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Abstract
A functional nervous system requires the precise arrangement of all nerve cells and their
neurites. To achieve this correct assembly, a myriad of molecular guidance cues works
together to direct the outgrowth of neurites to their correct positions. The small nematode
C. elegans provides the ideal model system to study the complex mechanisms of neurite
guidance due to its relatively simple nervous system, composed of 302 neurons. I used two
mechanosensory neurons, called the posterior lateral microtubule (PLM), to investigate the
role of the ephrin and Eph receptor protein family in neurite termination in C. elegans.
Activation of the C. elegans Eph receptor VAB-1 on the PLM growth cone is sufficient to
cause PLM termination, but the identity and location of the activating ligand has not been
established. In my thesis I investigated the ability of the ephrin ligand EFN-1 to activate
VAB-1 to cause PLM termination when expressed on the same cell (in cis) and on
opposing cells (in trans) to the receptor. I showed that EFN-1 is able to activate VAB-1 in
cis and in trans to cause PLM termination. I also assessed the hypodermal seam cells as
the source of the ephrin stop cue using fluorescently labelled and seam cell mutant
transgenic worms. I found that although the PLM shows consistent termination on the
seam cell V2 in wild type worms independent of PLM length, this process is not
significantly disrupted in seam cell mutants. With this information I have created a new
hypothesis that the PLM neurite is able the provide a positional cue for the developing
seam cells, and have created a new transgenic strain which can be used to assess the
impact of PLM and ALM cell ablation on seam cell position. My research is the first to
demonstrate the ability of an ephrin ligand to activate its ephrin receptor in cis, and further
research can investigate if this finding has in vivo applications.
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Chapter 1: Introduction
Some people say that life is all about being in the right place at the right time, and from the
perspective of developmental biology, this adage certainly holds true. The complex process
of development from a single cell to a multi-cellular organism requires precise temporal and
spatial gene expression to direct changes in cell shape and movement. The neurons which
compose the nervous system are an excellent study model for cell morphogenesis due to the
complex cytoskeleton remodeling that is required for the development of the long wire-like
processes that grow from the neuron cell body. The function of the nervous system depends
on the correct outgrowth and arrangement of these processes, called neurites. Neurite
outgrowth is directed by conserved families of receptors and ligands, which transmit
attractive and repellant signals to lead the neurites through the body on specific paths until
they reach their final destinations. Understanding the molecular mechanisms of nervous
system development can lead to advances in the treatment of various human neurological
diseases, but this complex system is best tackled using a simpler model.
Our laboratory studies the small nematode Caenorhabditis elegans, known to the
developmental biology research community as a champion model organism for its fast
lifecycle, low cell count, reproductive versatility, the ease of laboratory cultivation, and its
permissiveness for manipulation via numerous molecular and genetic approaches. While the
human nervous system presents questions of almost insurmountable complexity, C. elegans
provides a much simpler model to study the conserved mechanisms of neurite guidance.
Despite its simplicity, the genes responsible for directing the development of the 302
neurons of the C. elegans nervous system have orthologues with similar functions across
invertebrate and vertebrate species.
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Of these genes, I am interested in characterizing the roles of the conserved ephrin and Eph
receptor protein family in neurite guidance using a C. elegans model. I hypothesized that the
ephrin ligand EFN-1 can activate the Eph receptor VAB-1 to cause neurite termination
when they are co-expressed on the same cell (in cis) or expressed on adjacent cells (in
trans). Additionally, I hypothesized that the hypodermal seam cell V2 provides a stop cue to
activate VAB-1 for neurite termination, and that disruption of V2 positioning can cause
subsequent disruption of neurite positioning.
To address these hypotheses, I created the following research objectives:
•   To test if EFN-1 can activate VAB-1 in cis to cause neurite termination when they
are co-expressed on the posterior lateral microtubule.
•   To test if EFN-1 can activate VAB-1 in trans to cause neurite termination when
EFN-1 is expressed on the hypodermal seam cells.
•   To test if the PLM neurite shows consistent termination on seam cell V2 in
fluorescently labelled C. elegans.
•   To test if disruption of seam cell development correlates to disruption of PLM
termination using genetic seam cell mutants as well as a light-inducible cell ablation
technology.
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Chapter 2: Literature Review
Neurons provide a unique model to study cell shape and morphogenesis because their
development requires complex cytoskeleton remodeling in response to numerous
extracellular cues. The cell body of a neuron generates wire-like projections which extend
from the cell body on specific trajectories to collect and transmit information throughout the
organism (Figure 1).

Figure 1: Anatomy of a single nerve cell in C. elegans. Some neurons in C. elegans are
biploar, with neurite outgrowths in dual directions as pictured above, while others are
unipolar with a single neurite. ‘Axon’ neurites create synapses with other neurons in order
to relay information, while the ‘dendrite’ neurites collect information. Some neurites, such
as the PLM neurite, functions in both ways.
Collectively these projections are known as neurites, and they are often subdivided by
function, where those that perceive signals are known as dendrites and those projections
synapse onto other nerve cells to transmit information are called axons. Within C. elegans
neurites such as the PLM are responsible for collecting information and also synapsing onto
other nerve cells, and as such they are referred to using the general term ‘neurite’. Correct
positioning of neurites is integral to proper function of the nervous system as a whole;
without the correct patterning of neurites communication through the entire system breaks
down. The neurite growth from the cell body is led by a dynamic structure called a growth
cone, which is responsible for directing the neurite’s growth in response to a myriad of

3

extracellular cues, allowing the neurite to reach its correct position. These cues are relayed
through highly conserved families of receptors and ligands; the receptors reside on the
growth cone and their ligands may be either secreted or membrane bound within the
organism body. Upon binding their ligand, a receptor activates downstream targets which
result in cytoskeleton remodeling within the neurite, which may lead to further growth, a
change in direction, or halting neurite growth (Suter and Forscher 2000).
2.1 Growth Cone
The growth cone of a neurite is the leading structure responsible for directing the neurite’s
growth through the organism body to its final target. The growth cone’s ability to detect and
respond rapidly to cues from the external environment is mediated through receptors on the
surface of the growth cone that are able to bind to ligands present in the organism body,
which can act as either attractant or repulsive cues. Receptor-ligand interactions are able to
direct neurite growth through their influence on cytoskeletal rearrangements within the
growth cone. The growth cone is often described as a hand; the ‘finger’ structures of the
growth cone are called filopodia and the ‘webbed’ parts in between are called lamellipodia
(Figure 2) (Huber et al. 2003).
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Figure 2: Transitions between bundled and branched F-actin polymerization create the
distinct structures of the growth cone.
Filopodia are composed of bundled F-actin, and changes in actin assembly allow these
finger-like projections to extend and retract to probe the external environment for cues. The
lamellipodia are comprised of cross-linked F-actin branches, and they work together with
the filopodia to facilitate the growth cones movements. Growth cone advancement or
retraction is controlled by changes in actin polymerization into either bundles to promote
filopodia projections, or branched structures to facilitate lamellipodia spread, and by actin
depolymerization, which causes retraction of growth cone structures (Mallavarapu and
Mitchison 1999, Zhou and Cohan 2001). Upon binding a ligand, a receptor on the growth
cone will activate downstream pathways to influence actin dynamics. Depending on the
function of the downstream effectors this will result in growth cone advancement,
retraction, or a halt in neurite growth.
2.2 Neurite guidance cues
From the perspective of a growing neurite an organism body can be thought of as a road
map, with signaling ligands acting as road signs to guide the neurite’s journey to its final
destination. These directions are detected by receptors on the growth cone, but this is done
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with a certain level of specificity, as only certain receptors are able to interpret certain
signaling ligands. The mosaic of signaling ligands can be interpreted differently by
individual neurites depending on the array of receptors that its growth cone possesses, and
by this mechanism each neuron is able to be guided along its unique path.
There are four main families of receptors and ligands that are responsible for directing the
complex wiring of the nervous system: DCC (deleted in colorectal carcinoma) receptors and
netrins, Robo (Roundabout) receptors and slits, plexin receptors and semaphorins, and
Ephrin (Eph) receptors and ephrins (Dickson 2002). These families of proteins are
conserved throughout vertebrates and invertebrates, although the number of receptors and
ligands seems to increase with nervous system complexity. The high level of conservation
of neurite guidance cues further validates the importance of correct nervous system
development to organism success, and the integral role that ligands and receptors play in
this process.
Netrins have been found to act through their DCC/UNC-5 receptors as both attractant and
repellant cues, depending on the specific ligand and receptors involved. Netrins are well
established as an attractant cue to direct neurites ventrally toward the midline of an
organism (Hedgecock et al. 1990). Conversely, the DCC receptor orthologue UNC-40 in C.
elegans seems to function exclusively in repulsion, guiding neurites away from the netrin
source in vivo (Hedgehock et al. 1990, Keleman and Dickson 2001). Netrins are secreted
ligands that have been found to function as both long range and short range cues (Winberg
et al. 1998, Yee et al. 1999). Netrin signaling may be conveyed through concentration
gradients, although concrete evidence of this mechanism of action has not yet been
established (Dickson 2002).
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Like netrins and DCC receptors, Slits and Robo receptors are also multifunctional in their
role in neurite guidance. Slits are large secreted proteins that signal through Robo receptors
for neurite guidance. Research has established Slit as an important repellant cue at the
midline, which when detected by Robo receptors prevents aberrant neurite crossing (Battye
et al. 1999, Brose et al. 1999). However, Slit was also identified in an assay for proteins that
promote sensory neurite branching and elongation, suggesting an addition role for Slit as an
attractant cue (Wang et al. 1999a).
Semaphorins are a diverse family of secreted and membrane-bound proteins, identified by a
conserved ~420-amino acid Sema domain at the amino terminus of the protein. They signal
through multimeric receptor complexes that typically include a plexin protein, although the
composition of all these complexes has not yet been elucidated. Semaphorins function
primarily as short-range repellant cues to guide neurites away from appropriate regions
(Raper 2000, Cheng et al. 2001). There is some evidence that semaphorins can act as
attractive cues for certain neurites, although further research is needed to substantiate this
theory (Wong et al. 1999).
Ephrins are the membrane-bound ligands to the Eph receptors, a family of receptor tyrosine
kinases with various roles in development. There are two classes of ephrins: the ephrin-As,
which bind EphA receptors and are connected to the membrane via a
glycosylphosphatidylinositol (GPI) linkage, and the ephrin-Bs, which bind EphB receptors
and possess a transmembrane domain (Wilkinson 2000). As with the other families of
ligands and receptors, ephrins and Eph receptors can transmit attractant or repellant cues. In
the visual system, gradients of ephrin-A ligands mediate the repulsion of retinal neurites
through EphA receptors to establish a topographical order of neurites along the anteriorposterior axis (Cheng et al. 1995). Conversely, mapping of retinal neurites along the dorsal7

