Gateway 
cloning. For all other genes, the promoter fragment was fused to GFP and 
the unc-54 3’ UTR through fusion PCR (Hobert, 2002). All reporter constructs 
and PCR products were injected into him-5(e1490) at 30-50 ng/ul with the 
co-injection marker rol-6(su1006) (pRF4) at 30 ng/ul and pBluescriptII to 
a total concentration of 150 ng/ul. Table S5 lists the transgenic reporter 
strains and DNA oligonucleotides used in this study. For epifluorescence and 
DIC imaging animals were mounted on 2% agarose pads containing 10 mM 
sodium azide. Images were acquired using a Zeiss Axioscope microscope 
equipped with a Zeiss Axiocam digital camera. Figures were prepared using 
ImageJ software. 

RNAi screen
Bacterial clones for feeding RNAi of 121 candidate genes and the positive 
control itr-1 (Gower et al., 2005) were selected from the Vidal and Ahringer 
libraries (Kamath et al., 2003; Rual et al., 2004) (Table S4). To assay male 
fertility, four him-5(e1490) hermaphrodites were grown on RNAi bacteria at 
15°C for 5 days. For the initial screen, performed in duplicate, 6 adult male 
offspring were crossed with 3 L4 dpy-5(e61) mutants and kept at 20°C. Adult 
males were removed after 1 day, and after 3 days the number of self-progeny 
(Dpy) and cross-progeny (WT) was counted. Clones that scored positive were 
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further tested 5-8 times with male/hermaphrodite ratios of 5:3, 2:2, and 1:1.

Preparation of sequencing libraries
Live young adult males or hermaphrodites were oriented perpendicular to 
the sectioning axis in a Disposable Base Mold (Invitrogen) filled with Tissue 
Freezing Medium (Leica Microsystems), and the anterior and posterior ends 
of the animal were marked using Affi-Gel Blue Gel beads. The samples were 
subsequently frozen on dry ice (within 10 minutes of preparation) and stored 
at -80oC (can be kept at least 1 month). Next, the frozen samples were cryo-
sectioned as described (Junker et al., 2014) with a sectioning width of 20 μm. 
mRNA extraction, barcoding, reverse transcription and in vitro transcription 
were performed as described (Junker et al., 2014) according to the CEL-seq 
protocol (Hashimshony et al., 2012) using the Message Amp II kit (Ambion). 
In brief, RNA extraction was performed using TRIzol (Ambion) after adding 
ERCC RNA spike-ins (Ambion) for correcting technical variation. mRNA was 
then reverse transcribed using primers containing a poly-T stretch, section 
specific barcodes, and unique molecular identifiers (UMIs). Sections were 
pooled per animal prior to linear amplification by in vitro transcription. 
Illumina sequencing libraries were subsequently prepared according to 
the CEL-seq2 protocol  (Hashimshony et al., 2016) using the SuperScript® 
II Double-Stranded cDNA Synthesis Kit (Invitrogen), Agencourt AMPure XP 
beads (Beckman Coulter), and randomhex-RT for converting aRNA to cDNA 
using random priming. The libraries were sequenced paired-end at 50 bp 
read length on an Illumina HiSeq 2500.

Data analysis
Read alignment (mapping)
We aligned the 50 base pair paired-end reads to the C. elegans references 
transcriptome, which was compiled from the C. elegans reference genome 
WS249. The transcriptome reference is available in fasta format on GitHub, 
under: http://bit.ly/Reference_C_elegans. For alignment, we used our 
custom wrapper MapAndGo2 (available on GitHub, http://bit.ly/MapAndGo_
v2) around BWA MEM (Li and Durbin, 2010).

Transcript counting
MapAndGo2 aligns read 2 against the forward strand of the reference 
transcriptome, and selects uniquely mapped reads (mapq ≥20 and no ‘XA’ or 
‘SA’ BWA tags). Read 1 contains the sample-barcode, and the unique molecular 
identifier (UMIs) and it is used for transcript counting. First, uniquely mapped 
reads are assigned to samples using the sample barcodes. In the next step, 
duplicate reads are removed using UMIs. These reads originate from the 



62

Chapter 2: Sexual Dimorphism

same original mRNA molecule and are amplification duplicates. Such reads 
are defined by mapping to the same gene in the same cell and having the 
same UMI. Finally, we converted the number of observed UMIs into transcript 
counts based on random sampling with replacement (Grun et al., 2014).

Analysis of count data
We analysed count data in R (v 3.3.2). Custom analysis scripts will be 
accessible upon acceptance at https://github.com/vertesy/C.elegans.Spatial.
Transcriptomics. We used the R-packages: pheatmap, MarkdownReports, 
ggplot2 and corrr for visualization, DESeq2 for differential gene expression 
analysis, and a set of other custom scripts, which are available under https://
github.com/vertesy. The mapping reference contained cosmid ID-s, which 
were converted first to WB-gene identifiers, then to gene names. Cosmid or 
Wormbase gene IDs were retained for genes where no matching Wormbase 
gene ID or gene name was found.

Filtering genes and sections
To select robustly detected/quantified genes, we kept all genes expressed 
above 10 unique transcripts in at least one section for further analysis. This 
means that genes are selected on sufficient evidence (enough reads to 
robustly conclude), and not on “high expression” as measured by relative/
normalized read counts. This is important, because many analyses are based 
on z-score transformed values, and sporadic gene expression (or detection) 
can yield high z-scores (~relative expression peaks). Sequencing libraries 
were then normalized to 10 million total transcripts per animal, to account 
for differences in sequencing depth. Next, the anterior and posterior ends 
of the expression maps were defined by the first or last two consecutive 
sections with ≥50 genes (with ≥20 normalized transcripts). Internal sections 
with <50 genes were removed (an average of 1.1 sections per animal).

Alternative 3’ isoform mapping
CEL-seq is a 3’ sequencing protocol where transcripts are reverse transcribed 
from the 3’ end of the polyadenylated mRNA, using a poly-T primer. Read 1 
is located directly at the beginning of the poly-A tail (3’ end of UTR), while 
the mapped read 2 lies ~400 bases upstream. This distance is determined 
by the fragmentation of the amplified RNA, after which the Illumina primers 
are ligated to the 5’ end of the fragmented transcripts, determining the 
start position of read 2. Although fragmentation is not deterministic, we 
reproducibly generated 300-600 bases long cDNA Illumina sequencing 
libraries in all 8 animals. We detected robust differences of mapping position 
of multiple genes along the A-P axis. These differences in many cases exceeded 
a kilo base, and changes corresponded to borders of the independently 
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determined anatomic regions. The most notable differences in 3’ usage were 
detected between the soma/germline boundary and within different regions 
of the germline. To systematically identify these genes, we first extracted the 
mapping positions of uniquely mapped, UMI corrected reads from the .sam 
files. We only considered genes identified as highly expressed in the rest 
of the analysis. We then calculated the median mapping position per gene, 
per section. To identify robust expression patterns, we selected genes with 
at least 10 UMI’s in 2/3 of the sections. Next, we identified genes with high 
positional variation, by selecting genes with interquartile range of median 
mapping positions above 100. To filter out genes with inconsistent, section-
to-section variation in mapping positions, we calculated the autocorrelation 
of median mapping positions along the animal (lag of 1), and selected genes 
with a positive autocorrelation value. While higher autocorrelation values 
reproducibly identified region specific 3’ usage across the four males, it led 
to many false negatives in hermaphrodites because of their more complex 
anatomy. Therefore, we translated the question into a segmentation 
problem, which is a concept from copy number calling in DNA-sequencing. 
Segmentation algorithms identify spatially consistent signal differences. 
We provided the Bioconductor package DNAcopy with the median mapping 
positions and selected genes that contained at least 2 different segments 
at least 200 bases away, with the smaller segment of at least 3 consecutive 
sections. The resulting list was manually corrected for cases were differences 
were due to inconsistencies in gene models (Table S2). Genes with the most 
interesting patterns are presented in Supplementary dataset 1. 

Normalization and transformation
Datasets were normalized to 10 million reads per animal for most analyses. 
Sections within the boundaries of the animal were z-score transformed 
prior to normalization to 10 million transcripts. We provide the normalized 
and z-score transformed expression of all genes in supplementary dataset 
1. For specific analyses (Heatmaps in Fig. 2A and B), transcript counts were 
converted to transcript per million (TPM) values per section, and then z-score 
transformed. We normalized each filtered, high quality dataset so that each 
section has 1 million transcripts, so that we can quantify and compare relative 
expression as transcript per million (TPM) values. Note that in CEL-seq only 
one 3’ fragment is sequenced, hence there is no need to normalize for mRNA 
length: it is only necessary for full length mRNA protocols, such as SMART-
seq. z-score transformation after TPM normalization reduces technical slice-
to-slice variation, but erases the ~5 fold germline-to-non-germline difference 
in RNA-content. Consequently it gives a more homogenous pattern within 
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somatic and germline regions, but they only represent relative expression 
within each slice. 

Comparison to dataset Kim et al., 2016
A recent publication quantified sex-specific gene expression in C. elegans, 
sequencing mRNA in up to 600 animals per sample (Kim et al., 2016). We 
downloaded the normalized count data (Table S1) and we counted all 
detected genes in the M5 (young male) and in the H5 (young hermaphrodite) 
samples. Next, we similarly counted genes in our datasets (4 males and 
4 hermaphrodites) and found 93% and 95.3% overlap between the 
hermaphrodite and male datasets, respectively.

Gene Clustering
To visualize global gene expression patterns along the AP axis we clustered 
and displayed the transcript-per-million normalized, z-score transformed 
gene expression in all sections by hierarchical clustering using the pheatmap 
package with default parameters. (Fig 2A, B).

Identification of anatomic regions
We calculated the pairwise Pearson correlation coefficients for all sections 
using all genes. Next, we sequentially broke down the animals into smaller 
and smaller regions using hierarchical clustering. Males are first separated 
into 3 clusters representing 2 germline-associated and a somatic section. 
We found that in male #1 we needed to cluster all germline sections 
together into 2 clusters to properly separate germ1 and germ2. In case of 
the hermaphrodites we made use of 2 marker genes. We used the single 
maximal expression of pes-8 to define the vulva, which is the symmetry axis 
of the germline structure. We also identified the symmetric, sperm containing 
sections by the expression maxima of msp-3 anterior and posterior of the 
vulva (Fig. S3A).

Co-clustering of regions across animals
We show that the anatomic regions identified in individual animals are 
reproducible across different animals, and that they are not affected by batch 
or individual-to-individual variation. Therefore, we combined all datasets 
from the same sex and clustered all sections using Pearson correlation, 
as before. The upper bars in Fig. 3C and Fig. S3B indicate that the sections 
cluster by the regional identity determined in individual animals and do not 
cluster by sample of origin.

Manually curated alignment of animals
Marker genes at specific locations along the AP axis were selected from 
genes displaying specific peak expression patterns. Normalized datasets 
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were aligned and pooled based on z-scores of marker gene expression. In 
case a section showed overlapping marker gene expression (z-score > 1), 
the overlapping section was added to both regions. Sections with no marker 
gene expression (z-score < 1) were added to the closest matching region.

Alignment and pooling of regions
After the identification and validation of anatomical regions, we added up 
transcript counts for all section either per clustering based regions or per 
manually curated regions. The manually curated datasets can be browsed at 
the project website (http://celegans.tomoseq.genomes.nl).

Identification of spatially co-expressed genes
We implemented a similarity search algorithm which identifies all genes 
similar to a chosen gene of interest that is accessible on our website (http://
celegans.tomoseq.genomes.nl). Similarity across sections is calculated 
using either Pearson or Spearman correlation or by Euclidean or Manhattan 
distance of gene expression. Either TPM-normalized or z-score normalized 
data is suggested to use, but any genes by sections (rows, columns) formatted 
expression data matrix can be fed to the function. 

Quantification and statistical analysis
For the RNAi screen, the number of animals scored (n), the mean and SEM 
and the statistical significance are reported in the Table legend. Data were 
regarded statistically significant when p < 0.05 by two-tailed Student’s t-test.

Data resources
The RNA-seq data have been deposited at the Gene Expression Omnibus 
(GSE114723). The analyzed data set is available on the project web page 
(http://celegans.tomoseq.genomes.nl), including display of (1) z-score 
normalized gene expression, (2) merged, region specific gene expression 
and (3) spatially co-expressed genes.

Contact for reagents and resource sharing
Further information and requests for resources and reagents can be 
directed to and will be fulfilled by the Lead Contact, Hendrik Korswagen 
(r.korswagen@hubrecht.eu).
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Supplementary Figure 1 (related to Figure 1). (A) Venn diagram of genes with >10 transcripts
in at least 1 section in the 4 hermaphrodite expression maps. 69% of genes are detected in 
each of the 4 datasets. (B) Example of spatial differences in 3’ isoform usage of the gene 
F22D6.2 in Male #3. Violin plots show the distribution of mapping positions per section along 
the animal. The colors of the violins show the expression level (UMI count) per section (color 
scale on the right hand side). Colorful dots at the bottom and the grey vertical lines indicate 
the anatomical regions, and their boundaries as determined in Fig 3.

Supplementary Figure 2 (related to Figure 2). Coefficient of variation of relative peak position
of genes displayed in Figure 2. Maximum expression position is calculated for each gene and
is expressed as percentage distance from the head in each animal. Coefficient of variation 
(CV) of relative position was calculated over all four animals of the same sex.
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Supplementary Figure 3 (related to Figure 3). (A) Position of vulva/uterus (pes-8) and sperm
(msp-3) expression peaks in the 4 hermaphrodite expression maps. The expression maxima
were used to define reference points in the symmetrical hermaphrodite gonads to separate
anterior and posterior parts of regions determined by hierarchical clustering. (B) Multi-
animal correlation for hermaphrodites, counterpart of Figure 3C. As in males, major regions 
cluster by anatomical identity rather than by sample of origin when all sections from all 
four hermaphrodites are clustered together. (C) Expression of the marker genes used for 
manual alignment in the merged hermaphrodite datasets. Expression is mean normalized 
transcript count ± standard deviation. AP anterior pharynx region, NR nerve ring, AI anterior 
intestine region, ST spermatheca, VU vulva and uterus region, SV seminal vesicle, VD vas 
deferens. (D) Expression of the marker genes used for manual alignment in the merged male 
datasets. Expression is mean normalized transcript count ± standard deviation. AP anterior 
pharynx region, NR nerve ring, AI anterior intestine region, ST spermatheca, VU vulva and 
uterus region, SV seminal vesicle, VD vas deferens.
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Supplementary Figure 5 (related to Figure 5). Validation of male specific pattern genes 
expressed in male specific neurons and the reproductive system. (A) Expression of Ptrf-
1::GFP and PF49C5.12::GFP reporter strains in the male head and tail region. In the male head 
the expression pattern overlaps that of Pcwp-1::mCherry, confirming expression in the CEM 
neurons. In the tail the expression pattern only partially overlaps with Pcwp-1::mCherry. No 
expression of F49C5.12 was observed in hermaphrodites. Scale bar is 25 μm. (B) Expression 
of the seminal vesicle pattern gene reporters PF17E9.3::tdTomato and PY110A2AL.7::tdTomato 
in the midtail region, which was confirmed to be the seminal vesicle by DIC imaging. No 
expression was observed in hermaphrodites. (C) Expression of the vas deferens pattern gene 
reporters Pclec-137::GFP, Pfipr-17::GFP and PC09G12.5::GFP in the posterior part of the male tail, 
which was confirmed to be the vas deferens by DIC imaging. No expression was observed 
in hermaphrodites, except for an unidentified cell in the head region for C09G12.5. For all 
reporters, at least 2 independent transgenic strains per gene were analyzed.
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Supplementary Figure 5.2
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Supplementary Figure 5.3
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Supplementary Figure 5.3
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Abstract
Directional migration of neurons and neuronal precursor cells is a central 
process in nervous system development. In the nematode C. elegans, the 
two Q neuroblasts polarize and migrate in opposite directions along the 
anteroposterior body axis. Several key regulators of Q cell polarization have 
been identified, including MIG-21, DPY-19/DPY19L1, the netrin receptor UNC-
40/DCC, the Fat-like cadherin CDH-4, and CDH-3/Fat, which we describe in 
this study. How these different transmembrane proteins act together to direct 
Q neuroblast polarization and migration is still largely unknown. Here, we 
demonstrate that MIG-21 and DPY-19, CDH-3 and CDH-4, and UNC-40 define 
three distinct pathways that have partially redundant roles in protrusion 
formation, but also separate functions in regulating protrusion direction. 
Moreover, we show that the MIG-21 - DPY-19 and Fat-like cadherin pathways 
control the localization and clustering of UNC-40 at the leading edge of 
the polarizing Q neuroblast, and that this is independent of the UNC-40 
ligands UNC-6/netrin and MADD-4. Our results provide insight into a novel 
mechanism for ligand-independent localization of UNC-40 that directs the 
activity of UNC-40 along the anteroposterior axis.

Introduction
Cell migration plays a central role in the development of the nervous system. 
For example, migration of neurons and neuronal precursors is required to 
form the different cortical layers of the vertebrate brain, and neural crests 
cells migrate throughout the embryo to generate the peripheral nervous 
system. The Q neuroblasts of the nematode Caenorhabditis elegans provide 
a powerful model system to study neuronal cell migration at single cell 
resolution in vivo (Middelkoop and Korswagen, 2014). The two Q neuroblasts 
are generated at the end of embryogenesis as sister cells of the hypodermal 
seam cell V5 (Sulston and Horvitz, 1977). They are initially located at similar 
positions (between seam cells V4 and V5) on the left (QL) and right (QR) 
lateral sides of the animal, but during the first hours of larval development, 
the two neuroblasts polarize and migrate in opposite directions along 
the anteroposterior body axis (Fig. S1A). QL extends a protrusion towards 
the posterior and migrates to a position dorsal to seam cell V5, whereas 
QR polarizes in the opposite direction and migrates over seam cell V4. 
Interestingly, this asymmetric polarization and migration is linked to the 
subsequent response of the Q neuroblast to Wnt ligands (Honigberg and 
Kenyon, 2000; Middelkoop et al., 2012; Whangbo and Kenyon, 1999). Thus, the 
polarization and migration of QL towards the posterior initiates canonical, 
beta-catenin dependent Wnt signaling and expression of the target gene 
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mab-5. Expression of this Hox gene in turn induces the QL descendants to 
either arrest their migration (QL.p) or to continue towards a position in the 
tail (QL.a)  (Salser and Kenyon, 1992) (Fig. S1B). The anterior polarization and 
migration of QR, on the other hand, leads to a non-canonical Wnt signaling 
response that mediates the long-range migration of the QR descendants to 
positions in the anterior body region (Mentink et al., 2014; Zinovyeva et al., 
2008).
 Several genes have been identified that disrupt the asymmetric 
polarization and migration of the Q neuroblasts. Among these are five genes 
- mig-21, dpy-19, ptp-3, cdh-4, and unc-40 - that encode transmembrane 
proteins (Honigberg and Kenyon, 2000; Middelkoop et al., 2012; Schmitz et 
al., 2008; Sundararajan and Lundquist, 2012; Sundararajan et al., 2014). MIG-
21 has no close orthologs in other species, but shares similarity with the 
netrin co-receptor UNC-5 and semaphorin 5A through its two extracellular 
thrombospondin repeats. DPY-19 is an evolutionarily conserved multi-pass 
transmembrane protein, and one of its mammalian orthologs, DPY19L1, is 
required for the radial migration of glutaminergic neurons in the developing 
cerebral cortex (Watanabe et al., 2011). Interestingly, it was shown that DPY-19 
functions as a c-mannosyltransferase that glycosylates the thrombospondin 
repeats of UNC-5 and MIG-21 (Buettner et al., 2013). ptp-3 encodes a LAR-type 
receptor protein tyrosine phosphatase (RPTP) (Ackley et al., 2005; Harrington 
et al., 2002). LAR-RPTPs contain extracellular fibronectin type III repeats and 
immunoglobulin domains, and two intracellular phosphatase domains. They 
interact with components of the extracellular matrix and play an important 
role in axon guidance, synapse development and cell migration (Ackley 
et al., 2005; Harrington et al., 2002; Um and Ko, 2013). cdh-4 encodes one 
of the two Fat-like cadherin orthologs of C. elegans (Pettitt, 2005). Fat-like 
cadherins function in the planar polarization of epithelial tissues (Matis 
and Axelrod, 2013), in tissue size regulation (Yin and Pan, 2007) and in cell 
migration (Horne-Badovinac, 2017; Schmitz et al., 2008; Sundararajan et al., 
2014). In mammalian cells, Fat1 localizes at the leading edge of migrating 
cells and is required for directional polarization and protrusive activity at 
the lamellipodium (Moeller et al., 2004; Tanoue and Takeichi, 2004). unc-40 
encodes an ortholog of the netrin receptor DCC (Chan et al., 1996). UNC-40 
and its ligand UNC-6/netrin control the migration of axonal growth cones 
along the dorsoventral body axis (Wadsworth, 2002). Moreover, UNC-40 is 
required for the ventral polarization and invasion of the anchor cell during 
vulva development (Hagedorn et al., 2013; Wang et al., 2014). In addition to 
netrin-dependent signaling, also ligand-independent functions of UNC-40 
have been described. Thus, UNC-40 can interact with the Robo ortholog 
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SAX-3 to potentiate the response of axonal growth cones to the SLT-1/Slt 
guidance cue (Yu et al., 2002), and signaling of the Wnt ligand EGL-20 through 
the Frizzled MIG-1 and the Van Gogh ortholog VANG-1 has been shown to 
influence the localization of UNC-40 in the developing HSN neuron (Tang and 
Wadsworth, 2014). Interestingly, UNC-40 may also function independently of 
netrin in the Q neuroblast lineage, as polarization and migration are not 
affected in unc-6/netrin mutants (Honigberg and Kenyon, 2000).
 Genetic epistasis experiments have shown that mig-21, dpy-19, ptp-
3/Lar and cdh-4/Fat have overlapping functions in the polarization and 
migration of the Q neuroblasts, while unc-40/DCC functions in a separate 
pathway (Middelkoop et al., 2012; Sundararajan and Lundquist, 2012; 
Sundararajan et al., 2014). Moreover, it was found that there are distinct 
left-right asymmetric differences in the functional interactions between 
these regulators. Thus, unc-40 was shown to act in parallel to mig-21 and 
ptp-3 to mediate posterior migration of QL, while these two pathways may 
mutually inhibit each other to direct the protrusion of QR towards the 
anterior (Sundararajan and Lundquist, 2012). Furthermore, cdh-4 was found 
to function together with mig-21 and ptp-3 in QL, but in both the unc-40 
and mig-21 - ptp-3 pathways in QR (Sundararajan et al., 2014). Apart from 
these genetic interactions, the underlying mechanism that mediates the 
robust left-right asymmetric polarization of the Q neuroblasts is still largely 
unknown.
 Here, we show that a second Fat-like cadherin, CDH-3, is also 
required for the correct polarization of the Q neuroblasts. To further define 
the functional interaction between cdh-3, cdh-4, mig-21, dpy-19 and unc-
40, we performed a detailed quantitative analysis of protrusion formation 
and directional outgrowth in null or strong loss of function mutants. Our 
results show that mig-21 - dpy-19, cdh-3 - cdh-4, and unc-40 define three 
distinct pathways. We found that the unc-40 pathway plays a prominent role 
in the formation of a major, lamellipodium-like protrusion, while the mig-
21 - dpy-19 pathway and the Fat-like cadherins have additional functions 
in specifying the direction of the growing protrusion. Moreover, we show 
that cdh-4 has cell autonomous as well as non-autonomous functions in 
protrusion formation and directional outgrowth. Mechanistically, we show 
that the mig-21 - dpy-19 and cdh-3 - cdh-4 pathways are required for the 
ligand-independent localization of UNC-40/DCC at the leading edge of the 
Q neuroblast protrusion. We conclude that a complex interplay between the 
three pathways, which acts in part through the localization of UNC-40 at the 
protrusive front, mediates the left-right asymmetric polarization of the Q 
neuroblasts.
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Results
Quantitative analysis of Q neuroblast polarization and migration 
reveals distinct functions of UNC-40/DCC, Fat-like cadherins and the 
transmembrane proteins MIG-21 and DPY-19 in protrusion formation 
and direction
The Netrin receptor UNC-40/DCC, the transmembrane proteins MIG-
21 and DPY-19, and the Fat-like cadherin CDH-4 are required for the left-
right asymmetric polarization and migration of the QL and QR neuroblasts 
(Middelkoop et al., 2012; Schmitz et al., 2008; Sundararajan and Lundquist, 
2012; Sundararajan et al., 2014). In addition, we found that a second Fat-like 
cadherin, CDH-3, is involved in this process, as demonstrated by the effect of 
cdh-3 mutation on Q neuroblast polarization and the subsequent migration 
of the Q cell descendants (Fig. 1B, S1F). 
 To further examine the function of these transmembrane proteins 
in polarization and migration, we quantified the effects of strong loss of 
function or null mutations. The first step in Q neuroblast migration is the 
formation of a single, lamellipodium-like protrusion that extends towards 
the anterior in QR and the posterior in QL. To visualize the Q neuroblasts, 
we used a transgenic marker that labels the plasma-membrane (GFP-PH) 
and the nucleus (H2B-GFP) of the Q neuroblasts and the lateral hypodermal 
seam cells (Wildwater et al., 2011) (Fig. 1A, S1C). We measured the ability of 
the Q cells to form a major lamellipodium-like protrusion, and the direction 
of this protrusion with respect to the anteroposterior body axis (as defined 
by a line between the centers of the nuclei of the Q neuroblast and the seam 
cell V5) (Fig. 1A) (Middelkoop et al., 2012). In wild type animals, QL extends 
a protrusion towards the dorsal side of V5 (with a predominant angle of 
20 - 40o), while QR sends a protrusion over V4 (with an angle between 140 
- 160o) (Fig. 1B). During this phase, filopodia-like membrane extensions are 
formed at the leading edge of the protrusion (Movie 1, 2). In mig-21(u787) 
and dpy-19(e1314) mutants, the direction of the QL and QR protrusions was 
altered. In agreement with previous studies (Middelkoop et al., 2012), we 
found that 40 - 50% of QL and QR cells formed a short, broadly shaped 
protrusion towards the dorsal side (60 - 120o) (Fig. 1B, S1C, D, see Table 
S1 for statistical analysis), as well as smaller spike-like filopodia in other 
directions. In 11 - 16% of animals, the QL and QR neuroblasts failed to form 
a major protrusion. As discussed below, this phenotype was enhanced in 
the double mutant, indicating that mig-21 and dpy-19 have an additional, 
partially redundant role in protrusion formation. Loss of cdh-4 also affected 
protrusion formation (20 - 23% of QL and QR neuroblasts did not form a 
lamellipodium-like protrusion in cdh-4(hd40) mutants) (Fig. 1B, S1C). The 
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effect on protrusion direction was however different from mig-21 and dpy-
19. While there was a relatively modest effect on protrusion direction in 
QL, there was a striking reversal of direction in QR, with 36% of the cells 
polarizing towards the posterior instead of the anterior. Time-lapse imaging 
showed increased formation of small ectopic protrusions (Movie 3), and we 
observed that the major protrusion can collapse and reform in a different 
direction (Movie 4). In cdh-3(pk87) mutants, there was a mild defect in 
polarization and protrusion direction, but not the reversal in QR polarity 
that we observed in the cdh-4 mutant (Fig. 1B, S1C). However, cdh-3 mutants 
did show ectopic protrusive activity and instability of the major protrusion 
(Movie 5). unc-40(e271) mutants showed the highest percentage (35 - 37%) 
of unpolarized cells (Fig. 1B). We found that these unpolarized cells do show 
protrusive activity, but that these protrusions are unstable and unable to 
grow into a lamellipodium-like protrusion (Movie 6). In cells that did form 
a major protrusion, the average length of the protrusion was reduced (Fig. 
S2B), while the direction of the protrusion was mostly correct (Fig. 1B, S1C, D).
Once the protrusion has fully extended, the cell body follows and QL divides 
at a position dorsal to V5, and QR at a position dorsal to V4 (Fig. 2A). In 
agreement with previous studies (Middelkoop et al., 2012; Sundararajan and 
Lundquist, 2012; Sundararajan et al., 2014), we found that all the mutants 
showed defects in the migration of the QL and QR cell bodies (Fig. 2B, C). 
However, the reduction in migration distance was more severe in mig-21, 
dpy-19 and cdh-4 mutants than in the unc-40 and cdh-3 mutants, which 
is consistent with the effect of these mutations on protrusions formation 
and directional outgrowth. Finally, we examined the position of the Q.p 
descendants (Q.paa and Q.pap, abbreviated as Q.pax) (Fig. S1B), which is 
linked to initial polarization and migration through the activation of the 
Wnt dependent anterior or posterior migration pathways (Honigberg and 
Kenyon, 2000; Middelkoop et al., 2012). Again, there was a strong correlation 
between the severity of defects in initial polarization and the subsequent 
left-right asymmetric migration of the Q.pax (Fig. S1F). 
 Based on these results, we conclude that unc-40 is predominantly 
required for the formation of a major lamellipodium-like protrusion, while 
mig-21, dpy-19 and the Fat-like cadherin cdh-4 - and to a lesser extent cdh-
3 - have additional functions in controlling the directional outgrowth of the 
protrusion. As part of this guidance mechanism, mig-21 and dpy-19 are required 
for the asymmetric polarization of QL and QR along the anteroposterior 
body axis, while cdh-4 is particularly important for the anterior polarization 
of QR. Finally, as all four mutants showed ectopic protrusive activity, the 
coordinated function of these different transmembrane proteins is required 



 87

for the formation of a single major protrusion.
 

Figure 1. Polarization of the QL and QR neuroblasts. (A) Visualization of the Q neuroblast 
protrusion using membrane and nuclear localized GFP expressed in the Q neuroblasts and 
the seam (V) cells using the heIs63 transgene (Wildwater et al., 2011). Anterior is left and 
dorsal is up. Schematic drawings illustrate the angle of the QL and QR protrusion relative 
to the anteroposterior body axis (0° is posterior and 180° anterior). Scale bar is 5 μm. (B, 
C) Quantification of protrusion formation and protrusion direction in wild type and polarity 
mutants 1-2 hours after hatching. Numbers and color coding represent percentages, n > 50. 
The percentage of cells that fail to form a major, lamellipodium-like protrusion is indicated 
in the center of the polar graphs. See Table S1 for statistical analysis of protrusion formation 
and direction.
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Figure 2. Migration of the QL and QR neuroblasts. (A) Visualization of the Q neuroblast division 
using membrane and nuclear localized GFP expressed in the Q neuroblasts and the seam 
(V) cells using the heIs63 transgene. Anterior is left and dorsal is up. Schematic drawings 
illustrate the position of the Q cell division (the endpoint of the migration) relative to the 
seam cells V4 and V5. Scale bar is 5 μm. Quantification of QL (B) and QR (C) division position 
in wild type and polarity mutants relative to the seam cells V4 and V5. Blue area represents 
the starting point of the migration and the red and green boxes the point where QL and QR 
divide in wild type animals. Numbers and color coding represent percentages, n > 20. See 
Table S1 for statistical analysis of Q division position.

UNC-40/DCC, MIG-21, DPY-19 and CDH-3 act cell-autonomously, while 
the Fat-like cadherin CDH-4 has both cell-autonomous and non-
autonomous roles in Q neuroblast polarization
We and others have previously shown that mig-21 is expressed in the Q 
neuroblasts and that it functions cell-autonomously in Q cell polarization 
and migration (Middelkoop et al., 2012; Sundararajan and Lundquist, 2012). To 
examine the expression of dpy-19, we used CRISPR/Cas9 mediated genome 
editing to endogenously tag the dpy-19 gene with gfp (Dickinson et al., 2013). 
We found that the resulting DPY-19::GFP fusion protein is functional (data 
not shown) and that it is expressed in the QL and QR neuroblasts, the seam 
cells and the hypodermal syncytium hyp7 (Fig. 3A). The endogenous DPY-
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19 protein localizes to the nuclear periphery, which is in agreement with 
earlier studies using DPY-19 overexpression (Honigberg and Kenyon, 2000). 
To investigate whether DPY-19 is required in the Q cells or the surrounding 
hypodermal cells, we used the promotor of egl-17 (Branda and Stern, 2000; 
Middelkoop et al., 2012) to specifically express dpy-19 in the Q cell lineage 
of dpy-19(e1314) mutants. Using the final position of the Q.pax cells as a 
proxy, we found that Q cell specific expression of DPY-19 was sufficient for 
correct Q neuroblast polarization and migration (Fig. S2D), which was further 
confirmed using transgenic mosaics (Table S2). We conclude that MIG-21 
and DPY-19 both function cell autonomously in the Q neuroblasts, which is 
consistent with the shared molecular function of the two proteins (Buettner 
et al., 2013). 

Figure 3. Expression and site of action of Q neuroblast polarity genes. (A) Representative 
images of endogenous DPY-19::GFP localization in the Q neuroblast and the surrounding seam 
cells and hypodermal syncytium. Arrows indicate localization of DPY-19::GFP at the nuclear 
periphery of QL and QR. The membrane and nucleus of the Q neuroblasts and the seam (V) 
cells are labeled with mCherry (huIs166). The outline of the Q neuroblast is indicated with 
a dashed line. (B, C, D) Single molecule mRNA FISH (smFISH) of unc-40, cdh-4 and cdh-3 in 
polarizing Q neuroblasts 1-2 hours after hatching. The membrane and nucleus of the   
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Q neuroblasts and the seam (V) cells are labeled with GFP (heIs63). The outline of the Q 
neuroblast is indicated with a dashed line. Anterior is left and dorsal is up. Scale bars are 5 
μm. (E, F, G) Quantification of smFISH spots in the QL (red) and QR (green) neuroblasts during 
polarization and migration (0-5 hours after hatching). The position of each cell is plotted 
relative to the seam cells V4 and V5, with both cells starting at a position between V4 and V5 
(around 0.5) and migrating either towards the anterior (QR, <0.5) or posterior (QL, >0.5). The 
expression of unc-40, cdh-4 and cdh-3 positively correlates with migration distance (unc-40 
QL: r = 0.4081, p < 0.0022, QR: r = -0.2838, p < 0.0324, cdh-3 QL: Spearman r = 0.5765, p < 0.0001, 
QR: Spearman r = -0.4838, p < 0.0004, cdh-4 QL: Spearman r = 0.3176, p < 0.03, QR: Spearman r = 
-0.5070, p < 0.0004). (H) Quantification of protrusion formation and protrusion direction in wild 
type and animals with Q lineage specific depletion (Pegl-17::ZIF-1) of unc-40::ZF1, cdh-4::ZF1 
and cdh-3::ZF1 1-2 hours after hatching. Numbers and color coding represent percentages, 
n > 61. The percentage of cells that fail to form a major, lamellipodium-like protrusion is 
indicated in the center of the polar graphs. See Table S1 for statistical analysis of protrusion 
formation and direction.

 Studies with transgenic reporters have shown that unc-40 is expressed 
in the Q neuroblast lineage (Honigberg and Kenyon, 2000). To examine the 
endogenous expression of unc-40 during Q cell polarization and migration, 
we used single molecule mRNA fluorescent in situ hybridization (smFISH) 
(Raj et al., 2008) to quantitatively measure unc-40 mRNA abundance. At the 
early L1 larval stage, unc-40 expression was detected in the nerve ring and 
the Q neuroblasts (Fig. 3B, S2A). We found that the number of unc-40 mRNA 
spots was similar in QL and QR, with a positive correlation between spot 
abundance and migration distance (QL, r = 0.4081, p < 0.0022, QR, r = -0.2838, 
p < 0.0324) (Fig. 3E), indicating that unc-40 is symmetrically expressed in 
the two lineages, and that expression increases during the polarization and 
migration process. Earlier studies using Q cell specific rescue and tissue-
specific RNAi mediated knock-down have shown that unc-40 functions cell 
autonomously in the Q cell lineage (Sundararajan and Lundquist, 2012). To 
corroborate these finding and to generate a tool for robust Q cell specific 
depletion of UNC-40, we used CRISPR/Cas9 mediated genome editing 
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to insert a ZF1 tag at the carboxy-terminus of UNC-40. This sequence is 
recognized by ZIF-1, the substrate-binding subunit of a ubiquitin-ligase 
complex, which targets the tagged protein for proteasomal degradation 
(Armenti et al., 2014). We found that ubiquitous expression of ZIF-1 induced 
an uncoordinated phenotype that was similar as observed in the unc-40 
null mutant (data not shown), indicating that the tagged UNC-40 protein 
is efficiently degraded. Next, we used the egl-17 promotor to specifically 
express ZIF-1 in the Q neuroblast lineage. We found that the effect of UNC-40 
depletion on protrusion formation, polarization, and the migration of the Q 
cell and its descendants was similar to the unc-40 null mutant (Fig. 3H, S3A, 
B, C), confirming the cell autonomous function of UNC-40 in this process.
 We also used smFISH to examine the expression of cdh-4 and cdh-3. 
Consistent with transgenic reporter studies (Sundararajan et al., 2014), we 
observed cdh-4 mRNA spots in the Q neuroblasts, as well as a wide range of 
other cells, including the neighboring seam and P cells, ventral nerve cord 
neurons and cells in the head region (Fig. 3C, S2C). In contrast, we found that 
during the initial polarization and migration phase, cdh-3 was specifically 
expressed in the Q neuroblasts, with additional expression only in a few 
unidentified cells in the head (Fig. 3D, S2B). Similar to unc-40, there was no 
significant difference in expression between QL and QR. Moreover, for both 
cdh-3 and cdh-4, the expression level correlated with migration distance 
(cdh-3 QL, Spearman r = 0.5765, p < 0.0001, QR, Spearman r = -0.4838, p < 0.0004; 
cdh-4 QL, Spearman r = 0.3176, p < 0.03, QR, Spearman r = -0.5070, p < 0.0004), 
indicating that expression increases during polarization and migration (Fig. 
3F, G). To examine the site of action of cdh-3 and cdh-4, we used CRISPR/
Cas9 mediated genome editing to insert a ZF1 tag at the carboxy-terminus 
and depleted the endogenously tagged proteins using Q lineage specific 
expression of ZIF-1. Depletion of CDH-3 closely phenocopied the mutant 
phenotype (Fig. 3H, S3A, B, C). A similar effect on protrusion formation was 
also observed when CDH-4 was depleted from the Q neuroblast lineage (an 
average of 22 versus 24% of unpolarized cells in cdh-4(hd40) and CDH-4 
depletion, respectively), but the reversal of QR polarity observed in the cdh-
4 null mutant was strikingly absent (Fig. 3H). 
 We conclude that MIG-21, DPY-19, UNC-40/DCC and the Fat-like 
cadherin CDH-3 function cell autonomously in protrusion formation 
and guidance. CDH-4/Fat, on the other hand, has a dual role, with a cell 
autonomous function in protrusion formation and a cell non-autonomous 
function in directing the protrusion of QR towards the anterior.
MIG-21, DPY-19 and the Fat-like cadherins function in parallel to UNC-
40/DCC
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To examine genetic interactions between the different polarity regulators, 
we generated compound mutants. For mig-21 and dpy-19, we found that the 
phenotype of the double mutant was similar to that of the single mutants 
(Fig. 1C), with a clear dorsal bias in protrusion direction. The percentage 
of unpolarized cells was however increased in the double mutant. These 
results indicate that mig-21 and dpy-19 function together in regulating 
protrusion direction, which is in agreement with previous genetic studies 
(Middelkoop et al., 2012) and the observation that MIG-21 is a substrate of 
DPY-19 c-mannosyltransferase activity (Buettner et al., 2013). However, our 
results suggest that there is also a minor parallel activity in protrusion 
formation. 
 Double mutants between cdh-3 and cdh-4 were not viable (data not 
shown), but we found that homozygous offspring of cdh-4(hd40) cdh-3(pk87) 
heterozygotes develop to the L1 stage. Using the final position of the Q.pax 
as a proxy for Q polarization and migration, we found that the phenotype 
of the maternally rescued double mutant was indistinguishable from the 
cdh-4 single mutant (Fig. S4C). These results indicate that cdh-3 and cdh-4 
function in a common pathway, in which cdh-4 has a predominant role.
Next, we combined mutations in the cdh-3 - cdh-4/Fat and mig-21 - dpy-
19 pathways with unc-40/DCC. Since double mutants between cdh-4 
and unc-40 are not viable (Sundararajan et al., 2014), we used Q lineage 
specific expression of ZIF-1 to deplete endogenously tagged UNC-40::ZF1 in 
a cdh-4(hd40) mutant background (Fig. 1C). In agreement with a previous 
study using tissue-specific RNAi (Sundararajan et al., 2014), the combined 
loss of cdh-4 and UNC-40 resulted in a strongly enhanced phenotype. 
Quantification showed that 63% of QL and 71% of QR neuroblasts remained 
unpolarized. Moreover, the cells that did form a protrusion, no longer 
showed the posterior bias observed in the cdh-4 single mutant. Of note, 
6% of QL and QR cells polarized at an angle ventral to the anteroposterior 
body axis, a phenotype that was not observed in the single mutants. As the 
triple mutant of mig-21, dpy-19 and unc-40 was also not viable (data not 
shown), we used a similar approach to deplete UNC-40 from mig-21(u787) 
dpy-19(e1314) double mutants. Again confirming earlier RNAi experiments 
(Sundararajan and Lundquist, 2012), this resulted in a strongly enhanced 
phenotype. We found that there is a strong defect in protrusion formation: 79 
- 80% of Q cells remained unpolarized (Fig. 1C), leading to a strong reduction 
in initial migration (Fig. S4A), misorientation of the position Q.a relative to 
Q.p (Fig. S4D) and almost complete anterior migration of the QR.pax (Fig. 
S4B). Furthermore, of the approximately 20% of cells that did form a major 
protrusion, the predominant polarization direction was shifted from dorsal 
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in the mig-21 dpy-19 double mutant to anterior in the triple mutant (Fig. 1C). 
Consistent with these static measurements, time-lapse imaging revealed 
that the Q neuroblasts either show limited protrusive activity (Movie 7), or 
form a larger protrusion towards the anterior (Movie 8). However, even when 
a major lamellipodium is formed, we did not observe migration of the cell 
body. 
 Taken together, these results show that mig-21 and dpy-19, and the 
Fat-like cadherins cdh-3 and cdh-4 are part of linear genetic pathways that 
act in parallel to unc-40/DCC. Loss of either of these pathways strongly 
enhances the polarization defect of unc-40. However, in Q cells that still form 
a major protrusion, loss of cdh-4 and unc-40 leads to random polarization, 
while in the absence of mig-21, dpy-19 and unc-40 the Q cells predominantly 
polarize towards the anterior.

The asymmetric polarization of QL and QR is independent of 
centrosome position
The position of the centrosome, and the axis that it forms with the nucleus, 
is a key polarity determinant in migrating cells (Luxton and Gundersen, 
2011). In many migrating cell types, the centrosome is positioned anterior to 
the nucleus. Here, it forms a microtubule organizing center that mediates 
polarized vesicular transport to the leading edge and is important for nuclear 
movement. Using the centrosomal marker CMD-1::GFP (Chai et al., 2012), we 
have found that in both QL and QR, the centrosome is localized at the anterior 
side of the nucleus (Fig. 4A, B). A consequence of this symmetric localization 
is that the centrosome is positioned on the same side as the protrusion 
in QR, while it is at the opposite side of the nucleus in QL. Measurements 
of centrosome position - quantified as the angle of the centrosome and 
the Q cell nucleus with respect to the anteroposterior body axis - revealed 
that while the centrosome is anterior to the nucleus in both QL and QR, 
the angle of centrosome position is more variable in QL (Fig. 4C, D, E). We 
speculate that this variability is related to the posterior polarization of QL, 
which may induce microtubule pulling forces that influence the position of 
the centrosome at the opposite side of the nucleus. The average position 
of the centrosome was not altered in mig-21, dpy-19 or unc-40 mutants, but 
variability was increased in QR. Moreover, there was no correlation between 
centrosome position and protrusion direction in the mutants (Fig. 4F, G). We 
conclude that the left-right asymmetric polarization of the Q neuroblasts is 
independent of centrosome position. However, the anterior localization of 
the centrosome does correlate with the anterior bias in protrusion direction 
in the absence of the MIG-21 - DPY-19 and UNC-40/DCC pathways, indicating 
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that it may have a function in specifying an anterior ground polarity.

Figure 4. Centrosome position and role of cdh-4 in anterior ground polarity. (A, B) Centrosome 
position in QL and QR. Localization of the centrosome marker GFP::CMD-1 and myristoylated 
mCherry (caIs22) (Chai et al., 2012) at 2 hours after hatching. The nuclei of the Q neuroblast 
and seam cell V5 are indicated by a dashed line, the centrosome by an arrow. Scale bars 
are 5 μm. (C) Examples of protrusion (red dashed line) and centrosome (yellow dashed line) 
angles relative to the anteroposterior body axis (defined by a line between the centers of the 
Q and V5 nuclei) in wild type and dpy-19(e1314) mutants. Scale bars are 10 μm. (D, E) Angle 
of the centrosome relative to the anteroposterior axis in QL and QR. Comparing the variance 
of QL and QR in all conditions shows that only in wild type the variance is unequal; F-value 
= 28.8, Pr(>F) < 0.0001 (Levene’s test for homogeneity of variance), n > 14. (F, G) Difference in 
the angle of the centrosome and the main protrusion in QL and QR. (H) Quantification of 
protrusion formation and protrusion direction at 1-2 hours after hatching. The anterior bias in 
protrusion direction in the absence of mig-21, dpy-19 and unc-40 is indicated by red arrows. 
Numbers and color coding represent percentages, n > 50. The percentage of cells that fail to 
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form a major, lamellipodium-like protrusion is indicated in the center of the polar graphs. 
See Table S1 for statistical analysis of protrusion formation and direction.