ventral axis utilizes attractive signaling of ephrin-Bs through EphB receptors (Hindges et al.
2002, Mann et al. 2002).
The families of ligands and receptors described above work in concert to facilitate the
complex process of neurite guidance during development. These proteins are able to
activate a variety of downstream pathways to direct neurite growth in a precisely controlled
manner. There are likely other molecular cues that play roles in neurite guidance that have
yet to be discovered, and new roles for known players yet to be uncovered. Understanding
this complex system is a daunting task, but approaching it through a simpler model reduces
this insurmountable problem into more tangibly assessed questions.
2.3 C. elegans as a model for neurite guidance
C. elegans has been recognized as a valuable model organism since the 1960s, when Sydney
Brenner introduced this small roundworm to the scientific community. Brenner identified
this worm as an ideal model system for studying genetics and the nervous system due to its
fast life cycle, small size, ease of cultivation and maintenance in laboratory conditions, and
reproductive versatility (Brenner 1974). Since then this nematode has set itself apart as the
premier model for the molecular genetics of development, and every day the C. elegans
community continues to build upon resources created through decades of research.
In only three and a half days C. elegans grows from an embryo to a sexually mature adult,
going through 4 larval stages (L1 to L4) each separated by a molt and period of rest. During
this time the fertilized zygote develops into an adult nematode compromised of 959 cells.
The cell lineage of each cell in C. elegans has been tracked, which provides an excellent
resource to study the cell movements and morphogenesis throughout development. C.
elegans exist as either hermaphrodites or males, with males arising spontaneously due to
non-disjunction segregation of the X chromosomes from a self-fertilized hermaphrodite
8

parent at a rate of ~0.1-0.2% (Hodgkin et al. 1979). When C. elegans reproduce sexually the
progeny are equally divided into males and hermaphrodites. The ability of C. elegans to
reproduce both sexually and asexually can be exploited for studies in genetics. Worms with
various genotypes can be created by breeding parents carrying different mutant alleles, and
these mutants can be maintained through self-fertilization.
What sets C. elegans apart as an ideal model organism to understand the genetic
specification of nervous system development is the relative simplicity of its nervous system,
which is comprised of 302 neurons in the adult hermaphrodite. Additionally, C. elegans has
a transparent body, allowing for easy visualization of individual neurons using the
expression of fluorescent proteins under cell-specific promoters (Figure 3). Decades of
research on the C. elegans nervous system has allowed nematode scientists to produce the
first full-organism connectome, detailing the location and synaptic connections of all 302
neurons in the worm (White et al. 1986). Having a complete picture of the final
organization of the C. elegans nervous system provides an ideal model to explore the
molecular guidance cues responsible for guiding the developing neurons and their neurites
to this final configuration.
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Figure 3: L1 C. elegans with the mechanosensory neuron-specific GFP transgene zdIs5
(pmec-4:GFP) under blue light and normal light (x63 magnification, greyscale).
As previously discussed, the importance of proper nervous system development to organism
survival has caused strong conservation of the genes responsible for this process throughout
invertebrates and vertebrates. This high level of conservation means that discoveries about
nematode nervous system development may offer insight into human development as well,
and gives C. elegans the potential to change our understanding of human neurological
diseases.
2.4 Posterior lateral microtubule function and development in C. elegans
Even though C. elegans has a simple nervous system compromised of only a few hundred
neurons, the mechanisms guiding its neurodevelopment still pose a complex puzzle to
developmental biologists. To better manage this complicated problem, my research has
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focused on the development of just two neurons in the C. elegans nervous system, known
cumulatively as the posterior lateral microtubule (PLM). They are a pair of bilaterally
symmetric neurons in C. elegans with cell bodies that reside in the tail of the worm and
extend neurites anteriorly to the middle of the organism, and posteriorly into the end of the
tail (Fig 4). They are two of six mechanosensory neurons in C. elegans that work in concert
to allow the worm to detect and respond to gentle touch on its body. The other four
mechanosensory neurons are the two bilaterally symmetric ALM neurons, and the ventrally
located PVM and AVM (Fig 4). The neurites of the mechanosensory neurons are arranged
with minimal overlap, and this spatial arrangement is integral to their function in providing
the worm with accurate information about its environment. Gentle touch on the worm body
causes activation of the mechanosensory neurite in closest proximity to the obstacle, which
in turn results in locomotion away from the offending obstacle (Chalfie and Sulston 1981).
If the neurites of the mechanosensory neurons had substantial overlap, multiple neurons
could be activated by one touch, and the worm would not be able to interpret the location of
the obstacle or which way to move in order to avoid it.
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Figure 4: The mechanosensory neurons in adult and L1 C. elegans. The PLM and the ALM
are both sets of bilaterally symmetrical neurons on the left and right sides of the worm, and
each individual neuron is labelled ‘R’ or ‘L’ based upon its location. These neurons are
developed by L1 stage, while the AVM and PVM develop during L1-L2 stage. The
illustrations are not proportional to one another in order to provide enough detail in the L1
illustration, but the scale bars provide scaling.
PLM development is very tightly controlled since spatial arrangement is so integral to its
function, which makes it an excellent model to study neurite guidance. PLM is an
embryonically determined neuron which reaches its positional target by the first larval stage
(L1) (Gallegos and Bargmann 2004). This early development provides an advantage for
studying its development, as worms can be developmentally synchronized worms at the end
of the L1 phase instead of having to wait for to reach adulthood. This allows for faster
analysis of worms, and ensures that the results are comparable since all worms are ‘stalled’
at the same developmental phase. Although a PLM-specific gene promoter has not yet been
identified, there are several that have exclusive expression in the 6 mechanosensory
neurons. Scott Clark and his laboratory created an integrated transgene called zdIs5, which
uses the promoter for the mechanosensory neuron-specific gene mec-4 to express GFP
(Clark and Chiu 2003). This transgene was integrated into chromosomal I of the C. elegans
genome, and is used by our lab to visualize the PLM and other mechanosensory neurons
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(Fig 4). The final advantage of using the PLM to study neurite guidance is that although it is
important for mechanosensation, disrupting PLM development doesn’t impact the viability
or reproductive ability of the worm, which makes it easy to study PLM mutants (Chalfie and
Sulston 1981). Overall the PLM provides an excellent cellular model for investigating the
molecular mechanisms of neurite guidance in C. elegans.
2.5 Eph receptor and ephrins in C. elegans
As mentioned previously, Eph receptors and their ephrin binding partners are a conserved
family of membrane-bound proteins that have established roles as both attractant and
repellant cues in neurite guidance (Cheng et al. 1995, Wilkinson 2000, Hindges et al. 2002,
Mann et al. 2002). C. elegans has one Eph receptor, VAB-1, and four ephrin ligands, EFN1, EFN-2, EFN-3, and EFN-4, which is relatively simple compared to the 14 Eph receptors
and 8 ephrin ligands found in mammals. Despite the limited number of ephrin proteins in
the C. elegans genome, ephrins have been found to play diverse roles in development
outside of neurite guidance in the worm, including ventral enclosure, epidermal
morphogenesis, male tail development, muscle cell migration, oocyte meiotic maturation
and oocyte growth, germ line apoptosis, and neurite regeneration (George et al. 1998, ChinSang et al. 1999, 2002, Wang et al. 1999b, Miller et al. 2003, Mohamed and Chin-Sang
2006, Wu et al. 2007, Tucker and Han 2008, Viveiros et al. 2011, Han et al. 2012, Li et al.
2012).
VAB-1, named for its variable abnormal mutant phenotype, is the only C. elegans Ephrin
receptor tyrosine kinase (George et al. 1998). Despite being genetically identical, vab-1 null
mutants can display variety of phenotypes, including embryonic lethal, epidermal defects,
and wild type (Brenner 1974). These variable phenotypes are likely due to function
redundancy with other receptors in the C. elegans genome, and the existence of parallel
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pathways to VAB-1 is logical considering the diverse and important roles it plays in
development.
VAB-1 has an extracellular domain as well as an intracellular domain, and both are essential
for protein function (Figure 5). The extracellular domain of the receptor is comprised of
four main parts: a ligand binding globular domain, a cysteine rich region, and two
fibronectin-type III repeats. The intracellular portion of VAB-1 is comprised of a
juxtamembrane domain with two conserved tyrosine residues, a tyrosine kinase domain, a
sterile-alpha motif (SAM) and a PSD-95, Disc large, Zonula occludens-1 (PDZ)-binding
motif. VAB-1 expression is seen throughout the nervous system during all stages of
development, consistent with its various roles in development.
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Figure 5: Structure of the membrane bound ephrin ligands and the VAB-1 receptor in C.
elegans. Adapted from Kullander and Klein (2002).
The ephrin ligands of C. elegans, EFN-1, EFN-2, EFN-3, and EFN-4, are all bound to the
cell membrane via glycosylphosphatidylinositol linkage (GPI anchor) (Figure 5). All four
ligands contain a conserved ~130 amino acid receptor binding domain, although EFN-4
contains a 24 amino acid insert in the middle of this conserved domain. The C. elegans
ephrins are more genetically similar to the ephrinBs than ephrinAs in mammals (37%-40%
identical compared to 26%-30% identical), yet they lack the transmembrane domain
characteristic of ephrinBs (Miller and Chin-Sang 2012). EFN-1 shows high binding affinity
to the extracellular domain of VAB-1, and EFN-2 and EFN-3 are predicted to have similarly
high binding affinity based on their conserved receptor binding domain (Wang et al. 1999b).
EFN-4 shows reduced affinity for VAB-1 in comparison to EFN-1, likely due to the
additional amino acid insert within the receptor binding domain (Chin-Sang et al. 1999).
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Genetic interactions between efn-1, efn-2, and efn-3 and vab-1 are consistent with these
genes acting in a common pathway, while efn-4 and vab-1 show synergistic affects,
suggesting that efn-4 may act through other receptors (Chin-Sang et al. 1999).
Previously the ephrin ligands were considered only as short range signals, requiring cell to
cell contact to activate the receptor. However, recent research has revealed that EFN-4 is
able to act as a diffusible factor to facilitate neurite guidance through the receptor LAD-2 in
C. elegans (Dong et al. 2016). Cleavage of the GPI-anchored EFN-4 appears to require the
ADAM (a disintegrin and metalloproteinase) protease SUP-17, and soluble EFN-4 is able to
rescue neurite guidance defects when expressed from a variety of distant tissues (Dong et al.
2016).
2.6 VAB-1 and PLM neurite guidance
Genetic analysis with various vab-1 mutants revealed a role for VAB-1 in the transmission
of a stop cue for proper PLM neurite termination. The first mutant examined was vab1(dx31), a null mutation that deletes exons 1-4 (George et al. 1998). In this mutant 14% of
worms exhibited PLM overextension, which was defined by PLM termination in the adult
stopping at or anterior to the ALM cell body, compared to wild type worms which show
only 3% (Mohamed and Chin-Sang 2006). This provided the first evidence that VAB-1 may
detect a stop or repulsive cue for the PLM. The next mutant assessed was vab-1(e2), which
encodes a point mutation that abolishes the kinase activity of VAB-1 (George et al. 1998).
These mutants showed PLM overextension in 8% of the population, which indicates that
VAB-1 may have kinase dependent- and independent roles in neurite guidance of the PLM
(Mohammed and Chin-Sang 2006).
Once VAB-1 was identified as a signaling receptor in PLM neurite guidance, the next step
was to establish the location where VAB-1 was acting to receive this signal. Since the
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growth cone is the primary location for neurite guidance cue detection, and VAB-1
expression is seen throughout the C. elegans nervous system, the first logical location to
assess was the PLM itself. vab-1(dx31) null mutants were given a transgene that expressed
wild type VAB-1 in only the mechanosensory neurons (pmec-4:VAB-1). The theory was
that restoring functional VAB-1 to the PLM and other mechanosensory neurons would be
sufficient to rescue the PLM overextension defects in vab-1(dx31) mutants if that was its
site of action. Mutants carrying the pmec-4:VAB-1 transgene did show a significant (p<0.05)
reduction in PLM overextension, reducing the frequency from 14% to 6-8% (n=500)
(Mohamed and Chin-Sang 2006). This demonstrated that VAB-1 is able to function in the
PLM to regulate neurite termination.
It should be noted that even with complete loss of VAB-1, through the vab-1(dx31) null
mutant, the PLM overextension phenotype is not very penetrant. This is likely due to
function redundancy through other receptors, such as SAX-3 and DAF-2, which have both
as been shown to play roles in PLM neurite guidance (Gallegos and Bargmann 2004, Liu et
al. 2014). It is most likely a combination of signals that work in collaboration to specify
PLM termination, and as such loss of only VAB-1 can be mostly compensated for by other
genes.
Since loss of vab-1 was able to cause PLM neurite overextension, researchers wanted to see
if VAB-1 over activation was sufficient to cause premature neurite termination in the PLM.
A constitutively active version of VAB-1 was created by adding cDNA encoding for a
myristoylation signal to the intracellular portion of VAB-1, creating a hyperactive protein
targeted to the inner cell membrane (Kamikura et al. 2000, Mohamed and Chin-Sang 2006).
This constitutively active VAB-1, called MYR-VAB-1, was expressed in the PLM using the
mechanosensory neuron specific mec-4 promoter. In mutants with the pmec-4:MYR-VAB-1
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transgene 85.5% of the population had premature PLM termination, defined as PLM
termination in the adult posterior to the vulva by 81um or greater (Mohamed and Chin-Sang
2006). This showed that VAB-1 activation is sufficient to cause PLM neurite termination,
and provided more evidence that VAB-1 functions on the PLM. Time lapse microscopy
videos of the growth cone of worms with pmec-4:MYR-VAB-1 showed a significant
decrease in the number and activity of filopodia compared to wild type, which suggested a
role for VAB-1 in regulating cytoskeleton remodeling (Mohamed and Chin-Sang 2006).
Through the analysis of these different vab-1 mutants emerged the current model for the
role of VAB-1 in PLM neurite guidance. Our current understanding is that VAB-1 resides
on the growth cone of the developing PLM, which detects a signaling ligand somewhere in
the worm body when the PLM reaches its correct position. Upon VAB-1 activation by this
ligand, signaling cascades within the PLM to inhibit actin bundling and promote actin
branching are initiated, inhibiting filopodia growth and causing neurite termination.
2.7 VAB-1 regulation of actin cytoskeleton
VAB-1 activation is able to halt PLM neurite growth by altering the actin remodeling
dynamics within the growth cone (Figure 6). The changes instigated by VAB-1 are twofold: VAB-1 activation inhibits the pathway for actin polymerization into bundles and
promotes the pathways for the creation of short-tipped branching actin networks.
There are four key players involved in the VAB-1-mediated regulation of the cytoskeleton
of the PLM growth cone: UNC-34/Ena, NCK-1, WSP-1, and the Arp2/3 complex. UNC-34
is the C. elegans ortholog of the Enabled/VASP protein, which has been shown to have a
role in neurite growth in mammals (Lanier et al. 1999). In C. elegans UNC-34/Ena inhibits
actin capping proteins to allows for the continued polymerization of F-actin bundles at the
leading edge, resulting in filopodia elongation and neurite outgrowth (Withee et al. 2004).
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NCK-1 is a Nck adaptor protein, part of a conserved family of actin cytoskeleton regulators.
NCK-1 is comprised of 3 conserved SH3 domains and 1 conserved SH2 domain, which are
all integral for its ability to bind to VAB-1, UNC-34, and WSP-1 (Mohamed et al. 2012).
WSP-1 is a member of the WASP protein family, which have conserved roles in integrating
signaling pathways to activate the Arp2/3 complex for the formation of short branched Factin networks (Egile et al. 1999). The Arp2/3 complex is a stable assembly of proteins,
comprised of 7 subunits: two actin-related proteins (Arp2 and Arp3) and five novel proteins
(Mullins et al. 1998). The Arp2/3 complex physically interacts with actin filaments to
promote the assembly of branched filament networks, which make up the lamellipodia of
the growth cone (Mullins et al. 1998). Through interactions with these four proteins, VAB-1
is able to modulate the cytoskeleton of the growth cone to halt neurite outgrowth.
Before VAB-1 activation, UNC-34 accumulates in the growth cone to promote filopodia
extension through actin cap protein inhibition (Withee et al. 2004). UNC-34 also binds the
SH3 domains of NCK-1 to form a heterodimer, preventing NCK-1 from binding WSP-1
(Mohamed et al. 2012). Inhibition of the NCK-1/WSP-1 complex formation prevents the
activation of branched actin assembly, allowing for neurite outgrowth via bundled actin to
continue.
Upon activation VAB-1 undergoes autophosphorylation of the Y673 tyrosine residue, a
docking site with very high affinity for the SH2 domain of NCK-1 (Mohamed et al. 2012).
The higher affinity of activated VAB-1 for NCK-1 causes the UNC-34/NCK-1 heterodimer
to disassemble. Upon release from UNC-34, the SH3 domain of NCK-1 is now able to bind
to WSP-1 to assemble a functional VAB-1/NCK-1/WSP-1 protein complex (Mohamed et al.
2012). This complex is able to activate the Arp2/3 complex, which interacts with F-actin
filaments to promote the assembly of short-tipped branched actin networks. In addition to
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promoting actin branching through Arp2/3, VAB-1 activation also inhibits UNC-34 through
an unknown mechanism. Loss of UNC-34 function allows for the addition of capping
proteins on polymerizing actin, further inhibiting elongation of the filopodia in the growth
cone.
VAB-1 is able to act as a molecular ‘switch’ to precisely control actin cytoskeleton
dynamics, which when activated causes the switch from bundled to branched F-actin
assembly, inhibiting filopodia growth to halt neurite outgrowth.