Anterior polarity in the absence of the UNC-40/DCC and MIG-21 - DPY-
19 pathways is dependent on CDH-4/Fat
Given the prominent role of CDH-4 in the anterior polarization of QR, we 
investigated if it is required for the anterior polarization observed in the 
absence of the MIG-21 - DPY-19 and UNC-40/DCC pathways. Depletion of 
mig-21 by RNAi and UNC-40 by ZIF-1 mediated protein depletion in a cdh-
4(hd40) mutant background resulted in a further increase in the percentage 
of Q cells that remain unpolarized (Fig. 4H) and failed to migrate (Fig. S4A), 
as confirmed by the almost fully penetrant effect on Q.pax migration (Fig. 
S4B). Importantly, among the 10% of Q cells that did form a protrusion, the 
anterior bias in polarization direction was lost (Fig. 4H), with cells polarizing 
in multiple directions, including angles below the anteroposterior body axis. 
Based on these results, we propose that the cell non-autonomous CDH-
4/Fat pathway provides an anteriorly directed ground polarity, which is 
modified in QL by the MIG-21 - DPY-19 and UNC-40/DCC pathways to mediate 
posterior polarization.

The MIG-21 - DPY-19 pathway and CDH-4/Fat mediate ligand-
independent localization of UNC-40/DCC
UNC-40/DCC is a key driver of actin dependent protrusion formation (Quinn 
and Wadsworth, 2008). Studies of migrating neuronal growth cones (Kulkarni 
et al., 2013) and the polarization and invasion of the anchor cell during vulva 
formation (Wang et al., 2014) have shown that UNC-40 randomly clusters along 
the plasma membrane through an interlocked positive and negative feedback 
mechanism. Directional binding of the ligand UNC-6/netrin stabilizes these 
clusters and thereby induces protrusive activity at the appropriate side of the 
cell. Our observation that the Q neuroblasts frequently remain unpolarized 
in unc-40 mutants demonstrates that UNC-40 is also an important mediator 
of protrusion formation during Q cell polarization (Fig. 1B). Interestingly, 
however, it has previously been shown that the ligand UNC-6/netrin is not 
required (Honigberg and Kenyon, 2000). To corroborate these findings and 
to investigate the role of the alternative UNC-40 ligand MADD-4 (Chan et 
al., 1996; Tu et al., 2015), we examined protrusion formation and direction in 
unc-6(ev400) and madd-4(kr270) single and double mutants. Loss of unc-
6 and madd-4 did not significantly affect protrusion formation, direction 
and migration (Fig. 5A, S5A, B), supporting the notion that UNC-40 functions 
ligand-independently in Q neuroblast polarization.
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 To examine the subcellular localization of UNC-40, we endogenously 
tagged UNC-40 with GFP using CRISPR/Cas9 mediated genome editing. The 
carboxy-terminal fusion of UNC-40 with GFP was functional (Fig. S6A), and 
consistent with unc-40 mRNA expression (Fig. 3A, E), UNC-40::GFP expression 
increased during Q cell polarization and migration (Fig. S6B). The endogenous 
UNC-40::GFP protein localized diffusely along the plasma membrane, but 
also formed prominent punctate clusters at the cell periphery (Fig. 5B). 
Consistent with the role of UNC-40 in protrusion formation, quantification 
showed that these UNC-40 clusters predominantly localize at the leading 
edge of the polarizing Q cell (Fig 5B, E). Of note, we found that these clusters 
dissolve when the Q neuroblast divides, but reappear at the leading edge of 
the migrating daughter cells QR.a and QR.p (Fig. S6B).
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 In the anchor cell, random clustering of UNC-40 in the absence 
of the UNC-6/netrin ligand leads to the formation of multiple, unstable 
and randomly directed protrusions (Wang et al., 2014). Since mig-21, dpy-
19 and cdh-4 mutants also display such ectopic spike-like protrusions, we 
investigated whether these genes are required for the stabilization and 
polarized localization of UNC-40. We found that in both mig-21(u787) dpy-
19(e1414) double mutants and cdh-4(hd40) single mutants, the specific 
localization of UNC-40 at the anterior or posterior side of the Q neuroblast 
was lost (Fig. 5C, D). Quantification showed dispersed localization of UNC-
40 clusters along the Q cell membrane, and a clear reduction in the ratio 
of clusters at the anterior versus posterior side of the cell (Fig. 5E). In 
addition, we found that membrane localization and clustering of UNC-40 
was significantly increased in mig-21 dpy-19 double mutants, while it was 

Figure 5. Ligand-independent clustering 
of UNC-40/DCC at the leading edge of the 
polarizing Q neuroblast. (A) Quantification 
of protrusion formation and protrusion 
direction 1-2 hours after hatching. Numbers 
and color coding represent percentages, n > 
61. The percentage of cells that fail to form 
a major, lamellipodium-like protrusion is 
indicated in the center of the polar graphs. 
See Table S1 for statistical analysis of 
protrusion formation and direction. (B, C, D) 
Endogenous UNC-40::GFP localization in wild 
type, cdh-4(hd40) and mig-21 (u787) dpy-
19(e1314) mutants. The plasma membrane 
and nucleus of the QR neuroblast and 
seam (V) cells are labeled with mCherry 
(huIs166). GFP localization at the plasma 
membrane was quantified by line-scan 
(counter clockwise, starting from the site 
of contact between the Q neuroblast and 
seam cell V4). Numbers indicate UNC-
40::GFP punctae (defined as average + 1x 
SD). Anterior is left and dorsal is up. Scale 
bars are 10 μm. (E) Quantification of plasma 
membrane UNC-40::GFP clusters (defined 
as fraction of membrane with fluorescence 
above the average + 1x SD in wild type) at 
the anterior versus posterior side of the QL 
and QR neuroblasts. *p < 0.05, **p < 0.01, 
***p < 0.005 (Tukey’s multiple comparisons 
test), n > 7. (F) Membrane localization of UNC-
40::GFP (normalized mean fluorescence at 
the membrane divided by normalized mean 
fluorescence of the cytoplasm). *p < 0.05, **p 
< 0.01, ***p < 0.005,  ****p < 0.0005 (Holm-
Sidak’s multiple comparisons test), n > 7.
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decreased in cdh-4 mutants (Fig. 5E, F), indicating that the two pathways 
also have distinct functions in controlling the localization or stability of 
UNC-40 at the cell membrane. 
 Taken together, these results support the notion that the MIG-21 - 
DPY-19 and the CDH-4/Fat pathways are part of a novel ligand-independent 
mechanism that controls the polarized activity of UNC-40.

The MIG-21 - DPY-19 pathway prevents the Q neuroblasts from 
responding to an UNC-6/netrin dependent dorsalizing signal
The UNC-40 ligand UNC-6/netrin plays a central role in polarization and 
migration along the dorsoventral axis (Wadsworth, 2002). Interestingly, we 
observed a prominent dorsal bias in protrusion direction in the mig-21 dpy-
19 single and double mutants (Fig. 1B, C). Since this dorsal polarization is 
dependent on UNC-40 (Fig. 1C), we investigated if loss of the MIG-21 - DPY-
19 pathway triggers an ectopic response to UNC-6. We generated a mig-21 
dpy-19; unc-6(ev400) triple mutant and found that loss of unc-6 strongly 
suppressed dorsal polarization (from 36 - 44% to 16%, p < 0.01), with a clear 
shift towards posterior polarization in QL and anterior polarization in QR 
(Fig. 5A), an increase in migration distance (Fig. S5A) (with a concomitant 
increase in Q.a and Q.p mispositioning, Fig. S5C), and a partial rescue of 
QR.pax migration (Fig. S5B). These results show that the Q neuroblasts can 
respond to UNC-6, but that this response is normally prevented by the MIG-21 
- DPY-19 pathway. This is consistent with a role of the MIG-21 - DPY-19 pathway 
in localizing UNC-40 at the leading edge, and supports the model that the 
MIG-21 - DPY-19 and CDH-4/Fat pathways are part of a ligand independent 
mechanism that redirects the activity of UNC-40 from the dorsoventral to 
the anteroposterior body axis.

Discussion
The MIG-21 - DPY-19, CDH-3 - CDH-4/Fat and UNC-40/DCC pathways 
separately control directional outgrowth of the Q neuroblast protrusion
The transmembrane proteins MIG-21, DPY-19, CDH-4/Fat and UNC-40/
DCC play a central role in the left-right asymmetric polarization and 
migration of the Q neuroblasts (Middelkoop et al., 2012; Schmitz et al., 2008; 
Sundararajan and Lundquist, 2012; Sundararajan et al., 2014). Previous 
studies have suggested that CDH-4 acts together with MIG-21 and UNC-40 
in the anterior polarization of QR, while it functions in parallel to UNC-40 
in the posterior polarization of QL (Sundararajan et al., 2014). Our detailed 
quantitative analysis shows that these interactions are more complex. We 
found that unc-40/DCC, mig-21 and dpy-19, and cdh-4/Fat and cdh-3 - the 
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Fat-like cadherin gene identified in this study - represent three separate 
genetic pathways that control distinct aspects of the polarization process. 
Thus, in unc-40/DCC mutants, the direction of polarization is more variable 
than in wild type. In mig-21 and dpy-19 single or double mutants, there is a 
clear dorsal bias in polarization. Finally, in cdh-4/Fat mutants, there is an 
increased variability in polarization direction and a striking reversal in the 
polarity of QR. This polarity reversal is not observed in cdh-3 mutants, but 
double mutant analysis indicates that both Fat-like cadherins are part of the 
same pathway. Interestingly, we have found that Q lineage specific depletion 
of CDH-4 did not reproduce the reversal in QR polarity observed in the null 
mutant, indicating that this is a cell non-autonomous function of CDH-4. 
This is consistent with previous mosaic rescue experiments (Sundararajan 
et al., 2014) and is in agreement with the expression of cdh-4 in neighboring 
seam cells and juvenile ventral cord neurons. Cadherin family members can 
form homo- or heterotypic interactions through their extracellular domains 
(Gooding et al., 2004), and similar interactions between CDH-4, CDH-3 and 
other cadherin-related proteins such as CDH-1 may underlie the cell non-
autonomous function of CDH-4 in QR polarization. Moreover, as has been 
described for dFat2 in collective cell migration in Drosophila, where dFat2 
stabilizes Lar at the leading edge of neighboring cells (Barlan et al., 2017), 
CDH-4 may interact with PTP-3/Lar to promote anterior polarization of the 
Q neuroblasts.
 The parallel function of the three pathways is also demonstrated in 
mutant combinations. Depletion of UNC-40 in a mig-21; dpy-19 double mutant 
background resulted in a strong defect in protrusion formation, which is 
discussed below. Interestingly, in cells that did form a major lamellipodium, 
the polarization direction was predominantly anterior. This anterior bias is 
correlated with the position of the centrosome, which is located anterior to 
the nucleus in both QL and QR. The symmetric localization of the centrosome 
derives from the division of the hypodermal QLV5L and QRV5R precursor 
cells that generate the two Q neuroblasts (as anterior daughters that both 
inherit an anterior centrosome) and their sister cells, the seam cells V5L and 
V5R (the posterior daughters with a posterior centrosome, data not shown) 
(Sulston et al., 1983). In migrating cells, the centrosome is often localized 
at the front of the nucleus, and it is thought that this contributes to the 
formation of a polarized microtubule network that transports components 
of the cell polarity and migration machinery to the leading edge of the cell 
(Etienne-Manneville, 2013; Luxton and Gundersen, 2011). Although centrosome 
position did not correlate with protrusion direction in QL and QR, it may 
contribute to the anterior bias that emerges in the absence of the MIG-21 
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- DPY-19 and UNC-40 pathways. Such an anterior ground polarity may also 
be linked to the non-cell autonomous activity of CDH-4. Thus, loss of cdh-4 
predominantly affects the anterior polarization of QR, and the anterior bias 
observed in the absence of the MIG-21 - DPY-19 and UNC-40 pathways is lost 
when CDH-4 is depleted. An intriguing possibility is therefore that the CDH-4 
pathway links centrosome position with anterior polarization in QR, while 
this activity is modulated or overruled to allow posterior polarization in QL.

The UNC-40/DCC, CDH-3 - CDH-4/Fat and the MIG-21 - DPY-19 pathways 
are required for the formation of a major, lamellipodium-like protrusion
We found that UNC-40/DCC has a prominent role in protrusion formation. 
In unc-40 mutants, the Q neuroblasts frequently fail to form a major 
protrusion. This is also observed when UNC-40 is specifically depleted from 
the Q cell lineage, indicating that UNC-40 acts cell autonomously in this 
process. UNC-40 is an established regulator of protrusion formation in 
axonal growth cones and the directional outgrowth of  invasive protrusions 
of the anchor cell during vulva development (Quinn and Wadsworth, 2008; 
Wang et al., 2014). Consistent with a direct function in protrusion formation, 
we found that endogenous UNC-40 specifically localizes at the leading edge 
of the Q cell protrusion. Although the intracellular effectors of UNC-40 vary 
in different cellular contexts, UNC-40 has been shown to act upstream of 
various regulators of actin dynamics, including the actin binding protein 
UNC-115/AbLIM, the Rho family GTPase CED-10/Rac1 and its regulators TIAM-1 
and UNC-73/Trio (Demarco et al., 2012; Yu et al., 2002), and UNC-34, an ortholog 
of the enabled/vasodilator-stimulated phosphoprotein (Ena/VASP), a key 
mediator of actin filament formation in migrating cells and growth cones 
(Gitai et al., 2003). Of these, CED-10/Rac1, UNC-73/Trio and UNC-34/Ena are 
required for Q cell migration  (Dyer et al., 2010; Shakir et al., 2006), indicating 
that UNC-40 may signal through a CED-10/Rac1 and UNC-34/Ena dependent 
mechanism to form a major protrusion.
 The Fat-like cadherins CDH-4, and to a lesser extent CDH-3, are 
also required for protrusion formation. Depletion of CDH-4 from the Q cell 
lineage revealed that this function is cell autonomous, demonstrating that 
- in addition to its cell non-autonomous function in specifying protrusion 
direction - it is also required in the Q neuroblasts for protrusion formation. 
To date, no downstream effectors of CDH-3 and CDH-4 have been identified. 
Studies in mammalian cells have shown that Fat1 binds Ena/VASP through 
a proline-rich class I EVH1 domain (Moeller et al., 2004; Tanoue and 
Takeichi, 2004). Interestingly, a consensus PPxxF class II type EVH1 binding 
motif is present in the intracellular domain of CDH-4 and this domain is 
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directly adjacent to another proline-rich motif (PVVPPPL) (Schmitz et al., 
2008), indicating that CDH-4 may act through an UNC-34/Ena dependent 
mechanism as well.
 mig-21 and dpy-19 single mutants show only a slight defect in 
protrusion formation, but this phenotype is enhanced in the double 
mutant, indicating that the two genes have a partial, non-overlapping 
function in regulating protrusive activity. Loss of mig-21 and dpy-19 also 
strongly enhances the defect in protrusion formation when UNC-40 is 
depleted or when depletion of UNC-40 is combined with loss of cdh-4. MIG-
21 is a thrombospondin repeat containing protein that is modified by the 
c-mannosyltransferase activity of DPY-19 (Buettner et al., 2013). How MIG-21 
and DPY-19 are involved in protrusion formation is not known, but based 
on genetic epistasis analysis, mig-21 acts in the same pathway as ptp-3/
Lar (Sundararajan and Lundquist, 2012). LAR-type RPTPs functionally interact 
with some of the same actin regulators (such as Trio and ENA/VASP) (Um and 
Ko, 2013) that act downstream of UNC-40/DCC and possibly CDH-4. Consistent 
with such potential overlap in downstream effectors, the three pathways 
act partially redundantly, with strong synergistic interactions when both the 
MIG-21 - DPY-19 and UNC-40 or CDH-4 and UNC-40 pathways are depleted. 
We speculate that cross-talk at the level of shared downstream effectors 
may integrate the activity of the three pathways in protrusion formation and 
link it to the directional outgrowth mechanisms discussed above.

A ligand-independent function of UNC-40/DCC in Q neuroblast 
polarization
Previous studies on axon outgrowth and anchor cell polarization have 
shown that UNC-40 randomly clusters along the plasma membrane through 
an interlocked positive and negative feedback mechanism (Kulkarni et al., 
2013; Wang et al., 2014). These spontaneously formed clusters are sufficient 
to form small protrusions, but for the formation of a larger, lamellipodium-
like protrusion, these clusters need to be stabilized. Such stabilization can 
be mediated through binding of the ligand UNC-6/netrin, which forms a 
ventral to dorsal gradient and polarizes protrusive activity along this axis 
(Wadsworth, 2002). UNC-6 can act in a concentration-dependent manner 
to promote outgrowth of the protrusion towards (or away from) its source 
of expression. Recent studies have shown that directionality can also be 
achieved through a stochastic mechanism in which extracellular cues act in 
a concentration-independent manner to influence the probability of UNC-40 
localization and protrusion formation at a specific side of the cell (Limerick 
et al., 2018; Wadsworth, 2018). Interestingly, it has previously been shown that 
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UNC-40 acts independently of UNC-6/netrin in Q neuroblast polarization 
(Honigberg and Kenyon, 2000). We could confirm these observations, and 
show that protrusion formation is also unaffected by loss of the alternative 
UNC-40 ligand MADD-4 or the combined loss of both ligands. Although we 
cannot rule out the possibility that another, as yet unidentified netrin-like 
ligand may be involved, these results strongly suggest that UNC-40 functions 
in a ligand-independent manner. 
 Endogenous UNC-40 forms distinct punctate clusters at the leading 
edge of the Q cell protrusion. We found that this highly polarized localization 
is dependent on the MIG-21 - DPY-19 and CDH-4/Fat pathways. Thus, in mig-
21 dpy-19 double mutants and cdh-4 single mutants, the UNC-40 clusters are 
still formed, but their localization is more dispersed along the Q neuroblast 
membrane. Consistently, we found that the Q neuroblasts form multiple 
ectopic, filipodia-like protrusions in these mutant backgrounds. Based on 
these results, we propose that the MIG-21 - DPY-19 and CDH-4/Fat pathways 
have a dual function in protrusion formation. As discussed above, both 
pathways can directly promote protrusion formation, explaining why double 
mutants between these pathways and unc-40 display an enhanced defect 
in outgrowth activity. However, our results show that the two pathways also 
provide a ligand-independent mechanism for localized UNC-40 stabilization. 
Such a ligand-independent mechanism may be necessary to focus the 
activity of UNC-40 along the anteroposterior axis, instead of the dorsoventral 
axis that is specified by the UNC-6/netrin gradient. In support of such a 
model is our observation that the Q neuroblasts polarize towards the dorsal 
side in mig-21 dpy-19 double mutants, and that this dorsal bias is lost in the 
absence of unc-6. 
 An important question is how the MIG-21 - DPY-19 and CDH-4/Fat 
pathways control the asymmetric localization of UNC-40, and how this is 
linked to their own function in polarity establishment. Several mechanisms 
have been proposed that can localize and polarize the activity of guidance 
receptors like UNC-40. In canonical chemoattraction a concentration 
gradient of an extracellular cue results in polarization and activation of 
its receptor along this gradient (Tessier-Lavigne and Goodman, 1996). 
Alternatively, receptor activation may be aligned with cell intrinsic polarity 
axes without the need of direct extracellular guidance cues (Limerick et al., 
2018; Wadsworth, 2018). Although we cannot discriminate between these 
possibilities, our observation that the polarization of the Q neuroblasts is 
mainly a cell autonomous process - which is modified by extracellular CDH-
4/Fat to achieve anterior polarization of QR - may favor the latter possibility. 
Given the evolutionary conservation of DPY-19, PTP-3/LAR and the Fat-like 
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cadherins, ligand-independent UNC-40/DCC stabilization through these 
transmembrane proteins may provide a general mechanism for uncoupling 
UNC-40/DCC signaling from netrin guidance cues.

Materials and Methods
C. elegans strains and culture
Unless noted otherwise, C. elegans strains were cultured at 20°C using 
standard conditions (Lewis and Fleming, 1995). The Bristol N2 strain was 
used as wild type. The alleles and transgenes used in this study are LGI: 
unc-40(e271) (Brenner, 1974); unc-40(hu242[unc-40::gfp^flag3x]); unc-
40(hu226[unc-40::zf1]), LGII: muIs32[Pmec-7::gfp; lin-15(+)] (Ch’ng et al., 
2003); madd-4(kr270) (Seetharaman et al., 2011), LGIII: cdh-4(hd40) (Schmitz 
et al., 2008); cdh-4(hu240[cdh-4::zf1]); mig-21(u787) (Du and Chalfie, 2001); 
cdh-3(pk87) (Pettitt et al., 1996); cdh-3(hu238[cdh-3::zf1]); dpy-19(e1314) 
(Honigberg and Kenyon, 2000); dpy-19(hu257[dpy-19::gfp^SEC^flag3x]), LGIV: 
dpy-20(e1362), LGV: heIs63[Pwrt-2::gfp-ph; Pwrt-2::h2b::gfp; Plin-48::tomato] 
(Wildwater et al., 2011); LGX: unc-6(ev400); huIs166[Pwrt-2::h2b::mcherry; 
Pwrt::ph::mcherry; dpy-20(+)], and linkage group unknown: casIs22[Pegl-17::gfp-
TEV-S-cmd-1; Pegl-17::myri-mcherry; Pegl-17::mcherry-TEV-S-his-23; rol-6(dn)] 
(Chai et al., 2012); huIs181[Pegl-17::zif-1-SL2-mcherry; Pmyo-2::mcherry]. The 
following extrachromosomal arrays were generated: huEx439[Pegl-17::dpy-19; 
Pmyo-2::gfp]; huEx440[Pegl-17::dpy-19; Pmyo-2::gfp]. We used hT2 (I:III) [bli-
4(e937) let-?(q782) qIs48] to generate a balanced cdh-4 cdh-3/hT2 strain. As 
recombination is not fully suppressed in this strain, all animals examined 
were checked by PCR for presence of the cdh-4 allele. Strains containing 
dpy-19(e1314) were grown at 15°C, but were shifted to 20oC a day prior to 
analysis.  Synchronized populations of animals were obtained by collecting 
L1 larvae 0-1 hours after hatching and growing them for 1 hour for protrusion 
formation and directionality assays, 2 hours for the analysis of centrosome 
position, 4-6 hours for the position of the first Q neuroblast division, and 12 
hours for determining Q.pax position. 

Microscopy and fluorescence quantification
For confocal, epifluorescence and DIC microscopy, animals were mounted 
on 2% agarose pads containing 10 mM sodium azide. Static imaging of Q 
neuroblast polarization, migration, and the position of the first division 
were performed on a Zeiss Axioscop with Axiocam camera and images were 
processed using ImageJ and Adobe Photoshop (Middelkoop et al., 2012). For 
imaging endogenous DPY-19::GFP, a PerkinElmer Ultraview Vox spinning disk 
confocal microscope (100x objective, 77.5% 488nm laser power, exposure 800 
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msec, 9% 561nm laser power, exposure 600 msec) was used. For UNC-40::GFP 
the settings were 100x objective, 7% 488nm laser power, exposure 800ms, 2% 
561nm laser power, exposure 500ms, 0.33 μm z-stack. To quantify membrane 
associated UNC-40::GFP, line scans (counter clock-wise or clockwise starting 
from the point of contact with the neighboring anterior or posterior seam 
cell for QR and QL, respectively) were made using ImageJ. After background 
subtraction, average GFP intensity plus 1x standard deviation in wild type 
was used to define UNC-40::GFP clusters in images of wild type and mutant 
Q neuroblasts. GFP clusters were divided proportionally to the line scan 
to determine clusters on the anterior versus the posterior side of the cell. 
To determine membrane GFP localization, average fluorescence at the 
membrane was divided by the average fluorescence of a line scan through 
the cytoplasm.

Time lapse imaging
Samples for live imaging were prepared as previously described (Middelkoop 
et al., 2012). Animals were imaged using a PerkinElmer Ultraview Vox spinning 
disk confocal microscope (100x objective, 2-6% 488nm laser power (gradually 
increasing from 2% to 6% during the course of the experiment), exposure 500 
msec, 0.5 μm z-stack). Z-stacks were made every minute, for approximately 
300 minutes, using Volocity software. For the unc-40::zf1, mig-21(u787) dpy-
19(e1314), Pegl-17::zif-1 strain, z-stacks were made every 10 minutes. Image 
sequences were made by selecting z-slices every time point in which the Q 
neuroblast was in focus. Movies were then processed from image sequences 
using ImageJ software. To compensate for movement, individual time frames 
were first aligned with respect to the Q cell nucleus using a normalized cross 
correlation in a custom-written Matlab script. Subsequently, stacks were 
further aligned in Fiji by a rigid body transformation using the StackReg 
plugin (Thevenaz et al., 1998).

Single molecule fluorescence in situ hybridization
smFISH was performed as described (Raj et al., 2008). In short, wild type animals 
carrying the heIs63 transgene were synchronized 0-5 hours after hatching 
and fixed using 4% formaldehyde and 70% ethanol. Hybridization was done 
for >12 hours at 37°C. unc-40, cdh-4, and cdh-3 oligonucleotide probes were 
designed using the web-based algorithm at www.singlemoleculefish.com 
and chemically coupled to Cy5. Z-stacks of 0.5 μm step-size were collected 
using a Leica DM6000 microscope equipped with a Leica DFC360FX camera, 
100x objective and a Y5 filter cube (Cy5). Images were further analyzed and 
processed with ImageJ software. Quantification was performed as described 
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(Middelkoop et al., 2012), by manually counting mRNA spots in Q neuroblasts, 
defined by the heIs63 transgene. Only fluorescent spots visible in at least 
two neighboring z-slices (0.5 μm step size) were counted.

Quantification of Q neuroblast polarization, migration and centrosome 
position
Protrusion formation, direction and the position of the first division were 
quantified as described (Middelkoop et al., 2012). The final position of the 
Q.pax was determined relative to the seam cells using DIC microscopy 
(Coudreuse et al., 2006) or by epifluorescence using the muIs32 (Ch’ng et al., 
2003) or huIs181 transgenes. In some experiments, the final position of the 
Q descendants AVM (QR.paa) and PVM (QL.paa) were scored relative to the 
developing vulva in L4 animals using the muIs32 transgene. The centrosome 
was visualized using the casIs22 transgene (Chai et al., 2012). The position of 
the centrosome was quantified relative to the anteroposterior body axis, and 
the position of the centrosome with respect to the direction of the protrusive 
front  was determined by measuring the angle of the protrusion with the 
anteroposterior axis and subtracting the angle made by the centrosome.

Q lineage specific expression of dpy-19
The dpy-19 coding sequence was amplified from cDNA using primers dpy-19 
FW and dpy-19 RV (Table S3). The PCR product was cloned into pDONR221 
using Gateway technology. Pegl-17::dpy-19::unc-54-3’UTR was generated by 
3-way Gateway cloning of the eg-17 promotor, dpy-19 coding sequence and 
the unc-54 3’ UTR (Middelkoop et al., 2012) entry clones into the destination 
vector pCFJ150. The Pegl-17::dpy-19::unc-54 3’ UTR plasmid was injected at 
10 ng/μl together with Pmyo-2::GFP (5 ng/μl) and pBluescriptII (135 ng/μl) 
into dpy-19(e1314) mutants. Two independent transgenic lines (huEx439 and 
huEx440) were isolated and used in this study. 

CRISPR/Cas9 mediated genome editing
A zf1 tag was inserted at the carboxy-terminus of unc-40, cdh-4 and cdh-
3 using single stranded oligo DNA (ssODN) repair templates as described 
(Arribere et al., 2014; Paix et al., 2015). Sequences of the guide RNAs and 
repair templates are in Table S3. For inserting GFP at the carboxy-terminus 
of unc-40 and dpy-19, the previously described self-excising cassette (SEC) 
approach was used (Dickinson et al., 2015). sgRNAs were generated by in 
vitro transcription from PCR fragments containing the T7 promotor and the 
sgRNA sequence of interest. Primers to generate the PCR fragments for sgRNA 
synthesis and the homology arms are in Table S3. The homology arms were 



106

Chapter 3: Bilateral Asymmetries - A  

cloned into the GFP containing vector pDD282 as described (Dickinson et al., 
2015). Guide RNAs and repair templates were co-injected with recombinant 
SpCas9 (D’Astolfo et al., 2015) as described (Arribere et al., 2014; Paix et al., 
2015).

Statistical analysis
Protrusion formation and directionality, position of division, and Q.pax 
localization were compared using Fisher’s exact test (Table S1) or Student’s 
t-test as indicated. The correlation between smFISH spot abundance and 
migration distance was calculated using Spearman’s rank correlation 
coefficient. For centrosome position, Levene’s test was performed to 
address homogeneity of variance. To compare the number of UNC-40::GFP 
clusters on the anterior versus the posterior side of wild type and mutant 
Q neuroblasts, Tukey’s multiple comparison tests were performed. The 
membrane UNC-40::GFP localization was compared using the Holm-Sidak’s 
multiple comparisons test.
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Supplementary Figure 1. Polarization and migration of the Q neuroblasts and their 
descendants. (A) Schematic overview of the initial polarization and migration of the QL and 
QR neuroblasts. QL forms a lamellipodium-like protrusion towards the posterior and QR 
towards the anterior. After stable protrusion formation, the QL and QR cell bodies migrate 
to positions dorsal to V5 and V4 respectively. (B) After migration, QL and QR undergo an 
identical pattern of division, generating three neurons and two cells that undergo apoptosis. 
On the left side, the QL.p descendants remain close to the position of QL division, while the 
QL.a descendant QL.ap migrates to a position in the tail. On the right side, both the QR.a and 
QR.p descendants migrate anteriorly. (C) Representative images of Q neuroblast polarization 
in wild type and polarity mutants (1-2 hours after hatching). Anterior is left and dorsal is up. 
Scale bar is 10 μm. Quantification of protrusion length (D) and protrusion width (E) in wild 
type and polarity mutants (1-2 hours after hatching). (F) Final position of the Q. descendants 
Q.paa and Q.pap (Q.pax) relative to the seam cells. Arrows indicate direction of migration. 
Numbers and color coding represent percentages, n > 45. See Table S1 for statistical analysis 
of Q.pax position.
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Supplementary Figure 2. Expression patterns of unc-40, cdh-3 and cdh-4. (A, B, C) smFISH at 
1-2 hours after hatching. The Q neuroblasts and seam (V) cells are labeled with GFP (heIs63). 
Arrows indicate the Q neuroblasts, brackets expression in the head region and asterisk 
expression of the co-injection marker. (C a, b) Higher magnification images showing expression 
in the Q neuroblasts (white arrows), juvenile ventral cord neurons (yellow arrowheads) and 
P cells (white arrowheads). Anterior is left and dorsal is up. Scale bars are 5 μm. (D) Final 
position of the Q. descendants Q.paa and Q.pap (Q.pax) relative to the seam cells. Arrows 
indicate direction of migration. Numbers and color coding represent percentages, n > 40. See 
Table S1 for statistical analysis of Q.pax position.



 109

Supplementary Figure 3. Q lineage specific depletion of UNC-40, CDH-4 and CDH-3. 
Quantification of QL (A) and QR (B) division position in animals in which unc-40, cdh-4 and 
cdh-3 are endogenously tagged with the zf-1 sequence, and in which ZIF-1 is specifically 
expressed in the Q neuroblast lineage (Pegl-17::zif-1). Blue area represents the starting point 
of the migration and the red and green boxes the point where QL and QR divide in wild 
type animals. Numbers and color coding represent percentages, n > 45. (C) Final position 
of the Q. descendants Q.paa and Q.pap (Q.pax) relative to the seam cells. Arrows indicate 
direction of migration. Numbers and color coding represent percentages, n > 25. See Table S1 
for statistical analysis of Q division position and Q.pax position.
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Supplemental Figure 4. Polarization and migration of the Q neuroblasts and their 
descendants in the combined absence of polarity pathways. (A) Quantification of QL and 
QR division position in mig-21(u787) dpy-19(e1314) double mutants combined with Q lineage 
specific depletion of UNC-40 (unc-40::zf-1; Pegl-17::zif-1). Blue area represents the starting 
point of the migration and the red and green boxes the point where QL and QR divide in wild 
type animals. Numbers and color coding represent percentages, n > 50. (B) Final position of 
the Q. descendants Q.paa and Q.pap (Q.pax) relative to the seam cells. mig-21 was knocked 
down by feeding RNAi. Arrows indicate direction of migration. Numbers and color coding 
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represent percentages, n > 50. See Table S1 for statistical analysis of Q division position 
and Q.pax position. (C) Quantification of Q.pax position in cdh-3(pk87) and cdh-4(hd40) 
single and maternally rescued (M+) double mutants. Numbers represent mean ± SD from 
three independent experiments (each n > 50). **p < 0.003, ***p < 0.0004, n.s., not significant 
(Student’s t-test). (D) Quantification of the division plane of QL and QR. In wild type, a line 
through the point of contact between Q.a and Q.p is at a 90o angle with the anteroposterior 
axis. In mig-21(u787) dpy-19(e1314) double mutants, the orientation of the Q division is more 
variable. Numbers and color coding represent percentages, n > 50. When UNC-40 is depleted 
(unc-40::zf-1; Pegl-17::zif-1) in mig-21 dpy-19 double mutants, the Q neuroblasts occasionally 
divide ventral to the seam cells (bar diagram).

Supplemental Figure 5. Polarization and migration of the Q neuroblasts and their 
descendants in the absence of the UNC-40 ligands UNC-6 and MADD-4. (A) Quantification 
of QL and QR division position. Blue area represents the starting point of the migration and 
the red and green boxes the point where QL and QR divide in wild type animals. Numbers 
and color coding represent percentages, n > 33. (B) Final position of the Q. descendants 
Q.paa and Q.pap (Q.pax) relative to the seam cells. Arrows indicate direction of migration. 
Numbers and color coding represent percentages, n > 47. See Table S1 for statistical analysis 
of Q division position and Q.pax position. (C) Quantification of the division plane of QL and 
QR. In wild type, a line through the point of contact between Q.a and Q.p is at a 90o angle 
with the anteroposterior axis. In mig-21(u787) dpy-19(e1314) double mutants and mig-21 dpy-
19; unc-6(ev400) triple mutants, the orientation of the Q division is more variable. Numbers 
and color coding represent percentages, n > 50. In mig-21 dpy-19; unc-6 triple mutants, the Q 
neuroblasts occasionally divide ventral to the seam cells (bar diagram).
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Supplemental Figure 6. Endogenous UNC-40::GFP expression. (A) Quantification of protrusion 
formation and protrusion direction in wild type and unc-40::gfp(hu242) at 1-2 hours after 
hatching. Numbers and color coding represent percentages, n > 20. The percentage of cells 
that fail to form a major protrusion is indicated in the center of the polar graphs. See Table 
S1 for statistical analysis of protrusion formation and direction. (B) Representative images of 
UNC-40::GFP localization during polarization, migration and division (indicated by category 
and time after hatching). The plasma membrane and nucleus of the Q neuroblasts and seam 
(V) cells are labeled with mCherry (huIs166). UNC-40::GFP punctae are indicated by arrows. 
Brackets indicate diffuse UNC-40::GFP localization at the plasma membrane. Anterior is left 
and dorsal up. Scale bar is 10 μm
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Table S2. Transgenic mosaic analysis to determine the site of action of dpy-19

Expression of wild type dpy-19 in the Q neuroblast lineage of dpy-19(e1314) mutants rescue 
Q.pax migration (Fig. S2). However, in some of the transgenic animals, the Dpy phenotype is 
rescued as well. This indicates that despite the specificity of the egl-17 promoter for the Q 
cell lineage, these transgenes may display a low level of dpy-19 expression in the hypodermis. 
To circumvent this problem, we made use of the fact that extra-chromosomal transgenes are 
frequently lost during somatic cell divisions, leading to mosaic expression of the transgene. 
Using this approach, we found that transgenic mosaics that remain Dpy still show significant 
rescue of Q.pax migration, supporting our conclusion that dpy-19 functions cell autonomously 
in the Q cell lineage. * mean ± SD. **t-test siblings versus Dpy: p=0.0056 and 0.0034 for 
huEx439 and huEx440, respectively.

Genotype Body shape Percentage Q.pax migration 
defect* 

   

dpy-19(e1314); huEx439[Pegl-17::dpy-19]   
Transgenic Dpy 35.3 ± 5.0** 
Transgenic WT 21.3 ± 7.0 
Non-transgenic siblings Dpy 59.0 ± 5.6 
   

dpy-19(e1314); huEx440[Pegl-17::dpy-19]   
Transgenic Dpy 20.3 ± 4.0** 
Transgenic WT 7.90 ± 0.1 
Non-transgenic siblings Dpy 66.9 ± 8.2 
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Abstract 
Left/right asymmetries, such as lateralizations of the nervous system, occur 
in many organisms, despite their otherwise bilateral symmetry. Because 
of the subtlety of most lateralizations of the nervous system, mechanisms 
underlying symmetry breaking remain poorly understood. Here, we have 
used the L-R asymmetrically migrating Q neuroblasts in C. elegans to further 
elucidate which mechanisms control the process of symmetry breaking. We 
have adapted single cell transcriptomics to assess whether the Q cells are 
lateralized intrinsically on a transcriptional level. Extensive analysis did 
not show  transcriptional L-R asymmetries, indicating that L-R symmetry 
breaking of the Q neuroblasts is probably cell non-autonomous. In fact 
tissue specific depletion of the Fat-like cadherin CDH-4 showed that several 
L-R asymmetrical cell types, such as the DA/DB neurons and the M myoblast, 
are involved in lateralizing Q cell protrusion directionality. Therefore, our 
results suggest that an extrinsic, rather than an intrinsic, mechanism could 
be the source of Q neuroblast symmetry breaking. 

Introduction
Most organisms are bilaterally symmetrical. Certain left/right deviations 
in body plan, however, do exist. For example, the placement of certain 
visceral organs, such as the heart and liver in vertebrates, is bilaterally 
asymmetrical (Burdine and Schier, 2000; Hamada et al., 2002; Mercola 
and Levin, 2001; Ramsdell and Yost, 1998; Wood, 1997). Left/right (L-R) 
asymmetries (L-R asymmetries) occur in the nervous system as well. 
Typically, these lateralizations are subtle, making it hard to appreciate the 
differences between left and right. A well-known example of nervous system 
lateralization in humans is language lateralization in the brain (regions of 
Broca in the left hemisphere) (Broca, 1863). This points to a mechanism of 
adaptational advantage where initially symmetrical structures or cell types 
might acquire divergent functions in a L-R asymmetric manner to increase 
the capacity of the nervous system, to generate more diverse behaviors 
(Hobert et al., 2002). The mechanisms responsible for deviations from the 
symmetrical body plan (symmetry breaking), however, are largely unknown. 
Even though the occurrence, and importance of, nervous system 
lateralizations are well described and established, the complex developing 
nervous systems of many multicellular organisms make symmetry breaking 
hard to study. However, the simple body plan, invariant and fully annotated 
cell lineage, and fully mapped neuronal connectome make Caenorhabditis 
elegans (C. elegans) an ideal model to study lateralizations in the nervous 
system (Sulston and Horvitz, 1977; Sulston et al., 1983; Ward et al., 1975; White 
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et al., 1976). One interesting example of symmetry breaking in the nervous 
system of C. elegans is that of the ASEL and ASER neurons. These neurons are 
functionally L-R asymmetrical amphid neurons involved in chemosensation. 
Their asymmetry in function depends on the asymmetric expression of 
sensory receptors of the guanylyl cyclase class (GCY-5, GCY-6, and GCY-7), 
which respond to distinct subsets of (Bargmann and Horvitz, 1991; Ortiz et 
al., 2006; Pierce-Shimomura et al., 2001; Suzuki et al., 2008; Yu et al., 1997). 
The differential expression of these receptors is controlled by a complex 
“prime and boost” mechanism (Cochella and Hobert, 2012). Interestingly, 
the L-R asymmetry is regulated by the transient expression of the T-box 
genes tbx-37/38 during one cell division of the early ASEL precursor ABa. This 
expression is sufficient for the activation of lsy-6, which results in inhibition 
of the transcription factor cog-1 and activation of die-1, resulting in ASEL 
identity. In ABb, the early ASER precursor, tbx-37/38 is downregulated by 
Notch signaling, as instructed by the neighboring P2 blastomere, resulting in 
an absence of lsy-6 and subsequent activation of cog-1 and inhibition of die-
1 and subsequent ASER identity (Cochella and Hobert, 2012; Good et al., 2004; 
Priess, 2005; Schnabel and Priess, 1997). Taken together, the lateralization 
of ASEL and ASER is an example of a complex cell extrinsic mechanism 
where proximity to a Notch ligand determines the L-R asymmetry visible in 
descendants. 
 Another interesting lateralization in C. elegans is that of the 
Q neuroblasts. These two neuronal precursors originally arise from a 
hypodermal fate lineage. Unlike ASEL and ASER, the Q neuroblasts do not 
differ L-R asymmetrically in function. Both Q neuroblasts undergo a similar 
pattern of divisions, both giving rise to three differentiated neurons; the 
oxygen sensory neurons AQR and PQR, the mechanosensory neurons AVM 
and PVM, and the interneurons SDQR and SDQL in QR and QL respectively 
(Sulston and Horvitz, 1977). The lateralization of the Q neuroblasts lies in the 
opposing migration direction of QL and QR, which migrate to the posterior 
and anterior respectively. Several studies have focused on this directional 
cell migration resulting in a model explaining the directional Q cell migration 
in two phases. Initially, the Q cells migrate a small distance (15-20 µm) on 
top of hypodermal seam cell V5 and V4 for QL and QR respectively (Figure 
1A) (Chalfie and Sulston, 1981; Salser and Kenyon, 1992; Sulston and Horvitz, 
1977). Proper execution of this first phase is required for an adequate Wnt 
signaling response in the second phase (Chapman et al., 2008; Du and Chalfie, 
2001; Honigberg and Kenyon, 2000; Middelkoop et al., 2012; Sundararajan and 
Lundquist, 2012). In the second phase, QL will continue posterior migration 
by activating canonical Wnt signaling and the downstream Hox transcription 
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factor mab-5 (Figure 1B) (Harris et al., 1996; Korswagen et al., 2000, 2002; 
Maloof et al., 1999; Whangbo and Kenyon, 1999). QR will continue anterior 
migration due to the activation of a non-canonical Wnt signaling pathway 
and lin-39/Hox expression (Clark et al., 1993; Wang et al., 2013). 

Figure 1. The first and second phase of Q neuroblast migration. (A) Schematic overview of 
the first phase of Q neuroblast migration, which is Wnt independent. Both Q neuroblasts 
migrate a short distance (15-20 µm) on top of seam cell V4 and V5 for QR and QL respectively. 
L and R indicate the left and right side of the worm. Anterior is left and dorsal is up. Arrows 
indicate direction of migration. (B) Schematic overview of the second phase of Q daughter cell 
migration, which is Wnt dependent. After initial migration the Q neuroblasts divide on top of 
seam cell V4 or V5 for QR and QL respectively. During migration both QR and QL daughter cells 
will undergo a similar pattern of divisions, giving rise to three fully differentiated neurons 
in the anterior and posterior of the worm. QR daughter cell migration is depending on non-
canonical Wnt signaling and LIN-39/Hox, whereas QL daughter cell migration is depending 
on canonical Wnt signaling and MAB-5/Hox. (C) Schematic overview of the transmembrane 
proteins involved in the first phase of Q neuroblast migration. QL is displayed in red and 
QR in green. All genes are cell autonomously involved in migration, where mutants result in 
randomized polarization phenotypes and defects in protrusive activity. However, CDH-4 (dark 
purple) and CDH-3 (light purple) have an additional cell non-autonomous role in the anterior 
migration of QR. Light brown double arrows depict linear genetic pathways. Black arrows 
depict effects on directionality and the size of the arrow illustrates the strength of the effect. 
DPY-19 (yellow), MIG-21 (orange), and CDH-4/CDH-3 have the largest effect on polarization 
direction. UNC-40 (blue) has a minor role in directionality and is more involved in protrusion 
formation. Moreover, UNC-40 localization and stabilization is depending on MIG-21, DPY-19, 
and CDH-4 (Ebbing et al., 2019).    

 The first migration phase, which is Wnt independent, is where the 
symmetry breaking of the Q neuroblasts lies. Previous results have shown 
that many transmembrane proteins are involved, such as UNC-40/DCC, 
MIG-21, DPY-19, CDH-4, CDH-3, and PTP-3 (Figure 1C) (Du and Chalfie, 2001; 
Harrington et al., 2002; Middelkoop et al., 2012; Sundararajan and Lundquist, 
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2012; Sundararajan et al., 2014). Most cell autonomous mutant backgrounds, 
however, result in randomized rather than reversed phenotypes, indicating 
that QL and QR are equally dependent on these polarity proteins (Ebbing 
et al., 2019; Middelkoop et al., 2012; Sundararajan and Lundquist, 2012; 
Sundararajan et al., 2014). Therefore, it is still unclear whether symmetry 
breaking of Q neuroblasts relies on a cell intrinsic or extrinsic mechanism. To 
address this question we have used single cell RNA sequencing (scRNA-seq)
(Hashimshony et al., 2012, 2016; Muraro et al., 2016). We have created a single 
cell dataset of Q neuroblasts during the initial Wnt independent phase of 
migration. Subsequently, we used several methods for cell type identification, 
such as Race-ID and hierarchical single-linkage clustering (Grün et al., 2015) 
and we explored the existence of differentiation trajectories using Monocle 
(Qiu et al., 2017; Trapnell et al., 2014). 
 We could clearly identify progression of Q neuroblast cells towards 
a more neuronal fate in the dataset. This neuronal fate progression could 
be validated using transgenic strains and Single-molecule Fluorescence in 
situ Hybridization (smFISH)(Raj et al., 2008). The more hypodermal identity 
was associated with expression of col-107, ram-2, grd-10, and nlp-29 in the 
younger Q neuroblasts (Cox et al., 2004; Hao et al., 2006; McKay et al., 2003; 
Nathoo et al., 2001). Gradual loss of expression of these genes coincided 
with the upregulation of mig-1, a Frizzled receptor that is expressed early 
on during initial Q neuroblast migration (Ji et al., 2013). The expression 
pattern of his-24, a Histone encoding gene, is characteristic of Q neuroblasts 
undergoing the first division (Jedrusik and Schulze, 2007; Sanicola et al., 
1990). Moreover, the Q.p and Q.a daughter cells could be identified using 
expression levels of unc-86 and egl-46, which are respectively expressed in 
either one or the other (Mitani et al., 1993; Way et al., 1992; Wu et al., 2001). 
Additionally, the most neuronal committed cells in the dataset could be 
identified using che-2, a WD40 protein encoding gene expressed in ciliated 
neurons (Fujiwara et al., 1999). Overall, the dataset clearly shows progression 
towards a differentiated neuronal fate as the main cause of transcriptional 
heterogeneity. We could not, however, identify transcriptional L-R asymmetry 
among subsets of the younger Q cells, suggesting the Q neuroblasts are 
transcriptionally symmetrical. These findings hint towards an extrinsic 
mechanism regulating the symmetry breaking of Q neuroblasts. 
 A potential candidate gene that could be involved in such an 
extrinsic mechanism is cdh-4/Fat. As mentioned previously, cell autonomous 
depletion of CDH-4 did not support a role for this protein in symmetry 
breaking. Null mutants of cdh-4, however, did show reversals, suggesting 
a cell non-autonomous role (Ebbing et al., 2019; Sundararajan et al., 2014). 
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Using tissue specific depletion we show that the source of CDH-4 could be 
the M myoblast, the DA/DB neurons, or the P-cells. These cell types have 
L-R asymmetries in position, axon extension, and migration. These results 
suggest an existing L-R asymmetric cell type could direct the Q neuroblasts 
in a lateralized manner using CDH-4 as a guidance cue. 
 Taken together, we have created a single cell transcriptomic dataset 
of Q neuroblasts during their initial migration. The heterogeneity within the 
dataset reflects differing progression towards the differentiated neuronal 
fate of the Q cells. Moreover, analysis of sub clusters detected in scRNA-seq 
shows an absence of L-R asymmetry on the transcriptional level.  Rather, 
we show extrinsic L-R asymmetries, such as the expression of CDH-4/Fat in 
surrounding tissues, could be the cause of Q neuroblast symmetry breaking. 
It will be interesting to see whether such extrinsic cues for symmetry breaking 
are conserved in the nervous system of other organisms. 

Results
Single cell sequencing of Q neuroblasts reveals expression differences 
during the first phase of migration
During the first phase of Q neuroblast migration the cells migrate a small 
distance (15-20µm) on top of seam cells V4 and V5 for QR and QL respectively. 
This initial phase of migration is Wnt independent and is required for a proper 
Wnt signaling response, which is crucial for the second phase of migration 
(Chapman et al., 2008; Du and Chalfie, 2001; Honigberg and Kenyon, 2000; 
Middelkoop et al., 2012; Sundararajan and Lundquist, 2012). Even though many 
genes involved in the first phase of Q cell migration have been identified, the 
mechanism responsible for symmetry breaking remains unknown. Similar to 
ASER and ASEL asymmetry, the lateralization of Q neuroblasts could depend 
on transcriptomic differences (Bargmann and Horvitz, 1991; Cochella and 
Hobert, 2012; Good et al., 2004; Priess, 2005; Schnabel and Priess, 1997). To 
identify potential L-R asymmetrically expressed genes in Q neuroblasts we 
performed single-cell RNA sequencing on isolated Q neuroblasts. 
 In short, embryos were collected, hatched, and starved overnight 
(Figure 2A). The starved L1 larvae were fed on NA22 for 30 minutes resulting 
in a synchronized population of animals spanning the time-window of initial 
migration (SFigure 1A). The synchronized animals were then processed into 
a single cell suspension. Q neuroblasts were sorted by FACS based on their 
double positive expression of mCherry and GFP (SFigure 1B-C). We collected 
the sorted cells in 384 well plates and processed them for single cell RNA 
sequencing (CEL-seq2/SORT-seq) (Hashimshony et al., 2012, 2016; Muraro et 
al., 2016). Cells with at least 1000 transcripts and 500 genes were kept for 
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downstream analysis, resulting in a final high quality dataset of 911 cells 
corresponding to 40% processing efficiency (Figure 2B, SFigure 1D-E). 
 Cell type identification was performed using unsupervised k-medoid 
clustering on the Pearson correlation coefficient-based intercellular 
distances, and results were visualized in a t-SNE map (RaceID, Figure 2C, 
SFigure 1F)(Grün et al., 2015). Clustering resulted in 5 main clusters and one 
outlier (cluster 6). 
 Differential gene expression analysis showed unique transcriptional 
properties for each cluster (STable 1). Cluster 3 shows high expression of 
cuticle and collagen constituent type genes such as col-107 (Figure 2D), and 
ram-2 (SFigure 1I), indicating a more seam cell-like/younger state (Cox et 
al., 2004). Accordingly, the proneuronal transcription factor lin-32, important 
for the Q neuroblast cell fate (Sengupta and Bargmann, 1996; Zhao and 
Emmons, 1995), was expressed throughout the entire dataset yet least in 
cluster 3 (SFigure 1G). Cluster 1 shows relatively high expression of the 
Frizzled receptor encoding gene mig-1, which is known to be expressed in 
younger Q cells (Figure 2E) (Ji et al., 2013). his-24, a histone encoding gene, 
is predominantly expressed in cluster 2 (Figure 2F)(Jedrusik and Schulze, 
2007; Sanicola et al., 1990). Moreover, che-2, a gene associated with ciliated 
neurons, is predominantly expressed in cluster 5 (Figure 2G)(Fujiwara et al., 
1999). Similarly, cluster 5 shows expression of gcy-32, a gene expressed in 
more differentiated Q neuroblasts such as the final descendants AQR and 
PQR (SFigure 1H) (Wu et al., 2001; Yu et al., 1997). egl-46 and unc-86, which 
are expressed in the anterior and posterior Q daughter cell respectively, 
are expressed differentially in clusters 2 and 5 (Figure 2H-I)(Mitani et al., 
1993; Way et al., 1992; Wu et al., 2001). Together, these results indicate that 
specific subsets of Q neuroblasts during the first phase of migration can be 
identified. The clusters vary from more seam cell like, young Q neuroblasts, 
to older more differentiated neuroblasts. A clear left/right asymmetric 
clustering, however, remains absent. 

Hierarchical single-linkage clustering reveals specific subsets of Q 
neuroblasts during initial migration 
As the k-medoid clustering is based on the most prominent variations in 
gene expression across all genes, we were wondering whether a more subtle 
variation of a small subset of genes might suggest an intrinsic asymmetry 
of early Q neuroblast. Thus, we used a hierarchical single-linkage clustering 
approach to find small clusters of co-varying genes (Fig.3A). For this analysis, 
we binarized the expression values for each gene about its mean. Single-
linkage clustering shows a percolation transition, which allows us to define a 
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Figure 2. Single cell sequencing of Q neuroblasts reveals expression differences during the first phase 
of migration. (A) Schematic overview of the experimental procedure. Wild type embryos were collected, 
hatched, and starved overnight. L1 synchronized animals were grown on NA22 for 30 minutes. The animals, 
synchronized in a time-window spanning the first phase of Q cell migration (SFigure 1A), were collected 
and processed into a single cell suspension. Q neuroblasts were sorted from the cell suspension using 
FACS sorting based on the Pegl-17::GFP and Pwrt-2::mCherry transgenic markers (SFigure 1B). Cells were 
collected in 384 well plates, and processed according to the SORT-seq protocol (Hashimshony et al., 
2012, 2016; Muraro et al., 2016). Samples were subsequently analyzed using different methods of cell 
type identification. (B) Total number of genes (x) and transcripts (y) present in each cell detected in the 
scRNA-seq dataset. Threshold for minimal number of transcripts is 1000 (red dashed line, SFigure 1D). 
Threshold for minimal number of transcripts is set to 1000 (red dashed line, SFigure 1D). Threshold for 
minimal number of genes is 500 (blue line, SFigure 1E). (C) t-Distributed Stochastic Neighbor Embedding 
(t-SNE) map showing 911 cells isolated as described in panel A. Cells are colored and numbered according 
to their cluster annotation obtained using k-medoid clustering. (D-I) t-SNE maps showing the expression 
of specific genes for each cell. The heatbar indicates the transcript counts in a log scale.  
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threshold (red line) that distinguishes potentially meaningful clusters from 
un-correlated noise. Each branch of the dendrogram in Fig. 3A corresponds 
to a cluster of at least three genes. 

 Interestingly, the clusters show high similarity with the k-medoid 
identified clusters described above. Four major clusters correspond to the 
col-107, mig-1, his-24, and che-2 expressing clusters (Figure 3B-E, SFigure 
2A-D). Moreover, unc-86 and egl-46 were differentially expressed within 
cluster 4 and 1, containing high his-24 and che-2 expression (SFigure 2E-F). 
Gene Ontology (GO) term enrichment analysis of the genes differentially 
upregulated in each of these clusters show the clusters indeed correspond 
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to different Q neuroblast subpopulations, in agreement with our previous 
results (Figure 3F-I) (Angeles-Albores et al., 2016). Cluster 7, expressing col-
107, shows enrichment for hypodermal fate terms, suggesting again a more 
seam cell-like state. Cluster 9, expressing mig-1, shows enrichment for protein 
synthesis indicating a translationally active state. GO terms such as RNA 
metabolism, dsDNA binding, and (meiotic) cell cycle are enriched in cluster 
4, expressing his-24. Together with the stereotypical expression of egl-46 and 
unc-86, these results suggest this cluster might represent the Q neuroblasts 
undergoing their first division. Moreover, cluster 1, expressing che-2, shows 
enrichment for GO terms such as cell projection and neuropeptide signaling 
pathways, indicating this cluster could represent a more differentiated 
neuronal cluster. 
 The remaining six clusters identified with single-linkage clustering 
show partial overlap with the four major populations (SFigure 2G-L), showing 
the clusters are subdivisions of each other. Further inspection of the 
remaining clusters, however, did not show any indications of involvement in 
L-R asymmetry. Rather, the cluster specific genes are involved in neuronal 
progression, translation, and asymmetric cell division, similar to the major 
clusters (STable 2). 
Taken together, our results obtained with single-linkage clustering and 
unsupervised k-medoid clustering are in good agreement with each other. 
Again, no transcriptomic L-R asymmetries were identified. Nevertheless, the 
clusters do suggest that cells could be grouped according to their level of 
progression from a more seam cell like fate to a more differentiated neuronal 
fate. To address this potential neuronal progression further, we examined 
whether the gene expression changes could reveal a pseudo-time trajectory.

Gene expression changes within the dataset reveal a trajectory of 
neuronal progression 
So far, the different cell type identification methods have revealed distinctive 
subsets of Q neuroblasts within the dataset. Whether these subsets 
represent the Q neuroblasts undergoing neuronal differentiation during the 
first phase of migration can be addressed using pseudo-temporal trajectory 
inference. Reversed Graph Embedding on reduced t-SNE space was used to 
define distances between individual cells along a trajectory (Qiu et al., 2017; 
Trapnell et al., 2014). By focusing on the top 1000 differentially expressed 
genes in the dataset, we were able to create a linear trajectory (Figure 4A).  
We assessed whether the starting point of the trajectory was correct by 
looking at col-107 expression, which is upregulated in more hypodermal like 
cell types (col-107 > 5 transcripts, Figure 4B, SFigure 3A). 
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Figure 4. Differential gene expression in the Q neuroblast population reveals a trajectory of neuronal 
progression. (A-B) Pseudo-temporal ordering of the single cell population using the top 1000 
differentially expressed genes visualized using t-SNE. Single cells are visualized by single dots, colored 
by pseudo-time (A) or by col-107 expression (B, pink: col-107 > 5 transcripts). (C) Expression of specific 
genes along the linear trajectory of pseudo-time. Transcript counts are given as relative expression. 
(D-G) In vivo expression of specific genes along relative migration distance on the A-P axis. Expression 
is quantified as fluorescence of the area (AU) or mRNA counts during the first phase of Q neuroblast 
migration. Single cells are visualized by single dots. QL is depicted in red/orange and QR in green/
dark green. The position of each cell is plotted relative to seam cell V4 and V5 (relative migration 
distance; with indicated position of seam cells V2, V3, V4, and V5). Anterior is left and posterior is right. 
(D) Gene expression quantification of grd-10 using a transgenic reporter strain. (E-G) Gene expression 
quantification of his-24, che-2, and egl-46 using smFISH. 
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Indeed, col-107 expressing cells correlate to the starting point of the trajectory. 
Interestingly, plotting our previously identified genes of interest, such col-
107, mig-1, his-24, che-2, and egl-46, along the pseudo-time trajectory shows 
that these genes are indeed expressed in a sequential manner (Figure 
4C). Moreover, the clusters underlying the pseudo-temporal trajectory are 
similar to the clusters identified by the other two cell identification methods 
(SFigure 3B). All together, these results confirm the dataset reveals neuronal 
progression on a transcriptional level. 
 For this analysis we have only considered the top 1000 differentially 
expressed genes. We find additional branching points, however, when taking 
in account all differentially expressed genes in the dataset (SFigure 3C). The 
two additional states (3 and 5), however, are most likely different stages of 
the Q cell undergoing cell division since they encompass cells of cluster 2 of 
the unsupervised k-medoid clustering. The first division of the Q neuroblasts 
changes the transcriptome drastically, resulting in gene expression changes 
before and after division. Moreover, gene expression analysis shows egl-
46 is higher expressed in state 5, favoring the idea of cell division being 
responsible for these state differences (SFigure 3D). In sum, for neuronal 
progression analysis we favor the linear trajectory created using the top 
1000 differentially expressed genes. 
 To further validate the pseudo-temporal trajectory we assessed gene 
expression changes during the first phase of Q neuroblast migration. First, 
we focused on the first half of the pseudo-temporal trajectory. Using reporter 
(promoter::GFP fusion) strains, we examined the expression patterns of grd-
10, encoding a protein containing a ground-like domain, and nlp-29, encoding 
a protein with predicted neuropeptide receptor activity, which in our dataset 
are higher expressed in the col-107 expressing cluster (SFigure 1J-K)(Hao et 
al., 2006; McKay et al., 2003; Nathoo et al., 2001). Expression from the grd-10 
promoter was highest in seam cells, however, low expression was present 
in early Q neuroblasts as well (SFigure 4A). Quantification of fluorescence 
intensity over the relative migration distance of the Q neuroblast in animals 
synchronized 0-4hrs after hatching, shows grd-10 expression decreased as 
the Q cell migrates (QL Spearman r= -0.1092, p= 0.4702, QR Spearman r= 
0.4607, p= 0.0013, Figure 4D). nlp-29 expression was absent in Q neuroblasts 
and seam cells (SFigure 4B). Fluorescence was, however, visible in the 
hypodermal cells. Moreover, the first half of the pseudo-time trajectory 
shows high expression of the Frizzled receptor encoding gene mig-1 (Figure 
4C). A previous study has shown mig-1 expression is down-regulated during 
the first phase of Q neuroblast migration and is highest in the youngest 
Q cells (Ji et al., 2013). Together, these results suggest the first half of the 
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pseudo-time trajectory represent the youngest cells of the dataset. 
 Next, we examined the second half of the pseudo-time trajectory. 
Consistent with the trajectory, his-24 is dynamically expressed during the 
first phase of Q cell migration (Figure 4E, SFigure 4C-D). Quantification of 
fluorescence intensity of Single Molecule Fluorescence In Situ Hybridization 
(smFISH) for his-24 in Q cells synchronized 0-4hrs after hatching show the 
gene is initially up-regulated and after division down-regulated (QL Spearman 
r= 0.6565, p< 0.0001, QR Spearman r= -0.2296, p= 0.0637, Figure 4E). Reporter 
strain analysis shows HIS-24 protein expression is increased around division 
as well (QL Spearman r= 0.7771, p< 0.0001, QR Spearman r= 0.8396, p< 0.0001, 
SFigure 4C-D). As stability of the protein is unknown, we did not examine 
a potential decrease in protein expression. Moreover, endogenous che-2 
expression was examined by quantifying single mRNA’s using smFISH during 
initial Q cell migration. The transcription is upregulated during migration 
and highest in the older Q.a descendants (QL Spearman r= 0.5012, p= 0.0002, 
QR Spearman r= -0.4878, p= 0.0002, Figure 4F). As expected, endogenous 
egl-46 expression, assessed similarly using smFISH, was restricted to the Q.a 
lineage (QL Spearman r= 0.1575, p= 0.3383, QR Spearman r= -0.6793, p< 0.0001, 
Kruskal Wallis difference in mean: (Q.a p<0.0001, Figure 4G). These results 
show that the endogenous expression patterns of his-24, che-2, and egl-46 
follow the dynamics predicted by the pseudo-time trajectory. 
 To conclude, the main gene expression differences within the dataset 
were used to reconstruct a pseudo-time trajectory, which could be validated 
in vivo. The resulting trajectory shows gene expression changes involved in 
the neuronal progression of Q neuroblasts.   

Analysis of sub-clusters shows no L-R asymmetries on a transcriptional 
level
Even though the dataset shows gene expression changes during neuronal 
and migrational progression of Q neuroblasts, clear transcriptional L-R 
asymmetries remained absent. Therefore, we decided to examine the dataset 
further using different approaches on (sub)clusters identified by unbiased 
k-medoid clustering. 
 First, the cluster representing the younger Q cells, based on mig-1 
expression, was assessed. Unbiased k-medoid clustering of cells isolated 
from cluster 1 revealed two major sub-clusters (a and b, Figure 5A), which 
represent older and younger Q cells based on col-107 and his-24 expression 
(data not shown). Subsequent unbiased k-medoid clustering of the sub-
cluster a revealed two more sub-clusters (a.1 and a.2, Figure 5B). Interestingly, 
mab-5 and lin-39, two Hox transcription factors differentially expressed in 



132

Chapter 4: Bilateral Asymmetries - B

the left and right Q cell lineage, are equally expressed in both sub-clusters 
(Figure 5C-D). Differential gene expression analysis of the two sub-clusters 
(padj < 0.1) reveals mostly genes involved in biosynthesis and translation 
(Figure 5E-F). Analysis of the sub-cluster b and the col-107 expressing cluster 
(cluster 3) revealed similar results (data not shown). These results indicate 
various (sub)clusters contain subtle changes in gene expression involved in 
Q neuroblast stage progression. 
 Second, we assessed whether we could perform biased clustering 
using mab-5 expression to reveal L-R asymmetrical cell populations. Since 
the L-R asymmetrical role of mab-5 is of main importance during the second 
phase of Q neuroblast migration, we examined the older Q cells first (cluster 
2, 4, and 5, Figure 2C). Remarkably, differential gene expression analysis 
comparing cells with and without mab-5 expression revealed known L-R 
asymmetrical genes, such as lin-39, mig-13, cam-1, and vab-8 (padj < 0.5, 
SFigure 5A)(Clark et al., 1993; Forrester et al., 2004; FW et al., 1998; Masuda 
et al., 2012; Mentink et al., 2014; Sym et al., 1999; Wang et al., 2013; Wightman 
et al., 1996). Nevertheless, genes involved in neuronal progression, such as 
egl-46 and gcy-32, were present as well (Wu et al., 2001; Yu et al., 1997). 
Moreover, similar biased clustering using mab-5 expression on the whole 
dataset did not reveal L-R asymmetries apart from lin-39 (padj < 0.5, SFigure 
5B). These results indicate L-R asymmetries may be identified in older Q 
neuroblasts. Neuronal progression genes, however, seem to mask the subtler 
L-R asymmetries potentially present also in the younger Q cells.
 Third, we reasoned that removing the neuronal progression genes 
from the dataset could potentially reveal the subtler transcriptional 
L-R asymmetries. Therefore, we removed either the top 1000 or top 500 
differentially expressed genes, as identified in pseudo-time trajectory 
analysis. Unbiased k-medoid clustering of the resulting dataset showed two 
major sub-clusters (SFigure 5C and E). As expected, the stereotypical 5 major 
clusters were lost. Differential gene expression analysis and GO analysis 
revealed the remaining clusters differ mostly in terms of cell division stage. 
These results suggest that even after removal of highly expressed genes 
involved in neuronal progression, L-R asymmetries are not visible in the 
transcriptome of Q neuroblasts. 
 In sum, various biased and unbiased approaches have not revealed 
any intrinsic transcriptional L-R asymmetries in the young Q neuroblasts. 
Conversely, there could be a major role for extrinsic cues in symmetry 
breaking of Q neuroblasts, which will be addressed next. 



133

Figure 5. Differential gene expression analysis shows no L-R asymmetry in Q neuroblasts on 
a transcriptional level. (A) Sub-setting of cluster 1 using k-medoid on Pearson correlations-
based distances reveals two major clusters (a and b) represented in t-SNE. Single cells are 
visualized by single dots. Each cell is colored according to new cluster assignment. (B) t-SNE 
of cells extracted from sub-cluster a that have been further clustered, using k-medoid on 
Pearson correlations-based distances, revealing two major clusters (a.1 and a.2). Each cell is 
colored according to new cluster assignment. (C-D) t-SNE maps showing the expression of 
mab-5/Hox and lin-39/Hox in sub-cluster 1. The heatbar indicates the transcript counts in a 
log scale. (E) Differential gene expression analysis of the two clusters within sub-cluster 1. 
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Single genes are visualized by single dots. Red indicates significant differential expression 
(p<10-6). Log2 fold change is depicted on the y-axis and mean transcript count over both 
groups of cells is depicted on the x-axis. (F) Gene ontology (GO) analysis of differentially 
expressed genes within sub-cluster 1.  

L-R asymmetrical extrinsic sources of CDH-4 are involved in the 
directionality of Q neuroblasts
Previous studies have shown that several transmembrane proteins are 
involved in the first phase of Q neuroblast migration (Du and Chalfie, 2001; 
Ebbing et al., 2019; Honigberg and Kenyon, 2000; Middelkoop et al., 2012; 
Sundararajan and Lundquist, 2012; Sundararajan et al., 2014). However, 
detailed analysis revealed most of these proteins are involved in controlling 
the general direction of migration as opposed to specific L-R movement 
(Ebbing et al., 2019). Mutants of the fat-like cadherin cdh-4 alone resulted 
in reversals of QR protrusion direction, suggesting a more specific role in 
L-R asymmetry (Ebbing et al., 2019; Sundararajan et al., 2014). Moreover, 
additional experiments have shown this role in directionality is cell non-
autonomous. To ascertain the potential extrinsic origin of Q neuroblast 
symmetry breaking it is important to identify the cell non-autonomous 
CDH-4 source. Here, we decided on the seam cells, M myoblast, and DA/
DB neurons as tissues of interest. The seam cells have been described as 
morphologically symmetrical (Figure 6A) (Sulston and Horvitz, 1977). L-R 
asymmetrical expression of specific proteins could, however, be a subtle cue 
that guides the Q cells in a lateralized manner. Moreover, their localization, 
adjacent to the young Q neuroblasts, makes them an interesting candidate 
tissue. Another noteworthy cell type is the single M myoblast. This cell type is 
positioned on the right lateral side at the height of QR shortly after hatching 
(Figure 6B). During L1 larval development the M myoblast will undergo several 
rounds of division to generate three different cell types. Body wall muscle 
cells and coelomocytes will be formed and differentiate soon after. These 
divisions also result in the generation of two sex myoblast cells, which will 
migrate anteriorly throughout the L2 and L3 larval stages and give rise to egg-
laying muscles in L4 hermaphrodites (Sulston and Horvitz, 1977; Sulston et al., 
1983). The L-R asymmetrical initial position makes the M myoblast another 
candidate source for Q cell guidance. Furthermore, the DA/DB neurons have 
an interesting lateralized morphological feature. These neurons have axons 
that extend dorsally in a L-R asymmetrical manner (Figure 6C)(Durbin, 1987). 
DB6 extends its axon dorsally slightly anterior of QR (near seam cell V4), 
whereas DA6 extends its axon dorsally slightly posterior of QL (near seam 
cell V5). This L-R asymmetry in axon extensions makes the DA/DB neurons 
another possible candidate source for Q cell guidance. 
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 In order to address the cell non-autonomous role of CDH-4 we 
adapted a tissue-specific protein-depletion method to deplete CDH-4 from 
the candidate sources (Armenti et al., 2014). In this approach we made use 
of cdh-4 labeled endogenously with a small zinc finger containing tag (ZF1)
(Ebbing et al., 2019). This tag can be recognized by the E3 ubiquitin ligase 
substrate-recognition subunit ZIF-1, which will lead to CDH-4 ubiquitination, 
and its subsequent recognition and degradation by the proteasome. By 
driving ZIF-1 expression under control of the various promoters, wrt-2, hlh-8, 
and acr-2, we could deplete the seam cells, M myoblast, and DA/DB neurons 
specifically of CDH-4. 
 Effects on Q neuroblast protrusion formation and directionality were 
quantified as previously described (Ebbing et al., 2019; Middelkoop et al., 2012). 
Briefly, the angle of the Q cell protrusion with respect to seam cell plane was 
determined (Figure 6D). Moreover, unpolarized rounded cells were quantified 
as non-polarized. In wild type situations the directionality of the protrusion 
is very consistent; over 80% of protrusions were posteriorly directed at an 
angle of 20-40 degrees for QL and almost 70% anteriorly directed at an 
angle of 140-160 degrees for QR (Figure 6E). Roughly 2-3% of 1-2hrs after 
hatching synchronized animals have non-polarized Q neuroblasts in a wild 
type background. In agreement with what has been previously described, 
both the formation and directionality of protrusions are severely affected 
in a cdh-4(hd40) mutant background, with the majority of the polarizing 
QR protrusions directed posteriorly rather than anteriorly. Interestingly, cell 
autonomous depletion of CDH-4 from the Q cells, using the egl-17 promoter, 
resulted in an overall recapitulation of the phenotype from the cdh-4(hd40) 
mutant, except for the directionality of QR. The majority of protrusions was 
now directed towards the anterior – as is the case in wild type worms – 
implying a cell non-autonomous role for CDH-4 in QR protrusion direction. 
Importantly, strains which contained the Pegl-17::ZIF-1 construct or cdh-
4::ZF1 alone did not have significant defects. Similarly, we did not observe 
significant protrusion directionality defects in strains expressing the Pwrt-
2::ZIF-1 and Pacr-2::ZIF1 from extrachromosomal array constructs without 
cdh-4::ZF1. Low concentration injections of the Phlh-8::ZIF-1 construct in 
a cdh-4::ZF1 background did not result in aberrant phenotypes. However, 
depletion of CDH-4 from the seam cells using the wrt-2 promoter did lead 
to protrusion formation and directionality phenotypes, observed in two 
independent extrachromosomal strains. Interestingly, the phenotypes were 
similar to that of cell autonomous depletion driven by Pegl-17. 
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This similarity in phenotype could be due to the fact that the wrt-2 promoter 
is expressed in the Q neuroblasts as well. Depletion of CDH-4 from the DA/
DB neurons using the acr-2 promoter resulted in protrusion directionality 
phenotypes in two independent extrachromosomal strains. Furthermore, 
higher concentration injections of the Phlh-8::ZIF-1 construct in a cdh-
4::ZF1 background did result in slight protrusion directionality phenotypes. 
Unexpectedly, both acr-2 and hlh-8 driven CDH-4 depletion resulted in a 
small reversal of the direction of QL protrusions. This reversal was most 
visible in animals in which CDH-4 was depleted from both the seam cells 
and DA/DB neurons. Nevertheless, the phenotype of the Pwrt-2::ZIF-1 Pacr-
2::ZIF-1 double depleted mutant seemed more an addition of the individual 
phenotypes, indicating they function in parallel. 
 Taken together, these results suggest a complex cell non-autonomous 
role for CDH-4 in guiding Q neuroblasts during the first phase of migration. 
The L-R asymmetrical M myoblast and DA/DB neurons are involved guidance 
of the Q neuroblasts. Moreover, the seam cells have likely no, or only a small 
role in Q neuroblast guidance. 

Discussion
Bilateral symmetry is a predominant morphological feature in most 
organisms. Lateralizations, however, do occur in the body plan and nervous 
system of many vertebrate and invertebrate systems (Burdine and Schier, 
2000; Hamada et al., 2002; Mercola and Levin, 2001; Ramsdell and Yost, 
1998; Wood, 1997). Typically,  L-R asymmetries in the nervous system are of 
a subtle nature, making elucidation of the underlying symmetry breaking 
mechanisms challenging. Here, we used the L-R asymmetrical migrating Q 
neuroblasts in C. elegans as a model to study symmetry breaking. These 

myoblast is shown in magenta (within dashed lines) using a Phlh-8::ZIF-1-SL2-mCherry::unc-54 
3’ UTR  transgenic background. (C) Images show L-R asymmetry of the DA/DB neurons in 
animals 1-4hrs after hatching. The DA/DB neurons have axons that extend dorsally in a left/
right asymmetrical manner. Q cells and seam cells are shown in magenta using a huIs166[Pwrt-
2::H2B::mCherry; Pwrt::PH::mCherry; dpy-20(+)] transgenic background. DA/DB neurons and 
axon extensions are shown in green (yellow arrow head) using a Punc-129::ebp-2::GFP::ttb-2 
3’ UTR transgenic background. Scale bars indicate 5µm. (D-E) Quantification of protrusion 
formation and directionality of Q neuroblasts 1-2hrs after hatching in a heIs63[Pwrt-2::GFP-
PH; Pwrt-2::H2B::GFP] transgenic background. The angle of the main protruding front with the 
anteroposterior axis (varying from 0-180°, where 0° is posterior and 180° is anterior) was 
measured. (D) Images are representative micrographs of QL and QR wild type situations. 
Illustrations show the vectors drawn and the red dashed lines indicate the corresponding 
angle. (E) Quantification of protrusion formation and directionality in indicated genotypes. 
Measured angles are depicted in a radial diagram. The center of the radial diagram indicates 
instances where a protrusion is absent. Heatbar indicates % of occurring phenotype. Anterior 
is left and dorsal is up. n > 45. Fisher’s exact test was performed to determine significance 
(STable 3).
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lateralized neuronal precursors are similar in cell divisions, fate, and 
function (Chalfie and Sulston, 1981; Salser and Kenyon, 1992; Sulston and 
Horvitz, 1977). Nevertheless, they migrate in opposite directions during L1 
larval development. QL will migrate posteriorly and QR will migrate anteriorly 
in two separate migrational phases (Figure 1A-B). The first phase is Wnt 
independent and is required for the differential Wnt response in both cell 
lineages during the second phase of migration (Chapman et al., 2008; Du and 
Chalfie, 2001; Ebbing et al., 2019; Honigberg and Kenyon, 2000; Middelkoop et 
al., 2012; Sundararajan and Lundquist, 2012; Sundararajan et al., 2014). Even 
though, several transmembrane proteins involved in the general process 
of initial Q cell migration have been identified, the actual mechanism 
of symmetry breaking remains unclear (Figure 1C). In order to address a 
potential intrinsic mechanism, we adapted single cell transcriptomics to 
identify candidate L-R asymmetrically expressed genes. 
 We isolated and processed single Q neuroblasts during the first phase 
of migration using adapted isolation and RNA processing methods (Figure 
2A) (Hashimshony et al., 2012, 2016; Muraro et al., 2016; Zhang et al., 2011). 
The resulting RNA sequencing dataset was filtered for high quality cells, 
resulting in a population of 911 cells for subsequent analysis (Figure 2B). 
We applied several cell type identification methods to analyze the dataset. 
Unsupervised k-medoid clustering resulted in 5 major clusters, containing 
unique expression profiles (Figure 2C-I)(Grün et al., 2015). Hierarchical single-
linkage clustering on binarized data could recapitulate the clusters seen 
in k-medoid clustering, indicating these clusters are highly reproducible 
and significant (Figure 3). The expression profiles represent subgroups 
of more hypodermal like, translationally active, dividing, and neuronally 
differentiated cell types. Since Q neuroblasts arise from the hypodermal 
seam cell lineage, we argued that the clusters, varying from more seam cell 
like to more neuronally differentiated, could represent progression towards 
a differentiated neuronal fate. 
 In order to examine the potential neuronal progression in the dataset 
we used Reversed Graph Embedding on reduced t-SNE space to define 
distances between individual cells along a trajectory (Figure 4A)(Qiu et al., 
2017; Trapnell et al., 2014). Using the top 1000 differentially expressed genes 
we created a linear pseudo-temporal trajectory. Consistently, high density 
peak clustering resulted in 5 similar major clusters as identified by unbiased 
k-medoid clustering (SFigure 3B). Including all differentially expressed genes 
resulted in a trajectory with two extra branchpoints (SFigure 3C). Differential 
expression of genes such as his-24 and egl-46, however, indicate these 
branchpoints are most likely cells in different stages of cell division (SFigure 
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3D). For the continuation of this study we, therefore, used the linear pseudo-
time trajectory as a prediction of neuronal progression. 
 Next, we wanted to validate the linear pseudo-temporal trajectory 
in vivo. The starting point of the trajectory shows high col-107 and ram-2 
expression (Figure 4B, SFigure 1I, SFigure 3A)(Cox et al., 2004). Consistent 
with the findings, col-107 and ram-2 expression is enriched in seam cell 
RNA sequencing samples compared to Q neuroblast samples (data not 
shown). Moreover, GO analysis shows enrichment for structural constituents 
of the cuticle and collagen (Figure 3F). Since the Q neuroblasts arise from 
the hypodermal seam cells, it is not unlikely that a more seam cell like 
expression profile represents the starting point of the trajectory. Moreover, 
we could validate the results in vivo by assessing the expression dynamics 
of grd-10, a Ground-like domain-containing gene, using a reporter strain 
(Hao et al., 2006; McKay et al., 2003). Quantification of fluorescence 
intensity shows grd-10 being down-regulated as Q neuroblast migration 
progresses (Figure 4D, SFigure 1J). Interestingly, reporter analysis of nlp-29, 
a neuropeptide receptor encoding gene, shows the gene is not expressed 
in Q cells or seam cells (SFigure 4B, SFigure 1K)(Nathoo et al., 2001). Rather, 
expression seemed restricted to hypodermal cells. These results suggested 
the col-107 expressing cluster could represent seam cells rather than Q cells. 
As mentioned previously, seam cells give rise to hypodermal cells, making 
hypodermal gene expression in seam precursors not unlikely. Consistently, 
grd-10 expression was higher in seam cells than Q neuroblasts (SFigure 4A, 
SFigure 1J). An explanation for this finding is the Pegl-17::GFP marker used for 
sorting, which is lowly expressed in seam cell V5. This low expression could 
result in a slight contamination of the dataset. This hypothesis is supported 
by the identified expression pattern of the Frizzled receptor encoding gene 
mig-1. A previous study has shown mig-1 expression is down-regulated 
during the first phase of Q neuroblast migration (Ji et al., 2013). The highest 
mig-1 expression should, therefore, be observed in the youngest Q cells. 
mig-1 expression is, however, excluded from the col-107 expressing cells, 
suggesting that they indeed represent the seam cells (Figure 2D-E). The cells 
depicted after the col-107 expressing cells along the pseudo-time trajectory 
(cluster 1 unbiased k-medoid clustering) show high mig-1 expression, 
suggesting these cells represent the young Q cells. Moreover, GO analysis 
shows these cells are translationally active cells, which is consistent with 
the transient state of the young Q cells (Figure 3G). In sum, these results 
validate the first half of the pseudo-time trajectory. The col-107 expressing 
cells most likely represent V5 seam cells, although we cannot conclusively 
rule out the possibility of them representing young Q cells.  
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The second half of the pseudo-time trajectory is represented by the dynamic 
expression of several genes such as his-24, che-2, and egl-46. smFISH 
quantification could validate their in silico expression profiles along the 
pseudo-temporal trajectory (Figure 4E-G). his-24, a Histone-encoding gene, 
was expressed highest in cells shortly prior or after cell division suggesting 
a role in cell cycle progression (Jedrusik and Schulze, 2007; Sanicola et al., 
1990). GO analysis showed enrichment of terms such as dsDNA binding 
and (meiotic) cell cycle substantiating that the his-24 expressing cells 
represent cells during/after cell division. Correspondingly, some of the his-
24 expressing cells show expression of egl-46 and unc-86, genes associated 
with the Q.a and Q.p lineage respectively (Figure 2H-I)(Mitani et al., 1993; Way 
et al., 1992; Wu et al., 2001). unc-86 expression is known to be restricted to the 
Q.p lineage. The restriction of egl-46 to the Q.a lineage was validated using 
smFISH (Figure 4G). Moreover, egl-46 and unc-86 were also differentially 
expressed in the final stages pseudo-time trajectory (Figure 2H-I, SFigure 
3D). GO analysis of the expression profile of the final cells along the pseudo-
temporal trajectory showed enrichment for cell projection and neuropeptide 
signaling pathways, indicating a more differentiated neuron expression 
profile for these cells. che-2,  a WD40 protein encoding gene, generally 
expressed in ciliated neurons, is among these enriched genes (Fujiwara et 
al., 1999). Consistently, we observed using smFISH that che-2 expression was 
vastly upregulated in older Q.a descendants, which eventually give rise to 
the ciliated neurons AQR and PQR (Figure 4F). This high expression of che-2 
was, however, observed in Q daughter cells which had progressed beyond 
the first phase of migration. The animals used for isolation and FACS sorting 
were scored prior to processing showing they were synchronized correctly 
for the time-window of the first phase of migration. However, the time 
taken to process and sort the cell preparations could have led to slightly 
older Q neuroblasts being present in the dataset. Nevertheless, the results 
validate the final part of the pseudo-temporal trajectory and show the most 
neuronally committed cells in the dataset. 
 With the major transcriptomic changes in the dataset validated as 
representing neuronal progression we next wanted to focus on identifying 
L-R asymmetrical expression differences. We used three different approaches 
focusing on unbiased clustering of (sub)clusters, biased clustering based on 
mab-5 expression, and unbiased clustering of a filtered dataset (Figure 5, 
SFigure 5). The filtered dataset was created by removing the top 500/1000 
differentially expressed genes to possibly show underlying subtle L-R 
differences originally masked by the high expression of genes involved in 
neuronal progression. None of the above-mentioned methods, however, 
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showed any transcriptional L-R asymmetries in the younger Q neuroblasts. 
These results indicate intrinsic transcriptional differences are most likely not 
the cause of Q neuroblast symmetry breaking, although it cannot be ruled 
out fully. Similar to the ASEL/ASER L-R asymmetric neurons, an extrinsic cue 
could, however, be at the base of Q neuroblast lateralization. 
 Previous studies have shown several transmembrane proteins to be 
involved in the first phase of Q neuroblast migration. However, the proteins 
were shown to have a more general role in controlling initial migration 
rather than a definitive role in L-R asymmetrical directionality (Ebbing et al., 
2019; Sundararajan et al., 2014). Nevertheless, one specific gene, the Fat-like 
cadherin encoding gene cdh-4, did show reversal phenotypes for QR in a 
null mutant background. Subsequent analysis has shown this specific role 
in directionality is cell non-autonomous (Ebbing et al., 2019). Identifying the 
source of CDH-4 responsible for guiding the QR neuroblast could be crucial 
for the elucidation of Q neuroblast symmetry breaking. By adapting a tissue 
specific depletion method we were able to deplete CDH-4 from our tissues 
of interest. 
 Depletion in the seam cells showed a reconstitution of the cell 
autonomous depletion phenotype (Figure 6D). This result was not unexpected 
since the wrt-2 promoter, used for expression in the seam cells, is expressed 
in the Q neuroblasts as well (Aspöck et al., 1999). These results imply CDH-
4 from the seam cells has no major role in guiding the Q neuroblasts. 
Consistent with these findings is the apparent morphological L-R symmetry 
of the seam cells. 
 CDH-4 depletion in the DA/DB neurons and to a lesser extent in the 
M myoblast did result in defects in QR neuroblast protrusion directionality 
(Figure 6E). Both these cell types have morphological L-R asymmetries. 
The DA/DB neurons send axon extension dorsally in a L-R asymmetric 
manner, whereas the M myoblast is present only at the right lateral side 
in young L1 animals (Figure 6B-C)(Durbin, 1987; Sulston and Horvitz, 1977; 
Sulston et al., 1983). These L-R asymmetrical morphological features could 
be the mechanism by which CDH-4 can guide Q cells. The percentage of QR 
reversals was, however, lower than in the cdh-4(hd40) mutant background. 
These lower percentages could be due to mosaic expression due to the use 
of extrachromosomal arrays. However, it could be that CDH-4 from several 
L-R asymmetrical tissues is required for Q cell guidance. Consistently, the 
depletion of CDH-4 from both the seam cells and the DA/DB neurons showed 
an enhanced phenotype compared to the cell autonomous depleted or 
seam cell depleted backgrounds. These results indicate cell autonomous 
and non-autonomous sources of CDH-4 function in parallel to properly 
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direct Q neuroblast migration. 
 A more complex role for CDH-4 is also apparent when looking at QL 
directionality. Interestingly, both depletion from the DA/DB neurons as well 
as depletion from the M myoblast resulted in QL reversals. Moreover, the QL 
reversals were most visible in the seam cell and DA/DB neuron depleted 
background. Previously, clear QL reversals were seen neither in the null 
mutant nor in the cell autonomous depleted background. These results 
suggest a previously unknown cell non-autonomous role for CDH-4 in QL 
protrusion directionality. 
 Notably, ectopic expression of the Promoter::ZIF-1::mCherry constructs 
was seen in the P-cells (data not shown). After hatching the P-cells are 
positioned on both lateral sides below the seam cells (this position 
enables close contact to the Q neuroblasts). Subsequently, during L1 larval 
development the P-cells will detach from the seam cells and migrate in a 
L-R asymmetrical manner (Bone et al., 2016; Cox and Hardin, 2004; Francis 
and Waterston, 1991; Sulston and Horvitz, 1977). Moreover, previous smFISH 
results have shown cdh-4 is indeed expressed in P-cells (Ebbing et al., 2019). 
Thus, a role for the P-cells in the first phase of Q neuroblast migration 
cannot be ruled out and should be assessed. 
 Overall, the tissue specific CDH-4 depletion results suggest a complex 
role for CDH-4 in Q cell guidance, where CDH-4 is required both in both 
a cell autonomous and cell non-autonomous manner from various L-R 
asymmetrical sources. Furthermore, the DA/DB neurons, M myoblast and 
perhaps P-cells could be the cell non-autonomous sources of CDH-4. 
In conclusion, extensive analysis has not shown any transcriptional L-R 
asymmetries between young QL and QR neuroblasts. As the Q neuroblasts 
are similar in cell division pattern, fate, and function, however, it is not 
unlikely they are intrinsically the same. An extrinsic cue, such as CDH-4 
could, therefore, be the cause of symmetry breaking. Whether CDH-4 alone 
or any other factor expressed on the surface of other L-R asymmetrical cell 
types lie at the basis of Q neuroblast symmetry breaking will be interesting 
to assess in future studies. 

Materials and Methods
C. elegans strains and culture
C. elegans strains were cultured at 20°C using standard conditions, unless 
noted otherwise (Lewis and Fleming, 1995).  As wild type, the Bristol N2 strain 
was used. The alleles and transgenes used in this study are: LGIII: cdh-
4(hd40), cdh-4(hu240[cdh-4::ZF1]); LGIV: frIs7[Pnlp-29::GFP+ col12P::dsRED]; 
LGV: heIs63[Pwrt-2::GFP::PH; Pwrt-2::H2B::GFP; Plin-48::Tomato], ayIs9 [Pegl-
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17::gfp + dpy-20(+)]; LGX: huIs166[Pwrt-2::H2B::mCherry; Pwrt::PH::mCherry; 
dpy-20(+)]; linkage group unknown: huIs181 [Pegl-17::ZIF-1-SL2-mCherry, 
pCFJ90 (Pmyo-2::mCherry)], sIs12963[rCes-grd-10::GFP + pCeh361] (dpy-5(e907) 
rescue), ddIs291[WRM062-A07::unc-119-Nat([32247]his-24::2xTY1wEGFP3xflag)].
Extra chromosomal arrays: huEx804[Pmyo-2::tdTomato; Pacr-2/Pwrt-2::ZIF-1-
SL2-mCherry::unc-54 3’ UTR] (5ng/ul each), huEx805[Pmyo-2::tdTomato; Pacr-
2/Pwrt-2::ZIF-1-SL2-mCherry::unc-54 3’ UTR] (5ng/ul each), huEx794[Pmyo-
2::tdTomato; Phlh-8::ZIF-1-SL2-mCherry::unc-54 3’ UTR] (10ng/ul), 
huEx795[Pmyo-2::tdTomato; Phlh-8::ZIF-1-SL2-mCherry::unc-54 3’ UTR] (10ng/
ul), huEx796[Pmyo-2::tdTomato; Pwrt-2::ZIF-1-SL2-mCherry::unc-54 3’ UTR] 
(10ng/ul), huEx797[Pmyo-2::tdTomato; Pwrt-2::ZIF-1-SL2-mCherry::unc-54 3’ 
UTR] (10ng/ul), huEx801[Pmyo-2::tdTomato; Pacr-2::ZIF-1-SL2-mCherry::unc-54 
3’ UTR] (10ng/ul), huEx811[Pmyo-2::tdTomato; Pacr-2::ZIF-1-SL2-
mCherry::unc-54 3’ UTR] (20ng/ul), huEx813[Pmyo-2::tdTomato; Phlh-8::ZIF-1-
SL2-mCherry::unc-54 3’ UTR] (20ng/ul), huEx807[Pmyo-2::tdTomato; Pacr-2/
Pwrt-2::ZIF-1-SL2-mCherry::unc-54 3’ UTR] (5ng/ul each), huEx814[Pmyo-
2::tdTomato; Punc-129::ebp-2::GFP::ttb-2 3’ UTR] (10ng/ul), huEx815[Pmyo-
2::tdTomato; Punc-129::ebp-2::GFP::ttb-2 3’ UTR] (10ng/ul). 
Synchronization of animals was performed by collecting L1 larvae 0-1hours 
after hatching and growing them for 3-4 additional hours for live imaging, 
smFISH experiments, and initial polarization quantification. 