Figure 6: VAB-1 activation in the growth cone causes axon termination through the
inhibition of UNC-34 and the activation of Arp2/3 through binding of NCK-1 and WSP-1.
When VAB-1 in inactive UNC-34 is able to inhibit NCK-1, and facilitate actin bundling to
allow for axon extension. When VAB-1 is activated, it inhibits UNC-34, causing the release
of NCK-1. NCK-1 binds to VAB-1 and recruits WSP-1, and together this complex activates
Arp2/3. Active Arp2/3 promotes actin branching, which halts axon extension.
2.8 Ephrins and PLM neurite guidance
Once VAB-1 was established as the receptor for the stop cue for the PLM, the next step was
to identify the signaling ligand(s) that activate VAB-1. The most obvious candidates were
the known ligands to the Eph receptor, EFN-1, EFN-2, EFN-3, and EFN-4. One of the
difficulties posed with assessing the ephrins as stop cues is the possibility for functional
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redundancy; it is possible that a combination of ephrins are required to activate VAB-1, and
that loss of one ephrin may be compensated for by another. Despite this, the first step in
analysis was to observe null mutants for each ephrin individually, to see if loss of any one
ephrin could cause PLM neurite overextension. efn-1(ju1) null mutant, which encodes for a
stop codon after 29 amino acids, was the only ephrin mutant which showed any PLM
overextension phenotype, with ~6% of the population exhibiting neurite overextension
(Chin-Sang et al. 1999, 2002).
Although neither efn-2(ev658), efn-3(ev696), or efn-4(bx80) null mutants showed PLM
neurite overextension individually, the triple efn-2(ev658); efn-4(bx80); efn-3(ev696) null
mutant showed PLM overextension in 26% of the population (Mohammed and Chin-Sang
2006). This triple mutant shows a PLM overextension phenotype even stronger than the
vab-1(dx31) null mutant (14%) (Mohammed and Chin-Sang 2006). This provides further
evidence that there are parallel pathways playing roles in PLM neurite termination working
through other receptors besides VAB-1. Researchers attempted to investigate the impact of
the loss of all four ephrins on PLM neurite termination, but unfortunately due to the ephrins’
essential roles during development the quadruple null mutant is synthetic lethal, as is the
efn-1; efn-4 double (Chin-Sang et al. 2002, Mohamed and Chin-Sang 2006). Regardless the
null mutant analysis of the ephrins showed that while all four ephrins seem to have roles in
PLM neurite termination, EFN-1 is the most important player for signaling through VAB-1.
2.9 Model for VAB-1-mediated PLM neurite termination via an ephrin ligand
The predominant model for ephrin signaling in vivo is intercellular signaling between two or
more cells in close proximity to one another (Figure 7). In this configuration the Eph
receptor(s) and ephrin ligand(s) are on opposite cells, what I will refer to as signaling in
trans. These opposing cells must be in close contact in order for the membrane bound
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ephrin ligand to reach and activate the receptor. Although we now know that EFN-4 can act
as a diffusible factor in C. elegans, the current model for VAB-1 activation is by a
membrane bound ephrin (EFN-1 and/or other ephrins) on a cell which the PLM growth cone
comes into contact with during its anterior growth (Dong et al. 2016).

Figure 7: The current model for PLM neurite termination is that VAB-1 is activated by an
ephrin ligand expressed on an adjacent ‘target cell’.
2.10 Current research directions
The future of research in VAB-1-mediated PLM neurite guidance aims to address two main
questions:
•   Where is the source of the ligand that activates VAB-1 to cause PLM termination?
•   What is the ligand(s) that activates VAB-1?
These two questions are interconnected, and as such it is difficult to address one without the
other.
In attempting to answer our first question, the Chin-Sang laboratory has already eliminated
a number of tissues as the source for the PLM stop cue. Our reverse genetics approach used
mutants missing or with defects in different tissues that are in close proximity to the PLM to
see if any of these mutants also display defects in PLM neurite termination. Through this
method the vulva, gonad primordium, ALM neuron, and surrounding muscles have all been
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eliminated as sources of the PLM stop cue, as mutants with defects in these tissues show
wild type PLM termination.
2.11 Seam cells as a source for a stop cue for PLM
Our current theory is that the origin of the VAB-1-mediated PLM neurite stop cue is a
hypodermal seam cell called V2. Seam cells are bilaterally symmetric specialized epithelial
cells which run along the left and right sides of the worm (Figure 8). Within the worm body
the seam cells interrupt the hypodermis at the junction of its dorsal and ventral cells, a
physical arrangement that places the seam cells in close proximity to the PLM as it grows
forward. Preliminary analysis places V2 in the same region as the target termination point
for the PLM at the first larval stage (L1).