Cell isolation and FACS sorting
Gravid adult worms were lysed with 1M NaOH and 5% NAClO for collection of 
eggs (5-7 minutes), which were washed at least 2 times with M9. The collected 
eggs were hatched overnight in M9 at room temperature. Synchronized 
starved L1 larvae were subsequently grown on NA22 bacteria for 30 minutes. 
During each sorting experiment the Q cell stage (unpolarized, polarized, 
migrating, migrated, first division) was defined by epifluorescence using the 
ayIs9 and huIs166 transgenes (n>50). Synchronized worms were collected and 
washed three times.  Cell isolation was performed according to a C. elegans 
specific isolation method (Zhang et al., 2011) that was further optimized for Q 
neuroblasts (Rella and Povoa in preparation). The resulting cell suspension 
was collected in L15/FBS and passed through a 5um filter. The BD FACSaria 
was used for sorting the double fluorescently labelled cells, using a ayIs9 
and huIs166 transgenic background, directly into 384 well plates. Collected 
samples were stored at -80°C.

Library preparation
mRNA extraction, barcoding, reverse transcription, in vitro transcription, and 
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Illumina sequencing library preparation were performed according to the 
robotized version of the CEL-seq2 protocol/ SORT-seq (Hashimshony et al., 
2012, 2016; Muraro et al., 2016) using the SuperScript® II Double-Stranded 
cDNA Synthesis Kit (Thermofisher), Agencourt AMPure XP beads (Beckman 
Coulter), and randomhexRT for converting aRNA to cDNA using random 
priming. The libraries were sequenced paired-end at 50 bp read length on 
an Illumina HiSeq 2500.

Transcriptomic data analysis
The 50 base pair paired-end reads were aligned to the C. elegans references 
transcriptome, which was compiled from the C. elegans reference genome 
WS249.  The first 6 bases of read 1 contain the unique molecular identified 
(UMI) and the next 8 bases contain the cell-specific barcode. Read 2 contains 
the biological information. Only reads 2 with a correct cell-specific barcode 
(extracted from read 1) were mapped using BWA MEM (Ebbing et al., 2018; Li 
and Durbin, 2010). 
Raw data was processed, removing amplification duplicates (Grün et al., 
2014) and analyzed using R(v 3.5.3). Samples containing at least 1000 total 
transcripts and 500 genes were used for follow-up analysis. RaceID3 and 
Monocle 2 R-packages were used for cell type identification (Grün et al., 2015; 
Qiu et al., 2017; Trapnell et al., 2014). Additionally, hierarchical single-linkage 
clustering on binarized data was used as an alternative method to RaceID 
and Monocle. R-packages pheatmap and ggplot2 were used for visualization. 
Cosmid IDs were converted to gene names using information obtained from 
Wormbase. Gene ontology was performed using the Gene Set Enrichment 
Analysis tool on Wormbase (Angeles-Albores et al., 2016) (https://wormbase.
org/tools/enrichment/tea/tea.cgi).
 
Molecular biology
For the tissue specific depletion of CDH-4/Fat endogenously tagged with 
the ZF1 tag we made use of the previously described depletion approach 
(Armenti et al., 2014; Ebbing et al., 2019). The tissue specific promotor regions 
of the M myoblast, seam cells, and DA/DB neurons were amplified from the 
following constructs using the following primers:
Phlh-8 (M myoblast) from construct pMG21 (received from the van den 
Heuvel lab):
5’- GGGGACAACTTTGTATAGAAAAGTTGTTtgggctgcaagatttcttct-3’
5’- GGGGACTGCTTTTTTGTACAAACTTGTctgtgaaaatcatatttgaa-3’
Pwrt-2 (seam cells) (existing construct pKN218 from the Korswagen lab):
5’- GGGGACAACTTTGTATAGAAAAGTTGCAGGTCGACTCCACGTAATTTCAC-3’
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5’- GGGGACTGCTTTTTTGTACAAACTTGCCGAGAAACAATTGGCAGGTTG-3’
Pacr-2 (DA/DB neurons) from PCZGY921:
5’- GGGGACAACTTTGTATAGAAAAGTTGTTgttttcagctcaccaccgac-3’
5’- GGGGACTGCTTTTTTGTACAAACTTGTgaaaacggcgtccttcctgt-3’
The PCR products were cloned into pDONRP4-P1R using Gateway technology. 
Promoter::ZIF-1-SL2-mCherry::unc-54 3’ UTR constructs were generated by 
3-way Gateway cloning of the promoter, ZIF-1, and SL2-mCherry (Middelkoop et 
al., 2012) entry clones into the destination vector pKN133 (plasmid containing 
unc-54 3’ UTR). The Phlh-8::ZIF-1-SL2-mCherry::unc-54 3’ UTR construct was 
injected at 10 and 20ng/ul together with Pmyo-2::tdTomato (5ng/ul) and 
pBluescriptII (135 or 125ng/ul). The Pwrt-2::ZIF-1-SL2-mCherry::unc-54 3’ UTR 
construct was injected at 10ng/ul together with Pmyo-2::tdTomato (5ng/ul) 
and pBluescriptII (135ng/ul). The Pacr-2::ZIF-1-SL2-mCherry::unc-54 3’ UTR 
construct was injected at 10 and 20ng/ul together with Pmyo-2::tdTomato 
(5ng/ul) and pBluescriptII (135 or 125ng/ul). Moreover, the Pwrt-2::ZIF-1-
SL2-mCherry::unc-54 3’ UTR and Pacr-2::ZIF-1-SL2-mCherry::unc-54 3’ UTR 
construct were injected together at 5ng/ul each with Pmyo-2::tdTomato 
(5ng/ul) and pBluescriptII (135ng/ul). All constructs were injected in cdh-
4::ZF1 tagged mutants containing the heIs63 transgene. 
The Punc-129::ebp-2::GFP::tbb-2 3’ UTR construct (received from Martin 
Harterink) was injected at 10ng/ul together with Pmyo-2::tdTomato (2.5ng/
ul) and pBluescriptII (137.5ng/ul) in a huIs166 transgenic background. 

Microscopy and Phenotypic analysis 
For epifluorescence and DIC microscopy animals were mounted on 2% 
agarose pads containing 10mM sodium azide. Micrographs were made using 
a Zeiss Axioscop microscope equipped with a Zeiss Axiocam camera. Image 
acquisition was performed using LASAF software and images were processed 
using ImageJ and Adobe photoshop software. 
Expression of ZIF-1-SL2-mCherry was further assessed using a PerkinElmer 
Ultraview VoX spinning disk microscope (100x objective, 10x zoom, mCherry: 
20-40% 540nm laser power, exposure 800ms, GFP: 2% 488nm laser power, 
exposure 400ms, z-stacks 0.33um). Image acquisition was performed using 
Volocity software and images were processed using ImageJ and Adobe 
photoshop software. 
Protrusion formation and directionality of Q neuroblasts were analysed as 
previously described by epifluorescence using huIs166 and heIs63 transgenic 
backgrounds (Middelkoop et al., 2012). In short, the angle of the protrusion 
was measured relative to the plane of seam cells V4 and V5. 
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Single molecule Fluorescence In Situ Hybridization
smFISH was performed as described (Raj et al., 2008). In short, synchronized 
animals carrying the heIs63 transgene were fixed using 4% formaldehyde 
and 70% ethanol. Hybridization was done for >12 hours at 37°C. his-24, 
che-2, and egl-46 oligonucleotides coupled to Cy5 designed using the 
algorithm on www.singlemoleculefish.com and chemically coupled to Cy3 
(smFISH probe sequences listed in SMTable 1). Images were made using a 
PerkinElmer Ultraview VoX spinning disk microscope with Volocity software 
(100x objective, 10x zoom, Cy5: 640nm 75,0% intensity, 1,0s; GFP: 488nm 7,0% 
intensity, 400ms; DAPI: 405nm, 10,0% intensity, 400ms, 0,33μm z-stack). 
Images were further processed using ImageJ software. Quantification was 
performed as described (Ji et al., 2013), by manually counting mRNA spots 
in Q neuroblasts defined by the heIs63 transgene. Only fluorescent spots 
visible in at least two neighboring z-slices were counted to eliminate false 
positives. The sum of smFISH spots in .a and .p daughter cells was taken in 
case of division. 

Statistical analysis
Significance of protrusion formation and directionality of Q neuroblasts was 
determined using Fisher’s exact test (STable 3) followed by a Monte Carlo 
approximation, iterated 10000 times using R software. Spearman’s rank 
correlation coefficient was calculated to determine the correlation between 
migratory distance and the expression level of grd-10, his-24, che-2, and egl-
46 fluorescence intensity (AU) or mRNA spots using Prism software. Moreover, 
for egl-46 a Kruskal Wallis test was performed to calculate significance 
between the mean difference of Q, Q.a, and Q.p cells. 
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Supplemental Figure 1. (related to Figure 2) (A) Q cell stages of synchronized animals used 
for cell isolation during the time-window of the first phase of migration. Stages (unpolarized, 
protruding, migrating, migrated, divided) were quantified prior to isolation experiments and 
are depicted in percentages (n > 50 per scoring). (B) Micrograph of isolated Q neuroblast 
labeled with Pegl-17::GFP and Pwrt-2::H2B::mCherry; Pwrt::PH::mCherry. (C) Representative FACS 
profile of double fluorescent Q neuroblasts (gate P6). GFP detected with 488nm laser (y) and 
mCherry with 532nm laser (x). (D-E) Density plots of transcript (D) and gene (E) counts per 
cell present in the scRNA-seq dataset. Red dotted line indicates the bimodal fitted curve. Blue 
line indicates the threshold for high quality cells, which is set to 1000 for transcripts and 500 
for genes. (F) Heatmap of Pearson correlation coefficient-based intercellular distances. Cells 
in the x and y axis have been sorted according to unbiased k-medoid clustering. The top bar 
indicates cluster assignment (Figure 2). Heatbar indicates high (red) and low (blue) cell-to-
cell similarity. (G-K) t-SNE maps showing the expression of specific genes in the clusters. The 
heatbar indicates the transcript counts in a log scale.  

Supplemental Figure 2. (related to Figure 3) (A-F) t-SNE maps showing the expression of 
specific genes in hierarchically single-linkage clustering resolved data. Single cells are 
visualized by single dots. Gene expression is depicted in red. (G-L) Clusters resulting from 
the hierarchical single linkage clustering on binarized data represented in t-SNE maps. Single 
cells are visualized by single dots. Representative clusters are depicted in red (non-linear 
scaling). 
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Supplemental Figure 3. (related to Figure 4) (A) Pie-chart depicting the subset of cells with 
high col-107 expression (> 5 transcripts) in the RNA dataset. (B) Peak density clustering of the 
scRNA-seq dataset. Clusters are depicted in indicated colors. Single cells are visualized by 
single dots. (C) Pseudo-temporal ordering of the single cell population using all expressed 
genes visualized in a t-SNE map. Single cells are visualized by single dots. Colors indicate 
states defined by branchpoints in the trajectory. (D) Expression of specific genes along the 
pseudo-time trajectory. Single cells are visualized by single dots. Transcript counts are given 
as relative expression. Colors indicate states corresponding to states in (C).
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Supplemental Figure 4. (related to Figure 4) (A-B) Representative micrographs of Pgrd-
10::GFP (A) and Pnlp-29::GFP (B) reporters during initial Q neuroblast migration (animals 
synchronized 0-5hrs). Epifluorescent imaging was performed using a Pwrt-2::H2B::mCherry; 
Pwrt::PH::mCherry transgenic background in indicated Q cell stages (unpolarized, protruding/
migrating, divided). (C-D) Expression of HIS-24::GFP in QR (C) and QL (D) during initial 
migration. Expression is quantified as fluorescence of the area (AU) during the first phase of 
Q neuroblast migration in indicated stages (unpolarized, protruding, migrating, Q.a or Q.p).
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Supplemental Figure 5. (related to Figure 5) (A-B) Differential gene expression analysis comparing 
mab-5 containing cells with mab-5 negative cells in older Q neuroblasts (cluster 2, 4, 5) (A) and 
the whole RNA dataset (B). Single genes are visualized by single dots. Red indicates significant 
differential expression (p<10-6). Log2 fold change is depicted on the y-axis and mean transcript count 
over both groups of cells is depicted on the x-axis. (C, E) t-SNE map obtained for the 911 cells 
present in the scRNA-seq dataset, where unbiased k-medoid clustering has been performed on the 
dataset filtered for the top 1000 (C) and top 500 (E) differentially expressed genes identified during 
pseudo-time trajectory construction. (D, F) Gene ontology analysis of genes differentially expressed 
in clusters 1 and 2 of filtered datasets (C, E).  
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Abstract
Cell migration is essential for the development and maintenance of numerous 
tissues and cell types. To ensure the robustness underlying such a critical 
cellular mechanism, gene expression networks must be tightly orchestrated.
Here, we focus on the crucial role of the homeobox transcription factor 
MAB-5/Hox in the posterior migration of QL descendants in C. elegans. As 
a downstream target of canonical Wnt signaling, mab-5 is both necessary 
and sufficient to regulate posterior migration. The majority of the involved 
downstream targets, however, remain unclear. Using Q neuroblast specific 
transcriptomics of mab-5 gain- and loss-of-function mutant backgrounds, 
we were able to create a dataset of potential downstream targets of mab-5. 
We show that the downstream targets vab-8, ebax-1, and eva-1 are involved 
in posterior QL daughter cell migration in a functionally redundant manner. 
Furthermore, we identified the conserved E3 ligase plr-1/ZNRF3/RNF43 as a 
target and negative feedback regulator of mab-5 expression. These results 
indicate an indirect role for plr-1 in Wnt attenuation that has not been 
described previously.
 In conclusion, we describe a model in which the robust nature of 
posterior QL descendant migration is regulated by mab-5 and its ability 
to regulate directional cell migration mechanisms and fine-tune its own 
expression.

Introduction
Cell migration is a fundamental process in the development and 
maintenance of multicellular organisms. The orchestrated movement of a 
cell from its original site to new locations is required for nervous system 
development, tissue formation, immune response, and wound healing 
(Petrie et al., 2009; Ridley, 2011; Sakamoto et al., 2014). A myriad of intrinsic 
and extrinsic guidance cues is required for directed cell migration. Among 
these guidance cues are the Wnt proteins, which activate canonical or non-
canonical Wnt signaling and control subsequent gene expression involved 
in processes such as cell fate determination, polarity, and directional cell 
migration (Komiya and Habas, 2008; Nusse and Clevers, 2017). Here, we will 
focus on the role of the Wnt-dependent Hox gene mab-5/Antennapedia in 
directional migration along the anteroposterior (A-P) axis of Q neuroblasts 
in Caenorhabditis elegans (C. elegans).
 The Q neuroblasts, two neuronal precursors in C. elegans, provide 
a favorable model to study directional cell migration in vivo at a single cell 
level. After hatching, the Q neuroblasts (QL and QR) are positioned within 
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the two lateral rows of seam cells in-between seam cell V4 and V5 (Sulston 
and Horvitz, 1977). On the left lateral side, QL migrates posteriorly on top of 
seam cell V5, whereas on the right lateral side, QR migrates anteriorly on 
top of seam cell V4 (Figure 1A). After this initial movement the cells divide 
and their descendants continue the same migratory course/directional 
migration, during which they undergo several rounds of cell division prior 
to giving rise to fully differentiated neurons. The initial migration is Wnt-
independent, however, the directional migration of the QL and QR daughter 
cells is largely dependent on canonical and non-canonical Wnt signaling. 
Together, the restrictive nature of mab-5 in anterior migration is clear, 
however, the instructive role mab-5 in posterior migration remains unknown. 
The regulation of posterior migration by mab-5 could be depending on the 
activation of genes involved in posterior migration. However, it could also 
be that the inhibition of anterior migration is sufficient to allow the cell to 
respond to guidance signaling involved in posterior migration (Josephson 
et al., 2016a). The role of mab-5 has been revealed by gain- and loss-of-
function (gof and lof) mutant analysis, which showed that mab-5 is both 
necessary and sufficient for posterior migration. (Harris et al., 1996; Salser 
and Kenyon, 1992; Tamayo et al., 2013; Zinovyeva et al., 2008). Note that it is 
not just the overall migration direction, even the stereotypical migration of 
QL.a over QL.p is dependent on mab-5, since QR.a shows similar “hopping” 
behavior in a mab-5 mutant background (Josephson et al., 2016a). Thus, 
proper regulation of mab-5 expression is essential for proper Q neuroblast 
descendent migration. Elegant gene expression analysis combined with 
quantitative modeling have shown that robust levels of mab-5 expression 
are ensured by tight feedback regulation involving both canonical Wnt 
signaling and mab-5 itself (Ji et al., 2013). However, the nature of this feedback 
regulation remains unclear.

Figure 1. Q neuroblast daughter cell migration and the role of mab-5/Hox in posterior 
migration. (A) Schematic overview of Q neuroblast daughter migration. After initial migration 
the Q neuroblast divides on top of seam cell V5 or V4 for QL and QR respectively. During 
migration both QL and QR daughter cells will undergo a similar pattern of divisions, giving 
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rise to three fully differentiated neurons in the posterior and anterior of the worm. QL.a will 
migrate over QL.p before it migrates more posterior, whereas QL.p will remain near seam cell 
V5. QL.a will divide and give rise to QL.ap, that will differentiate into PQR, and QL.aa, that will 
form an apoptotic body. QL.p division will give rise to QL.pa, that will give rise to SDQL and 
PVM after a third division, and QL.pp, that will form an apoptotic body. QR.a will stay in front 
of QR.p as both migrate towards the anterior. QR.a will divide and give rise to QR.ap, that 
will differentiate into AQR, and QR.aa, that will form an apoptotic body. QR.p will give rise to 
QR.pa, that will give rise to SDQR and AVM after a third division, and QR.pp, that will form an 
apoptotic body. L and R indicate the left and right side of the worm. Anterior is left and dorsal 
is up. Arrows indicate direction of migration. The different stages of Q descendent migration 
are accompanied by the time point in hours. (B) Schematic overview of Q neuroblast daughter 
cell migration in a mab-5 gain of function (gof) background. Even though division of QR will 
still take place on top of seam cell V4, the daughter cells will migrate posteriorly, similar to 
QL daughter cell migration. (C) Schematic overview of Q neuroblast daughter cell migration 
in a mab-5 loss of function (lof) background. Even though division of QL will still take place 
on top of seam cell V5, the daughter cells will migrate anteriorly, similar to QR daughter cell 
migration.

 In order to fully understand both the instructive role of mab-
5 in posterior migration and the feedback regulation controlling mab-5 
expression levels, it is crucial to understand which transcriptional changes 
are directly triggered by this Hox transcription factor. So far, many upstream 
regulatory components linking Wnt signaling to mab-5 expression regulation 
have been identified. However, conventional forward and reverse genetic 
screen approaches have failed to identify downstream targets of mab-5 
involved in posterior migration (Ch’ng et al., 2003; Harris et al., 1996; Wang et 
al., 2013a). Excitingly, with the rise of transcriptomics, novel approaches for 
identifying downstream targets have become available (Wang et al., 2009). 
A comparative whole organism transcriptomic approach of wild type, mab-5 
gof, and lof mutant backgrounds identified several downstream targets for a 
cell non-autonomous role of mab-5 in posterior QL daughter cell migration. 
Even though this approach was able to identify mab-5 downstream target 
genes at a whole-organism level, these findings did not provide a clear answer 
whether these target genes act cell- autonomously in the Q neuroblasts 
or non-cell autonomously in other tissues. (Josephson et al., 2016b, 2017; 
Tamayo et al., 2013). In order to identify mab-5 target genes specifically in the 
Q cell lineage, we implemented a tissue specific transcriptomic approach. 
We performed tissue specific Q neuroblast isolation and RNA-Seq, creating 
gene expression datasets of Q neuroblasts with mab-5(gk670) lof and 
mab-5(e1751) gof mutant backgrounds (Zhang et al., 2011). Differential gene 
expression analysis resulted in a list of putative mab-5 target genes. Follow-
up analysis revealed the downstream targets vab-8, a kinesin related protein,
eva-1, a (co-)receptor, and ebax-1, a BC-box containing protein, have 
a significant role in Q descendant migration. Furthermore, enhanced 
phenotypic effects in compound mutants suggest a program of redundantly 
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acting genes is required for posterior QL daughter cell migration. Moreover, 
we identified the conserved E3 ubiquitin-protein ligase plr- 1/ZNRF3/RNF43 
as a downstream target of mab-5. The mammalian orthologs ZNRF3 and 
RNF43 have a direct role in feedback regulation of canonical Wnt signaling, 
by targeting Frizzled receptors for degradation (Hao et al., 2012; Koo et al., 
2012; Moffat et al., 2014). Here, we show with Single-molecule Fluorescence in 
Situ Hybridization (smFISH) PLR-1 is capable of controlling mab-5 expression 
levels indicating a role in feedback regulation in the QL lineage (Raj et al., 
2008).
 Taken together, we have investigated the role of mab-5 in the 
posterior migration of QL descendants using a tissue specific transcriptomic 
approach to identify target genes. Compound mutant analysis of several 
target genes showed that mab-5 has an instructive role in posterior 
migration. Furthermore, we show that the mab-5 target plr-1 is part of a 
negative feedback loop that enables mab-5 to fine-tune its own expression 
by modulating Wnt signaling. The indirect nature of this feedback regulation 
has not been described previously. However, because of the conserved nature 
of PLR-1/ZNRF3/RNF43, it will be interesting to see whether the indirect role 
in Wnt feedback regulation is conserved.

Results
Q neuroblast specific gene expression analysis reveals potential 
downstream targets of mab-5
As a Hox gene required for posterior-specific pattern formation, mab-5 is 
expressed in many tissues in the posterior of the animal in both a Wnt-
dependent and -independent manner (Costa et al., 1988; Hunter et al., 1999; 
Salser and Kenyon, 1992). In early L1 stage larvae, mab-5 is expressed in the 
posterior P-cells, the M myoblast, several posterior motor neurons, seam 
cell V6, the posterior body wall muscle, and the Q neuroblasts (Salser and 
Kenyon, 1992). Since our scope is to identify those genes that act downstream 
of mab-5, specifically in the Q cell lineage, we could not make use of 
previous mab-5 predicted targets at whole-organism level (Tamayo et al., 
2013). Therefore, we adapted previous cell isolation protocols to our tissue 
of interest and performed mRNA sequencing to study the mab-5 dependent 
gene expression specifically in the Q neuroblasts. (Figure 2A).
 We optimized synchronization to make certain the majority of the 
sample would contain the desired stage. This is represented by a population 
of Q neuroblasts after their second round of division, specifically when mab-
5 is required for posterior migration  (SFigure 2A). The synchronized L1 larvae 
from both mab-5(gk670) lof and  mab-5(e1751) gof mutant backgrounds 
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were then processed into a dissociated cell suspension. Since the animals 
contained seam cells marked with mCherry, and Q neuroblasts marked with 
GFP and mCherry, we could specifically sort the Q neuroblasts based on their 
double positive expression using FACS sorting (SFigure 2B). We obtained 3 
biological replicates of 2000 cells per genotype, which were processed for 
bulk mRNA sequencing. The resulting dataset showed each sample had 
at least 120.000 unique transcripts, defining about 7.500 genes (Figure 2B). 
Next, we compared the samples with differential gene expression analysis. 
Principle component analysis showed that the main variance in the dataset 
(65%) is explained by the mab-5 gof and lof mutant backgrounds (Figure 2C, 
SFigure 2C). Overall, 551 genes were differentially expressed in these mutant 
backgrounds (FDR < 0.1, Figure 2D, STable 1, SFigure2D). As expected, in the 
mab-5 lof mutant backgrounds we detected higher expression of genes such 
as lin-39, mig-13, cam-1, and mom-5. These genes have been reported to be 
involved in mab-5-independent anterior migration. Interestingly, mab-5 has 
been identified as a repressor of lin-39 expression in the QL lineage (Forrester 
and Garriga, 1997; Josephson et al., 2016a; Kim and Forrester, 2003; Wang et 
al., 2013a; Zinovyeva et al., 2008). In agreement with the nature of the e1751 
mutant allele, higher expression of mab-5 itself was detected in the mab-5 
gof background. Moreover, gene ontology (GO) analysis revealed functional 
enrichment in terms such as neurogenesis, cell projection organization, and 
neuron projection guidance (SFigure 2E, F), which are consistent with the 
neuronal and migratory nature of these cells. Together, the association of 
these genes and GO terms with the mab-5 gof or lof mutant background 
validated the dataset.
 Next, we compared the dataset with an existing mab-5 transcriptomic 
dataset (Tamayo et al., 2013). As mentioned previously, Tamayo et al., 
performed mab-5 gof and lof transcriptomic analysis on whole animals. 
Their follow-up differential gene expression analysis comparing mab-
5(gk670) and mab-5(e1751) samples resulted in a list of 183 candidate 
genes that showed significant differential expression. Comparison of the 
whole organism dataset with our tissue specific dataset resulted in an 
overlap of only six genes, of which the majority was enriched in the mab-
5 gof mutant background (Figure 2E). The lack of overlap between the two 
datasets evidences the vast differences between a whole- organism and 
a tissue-specific transcriptomic approach. This tissue-specific approach is 
particularly important when trying to understand the function of a broadly 
acting transcriptional regulator such as mab-5 in a cell-specific context. We, 
therefore, conclude that the use of Q neuroblast-specific transcriptomics 
can be used to gain a more detailed insight into the mab-5-dependent 
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transcriptional mechanisms that mediate posterior migration.

Figure 2. Identification of Q neuroblast specific mab-5 target genes (A) Schematic overview 
of experimental procedure. Embryos of mab-5(e1751) gof and mab-5(gk670) lof mutant 
backgrounds were collected, hatched, and starved overnight. L1 synchronized animals were 
grown on NA22 for 7 hours. The animals, synchronized in a stage where the majority of Q 
cells are progeny of first division (SFigure 2A), were collected and processed into a single 
cell suspension (Zhang et al., 2011). Q neuroblasts were sorted from the cell suspension 
using FACS sorting based on the Pegl-17::GFP and Pwrt-2::mCherry transgenic markers. Cells 
were collected in Trizol, in batches of 2000 cells, and processed according to the CEL-seq(2) 
method (Hashimshony et al., 2012, 2016). Samples were subsequently used for differential 
gene expression analysis. (B) Total number of genes (x) and transcripts (y) present in the 
mRNA dataset. mab-5 gof samples indicated in red and mab-5 lof samples indicated in green. 
(C) Principle Component Analysis (PCA) of mab-5 gof and lof samples. PC1 explains 65% of 
the variance, separating mab-5 gof from lof. PC2 explains 17% of the variance. (D) Volcano 
plot showing differentially expressed genes in mab-5 gof and lof mutants (FDR < 0.1). Colors 
depict the significance of differential expression. Dark green indicates P adjusted <0.002 and 
a log2Foldchange < -2, and light green a P adjusted < 0.02 and a log2Foldchange < -1.2 of 
genes upregulated in mab-5 lof. Dark red indicates P adjusted < 0.002 and a log2Foldchange 
> 2, and orange a P adjusted < 0.02 and a log2Foldchange > 1.2 of genes upregulated in mab-
5 gof. Annotated genes indicate known downstream targets of mab-5 (mab-5, lin-39, mig-13, 
cam-1, and mom-5) and novel candidate downstream targets of mab-5 (vab-8, ebax-1, eva-1, 
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and plr-1). (E) Comparison of the whole worm differential gene expression dataset of mab-
5(gk670) and mab-5(e1751) (Tamayo et al., 2013) with the Q neuroblast specific differential 
gene expression dataset used in this study. The six resulting overlapping genes are vhp-1, col-
176, bath-15, Y58A7A.5, mtx-3, and cup-16. (F) Plots showing normalized expression values of 
candidate downstream target genes of mab-5. Bars indicate mean ± SEM. mab-5 gof samples 
indicated in red and mab-5 lof samples indicated in green.

vab-8, ebax-1, eva-1 and plr-1 have conserved roles in directional 
migration and polarity
Since we were interested in potential downstream targets of mab-5 that 
could have either an instructive role in posterior migration or a role in fine-
tuning mab-5 expression, we focused on the genes enriched in the mab-5 
gof mutant background. Manual selection focusing on potential migration 
regulators, mab-5 binding sites in the promotor region, and Wnt signaling 
regulators led us to select vab-8, ebax-1, eva-1, and plr-1 for further analysis 
(Figure 2D, F, Table1)(modENCODE CHIP data).

Table 1. mab-5 candidate target genes

 vab-8 encodes a kinesin-related protein, which is required cell 
autonomously for many posteriorly directed cell migration processes in C. 
elegans. VAB-8L, a large isoform containing a kinesin domain, was shown to 

Table 1. mab-5 candidate target genes 

Gene General Description Conserved Orthologs 
vab-8(V) 
 
 
 

The vab-8 gene encodes an atypical kinesin-like motor 
protein that is required for many posteriorly directed cell 
migrations, axonal outgrowth, and pathfinding. It can 
regulate the guidance-cue receptors UNC-40/DCC and SAX-
3/Robo. A role in Q descendant posterior migration has been 
described (Levy-Strumpf  and Culotti 2007; Watari-Goshima 
et al., 2007; Wightman et al.,  1996; Wolf et al., 1998). 

Human KIF26A 
(kinesin family 
member 26A) and 
KIF26B (kinesin family 
member 26B) 

ebax-1(IV) The ebax-1 gene encodes a conserved BC-box-containing 
protein that functions as a substrate-recognition subunit in 
an Elongin BC-containig Cullin-RING ubiquitin ligase (CRL) 
complex, promoting the degradation of certain proteins such 
as SAX-3/Robo. By regulating protein quality control, EBAX-1 
can ensure proper axon guidance. Moreover, a role in ventral 
axon guidance of AVM and PVM was described (Wang et al., 
2013b).  

Human ZSWIM8 (zinc 
finger SWIM-type 
containing 8) 

eva-1(I) The eva-1 gene encodes a (co-)receptor that can interact 
with other receptors, such as SAX-3/Robo and UNC-40/DCC, 
to regulate axon guidance (Chan et al., 2014; Fujisawa et al., 
2007).  

Human EVA1C (eva-1 
homolog C) 

plr-1(III) The plr-1 gene encodes a putative E3 ubiquitin-protein ligase 
capable of downregulating cell surface levels of the Wnt 
receptors CFZ-2, LIN-17, MIG-1, MOM-5, CAM-1, and LN-18. plr-
1 mutants can affect cell polarity (Bhat et al,. 2015; Moffat et 
al., 2014).  

Human ZNRF3 (zinc 
and ring finger 3) and 
RNF43 (ring finger 43) 

 



165

be involved both in growth cone migration and cell migration. Several smaller 
isoforms lacking the kinesin domain (VAB-8S) have a role in cell migration 
alone (Levy-Strumpf and Culotti, 2007; Watari-Goshima et al., 2007; Wightman 
et al., 1996; Wolf et al., 1998). Similarly, the human homolog kinesin family 
member 26B (KIF26B) has been shown to affect polarization and subsequent 
directional migration of endothelial cells (Guillabert-Gourgues et al., 2016). 
The ability of VAB-8 to regulate directed cell migration and axon polarity 
has been attributed to its role in controlling the function of guidance-cue 
receptors like SAX-3/Robo and UNC-40/DCC (Levy-Strumpf and Culotti, 2007; 
Watari-Goshima et al., 2007). Interestingly, a role of vab-8 in Q descendant 
migration has been described previously (Wightman et al., 1996). vab-8 
mutant showed aberrant anterior localization of PQR. Moreover, AVM and 
SDQR were also found at slightly more anterior positions. Nevertheless, vab-
8 has never been identified as a potential downstream target of mab-5 in 
this process.
 ebax-1 encodes a substrate recognition subunit of the BC-box Cullin-
RING E3 ligase (CRL), capable of facilitating the refolding of misfolded SAX-
3/Robo and targeting permanently misfolded SAX-3 for degradation (Wang 
et al., 2013b). Moreover, the netrin receptor UNC-40/DCC is also a potential 
target of ebax-1. The ebax-1 mouse homolog ZSWIM8 also shows a preference 
for human Robo3 as a substrate. By ensuring protein quality control of 
guidance-cue receptors, ebax-1 can ensure proper axon guidance (Wang et 
al., 2013b).
 eva-1 is a conserved transmembrane protein shown to function as 
a co-receptor for SAX-3/Robo and UNC-40/DCC involved in axon guidance 
(Chan et al., 2014; Fujisawa et al., 2007). Expression patterns of the mammalian 
homolog EVA1C suggest a similar role in axon guidance in the mouse nervous 
system (James et al., 2013).
 plr-1 is a conserved RING-finger transmembrane protein with 
predicted E3 ligase activity. It has been shown to regulate neuron polarity 
and proper axon extension (Bhat et al., 2015; Moffat et al., 2014). PLR-1 
mammalian homologs ZNRF3 and RNF43 have been reported to mediate 
the ubiquitination, endocytosis, and subsequent degradation of Frizzled 
receptors (Fzd) (Hao et al., 2012; Koo et al., 2012). This role in Wnt signaling 
regulation is highly conserved since PLR-1 can act as a negative regulator of 
Wnt signaling by downregulating Frizzled receptors (Fzd) (CFZ-2, MIG-1, LIN-17, 
and MOM-5) and several Wnt receptors in a Fzd dependent manner (CAM-
1/Ror and LIN-18/Ryk). Interestingly, ectopic plr-1 expression was shown 
to reverse the migration direction of one of the QL final descendants, the 
mechanosensory neuron PVM, by inhibiting mab-5 expression (Moffat et al., 
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2014).
 Taken together, the previously described roles of vab-8, ebax-1, eva-1, 
and plr-1 in directional cell migration and polarity reveal a potential function 
in posterior Q daughter cell migration downstream of mab-5. Therefore, 
we decided to further examine this potential function in Q descendant 
migration.

vab-8, ebax-1, and eva-1 have a role in QL descendant migration
In order to understand whether vab-8, ebax-1, plr-1, and eva-1 are necessary 
for Q descendant migration, we quantified the final position of the AQR and 
PQR neurons. Using a combination of transgenic markers for the AQR/PQR 
cell body (Pgcy-32::GFP) and the seam cells (Pwrt-2::GFP::PH; Pwrt-2::H2B::GFP 
or Pwrt-2::H2B::mCherry; Pwrt- 2::PH::mCherry) we were able to quantify the 
position of AQR/PQR relative to the stationary seam cells (Figure 3A, B). In 
wild type, AQR localizes consistently between seam cells H1 and H2 in the 
anterior of the animal, whereas PQR localizes between seam cells V6 and 
T in the posterior of the animal. Both the eva-1(ok133) and ebax-1(tm2321) 
mutants showed no significant defects in AQR/PQR localization (Figure 3B). 
Since the analysis of AQR/PQR final position can 1) only show evidence for 
one branch of the QL lineage, and 2) defects in earlier steps of the migration 
may be masked by subsequent regulatory mechanisms, we next assessed 
the position of QL.a and QL.p division as a read-out to directly uncover 
defects during the migration of both QL descendants (SFigure 3A, B). For eva-
1 mutants the position of division was not affected (SFigure 3B). The position 
of division was, however, clearly affected in ebax-1 mutants (p-value< 0.0001 
for both QL.a and QL.p), evidencing a role for this gene in the migration of 
both QL.a and QL.p.
 Since, vab-8 mutants show severe defects in posterior morphology 
(e.g. withered  tail) and plr-1 can affect different Wnt signaling pathways 
in various tissues and cell types, we decided to directly address their cell 
autonomous role in Q neuroblast migration. To achieve this, we adapted 
the ZIF-1 dependent degradation method to deplete the two proteins 
specifically in the Q neuroblast lineage (Armenti et al., 2014). Using CRISPR-
Cas9, both genes were endogenously tagged with a small zinc-finger 
containing tag (ZF1), which can be recognized by ZIF-1 (a E3 ubiquitin ligase 
substrate-recognition subunit) leading to the degradation of the protein. 
The degradation was restricted to the Q neuroblast lineage by expressing 
ZIF-1 from a tissue specific promoter (Pegl-17::ZIF-1). Depletion of PLR-1 did  
not result in significant AQR/PQR localization defects. However, depletion 
of VAB-8 displayed a significant overmigration of PQR (p<0.001, Figure 3B). 
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Interestingly, these results are not consistent with previous results showing 
more anterior localization of PQR in vab-8 mutants (Wightman et al., 1996). 
However, the position of QL.a division did show significant undermigration 
upon VAB-8 depletion (SFigure 3B). These results indicate a possibly complex 
differential cell autonomous and cell non-autonomous role for vab-8.

Figure 3. vab-8, eva-1, and ebax-1 have a role in posterior migration. (A-C) Representative 
micrographs and quantification of AQR/PQR localization (QL.ap and QR.ap descendants) 
12 hours after hatching in a iaIs19[Pgcy-32::GFP + unc-119(+)]  and heIs63[Pwrt-2::GFP-PH ; 
Pwrt-2::H2B::GFP ; lin-48::Tomato] or huIs166[Pwrt-2::H2B::mCherry; Pwrt-2::PH::mCherry; dpy-
20(+)] transgenic background. (A) Representative micrographs of AQR and PQR localization 
along the lateral row of seam cells (green) in a wild type background. (B) Quantification of 
the localization of AQR and PQR in wild type, single, and compound mutants (genotypes 
indicated). The final position of the cells was determined relative to the stationary seam 
cells (H0-T, schematic overview on bottom of the graph). Green and orange bar indicate wild 
type range for AQR and PQR respectively. Heatbar indicates % of occurring phenotype, n > 50. 
Fisher’s exact test was performed to determine significance: *= p<0.05, **= p<0.01, ***= p<0.001, 
****= p<0.0001. (C) Representative micrograph of AQR and PQR localization in a eva-1(ok1133); 
ebax-1(tm2321) compound mutant. Anterior is left and dorsal is up. Scale bars indicate 5 µm. 
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we expected to see a similar defect, or at least a strong under-migration 
phenotype, for the mutants of some of these genes. Nevertheless, we 
hypothesized that the downstream targets of mab-5 could be functionally 
redundant, masking their role in posterior migration. The depletion of VAB-8 
in an eva-1 mutant background resulted in significant defects in AQR position 
and QL.p position of division (AQR p<0.0001, PQR p<0.1, Figure 3B, SFigure 
3B). Interestingly, the overmigration phenotype of PQR seen in the VAB-8 
depleted animals was partially rescued in eva-1 mutants, indicating that 
vab-8 and eva-1 could be part of both overlapping and parallel pathways. 
Depletion of both VAB-8 and PLR-1 had only a mild effect on the position of 
QL.a division (SFigure 3B). The most noticeable results were seen in the eva-
1; ebax-1 double mutant. In this compound mutant, QL.p divides at a more 
anterior position, compared to both wild type and single mutants, while also 
showing more anterior localization of QL descendants (PQR p<0.0001, Figure 
3B, SFigure 3B). Strikingly, anteriorly located PQR were visible in 3% of the 
eva-1; ebax-1 mutants (Figure 3C).
 Taken together, vab-8, ebax-1, and eva-1 have a role in the directional 
migration of the QL daughter cells. Furthermore, compound mutant analysis 
shows they have  functionally redundant roles in posterior migration. PLR-1, 
on the other hand, does not affect Q descendent migration.

mab-5 ensures its robust expression by controlling the expression of 
the negative feedback regulator plr-1
Previous results have shown robust mab-5 expression in the QL lineage 
is ensured by a complex network of interlocked positive and negative 
feedback loops (Ji et al., 2013). In order to gain further understanding of 
the mechanism responsible for robust mab-5 expression, we hypothesize 
that components within mab-5 targets could be part of this complex gene 
expression regulation. Importantly, mab-5 expression in the QL lineage is 
regulated by several components of the canonical Wnt signaling pathway. 
Based on the ZNRF3/RNF43 conserved function on Wnt signaling regulation, 
we speculated that plr-1 could also be involved in such a mechanism in the 
QL lineage, therefore having a potential feedback role in mab-5 expression.
First, we wanted to validate plr-1 as a transcriptional target of mab-5 in Q 
neuroblasts using Single Molecule mRNA Fluorescence In Situ Hybridization 
(smFISH)(Raj et al., 2008). The global expression of plr-1 in early L1 animals 
was observed in the ventral cord neurons, the nerve ring, and neurons in 
the tail (data not shown). Moreover, expression of plr-1 was visible in the Q 
neuroblasts. In QL, plr-1 expression was upregulated during migration, with 
the highest expression in QL.a (Figure 4A). In QR, however, plr-1 expression 
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levels remained relatively low during migration (SFigure 4A-B). In order to 
address the role of mab- 5 in plr-1 expression regulation, we counted the 
number of plr-1 mRNA punctae in mab-5 lof and gof mutant backgrounds. 
As expected, plr-1 expression levels in QL cells are dependent on mab-5 
expression: in mab-5 lof mutants plr-1 expression remained low, whereas 
in mab- 5 gof mutants plr-1 expression increased (Figure 4A). Even though 
these results show plr-1 acts as a downstream target of mab-5, Wnt signaling 
itself or other downstream targets could influence plr-1 expression levels 
as well. We, therefore, wanted to rule out a mab-5 independent role for 
the Wnt signaling pathway in the regulation of plr-1 expression. For this 
purpose we made use of the constitutively activated form of β-catenin/bar-1 
(N-terminally truncated BAR-1, ΔN-BAR-1). In a mab-5 lof mutant background 
the addition of ΔN-BAR-1 did not reconstitute plr-1 expression, indicating plr-1 
is a mab-5 target in QL neuroblasts (Figure 4A, SFigure 4A-B). Together, these 
results demonstrate that plr-1 expression in QL neuroblasts is dependent 
on mab-5 expression, independently of canonical Wnt signaling activation.
Second, we wanted to assess a potential role for plr-1 in feedback regulation 
of mab-5 using smFISH. As previously reported, mab-5 expression was 
upregulated during the posterior migration of QL (Figure 4B)(Ji et al., 2013). 
Depletion of PLR-1 resulted in higher mab-5 expression in the QL neuroblast 
(Figure 4B). These results show plr-1 act as a negative feedback regulator of 
mab-5 expression levels.
 Interestingly, the plr-1 expression analysis in the mab-5 gof mutants 
revealed a left/right asymmetry. Even though mab-5 was expressed in both 
QL and QR, expression of plr-1 was higher in QL compared to QR (SFigure 
4C-D). To better understand the nature of this left/right asymmetry, we 
characterized mab-5 expression in the mab-5 gof mutant further. The mab-
5(e1751) allele is a large tandem duplication altering the promoter activity of 
the gene (Hedgecock et al., 1987; Salser and Kenyon, 1992). smFISH showed 
that mab-5 was not only ectopically expressed in QR, but that there was also 
higher expression in QL (SFigure 4E-G). The left/right asymmetric expression 
of plr-1 can, thus, be linked to the left/right asymmetric effect of the e1751 
gof mutation. However, the source of this asymmetry remains undefined. 
A possible explanation for the higher transcript count in QL could be that 
mab-5 in the QL lineage is still capable of responding to canonical Wnt 
signaling in the e1751 mutant background. Nevertheless, another explanation 
could be the inherent left/right asymmetry of mab-5 expression in the 
area surrounding the Q neuroblasts. smFISH quantification shows there is 
significantly higher mab-5 expression in the area surrounding QR than QL in 
wild type situations (SFigure 4G). However, whether this observation holds 
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any functional relevance in Q neuroblast migration remains unclear.

Figure 4. plr-1 is part of a negative feedback loop that enables mab-5 to fine tune its own 
expression by modulating Wnt signaling. (A-C) Single molecule mRNA Fluorescence In Situ 
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Hybridization (smFISH) of plr-1 and mab-5 in migrating QL neuroblasts 0-6 hours after 
hatching in a heIs63 transgenic background in indicated wild type or mutant backgrounds. 
Quantification of smFISH spots in QL neuroblasts during initial migration and start of daughter 
cell migration (0-6 hours after hatching). The position of each cell is plotted relative to seam 
cell V4 and V5 (relative migration distance, with indicated position of seam cells V3, V4, V5, 
and V6 along the X-axis). General starting position of the Q neuroblast prior to migration is 
depicted by the dashed line. Box plots with IQR show the overall levels of smFISH spots in the 
indicated genotypes. n > 30. Kruskal-Wallis test was performed followed by Dunn’s multiple 
comparison test to determine significance: *= p<0.05, **= p<0.01, ***= p<0.001, ****= p<0.0001.

 Together, the aforementioned results reveal a role for plr-1 in fine-
tuning mab-5 expression levels. Nevertheless, the extent of its role in 
feedback regulation remains unclear. By perturbing both the positive and 
negative feedback loop we wanted to address the interlocked nature of the 
system. According to previous work, overexpression of egl- 20/Wnt, using an 
EGL-20 transgene under control of a heat shock promoter, results in more 
stable rather than higher mab-5 expression (Ji et al., 2013). However, we 
find an increase in mab-5 mRNA levels upon replication of the experiment 
(Figure 4C). Heat shock experiment can have hurdles, though, when it comes 
to reproducibility (Zevian and Yanowitz, 2014). Remarkably, the addition of 
PLR-1 depletion resulted in more variable mab-5 and even higher expression 
levels (Figure 4C). These results show that hampering both with the positive 
and negative feedback releases the tight regulation of mab-5 gene expression 
levels.
 In sum, as a downstream target of mab-5, plr-1 is a critical feedback 
regulator of Wnt signaling, responsible for fine-tuning the expression levels 
of mab-5.