Figure 8: There are 10 seam cells on the right and left sides of the worm body during L1
phase, and 16 seam cells fused into a syncytium in the adult worm.
To evaluate V2 as a candidate for the source of a stop cue for the PLM we want to use a
reverse genetics approach to test if mutations in V2 are sufficient to disrupt PLM
termination. Unfortunately, we have been unable to identify any V2-specific genes, so
instead we have adapted to examine seam cell mutants in general. We identified three seam
cells mutants to assess: egl-18(n162), elt-6(gk723), and lin-14(n536).
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EGL-18 and ELT-6 are functionally redundant GATA transcription factors that are required
for the maintenance of seam cell fate during asymmetric divisions (Koh and Rothman 2001,
Gorrepati et al. 2013). One of the functions of seam cells during development is to give rise
to other cell types, dividing in a stem-cell-like fashion to give rise to epidermal and neuronal
cells. During these divisions one daughter cell must retain its seam cell fate, and
maintenance of this identity requires EGL-18 and ELT-6 to activate downstream seam cell
specific factors (Gorrepati et al. 2013). Loss of egl-18 or elt-6 causes sporadic loss of seam
cell identity, may lead to the fusion of seam cells to the hypodermal syncytia, and blocks the
expression of some seam cell-specific genes (Koh and Rothman 2001). The loss of seam
cell specific gene expression is of particular interest for our work, as this may impact the
ligand expression profile of the seam cells, and could cause a loss of the stop cue on V2.
Initial analysis of the egl-18 and elt-6 revealed that these seam cell mutants showed
significant PLM neurite termination defects. egl-18(n162) showed premature PLM
termination in L1 larvae in 81% of the population, as well as PLM overextension in 5% of
the population, with premature termination/overextension defined as one standard deviation
outside of the wild type range (Schilkie 2014). elt-6(gk723) showed premature PLM
termination in L1 larvae in 60% of the population, as well as PLM overextension in 23% of
the population (Schilkie 2014). At first glance the PLM termination defect phenotypes in the
egl-18 and elt-6 seam cell mutants appear to be significantly more penetrant than in the vab1 and ephrin mutants discussed earlier in the chapter. However, it is important to remember
that the vab-1 and ephrin mutants were studied as adults, while the egl-18 and elt-6 seam
cell mutants were studied in L1 phase, so it is difficult to make direct comparisons. It is
possible that disrupting seam cell development could cause more penetrant PLM neurite
termination defects than disrupting ephrin signaling by disrupting additional PLM
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termination cues relayed through other signaling molecule families. However, our research
has shown that L1 larvae are a more sensitive model for revealing PLM neurite termination
defects, so the significant increase in PLM termination defects in seam cell mutants could
also be attributed to the greater sensitivity of the model. Regardless, the egl-18 and elt-6
seam cell mutants both show significant PLM neurite termination defects, consistent with a
role for seam cells in PLM neurite guidance. There is some variability in the kind of PLM
defects present in these mutants, particularly in elt-6 where premature terminations and
overextensions both occurred at high frequencies. This can likely be attributed to the
functional redundancy of EGL-18 and ELT-6 (Koh and Rothman 2001). Loss of one
transcription factor can only be partially compensated for by the remaining factor, and this
results in a random assortment of wild type and aberrant seam cells in mutants. Variation in
the number and position of seam cells in egl-18 and elt-6 mutants could account for the
variability in PLM termination defects. To investigate this further, I will visualize the seam
cells in egl-18(n162) and elt-6(gk723) mutants using the expression of a fluorescent protein
under a seam cell specific promoter, in order to see if there is any correlation between seam
cell positioning and PLM neurite termination defects. I will be using the grd-10 promoter,
which is a well-established seam-cell specific promoter that expresses exclusively in the
cytoplasm and nucleus of seam cells from early larva to adulthood, and has been previously
used in egl-18 and elt-6 mutants to visualize seam cells (McKay et al. 2003, Gorrepati et al.
2013).
The other seam cell mutant to consider is lin-14(n536), which carries a deletion mutation in
LIN-14, a novel protein required for proper timing of the seam cell divisions between L1
and L2 larval phase. During normal development from L1 to L2, six of the ten seam cells
present on either side of the larvae at L1 phase divide symmetrically to produce two seam
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cells, resulting in 16 seam cells on each side of the L2 larvae. In lin-14 mutants however,
this process becomes mis-regulated and the cells divide prematurely, so that the L1 larvae
has 16 seam cells instead of 10 (Delong et al. 1987). We were interested to see if changes in
the developmental timing of the seam cells could have an impact on PLM termination as
well. Initial analysis of the lin-14 mutant revealed that this seam cell mutant also showed
significant PLM neurite termination defects. lin-14(n536) showed premature PLM
termination in L1 larvae in 58% of the population, as well as PLM overextension in 8% of
the population, with premature termination/overextension defined as one standard deviation
outside of the wild type range (Schilkie 2014). These results are in line with the results of
the other seam cell mutants, and further support a role for seam cells in PLM neurite
guidance. As with the egl-18(n162) and elt-6(gk723) mutants, I will be visualizing the seam
cells using a seam cell specific fluorescent transgene in order to further characterize the
impact of seam cell position on PLM termination.
2.12 Activation of VAB-1 by EFN-1 in cis
It has been shown that loss of EFN-1 can cause PLM neurite overextension, but the ability
of EFN-1 to promote neurite termination has never been directly tested. To better
characterize EFN-1 as a stop cue for VAB-1-mediated PLM neurite termination I am
interested in assessing the ability of EFN-1 overexpression to cause premature PLM
termination. However, since EFN-1 is a membrane-bound ligand, overexpression of the
ligand cannot have an impact unless it is also in close proximity to the receptor. We could
use a whole-tissue overexpression of EFN-1 in order to achieve this, but since EFN-1 also
plays key roles in embryogenesis this kind of overexpression is likely to compromise the
viability of the worm. Another approach is to express EFN-1 in the PLM, placing it on the
same cell as VAB-1. Recall that the current model for VAB-1 activation in PLM
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termination places the signaling ligand on a cell adjacent to the PLM, as is the classical ‘in
trans’ model for ephrin signaling. However, it is possible that EFN-1 will be able to activate
VAB-1 in cis as they are both expressed on the PLM. The dynamic movement of the growth
cone as it extends its filopodia forward creates folds in the cell membrane that may allow
for receptor-ligand interactions that are similar to the classic in trans model (Figure 9A).
Conversely, it is possible that co-expressed VAB-1 and EFN-1 in close proximity will be
able to bend towards each other to reach the configuration for receptor activation (Figure
9B). In vitro studies have shown that ephrin-A ligands are able to interaction with EphA
receptors via their functional binding domains in cis, but these interactions do not result in
receptor activation (Yin et al. 2004). Research shows that in vivo ephrin ligands can provide
an additional level of specificity to ephrin signaling through receptor interactions in cis,
which attenuate forward signaling through the receptor (Kao and Kania 2011). Considering
this evidence, it is also possible that in cis expression of EFN-1 may inhibit endogenous
activation of VAB-1 by EFN-1 or other ephrins, causing PLM neurite overextension.
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Figure 9: Two possible models for VAB-1 activation by EFN-1 in cis on the growth cone of
the PLM. A) Folds in the PLM growth cone allow EFN-1 to interact with VAB-1 in a
configuration similar to in trans. B) Adjacent EFN-1 and VAB-1 are able to bend to allow
for interaction and VAB-1 activation.
Regardless, ectopic expression of EFN-1 on the PLM will provide insight into the ability of
EFN-1 to activate or inhibit VAB-1-mediated neurite termination in cis. To do this, EFN-1
cDNA will be expressed under the mechanosensory neuron specific promoter mec-4. This
transgene will allow for the expression of EFN-1 on the PLM growth cone throughout PLM
development, where it will be able to interact with the endogenous VAB-1. It is possible
that endogenous VAB-1 expression in the PLM may not be abundant or early enough to
allow for premature PLM termination. To account for this, an additional transgenic C.
elegans strain will be engineered that combines the ectopic expression of EFN-1 on the
PLM with overexpression of VAB-1 on the PLM using the mec-4 promoter. Using this dual
approach, we should be able to better understand the ability of EFN-1 to activate or inhibit
VAB-1-mediated PLM neurite termination in cis.
2.13 PLM termination in L1 larval stage
The early studies of PLM neurite termination in vab-1 and ephrin mutants assessed PLM
termination in adult hermaphrodites (Mohamed and Chin-Sang 2006). In the adult
hermaphrodite the PLM and ALM do not overlap, and the PLM terminates near the vulva,
which provides a useful landmark for scoring premature termination and overextension.
While studying adults provided useful discoveries about the mechanisms of PLM
termination, further research has shown that L1 larva provide benefits which make them a
superior model for studying PLM neurite termination. We know that by L1 the PLM has
reached its final target, since 0% of worms show PLMs with growth cones by 12 hours posthatching (Gallegos and Bargmann 2004). This indicates that VAB-1 activation to cause

28

PLM neurite termination has occurred by this point in development, and as such any VAB1-mediated PLM neurite targeting defects should be apparent by this stage. To assess this
theory, PLM termination in vab-1(dx31) null mutants and pmec-4:MYR-VAB-1 hyperactive
mutants was assessed at L1 phase and compared to the adult data. Overall the L1 PLM
analysis showed higher sensitivity to both overextension in vab-1(dx31) null mutants and
premature termination in pmec-4:MYR-VAB-1 hyperactive mutants. In the L1 population
29% of vab-1(dx31) null mutants had PLM termination past the wild type range, compared
to only 14% of the adult population (Yu 2012, Mohammed and Chin-Sang 2006). In the L1
population 95% of pmec-4:MYR-VAB-1 hyperactive mutants had PLM termination before
the wild type range, compared to 85.5% in the adult population (Yu 2012, Mohammed and
Chin-Sang 2006). This increased sensitivity to PLM neurite termination defects was seen in
other mutants as well, including nck-1(ok694) and wsp-1(gm324) null mutants (Yu 2012).
Using L1 worms also expedites the data collection process, since developing worms reach
the L1 stage only 12 hours post hatching, as opposed to 36 hours for young adults. Overall
the analysis of PLM neurite termination in L1 stage provides a faster and more sensitive
alternative to analysis in adult C. elegans, and for these reasons I will continue to analyze
PLM development in L1 worms.
2.14 Microinjection and extrachromosomal arrays
An integral aspect of the reverse genetics approach is the creation of transgenic organisms
with known gene mutations, and one of the greatest advantages of C. elegans as a model
organism for molecular genetics is the ease with which such transgenic organisms can be
generated. Microinjection is a quick and simple method for generating transgenic C. elegans
that allows for the expression of multiple transgenes in one step (Mello et al. 1991). The
desired transgenes are created as double-stranded circular DNA vectors or linear PCR
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products, and are suspended in solution before being injected via a glass micropipette into
developing germ cells in a gravid hermaphrodite. The injected DNA is taken up into the
nucleus of the germ cell, where they exist separately from the rest of the genome in a
genetic unit called an extrachromosomal array. This aggregate of plasmids contains a stable
copy number of plasmids which can be inherited by progeny, but since it is not linked to the
rest of the genome usually does not have 100% inheritance, and each extrachromosomal
array will have its own frequency of inheritance. Since extrachromosomal arrays do not
exhibit 100% inheritance, it is essential that at least one of the transgenes in the array
exhibits a known phenotype that can be easily identified, so that progeny who have
inherited the array can be identified. These ‘marker’ transgenes are often fluorescent
markers or locomotion mutants that have a minimal impact on viability. Once an
extrachromosomal array is created via injection the copy number of each plasmid is
maintained through generations, so the presence of the marker plasmids can be used as
confirmation of the presence of all the plasmids in the extrachromosomal array.
The number of each kind of plasmid injected and taken up by the germ cell nucleus is
variable between cells, even when the same injection mixture with the same plasmid
concentrations is used. Once incorporated as an extrachromosomal array the plasmid copy
numbers are stable, but this variability is still important to take into account. The copy
number of a plasmid in an extrachromosomal array has a direct impact on the expression
level of that transgene, as more copies allows for higher transcription, which can lead to
more functional protein expression. This can have an impact on the phenotype of the
transgenic strain if the transgene functions in a dose-dependent manner. To control for this
effect, the common practice is to create multiple ‘lines’ of the same transgenic strains by
injecting multiple germ cells with the same injection mixture and isolating the resulting
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progeny individually. Comparing the phenotypes of multiple lines from the same injection
protocol can help identify outliers and distinguish between background affects and the real
phenotypic impact of transgene expression.
I will be using microinjection technology to engineer numerous transgenic strains for my
project, including the strains to study EFN-1 signaling in cis and the seam cell mutants with
fluorescent seam cell markers.
2.15 Spatially and temporally controlled cell ablation via miniSOG
Development of an organism requires tightly controlled spatial and temporal gene
expression, and to better characterize these processes our tools need to be just as precise.
One of the newest advances in the molecular toolkit of developmental biologists is a lightinducible, tissue-specific cell ablation protein called miniSOG (mini singlet oxygen
generator). This 106-amino acid fluorescent protein generates reactive singlet oxygen
species upon illumination with blue light. miniSOG is subcellularly targeted to the outer
mitochondrial membrane using C- and N-terminal sequences of TOMM-20, a major
receptor for the import of polypeptides into the mitochondria (Qi et al. 2012). This
mitochondrial localization increases the efficiency of miniSOG to cause cell death, as
mitochondria are particularly susceptible to damage by reactive oxygen species and are
integral to cell survival. miniSOG can be expressed in the target cell or tissue using a tissueor cell-specific promoter. Inactive miniSOG is produced in the organism as specified by the
promoter, but it will only be activated to cause cell death upon exposure to blue light.
The capacity for precise spatial and temporal control possible with miniSOG provides great
advantages over previous technologies used for the study of development. Constitutively
active cell death proteins, such as caspases or diphtheria toxin A, cannot be expressed in
both a spatial and temporally controlled manner concurrently. Expressing them under a
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tissue- or cell-specific promoter allows for precise spatial expression at the expensive of
temporal control, while expressing them under an inducible promoter such as a heat shock
promoter doesn’t allow for any spatial specificity. The timing and location of gene
expression is very important for proper development, and to gain an understanding of how
these processes work it is integral to study them with both these considerations in mind.
I will take advantage of the specificity of miniSOG technology to investigate the role of
seam cells in neurite guidance of the PLM. Using a seam cell specific promoter to express
miniSOG I will induce cell death of the seam cells at various stages of embryogenesis and
assess the impact on PLM formation.
2.16 Summary of Research Objectives
In this thesis I will demonstrate the use of the PLM neurite of C. elegans as a model to study
ephrin and Eph receptor signaling mediated neurite termination in cis and in trans.
1.   I hypothesized that EFN-1 may be able to activate VAB-1 to cause PLM termination
in cis, and I investigated this through ectopic expression of EFN-1 on the PLM
growth cone.
2.   I hypothesized that overexpression of EFN-1 on all of the seam cells can induce
premature PLM neurite termination through activation of VAB-1 in trans. I was able
to increase the instance of premature neurite termination in transgenic worms
expressing EFN-1 on all seam cells through the addition of a transgene that
overexpressed VAB-1 on the growth cone of the PLM.
3.   I hypothesized that the V2 seam cell provides a stop cue for the PLM neurite. I
compared PLM termination and V2 seam cell location in wild type worms with two
different seam cell-specific fluorescent extrachromosomal arrays.

32

4.   I hypothesized that the variable PLM neurite length defects found in egl-18(n162)
and elt-6(gk723) seam cell mutants were a result of their variable V2 seam cell
defects. Using seam-cell specific expression of RFP and mechanosensory neuron
specific green expression of GFP as markers I compared the seam cell and PLM
defect phenotypes of egl-18(n162) and elt-6(gk723) seam cell mutants. Additionally,
I attempted to assess the impact of seam cell ablated on PLM development using
seam cell specific expression of the light inducible cell ablation protein miniSOG,
but this approach proved too detrimental to the worm’s viability.
5.   From my results in the previous experiments, I devised a new hypothesis that the
PLM may be able to provide a positional cue for the seam cells. To assess this
possibility, I have created a transgenic strain with the cell death protein miniSOG
targeted to the mechanosensory neurons and a seam cell specific fluorescent marker.
For future directions this strain can be used to assess the impact of PLM and ALM
cell ablation on seam cell position.
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Chapter 3: Materials and Methods
3.1 Experimental strains
All C. elegans strains used in these experiments were maintained using standard methods,
as described by Brenner (1974). All strains were incubated at 20°C and all experiments
were carried out at room temperature. Select strains were obtained from the C. elegans
Genetics Centre (CGC). The following alleles and integrated transgenes were used in this
study (ordered by chromosome): LGI: zdIs5[pmec-4:GFP] (Clark and Chiu 2003); LGII:
vab-1(dx31); muIs32[pmec-4:GFP]; LGIV: efn-4(bx80); egl-18(n162); elt-6(gk723); LGX:
lin-14(n179; n536). The following extrachromosomal arrays were used in this study:
quEx428[pmec-4:miniSOG; podr-1:RFP] line 3; quEx503[pgrd-10:EFN-1; podr-1:RFP]
line 1; quEx638[pmec-4:EFN-1; podr-1:RFP] line 2; quEx634[pmec-4:EFN-1; podr1:RFP] line 5; quEx685[pmec-4:EFN-1; pmec-4:VAB-1; podr-1:RFP] line 3;
quEx686[pmec-4:EFN-1; pmec-4:VAB-1; podr-1:RFP] line 4; quEx687[pgrd-10:RFP;
ppie-1:GFP; podr-1:RFP] line 3; quEx711[pmec-4:VAB-1; podr-1:RFP] line 1;
quEx712[pmec-4:VAB-1; podr-1:RFP] line 2; quEx697[pgrd-10:RFP; ppie-1:GFP; podr1:RFP] line 1; quEx734[pgrd-10:RFP; ppie-1:GFP] line 1; quEx735[pgrd-10:RFP; ppie1:GFP] line 2; quEx737[pgrd-10:RFP; ppie-1:GFP] line 1; quEx738[pgrd-10:RFP; ppie1:GFP] line 2; quEx739[pgrd-10:RFP; ppie-1:GFP] line 3; quEx748[pgrd-10:RFP; pgrd10:NLSGFP] line 2; quEx750[pgrd-10:miniSOG; pgrd-10:RFP; pttx-3:GFP] line 3;
quEx751[pgrd-10:miniSOG; pgrd-10:RFP; pttx-3:GFP] line 4; quEx806[pmec-4:VAB-1;
pttx-3:GFP] line 1.
The odr-1 promoter (podr-1) and the ttx-3 promoter (pttx-3) are common marker promoters
used to express fluorescent markers in the head neurons of C. elegans. The pie-1 promoter
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(ppie-1) is specific for the gonad primordium, and was intended to be used as an additional
reference landmark in the L1 worms.
3.2 Plasmid constructs
pIC1039 (pmec-4:EFN-1) was created from two pre-existing plasmids in the Chin-Sang
laboratory: pIC214 (pmec-4) and pIC898 (pHs:EFN-1) (Taylor 2012). Plasmids were cut
with high fidelity restriction enzymes NheI and KpnI from New England BioLabs and
digested fragments were separated using standard gel electrophoresis. The 4650bp fragment
from the pIC214 digest containing the mec-4 promoter and the 840bp fragment from the
pIC898 encoding the full-length efn-1 cDNA were removed from the gel and purified using
“Gel Extraction Protocol” as described in Gel/PCR DNA fragments Extraction Kit by
Geneaid. The 840bp efn-1 fragment was ligated into the pmec-4 containing 4650bp
backbone. The resulting vector pIC1039 was confirmed by diagnostic digest using NheI and
KpnI.
pIC1085 (pgrd-10:miniSOG) was created using similar methods to pIC1039. Using the high
fidelity restriction enzymes SmaI and SpeI (BcuI) from New England BioLabs the 5700bp
fragment containing the grd-10 promoter from pIC903 (pgrd-10) and the 2800bp fragment
containing the miniSOG protein with TOMM-20 C-terminus from pIC885 (pmec4:miniSOG) were isolated (Yu 2012). These fragments were ligated to create pIC1085,
which was confirmed with a diagnostic digest with EcoRV from New England BioLabs.
3.3 Microinjection
Extrachromosomal arrays were created through microinjection into gravid hermaphrodites.
Injection mixtures were created using 1-2 µL of experimental plasmid(s) (experimental
plasmids at concentrations from 75 ng/µL – 30075 ng/µL) , 1 µL of marker plasmid, and
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ddH2O to 10 µL. Individual worms from the F1 generation carrying the marker plasmid
were used to create different strains.
3.4 L1 synchronization
In order to synchronize all worms to the same developmental stage in L1 arrest, embryos
were isolated from gravid hermaphrodites using an embryo prep protocol and grown
overnight in liquid culture.
For the embryo prep protocol, gravid adult hermaphrodites are washed from their agar plate
using M9 (minimal media 9 buffer solution) and transferred into a 1.5mL Eppendorf tube.
The worms are then subjected to two rounds of bleaching with 1mL of 10% bleach solution,
and the tube is agitated until all the adults have dissolved and only the embryos remain. The
bleach solution is removed and the embryos are treated with 3-5 washes with M9 to remove
any residual bleach. After the washes the embryos are resuspended in 1mL of M9 and left
on a rotator at 20°C to incubated for 14-16 hours to allow them to hatch. Since the M9
butter does not contain any food, the hatched larvae stop development and go into L1 arrest,
where they can be maintained for several weeks.
3.5 Microscopy and PLM analysis
Microscope slides were created by mounting live L1 worms onto 3% agarose pads. L1
worms in liquid culture were centrifuged at 3000 rpm for 1 minute to draw them to the
bottom of the Eppendorf tube, and then were pipetted on the agarose pad. Worms were
treated with 1-5ul 30mM anesthetic sodium azide solution on the agarose pad.
Slides were observed with a Zeiss Axioplan 2 microscope with Axiocam and Axiovision
software. All specimens were observed using the 40x and 63x objectives unless otherwise
stated. GFP was visualized using the FITC spectrum channel, and RFP was visualized using

36

the CY3 spectrum channel, and composite images were created by layering images taken
separately using these two filters.
Microscope images were analyzed using FIJI (FIJI Is Just ImageJ) software version 2.0.0rc-43/1.51a, where the Simple Neurite Tracer plugin and the measure tool were used to
measure neurite and seam cell lengths, respectively. PLM neurite length was measured from
the most anterior edge of the cell body to the tip of the neurite process. Seam cells were
measured from the most anterior to most posterior edges at the longest part of the cell.
3.6 Statistical Analyses
All statistical analyses were performed using R Version 3.2.2. Assumption of normality for
Analyses of Variance (AOVs) was evaluated with quantile-quantile plots, and assumption of
homoscedasticity was evaluated with Bartlett’s Test of Homogeneity of Variances. Only
datasets that met both assumptions were evaluated via AOV. If AOV revealed significant
interactions, Tukey’s ‘Honest Significant Difference’ method (TukeyHSD) was used to
assess the interactions between specific groups.
3.7 Blue light activation of miniSOG
The miniSOG cell killing protein was activated in developing transgenic embryos via
exposure to a ~475nm LED light source. Following an embryo prep procedure, half of the
embryos were pipetted into a well in a 96-well microtiter plate along with 200 µL of M9
buffer. The remaining embryos were retained to serve as a non-blue light exposure control.
The blue light source was positioned 1cm above the microtiter plate and constant light
exposure was maintained for 30 minutes. Following blue light exposure, the embryos were
transferred to 1mL of M9 in an Eppendorf tube. The treated embryos and the control
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embryos were placed on a rotator at 20°C to incubate for 14-16 hours to allow them to
hatch.