Discussion
During the early larval development of C. elegans, the Q neuroblast 
descendants migrate in a left/right asymmetrical manner upon activation of 
either canonical or non-canonical Wnt signaling for QL and QR respectively. 
In QL, the activation of canonical Wnt signaling results in the activation of the 
homeobox transcription factor mab-5 (Chalfie et al., 1983; Harris et al., 1996; 
Maloof et al., 1999; Salser and Kenyon, 1992; Whangbo and Kenyon, 1999). mab- 
5 has been shown to be both necessary and sufficient for posterior migration 
(Harris et al., 1996; Salser and Kenyon, 1992; Tamayo et al., 2013; Zinovyeva et 
al., 2008). The crucial role of mab-5 in posterior migration is dependent both 
on its ability to regulate directional migration mechanisms, and to ensure its 
own robust expression. Here, we used Q neuroblast specific transcriptomics 
to address which are the molecular mechanisms which occur downstream 
of mab-5 in this process. We created a dataset revealing  gene expression 
differences between mab-5 gof and lof mutants (Figure 2). Since mab-5 acts 
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in several tissues to pattern the posterior side of the animal, implicating 
different regulatory networks, non tissue-specific approaches can lead to 
results that do not reflect the particularities involved in Q cell regulation 
(Costa et al., 1988; Hunter et al., 1999; Salser and Kenyon, 1992). Indeed, a 
whole animal mRNA sequencing approach resulted in the identification 
of several target genes which are only involved in a cell non-autonomous 
role of mab-5 in Q daughter cell migration (Josephson et al., 2016a, 2016b, 
2017; Tamayo et al., 2013). With our tissue- specific approach, however, we 
were able to identify the downstream targets of mab-5 specifically in the Q 
neuroblasts. As migration is a process requiring both cell intrinsic regulation 
and cellular microenvironmental interactions, the combination of both 
tissue specific and non-specific methods can broaden our understanding of 
directional cell migration further. Comparison of our Q neuroblast specific 
dataset with the whole organism dataset showed that such approaches 
could indeed be complementary, as we found an overlap between the two 
datasets. (Figure 2E).
 Differential gene expression analysis of our dataset identified 
545 genes differentially expressed between mab-5 gof and lof mutant 
backgrounds. Among these, we decided to select and validate four genes, 
vab-8, ebax-1, eva-1, and plr-1, which have previously been associated with 
directional migration and polarity (Table 1). A role for VAB-8, a kinesin 
related protein, in Q descendant migration had been described previously 
(Wightman et al., 1996; Wolf et al., 1998). Cell autonomous protein depletion 
resulted, however, in overmigration rather than reversals (Figure 3B). This 
controversial finding suggests a more complex cell autonomous and cell 
non-autonomous function for VAB-8 in posterior Q descendant migration. 
Several non-autonomous mechanisms involved in Q descendant migration 
have been described (Josephson et al., 2016a, 2016b, 2017; Tamayo et al.,  2013). 
Since previous work has shown vab-8 can regulate levels and localization 
of guidance-cue receptors (Levy-Strumpf and Culotti, 2007; Watari-Goshima 
et al., 2007), this gene might be required both at cell-autonomous and 
non cell-autonomous level, possibly facilitating the intrinsic and extrinsic 
polarity required for posterior Q descendant migration.
 Although depletion of VAB-8 affected mostly QL.a descendants, the 
effect of ebax-1 mutation was mainly visible in QL.p descendants (SFigure 
3B). These results suggest that, even though mab-5 signaling is required 
for the localization of all QL descendants, the QL.a and QL.p daughter cells 
might be regulated by different mechanisms. Such a differential response to 
mab-5 activation is not improbable given the different migratory character of 
QL.a and QL.p. While QL.a migrates over QL.p and continues more posteriorly, 
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QL.p is relatively stationary remaining near seam cell V5 (Figure 1)(Sulston 
and Horvitz, 1977). A differential mab-5 response should be validated by 
expression analysis of these target  genes in QL.a and QL.p, separately. 
Another explanation for the differential effects in the Q daughter cells lies 
in the nature of the target genes. As a protein quality control regulator, the 
function of ebax-1 is mostly redundant in controlled environments. Previous 
studies have shown that the role of ebax-1 in ventral axon guidance of AVM 
and PVM only becomes apparent with temperature stress. While the ebax-
1 mutant alone does not give a  phenotype, however, shifting the animals 
to 25°C results in axon guidance defects (Wang et al., 2013b). A similar 
temperature dependent penetrance is perhaps masking the effects of ebax-
1 in the QL.a descendants.
 Even though the migration defects mentioned above were 
statistically significant, clear changes in migratory direction remained 
absent. In order to assess whether the lack of severe phenotypes could be 
explained by redundancy we continued with compound mutant analysis. 
Indeed, enhanced QL descendant anterior migration defects were present 
in both VAB-8 depleted; eva-1, and eva-1; ebax-1 compound mutants, while 
eva-1 alone did not result in significant migration defects (Figure 3B, C, 
SFigure 3B). These results show that downstream targets of mab-5 can 
function redundantly in posterior Q daughter cell migration. This functional 
redundancy may be required to ensure robust posterior migration of the QL 
descendants. By using one or more of the above-mentioned mutants as a 
sensitized background, more factors involved in posterior QL daughter cell 
migration may be identified in future studies.
 These results show that posterior migration of QL descendants is 
controlled by the regulation of specific downstream targets involved in 
directional cell migration. In addition, another requirement to ensure the 
proper QL descendant posterior migration consists in the tight regulation 
of mab-5 expression levels. Based on the conserved function in attenuating 
Wnt signaling, we picked plr-1 as a potential feedback regulator of mab-5 
expression (Bhat  et al., 2015; Hao et al., 2012; Koo et al., 2012; Moffat et al., 2014). 
Even though depletion of PLR-1 did not result in migration defects (Figure 
3B), smFISH quantification did show plr-1 is involved in the regulation of 
mab-5 expression levels (Figure 4B, SFigure 4C-D). Furthermore, we show 
that plr-1 is expressed in the Q cells and that this expression is dependent 
on mab-5 (Figure 4A, SFigure 4A-B). This is in contrast with previous studies 
excluding plr-1 expression from the Q neuroblast lineage (Moffat et al., 
2014). Nevertheless, they show that ectopic plr-1 expression was capable of 
reversing PVM migration direction, and decreasing mab-5::gfp expression. 
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In this study, however, we show that plr-1 is part of the Q neuroblast’s 
endogenous response to Wnt signaling. Moreover, additional smFISH analysis, 
using a constitutively activated form of bar-1/ β-catenin in a mab-5 lof 
mutant background, enabled us to eliminate the possibility of Wnt signaling 
regulating plr-1 expression in a mab-5 independent manner (Figure 4A). 
Furthermore, the presence of mab- 5 binding sites in the promoter region 
of plr-1 suggests plr-1 is a direct target of mab-5. The observation that plr-1 
can act as an indirect target of Wnt signaling is in itself a novelty, which in 
fact contrasts with previous observations in other biological systems (Koo 
et al., 2012; Nusse and Clevers, 2017). Taken together, these results show that 
plr-1 acts only as a downstream target of mab-5, and not as a target of 
canonical Wnt signaling, modulating mab-5 expression levels in QL and its 
descendants.
 Previous work concluded that interlocked positive and negative 
feedback is required for the robust mab-5 expression levels seen during 
QL migration (Ji et al., 2013). Unexpectedly, overexpression of egl-20/
Wnt resulted in higher mab-5 expression as opposed to the less variable 
expression observed previously (Figure 4C)(Ji et al., 2013). These inconsistent 
results could be due to poor reproducibility in the heat shock experiments. 
Instead of a 15 minute heat shock a heat shock series should be executed 
to determine the optimum timing (Ji et al., 2013; Whangbo and Kenyon, 1999; 
Zevian and Yanowitz, 2014). Nevertheless, the results so far indicate that plr-
1 is a key regulator of negative feedback in mab-5 expression regulation. 
In order to dissect the feedback regulation further, we interfered with 
both the positive and negative feedback of mab-5 regulation. By inducing 
overexpression of egl-20 and depleting PLR-1 we were able to disrupt 
the tightly regulated mechanisms ensuring robust mab-5 expression. 
Subsequently, mab-5 expression levels increased and displayed even higher 
variability (Figure 4C). Of note, we were not able to disrupt all negative 
feedback in this regulatory system, since it has been shown that mab-5 has 
a direct role in repressing its own transcription (Ji et al., 2013). Thus, it would 
be interesting to further perturb this system by deleting MAB-5 binding sites 
in the upstream regulatory region of mab-5.
 Based on its highly conserved function, PLR-1 most likely regulates 
mab-5 expression levels by attenuating Wnt signaling. PLR-1 and its 
mammalian homologs ZNRF3 and RNF43 are capable of downregulating Fzd 
receptors and other Wnt receptors in a Fzd dependent manner (Bhat et al., 
2015; Hao et al., 2012; Koo et al., 2012; Moffat et al., 2014).
 Previous work has shown that, lin-17, and mom-5 are the sole Fzd 
receptors expressed in the QL lineage (Ji et al., 2013). In order to examine 
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whether MIG-1 is a target of PLR-1 in  the Q neuroblasts, we made use of a mig-
1 translational fusion with GFP (Middelkoop, 2014, note the MIG-1::GFP fusion 
protein is not functional). No significant differences in MIG-1 expression nor 
localization were observed upon PLR-1 depletion (SFigure 5). These results 
indicate that MIG-1 is likely not a target of PLR-1 in Q neuroblasts, which is 
consistent with previous results (Ji et al., 2013). However, we cannot exclude 
that the presence of GFP fused to MIG-1 can interfere with its regulation, as 
it interferes with its function. In the case that MIG-1 would not be confirmed 
as target of PLR-1, LIN-17 and MOM-5 are two potential PLR-1 targets to be 
tested. Interestingly, lin-17 expression is higher in the mab-5 gof mutants 
(STable1), indicating a potential feedback role. Even though previous mab-5  
binding site deletion experiments have shown lin-17 is not a direct target 
(Ji et al., 2013), it cannot be excluded as an indirect target. Moreover, the 
expression dynamics of lin-17 closely follow those of mab-5 (Ji et al., 2013). 
Future studies may elucidate which, if any, Fzd receptors are targeted by 
PLR-1 in posterior Q descendant migration.
 In conclusion, our results show that mab-5 is capable of inhibiting 
anterior migration and stimulating posterior migration by regulating genes 
previously involved in cell migration. We propose that redundancy among 
these migration regulators increases robustness of this specific cell migration 
process (Figure 5). Moreover, by directly controlling expression of positive 
and negative feedback regulators, mab-5 can dampen fluctuations of its 
own expression. Overall, our results provide valuable insight into the role of 
redundancy and feedback regulation in ensuring robustness of cell migration. 
The conservation of various components suggests such mechanisms might 
be involved in ensuring robustness of various developmental processes in 
several model systems.

Figure 5. Model illustrating the role of robust mab-5/
Hox expression regulation and downstream targets 
of mab-5 in posterior migration of QL daughter 
cells. Canonical Wnt signaling, via the Wnt ligand 
EGL-20, is required to activate mab-5 expression. 
Robust regulation of mab-5 expression levels is 
assured by an interplay of positive and negative 
feedback on Wnt signaling and mab-5 itself. One 
direct target of mab-5 is plr-1, which provides a 
negative feedback loop to mab-5 expression by 
inhibiting Wnt signaling via the downregulation of 
Frizzled receptors on the cell surface. The robust 
mab-5 expression levels are required for its 
function in posterior QL daughter cell migration. 
mab-5 can restrict anterior migration by inhibiting 
the expression of lin-39/Hox and mig-13. Moreover, 
mab-5 can instruct posterior migration by activating 
the expression of vab-8, eva-1, and ebax-1, which 
have a redundant role in posterior migration. 
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Materials and Methods
C. elegans strains and culture
C. elegans strains were cultured at 20°C using standard conditions, unless 
noted otherwise (Lewis and Fleming, 1995). As wild type, the Bristol N2 
strain was used. The alleles and transgenes used in this study are: LGI: 
eva-1(ok1133); LGII: iaIs19[Pgcy-32::GFP + unc- 119(+)]; LGIII: plr-1(hu283[plr-
1::ZF1]), mab-5(gk670), mab-5(e1751); LGIV: ebax- 1(tm2321), egl-20(n585), 
huIs179(Pegl-17::ΔN-bar-1); LGV: heIs63[Pwrt-2::GFP::PH; Pwrt- 2::H2B::GFP; Plin-
48::Tomato], vab-8(hu278[vab-8::ZF1]), ayIs9 [Pegl-17::gfp + dpy-20(+)]; LGX: 
huIs166[Pwrt-2::H2B::mCherry; Pwrt::PH::mCherry; dpy-20(+)]; linkage group 
unknown: huIs181 [Pegl-17::ZIF-1-SL2-mCherry, pCFJ90 (Pmyo- 2::mCherry)], 
huIs153[Pegl-17::MIG-1::GFP; Pmyo-2::GFP], muIs53[hsp::egl-20; unc- 22(dn)].
Synchronization of animals was performed by collecting L1 larvae 0-1hours 
after hatching and growing them for 3-4 additional hours for live imaging, 0-6 
more hours for smFISH experiments, 6-7 additional hours for the position of 
second division, and 12 more hours for AQR/PQR localization.
Heat shock experiments were performed on animals carrying muIs53 as 
described (Ji et al., 2013; Whangbo and Kenyon, 1999). In short, a 33°C heat 
shock treatment was given to 0-1 hour synchronized animals in a total 
volume of 50µl for 15 minutes. Heat shock was terminated by putting tubes 
on ice for 30 seconds shortly after the heat shock. Subsequently, the worms 
were grown for 1-6 additional hours.

Cell isolation and FACS sorting
Cell isolation was performed according to a C. elegans specific isolation 
method (Zhang et al., 2011) that was further optimized for Q neuroblasts 
(Póvoa and Ebbing in preparation). Shortly, gravid adult worms were collected 
in a solution containing M9 buffer, 1M NaOH and 5% NAClO and lysed by 
vortexing for 5-7 minutes, The resulting egg suspension was then washed at 
least 2 times with M9 buffer. The collected eggs were hatched overnight in 
M9 at room temperature. Synchronized starved L1 larvae were subsequently 
grown on NA22 bacteria for 7 hours. This time-point was defined by scoring 
the Q cell stage in three independent experiments, in which the majority 
of Q cells already went thought the first division. Scoring was done by 
epifluorescence microscopy using the ayIs9 and huIs166 transgenes for 
mab-5 gof and lof mutant backgrounds. Synchronized worms were collected 
and washed three times to remove any bacteria residues. Chemical and 
mechanical treatments were then applied to the samples in order to disrupt 
the animals’ cuticle and release the cells. The resulting cell suspension was 
collected in L15/FBS and passed through a 5µm filter. The BD FACSaria was 
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used for sorting the double fluorescently labelled cells, resulting from the 
ayIs9, huIs166 transgenic background, directly into Trizol containing tubes. 
Collected samples were stored at -80°C until further processing.

Library preparation
mRNA extraction, barcoding, reverse transcription and in vitro transcription 
were performed according to the CEL-seq protocol (Hashimshony et al., 2012) 
using the Message Amp II kit (Ambion). Illumina sequencing libraries were 
subsequently prepared according to the CEL- seq2 protocol (Hashimshony 
et al., 2016) using the SuperScript® II Double-Stranded cDNA Synthesis 
Kit (Thermofisher), Agencourt AMPure XP beads (Beckman Coulter), and 
randomhexRT for converting aRNA to cDNA using random priming. The 
libraries were sequenced paired-end at 50 bp read length on an Illumina 
HiSeq 2500.

Transcriptomic data analysis
The 50 base pair paired-end reads were aligned to the C. elegans references 
transcriptome, which was compiled from the C. elegans reference genome 
WS249 (Ebbing et al., 2018). A custom wrapper (MapAndGo2) was used for the 
alignment around BWA MEM (Ebbing et al., 2018; Li and Durbin, 2010).
Raw data was processed, removing amplification duplicates (Grün et al., 2014) 
and analyzed using R(v 3.5.3). R-packages pheatmap, ggplot2, and cowplot 
were used for visualization. DESeq2 R-package was used for differential gene 
expression analysis using a false discovery rate (FDR) based on padj < 0.1. 
Cosmid IDs were converted to gene names using information obtained from 
Wormbase. Samples containing at least 120000 total transcripts were used 
for follow-up analysis. The differentially expressed dataset was compared 
with the previously published whole organism mab-5 lof and gof dataset 
using the R-package Vennerable (Tamayo et al., 2013).

Molecular biology
For the endogenous tagging of vab-8 and plr-1 with the ZF1 tag we made 
use of the previously described CRISPR/Cas9 genome editing approach 
dependent on dpy-10 co- conversion (Armenti et al., 2014). The following 
sgRNA oligo’s were used:
-vab-8: gTAATACGACTCACTATAggagaaatgatCTAAATGAAAGgttttagagctagaaatagc
-plr-1: gTAATACGACTCACTATAggtCTATAATTGTTGCGATGTAgttttagagctagaaatagc
The following single stranded Oligo-DNA (ssODN) repair templates containing 
the ZF1 tag and silent point mutations disrupting the PAM motif were:
-vab-8:  CTAGTTGCATGTCGAAATCATTCAATGCTGGTTACaACTTTCATTACAGAATA
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CAAAACGCGACTTTGTGATGCGTTCCGCCGTGAAGGATACTGCCCGTACAACGACAATT
GCACATATGCTCACGGACAAGATGAGCTGAGAGTTCCGAGATAGatcatttcttcttcttccat
ttacaaatccccccgaatcaacca
-plr-1: AGCAATCGCGCTCCTTCGAAATCGAGCCaCGTACATCGCAACAATTAACAG
AATACAAAACGCGACTTTGTGATGCGTTCCGCCGTGAAGGATACTGCCCGTACAAC
GACAATTGCACATATGCTCACGGACAAGATGAGCTGAGAGTTCCGAGATAGaaaat
tagccagaatactctatcaaaaaatatcatatcacac
All CRISPR/Cas9 recombineering was performed using recombinant SpCas9 
protein purified from E. coli (BL21(DE3)) as described (D’Astolfo et al., 2015).

Microscopy and Phenotypic analysis 
For epifluorescence and DIC microscopy animals were mounted on 2% 
agarose pads containing 30mM sodium azide. Micrographs were made using 
a Zeiss Axioscop microscope equipped with a Zeiss Axiocam camera. Image 
acquisition was performed using LASAF software and images were processed 
using ImageJ and Adobe photoshop software. 
Position of second Q neuroblast division was determined by comparing the 
distance between the position of the stationary apoptotic body and the 
division plane of seam cell V5 relative to the division planes of seam cell 
V4 and V5 by epifluorescence using the heIs63 or huIs166 transgene. The 
localization of AQR/PQR was determined relative to the stationary seam cells 
by epifluorescence using iaIs19 relative to the heIs63 or huIs166 transgene. 

Time lapse imaging and static imaging of MIG-1::GFP
For time-lapse imaging synchronized animals were mounted on 10% agarose 
pads in 0.4μl of 0.1μm diameter polystyrene microspheres in aqueous 
suspension (Polysciences 00876 in 2.5% solids aqueous suspension)
(Middelkoop et al., 2012). For MIG-1::GFP imaging synchronized animals 
were mounted on 2% agarose containing 30mM sodium azide. Images were 
made using a PerkinElmer Ultraview VoX spinning disk microscope (100x 
objective, 10x zoom, 2-7% 488nm laser power (gradually increasing from 2% 
to 7% during the course of the time-lapse experiment), exposure 400ms). 
For time-lapse of animals synchronized 4-5 hours after hatching z-stacks, 
0.5 um, were made with intervals of 5 minutes overnight, using Volocity 
software. For static imaging of MIG-1::GFP z-stacks, 0.33 um,  were made on 
animals synchronized 3-4 and 5-6 hours after hatching. Images were further 
processed using Volocity and ImageJ software.

Single molecule Fluorescence In Situ Hybridization
smFISH was performed as described (Raj et al., 2008). In short, synchronized 



179

animals carrying the heIs63 transgene were fixed using 4% formaldehyde 
and 70% ethanol. Hybridization was done for >12 hours at 37°C. mab-5 
oligonucleotides coupled to Cy5 were used (Ji et al., 2013). plr-1 oligonucleotide 
probes were designed using the algorithm on www.singlemoleculefish.com 
and chemically coupled to Cy3 (smFISH probe sequences listed in SMTable 
1).  For mab-5 images were made using a PerkinElmer Ultraview VoX spinning 
disk microscope with Volocity software (100x objective, 10x zoom, Cy5: 640nm 
75,0% intensity, 1,0s; GFP: 488nm 7,0% intensity, 400ms; DAPI: 405nm, 10,0% 
intensity, 400ms, 0,33μm z-stack). Images were further processed using 
Volocity and ImageJ software. For plr-1 images were made using a Leica MM-
AF microscope (100x objective, 10x zoom, TMR(Cy3): 560nm 70,0% intensity, 
700ms; GFP: 488nm 70% intensity, 400ms; DAPI: 405nm, 70% intensity, 200ms, 
0,33μm z-stack). Images were further processed using ImageJ software. 
Quantification was performed as described (Middelkoop et al., 2012), by 
manually counting mRNA spots in Q neuroblasts (or the area surrounding 
the Q neuroblasts for SFigure4 A-B) defined by the heIs63 transgene. Only 
fluorescent spots visible in at least two neighboring z-slices were counted 
to eliminate false positives. The sum of smFISH spots in .a and .p daughter 
cells was taken in case of division. 

Statistical analysis
Significance of position of second division and localization of AQR/PQR were 
determined by Fisher’s exact test using R software (Stables 2-3). A Monte 
Carlo approximation, iterated 10000 times using R software was used to 
estimate significance. smFISH data was compared using Kruskal-Wallis tests 
followed by Dunn’s multiple comparisons tests.
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Supplementary Figure 2 (related to Figure 2, next page). (A) QL lineage stages in 7 hours 
synchronized animals used for cell isolation. Stages (undivided, first division, and second 
division) were measured in three independent experiments (n > 50) and are depicted in 
percentages for both mab-5 lof and mab-5 gof. (B) Representative FACS profile of double 
fluorescent Q neuroblast descendants (gate P6). GFP detected with 488nm laser (y) and 
mCherry with 532nm laser (x). (C) Sample distance heatmap. Beige colors indicate low 
correlation and darker green colors indicate higher correlation. gf represent individual mab-5 
gof samples and lf represent individual mab-5 lof samples. (D) Top 50 differentially expressed
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Supplementary Figure 1 (related to Figure 1). Representative stills from live imaging of QL 
daughter cell migration in animals synchronized 4-7 hours after hatching. Images show QL.a 
migrating over QL.p and migrating posteriorly. After division QL.a will give rise to QL.ap, which 
will migrate posterior out of frame and differentiate into PQR, and QL.aa, which will form an 
apoptotic body. QL.p will give rise to QL.pa, which will stay in the same position on top of 
seam cell V5, and QL.pp, which will form an apoptotic body. Subsequently, QL.pa will undergo 
one final division giving rise to SDQL and PVM (images not shown). Red numbers indicate 
the time in minutes since start of live-imaging. Anterior is left and dorsal is up. Scale bar 
indicates 5 µm. 
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genes in mab-5 gof and lof mutant backgrounds. Heatbar indicates level of expression (red 
corresponding to high and blue to low expression). mab-5 gof samples in red and lof samples 
in green (group). (E) Gene ontology (GO) enrichment analysis for genes upregulated in mab-5 
gof background. (F) Gene ontology enrichment analysis for genes upregulated in mab-5 lof 
background.
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B
Start Division

>50

25

0

% Animals
QL.ax

eva-1(ok1133) 11 3 4 3 4 354203 10 24 16

eva-1; ebax-1 53 5 53 12 1712 922 2 2 18 5 3

C

eva-1(ok1133)

ebax-1(tm2321)

vab-8::ZF1; Pegl-17::ZIF1;
       eva-1

10 39 26 11 28 3 1

>50

25

0

% AnimalsQL.px

13 11 25 8 159Wild type 1 2 2 8 4 1 1

ebax-1(tm2321) 31 2 111 2 5172386 2 8 9 2 2

17 32 10 2 319 12 7 81

vab-8::ZF1; Pegl-17::ZIF1 233 12 9 3711820 10 11 9 1 2 1

vab-8::ZF1; Pegl-17::ZIF1;
       eva-1

3 5 3 8 12 15 11011 16 7 611

DivisionStart/ 

A

A P

QL.apQL.aaQL.p

V6.a
V6.p

V5.a V5.p

29 6Wild type 1 2 4 25 27 24

vab-8::ZF1; Pegl-17::ZIF1 4 2 11 132736107

1401 16843062

221 514 122 6 41

1 9 9 10 25vab-8::ZF1 16 9 7 391

3 3 9 12 283Peg-17::ZIF1 2 217 9 9 22

6 22 30 11 105 9 4plr-1::ZF1; Pegl-17::ZIF1

11 8 20 15 8112 3 6 9 222 2 2vab-8::ZF1; Pegl-17::ZIF1;
       plr-1::ZF1

10137vab-8::ZF1 3 4 24 16 13 7

25 3Peg-17::ZIF1 2 6 9 29 28 17

16 4plr-1::ZF1; Pegl-17::ZIF1 1 11 34 18 24

vab-8::ZF1; Pegl-17::ZIF1;
       plr-1::ZF1 3 32 14 38 28 13

3

V4.p V5.pV5.a V6.a

D

QL.a
QL.p V5V4

A P

eva-1(ok1133); ebax-1(tm2321)

V5V4

A P

QL.pa
QL.pp

QL.ap

eva-1(ok1133); ebax-1(tm2321)

1

V5.pV5.a V6.a V6.p

eva-1; ebax-1



183

Supplementary Figure 3 (related to Figure 3). (A-D) Micrographs and quantification of the 
position of second Q neuroblast division 6-7 hours after hatching in heIs63 or huIs166 
transgenic animals. The distance between the stationary apoptotic body (QL.aa and QL.pp) 
and the division plane of seam cell V5 was measured with respect to the distance between 
and the division planes of seam cell V4 and V5. (A) Representative micrograph in wild type 
background. Illustrations indicate the position of QL.a division, on the division plane of seam 
cell V6. Red arrow indicates the migration trajectory of QL.a prior to division. (B) Measured 
relative position of second division QL.a in wild type, single, and compound mutants 
(genotypes indicated). The blue column shows the starting point of the QL.a neuroblast, 
the orange column shows the main position of division. (C) Measured relative position of 
second division QL.p in wild type, single, and compound mutants (genotypes indicated). The 
orange column shows the starting point and main position of division. Schematic overview of 
stationary seam cells depicted below the graph. Heatbar indicates % of occurring phenotype, 
n > 50. Fisher’s exact test was performed to determine significance (Supplementary tables 2). 
(D) Representative micrographs of QL.a prior to division (left) and QL.ap position after division 
(right) in a eva-1(ok1133); ebax-1(tm2321) compound mutant. Anterior is left and dorsal is up. 
Scale bars indicate 5 µm. 

Supplementary Figure 4 (related to Figure 4). (A-G) Single molecule mRNA Fluorescence In 
Situ Hybridization (smFISH) of plr-1 and mab-5 in migrating QL neuroblasts 0-6 hours after 
hatching in a heIs63 transgenic background in indicated wild type or mutant backgrounds. 
(A-D) Quantification of smFISH spots in indicated Q neuroblasts during initial migration and 
start of daughter cell migration (0-6 hours after hatching). The position of each cell is plotted 
relative to seam cell V4 and V5 (relative migration distance, with indicated position of seam 
cells V3, V4, V5, and V6 along the X-axis). General starting position of the Q neuroblast prior 
to migration is depicted by the dashed line. Box plots with IQR show the overall levels of 
smFISH spots in the indicated genotypes. n > 30. Kruskal-Wallis test was performed followed 
by Dunn’s multiple comparison test to determine significance: *= p<0.05, **= p<0.01, ***= 
p<0.001, ****= p<0.0001. 
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(E) Representative images of mab-5 expression (smFISH spots) on the right and left side 
in heIs63 animals 0-6 hours synchronized after hatching. smFISH spots in grey/magenta, Q 
neuroblasts and seam cells in green, nuclei in blue. Images are maximum intensity projections 
of z-stacks encompassing the Q neuroblast. Scale bars indicate 5 µm. (F,G) Quantification of 
smFISH spots as described in (A-D). For the areas, the smFISH dots in between seam cell V4 
and V5, surrounding the Q neuroblast, were quantified. The position of each cell is plotted 
relative to seam cell V4 and V5 (relative migration distance, with indicated position of seam 
cells V3, V4, and V5 along the X-axis). For positional information on the areas, the position of 
the corresponding Q neuroblast was used. n > 30. Kruskal-Wallis test was performed followed 
by Dunn’s multiple comparison test to determine significance: *= p<0.05, **= p<0.01, ***= 
p<0.001, ****= p<0.0001.
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Supplementary Figure 5. Maximum intensity projections of z-stacks encompassing the 
QL neuroblast expressing MIG-1::GFP in a huIs181 transgenic background. 3-4 hours after 
hatching MIG-1::GFP localizes mostly in the protruding front in wild type and PLR-1 depleted 
backgrounds. 5-6 hours after hatching MIG::GFP is spread more evenly over the plasma 
membrane in wild type and PLR-1 depleted backgrounds. Note MIG-1::GFP has a dominant 
negative effect on Q neuroblast migration (Middelkoop, 2014).
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A switch from non-canonical to canonical Wnt 
signaling stops neuroblast migration through a 
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Abstract
Members of the Wnt family of secreted glycoproteins regulate cell migration 
through distinct canonical and non-canonical signaling pathways. Studies 
in mammalian cells have shown that signaling through these pathways can 
have opposing effects on cell migration, but the mechanism of this functional 
interplay is not known. We have previously shown that a switch from non-
canonical to canonical Wnt signaling stops the migration of the C. elegans QR 
neuroblast descendants, providing a sensitive assay to study this mechanism 
at single cell resolution in vivo. Here, we show that activation of canonical 
Wnt signaling inhibits migration of the QR descendants without affecting 
their ability to persistently polarize. Using mRNA sequencing of isolated 
QR descendants, we found that canonical Wnt signaling activates a specific 
transcriptional program, and that two direct targets, the Slt - Robo pathway 
component EVA-1/EVA1C and the Rho GTPase activating domain containing 
protein RGA-9b, are necessary and sufficient for migration inhibition. Our 
results support a model in which cross-talk between canonical and non-
canonical Wnt signaling in QR descendant migration focuses on activation 
and inhibition of the Rho family GTPases that drive cell migration.

Introduction
Cell migration plays a central role in embryonic development and adult 
tissue homeostasis. Examples are the migration of neural crest cells, 
which contribute to the formation of different tissues and organs during 
embryogenesis, the migration of mesenchymal stem cells in adult tissue 
repair, and immune cells in immune reactions. Inappropriate activation of 
cell migration is also important in disease, most notably in cancer, where 
acquisition of motility is a key step in tumor cell invasion and metastasis.

Migration is regulated by specific membrane bound or secreted 
guidance cues, most of which have been highly conserved during evolution. 
Among these are the Wnt family of secreted glycoproteins that can trigger 
different signaling pathways in responding cells. In canonical Wnt signaling, 
binding of Wnt to the receptors Frizzled and LRP6 leads to stabilization of 
beta-catenin, which in turn interacts with members of the TCF family of 
transcription factors to coactivate the expression of specific target genes 
(Clevers and Nusse, 2012). Wnt can also signal independently of beta-



193

catenin through different non-canonical pathways. These are activated by 
binding of Wnt to specific Frizzled members or alternative receptors such 
as the receptor tyrosine kinase Ror (Angers and Moon, 2009). Both the beta-
catenin dependent and independent pathways play a role in cell migration. 
Interestingly, studies in neural crest cell migration (Maj et al., 2016) and 
melanoma metastasis (Hoek et al., 2006; Webster and Weeraratna, 2013) 
indicate that canonical and non-canonical Wnt signaling have opposing 
effects on cell migration, but the mechanism of this interplay is unknown.

The Wnt dependent migration of the C. elegans QR neuroblast 
descendants provides a powerful model system to study the interplay 
between canonical and non-canonical Wnt signaling in cell migration. During 
the first stage of larval development QR divides into an anterior (QR.a) and 
a posterior (QR.p) daughter cell. QR.a gives rise to an apoptotic cell and a 
cell (QR.ap) that differentiates into a chemosensory neuron. QR.p divides 
twice to generate an apoptotic cell and two cells (QR.paa and QR.pap) 
that differentiate into a mechanosensory neuron and an interneuron, 
respectively (Fig. S1) (Sulston and Horvitz, 1977). At the same time, each 
of the QR descendants migrates to a precisely defined position along 
the anteroposterior axis through a mechanism that depends on multiple 
Wnt ligands and receptors (Harris et al., 1996; Middelkoop and Korswagen, 
2014; Zinovyeva et al., 2008). We have previously shown that the long-range 
anterior migration of QR.p is mediated through two parallel acting non-
canonical Wnt pathways: an EGL-20/Wnt and CAM-1/Ror dependent pathway 
that is required for persistent anterior polarization of QR.p, and a CWN-
1/Wnt and MOM-5/Frizzled dependent pathway that regulates migration 
independently of polarity (Mentink et al., 2014). Moreover, we found that once 
the QR.p daughter cell QR.pa reaches its final position, anterior migration is 
stopped through a cell intrinsically regulated switch to BAR-1/beta-catenin 
dependent canonical Wnt signaling. 

Here, we have investigated how activation of canonical Wnt signaling 
stops QR descendant migration. We found that activation of canonical 
Wnt signaling inhibits migration without affecting the ability of the cell to 
polarize towards the anterior. Consistently, genetic analysis demonstrated 
that it counteracts the CWN-1/Wnt - MOM-5/Frizzled dependent migration 
pathway and its downstream effector, the Rho activating protein PIX-1. mRNA 
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sequencing of isolated QR descendants showed that canonical Wnt signaling 
induces a specific transcriptional program. We found that two direct target 
genes, eva-1, which encodes an essential component of the Slt - Robo pathway, 
and rga-9 (isoform b), a conserved Rho GTPase activating domain containing 
protein, are necessary and sufficient for migration inhibition. These results 
show that the termination of QR descendant migration is mediated through 
activation of Slt - Robo signaling, and a shift in the balance between the 
migration promoting activity of PIX-1/RhoGEF and the migration inhibiting 
activity of RGA-9b/RhoGAP.

Results
Canonical Wnt signaling inhibits QR.p migration cell autonomously
We have previously shown that a switch from non-canonical to canonical 
Wnt signaling is necessary for terminating the anterior migration of QR.pa 
(Mentink et al., 2014). QR.pa migrates only a short distance, and therefore 
offers limited possibilities for studying migration dynamics and the 
mechanism of migration inhibition. We therefore focused on the long-range 
anterior migration of its precursor, QR.p, which was found to be similarly 
inhibited by constitutive activation of canonical Wnt signaling (Mentink et 
al., 2014). In these experiments, canonical Wnt signaling was activated using 
a mutation in pry-1, an ortholog of the beta-catenin destruction complex 
component Axin (Korswagen et al., 2002). During early larval development, 
pry-1 is expressed in the QR lineage, but also in other tissues, including the 
hypodermal and dorsal body wall muscle cells along which QR.p migrates. 
We, therefore, investigated whether the effect of canonical Wnt signaling on 
QR.p migration is fully cell autonomous. To specifically active canonical Wnt 
signaling in the Q cell lineage, we used the egl-17 promoter (Branda and 
Stern, 2000) to express a N-terminally truncated form of BAR-1/beta-catenin 
(abbreviated as delta-N-BAR-1Q) which is constitutively active (Gleason et 
al., 2002; Mentink et al., 2014). Moreover, a mutation in the Hox gene mab-5 
was used to prevent activation of the posterior migration pathway that is 
normally induced by canonical Wnt signaling in the related QL lineage (Salser 
and Kenyon, 1992; Whangbo and Kenyon, 1999). Of note, mab-5 has a subtle 
but statistically significant effect on QR.p migration (Fig. S1B), which is in 
agreement with a recently reported cell non-autonomous function of mab-5 
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in Q cell migration (Josephson et al., 2016). We found that Q lineage specific 
expression of delta-N-BAR-1 strongly reduced the speed and distance of 
QR.p migration (Fig. 1A, B, C). 

Figure 1. Activation of canonical Wnt signaling inhibits QR.p migration. (A) Time-lapse imaging 
of QR.p migration in mab-5(gk670) control and mab-5(gk670) animals specifically expressing 
delta-N-BAR-1 in the Q lineage (delta-N-BAR-1 Q). The seam (V) cells and QR.a and QR.p are 
marked with nuclear (H2B) and membrane localized (PH) GFP (huIs63) (Wildwater et al., 2011). 
Anterior is left, dorsal is up. (B) Average speed of QR.p during the first hour of migration 
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in wild type and delta-N-BAR-1 mutants. n>50, *** p<0.001 (unpaired t-test). (C) Position of 
QR.p division with respect to seam cells V2 to V4. Position at the anterior (a), middle (m) or 
posterior (p) side of the seam cell are indicated as percentiles of the total number of cells 
analyzed. Genotypes are indicated. n>50, *** p<0.001 (Fisher’s exact test). (D) Quantification 
of QR.p polarity in wild type and delta-N-BAR-1 mutants as calculated by the ratio of the 
distance of the nucleus to the posterior and the anterior side of the cell. Black lines indicate 
mean ± SEM. n>30, significance was calculated using an unpaired t-test. (E) Representative 
imagines of filamentous actin (F-actin) localization in QR.p in mab-5(gk670) control and mab-
5(gk670);delta-N-BAR-1 Q animals. A moesin actin binding domain fused to GFP (moeABD::GFP) 
was used to visualize F-actin (Zhu et al., 2016) and myristoylated mCherry as a marker for 
the Q cells. The ratio of moeABD::GFP along the anteroposterior and dorsoventral axes was 
quantified. n>20, significance was calculated using an unpaired t-test.

Furthermore, the decrease in QR.p migration distance was similar to pry-1/
Axin mutants (Mentink et al., 2014). We conclude that canonical Wnt signaling 
acts cell autonomously in migration termination and that Q lineage specific 
activation of the pathway is sufficient to inhibit QR.p migration.

Canonical Wnt signaling inhibits the dynamic formation and collapse 
of filopodia at the QR.p membrane
At the onset of migration, QR.p and its sister cell QR.a polarize and form a 
lamellipodium-like protrusive front at the anterior side that is maintained 
until migration stops and the cell enters mitosis (Fig. 1A). Time-lapse and 
static imaging showed that constitutive activation of canonical Wnt signaling 
does not influence the polarization of QR.p. Thus, we found that in delta-
N-BAR-1 expressing animals, QR.p still forms a major lamellipodium-like 
protrusion at the anterior side of the cell (Fig. 1A, E). Moreover, the overall 
polarity - as measured by the ratio between the posterior and anterior 
sides of the cell - was similar in mab-5(gk670) control and delta-N-BAR-1 
expressing animals (Fig. 1B). Consistently, we found that the distribution of 
filamentous actin and its enrichment at the protrusive front of QR.p was not 
affected by activation of canonical Wnt signaling (Fig. 1E). Taken together, 
we conclude that the inhibitory effect of canonical Wnt signaling on QR.p 
migration is independent of polarization and protrusive front formation.

Interestingly, time-lapse imaging of protrusive activity at the QR.p 
membrane showed that fewer filopodia-like protrusions were formed when 
canonical Wnt signaling was prematurely activated (Fig. 2A, B). Furthermore, 
we found that in QR.p cells expressing delta-N-BAR-1, filopodia were more 
stable and significantly longer than in wild type and mab-5(gk670) control 
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animals (Fig. 1C). We speculate that this reduction in filopodial dynamics 
contributes to the decrease in QR.p migration speed. 

Figure 2. Activation of canonical Wnt signaling influences filopodial dynamics. (A) Time-
lapse imaging of QR.p in mab-5(gk670) control and mab-5(gk670); delta-N-BAR-1 Q. Newly 
formed filopodia-like protrusions are indicated by blue arrowheads, stable protrusions by 
red arrowheads. (B) Quantification of protrusive activity in indicated genotypes, as measured 
by the number of filopodia-like protrusions formed per minute. Data are represented as 
mean ± SEM, n>8, *** p<0.001 (unpaired t-test). (C) Combined length of filopodia in indicated 
genotypes. Data are represented as mean ± SEM, n>245, *** p<0.001 (unpaired t-test). 

Canonical Wnt signaling genetically interacts with the CWN-1/Wnt - 
MOM-5/Frizzled dependent migration pathway
Previous work has shown that QR.p migration is dependent on non-canonical 
Wnt signaling and a pathway defined by the Lrp12 ortholog MIG-13 (Fig. 3A) 
(Mentink et al., 2014; Wang et al., 2013; Zinovyeva et al., 2008). These pathways 
control distinct dynamic aspects of the migration process. Thus, the anterior 
polarization of QR.p is dependent on MIG-13 (Wang et al., 2013) as well as the 
Wnt ligand EGL-20 and the non-canonical Wnt receptor CAM-1/Ror (Mentink 
et al., 2014). MIG-13 and CAM-1/Ror are part of distinct pathways, as double 
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mutants of mig-13 and cam-1 show an additive phenotype (data not shown). 
Migration itself is dependent on CWN-1/Wnt and the receptor MOM-5/
Frizzled, which are part of a non-canonical Wnt pathway that controls the 
speed of QR.p migration without affecting its polarity (Mentink et al., 2014). 
To investigate whether canonical Wnt signaling genetically interacts with 
these polarity and migration pathways, or inhibits QR.p migration through 
a different mechanism, we combined expression of delta-N-BAR-1 with 
mutations in cam-1/Ror, mig-13/Lrp12 or cwn-1/Wnt. We found that both cam-
1 and mig-13 mutations significantly enhanced the defect in QR.p migration 
(Fig. 3B, C). Loss of cwn-1, on the other hand, had no additional effect. This is 
consistent with the phenotypical similarity between delta-N-BAR-1 and cwn-
1/Wnt (and the receptor mom-5/Fz), both of which inhibit QR.p migration 
without affecting the ability of the cell to persistently polarize towards the 
anterior. We conclude that canonical Wnt signaling functions in the same 
genetic pathway as cwn-1, but in parallel to the cam-1/Ror and mig-13/Lrp12 
polarity pathways.
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Activation of canonical Wnt signaling induces a specific transcriptional 
program in the Q cell lineage
In canonical Wnt signaling, interaction of beta-catenin with members of the 
TCF/Lef1 family of transcription factors induces the expression of specific 
target genes (Clevers and Nusse, 2012). To investigate whether the inhibitory 
effect of canonical Wnt signaling on QR.p migration is dependent on POP-1 
- the single C. elegans TCF/Lef1 ortholog - we combined delta-N-BAR-1 with 
a viable, hypomorphic allele of pop-1 that contains a mutation in the beta-
catenin interaction domain (Korswagen et al., 2002). As shown in Fig. 4A, 
this partially rescued QR.p migration. Furthermore, we found that migration 
was also significantly restored upon overexpression of a dominant-negative, 
N-terminally truncated form of POP-1 (detla-N-POP-1) (Korswagen et al., 
2000). Taken together, these results demonstrate that the effect of delta-
N-BAR-1 on QR.p migration is mediated through POP-1/TCF dependent 
transcription.

Figure 3. Canonical Wnt signaling counteracts the CWN-1/Wnt - MOM-5/Frizzled dependent 
migration pathway. (A) Schematic representation of the parallel Wnt pathways and the mig-
13/Lrp12 pathway that control QR.p polarity and migration. (B) Time-lapse imaging of QR.p 
migration in mab-5(gk670) control, mab-5(gk670); delta-N-BAR-1 Q and mab-5(gk670); delta-
N-BAR-1 Q combined with mutations in cwn-1, cam-1 or mig-13. The seam (V) cells and QR.a 
and QR.p are marked with nuclear (H2B) and membrane localized (PH) GFP (huIs63) (Wildwater 
et al., 2011). Anterior is left, dorsal is up. (C) Position of QR.p division with respect to seam 
cells V2 to V4, indicated as percentiles of the total number of cells analyzed. Genotypes are 
indicated. n≥37, * p<0.05,  *** p<0.001 (Fisher’s exact test).
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Figure 4. Canonical Wnt signaling activates a specific transcriptional program in the Q 
neuroblast lineage. (A) Position of QR.p division with respect to seam cells V2 to V4, indicated 
as percentiles of the total number of cells analyzed. Genotypes are indicated. n>50, * p<0.01, 
*** p<0.001 (Fisher’s exact test). (B) Principal component analysis (PCA) plot of transcriptome 
similarities of mab-5(gk670) control (Q.x) and mab-5(gk670); delta-N-BAR-1 Q (Q.x ∆N-bar-1) 
(C) Differentially expressed genes between mab-5(gk670) control and mab-5(gk670); delta-
N-BAR-1 Q, using an adjusted p-value threshold of 0.1 (padj>0.1) (D) Normalized expression 
levels detected by RNA-seq. Bars represent mean ± SEM.

To gain insight into the transcriptional changes that are induced 
by canonical Wnt signaling, we performed mRNA sequencing on Q cell 
descendants isolated from control and delta-N-BAR-1 expressing animals. 
Of note, since both strains contain a loss-of-function mutation in mab-
5, the related QL lineage adopts the same anterior migration program as 
the QR lineage (Salser and Kenyon, 1992; Whangbo and Kenyon, 1999). The 
isolated cells are therefore a mixture of QR descendants and functionally 
transformed QL descendants. As detailed in the experimental procedures, 
similar populations of early Q cell descendants (predominantly at the Q.a 
and Q.p stage) were  isolated  using fluorescence activated cell sorting 
(FACS) based on two overlapping mCherry and GFP reporters that together 
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uniquely label the Q cell lineage (Fig. S2A,B,C). Three biological replicates 
were obtained for both control and delta-N-BAR-1 expressing cells, and a 
global analysis of transcriptional differences showed that these datasets 
form distinct, non-overlapping clusters in principle component space (Fig. 
4B). Differential gene expression analysis of the two genotypes revealed 78 
differentially expressed genes, 72 of which were significantly upregulated in 
the delta-N-BAR-1 expressing cells (false discovery rate (FDR) <0.1) (Fig. 4C, 
S3A). Our analysis revealed that most of these genes (59/78) contain at least 
one putative TCF binding motif (Bhambhani et al., 2014) within the 1.5 kb 
region upstream of the start codon, supporting the notion that our approach 
is capable of detecting direct target genes. Gene Ontology term analysis 
revealed an enrichment of genes involved in neural development and 
neuronal function (Fig. S3B), including genes associated with the terminally 
differentiated state of the final Q cell descendants.