Chapter 4: Results
4.1 EFN-1 expression on the PLM is able to cause premature neurite termination
The PLM neurite termination of transgenic strains with differential EFN-1 and/or VAB-1
expression was compared to the wildtype range, which is defined as the range of PLM
lengths between the 5th and 95th percentile for the wildtype strain zdIs5 (pmec-4:GFP)
(Figure 10). The 90% wildtype range is therefore defined as between 73.8-120.4 µm . I was
interested to see if the transgenic populations with differential EFN-1 and/or VAB-1
expression would have an increased percentage of individuals outside of this range,
particularly below the 5th percentile (73.8 µm, 4.6% of the population of wildtype worms
have PLM neurites that are shorter than this). Additionally, I wanted to distinguish between
individuals that had PLM neurites that were below 73.8 µm and those that had ‘extremely
short’ neurites, which I defined as less than half the average PLM neurite length of the
wildtype strain (< 47.5 µm).
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Figure 10: The distribution of PLM neurite lengths in a wildtype L1 C. elegans population
(IC83) (n=152). These transgenic worms carry the zdIs5 (pmec-4:GFP) transgene to allow
for visualization of the PLM, but are considered wildtype because this transgene should not
impact PLM termination. The 90% wildtype range encompasses 90.1% of the population,
including worms with PLM neurite lengths from the 5th and 95th percentiles of the
population (between 73.8-120. 4 µm). The L1 C. elegans illustration above the histogram is
meant to provide an approximate spatial reference for where PLM neurites of different
lengths terminate in the worm body.
4.1.1 Occasional extreme premature PLM neurite termination in transgenic worms
with EFN-1 on the mechanosensory neurons
Both transgenic strains ectopically expressing EFN-1 on the mechanosensory neurons
showed extreme premature PLM neurite termination defects (< 47.5 µm) that were not
present in the wildtype strain (Figure 11). Only a small percentage of each population
showed these defects (IC1692: 3.3%, n=91; IC1693: 2.1%, n=97), however since this defect
is never seen in the wildtype population I believe that these seldom events do denote a
biologically significant phenomenon (Figures 12 and 13).
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The IC1692 strain also showed an increase in the percentage of neurite termination events
below the 5th percentile (8.8% compared to 4.6%), but the IC1693 actually had a lower
percentage than expected (3.1% compared to 4.6%). Interestingly, the IC1693 strain showed
an increase in PLM neurite lengths above the 95th percentile (12.4% compared to 5.3%),
while the IC1692 strain showed a decrease (3.3% compared to 5.3%).

Figure 11: IC1692 (zdIs5; quEx638[pmec-4:EFN-1; podr-1:RFP]) and wildtype (zdIs5) L1
C. elegans under blue light (x63 magnification, greyscale). The PLM neurite of the wildtype
worm passes the ALM cell body, while the PLM neurite in the IC1692 worm terminates
halfway to the cell body (red arrows).

40

Figure 12: The distribution of PLM neurite lengths in a population of L1 stage IC1692
(zdIs5; quEx683[pmec-4:EFN-1; podr-1:RFP]) transgenic C. elegans with EFN-1
expression on the PLM (n=91). The wildtype distribution shown in orange and green is
from the transgenic strain zdIs5 (pmec-4:GFP).
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Figure 13: The distribution of PLM neurite lengths in a population of L1 stage IC1693
(zdIs5; quEx684[pmec-4:EFN-1; podr-1:RFP]) transgenic C. elegans with EFN-1
expression on the PLM (n=97). The wildtype distribution shown in orange and green is
from the transgenic strain zdIs5 (pmec-4:GFP).
4.1.2 Frequent premature PLM neurite termination in transgenic worms with EFN-1
and VAB-1 overexpression in cis
Both transgenic C. elegans strains ectopically expressing the EFN-1 ligand and
overexpressing the VAB-1 receptor on the mechanosensory neurons showed a large
increase in the percentage of the population with neurite below the 5th percentile as well as
extreme premature PLM termination defects (Figures 14 and 15).
In the first transgenic strain, IC1694, 31.5% of the population had PLM neurites below the
5th wildtype percentile, with 15.4% of the population exhibiting extreme premature PLM
termination (<47.5 µm) (n=87). This strain also showed an increase in the percentage of the
population with PLM neurite lengths beyond the 95th wildtype percentile (15.7% compared
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to 5.3%). Overall only 51.8% of the IC1694 population had PLM neurites that fell within
the wildtype 90% range.
For the IC1695 strain 38.4% of the population had PLM neurites below the 5th wildtype
percentile, with 23.3% of the population exhibiting extreme premature PLM termination
(<47.5 µm) (n=89). This strain also showed an increase in the percentage of the population
with PLM neurite lengths beyond the 95th wildtype percentile (10.5% compared to 5.3%).
Overall only 51.2% of the IC1695 population had PLM neurites that fell within the wildtype
90% range.

Figure 14: The distribution of PLM neurite lengths in a population of L1 stage IC1694
(zdIs5; quEx685[pmec-4:EFN-1; pmec-4:VAB-1; podr-1:RFP]) transgenic C. elegans with
EFN-1 and VAB-1 expression on the PLM (n=87). The wildtype distribution shown in
orange and green is from the transgenic strain zdIs5 (pmec-4:GFP).
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Figure 15: The distribution of PLM neurite lengths in a population of L1 stage IC1695
(zdIs5; quEx686[pmec-4:EFN-1; pmec-4:VAB-1; podr-1:RFP]) transgenic C. elegans with
EFN-1 and VAB-1 expression on the PLM (n=89). The wildtype distribution shown in
orange and green is from the transgenic strain zdIs5 (pmec-4:GFP).
4.1.3 VAB-1 overexpression on the mechanosensory neurons causes changes in PLM
neurite termination
Both transgenic strains overexpressing VAB-1 on the mechanosensory neurons showed both
premature termination and overextension defects in the PLM neurite, although the severity
of these defects varied between the two strains (Figures 16 and 17).
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Figure 16: The distribution of PLM neurite lengths in a population of L1 stage IC1736
(zdIs5; quEx711[pmec-4:VAB-1; podr-1:RFP]) transgenic C. elegans VAB-1
overexpression on the PLM (n=94). The wildtype distribution shown in orange and green is
from the transgenic strain zdIs5 (pmec-4:GFP).
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Figure 17: The distribution of PLM neurite lengths in a population of L1 stage IC1737
(zdIs5; quEx712[ pmec-4:VAB-1; podr-1:RFP]) transgenic C. elegans with VAB-1
overexpression on the PLM (n=94). The wildtype distribution shown in orange and green is
from the transgenic strain zdIs5 (pmec-4:GFP).
The first transgenic strain, IC1736, showed an increase in the percentage of neurite
termination events below the 5th percentile to 12.8%, with 3.2% of the population exhibiting
extreme premature PLM termination (n=94). This strain also exhibited a strong increase in
the percentage of the population with PLM neurite lengths beyond the 95th wildtype
percentile (28.9% compared to 5.3%). Overall only 58.4% of the IC1736 population had
PLM neurites within the wildtype 90% range.
The second transgenic strain, IC1737, also showed an increase in the percentage of neurite
termination events below the 5th percentile (9.1% compared to 4.6%), with no extreme
premature termination events (n=99). Overall the premature termination events in this strain
were less frequent and less severe than the IC1736 strain. The IC1737 strain also exhibited a
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strong increase in the percentage of the population with PLM neurite lengths beyond the
95th wildtype percentile (30.0% compared to 5.3%).
4.2 EFN-1 expression on seam cells causes premature PLM neurite termination only
when combined with VAB-1 overexpression on the PLM
After establishing the ability of EFN-1 to activate VAB-1 in cis to cause premature PLM
termination, I tested the ability of EFN-1 to activate VAB-1 when expressed on adjacent
cells (in trans). The current model for VAB-1-mediated PLM neurite termination is that a
signaling ligand on an adjacent cell activates VAB-1 when it reaches its target position, so
establishing the ability of EFN-1 to activate VAB-1 in trans would provide further evidence
that EFN-1 is this signaling ligand.
4.2.1 Expression of EFN-1 on all seam cells is not sufficient to cause premature PLM
termination
First I evaluated a strain created by a previous student, Jordan Taylor, which expresses
EFN-1 on all of the seam cells using the promoter for the seam cell-specific gene grd-10.
The seam cells run laterally on either side of the worm body, and their position within the
epidermis puts them in close proximity to the PLM neurite as it develops anteriorly. The
hypothesis was that endogenous levels of VAB-1 may be able to detect the overexpression
of EFN-1 on the seam cells to cause premature PLM neurite termination at levels similar to
the strains expressing EFN-1 on the mechanosensory neurons and endogenous levels of
VAB-1. In contrast to my hypothesis, IC1348 showed a decrease in the percentage of
neurite termination events below the 5th wildtype percentile (2% compared to 4.6%), with
no extreme premature termination events, and very little different in the percentage of
neurite termination events above the 95th wildtype percentile (6% compared to 5.3%)
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(n=100) (Figure 18). Overall this transgenic strain showed very little change in PLM neurite
termination trends compared to the wildtype.