The canonical Wnt target genes eva-1 and rga-9 (isoform b) are 
necessary and sufficient for migration inhibition 
To identify potential mediators of delta-N-BAR-1 induced migration inhibition, 
we manually selected genes based on domain structure or previously 
reported roles in cell migration. Among these genes were (1) C02B10.3, 
an uncharacterized locus predicted to encode a secreted EGF-like repeat 
containing protein. (2) eva-1, which encodes a conserved transmembrane 
protein that functions as a coreceptor for both the SLT-1/Slt receptor SAX-
3/Robo and the netrin receptor UNC-40/DCC (Chan et al., 2014; Fujisawa 
et al., 2007). Overexpression of eva-1 has been shown to inhibit migration 
of the ALM neurons during late embryonic development (Fujisawa et al., 
2007). (3) The isoform b of the uncharacterized gene 2RSSE.1, which encodes 
a Rho GTPase-activating (RhoGAP) domain containing protein related to 
Drosophila ArhGAP20 and mammalian TAGAP. This gene was named rga-
9. Since C02B10.3, eva-1 and rga-9 isoform b (abbreviated as rga-9b) were 
significantly upregulated in delta-N-BAR-1 expressing cells (Fig. 4C, D), we first 
investigated whether overexpression of these genes inhibits QR.p migration. 
We found that Q lineage-specific overexpression of C02B10.3 had no effect 
on QR.p migration (Fig. S1B). However, migration was strongly reduced when 
eva-1 or rga-9b were overexpressed. Importantly, and similar to delta-N-
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BAR-1, overexpression of eva-1 or rga-9b strongly reduced the speed of QR.p 
migration (Fig. 5A,D) without affecting QR.p polarization (Fig. 5E). 

Figure 5. eva-1/EVA1C and rga-9b are necessary and sufficient for the canonical Wnt pathway 
induced inhibition of QR.p migration. (A) Time-lapse imaging of QR.p migration in wild type 
and animals specifically expressing eva-1 or rga-9 in the Q neuroblast lineage using the egl-
17 promoter. (B) Schematic representation of the eva-1 and rga-9 loci and the predicted TCF 
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binding sites that were mutated. (C) Position of QR.p division with respect to seam cells V2 
to V4, indicated as percentiles of the total number of cells analyzed. Genotypes are indicated 
n≥50, f, h: not significant, i: * p<0.05, a, b, d: **, p<0.01, c, e, g: *** p<0.001 (Fisher’s exact test). 
(D) Average speed of QR.p in indicated genotypes during the first hour of migration. n≥50, 
*** p<0.001 (unpaired t-test). (E) Quantification of QR.p polarity in indicated genotypes as 
calculated by the ratio of the distance of the nucleus to the posterior and the anterior side of 
the cell. Black lines indicate mean ± SEM. n≥19, significance was calculated using an unpaired 
t-test (*** p<0.001).

Next, we tested whether eva-1 and rga-9b are required for the delta-
N-BAR-1 induced inhibition of QR.p migration. Because no mutant allele of 
rga-9 was available, we used CRISPR/Cas9-mediated genome editing and 
homologous recombination to delete the full coding sequence and therefore 
generate a predicted null allele (see Materials and Methods). Loss of eva-1 
did not affect the normal migration of QR.p (Fig. S1B). However, as shown in 
Fig. 5C, loss of eva-1 or rga-9 strongly rescued QR.p migration in delta-N-
BAR-1 expressing animals. 

Both the eva-1 and rga-9 loci contain consensus TCF binding motifs 
with predicted helper sites, a hallmark of functional POP-1 binding sites 
(Bhambhani et al., 2014). To investigate if eva-1 and rga-9b are direct target 
genes of canonical Wnt signaling, we used CRISPR/Cas9-mediated genome 
editing and oligonucleotide mediated repair to specifically mutate these 
sites (positioned 869 bp upstream of eva-1 and 3177 bp upstream of rga-9) 
(Fig. 5B). In case of eva-1, loss of the predicted POP-1 binding site strongly 
suppressed the delta-N-BAR-1 induced inhibition of QR.p migration (Fig. 
5C). Indeed, the phenotype of the TCF binding site mutation was similar to 
the eva-1 null mutation. Mutation of the predicted TCF site of rga-9 mildly 
suppressed the delta-N-BAR-1 induced inhibition of QR.p migration, but this 
effect did not reach statistical significance. Since the rga-9 locus contains 
two other predicted TCF helper site combinations, POP-1 may act through 
multiple sites in the rga-9 promoter. Taken together, these results show that 
eva-1 and the predicted RhoGAP encoding gene rga-9b are direct canonical 
Wnt target genes that are both necessary and sufficient for inhibiting QR.p 
migration.

eva-1 and the Slt - Robo pathway are necessary for canonical Wnt 
pathway dependent inhibition of QR.p migration
eva-1 encodes a transmembrane protein with predicted galactose-binding 
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lectin domains that functions as a co-receptor for both the netrin receptor 
UNC-40/DCC (Chan et al., 2014) and the Slt receptor SAX-3/Robo (Fujisawa 
et al., 2007). In combination with UNC-40, EVA-1 mediates the response of 
growing axons to the ligand MADD-4 (Chan et al., 2014). Since neither madd-
4 nor the canonical netrin ligand unc-6 are required for QR descendant 
migration (Ebbing et al., 2019; Honigberg and Kenyon, 2000), we focused on 
the role of eva-1 in Slt - Robo signaling. The ligand slt-1/Slt is expressed in 
the dorsal body wall muscle cells along which QR.p and QR.pa migrate (Hao 
et al., 2001). Moreover, mRNA sequencing at different stages of QR lineage 
progression (Fernandes Póvoa et al., manuscript in preparation, and see 
below) revealed that sax-3 is expressed in QR.p and QR.pa (data not shown). 
While a minor role for slt-1 and sax-3 has been reported for QR.ap (AQR) 
migration (Josephson et al., 2017), a role for these genes in the QR.p lineage 
has never been described. We found that loss of slt-1 strongly rescued 
QR.p migration in delta-N-BAR-1 expressing animals. Indeed, this rescue 
was similar as observed in eva-1 mutants. A slight anterior shift in QR.p 
position was also found in the sax-3(ky123) mutant. This weaker phenotype 
may result from residual function of sax-3 in the hypomorphic ky123 allele. 
In addition, we tested srgp-1, an ortholog of the Rho-family specific GTPase 
activating protein srGAP that functions downstream of Slt - Robo signaling 
in mammalian axon guidance (Neukomm et al., 2011; Zaidel-Bar et al., 2010). 
We found that loss of this potential downstream effector also resulted in 
a weak - but in this case statistically significant - rescue of QR.p migration 
(Fig. 5C). We conclude that a functional interaction between EVA-1 and the 
Slt - Robo pathway is required for the delta-N-BAR-1 mediated inhibition of 
QR.p migration.

RGA-9b/RhoGAP and the CWN-1/Wnt - MOM-5/Frizzled pathway 
component PIX-1/RhoGEF have opposing activities in QR.p migration
rga-9b encodes a Rho GTPase-activating (RhoGAP) domain containing 
protein that is related to Drosophila ArhGAP20 and mammalian T cell 
activated GAP (TAGAP). Rho family members - which include different forms 
of Rho, Rac and Cdc42 - are small GTPases that play a central role in cell 
polarity and migration (Lawson and Ridley, 2018). They are regulated by 
specific binding partners that either promote (guanine nucleotide exchange 
factors, or GEFs) or inhibit (GTPase-activating proteins, or GAPs) their activity. 
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Previous studies have shown that the initial polarization and migration of 
the Q neuroblasts, and the long-range migration of their descendants is 
dependent on the redundantly acting Rho-family members MIG-2 and CED-
10 (Dyer et al., 2010). Polarization and migration also require UNC-73, a GEF 
related to Drosophila Trio (Dyer et al., 2010; Honigberg and Kenyon, 2000). 
In unc-73 mutants, the Q neuroblasts fail to form a major lamellipodium-
like protrusion (Honigberg and Kenyon, 2000), a phenotype that is distinct 
from both the CAM-1/Ror and CWN-1/Wnt - MOM-5/Frizzled pathways. UNC-
73 acts synergistically with another GEF, the p21-activated kinase interacting 
exchange factor ortholog PIX-1 (Dyer et al., 2010). We found that pix-1 null 
mutants show a significant decrease in QR.p migration distance (Fig. 6A, B). 
Furthermore, the speed of QR.p migration was reduced, but there was no 
effect on protrusion formation and persistent anterior polarization (Fig. 6A, 
B, D). Since this phenotype is similar to that of cwn-1 and mom-5 mutants, 
we tested if pix-1 is part of the same pathway. 

Figure 6. The Rho activating protein PIX-1 is part of the CWN-1/Wnt - MOM-5/Frizzled pathway. 
(A) Time-lapse imaging of QR.p migration in wild type and pix-1(ok982) animals. The seam 
(V) cells and QR.a and QR.p are marked with nuclear (H2B) and membrane localized (PH) 
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GFP (huIs63) (Wildwater et al., 2011). Anterior is left, dorsal is up. (B) Average speed of QR.p 
during the first hour of migration in indicated genotypes n>50, *** p<0.001 (unpaired t-test). 
(C) Position of QR.p division with respect to seam cells V2 to V4, indicated as percentiles 
of the total number of cells analyzed. Genotypes are indicated. n>50 (except pix-1, n=33), 
significance was calculated using Fisher’s exact test. (D) Quantification of QR.p polarity in 
indicated genotypes as calculated by the ratio of the distance of the nucleus to the posterior 
and the anterior side of the cell. Black lines indicate mean ± SEM. n>25 (except cwn-1; pix-1, 
n=16), significance was calculated using an unpaired t-test (*** p<0.001).

As shown in Fig. 6C, there was no difference in QR.p migration between 
cwn-1 single and cwn-1; pix-1 double mutants, which is in agreement with a 
function of pix-1 in the CWN-1/Wnt - MOM-5/Frizzled pathway.

Given the prominent role of the Wnt target gene rga-9b/RhoGAP 
in QR.p migration inhibition, we investigated genetic interactions between 
delta-N-BAR-1, cwn-1 and pix-1/RhoGEF. We found that QR.p migration was 
similarly affected in delta-N-BAR-1; cwn-1 and delta-N-BAR-1; cwn-1; pix-1, 
indicating that pix-1 is part of the same pathway. These results indicate that 
cross-talk between canonical Wnt signaling and the CWN-1/Wnt - MOM-
5/Frizzled pathway may occur at the level of RGA-9b/RhoGAP and PIX-1/
RhoGEF. In support of this notion, we found that loss of the Rho activator 
pix-1 and overexpression of the Rho inhibitor rga-9b have the same effect 
on QR.p migration (Fig. 5C and 6C). 

eva-1 and rga-9b are also necessary for the canonical Wnt pathway 
dependent termination of QR.pa migration
Our previous results indicate that activation of canonical Wnt signaling 
normally occurs during the transition from QR.p to QR.pa (Fig. 7A) (Mentink 
et al., 2014). To investigate whether the transcriptional program that is 
induced by delta-N-BAR-1 reflects the physiological response to canonical 
Wnt signaling at this transition, we examined normalized mRNA sequencing 
data from different stages of Q lineage progression (Fernandes Póvoa et 
al., manuscript in preparation). These included three developmental time points 
where FACS-isolated cell samples were enriched in Q neuroblasts, in QR.a and 
QR.p, and in QR.ap and QR.pa, respectively. As shown in Fig. 7C, 24 of the 72 
(32.4%) genes significantly upregulated (fold change ≥ 2) by delta-N-BAR-1 
in QR.p were also upregulated (fold change ≥ 2) during the QR.p to QR.pa 
transition. These include 17 genes with predicted TCF binding sites within 
1.5 kb of upstream sequence, but also 7 genes in which such sites could 
not be identified. In contrast, there were 48 genes (including 38 genes with 
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TCF binding sites) that did not show increased expression. These may be high-
threshold target genes that are only induced when canonical Wnt signaling is 
constitutively activated. Taken together, these results show that many of the 
genes that are induced by delta-N-BAR-1 are also upregulated during the QR.p 
to QR.pa transition, indicating that these genes are part of the endogenous 
response to canonical Wnt signaling in the QR lineage.

Figure 7. The Wnt target genes eva-1/EVA1C and rga-9b are upregulated during QR lineage 
progression and required for terminating the anterior migration of the final QR descendants. (A) 
Schematic representation of the QR lineage and the role of canonical Wnt signaling in stopping 
the migration of QR.pa. (B) Normalized expression levels detected by RNA-seq in the mab-
5(gk670) control. Bars represent mean ± SEM. (C) Expression fold change of genes with significant 
differential expression between mab-5(gk670) control and mab-5(gk670); delta-N-BAR-1. (D) 
Position of the final QR.p descendants QR.paa and QR. pap (QR.pax) with respect to seam 
cell nuclei of V1.a to V4.p, indicated as percentiles of the total number of cells analyzed. n>50, 
significance (compared to wild type) was calculated using Fisher’s exact test. d, f: *** p<0.001, a, b, 
c, e, g: **** p<0.0001. (E) Model of cross-talk between non-canonical and canonical Wnt signaling 
at the level of the Rho family GTPases that are required for QR descendant migration.
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Importantly, we found that eva-1 and isoform b of rga-9 (but not 
isoform a) are upregulated during the QR.p to QR.pa transition (Fig. 7B, C). 
Given their essential role in the delta-N-BAR-1 induced inhibition of QR.p 
migration, we investigated whether eva-1 and rga-9b are necessary for the 
canonical Wnt pathway dependent termination of QR.pa migration. Using 
the position of QR.paa and QR.pap (abbreviated as QR.pax) as a proxy for the 
final position of QR.pa, we found that - similar to bar-1/beta-catenin null 
mutants - the QR.pax localized significantly more anterior in eva-1 and rga-
9 single mutants. This effect was enhanced in the double mutant (Fig. 7D). 
Furthermore, consistent with the role of eva-1 in Slt - Robo signaling, loss 
of slt-1, sax-3, and srgp-1 induced significant overmigration of the QR.pax as 
well. We conclude that eva-1 and rga-9b are key mediators of the canonical 
Wnt pathway dependent inhibition of QR.pa migration, which is necessary 
for the correct positioning of the QR descendants along the anteroposterior 
body axis.

Discussion
The migration of the QR neuroblast descendants is regulated through a 
complex interplay between canonical and non-canonical Wnt signaling 
(Mentink et al., 2014). During the first phase of migration, in which the QR 
descendant QR.p moves a relatively long distance towards the anterior, 
migration is dependent on two non-canonical Wnt pathways that separately 
control polarity and motility (Mentink et al., 2014). In the second phase, when 
the QR.p daughter cell QR.pa reaches its final anterior position, migration is 
stopped through a cell intrinsically regulated switch to canonical Wnt/beta-
-catenin signaling. Here, we have investigated how activation of canonical 
Wnt signaling inhibits migration. We focused on the long-range anterior 
migration of QR.p, which offers a more tractable system for studying migration 
dynamics than QR.pa. Together, our results show that activation of canonical 
Wnt signaling, through expression of a constitutively active form of BAR-1/
beta-catenin (delta-N-BAR-1), inhibits migration without affecting the ability 
of the cell to polarize or maintain an anteriorly directed lamellipodium-like 
protrusion. Interestingly, delta-N-BAR-1 did induce a reduction in filopodial 
dynamics, which may be mechanistically linked to the decrease in migration 
speed.
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To examine the transcriptional response to canonical Wnt signaling, 
we isolated QR descendants and performed mRNA sequencing. This revealed 
a specific set of differentially expressed genes, the majority of which were 
upregulated by canonical Wnt signaling. The bias towards upregulated genes 
suggests that most of the differentially expressed genes are direct targets 
of canonical Wnt signaling. This is consistent with the presence of predicted 
TCF binding motifs in the upstream promoter regions of most of the genes, 
and the relatively short time period between pathway activation and cell 
isolation, which likely precludes the detection of secondary transcriptional 
effects. Gene Ontology term analysis (Fig. S3B) revealed an enrichment of 
genes involved in neuronal development and neuronal function, including 
genes associated with the terminally differentiated fate of the final Q cell 
descendants (such as mec-1, mec-3, mec-7, mec-12 and mec-18 for AVM, lad-2 
for SDQR and gcy-32 for AQR). During their migration, the QR descendants 
transition from large motile neuroblasts into functionally specialized 
neurons. The upregulation of these neuronal markers indicates that besides 
a role in regulating migration, canonical Wnt signaling may also promote 
neuronal differentiation. However, expression of delta-N-BAR-1 in the early 
QR descendants did not induce morphological changes that are indicative 
of premature neuronal differentiation. Moreover, the functional AVM neuron 
marker mec-7 was normally expressed in bar-1/beta-catenin null mutants 
(data not shown). These results show that canonical Wnt signaling is not 
necessary for neuronal differentiation, but do not rule out the possibility that 
activation of the pathway at the end of the migration phase may enhance 
robustness of the neurogenesis process. 

To identify potential mediators of the canonical Wnt pathway 
dependent inhibition of QR.p migration, candidate genes were examined 
based on domain structure or previously reported roles in cell migration. 
Among these genes was eva-1, which encodes an evolutionarily conserved 
transmembrane protein with extracellular galactose-binding lectin domains 
that is similar to human EVA1C (also known as C21orf63) (Fujisawa et al., 
2007). We found that eva-1 is a direct target of canonical Wnt signaling that 
is both necessary and sufficient for the delta-N-BAR-1 induced inhibition 
of QR.p migration. Importantly, eva-1 is also required for the canonical 
Wnt pathway dependent termination of QR.pa migration. Thus, consistent 
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with regulation by endogenous canonical Wnt signaling, mRNA sequencing 
showed that the expression of eva-1 increased during the transition from 
QR.p to QR.pa. Moreover, similar to loss of bar-1/beta-catenin, the final 
position of the QR descendants was significantly more anterior in eva-1 
mutants, while the position of QR.p was unaffected. These results show that 
eva-1 is a critical mediator of canonical Wnt pathway dependent inhibition 
of cell migration, and validate our approach of using QR.p as a proxy for 
studying the endogenous response to canonical Wnt signaling in QR.pa. 
Previous studies have shown that eva-1 interacts with two of the major 
neuronal guidance pathways. It functions as a coreceptor of SAX-3/Robo for 
the ligand SLT-1/Slt (Fujisawa et al., 2007) and can also associate with the 
netrin receptor UNC-40/DCC to promote MADD-4 dependent signaling (Chan 
et al., 2014). Neither MADD-4 nor the canonical UNC-40 ligand UNC-6/Netrin 
is required for QR descendant migration (Ebbing et al., 2019; Honigberg and 
Kenyon, 2000). However, we found that slt-1/Slt is required for the delta-N-
BAR-1 induced inhibition of QR.p migration. Furthermore, loss of slt-1 and 
sax-3/Robo induced significant overmigration of the final QR descendants. 
Together, these results support a model in which upregulation of eva-1 
expression induces Slt - Robo signaling. slt-1 is expressed in the dorsal body 
wall muscle cells along which QR.p and QR.pa migrate (Hao et al., 2001). We 
speculate that the QR descendants are unable to respond to SLT-1 in the 
absence of EVA-1, and that only after activation of canonical Wnt signaling 
and eva-1 expression, Slt - Robo signaling is triggered to inhibit migration.

In addition to eva-1, the target gene rga-9b is also required for 
the delta-N-BAR-1 and endogenous canonical Wnt pathway dependent 
inhibition of QR descendant migration. rga-9b encodes a Rho GTPase-
activating (RhoGAP) domain containing protein that is related to Drosophila 
ArhGAP20 and mammalian T cell activated GAP (TAGAP). Rho family members 
- small GTPases that include Rho, Rac and Cdc42 - are key regulators of cell 
polarity and migration (Lawson and Ridley, 2018). Their activity is stimulated 
by specific GEFs (guanine nucleotide exchange factors that promote binding 
of GTP) and inhibited by GAPs (GTPase-activating proteins that induce 
hydrolysis of the bound GTP). In case of QR and its descendants, polarization 
and migration are dependent on the partially redundantly acting Rho family 
members MIG-2 and CED-10 (Dyer et al., 2010; Ou and Vale, 2009), which 
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are in turn regulated by the GEFs UNC-73/Trio and PIX-1/Pix (Dyer et al., 
2010; Honigberg and Kenyon, 2000). In the absence of unc-73, QR and its 
descendants fail to form a major lamellipodium-like protrusion, which is 
different from the phenotype of both the CAM-1/Ror and CWN-1/Wnt - MOM-
5/Frizzled pathways. Loss of pix-1, on the other hand, induces a defect in QR.p 
migration that is similar to cwn-1 and mom-5 mutants. Furthermore, double 
mutant analysis showed that cwn-1 and pix-1 are part of the same genetic 
pathway. Importantly, we found that pix-1 is also part of the interaction 
with canonical Wnt signaling, as delta-N-BAR-1; cwn-1 double mutants and 
delta-N-BAR-1; cwn-1; pix-1 triple mutants showed the same phenotype. This 
suggest that cross-talk between canonical Wnt signaling and the CWN-1/Wnt 
- MOM-5/Frizzled pathway may occur at the level of RGA-9b/RhoGAP and 
PIX-1/RhoGEF. Consistent with such a model, is the finding that loss of pix-1 
had the same effect on QR.p migration as overexpression of rga-9b. 

Interestingly, we found that the RhoGAP SRGP-1, which has been 
shown to negatively regulate CED-10 (Neukomm et al., 2011), also plays a 
role in migration inhibition. Thus, loss of srgp-1 had a mild but significant 
suppressive effect on the delta-N-BAR-1 induced inhibition of QR.p migration, 
and induced significant overmigration of the final QR descendants. In 
mammalian neurons, the SRGP-1 ortholog srGAP functions as a downstream 
effector of Slt - Robo signaling. Although SRGP-1 lacks the SH3 domain 
that is required for direct physical interaction with Robo (Zaidel-Bar et al., 
2010), the similar phenotype of slt-1/Slt, sax-3/Robo and srgp-1 in both 
delta-N-BAR-1 and endogenous canonical Wnt pathway induced migration 
inhibition indicates that they are part of the same pathway. This suggests 
that migration is inhibited through the combined GAP activity of RGA-9b and 
SRGP-1, although it should be noted that srgp-1 has a weaker phenotype 
than slt-1, indicating that Slt - Robo may also inhibit migration through other 
downstream mechanisms. 

Based on these results, we propose that QR descendant migration is 
regulated by a balance between non-canonical Wnt pathway induced Rho 
GEF activity, and canonical Wnt pathway induced upregulation of Rho GAP 
activity (Fig. 7E). During the long-range anterior migration phase, signaling 
of CWN-1/Wnt through MOM-5/Frizzled promotes migration through PIX-1 
dependent activation of the Rho family GTPases CED-10 and MIG-2. Once 
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QR.p nears its final position and during the early stage of QR.pa migration, 
canonical Wnt signaling is activated, leading to the expression of rga-9b 
and eva-1. RGA-9b may directly inhibit the activity of MIG-2 and CED-10. In 
addition, expression of eva-1 will trigger Slt - Robo signaling, which may 
contribute to the inhibition of CED-10 through SRGP-1 and other as yet to be 
determined downstream mechanisms involved in migration inhibition.

Non-canonical and canonical Wnt signaling also have opposing roles 
in vertebrate cell migration. For example, activation of canonical Wnt signaling 
has been shown to inhibit the Wnt dependent migration of neural crest 
cells during Xenopus development (Maj et al., 2016). Moreover, in melanoma 
progression, beta-catenin signaling is associated with a proliferative but 
non-invasive phenotype, whereas non-canonical Wnt signaling is correlated 
with invasion, metastasis and poor patient survival (Hoek et al., 2006; 
Webster and Weeraratna, 2013). Future studies will determine whether a 
similar convergence on Rho family GTPases underlies the antagonistic role 
of canonical and non-canonical Wnt signaling in vertebrate development 
and cancer cell migration.

Materials and Methods
C. elegans strains and their culture
All C. elegans strains were grown at 20°C, using standard culture conditions. 
The Bristol N2 strain was used as wild-type. The alleles and transgenes used 
in this work are LGI: mig-1(e1787), pop-1(hu9), pry-1(mu38), eva-1(ok1133); 
LGII: cam- 1(gm122), cwn-1(ok546), 2RSSE.1(hu260), muIs32[Pmec-7::gfp]; 
LGIII: mab- 5(gk670); LGV: heIs63[Pwrt-2::PH::gfp; Pwrt-2::H2B::gfp; Plin-
48::tdTomato], ayIs9[Pegl-17::gfp; dpy-20(+)]; LGX: mig-13(mu225), huIs166[Pwrt-
2::PH::mCherry; Pwrt-2::H2B::mCherry; dpy-20(+)], slt-1(eh15), pix-1(ok982) and 
unassigned: huIs5[Phs16::∆N-pop-1; rol-6(su1006)], huIs179[Pegl-17::∆N-bar-1; 
Pmyo- 2::mCherry], huEx731[Pegl-17::eva-1; Plin-32::tdTomato; rol-6(su1006)], 
huEx737[Pegl-17::2RSSE.1; Plin-32::tdTomato; rol-6(su1006)], huEx740[Pegl- 
17::C02B10.3; Plin-32::tdTomato; rol-6(su1006)], huEx743[Plin-32::tdTomato; rol- 
6(su1006)].

Analysis of QR descendant migration 
The final position of the QR.pax was determined using DIC microscopy in 
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late L1 stage, with respect to the seam cell daughters V1.a to V6.p (Coudreuse 
et al., 2006). In order to quantify QR.p polarity and QR.p division position, 
we used the heIs63 transgene(Wildwater et al., 2011). This marker allowed 
us to score both position of QR.p and seam cell daughters (that we used 
as reference), since gfp expression driven by the Pwrt-2 promotor occurs in 
both tissues. The position of QR.p was determined relative to the seam cells 
V1 - V4 as described (Mentink et al., 2014). The speed of QR.p migration was 
measured in synchronized larvae by determining the average distance of 
migration during the first hour after QR division.

Imaging 
For static imaging and time-lapse live imaging of QR.p migration, larvae 
synchronized at 4 - 6 hours after hatching were mounted in 1 μl of 0.1 μm 
diameter polystyrene microspheres in aqueous suspension (Polysciences 
00876 2.5% w/v aqueous suspension) onto a 10% agarose pads (Kim et al., 
2013). Animals were imaged using a PerkinElmer Ultraview Vox spinning disk 
confocal microscope. Imaging was performed with a 63x objective at 1x zoom, 
1x binning, and 4% 488nm laser power. Z-stacks (0.33 μm) were made every 2 
minutes for 3 a duration of 3 hours. Image acquisition was performed using 
Volocity software, and movies were created using ImageJ software.

Heat shock experiments 
Heat-shock experiments were performed as previously described 
(Middelkoop et al., 2012). We collected synchronized L1 larvae at 0 - 1 hours 
after hatching. These animals were incubated at 33°C in a volume of 50 μl 
for the indicated length of time. 

FACS isolation of Q neuroblast descendants 
Adult animals were lysed with 1M NaOH and 5% NaClO for 5 - 7 min. The 
released eggs were washed 2 times with sterile M9, and hatched overnight 
(12 - 15 hours) in the same buffer at room temperature. Starved L1 larvae 
were then fed for 7 hours with NA22 bacteria, collected with sterile M9 and 
washed 3 times before further processing. Cells were isolated based on 
the method of Zhang and colleagues, optimized for Q lineage cell isolation 
(Zhang et al., 2011). Whole animal cell suspensions were collected in L-15/
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FBS and passed through a 5 μm syringe filter prior to sorting. Using a FACS 
Aria, GFP and mCherry double positive cells were sorted directly into tubes 
containing Trizol and stored at -80oC before subsequent processing.

Preparation of sequencing libraries 
Each Illumina sequencing library was prepared from a pool of 2000 cells, 
according to the CEL-seq protocol (Hashimshony et al., 2012). These libraries 
were sequenced paired-end at 50 bp length read length on Illumina HiSeq 
2500. 

RNA sequencing data analysis 
The Illumina sequencing reads were aligned to the C. elegans reference 
genome WS249. Count data was analyzed using R (v 3.3.2). Cosmid IDs were 
converted to gene names. For genes whose gene names were not available, 
cosmid ID were used. Only the data sets with more than 7000 genes and 
100000 total transcripts detected were used for differential gene expression 
analysis. Differential gene expression analysis was done using DESeq2 
R-package using a false discovery rate (FDR) based on padj > 0.1. ggplot2 
R-package was used for data visualization.
 
Statistical analysis of QR descendant migration 
Statistical analysis of QR.p and QR.pa division position and final QR.pax 
position was performed using Fisher’s exact test. A Monte Carlo approximation, 
iterated 10000 times using R statistical computing software, was used to 
estimate significance. Analysis of differences in QR.p polarization variability 
was performed using Levene’s test for equal variance. In all other cases, 
statistical analysis was examined using unpaired, two-tailed Student’s t test. 
Results were deemed significant at p <0.05.
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Supplementary Figure 1. QR neuroblast lineage. (A) QR neuroblast lineage and migration of 
the QR descendants. (B) and (C) Position of QR.p division with respect to seam cells V2 to V4, 
indicated as percentiles of the total number of cells analyzed. Genotypes are indicated. n>45, 
significance was calculated using Fisher’s exact test.

Figure S1

A

V6V5V4V3V1

QR.p

QR
QR.pap

QR.paa

AVM

SDQR QR.paQR.pp

V2V1 V6V5V4V3
QRQR.a

QR.ap
QR.aa

AQR

Anterior Posterior

StartStop >40%

20%

0%

A

B

mab-5(gk670) 3 2212 64332

15 13 62541Wild type

ΔN-bar-1 (Q) 2172217 393

V2 V3 V4

Position of QR.p division

2 000232 44812C02B10.3 (Q)

cam-1(gm122); mig-13(mu225) 176 77

eva-1(ok1133) 222 835

V2 V3 V4

Position of QR.p division

312

Wild type 4 2235021

C
StartStop

n.s.



216

Chapter 6: Bilateral Asymmetries - D

Supplementary Figure 2.  Isolation of the Q neuroblast and their descendants. (A) Schematic 
representation of the cell isolation procedure. See Methods for details. (B) Quantification of 
QR lineage cells present in synchronized animals used for cell isolation. Error bars  represent 
SEM, n>50. (C) Representative FACS profile of double labeled Q neuroblast descendants 
isolated for RNA-sequencing. 
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Chapter 7
Variability in Behavior

Correlating fluctuations in gene expression with 
behavioral variability in the chemotaxis response 
of Caenorhabditis elegans to NaCl
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Abstract 
Stochastic fluctuations in gene expression have been associated with 
phenotypic and morphological variation of uni- and multicellular organisms. 
The role of transcriptional variation in organism-scale behavior has, however, 
hardly been studied. Here, we used the chemotaxis response of C. elegans 
to NaCl to determine whether random gene expression differences between 
animals could be involved in behavioral variation. C. elegans is strongly 
attracted to NaCl concentrations of 1-100 mM, but even at the most attractive 
concentrations a fraction of the animals does not show attraction to NaCl. We 
performed single worm RNA-sequencing on isogenic /animals that showed 
chemotaxis to NaCl, and on animals that did not, to identify genes involved 
in behavioral variation. Supervised k-means clustering between these two 
groups revealed fluctuations in gene expression of genes involved in sensory 
perception and neuro(bio)logical system processes, correlating with the 
NaCl preference of the animals. Quantitative expression analysis validated 
the fluctuation of one differentially expressed gene. Our results identify one 
gene whose expression variation correlates with NaCl preference suggesting 
a functional contribution to behavioral variation in an isogenic population. 
Future studies should reveal the functional significance of our findings.

Introduction
Variability in behavior can be found throughout the natural world, from the 
run-and-tumble strategy of E. coli (Matthäus et al., 2009, 2011) to spontaneous 
activity in the human brain (Schölvinck et al., 2012). Counterintuitively, 
increased brain signal variability in humans corresponds to lower variability 
in behavioral responses (McIntosh et al., 2008). However, where variability is 
generated in a multicellular organism and how this variability is incorporated 
in the behavioral response of the animal remains elusive. We hypothesize 
that stochasticity in gene expression could explain behavioral variability in 
multicellular organisms.
 Variability in gene expression is a common phenomenon among 
cells, tissues, and even organisms. In unicellular organism’s, stochastic gene 
expression can result in phenotypic variation (Elowitz et al., 2002; Maamar et 
al., 2007; Ozbudak et al., 2002; Raj et al., 2010; Stamatakis et al., 2011; Suel et 
al., 2007). For example, in E. coli the levels of a methyltransferase correlate 
with a bias in the direction of the rotations of its flagella (Korobkova et al., 
2004). Moreover, in multicellular organisms, variability in gene expression of 
specific genes is crucial for the generation of different tissue and cell types 
(Chang et al., 2008; Hume, 2000; Wernet et al., 2006). The purpose of gene 
expression differences between individuals of a multicellular population, 
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however, is less understood; especially concerning biological processes such 
as behavior. On the one hand, large-scale transcriptional variability could 
be self-averaging. On the other hand, however, variable gene expression 
could be at the basis of functional stochasticity. To address whether gene 
expression differences could play a role in organismal behavior we focused 
on the relatively simple, multicellular organism Caenorhabditis elegans. 
This nematode can reproduce asexually, making it possible to address the 
role of variability of gene expression in behavioral variability in an isogenic 
population and exclude genetic variation as a source of transcriptional 
variation (Lewis and Fleming, 1995; Sulston and Horvitz, 1977). Moreover, due 
to its simple body plan of 959 somatic cells and fixed cell lineage we can 
exclude morphological differences as well.
 Irrespective of the simplicity of the organism, C. elegans is still 
capable of performing complex behaviors such as chemotaxis to water-
soluble compounds. We use the response of C. elegans to NaCl as a model 
to study variability in behavior. C. elegans is attracted to NaCl concentrations 
between 0.1 and 200 mM, which is mediated by the two bilateral ASE (Amphid 
Single ciliated ending E) neurons (Bargmann and Horvitz, 1991; Ortiz et al., 
2009; Pierce-Shimomura et al., 2001; Yu et al., 1997). The ASE neurons express 
various guanylate cyclases of which gcy-14 and gcy-22 are the likely receptors 
for NaCl. GCY-14, expressed in ASEL, is thought to be the Cl- receptor, and 
GCY-22, expressed in ASER, the Na+ receptor (Etchberger et al., 2007; Ortiz et 
al., 2006, 2009; Smith et al., 2013). Cyclic nucleotide gated channels (CNGs), 
such as TAX-2 and TAX-4, act downstream of these guanylate cyclases and 
facilitate depolarization of the ASE neurons (Coburn and Bargmann, 1996; 
Hukema et al., 2006; Komatsu et al., 1996; Suzuki et al., 2008).
 The behavioral responses of C. elegans show variability (Gordus et 
al., 2015; Stern et al., 2017), including chemotaxis to NaCl (Van der Burght and 
Jansen, unpublished results). However, the cause of behavioral variation in 
chemotaxis within an isogenic population is largely unknown. We, therefore, 
addressed whether variation in gene expression could be a source of this 
behavioral variation. In short, we used a quadrant chemotaxis assay in which 
animals are given a choice between two quadrants of an agar plate that contain 
an attractive NaCl concentration and two that contain only agar (Wicks et al., 
2000)(Wicks ea). Individual animals were collected based on their choice in 
this assay. Subsequently, we performed single-worm RNA-sequencing (RNA-
seq) to assess potential transcriptomic differences (Hashimshony et al., 
2012, 2016). Unbiased k-means clustering on Pearson correlation coefficient-
based inter-sample distance did not reveal transcriptomic differences 
which could explain the animal’s choice. Conversely, supervised differential 



224

Chapter 7: Variability in Behavior

gene expression analysis did reveal genes upregulated in animals with 
different behavioral outcomes. Interestingly, our analysis did not reveal one 
or more genes that were differentially expressed in all animals that made a 
particular choice. Instead we found variability in a large number of genes, 
all identified in only few animals. These scattered expression differences 
suggest not a singular mechanism is involved, but rather that fluctuations 
in gene expression of multiple genes might lie at the basis of the observed 
differences in the chemotaxis response of these animals. Many of the 
genes we identified were enriched in the gene ontology features sensory 
perception, neuro(bio)logical system process, and behavior, suggesting a 
potential functional correlation with the outcome of the quadrant assay. We 
could validate the differential expression of one candidate gene suggesting 
that the differential expression of this gene was of biological relevance and 
not due to experimental noise.
 To summarize, by assessing the transcriptional differences correlated 
with NaCl preference in an isogenic population of C. elegans, we were able to 
identify one gene that was differentially expressed between NaCl attracted 
and non-attracted animals.  Future studies should reveal the functional 
contribution of this variation to variability in NaCl chemotaxis.

Results
Salt-chemotaxis assays show behavioral variability within an isogenic 
population
To address a possible relation between stochastic fluctuations in gene 
expression and variability in behavior a measurable behavioral assay is 
required. The chemotaxis response of C. elegans is both quantifiable and 
highly reproducible. To investigate the role of variability in behavior between 
individuals of an isogenic population, we focused on the behavior of C. 
elegans on a quadrant chemotaxis assay where animals are given a choice 
between quadrants with 100 mM NaCl (positive, P) or without NaCl (negative, 
N).
 When animals are presented with a choice between no NaCl or 
100 mM NaCl, approximately 90% of the animals are attracted to the NaCl 
quadrant or P quadrant (Figure 1A, B). However, not all individual animals 
of an isogenic population perform similarly in a quadrant assay, i.e. the 
chemotaxis index of the population does not reach 1. To test if the choice 
of the animals is intrinsic to the individual, we pooled animals from the 
P quadrant and N quadrant separately and, after one hour of recovery on 
food, performed a second chemotaxis assay (Figure 1A). If the choice for P 
or N was intrinsic to the animal, we expected to see an enrichment for their 
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original choice in these P and N populations. However, the chemotaxis index 
of these populations was comparable to the index of the first assay (Figure 
1B). These results suggest that the variation in behavior is a stochastic and 
transient effect.

Figure 1. Variability in chemotaxis to NaCl in an isogenic population on quadrant chemotaxis 
assay. (A) Schematic overview of the experimental procedure of the enrichment assay. Animals 
were picked from the P or the N quadrants, allowed to recover for 1 hour on a culture plate 
with food and subsequently assayed again. (B) Chemotaxis index of an isogenic population 
on a 100 mM NaCl quadrant assay (Assay 1) and subsequent chemotaxis indexes of the P and 
N populations (Assays 2 P and N) from Assay 1. 

 To assess transcriptional variation in the differentially behaving 
animals, we performed single-worm RNA-seq on animals from our quadrant 
chemotaxis assay (Figure 2A). We used age-synchronized, isogenic populations 
to limit the effects of genotype and developmental stage of the animals. 
These populations were cultured for 50-52 hours at 25°C with an abundance 
of food to standardize environmental factors as much as possible. Single, 
non-gravid, young-adult animals were picked from the P and N quadrants 
of the assay plates, collected in Trizol and processed for single-worm RNA 
sequencing (CEL-seq1/2) in two experimental batches (Hashimshony et 
al., 2012, 2016). To control for the effect of 10 minutes exposure to NaCl, 
control animals were not given a choice between NaCl or no-NaCl containing 
quadrants, but picked from plates that only contained NaCl (C+), or no NaCl 
(C-) (Figure 2A).  Samples with at least 300000 transcripts, 10000 genes, and 
500 ERCC spike-ins were kept for downstream analysis (Figure 2B, SFigure 1A). 
Filtering resulted in a final high-quality dataset of 53 animals corresponding 
to 88.3% processing efficiency. The consistent expression of housekeeping 
genes (act-1, act-3, act-4, ama-1, cdc-42, gpd-4, nhr-24, and pmp-3) across 
samples showed normalization by library size was sufficient for further 
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analysis (Figure 2C, SFigure 1B). Moreover, Pearson correlation analysis of 
gene expression comparing either two animals from the positive quadrants, 
two animals from the negative quadrants, or an animal from a positive 
and a negative quadrant, showed a positive linear relationship between 
samples (r = 0.87, Figure 2D-F). Consistently, Pearson correlation analysis 
of gene expression comparing all positive, negative, control positive, and 
control negative samples shows an even stronger positive linear correlation 
(p > 0.96, SFigure 1C-H). Taken together, these results show the datasets 
consisted of evenly complex and highly similar samples.  

Figure 2. Single worm sequencing of salt-chemotaxis assayed animals. (A) Schematic 
overview of experimental procedure for single worm RNA sequencing. Age synchronized 
animals were washed for 15 min in CTX buffer and placed on a quadrant assay for 10 min, 
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after which animals from the P quadrants (containing 100 mM NaCl) and animals from the N 
quadrants (containing 0 mM NaCl) were collected. As a control, animals were placed on either 
an agar plate with or without NaCl, for 10 min. Single animals were collected in Trizol and 
processed for mRNA sequencing. (B) Total number of genes (x-axis) and transcripts (y-axis) 
present in the RNA-seq dataset. Red and blue lines indicate the thresholds of transcript and 
gene counts, respectively, used to filter the dataset for high quality samples. (C) Expression 
of housekeeping genes (loge(transcript count)) across samples in the library normalized 
dataset. Used housekeeping genes are indicated on the x-axis. Sample identity (P, C+, N, C-) 
is indicated in colors (red, orange, dark green, light green). (D-F) Pearson correlation plots 
comparing the log10 gene expression of two single positive animals (D), two single negative 
animals (E), and one single positive and negative animal (F). The corresponding Pearson 
correlation coefficients (r) are indicated above the graphs.

Unsupervised clustering reveals clusters that are not related to salt-
preference
To address variability within the single worm RNA-seq dataset we first used 
Principle Component Analysis (PCA) (Love et al., 2014). PCA of the entire 
dataset, consisting of two experimental batches, resulted in two major 
clusters (B1, B2, SFigure 2A) and one outlier sample from batch 1 (which was 
excluded from further analysis). The clusters in PC2 separated on origin of 
experimental batch, indicating batch effects cause the majority of variance 
within the single worm RNA-seq dataset. This batch effect was still visible 
when comparing PC2 with PC3, explaining 29% of the variance within the 
dataset (SFigure 2B). However, the batch effect was lost when comparing 
PC3 and PC4, explaining 6% of the dataset (data not shown). Importantly, 
the samples from different assay groups (P, C+, N, C-) did not cluster, but 
were mixed (SFigure 2A, B). PCA of the second experimental batch alone 
did not identify clusters of particular sample groups (Figure 3A). The 43% of 
variance explained by PC1 and the 20% of variance explained by PC2 did not 
correlate with particular assay groups. Even when looking at other principal 
components, such as PC2, PC3, and PC4, no clusters could be identified, but 
the samples seemed homogeneously mixed (SFigure 2C-D).  
 Next, we assessed whether another unbiased approach could identify 
differentially expressed genes correlating with the behavior in the assay. We 
performed unbiased k-means clustering on Pearson correlation coefficient-
based inter-sample distances imposing two clusters (cluster 0 and cluster 
1, SFigure 2E). These clusters consisted of animals from both the positive 
and negative quadrants equally, indicating that unbiased clustering did not 
reveal transcriptional differences correlating with salt preference. Moreover, 
consistent with the PCA, cluster 0 corresponded to experimental batch 1 and 
cluster 1 to batch 2 (SFigure 2A, E). 
 Together, these results indicate that the main variation in the 
single worm RNA-seq dataset can be explained by experimental origin. 
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Thus, we applied a batch-correction algorithm prior to analyzing the 
data further (Johnson et al., 2007). Subsequently, we performed unbiased 
k-means clustering on Pearson correlation coefficient-based inter-sample 
distances imposing two clusters (cluster 0 and cluster 1, Figure 3B). The 
more equal contribution of both batches in the clusters implies that the 
batch correction worked effectively (SFigure 2F, G). Nevertheless, the clusters 
consisted of positive, negative, control positive, and control negative 
animals proportionately (Figure 3C, D). These results indicate that unbiased 
clustering did not reveal transcriptional differences that correlate with salt-
preference. 
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Figure 3. Supervised k-means clustering reveals genes differentially expressed between salt 
positive and negative animals. (A) Principle Component Analysis (PCA) of 34 samples. PC1 
explains 43% of the variance and PC2 explains 20% of the variance. Sample identity (P, C+, 
N, C-) is indicated in colors (red, orange, dark green, light green). (B) Heatmap of Pearson 
correlation coefficient-based inter-sample distances of positive, negative, control positive, 
and control negative animals (n = 53). Animals on the x and y axis have been sorted according 
to unsupervised k-means clustering. The bottom bar indicates cluster assignment. Color bar 
indicates high (yellow) and low (blue) animal-to-animal similarity. (C-D) Sample identity in 
percentages of cluster 0 and 1 (n = 26 for C and n = 27 for D), defined with unsupervised 
k-means clustering (B). Positive and negative samples are indicated in colors. (E-F) Supervised 
differential gene expression analysis between the positive and negative animals (P and N). 
Gene expression across control positive (C+) and control negative (C-) animals is depicted on 
the right. Color bar indicates normalized expression. (G-H) Gene ontology (GO) analysis on 
the genes enriched in the positive and negative assayed animals. GO terms are plotted as a 
log of fractional differences, comparing the observed versus expected terms. 