Figure 19: The distribution of PLM neurite lengths in a population of L1 stage IC1348
(zdIs5; quEx503[pgrd-10:EFN-1; podr-1:RFP]) transgenic C. elegans with EFN-1
expression on the seam cells (n=100) (created by Jordan Taylor). The wildtype distribution
shown in orange and green is from the transgenic strain zdIs5 (pmec-4:GFP).
4.2.2 EFN-1 expression on seam cells is able to induce premature PLM termination
when VAB-1 is overexpressed on the PLM
Since overexpression of EFN-1 on the seam cells was not sufficient to induce premature
PLM neurite termination, I tested if it could induce premature termination when combined
with VAB-1 overexpression on the mechanosensory neurons. It is possible that during the
early stages of PLM neurite development, when the PLM is more posterior, the endogenous
levels of VAB-1 are too low to detect the EFN-1 on the early seam cells to cause PLM
termination. Increasing the amount of VAB-1 on the PLM may increase its sensitivity to the
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EFN-1 ligand on the early seam cells to allow for premature PLM termination. To test this
theory, the transgenic worm expressing EFN-1 on the seam cells (IC1348) were injected
with the pmec-4:VAB-1 transgene to create the IC1891 strain, and worms carrying both
extrachromosomal arrays were assessed.
As hypothesized, this strain with EFN-1 on the seam cells and VAB-1 overexpression on
the mechanosensory neurons showed an increase in premature termination in comparison to
both the wildtype and the transgenic strain with only EFN-1 on the seam cells (Figure 19).
26.3% of the population had PLM neurites below the wildtype 5th percentile, and 15.7% of
these were extreme under extensions (n=19). It was difficult to find transgenic worms that
retained both extrachromosomal arrays, so the sample size for this strain is smaller, but I
believe it is still sufficient to provide information about EFN-1 on epidermis and VAB-1 on
neurons signaling in trans to cause PLM neurite termination.
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Figure 19: The distribution of PLM neurite lengths in a population of L1 stage IC1891
(zdIs5; quEx503[pgrd-10:EFN-1; podr-1:RFP]; quEx806[pmec-4:VAB-1; pttx-3:GFP])
transgenic C. elegans with EFN-1 expression on the seam cells VAB-1 overexpression on
the mechanosensory neurons (n=19). The wildtype distribution shown in orange and green
is from the transgenic strain zdIs5 (pmec-4:GFP).
4.3 Wildtype C. elegans strains with fluorescent seam cell markers show different
patterns in PLM neurite termination
4.3.1 PLM neurite shows consistent termination on seam cell V2 in fluorescently
labelled strains
Transgenic C. elegans strains expressing fluorescent proteins under the seam cell- and
mechanosensory neuron-specific promoters showed consistent PLM neurite termination on
the seam cell V2.
The two transgenic strains created had different seam cell markers, although both used
fluorescent protein expression under the promoter for grd-10, a hedgehog-like intercellular
signaling protein with seam cell-specific expression (Hao et al. 2006) (Figure 20). The first
strain, IC1696, contained an extrachromosomal array that expresses RFP in the cytosol of
the seam cells using the grd-10 gene promoter. The other strain, IC1791, contained an
extrachromosomal array with two plasmids, one which expresses RFP in the cytosol of the
seam cells and one which expresses GFP in the nucleus of the seam cells, both using the
grd-10 gene promoter. The ‘double marked’ strain, IC1791, provided an advantage for
identifying individual seam cells, as the cytosolic RFP marker occasionally showed
expression in adjacent areas, while the GFP marker showed consistent expression in only
the nuclei of seam cells. The presence of RFP in areas adjacent to the seam cells is not
likely due to misexpression of RFP in cells other than seam cells, as grd-10 is a welldocumented seam cell-specific promoter, and the GFP marker expressed under the same
promoter didn’t show any misexpression. Seam cells are responsible for dividing in a stem50

cell like manner to produce other cell types, so it is possible that cytosolic RFP may be
transferred to these daughter cells during division. Since the RFP outside of the seam cells
does not usually have a uniform ‘cell’ shape, it is more likely that RFP has simply been

expelled from the seam cell due to physical damage to the cell membrane caused during
slide preparation.

Figure 20: IC1696 (zdIs5; quEx687[pgrd-10:RFP; ppie-1:GFP; podr-1:RFP]) and IC1791
(zdIs5; quEx748[pgrd-10:RFP; pgrd-10:NLSGFP]) L1 C. elegans under blue and green
light (x63 magnification, blue light and green light images merged).
In the IC1696 strain, 79% of the population had PLM neurites that terminated on seam cell
V2; in the IC1791 strain 70.7% of the population showed this trend (Figure 21). In IC1696
7% of the worms showed PLM neurite termination anterior to V2, and 14% showed PLM
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termination posterior to V2. IC1791 showed slightly different trends in PLM termination,
with a lower percentage of PLM termination anterior to V2 (5.1 %), but a higher and large
distribution of PLM neurite termination posterior to V2 (24.8 %). There was one outlier in

this strain with a PLM neurite that terminated before T1.
Figure 21: The distribution of PLM neurite termination locations in reference to the
hypodermal seam cells for two populations of different transgenic L1 C. elegans strains,
IC1696 (zdIs5; quEx687[pgrd-10:RFP; ppie-1:GFP; podr-1:RFP]) (n=100) and IC1791
(zdIs5; quEx748[pgrd-10:RFP; pgrd-10:NLSGFP]) (n=58). The percentage of the
population with PLM neurites that terminate at each location is displayed in the column
below the location.
4.3.2 Fluorescently labelled wildtype strains show variation in PLM neurite lengths
independent of PLM termination site
While zdIs5 and IC1791 showed no significant difference in PLM neurite lengths, IC1696
was significantly different from both strains (TukeyHSD, p < 0.001) (Figure 22). For
IC1696, 4% of the population was below the 5th percentile of zdIs5 and 17% was above the
95th percentile, leaving only 79% of the population within the 90% zdIs5 range (Appendix
1). For IC1791, 8.3% of the population was below the 5th percentile of zdIs5 and 1.7% was
above the 95th percentile, leaving 90% of the population within the 90% zdIs5 range
(Appendix 2). Overall there seems to be a significant increase in PLM neurite length in
IC1696 compared to zdIs5 (and IC1791).
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Figure 22: The range of PLM neurite lengths for three ‘wildtype’ L1 C. elegans populations
carrying different fluorescent markers, zdIs5 (n=152), IC1696 (zdIs5; quEx687 [pgrd10:RFP; ppie-1:GFP; podr-1:RFP]) (n=100) and IC1791 (zdIs5; quEx748 [pgrd-10:RFP;
pgrd-10:NLSGFP]) (n=58). The main box shows the range of PLM neurite lengths for 90%
of the population, while the arms indicate the upper and lower 5%. The L1 C. elegans
illustration above the graph is meant to provide an approximate spatial reference for where
PLM neurites of different lengths terminate in the worm body. One-way AOV and
TukeyHSD used to determine statistical significance, *** = p < 0.001, n.s = p > 0.05.
To see if there was any correlation between the PLM neurite length and the termination
position in relation to the seam cells the average PLM neurite length at each position was
compared for both strains (Figure 23). For the IC1696 strain the only significant difference
was between the two most extreme termination groups, V1 and V4, although there was only
one individual for the V4 group, so the power of this test is low (TukeyHSD, p > 0.05). For
the IC1791 strain the only significant difference was with the extreme outlier, which was
significantly different from all the other groups, although since there was only one
individual the power of this test is low (TukeyHSD, p > 0.05 between all groups except
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before T1). Overall there does not appear to be a strong correlation between PLM neurite
length and termination location in relation to the seam cells.

Figure 23: Average PLM neurite length of two different ‘wildtype’ strains, IC1696 (zdIs5;
quEx687 [pgrd-10:RFP; ppie-1:GFP; podr-1:RFP]) (n = 100) and IC1791 (zdIs5; quEx748
[pgrd-10:RFP; pgrd-10:NLSGFP]), of L1 C. elegans by neurite termination location in
relation to the seam cells. IC1696: V1 (n=5), between V1 and V2 (n=2), V2 (n=79),
between V2 and V3 (n=10), V3 (n=3), and V4 (n=1). IC1791: V1 (n=2), between V1 and
V2 (n=1), V2 (n=40), between V2 and V3 (n=4), V3 (n=5), between V3 and V4 (n=2), V4
(n=3), before T1 (n=1).
	
  
4.4 Disruption of seam cell development does not significantly disrupt PLM neurite
termination
4.4.1 egl-18(n162) seam cell mutants show some PLM termination defects which do not
correlate with seam cell defects
The first seam cell mutant assessed contained a mutation in egl-18, a GATA transcription
factor required to maintain seam cell identity during development (Koh et al. 2002). The
egl-18(n162) allele contains a nonsense substitution mutation which is predicted to produce
EGL-18 which is truncated before the DNA binding motif, and as such this allele can be
considered a loss-of-function (Koh et al. 2002). The loss of egl-18 is known to cause
variable defects in seam cell formation and seam cell number (Koh et al. 2002). Our lab had
previously created a transgenic strain containing the egl-18(n162) mutation and the zdIs5
transgene (pmec-4:GFP), which allows for the visualization of the mechanosensory
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neurons. Using this strain, we identified defects in PLM neurite termination, with 81% of
the population showing premature PLM neurite termination (defined as < 90.4 µm, the
wildtype mean minus the standard deviation) and 5% showing PLM neurite overextension
(defined as > 102.2 µm, the wildtype mean plus the standard deviation) (Schilkie 2014). I
injected a seam cell marker (pgrd-10:RFP) into these worms in order to create two
transgenic strains, IC1769 (zdIs5; egl-18[n162]; quEx734[pgrd-10:RFP; ppie-1:GFP]) and
IC1770 (zdIs5; egl-18[n162]; quEx735[pgrd-10:RFP; ppie-1:GFP]), to investigate if the
defects in PLM neurite termination correlated with the defects in seam cell formation, which
are known to be variable in egl-18(n162). The transgenic strain IC1696 (zdIs5; quEx687
[pgrd-10:RFP; ppie-1:GFP; podr-1:RFP]) will be used as the ‘wildtype’ strain for
comparison, as it has the same markers and thus serves as a good control for any affect the
seam cell marker may have on PLM neurite termination.
Both strains showed penetrant seam cell defects in comparison to wildtype (Figure 24 and
Appendix 3). Only 39% of IC1769 individuals had the wildtype number of 10 seam cells,
while 14% had greater than 10 and 47% had fewer than 10 seam cells (n=100). For IC1770,
32.6% of individuals had 10 seam cells, while 6.5% had greater than 10 and 58.7% had
fewer than 10 seam cells (n=46). Both of these strains show a large departure from the
wildtype, where no individuals showed greater than 10 seam cells, and only 15% showed
less than 10 seam cells.
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Figure 24: IC1769 (zdIs5; egl-18[n162]; quEx734[pgrd-10:RFP; ppie-1:GFP]) and IC1696
(zdIs5; quEx687 [pgrd-10:RFP; ppie-1:GFP; podr-1:RFP]) L1 C. elegans under green light
(x63 magnification, greyscale).
Despite the high prevalence of seam cell defects, neither egl-18(n162) mutants showed high
levels of PLM neurite termination defects. The first transgenic strain, IC1769, had 2% of its
population above the wildtype 95th percentile and 7% below the wildtype 5th percentile,
with 3% being extreme premature termination events (< 51.9 µm, half the average PLM
length in wildtype) (n=100) (Figure 25). Overall the IC1769 population seems to have more
PLM neurites that are shorter than expected, but this is not as strong as what was previously
seen by our lab.
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Figure 25: The distribution of PLM neurite lengths in a population of L1 stage IC1769
(zdIs5; egl-18[n162]; quEx734[pgrd-10:RFP; ppie-1:GFP]) transgenic C. elegans (n=
100). The distribution of the ‘wildtype’ strain IC1696 (zdIs5; quEx687 [pgrd-10:RFP; ppie1:GFP; podr-1:RFP]) is shown in orange and green.
The other transgenic strain, IC1770 (zdIs5; egl-18[n162]; quEx754[pgrd-10:RFP; ppie1:GFP]), had 4.3% of its population above the wildtype 95th percentile and 8.7% below the
wildtype 5th percentile (n=46) (Figure 26). Of the 8.7% of the population with PLM neurites
below the 5th percentile, 1.8% of these were extreme premature termination events (< 51.9
µm). Overall this strain showed even less deviation from the wildtype PLM neurite
termination trends than the IC1769 strain. Although it had slightly more worms below the
5th percentile, only 1 worm had a PLM neurite that was extremely short.
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Figure 26: The distribution of PLM neurite lengths in a population of L1 stage IC1770
(zdIs5; egl-18[n162]; quEx735[pgrd-10:RFP; ppie-1:GFP]) transgenic C. elegans (n= 46).
The distribution of the ‘wildtype’ strain IC1696 (zdIs5; quEx687 [pgrd-10:RFP; ppie1:GFP; podr-1:RFP]) is shown in orange and green.
There was no significant difference between the PLM neurite lengths of egl-18(n162)
mutants with different numbers of seam cells in either IC1769 or IC1770 (one-way AOV, p
> 0.05) (Figures 27 and 28). For IC1769 the only seam cell defect that appears to have a
significant impact on PLM neurite length is when the worm only had 2 seam cells, but there
was only one individual with this defect so the statistical power is too low to draw any
conclusions. Similarly, for IC1770 the only seam cell defect that may have a significant
impact on PLM neurite length is the 5 seam cell defect, but only two individuals displayed
this phenotype. Overall there does not appear to be a correlation between the number of
seam cells present in egl-18(n162) mutants and PLM neurite termination defects.
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Figure 27: The average PLM neurite length compared to the number of seam cells present
for a population of L1 stage IC1769 (zdIs5; egl-18[n162]; quEx734[pgrd-10:RFP; ppie1:GFP]) transgenic C. elegans (n=100). The standard deviation of each sample is shown
using error bars (points without error bars are the only value of that category). One-way
AOV revealed no significant difference in PLM neurite lengths between any of the groups
(p > 0.05).