 In conclusion, two independent unbiased analysis approaches 
revealed the main variance within the single worm RNA-seq dataset is due to 
experimental batch effects. Furthermore, even after batch-effect correction, 
gene expression differences between the positive and negative animals 
were not revealed in an unbiased approach. 
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Supervised differential gene expression analysis revealed multiple 
differentially expressed genes correlating with salt-preference
Since two independent unsupervised clustering approaches did not show 
transcriptional differences correlating with salt preference, we continued 
using a supervised approach. Supervised differential gene expression 
analysis between the positive and negative animals revealed genes 
differentially up-regulated in each group (Figure 3E, F). Expression of 
these genes did not show any characteristic trend in control experiments, 
indicating the presence or absence of salt itself did not affect expression of 
these genes. Interestingly, the differentially expressed genes were not found 
in all worms of the same assay quadrant (P or N), rather the differentially 
expressed genes were observed scattered amongst a few animals. This 
observation suggests there is not one single mechanism that modulates the 
salt-preference of all animals.
 Gene Ontology (GO) term enrichment analysis of the genes 
differentially upregulated in the positive and negative animals showed 
these genes are involved in sensory perception, neuro(bio)logical systems, 
and behavior (Figure 3G, H)(Angeles-Albores et al., 2016). To assess the 
significance of these GO features we determined if these GO terms would also 
be enriched in in randomized gene expression lists. To do so, we randomly 
divided our pool of P and N worms into two sets in-silico and identified 
the differentially expressed genes between the two random sets. For each 
in-silico repetition (N=100), we subsequently used the list of differentially 
expressed genes in a GO term enrichment analysis.  For each significant 
GO feature (Figure 3G, H), we extracted a histogram of p-values using the 
randomized gene expression lists and compared these to the significance of 
the enrichment obtained with the P or the N animals. Half of the GO terms 
were significantly enriched, with a low log10(pval), in animals from the P 
quadrant when compared to our randomized lists (Figure 4A-C, SFigure 3A-C), 
for example neurological system process, behavior, and sensory perception of 
smell. Other GO features, however, were not significantly different compared 
to the randomized experiments; this was especially the case for GO terms 
enriched in the N group (Figure 4D-F, SFigure 3D-F). In summary, supervised 
differential gene expression analysis revealed genes upregulated randomly 
amongst a few animals collected from the P and N quadrants. These genes 
correspond to several significant GO features involved in salt perception, 
suggesting a potential functional relation.
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Figure 4. Random sampling reveals significance of gene ontology results . (A-F) Histograms 
showing GO term enrichment resulting from random sampling. 100 random differential gene 
expression lists were generated by randomly dividing the positive and negative assayed 
animals in two groups, which were subsequently used for supervised k-means clustering. 
Frequency and log10(p-value) of the 100 randomized samples for a given GO term was 
plotted. Red lines indicate the log10(p-value) GO term enrichment resulting from the 
supervised differential gene expression in positive and negative assayed animals (P and N). 
Corresponding GO terms are indicated on top of the graph. Percentages indicate the times 
the GO term was present during random sampling. 

Validation of candidate genes
So far, we have identified 824 genes upregulated >2 fold in animals from the
P quadrants and 695 genes upregulated >2 fold in animals from the N 
quadrants. Most of the differentially expressed genes, however, are lowly 
expressed. We followed up on several candidate genes to try to identify 
biologically relevant signals. We selected elo-6 and drd-1 as candidate genes 
enriched in the N quadrant population and mex-5 and cdc-48.1 as candidate 
genes enriched in the P quadrant population (Figure 5A).
 To validate these results, we performed quadrant chemotaxis assays 
and determined the expression levels of these candidate genes in animals 
from P and N quadrants by RT-qPCR (Figure 5B). mex-1 expression was 
significantly (P=0.036) increased in the P population, suggesting a correlation 
between mex-5 expression and chemotaxis to NaCl. RT-qPCR of the other 
candidate gene, cdc-48.1, upregulated in the P population, revealed no 
significant difference between the two groups. 
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Figure 5. Differentially expressed genes in positive and negative animals can be validated 
using quantitative expression analysis. (A) Expression differences across samples of 
5 candidate genes: elo-6, drd-1, mex-5, and cdc-48.1. Gene expression levels are depicted 
as normalized transcript counts for corresponding genes, indicated on top of the graphs. 
Corresponding samples are indicated at the bottom of the graphs (P, C+, N, C-). (B) Normalized 
gene expression of candidate gene elo-6, drd-1, mex-5, and cdc-48.1. Gene expression was 
determined by qPCR and normalized using the housekeeping gene act-1. Difference in 
expression between P and N populations was analyzed using a two-tailed t-test.

We did see more variation in cdc-48.1 expression levels in the P population, 
similar to what we observed in the RNAseq data (Figure 5A-B). We could not 
find significant differences in elo-6 and drd-1 expression levels between P 
and N populations, although one animal from the N quadrant showed 7.82 
times higher expression of drd-1 than the mean drd-1 expression in this 
population (Figure 5A).
 Taken together, the results from the qPCR partially confirm the gene 
expression differences found with RNA-seq. However, our analysis did not 
identify a single gene or mechanism whose differential expression could 
underlie the behavioral variability.

Discussion
Phenotypic diversity between individual organisms of a species can be 
generated by environmental factors, life-history, genetic variations, and 
transcriptional variability (Matthäus et al., 2009, 2011; McIntosh et al., 
2008; Schölvinck et al., 2012). Here, we addressed whether transcriptional 
stochasticity could explain variability in the behavior of C. elegans (Gordus 
et al., 2015; Stern et al., 2017). To identify a possible correlation between 
stochastic fluctuations in gene expression and variability in behavior we 
used the response of C. elegans to NaCl as a behavioral phenotype. The 
response of isogenic, age-synchronized, populations of C. elegans on a 
chemotaxis assay is highly reproducible, however, as with many behavioral 
responses, there remains a degree of variability between the responses of 
individual animals of such a population.
 The salt-chemotaxis results show there is behavioral variation 
between individuals of an isogenic population (Figure 1B). By repeating the 
experiment using animals from a previous chemotaxis assay we were able 
to show that any underlying mechanism is transient rather than intrinsic to 
the animal.
Using the simple nematode C. elegans, we tightly controlled genetic and 
environmental factors (Lewis and Fleming, 1995), limiting their effect on the 
phenotypic variability, leading us to hypothesize that differences in gene 
expression levels might cause variation in the chemotaxis response. We, 
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therefore, addressed the involvement of gene expression differences using 
whole animal transcriptomics.
 We performed single worm RNA-seq on assayed and control animals 
to identify potential variation at the transcriptional level within an isogenic 
population (Figure 2A). Inter-sample correlation analysis showed the 
samples are highly correlated (experimental quadrant correlations varying 
from 0.96 to 0.98 SFigure 1C-H, individual correlations varying from 0.5 to 0.96 
Figure 2D-F, SFigure 2E), even when comparing the P to the N animals (Love 
et al., 2014). Consistently, we found no clear differences in gene expression 
with PCA and unsupervised k-means clustering using Pearson correlation 
coefficient-based inter-sample distances. In sum, these results imply that 
hypothetical differences in gene expression related to salt-preference, 
even after batch-correction (Johnson et al., 2007), are too small to separate 
animals from opposing assay groups in an unbiased manner (Figure 2A-D).
Supervised k-means clustering comparing animals within the dataset 
revealed differentially expressed genes in the group of animals from the 
N and P quadrants. We could validate these effects were not caused by the 
ionic properties of the assay itself, since no significant up-regulation pattern 
was observed for the same genes in any of the control groups. Successive 
GO term enrichment and randomization analysis revealed the differentially 
expressed genes in processes such as sensory perception of smell and 
chemical stimulus, neuro(bio)logical systems, and behavior (Figure 4, 
SFigure 3)(Angeles-Albores et al., 2016). Interestingly, the significant GO terms 
corresponded mostly to P animals rather than the N animals. Perhaps we 
could not find significantly enriched GO terms in the N population because 
the underlying mechanism for the choice of these animals was different for 
each individual.
 Apart from GO terms, the differential gene expression datasets were 
enriched for putative chemoreceptor gene families such as the str and sra 
gene family (Robertson and Thomas, 2006). Furthermore, genes known to be 
involved in chemosensory behavior/chemotaxis, such as gpc-2, sri-14, gcy-4, 
gcy-19, gcy-33, and osm-9 were differentially expressed as well (Colbert et al., 
1997; Krzyzanowski et al., 2013; Ortiz et al., 2009; Yamada et al., 2009). Together, 
these results suggest the differentially expressed genes might have a role in 
salt-chemotaxis. To further address the functional involvement additional 
null and overexpression mutant analysis could be performed.
 The GO analysis and gene identification suggest that the variation 
in gene expression underlying phenotypic variation can potentially be 
found in a wide range of processes and different cells. In order to identify 
which specific neurons are involved in the observed variation in chemotaxis 
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response, whole-brain or single-neuron calcium imaging of individual 
animals on a chemotaxis assay could be used {REF:?} (Luo et al., 2014; Nguyen 
et al., 2016; Venkatachalam et al., 2016). Subsequent tomography-sequencing 
could be used to identify possible variation in gene expression (Ebbing et 
al., 2018; Junker et al., 2014). Potential targets can then be confirmed using 
single molecule Fluorescence In Situ Hybridization (Raj et al., 2008). These 
methods could be used to distinguish the involved neuronal cell types 
and perhaps identify additional involved tissue and cell types. Moreover, 
deletion mutants and overexpression strains could be used to manipulate 
the variation in the chemotaxis response.
 Nevertheless, the identified differentially expressed genes showed 
scattered rather than uniform expression patterns throughout the P and N 
populations. Moreover, many of the identified candidate genes were lowly 
expressed. To confirm the transcriptional differences, we tried to validate 
these results. We selected elo-6, drd-1, mex-5 and cdc-48.1 as candidate 
genes for follow-up experiments because the normalized expression of 
these candidate genes was relatively high compared to other differentially 
expressed genes. Using RT-QPCR we confirmed that the expression level of 
mex-5 correlates with the outcome of the behavioral assay. However, we could 
not confirm the RNA-seq results for the other three genes. Nevertheless, 
drd-1 and cdc-48.1 showed outliers corresponding with the RNA-seq findings. 
Moreover, we found that the expression levels of elo-6 showed more 
variation in the P population. These results are in agreement with findings 
in humans, where variability is linked to decision making (McIntosh et al., 
2008; Schölvinck et al., 2012). Overall, the data suggests multiple sources, 
potentially of a stochastic nature, underlie behavioral variability and that for 
each outcome of the quadrant assay the variation in expression of various 
genes might be causative.
 In conclusion, our data show that individuals of an isogenic C. 
elegans population display transient variation in salt-chemotaxis behavior. 
Transcriptomic analysis revealed that the genes differentially expressed 
between NaCl attracted and non-attracted animals are scattered and lowly 
expressed, suggesting more than one mechanism lies at the basis of this 
behavioral variability. Remarkably, GO analysis and gene identification of the 
differentially expressed genes implied a potential role in salt-chemotaxis. 
Moreover, we could partially verify our results using RT-QPCR, suggesting 
there is a correlation between gene expression and behavioral variability. 
Nevertheless, we were unable to conclusively verify all our results. Future 
studies that build on the work presented here may identify a causative role 
for gene expression variation in behavioral variability. Taken together, our 
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data suggests that, if variation in gene expression is a factor in the outcome 
of the chemotaxis response, multiple sources of variation, of a potentially 
stochastic nature, might play a role in the phenotypic variation in C. elegans. 
We expect these observations are not restricted to chemotaxis alone but 
might affect all behavioral processes. Thus, we anticipate understanding 
variability in gene expression will help elucidate the features underlying 
behavioral variation in various multicellular organisms.

Materials and Methods
C. elegans strains and culture
C. elegans strains were cultured at 20°C using standard conditions, unless 
noted otherwise (Lewis and Fleming, 1995). As wild type, the Bristol N2 strain 
was used. 

Chemotaxis assay
The quadrant assay used to asses chemotaxis to NaCl was adapted from 
Jansen et al., 2002; Wicks et al., 2000. Briefly, two diagonally opposite quadrants 
of a sectional petri dish (Star Dish, Phoenix Biomedical) were filled with 13.5 
mL buffered agar (1.7% Agar, 5 mM K2HPO4, 5 mM KH2PO4, 1 mM CaCl2 and 1 mM 
MgSO4) containing NaCl (P quadrants) and two diagonally opposite quadrants 
with 13.5 mL buffered agar without NaCl (N quadrants). Immediately before 
the assay, the plastic dividers between the quadrants were covered with a 
thin layer of agar. Age synchronizes C. elegans populations were washed 3 
times for 5 min with CTX buffer (5 mM K2HPO4, 5 mM KH2PO4, 1 mM CaCl2 and 
1 mM MgSO4). Approximately 100 animals were placed in the middle of the 
sectional dish. After 10 min animals on each quadrant were counted and a 
chemotaxis index (CI) was calculated for each plate (CI= (# animals on P – # 
animals on N)/ total # animals).
For the enrichment assays, animals were age synchronized by bleaching, 
cultured for 66 hrs. at 25°C, and a chemotaxis assay was performed 
as described above. Subsequently, animals were washed of the P and N 
quadrants, allowed to recover on NGM plates with OP50 for 1 hr. prior to 
assaying again.
For the RNAseq, animals were age synchronized by bleaching and cultured 
at 25°C for 50 hrs. and a chemotaxis assay was performed as described 
above. Young-adult non-gravid animals were picked from a P or N quadrant 
after 10 min and put in 50 uL Tri Reagent (Sigma).

Library preparation
mRNA extraction, barcoding, reverse transcription, and in vitro transcription 



237

were performed according to the CEL-seq protocol (Hashimshony et al., 
2012)using Message Amp II kit (Ambion). Illumina sequencing libraries were 
subsequently prepared according to the CEL-seq2 protocol  (Hashimshony 
et al., 2016) using the SuperScript® II Double-Stranded cDNA Synthesis 
Kit (Thermofisher), Agencourt AMPure XP beads (Beckman Coulter), and 
randomhexRT for converting aRNA to cDNA using random priming. The 
libraries were sequenced paired-end at 50 bp read length on an Illumina 
HiSeq 2500.

Transcriptomic data analysis
The 50 base pair paired-end reads were aligned to the C. elegans references 
transcriptome, which was compiled from the C. elegans reference genome 
WS249 (Ebbing et al., 2018). A custom wrapper (MapAndGo2) was used for 
the alignment around BWA MEM (Ebbing et al., 2018; Li and Durbin, 2010). 
Raw data was processed, removing amplification duplicates (Grün et al., 
2014) and analyzed using R(v 3.5.3). Samples containing at least 300000 total 
transcripts and 10000 genes were used for follow-up analysis. Subsequently, 
the data was normalized using library size normalization and sequencing 
depth. Moreover, normalization was controlled using the expression 
of specific housekeeping genes among samples. Pearson correlation 
coefficients were calculated to measure the linear dependence between 
two individual animals or populations of animals (P, N, C+, C-). Principle 
Component Analysis was performed using the DeSEQ2 R package (Love 
et al., 2014).  Unbiased k-means clustering based on Pearson correlation 
coefficient inter-sample distances imposing two clusters was performed to 
assess heterogeneity within the positive and negative population. Batch-
effect correction was performed using the Combat R package (Johnson et al., 
2007). Supervised k-means clustering was performed to assess differential 
gene expression between the positive and negative population. Cosmid IDs 
were converted to gene names using information obtained from Wormbase. 
Gene ontology was performed using the GO Enrichment Analysis tool from 
the GO consortium, based on Panther (http://geneontology.org)(Angeles-
Albores et al., 2016). 100 randomized differential gene expression lists were 
created by randomly dividing the positive and negative population in two 
groups and perform supervised k-means clustering. The differential gene 
expression results of the randomized experiments were used to detect 
significance of the positive and negative enriched genes in GO features by 
creating histograms of p-values.
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In vivo validation of gene expression profiles
Young adult, approximately 50 hrs old, animals were placed on a quadrant 
assay for 10 min. Subsequently, young-adult, non-gravid animals from the 
P and N quadrants were picked and placed in 2 µL of SWLB with 1 mg/mL 
proteinase K. Animals were frozen overnight at -80C and lysed for 60 min at 
65C in a thermocycler. Proteinase K was inactivated at 95C for 15 min. dsDNA 
was degraded and cDNA was prepared using a Maxima H Minus First Strand 
cDNA Synthesis kit (ThermoFisher Scientific). Immediately before RT-qPCR, 
cDNA was diluted with 16 µL dH2O. Quantitative PCR was performed with 
Platinum Taq and Syber Green. act-1 was used as a housekeeping gene for 
normalization.

Statistical analysis
To analyze the qPCR results a two-tailed t-test was performed using R 
software
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Supplemental Figure 1. (corresponding to Figure 2) (A) Expression of ERCC spike-ins 
(loge(ERCC count)) across samples. The red line indicates a threshold of 500 ERCC counts 
used to filter the dataset for high quality samples. (B) Expression of housekeeping genes 
(loge(transcript count)) across samples in the non-normalized dataset. Used housekeeping 
genes are indicated on the x-axis. Sample identity (P, C+, N, C-) is indicated in colors (red, 
orange, dark green, light green). (C-H) Pearson correlation plots comparing the log10 gene 
expression of all positive and negative animals (C), positive and control positive animals (D), 
positive and control negative animals (E), negative and control positive animals (F), negative 
and control negative animals (G), and control positive and control negative animals (H). The 
corresponding Pearson correlation coefficient (p) is indicated in the graph.
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Supplemental Figure 2. (corresponding to Figure 3) (A-B) Principle Component Analysis (PCA) 
of all samples (n=53). PC1 explains 60% of the variance and PC2 explains 25% of the variance 
(A), PC2 explains 25% of the variance and PC3 explains 4% of the variance (B). Sample identity 
(P, C+, N, C-) is indicated in colors (red, orange, dark green, light green). Experimental batches 
are indicated in purple (B1) and light blue (B2).  (C-D) Principle Component Analysis (PCA) 
of all samples of batch 2 (n=34). PC2 explains 20% of the variance and PC3 explains 10% 
of the variance (C), PC3 explains 10% of the variance and PC4 explains 6% of the variance 
(D). Sample identity (P, C+, N, C-) is indicated in colors (red, orange, dark green, light green). 
(E) Heatmap of Pearson correlation coefficient-based inter-sample distances of positive 
and negative animals (n = 38). Animals on the x and y axis have been sorted according to 
unsupervised k-means clustering. The bottom bar indicates cluster assignment. Color bar 
indicates high (yellow) and low (blue) animal-to-animal similarity. (F-G) Sample identity in 
percentages of cluster 0 and 1 (n = 19 each), defined with unsupervised k-means clustering 
(E). Batches are indicated in colors.

Supplemental Figure 3. (corresponding to Figure 4) (A-F) Histograms showing GO term 
enrichment resulting from random sampling. 100 random differential gene expression lists 
were generated by randomly dividing the positive and negative assayed animals in two 
groups, which were used for supervised k-means clustering subsequently. Frequency and 
log10(p-value) of the 100 randomized samples for a given GO term was plotted. Red lines 
indicate the log10(p-value) GO term enrichment resulting from the supervised differential 
gene expression in positive and negative assayed animals (P and N). Corresponding GO terms 
are indicated on top of the graph. Percentages indicate the times the GO term was present 
during random sampling. 
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Abstract
The focus of this thesis is the occurrence, function, and origins of dimorphisms 
in biology. This subject was addressed using several model systems. 
 First, we studied the transcriptomic variability underlying the sexually 
dimorphic Caenorhabditis elegans. In Chapter 2, we show the varying 
gene expression patterns along the anteroposterior axis and address the 
functional role of differential gene expression in the male reproductive tract. 
 Second, we discussed the left-right asymmetrical migration of Q 
neuroblasts in C. elegans. As described in Chapter 3, several transmembrane 
proteins are involved in initial Q neuroblast migration. Even though these 
transmembrane proteins have a role in Q cell migration, they are not the 
origin of symmetry breaking. We, therefore, addressed the possible origin of 
Q neuroblast symmetry breaking in Chapter 4. 
 Initial Q cell migration is required for proper Wnt signaling response 
and the directional onset migration of the Q daughter cells. The role of the 
Hox transcription factor MAB-5 in the posterior migration of QL daughter 
cells is described in Chapter 5. Moreover, the migration termination of the 
anterior migrating QR daughter cell QR.pa is addressed in Chapter 6. 
 Third, we focused on behavioral variability in populations of 
nematodes. In Chapter 7, we studied the role of variable gene expression in 
salt-preference in C. elegans. 
 In this general discussion we will summarize and discuss our 
findings. Moreover, the overall observed function, occurrence, and origins 
of variability in biology will be addressed in the context of adaptation and 
evolution. 

Sexual dimorphism
The topic of sexual dimorphism, the occurrence of two sexes within a 
species, was addressed using the facultatively sexually reproducing C. 
elegans. The morphological and functional/behavioral differences between 
hermaphrodites and males have been studied extensively (Hodgkin, 1988; 
Kimble and Hirsh, 1979; Kimble and Sharrock, 1983; Liu and Sternberg, 
1995; Sulston and Horvitz, 1977; Sulston et al., 1983; Ward and Carrel, 1979). 
Nevertheless, the main focus of the community on hermaphrodites resulted 
in an underrepresentation of understanding of male biology, especially at 
the transcriptomic level. In the past decades several studies have tried to 
gain better understanding of the gene expression differences between the 
C. elegans sexes (Jiang et al., 2001; Kim et al., 2016; Lamm et al., 2011; Ortiz et 
al., 2014; Reinke et al., 2003; Wang et al., 2015, 2009; Ma et al., 2014), however, 
none did so on a genome wide level maintaining spatial resolution.
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 We, therefore, implemented the Tomography-sequencing technique 
to create a dataset of young adult hermaphrodites and males containing 
the gene expression patterns along the anteroposterior (A-P) axis (Chapter 
2) (Junker et al., 2014). The C. elegans fixed cell lineage and low cell 
number (959 and 1033 somatic cells in young adult hermaphrodites and 
males respectively), allowed us to generate data with high resolution and 
reproducibility. With the development of computational methods to align 
and cluster expression maps, and identify spatially co-expressed genes we 
were able to identify region and tissue-specific genes. In particular, we could 
clearly discern genes of the germline, sperm, and different somatic cells and 
tissues. Remarkably, even genes expressed in only a pair of neurons were 
detectable, highlighting the sensitivity of the dataset. 
 Next, sex-specific expression differences were identified using a 
combination of differential gene expression analysis with the region and 
tissue specific identification methods described above. We consider that 
the spatially resolved nature of the dataset is a valuable asset to the 
scientific community, which can now assess the expression of any gene 
of interest along the A-P axis. Moreover, expression similarities between 
known and unknown genes can be used to address potential functions. For 
instance, similarly expressed genes in hermaphrodites and males could 
have an analogous function. Conversely, genes expressed differentially in 
hermaphrodites and males could have a distinctive function. In order to 
assess whether the dataset can be used for gene function prediction we 
examined the role of male reproductive tract specific genes in male mating 
efficiency further. We identified a role in male mating efficiency for several 
male reproductive tract specific genes, including a novel set of secreted 
protein encoding genes. Together, these results show indeed differential 
expression in the reproductive tract is correlated to a distinctive function. 
Future studies can further predict gene function prediction by combining 
the spatial expression patterns of our dataset with gene ontology analysis 
and homology across other model organisms. 
 Spatial transcriptomics can be broadly applied in nematode research. 
Similar to the sexual transcriptomic differences other relevant (or important) 
biological questions can be addressed in a comparable manner. For 
instance, gene expression changes during development can be identified by 
expanding the resource to include various developmental stages. Moreover, 
interspecies comparisons can be made by the inclusion of other nematode 
species, such as. C. briggsae and P. pacificus. These interspecies comparisons 
can be used to address the evolution of certain gene expression patterns and 
the similarity/divergence in functions. Furthermore, the effects of mutations 



250

Chapter 8: General Discussion

can now be addressed on a whole organism level, elucidating the region 
and tissue specificity of its effects. Especially for morphogen and patterning 
genes, such as Wnt or Notch signaling and Hox genes, this approach with 
spatial resolution can be of interest. 
 In conclusion, the RNA tomography maps of young adult 
hermaphrodite and male C. elegans can be used as a resource to identify 
novel sex- and region/tissue-specific expression patterns. Moreover, the 
dataset can be used for gene function predictions. Extension of the resource 
to include different developmental stages, species, and mutants, will 
enhance our understanding of the spatially dynamics of gene expression 
and their function in morphology and the emergence of variable traits. 

Left-Right asymmetry
Lateralization of the nervous system was addressed using Q neuroblasts 
in C. elegans as a model system. The L-R asymmetrical migration of these 
neuronal precursors can be studied to address several biological questions: 
the machinery involved in polarization and migration, the origin of symmetry 
breaking, and the role of Hox genes and Wnt signaling in directional migration. 

The machinery involved in the polarization and migration of Q 
neuroblasts
Several transmembrane proteins are involved in the polarization and 
directional migration of Q neuroblasts. Among these transmembrane 
proteins are UNC-40/DCC, the conserved multi-pass protein DPY-19, the 
thrombospondin repeat containing protein MIG-21, and the two Fat-like 
cadherins CDH-4 and CDH-3 (Du and Chalfie, 2001; Honigberg and Kenyon, 
2000; Middelkoop et al., 2012; Schmitz et al., 2008; Sundararajan and 
Lundquist, 2012; Sundararajan et al., 2014). In Chapter 3 we show these 
proteins form three pathways, the MIG-21 DPY-19, the CDH-4 CDH-3, and 
the UNC-40 pathway, which have distinctive and interdependent roles in 
protrusion formation and directionality. 
 For protrusion formation we speculate that crosstalk at the level of 
shared downstream effectors may integrate the activity of the three pathways. 
All pathways seem to converge on their ability to interact with components 
or remodelers of the actin-cytoskeleton. UNC-40 is known to influence actin 
dynamics by modulating proteins such as the actin-binding protein UNC-115/
AbLIM, the Rho family GTPase CED-10/Rac-1, its regulators TIAM-1 and UNC-73/
Trio, and a mediator of actin filament formation UNC-34/Ena/VASP (Dalpe et 
al., 2013; Demarco et al., 2012; Gitai et al., 2003; Honigberg and Kenyon, 2000; 
Yu et al., 2002). The interaction of CDH-4 with the actin-cytoskeleton is based 
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on its potential interaction with UNC-34/Ena/VASP. Studies in mammalian 
systems have shown Fat1 can interact with Ena/VASP (Moeller et al., 2004; 
Tanoue and Takeichi, 2004). Moreover, genetic epistasis analysis have put 
CDH-4 in a genetic linear pathway with the leukocyte common antigen-
related protein tyrosine phosphatase (LAR-RPTP) PTP-3 (Sundararajan et al., 
2014). LAR-RPTP’s have been implicated in the coordination of actin filaments 
directly and via substrates, such as Abl, Ena, and Trio (Bateman et al., 2001; 
Coles et al., 2015; Um and Ko, 2013). Similarly, mig-21 was shown to be in a 
genetic linear pathway with ptp-3, exposing a link of the MIG-21 pathway 
with the actin-cytoskeleton (Sundararajan and Lundquist, 2012). Together, 
the evident connection to regulators of actin dynamics proposes a system 
where robust actin polymerization can be attained via different routes. It 
will be interesting to fully identify the protrusion formation mechanism, 
examine how each pathway impinges on this mechanism, and determine 
the nature of the cross-talk between pathways. 
 Apart from gaining understanding in protrusion formation, it is 
imperative to examine the process of directional outgrowth formation. We 
show, in Chapter 3, that each pathway has a distinct role in directionality. 
These roles unite with the roles in protrusion formation to ultimately control 
the formation and directionality of the lamellipodium-like protrusion 
properly. The control of the MIG-21 and CDH-4 pathways over the localization 
and stabilization of UNC-40 shows us one instance where these processes 
are integrated. Other proteins, such as PTP-3, could be similarly directed. 
Interestingly, in Drosophila Fat2 was shown to stabilize Lar (LAR-RPTP) in 
a cell non-autonomous manner (Barlan et al., 2017). As described above, 
ptp-3 functions in a genetic linear pathway with both CDH-4 and MIG-21 
(Sundararajan and Lundquist, 2012; Sundararajan et al., 2014). Moreover, 
CDH-1/Dachsous is a candidate regulator for CDH-4 and CDH-3 localization/
stabilization. The cadherin family members are known to form both homo- 
and heterotypic interactions through their extracellular domains (Arata et 
al., 2017; Gooding et al., 2004; Ishiuchi et al., 2009; Ma et al., 2003; Matakatsu 
and Blair, 2004; Strutt and Strutt, 2002). Furthermore, Dachsous is known for 
its roles in establishing planar cell polarity (PCP) and directing collective cell 
migration in Drosophila and mammalian systems (Adler et al., 1998; Arata et 
al., 2017; Durst et al., 2015; Harumoto et al., 2010; Mao et al., 2011; Matis and 
Axelrod, 2013; Zakaria et al., 2014). A possible role of CDH-1 in Q cell migration 
was previously not assessed due to lethality caused by its mutation. However, 
with the emergence of novel spatiotemporal techniques, such as the ZIF-1-
dpendent and the Auxin-inducible protein degradation systems (Armenti et 
al., 2014; Zhang et al., 2015), we can now circumvent these issues of lethality. 
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Both the conserved role in directional cell migration and the interaction with 
Fat-like cadherins make CDH-1 an interesting candidate for future studies of 
the directional migration of Q cells.
 Taken together, the high complexity of the mechanism and the 
observed cross-talk between components imply the mechanism could 
have a role in ensuring robustness in the system. Previous studies have 
shown a link between the highly connected circuitry of genetic networks and 
developmental robustness (Lachowiec et al., 2018; Lehner et al., 2006; Levy 
and Siegal, 2008; Masel and Siegal, 2009; Whitacre, 2012). 
 Even though MIG-21, DPY-19, CDH-4, CDH-3, and UNC-40 have a clear 
role in protrusion formation and directionality, the proteins are likely not 
the cause of symmetry breaking since mutants, except for cdh-4(hd40) to a 
certain extent, show comparable L-R defects in directionality rather than a 
specific left or right effect. We, therefore, hypothesize there is an underlying 
mechanism responsible for the localized and directional function of MIG-21, 
DPY-19, UNC-40, and the Fat-like cadherins. 

The symmetry breaking of Q neuroblasts 
While several players involved in initial Q neuroblast migration have been 
identified, the underlying cause of symmetry breaking remains unclear. The 
process of symmetry breaking has been studied in various model systems 
resulting in several proposed mechanisms. Usually, these mechanisms focus 
on either an intrinsic or extrinsic cause responsible for the lateralization of 
cell- or tissue-types. Several of these models (Figure 1) will be addressed 
below. We propose the symmetry breaking of Q cells is either a singular 
mechanism or a combination of models. 

A. The lineage model I
The intrinsic lineage model relies on asymmetric cell division and the 
asymmetric inheritance of cell fate determinants. The Q neuroblasts descend 
from two different lineages arising at the 8-cell embryo. ABp divides and 
gives rise to a left and right daughter cell ABpl and ABpr (Figure 1A) (Sulston 
et al., 1983). Both ABpl and ABpr lineages will undergo similar rounds of 
divisions to ultimately give rise to the seam and Q cells. ABpl gives rise 
to the left side and the ABpr lineage results in right side cells. Intrinsic 
asymmetries of ABpl and ABpr could, thus, be the result of an asymmetric 
cell division at the point of divergence of both lineages. 
 Typically, asymmetric cell division gives rise to two sister cells that 
have different fates, which are apparent in differential size, morphology, gene 
expression, and/or miRNA and protein inheritance (Horvitz and Herskowitz, 
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1992). If this model is true, intrinsic asymmetries due to the asymmetric 
inheritance of cell fate determinants should, therefore, be measurable in Q 
cells. The Q cell specific intrinsic asymmetries could be inherited along the 
whole lineage or could be transcriptionally regulated in the precursor of 
seam cell V5 and the Q cells. 
 In Chapter 4, we examined whether the Q cells are asymmetrical 
on a transcriptomic level. Several analysis methods of a single cell RNA 
sequencing dataset revealed the L-R asymmetry of Q cells is likely not 
transcriptionally regulated. There is the possibility that the asymmetry 
is represented by lowly expressed genes, which are hard to observe with 
current sequencing methods. Besides, intrinsic asymmetry could be present 
on a protein or non-coding RNA level rather than at mRNA level (Chen et 
al., 2019; Feng et al., 2018; Fickentscher and Weiss, 2017; Wang et al., 2018). 
Future proteomic and non-coding RNA studies are required to shed a light 
on potential intrinsic L-R asymmetries in the Q cells. 

B. The chirality model
The chirality model is characterized by the orientation of polarity by intrinsic 
chiral forces. Many systems display chirality at the organism, tissue, or cell 
level (Amack, 2014; Naganathan et al., 2014, 2016; Nonaka et al., 1998; Shiratori 
and Hamada, 2006; Wan and Vunjak-Novakovic, 2011). At the cellular level the 
emergence of chirality is often driven by dynamics of the actin-cytoskeleton 
(Naganathan et al., 2014; Vandenberg et al., 2013). Rotational forces (molecular 
torques) are generated by processes in the actin-cytoskeleton, which can 
subsequently organize the entire actin network in a chiral fashion. Ultimately, 
the chirality arising from the alignment of such molecular torques can drive 
symmetry breaking (Beausang et al., 2008; Naganathan et al., 2014; Ohashi et 
al., 2011; Pyrpassopoulos et al., 2012; Sase et al., 1997; Tee et al., 2015). 
 A similar intrinsic chirality could drive symmetry breaking in Q cells 
(Figure 1B). In case of Q neuroblasts mirror symmetry of the system (discussed 
in C) is a prerequisite to chirality lying at the basis of a L-R asymmetrical 
migration direction. QL and QR, capable of sensing both the dorsoventral 
and the apicobasal axis, will form a protrusion driven by intrinsic chiral 
forces in a mirror symmetrical direction. The equal dependence of QL and 
QR on the transmembrane proteins, mentioned above, is consistent with 
the chirality model. Nevertheless, mutants with a sinistral rather than 
dextral handedness show reversed initial Q neuroblast migration direction 
(Bergmann et al., 2003; Wood, 1991). These results are unexpected in light 
of this model, since the change in overall handedness is expected to result 
wild type Q cell directionality according to the chirality model. After all, both 
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the handedness and chirality of all cells and tissues would be inverted. 
These results suggest the chirality model is likely not the sole mechanism 
involved in Q neuroblast breaking. Notwithstanding, a potential role for 
the chirality model in Q cell migration could be addressed by examining 
potential molecular torques of the actin-cytoskeleton. 

Figure 1. Models of symmetry breaking. (A) Schematic overview of lineage model I. During 
embryogenesis ABp divides into ABpl and ABpr. The lineage of ABpl gives rise to QL and V5L, 
whereas the lineage of ABpr gives rise to QR and V5R. An asymmetric division of ABp could 
be the origins of the ultimately lateralized Q cells. Cell types are indicated. (B) Schematic 
overview of the chirality model. Actin cytoskeleton and cell types are indicated. L = left, R = 
right. (C) Schematic overview of the mirror model. From a dorsal or ventral point of view the 
Q neuroblasts are a mirror image of each other. Migration of Q cells in the same direction 
with respect to surrounding tissue could result in a differential migration direction along 
the anteroposterior axis. Cell- and tissue-types are indicated. DNC = dorsal nerve cord, 
VNC = ventral nerve cord. L = left, R = right. (D) Schematic overview of lineage model II. 
During embryogenesis ABpl and ABpr could be differentially primed by surrounding cells for 
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instance by signaling pathways such as Notch signaling. Activating and/or inhibiting signals 
are specified and cell types are indicated. (E) Schematic overview of the guidance cue model. 
L-R asymmetrical cell types and structures could be responsible for guiding the Q cells in 
their respective directions. On the right lateral side the L-R asymmetrical structures entail 
the M myoblast, which is positioned on the right lateral side of QR, the DB6 neuron, which 
has an axon extending dorsally via the right lateral side, and the P-cells, which are positioned 
below the seam cells and will migrate ventrally in a L-R asymmetrical manner during L1 
development. On the left lateral side the L-R asymmetrical structures entail the DA6 neuron, 
which has an axon extending dorsally via the left lateral side, and the P-cells, which are 
positioned below the seam cells and will migrate ventrally in a L-R asymmetrical manner 
during L1 development. Cell types are indicated.

C. The Mirror model
The mirror model is depending on the mirrored symmetry of the overall 
system. This model is similar to the chirality model (described in B), which is 
also depending on mirrored symmetry. The difference between both models 
is, however, the extrinsic or intrinsic regulation. The mirror model is purely 
depending on the external context of the cell. The left and right lateral side 
of the nematode is mirror symmetrical for several tissue- and cell-types, 
such as the seam cells, cuticle, basal lamina, and pseudocoelom (Figure 1C). 
 The mirror symmetry of the system could be sufficient to polarize QL 
and QR with respect to each other. Similar to the chirality model, identification 
of the dorsoventral (D-V) and apicobasal (A-B) axes is crucial. The fact 
that Q cells are polarized along the D-V axis is clear by the occurrence of 
protrusions solely on the dorsal side. D-V asymmetrical structures, such as 
the P-cells, could lie at the basis of this polarization. 
 Polarization along the A-B axis could be regulated by the adjacent 
basal lamina. The basal lamina is a highly specialized extracellular matrix 
(ECM) consisting of glycoproteins, type IV collagen, Laminin, Integrin, and 
Nidogen (Jayadev and Sherwood, 2017; Ryerse). Components of the basal 
lamina can function as a medium for cells to migrate along. Interactions of 
LAR-RPTP’s with Nidogen have been described (Ackley et al., 2005; Caylor et 
al., 2013; Craig and Brady-Kalnay, 2015; Kwon et al., 2006; O’Grady et al., 1998; 
Xie et al., 2001). Moreover, a link between Fat and the ECM has been suggested 
(Barlan et al., 2017). Lastly, a connection between Integrins and UNC-40/
DCC has been shown (Hagedorn et al., 2009, 2013; Wang et al., 2014). These 
interactions of the Q cell with the basal lamina could drive the migration 
direction. 
 Consequently, if both Q cells migrate in a similar direction with 
respect to the basal lamina they would ultimately migrate in different 
directions along the anteroposterior axis. Whether this extrinsic mirror 
model is the cause of Q cell symmetry breaking should be assessed by 
examining interactions with surrounding tissue further. 
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D. The lineage model II
The extrinsic lineage model is depending on a priming signal coming from 
the surrounding niche. An example of the model is the lateralization of 
ASEL and ASER. The ASE neurons are chemosensory neurons specialized in 
salt-perception (Bargmann and Horvitz, 1991; Pierce-Shimomura et al., 2001; 
Wes and Bargmann, 2001). The left and right ASE neuron are differentially 
activated by ionic-concentrations due to the differential expression of 
specific receptors. The differential expression of chemosensory receptors is 
controlled by a complex “prime and boost” mechanism starting early in the 
cell lineage of ABp and ABa (Cochella and Hobert, 2012). The lateralization 
stems from the induction of the ABp cell, which gives rise to ASER, by 
Notch signaling from the P2 blastomere. The Notch signaling results in the 
downregulation of the T-box genes tbx-37/38, which will ultimately result 
in activation of cog-1 and inhibition of die-1 in ASER. Conversely, the ABa 
cell, which gives rise to ASEL, will not be primed by Notch signaling. Here, 
tbx-37 and tbx-38 are not inhibited resulting in the inhibition of cog-1 and 
the activation of die-1 in ASEL (Cochella and Hobert, 2012; Good et al., 2004; 
Priess, 2005; Schnabel and Priess, 1997). Taken together, the lateralization 
of ASEL and ASER is an example of a complex cell extrinsic mechanism 
where proximity to a Notch ligand determines the L-R asymmetry visible in 
descendants. 
 Similarly, an external morphogen at the 8-cell stage could be 
sufficient for the induction of the L or R fate of Q neuroblasts (Figure 1D). 
However (as was discussed in A), intrinsic differences between QL and QR 
should be evident ultimately. Future studies are required to first identify 
these differences and subsequently discern whether the origins of these 
differences are indeed achieved earlier in the lineage. Furthermore, 
differently from the ASE neurons, the Q neuroblasts are lateralized solely on 
migration direction and not on function. Thus, the question rises whether 
they are required to be dissimilar. 
 

E. The guidance cue model
The guidance cue model is characterized by an external cue guiding a 
cell in a certain direction. This model is dependent on the existence of 
a guidance cue, which can be presented by L-R asymmetrical structures. 
Several structures, apart from the Q cells, are lateralized in this part of 
the animal (Figure 1E). Firstly, the DA/DB neurons in the ventral cord show 
L-R asymmetries. These neurons have axons that extend dorsally in a L-R 
asymmetrical manner (Ackley et al., 2001; Durbin, 1987; Johnson et al., 2006). 
Secondly, the M myoblast is lateralized. The M cell is positioned on the 
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right lateral side at the height of QR (Sulston et al., 1983). Lastly, the P-cells 
have lateralized properties. These cells are positioned below the seam cells 
after hatching. During development their nuclei, followed by the cell bodies, 
migrate in a L-R asymmetrical manner into the ventral nerve cord, where 
they intercalate (Sulston et al., 1983). 
 The potential role of the DA/DB neurons, M myoblast, and P-cells in 
Q cell guidance was addressed in Chapter 4 via the tissue-specific depletion 
of CDH-4. Interestingly, all tissue depletions showed protrusion direction 
phenotypes (note: no P-cell specific promoter was used even though the 
P-cells showed mCherry expression, suggesting transgene expression). Thus, 
all three cell types could be involved in guiding the Q neuroblasts. However, 
these experiments should be repeated using stably integrated transgenes to 
ascertain the extent of involvement of the different surrounding tissues.   
Consistent with the guidance cue model are the findings of reversed Q cell 
migration direction in mutants with a sinistral handedness (Bergmann et al., 
2003; Wood, 1991). After all, the lateralized structures are affected. Once the 
responsible L-R asymmetrical structures are identified the focus can shift 
towards the involved guidance cues. The cell non-autonomous function of 
CDH-4 in Q cell migration makes this Fat-like cadherin a fitting candidate as 
such a guidance cue. Moreover, as described previously, CDH-1/Dachsous 
is also a potential candidate based on its conserved role in directional cell 
migration and its interaction with other Fat-like cadherins (Adler et al., 1998; 
Gooding et al., 2004; Harumoto et al., 2010; Ma et al., 2003; Mao et al., 2011; 
Strutt and Strutt, 2002). 
 In sum, the existence of L-R asymmetrical structures in combination 
with preliminary results indicate extrinsic guidance cues might play a role in 
directional Q cell migration. 

In conclusion, any one model or combination of models could lie at the basis 
of Q neuroblast symmetry breaking. However, given the recent observations 
we and others have made, we can make a well educated guess which of the 
models are more likely. So far, both the cell intrinsic and extrinsic lineage 
model seems less likely. Both rely on the observation of dissimilarities 
between the Q neuroblasts. As was mentioned previously, there is no 
necessity for the Q neuroblasts to be dissimilar, since they will ultimately 
give rise to similar differentiated neurons. The sole L-R asymmetry of the Q 
neuroblasts is the migration direction. Here lies a unique opportunity for 
the surrounding tissue to guide the Q cells in the right direction. Both the 
mirror model and the guidance cue model would fit with this hypothesis. 
Moreover, an additional role for the chirality model is not excluded either. 



258

Chapter 8: General Discussion

The role of Hox genes and Wnt signaling in directional migration
Symmetry breaking and polarized protrusion formation are essential for 
proper initial Q neuroblast migration, which is ultimately required for the 
migration of Q daughter cells (Chapman et al., 2008; Du and Chalfie, 2001; 
Honigberg and Kenyon, 2000; Middelkoop et al., 2012; Sundararajan and 
Lundquist, 2012). This long-distance migration of Q descendants is depending 
on both Hox transcription factors and Wnt signaling response. 

The Hox transcription factor MAB-5 ensures developmental robustness
The homeobox transcription factor MAB-5 is both necessary and sufficient 
for the posterior migration of QL daughter cells (Harris et al., 1996; Salser 
and Kenyon, 1992; Tamayo et al., 2013). It functions partially via the inhibition 
of another Hox transcription factor, LIN-39, which is required for the anterior 
migration of QR daughter cells (Clark et al., 1993; Harris et al., 1996; Wang et 
al., 2013). Furthermore, compound mutant analysis in Chapter 5 has shown 
MAB-5 is upstream of functionally redundant genes involved in the posterior 
migration process. This apparent redundancy in the system indicates 
the process is tightly regulated. Functional redundancy among genes is 
commonly associated with developmental robustness. Stochastic loss of 
specific gene functions are, thus, compensated by functional redundancy 
(DeLuna et al., 2008, 2010; Gutiérrez and Maere, 2014). Another aspect linking 
MAB-5 to developmental robustness is the crucial role of feedback regulation. 
Feedback loops are generally known to promote robustness (Ebert and Sharp, 
2012; Hornstein and Shomron, 2006; Lachowiec et al., 2018). Previous results 
have shown robust mab-5 expression is ensured by positive and negative 
interlocked feedback loops (Ji et al., 2013). Moreover, in Chapter 5 we have 
identified the E3 ligase plr-1/ZNRF3/RNF43 as a downstream target of MAB-
5 involved in fine-tuning the mab-5 expression levels. Finally, the general 
connectivity of MAB-5 with other Hox family members and additional loci, 
shown by ChIP results, suggests a role in developmental robustness (Landt 
et al., 2012; Park, 2009). Highly connective proteins, for example HSP90, are 
often associated with developmental robustness due to the large-scale 
phenotypic effects upon perturbation (Queitsch et al., 2002; Sangster et al., 
2007, 2008). Similarly, MAB-5 perturbation has been shown to dramatically 
affect the overall migrational outcome of Q neuroblasts (Harris et al., 1996; 
Salser and Kenyon, 1992; Tamayo et al., 2013; Zinovyeva et al., 2008). 
 In sum, several studies and findings highlight the crucial role of MAB-
5 in ensuring developmentally robust directional migration of Q neuroblasts. 
In a way, mab-5 functions as a “switch-gene”, responsible for the overall 
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phenotypic outcome.  

Differential sensitivity is crucial for a L-R asymmetric Wnt signaling  
response 
A prerequisite for mab-5 function as a “switch-gene” is the ability to 
respond to certain extrinsic factors. In Q cell migration Wnt signaling is 
such an environmental factor capable of affecting mab-5. Previous studies 
have shown mab-5 mRNA levels are correlated to the relative initial Q cell 
migration distance and Wnt signaling response (Ji et al., 2013; Middelkoop et 
al., 2012; Whangbo and Kenyon, 1999). Here, Wnt signaling plays a permissive 
role in Q cell migration (Whangbo and Kenyon, 1999). The L-R asymmetrical 
Wnt response is depending on a threshold difference for canonical Wnt/
beta-catenin signaling activation. Surpassing the threshold is sufficient to 
drive posterior migration. Interestingly, EGL-20/Wnt does not function as a 
canonical morphogen in this context. The reversal of the Wnt gradient, from 
anterior to posterior, does not result in defects in Q cell migration (Figure 2A) 
(Pani and Goldstein, 2018; Whangbo and Kenyon, 1999). Rather, differential 
sensitivity to the morphogen could lie at the basis of the mechanism.
 On the one hand, the differential sensitivity of the Q cells to the 
Wnt gradient could be intrinsically regulated. As described previously, such 
a mechanism would entail detectable cell intrinsic differences. To date, no 
such intrinsic differences have been identified (Chapter 4). On the other 
hand, the differential sensitivity of the Q cells to the Wnt gradient could 
be extrinsically regulated. Surrounding L-R asymmetrical structures could 
have more/less affinity for the Wnt ligand resulting in differential Wnt ligand 
binding for QL and QR. Interestingly, quantification of mab-5 mRNA has 
shown that the L-R asymmetry in expression observed in Q cells also occurs 
in surrounding tissues (Chapter 5). On the right lateral side, an accumulation 
of mab-5 transcripts is visible in the area surrounding QR, corresponding 
to hypodermal cell 7 (hyp-7). Such a finding is interesting in itself, since 
hypodermal cells form a syncytium; the observed mab-5 mRNA asymmetry 
is, therefore, cell intrinsic. Moreover, this observation could direct towards a 
mechanism where hyp-7 potentially sequesters the Wnt ligand surrounding 
QR (the mab-5 expression could be the result of the sequestration and Wnt 
pathway activation). In order to validate a potential role in Q cell migration, 
it needs to be assessed whether the observed asymmetry is dependent on 
Wnt signaling. Once the requirement of Wnt signaling has been established, 
potential roles for Frizzled receptors, beta-catenin, and feedback regulators 
could be studied to elucidate the mechanism further. If hyp-7 could form 
a “sink” for Wnt ligand, QR would migrate anteriorly (Figure 2B). However, 
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perturbation of initial migration could result in the QR cell migrating 
towards an area where it is no longer competing with hyp-7 for Wnt ligand, 
resulting ultimately in posterior migration. Consistently with experimental 
findings, a reversal of the Wnt gradient would result in wild type migration 
direction, since hyp-7 would still be surrounding the QR neuroblast (Pani 
and Goldstein, 2018; Whangbo and Kenyon, 1999). It will be fascinating to see 
what happens to the Q cell migration direction once both initial migration 
direction and the Wnt gradient are perturbed. One expected outcome is the 
wild type final position of QL and QR daughter cells. 
 In conclusion, the differential sensitivity of Q cells to the Wnt gradient, 
which could be either intrinsically or extrinsically regulated, is likely crucial 
for the L-R asymmetric Wnt signaling response. 

Figure 2. The L-R asymmetric Wnt signaling response in Q neuroblasts (A) Schematic overview 
of wild type (WT) and reversed EGL-20 gradient and the effects on Q cell migration. QR is 
depicted in green and QL in red. Arrows indicate migration direction. A = anterior, P = posterior. 
(B) Schematic overview of initial Q cell migration direction in wild type (WT) and defective 
backgrounds. QR is depicted in green and QL in red. EGL-20, hypodermal cell 7, and Frizzled 
receptors (Fzd) are shown in blue, orange, and purple respectively. Arrows indicate migration 
direction. A = anterior, P = posterior. The question mark indicates the direction of migration 
is unknown.
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cells in opposite directions there are similarities as well. A prime example of 
such a similarity is eva-1, which is an evolutionary conserved transmembrane 
protein required for both the posterior migration of the QL lineage and the 
migration termination of QR.pa (Chapter 5 and 6). Literature has shown 
EVA-1 can interact with both UNC-40/DCC and SAX-3/Robo (Chan et al., 2014; 
Fujisawa et al., 2007; James et al., 2013). In Chapter 6 we show the inhibition 
of QR.p migration is depending on a functional interaction between EVA-1 
and the Slt – Robo pathway, a guidance cue dependent signaling pathway 
involved in neuronal migration, cell division, and development (Andrews et 
al., 2008; Borrell et al., 2012). The interacting signaling pathway for EVA-1 
in QL descendant migration, however, remains unknown. On the one hand 
the transmembrane protein UNC-40/DCC could be involved. Even though 
a role for UNC-40 has been described extensively in initial Q neuroblast 
migration an additional role in Q descendant migration has never been 
excluded (Ebbing et al., 2019; Honigberg and Kenyon, 2000; Middelkoop et al., 
2012; Sundararajan and Lundquist, 2012; Sundararajan et al., 2014). On the 
other hand there could be a role for the guidance-cue receptor SAX-3/Robo. 
Remarkably, sax-3 itself was not differentially expressed in mab-5 gof and lof 
mutants (Chapter 5). This lack of differential expression could point towards 
a mechanism where both anterior and posterior directed Q descendant 
migration are depending on Robo signaling. In this case SAX-3 could have a 
differential role in Q daughter cell migration depending on its interactions 
with various proteins or pathways. Such a promiscuous role is not unlikely, 
since SAX-3 has been shown to interact with guidance-cue receptors as UNC-
40/DCC, the non-canonical Wnt receptor CAM-1/Ror, and EVA-1 (Fujisawa et 
al., 2007; Wang and Ding, 2018; Yu et al., 2002). Interestingly, a broader role in 
Q neuroblast migration has been proposed for Robo signaling, seen as the 
guidance cue slt-1 is involved in both AQR and PQR localization (Josephson 
et al., 2017). Moreover, apart from EVA-1, interactions have been proposed 
with the atypical kinesin-like motor protein VAB-8 and the conserved BC-
box-containing protein EBAX-1, which happen to be involved in Q descendant 
migration as well (Chapter 5) (Levy-Strumpf and Culotti, 2007; Watari-
Goshima et al., 2007; Wightman et al., 1996; Wolf et al., 1998). Thus, it will be 
interesting to elucidate the dual role for sax-3, eva-1, and potentially other 
genes in both anterior QR and posterior QL descendant migration further. 
 To summarize, there could be an overlap in specific components of 
the mechanisms driving QL and QR descendant migration. Ultimately, the 
exact combination of interactions such an interchangeable component 
makes could define the nature of its role in directional cell migration.  
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Taken together, Q neuroblast migration provides a powerful system to study 
L-R asymmetric directional cell migration at a single cell resolution. The 
system can be used to address questions concerning symmetry breaking 
and mechanisms involved in directional cell migration. Moreover, the system 
is ideal to study the molecular mechanisms that regulate developmental 
robustness. Lastly, Q cell migration is especially interesting due to the 
conserved role of Wnt signaling in cell migration and cancer metastasis in 
mammalian organisms (Nusse and Clevers, 2017). Enhanced understanding 
of the complexities underlying the system in C. elegans can help our 
understanding in a broader context.

Variability in behavior
The topic of variability in behavior was addressed by examining chemotaxis 
behavior in an isogenic population of C. elegans. Several mutations have 
been associated with variable chemotaxis behavior. However, recent studies 
have found variability in behavior can also occur in genetically identical 
populations (Gordus et al., 2015; Posner et al., 2019; Remy, 2010; Remy and 
Hobert, 2005; Stern et al., 2017). In order to address the nature of variable 
behavior, salt-preference was studied in Chapter 7. Chemotaxis assays show 
that genetically identical animals can have a differential salt-preference. 
Remarkably, animals initially showing a certain preference were not 
necessarily showing a similar preference at later time-points, indicating 
the behavior is stochastic and transient. Transient behavior was reported 
previously and as such it will be interesting to see whether to what extent 
other forms of behavior are similarly stochastic (Gordus et al., 2015; Roberts 
et al., 2016; Stern et al., 2017). Our whole animal RNA sequencing analysis 
revealed the origins of the observed behavioral variability are likely to be 
small variations in gene expression. Follow-up experiments are required to 
determine whether these variations are in fact stochastic fluctuations in 
gene expression that lie at the basis of the observed behavioral differences. 
Furthermore, future studies are required to see whether the variations in 
gene expression are reproducible and perhaps even inducible. Overall, 
the idea that variable gene expression can result in stochastic behavior is 
interesting in itself. The chance of a random combination of differentially 
expressed genes resulting in a variable trait seems small; nevertheless, the 
clear differential chemotaxis preferences imply variability of gene expression 
might have far-reaching effects. Similar studies using simple organisms in 
controllable conditions may help elucidating the extent of the effects and 
the overall role of stochasticity in the emergence of variable traits further. 
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Variability in the context of adaptation
The focus of this thesis was variability, in terms of dimorphisms. The function 
of variability has been attributed to adaptation for decades; diversity within 
a population can result in an increased chance of survival with respect to 
changes in the environment. However, these studies focus generally on genetic 
variability. Genetic variation can be a high-risk path that results in the stable 
inheritance of traits. The chance of a random mutation being beneficial in 
a certain environment is, however, small (neutral or semi-neutral mutations 
notwithstanding). An outstanding question remains, therefore, how new 
traits arise and what the exact role is of genetic adaptation. Adaptability 
to the environment requires a more flexible and low-risk approach where 
input from the environment can be directly integrated. These developmental 
or phenotypically plastic traits can be attained by processes such as gene 
expression regulation, mRNA and protein processing, and protein dynamics 
and interactions (Figure 3). The internal and/or external environmental 
conditions can directly affect these processes resulting in direct adaptation. 
Moreover, stochastic changes can also play a role in the occurrence of 
variability. An example of a developmental/phenotypically plastic protein 
is the chaperone HSP90, which upon perturbation can affect the overall 
phenotypic outcome (Jarosz and Lindquist, 2010; Lachowiec et al., 2013; 
Queitsch et al., 2002; Rohner et al., 2013; Rutherford and Lindquist, 1998; 
Yeyati et al., 2007). Since these types of adaptations are typically constricted 
to one generation, the impact is relatively low-risk. Moreover, processes on 
a non-genetic level are generally more flexible, since they tend to be of a 
more reversible nature. 
 In this thesis we focused mainly on the role of transcriptional 
variability in biological diversity. We have shown that gene expression 
regulation plays an important role in sexual dimorphisms, directional 
migration, and behavioral stochasticity. Interestingly, each form of variability 
seems differently regulated; where sexual dimorphism and directional 
migration are developmentally more robust, behavioral variability seems 
to be of a more transient nature. These robust and transient natures are 
most likely the result of adaptation over generations (Figure 3). A novel trait 
can be favorable for an individual with respect to its environment, leading 
ultimately to increased fitness. Moreover, favorable traits can be inherited by 
consecutive generations in a non-genetic manner via epigenetic mechanisms 
(Posner et al., 2019; Rechavi et al., 2014; Remy, 2010; Remy and Hobert, 2005). 
Such mechanisms are especially important in dynamic environments, where 
a more stable mechanism of trait inheritance could be detrimental upon 
a sudden change in milieu. These transgenerational fixations could be 
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the mechanism linking flexible with stable trait inheritance (Waddington, 
1942, 1952; West-eberhard, 2003, 2005). Although a clear example of genetic 
accommodation, where epigenetic inheritable traits become fixed in the 
genome, has not been shown. Ultimately, genetic accommodation can 
be more suited than flexible trait inheritance in stable milieus due to 
robustness; a genetically inherited favorable trait can be buffered from 
slight genetic and environmental perturbations. Since the inherited trait 
has withstood the test of generations, genetic accommodation is now a less 
risky approach. Together, changes at various levels of phenotypic regulation 
and differing mechanisms of inheritance result in flexible and adaptable 
organisms ideally suited for the unpredictable nature that surrounds them. 
 

Figure 3. Schematic overview describing the emergence and consolidation of variability. The 
levels in which variability can occur are depicted (Genome: genetic variability, Transcriptome: 
transcriptional variability, Proteome: translational variability, Phenotype: variability in (re-)
action). The internal/external environment can affect each level of variability differently 
between individuals of a species (arrows on the left). Moreover, stochastic variability can 
result in differences between individuals as well (arrows on the right). The process of natural 
selection will select for favorable traits. These favorable traits can be passed on to subsequent 
generations by epigenetic mechanisms, such as miRNA’s and methylation (dashed lines). 
Lastly, traits deemed favorable for numerous generations can be accommodated/consolidated 
in the genome, creating a more stable mode of inheritance. 

 To summarize, our results have shown there is a clear correlation 
between gene expression differences and phenotypic variation. There 
is room for science, however, to try and understand the emergence of 
stochastic and environmentally induced novel traits further. As mentioned 
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previously, there are other levels apart from the transcriptional level that 
can play a part in variability. Besides, it is important to gain comprehension 
of the mechanisms driving developmentally transient and robust traits. 
Lastly, the switch from non-genetic transgenerational heredity to genetic 
heredity is intriguing. One could imagine a mechanism that somehow 
enriches for mutations in genes associated with an epigenetically regulated 
favorable trait. All things considered, by studying simple organisms, such 
as nematodes where both the genetic and environmental conditions can 
be controlled, we could further our understanding of variability in biology. 
Moreover, by extending the view to other nematode species these questions 
can be studied in the context of adaptation and evolution.
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Nederlandse Samenvatting
De natuur is mooi en complex in al zijn diversiteit en verscheidenheid. Geen 
enkel dier of organisme is hetzelfde. Zelfs als je naar eeneiige tweelingen 
kijkt, die genetisch identiek zijn, zie je verschillen in uiterlijk en gedrag. 
Voorbeelden zijn de verschillen in moedervlekken, houding en stemgeluid. En 
dan kun je jezelf afvragen: waar komen die verschillen vandaan? Diversiteit 
in de natuur is het onderwerp waar de studies in dit proefschrift zich op 
richten. In het bijzonder worden dimorfismen/tweevormen behandeld 
(hoofdstuk 1). Een object of organisme is dimorf als het twee verschijningen 
of vormen heeft. Voorbeelden zijn: de verschillen tussen twee seksen in 
één soort zoals het vederdek van mannetjes- en vrouwtjesvogels, links-/
rechtsverschillen in én organisme zoals de links of rechtshandigheid van 
een persoon en tweeledige gedragsverschillen tussen tweelingen zoals de 
voor- of afkeur voor broccoli (Figuur 1). Om dergelijke onderwerpen beter 
te begrijpen en kwantitatief te kunnen bestuderen is het van belang dat 
de experimenten gecontroleerd en herhaaldelijk kunnen worden uitgevoerd. 
Het is dus belangrijk een organisme te bestuderen dat makkelijk in gebruik 
is en voor weinig bijkomende variabelen zorgt. Daarbij is de kleine rondworm 
Caenorhabditis elegans (C. elegans) met zijn kleine postuur (maximaal 1 
mm lang), doorzichtigheid (alle cellen zijn door de microscoop te zien), 
korte levenscyclus (van ei tot volwassen dier zijn niet meer dan vijf dagen 
nodig) en mogelijkheid tot ongeslachtelijke voortplanting (de hermafrodiet 
is tot zelfbevruchting in staat en kan dus nakomelingen voortbrengen die 
identiek zijn aan zichzelf) het ideale model organisme. In dit proefschrift 
wordt de kleine rondworm dan ook gebruikt om seksuele dimorfismen (A), 
linksrechtsverschillen (B), en variatie in gedrag (C) te bestuderen. 

Figuur 1. Dimorfismen in het dierenrijk (A) Seksueel dimorfisme getypeerd door het 
verschillende vederdek van mannetjes en vrouwtjes vogels. (B) Links-rechts asymmetrie in 
een kreeft waarbij de linker- en rechterhelft van de kreeft een duidelijk kleurverschil tonen.  
(C) Gedragsverschil in een eeneiige tweeling, waarbij de linker tweeling blij is terwijl de 
rechter tweeling boos lijkt. 

B.A. C.Seksuele dimorphismen Linksrechtsverschillen Gedragsverschillen
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(A) Het seksuele dimorfisme van de rondworm 
Van nature komen er zowel mannelijke als hermafrodiete rondwormen 
voor. Het bestaan van mannetjes is echter eerder uitzondering dan regel, 
omdat ze maar zelden voorkomen (1 op 1000 rondwormen). De kans op 
geslachtelijke voorplanting is door de zeldzaamheid van mannetjes dus 
erg klein. Gelukkig zijn deze wormen ook in staat zich ongeslachtelijk voor 
te planten. De hermafrodieten bevatten zowel eicellen als zaadcellen en 
kunnen zichzelf bevruchten. Zodoende baren zij allemaal nakomelingen die 
eigenlijk identiek zijn aan zichzelf. De nakomelingen van een ongeslachtelijke 
voorplanting zijn als het ware allemaal eeneiige tweelingen. 
 De verschillen tussen mannelijke en hermafrodiete wormen zijn 
zoals in veel organismen zichtbaar in uiterlijk en gedrag. De mannetjes zijn 
over het algemeen wat dunner en hebben een haak aan hun staart die 
ze nodig hebben om een hermafrodiet te bevruchten. De hermafrodieten 
zijn wat langzamer en kunnen eitjes leggen. En hoewel men de verschillen 
meestal verbindt aan genetische verschillen, is dit bij deze rondwormen wat 
minder voor de hand liggend. Bij mensen en veel andere dieren wordt het 
geslacht bepaald door het hebben van ofwel een XX chromosomenpaar voor 
vrouwen dan wel het XY chromosomenpaar voor mannen. Mannetjeswormen 
daarentegen, hebben niet een apart Y chromosoom maar bij hen ontbreekt 
er een chromosoom. Dat wil zeggen dat de hermafrodieten twee X 
chromosomen hebben en de mannetjes maar één. Bij nakomelingen van 
ongeslachtelijke voorplanting zijn de verschillen tussen mannetjes en 
hermafrodieten dus niet te danken aan het bezit van andere genen, maar 
aan het verschil in gebruik van dezelfde genen. Dit verschil in gebruik van 
genen wordt bestudeerd in hoofdstuk 2, waarbij de genexpressiepatronen 
van zowel mannelijke als hermafrodiete rondwormen in kaart is gezet. 

(B) De linksrechtsverschillen van de rondworm
De rondwormen zijn grotendeels lateraal symmetrisch, dat wil zeggen dat 
de cellen links en rechts er hetzelfde uitzien en eenzelfde functie hebben. 
Echter, er zijn een aantal celtypen in de rondworm die toch links-rechts 
asymmetrisch zijn. Een van deze asymmetrische celtypen is de Q neuroblast 
(Q cel), een voorloper van zenuwcellen. De linker- en rechterzenuwcellen 
hebben precies dezelfde functie. Het verschil is dat de rechtercellen altijd 
in het hoofd van de worm zitten terwijl de linkercellen altijd in de staart 
zitten. Kort na de geboorte van de worm ontstaan de Q neuroblasten op 
een vergelijkbare plek aan de linker- en rechterzijde van de worm. Tijdens 
de verdere ontwikkeling van de wormen verplaatsen de cellen zich in 
tegengestelde richting wat uiteindelijk zorgt voor de asymmetrie in plaatsing. 
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 De asymmetrie in verplaatsing van de Q cellen is de afgelopen 
decennia veelvuldig bestudeerd. De verplaatsing gebeurt aan de hand 
van opeenvolgende mechanismen. Het eerste mechanisme, welke 
verantwoordelijk is voor een kleine tegengestelde verplaatsing van 15-20 
micrometer, wordt beschreven in hoofdstuk 3. De betrokken genen hebben 
een specifieke rol in het vormen van een uitloper, die nodig is voor de 
verplaatsing van het cellichaam. Bovendien kunnen de bestudeerde genen 
ook de richting van de uitloper bepalen. Het verkeerd en onnauwkeurig 
werken van deze genen kan dus de afstand en richting van de verplaatsing 
van Q cellen beïnvloeden. 
 Daarbij wordt de rol van genexpressie tijdens deze eerste 
verplaatsing in detail bestudeerd in hoofdstuk 4. Een isolatiemethode is 
gebruikt om specifiek de Q cellen uit de rondwormen te kunnen filteren en 
te gebruiken voor genexpressie onderzoek. De genexpressiepatronen van Q 
cellen van verschillende leeftijden laten zien dat bepaalde genen aan en 
uit worden gezet tijdens de verplaatsing. Er lijken evenwel geen verschillen 
te zijn tussen de actieve genen in de linker- en rechter-Q-cel. Dit gebrek 
aan verschil suggereert dat beide cellen vergelijkbare genen gebruiken om 
zich überhaupt te verplaatsen en dat een signaal van buitenaf de richting 
bepaalt. 
 Na het eerste mechanisme, dat verantwoordelijk is voor de korte-
afstand verplaatsing van de Q cellen in tegengestelde richting, volgen twee 
verschillende mechanismen voor de verdere verplaatsing van de linker- 
en rechter–Q-cel. In hoofdstuk 5 wordt het mechanisme dat betrokken is 
bij de verdere verplaatsing van de linker-Q-cel beschreven. In hoofdstuk 
6 daarentegen wordt het mechanisme bestudeerd dat betrokken is bij 
de verdere verplaatsing van de rechter-Q-cel. Beide mechanismen zijn 
bestudeerd door bepaalde hoofdregulatiegenen aan of uit te schakelen en 
de daaropvolgende effecten op genexpressieniveau te bekijken. 

(C) Gedragsverschillen in rondwormen
Hoewel rondwormen vaak worden omschreven als simpele dieren, zijn 
ze toch in staat tot het uitvoeren van redelijk complex gedrag. Ze kunnen 
bijvoorbeeld heel goed bepaalde smaak- en/of geurstoffen oppikken uit hun 
omgeving en daarop reageren. Voor dit perceptiegedrag hebben ze bepaalde 
zenuwcellen in hun lichaam die werken als smaakreceptoren. In hun hoofd 
hebben ze bijvoorbeeld twee zenuwcellen die de zoutconcentratie kunnen 
meten in hun omgeving. Daarbij hebben de zenuwcellen een tegengestelde 
functie bij de aan- of afwezigheid van zout in de omgeving; waar de ene 
cel bij een te lage concentratie een activerend signaal doorgeeft, geeft de 
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andere cel een afremmend signaal af. Dit zorgt ervoor dat in het algemeen 
de worm zich omdraait en opzoek gaat naar een gebied met een hogere 
zoutconcentratie. 
 Je zou verwachten dat genetisch identieke nakomelingen allemaal 
precies dezelfde voorkeur hebben wat zoutconcentratie betreft. Opvallend 
genoeg zijn er, desalniettemin, altijd een aantal wormen die de voorkeur 
hebben voor een lagere zoutconcentratie. Dit verschil in gedrag en voorkeur 
wordt uitgewerkt in hoofdstuk 7. Herhaaldelijke experimenten laten zien dat 
niet altijd dezelfde wormen dezelfde voorkeur hebben, wat duidt op een 
tijdelijk keuzeverschil in plaats van een blijvend persoonlijkheidsverschil. 
Vervolgens zijn de wormen die zich anders gedragen individueel bestudeerd 
op genexpressieniveau. Daarbij zijn een aantal genen ontdekt die wisselend 
tot expressie komen in wormen die wel of geen voorkeur hebben voor een 
hoge zoutconcentratie in de omgeving. De resultaten laten zien dat er een 
mogelijk verband is tussen de willekeurige expressieniveaus van bepaalde 
genen en de voorkeur voor zoutconcentratie. 

Al met al laten de studies in dit proefschrift het bestaan van dimorfismen 
(verschillen) in rondwormen op verschillen niveaus zien. Bovendien is 
duidelijk dat deze verschillen niet altijd een genetische basis hebben. Het 
zijn immers niet verschillende genen, maar het verschil in gebruik van 
dezelfde genen die tot deze resultaten kunnen leiden. Vanuit een evolutionair 
perspectief houdt dit in dat er dus verschillen zijn die de overlevings- en 
voorplantingskansen van bepaalde organismen kunnen beïnvloeden die een 
niet genetische basis hebben. Dit evolutionaire perspectief met betrekking 
tot de besproken vormen van dimorfismen wordt verder uiteengezet in de 
discussie (hoofdstuk 8). 
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Your positivity amazes me and I really hope to have picked up even just a little bit 
of that spark (through osmosis?). Moreover, I am extremely happy that we see each 
other outside of the lab context as well; at drag shows, aerial, or just for dinner. 
 Christa, thank you for your pug-loving, strong, and determined self. Your 
no-nonsense brave farm girl approach is definitely a feature I can learn from. 
However, I am happy to have seen your more sensitive side as well. Your affection 
for stekjes (shared by many in the lab), awkward mutant worms, and baby bunnies 
is very much appreciated and I really hope we will continue our funny/cute animal 
correspondence. 
 Monsieur Erik, many many thanks for just being you. We have known each 
other since our bachelor’s and I am happy that you have joined the Krustywagon 
ranks. The ease with which you pick up new information and techniques is quite 
impressive, but what is maybe more impressive is that you do it with your amazing 
sense of humor. I would say I am going to miss your comical brain together with your 
sympathetic and friendly side, but I guess our career paths might cross more often. 
 And thanks to the Galli lab members who, as mentioned before, feel as 
genuine lab members too. Thank you Reinier for your zeal, love for katjes, and 
innovation. You are always disposed to help anyone and it is wonderful to see you 
having fun as both an experienced technician by day and an antique bike repairman 
by night. Gaby, thank you for the weekly dose of science comics and shared love for 
similar things (i.e. cakes, drag shows, and music). I sincerely hope to see many more 
concerts together. Thank you, Matilde, for the practical tips, the useful discussion, 
and that San Fran hospitality.
 Jonas, we overlapped only briefly, but thank you nonetheless; my (lack of) 
Mendeley skills really benefitted from our brief encounter. I really hope you will 
enjoy your time in the Korswagen lab as much as I did. 
 Of course I cannot forget to thank the students I have had the fortune 
to supervise. As much as I hope to have taught you, know that you guys probably 
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taught me a lot more. Eduard, thank you for being such an easy going and grounded 
first student. Thanks to your love for board games and pub quizzes I am sure we will 
still see each other from time to time. Lina, thank you for your organized, cheerful, 
and proactive attitude. Your passion for Halloween and Spongebob really rubbed 
off on us. And Timo, only few people I know share your tremendous enthusiasm and 
passion for science. Your motivation is genuinely contagious and I hope to see more 
of your amazing baking and plant whispering skills. Also, I am extremely happy that 
you have found a PhD position in an amazing lab!
 Furthermore, I would like to thank previous lab members: Teije, Sophie, 
Niels, Remco, and Reinoud; you guys really sold me on the idea of doing a PhD 
in this lab. Sophie, I am happy that we have become friends/moviegoers, and will 
become near-neighbors soon! With a little bit of luck we can see each other a 
bit more often now. And Teije, thank you for being such a great motivation when 
it comes to science and life (the mantra work hard, play hard fits you very well). 
I enjoyed learning from you in the lab as well as the occasional beer-throwing 
contest. 
 
Special thanks as well to my adoptive lab, the van Oudenaarden lab. First of all, 
thank you Alexander, for having me around and giving valuable input and ideas 
during my promotion committee meetings. Next, I would like to thank previous and 
present lab members that have made my day with their sense of humor, love for 
music and finger licking good barbecues: Anna van O (one badass woman), Josi ( joy 
from the Caribbean), Abel (fellow germline fanatic), Kay, Adi (my favorite Indian guy), 
Lennart, JC, Dylan, Chloé, Nico (fellow ant enthusiast), Christoph, Susanne, Maya, 
Maria, Buys, Marloes, Vincent, Viking (lamb rotisserie specialist), Peter, Helena, 
Mauro, Anna and Judith. Moreover, a shout-out to the other adoptive AvO members: 
Javi, Corina, Axel, and Gita. 

Credits also to my other fellow worm-lovers. Sander, thank you for the useful 
scientific discussions as part of my promotion committee. Additionally, and you 
might not remember this, thank you for giving the course in genetics that made 
me want to work with worms in the first place. Martin it always brings me great joy 
seeing your cheerful self again at meetings and seminars. Molly, thank you for the 
chats and coffees that were either sequencing related or just for fun. Joao, your 
passion and immense drive for science are incredible, but we should not forget 
about our pet project: the triangular worm. Vincent, thank you for all the CRISPR and 
cloning related help and additional enjoyable coffees. And many thanks to Mike, 
Suzanne, Ruben, Sanne, Inge, Adri and all the other members of the van den Heuvel 
and Boxem labs. 

Next I would like to recognize the FOM consortium. I have learnt a lot from each of 
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your unique perspectives and expertise. Ser, thank you for a great collaboration, 
and I hope you are enjoying your new role as a father. And thanks to Gert for your 
pragmatic and realistic point of view that was often quite necessary to keep the ball 
rolling. Steffen, I have learnt a tremendous amount from your original and out of the 
box approach. I have really appreciated our work and general discussions. Jeroen, 
I remember a talk you gave in London about 6 years ago which really intrigued 
me to understand your work better. Thus, I am happy that we ended up working in 
the same consortium together and that I got to see a lot more of your wonderful 
ideas. Tom, thank you for showing me that idealism and creativity can have a place 
in science as well. And of course thank you to Matthijs, Joleen, and all the other 
consortium members. 

Thanks to the Sommer lab, Christian, Devansh, and Ralf. Our collaboration has 
been a great inspiration and I thoroughly enjoyed my stay in Tübingen. 

Of course a big thanks to SCD as well! I really appreciate the fact that you have 
managed to find the time to help me with sample processing and analysis even 
though you guys are very busy. Mauro, I more than approve of your love for raccoons, 
Greek mythology, and Picanha, specifically if it means I get to enjoy them too! Judith, 
you are a lovely, creative, quirky and strong lady and I am happy to call you my 
friend. I hope I get to babysit Bram and Bella more often. Oeh and I remember 
something about joining you for horse-riding one day? 

Special thanks to all the other Hubrechters that have helped me over the years. 
Thea, your presence behind the reception desk is an unrivaled phenomenon. Thank 
you for your cheerful ‘good mornings’, help with the mail, and gezellige chats. Litha, 
thank you for all the help with the final miles! The PhD’s in this institute are lucky to 
have you. And thank you, Annemiek, for all the help with arrangements of committee 
meetings over the years. Cheers to everybody from the civiele dienst, technische 
dienst, IT, HR, and Finance. And of course, Sander, for the morning coffees together 
to make a little fun of Marco. 

Then we arrive at the other Hubrechters and scientists who I have had the pleasure to 
meet. My sweet and precious Anna, thank you for being your amazingly considerate, 
warm, and fantastic self. Thank you for letting me blow off some steam every now 
and then and letting me be me. Honestly, my heart broke into the tiniest pieces 
when the big C came into your life. I don’t think I have ever felt such happiness or 
relief as when you finally came back here in Utrecht. And I am looking forward to 
our snowy walks, cozy drinks, and chill afternoons. 
 Thank you Caro, for lending me a listening ear when I needed it and of 
course for being such a great lively and energetic friend. I am extremely happy and 
grateful that we went through the process of graduating together. Your ability to 
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organize and plan has put me in awe. And of course I am going to miss you a lot 
when you leave for Boston (but I will definitely visit). 
 Anna, my fantastically radiant and intelligent friend. I have always admired 
the way you work and look at science. Working together with you has really opened 
up my eyes and gave me the courage to use my computer a bit more. The fact that 
you also happen to have this amazing personality with a great love for food and 
comedy is an enormous bonus. 
 To my running buddy Bas, yes I owe you a lot. Thanks for pushing my lazy 
ass in the right direction. The chats/workouts really have a positive effect on the 
soul, and I hope we can continue running some more. I am happy that we have 
become such good friends, you’re definitely not getting rid of me easily!  
 Thank you Maya! For your lovely personality and the dinners together which 
slowly evolved into these artsy fartsy fun evenings where we could really just relax 
and let loose. A great deal of the work in this thesis (written and drawn) is thanks to 
your input and feedback. The distance might be a bit of a hassle, but I really hope 
we will stay in touch. 
 To Brabant’s best, Geert, thank you for the many musical and friendly 
intermezzos. There is a lot I can learn from your bourgondische approach of life. 
 And of course Ari, amica mia, I am extremely happy and grateful that life is 
dynamic and brought our paths back together. Happy that our dinners, chats, and 
adventures have found a new start (also happy we all survived the funghi). Let’s 
plan some more crazy events!
 Big thanks to the PV as well. Bas, Sander, Cli, Wouter, Kim, Joep, and Daniel, 
it was great organizing events and borrels together with the bunch of you! And yes 
that fabulous suit is still in my possession. 
 Then to the pubquizzers, the unique exquiz me worst case koala fight 
quizzies, Wim (as great as you are tall! Love the borrels and game nights which 
should def become a tradition), Bas, Margit (the Kever driving and paddle boarding 
sweetie; I love our occasional weird glances at each other from accross the room), 
Javi (the German looking Spanish chorizo/Star Wars fanatic, thank you for the great 
times these past years), Tim (mr. knows all the answers for sports and U.S. related 
questions. Your quiz-input and great personality are sorely missed), Kim (your quirky 
and smart personality are a great addition to the team) and the rest of course. 
Thank you for those quiz-tastic evenings. Hope we’ll stay in the top ten this year!
 And of course to all of you lovely borrel, party, Ardennes, festival, journal 
club, and hallway friends: cheers for the distraction over these past years! Rob 
(cheese expert and vieux connoisseur, thank you for always being so considerate), 
Spi (extremely happy that one awful English class can result in a great encounter), 
Sasja, Bana, Erica, Corina, Javi, Wessel, Sanne, Ilia, Peng, Melanie, Laurent, Dennis 
(die avondjes met MaryJane zijn geweldig, laten we dat vaker doen), Merle, Joris, 
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Wouter (vrolijke teddybeer), Ator, Axel, Bas M., Deepak, AJ, Jens (wormlover from 
another mother), Anne, Naomi, Lotte, Ajit, Colinda, Laura, Jessica, Tim, Deepak, 
Hesther, Jimmy, Charlotte, Fanny, Carla, Rox, Enric, Miriam, and probably many 
many more. 
 
Thanks to my new work family as well (although technically not academia, but still 
science related): Sander, Theresa, Arno, Zeta, Tjerk, Twan, Anne-Ingeborg, Evelien, 
Sabrina, Klasje C (thanks Ketha for being my wonderful confidante, Mo for your 
lively and humorous personality, and Chris for your amazing insight and Scottish/
Aussie wit), and all the other ttopstarters/PNO’ers.  

The people outside academia
Allereerst, Mattie; het voelt alsof we elkaar al een eeuwigheid kennen, maar dat 
komt waarschijnlijk omdat we zoveel op elkaar lijken. Allebei lekker chaotisch, 
creatief en onvoorwaardelijk gek op de natuur. Ik kan oprecht uren met je babbelen 
over van alles en nog wat, iets wat me zeker door de moeilijke momenten heeft 
geholpen in de afgelopen jaren. Ik kan altijd op je rekenen en voel me altijd welkom 
(ook bij je liefdevolle en gastvrije familie, of het nou Pasen of Kerst is). Berlijn mag 
dan wel ver zijn, maar gelukkig laten we ons daar niet al teveel door beïnvloeden. 
Trots als een pauw dat ik jou als paranimf heb. En Philipp, je hebt een geweldige 
vent aan de haak geslagen. En ik vind het fijn dat ik via Mattie aan jou ook een goede 
vriend heb overgehouden. 

Dan terug naar de roots, dankjewel Tessa, Marit, Manon, Laura, Ilja, Kirsten en 
Liselotte voor alle fijne momenten en herinneringen. Tessa, het is altijd super fijn 
weer even bij te kletsen en ik denk oprecht dat we onze singer-songwriter carrière 
nog een kans moeten geven. MenM, ik vind het echt leuk dat jullie het aandurfden 
om ook dat rare academische wereldje op borrels en festivals te leren kennen 
(al moeten we sommigen nog wel overtuigen dat jullie niet één persoon zijn). 
Ilja, dankjewel voor het dragelijker maken van die eindeloze avondjes achter de 
microscoop. Je bent echt een topvrouw! Meiden, we zijn met zijn allen door de jaren 
heen toch redelijk verspreid geraakt door Nederland (en België), maar gelukkig 
blijven we elkaar op weekendjes, etentjes, en gezellige stapavondjes nog altijd zien. 

En op naar ’t stadsie waar ik nieuwe wortels heb gegroeid. In Flagranti, die heerlijke 
club met kakelende kipjes, etentjes, roze boa’s, Perry (waar is hij nou?), een mooie 
verzameling aan kroegglazen en zoveel meer; een grootse afleiding van het burgerlijke 
bestaan. Lou (zowel je luisterende oor als je gevoel voor humor kan ik echt enorm 
waarderen. Die koffietjes tijdens het scriptie schrijven hebben echt wonderen 
gedaan), Charles (een topvrouw met ambities, Pura Vida), dokter doctor Lau (met 
jou kan ik als geen ander sparren over duurzaamheid en carrière switches), Assie 
(dank voor de onuitputbare voorraad spareribs), Mies (merci voor de dansmoves, jij 
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mag altijd in mijn dancing space komen staan), Jetski (de encyclopedie feitjes en 
je geweldig kleurrijke stijl zijn onvervangbaar) en Denise (bedankt voor de heerlijke 
barbecues). 
 Liebe Susie-Q, je staat altijd voor iedereen klaar (samen met Boef, Stoffel 
en Duster). En iedereen die ook maar van jouw kaasfondue mag genieten mag zich 
gelukkig prijzen. Laten we snel weer met Lou gaan dansen (ik zorg voor de cake). 
 En dan de Brigittenstraat, meer dan een decennium mijn thuis. Ik kan 
oprecht zeggen dat ik de beste huisgenootjes in de wereld heb gehad. Joshua (onze 
huis-indo, ik mis de rijsttafels en GoT avondjes enorm), Joep (de knuffelbeer met 
een voorliefde voor ijsthee), Matyas (het bezige bijtje, ik vond het leuk op Henk te 
mogen passen), Marthie (de gezellige, knuffelige en vrolijke thuisarts), Ruthie (de 
crea Bea met een hartje van goud, ik kan niet wachten om samen lekker creatief los te 
gaan), Daantje (geweldige rode kater, die ik zeker nog eens wil verslaan in schaken), 
Tommie (mijn Casa de Papel, Berlijn, Portugese vino, en gewoon chill buddy, laten 
we dit in stand houden!), Cath (mijn heerlijk spontane Italiaanse zusje), Piet en 
Es (de liefste huis papa en mama), Assie (chef de la maison, jij wist altijd wel een 
feestmaal op tafel te toveren), Femmie (mijn fantastische buuf, theeleut en fellow 
bumbum-lover, ik kom je snel in Maastrikkie opzoeken), Puckie (de huisambtenaar 
met het droge gevoel voor humor) Ise (huisjongste en schat van een meid), Sarah 
(vrolijk chaotische en ongeremde tante), Suus, Joris, Chiem, Eva, Bob, Sascha, Bas, 
Laura, Matthijs, Patti, Charles, Juudt, Coen en misschien nog wel meer. 
 De Lekkerste Borrelcommissie, bedankt voor alle heerlijke borrels en 
avondjes. Peter, Pieter, Joep, Jaap, Eveline, Freek, Matthijs, Daan en Clara. Ammie, 
je ging net de commissie uit toen ik erbij kwam, maar ik ben ontzettend blij dat 
we elkaar alsnog hebben leren kennen. Je bent altijd super attent. En natuurlijk 
Annickje, ik herinner nog steeds de kipjes van ontwikkelingsbiologie, vanaf dat 
moment wist ik dat wij vrienden zouden worden. Ik vind het enorm knap van je hoe 
je in de afgelopen jaren alles op zo’n goede manier hebt weten af te ronden. Je bent 
een powervrouw en gelukkig gaan we samen met Ammie nog wel eens eten. 
 En Milagro, bedankt voor alle heerlijke momenten lekker bijkletsen met 
jouw creatieve fabulous self. Volgens mij had je beloofd me een keertje mee te 
nemen op een van je fotografie avonturen. 
 Judith, Nath en Chan, de avondjes van PPP zijn ondenkbaar en hebben me 
meermaals door de sleur van de werkweek geholpen. De hilariteit van moves die 
nog net niet helemaal soepel gaan en de ontelbare bestellingen van sportkleding 
hebben zeker een indruk achtergelaten. Helaas ben ik er de laatste tijd niet meer zo 
vaak bij geweest vanwege de drukte met het afronden. Met de nieuwe baan zou het 
allemaal wat minder druk moeten worden, dan ben ik er vaker bij! 
 Lieve Juudt en Willie, bedankt ook voor al die fijne avonden en momenten. 
We kennen elkaar natuurlijk al van het Beatrix theater (en de B-street) en het is 
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heerlijk om te zien hoe dingen stand kunnen houden. Juudt en ik komen je snel 
opzoeken in Valencia Willie, dan kunnen we eindelijk weer een spelletjesavond of 
verlate Sinterklaas houden. 

Then, on to a family across the North Sea. Dearest Loveshackers, Patti, Tristain, 
and Chaz, you and London hold a special place in my heart. I consider myself the 
happiest of clams that I got to keep such very good friends from a brief stay abroad. 
Tristain, my Frenchie, please let me know whenever you’re in town again and have 
time for one of our silly escapades. Patti, my favorite chef in the whole wide world. 
Since Kingsday has taken place a couple of consecutive years now I assume happily 
it has become a tradition? Chaz the one person I have actually not been roomies 
with (we should change that at some point). I love our little trips in Europe and 
hope we will continue to fill our bellies with the loveliest foods and heart with the 
loveliest conversations. 
 My dearest Ichha, again one of those rare instances where meeting only 
for a short period in time can forge a friendship of a lifetime. Thank you for the fly-
lab conversations, the near Rhinoceros-death experience, the mo:mo’s (and the up 
and coming mo:mo), the bloated bellies, introducing me to your crazy loving family 
and so much more. Thanks also to Mario for the great evenings and the Greenman 
adventure. And of course Ollie, thank you for everything as well. Your British sense 
of humor has definitely contributed to the many great adventures and memories 
with Ichha. 

Dan komen we nu aan bij familie 
Lieve Peter en Mieke, jullie zijn een geweldig setje reserve ouders. Al van kleins 
af aan kon ik me geen betere zondag of vakantie voorstellen dan eentje waar de 
Tielmans ook bij waren (lekker kletsen, eten of kaarten). Mieke, je was een geweldige, 
sterke en ogenschijnlijk onverwoestbare vrouw. Ik zal je lieve lach en kriebeltjes 
nooit vergeten. Peter, ik geniet nog steeds van je nuchtere karakter, onze gedeelde 
liefde voor 'KOSTOLE' en natuurlijk je onuitputtelijke luisterende oor. Bedankt ook 
voor alle heerlijke Indische recepten. Laten we snel een keertje samen koken. 

En Ine en Cor, bedankt dat jullie mijn surrogaat familie waren toen mijn ouders zó 
lang in het buitenland woonden. Het was niet altijd even makkelijk en dus is het 
fijn te weten dat ik bij jullie altijd welkom ben. Het is altijd gezellig weer even bij te 
kletsen.

Alex, bedankt voor al die jaren lachen en stoeien. Dit weet je waarschijnlijk niet, 
maar ik heb altijd enorm tegen je enthousiasme en idealisme opgekeken. Je volle 
overtuiging over de toekomst van de wereld en wieren zijn heerlijk om naar te 
luisteren. Ondanks je nieuwe rol als papa en het feit dat je eigenlijk ouder bent dan 
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ik zal ik je denk ik toch altijd liefkozend broertje blijven noemen. 
 En Brenda, ik ben echt enorm blij dat je bij onze familie hoort. Ik had me 
geen vrolijkere of meer betrokken schoonzus kunnen wensen. Het kelpje Elena 
hoort er natuurlijk ook helemaal bij nu en het is echt heerlijk jullie als gezinnetje 
samen te zien. 

En dan mijn lieve ouders, bedankt voor alles wat jullie me meegegeven hebben. Ik 
mag onderhand dan wel ruimschoot volwassen zijn, toch is het fijn bij jullie gewoon 
lekker weer even de piccolina te zijn. 
 Papa, mijn rots in de branding. Je staat altijd voor me klaar als ik weer eens 
met een vraag kom of probleem zit. Bedankt voor al die keren dat je me te hulp 
schoot en zei dat het allemaal wel goed zou komen, maar ook voor die gezellige 
avondjes uit eten, spelletjes spelen of op de bank lekker TopGear of een of andere 
Engelse detective kijken. 
 La mia Mamma. Ook jou kan ik altijd bellen als ik ergens mee zit. Daarbij 
ben je ook het beste gezelschap als het gaat om Porcini zoeken, boodschappen 
doen, kringloopwinkels en marktjes leegroven en tripjes maken bij je vrienden in 
Italië. Het plan om een keertje samen een weekendje naar Istanbul of Israël te gaan 
moeten we echt maar eens uit gaan voeren!

Tot slot, Willem, mijn maatje. Bedankt voor al het geduld en de steun in de afgelopen 
maanden (tja, dat promoveren is niet niks). Zelfs op de meest donkere dagen kun 
jij altijd wel weer een glimlach op mijn gezicht toveren. Vongole, T-rexen, klim en 
klautertochten, roadtrips, foute muzieklijsten, chocolade verstoppen, verhalen over 
oude omaatjes, de Neudeflat, het rode racemonster, kameleons en pinguïns, er is 
altijd wel wat te beleven. Ik kijk uit naar alle belevenissen en avonturen die we 
nog gaan meemaken in de toekomst. En voor nu kijk ik vooral ook uit naar gewoon 
heerlijk samen zijn. 





     -for now ciao ciao bambina-
Vampire Weekend