Figure 28: The average PLM neurite length compared to the number of seam cells present
for a population of L1 stage IC1770 (zdIs5; egl-18[n162]; quEx735[pgrd-10:RFP; ppie1:GFP]) transgenic C. elegans (n=46). The standard deviation of each sample is shown
using error bars (points without error bars are the only value of that category). One-way
AOV revealed no significant difference in PLM neurite lengths between any of the groups
(p > 0.05).
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4.4.2 elt-6(gk723) seam cell mutants do not show PLM termination defects
The second seam cell mutant assessed was elt-6(gk723), another GATA transcription factor
adjacent to egl-18 which is also required to maintain seam cell identity during development
(Koh and Rothman 2001, Koh et al. 2002). The elt-6(gk723) allele contains a complex
substitution consisting of a 457bp deletion and a 4bp insertion that spans one exon, and as
such this mutant allele is likely at least a partial loss-of-function (The C. elegans Deletion
Mutant Consortium 2012). As with egl-18(n162), our lab created a transgenic strain
containing the elt-6(gk723) mutation and the zdIs5 transgene (pmec-4:GFP), and using this
strain, we identified defects in PLM neurite termination. In elt-6(gk723) mutants 59.6% of
the population showed premature PLM neurite termination (< 90.4 µm) and 23.4% showed
PLM neurite overextension (> 102.2 µm) (Schilkie 2014). I injected a seam cell marker
(pgrd-10:RFP) into these worms in order to create a transgenic strain, IC1707 (zdIs5; elt6[gk723]; quEx697[pgrd-10:RFP; ppie-1:GFP; podr-1:RFP]), to investigate if the defects
in PLM neurite termination correlated with the defects in seam cell formation. Although
reports have identified that this allele alone does not produce defects in seam cell number,
using the IC1707 transgenic strain I identified numerous seam cell number defects
(Gorrepati et al. 2013) (Figure 29). Only 43.3% of IC1707 worms have the wild type
number of seam cells at L1 (10 seam cells), while 5.2% have more than 10 and 51.6% have
fewer than 10 seam cells (n=97) (Appendix 4). This strain shows a significant departure
from the wildtype distribution of seam cell number, where no individuals showed greater
than 10 seam cells, and only 15% showed less than 10 seam cells.
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Figure 29: IC1707 (zdIs5; elt-6[gk723]; quEx697[pgrd-10:RFP; ppie-1:GFP; podr1:RFP]) and IC1696 (zdIs5; quEx687 [pgrd-10:RFP; ppie-1:GFP; podr-1:RFP]) L1 C.
elegans under green light (x63 magnification, greyscale).
Despite the high prevalence of seam cell defects, the elt-6(gk723) mutant strain IC1707
showed almost no defects in PLM neurite termination compared to wildtype (Figure 30).
3.1% of the IC1707 population had PLM neurites above the 95th percentile of wildtype, and
only 1% below the 5th percentile of wildtype, both percentages well within the expected
values for wildtype. Only 1 individual had a PLM neurite length below the wildtype range,
but this was not an extreme premature termination event (<51.9 µm).
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Figure 30: The distribution of PLM neurite lengths in a population of L1 IC1707 (zdIs5;
elt-6[gk723]; quEx697[pgrd-10:RFP; ppie-1:GFP; podr-1:RFP]) transgenic C. elegans (n=
97). The distribution of the ‘wildtype’ strain IC1696 (zdIs5; quEx687 [pgrd-10:RFP; ppie1:GFP; podr-1:RFP]) is shown in orange and green.
As in the egl-18(n162) mutants, there was no significant difference between the PLM
neurite lengths of elt-6(gk723) mutants with different numbers of seam cells (one-way
AOV, p > 0.05) (Figure 31).
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Figure 31: The average PLM neurite length compared to the number of seam cells present
for a population of L1 IC1707 (zdIs5; elt-6[gk723]; quEx697[pgrd-10:RFP; ppie-1:GFP;
podr-1:RFP]) transgenic C. elegans (n=97). The standard deviation of each sample is
shown using error bars. One-way AOV revealed no significant difference in PLM neurite
lengths between any of the groups (p > 0.05).
4.4.3 lin-14(n536) mutant shows normal PLM termination and seam cell development
The final seam cell mutant assessed contained a mutation in lin-14, a novel protein which
controls the timing of divisions for several cell types, including the seam cells (Ambros and
Horvitz 1987). There are three isoforms of lin-14, LIN-14A, LIN-14B1, and LIN-14B2, and
different mutant alleles cause different phenotypes depending on which isoform(s) they
disrupt (Reinhart and Ruvkun 2001). Our lab was interested in investigating the impact of
precocious seam cell divisions on PLM neurite termination, and certain mutations in lin-14
are known to cause this phenotype in L1, such that these larvae have 16 seam cells instead
of 10. Our lab created a transgenic strain containing the lin-14(n536) mutation and the zdIs5
transgene (pmec-4:GFP), and using this strain, we identified defects in PLM neurite
termination. lin-14(n536) is a 607bp deletion mutation that is reported to cause delays in the
timing of cell divisions during development, and is not known to impact the division of
seam cells (Ambros and Horvitz 1987). A double cis mutant allele, n536n540, which
contains the n536 deletion as well as the n540 substitution mutation, has been reported to
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give rise to 16 seam cells in L1, but the n536 allele by itself does not cause as strong a
phenotype (Ambros and Horvitz 1987). Despite this, lin-14(n536) mutants still showed
defects in PLM neurite termination, with 58% of the population showing premature PLM
neurite termination (< 90.4 µm) and 8% showing PLM neurite overextension (> 102.2 µm)
(Schilkie 2014).
To better understand the impact of lin-14(n536) on seam cell development and PLM neurite
termination, I injected the pgrd-10:RFP construct into the previously created zdIs5; lin14(n536) strain to create two new strains: IC1772 (zdIs5; lin-14[n536]; quEx737[pgrd10:RFP; ppie-1:GFP]) and IC1773 (zdIs5; lin-14[n536]; quEx738[pgrd-10:RFP; ppie1:GFP]). In contrast to the previous results reported by Ben Schilkie in his undergraduate
thesis, I did not find any PLM neurite termination defects in any of these two lin-14(n536)
mutants (Figures 32 and 33). In both IC1772 and IC1773 the entire population sampled had
PLM neurite lengths that fell within the 90% range of the wildtype strain, a distribution that
is even less varied than the wildtype strain itself (where 10% of the population are outside
of this range).
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Figure 32: The distribution of PLM neurite lengths in a population of L1 IC1772 (zdIs5; lin14[n536]; quEx737[pgrd-10:RFP; ppie-1:GFP]) transgenic C. elegans (n= 17). The
distribution of the ‘wildtype’ strain IC1696 (zdIs5; quEx687 [pgrd-10:RFP; ppie-1:GFP;
podr-1:RFP]) is shown in orange and green.
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Figure 33: The distribution of PLM neurite lengths in a population of L1 IC1773 (zdIs5; lin14[n536]; quEx738[pgrd-10:RFP; ppie-1:GFP]) transgenic C. elegans (n= 28). The
distribution of the ‘wildtype’ strain IC1696 (zdIs5; quEx687 [pgrd-10:RFP; ppie-1:GFP;
podr-1:RFP]) is shown in orange and green.
When examining the seam cell development in these strains, I also discovered that none of
the worms underwent the precocious seam cell divisions to give rise to 16 seam cells, which
was the lin-14 mutant phenotype that we had originally been interested in studying (Figure
34). The strain IC1772 had a wildtype distribution of seam cell development, with 82.4% of
worms having 10 seam cells, and only a few individuals having 9 or 7 seam cells (n=2 and
n=1, respectively). For IC1773 the distribution departed from wild type slightly, but the
majority of the population still had 10 seam cells (60.7%) (n=28). None of the worms
studied had more than 11 seam cells. This is not surprising, considering that previous
reports have noted that the lin-14(n536) allele alone does not give rise to the precocious
seam cell division phenotype, and I believe that this fact was overlooked in our previous
research (Ambros and Horvitz 1987).
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Figure 34: The distribution of seam cell number in two mutant populations, IC1772 (zdIs5;
lin-14[n536]; quEx737[pgrd-10:RFP; ppie-1:GFP]) and IC1773 (zdIs5; lin-14[n536];
quEx738[pgrd-10:RFP; ppie-1:GFP]), and a wildtype population, IC1696 (zdIs5; quEx687
[pgrd-10:RFP; ppie-1:GFP; podr-1:RFP]) (n=17; n=28; n=100).
4.4.4 miniSOG ablation of seam cells during embryogenesis causes organism death
In addition to disrupting seam cell development through mutations in egl-18, elt-6, and lin14, a light-inducible, seam cell-specific protein construct was engineered to ablate the seam
cells during embryogenesis. As previously mentioned, a V2 seam cell-specific promoter has
not been identified in C. elegans, so the general seam cell specific promoter grd-10 was
used to allow for protein expression in all 10 developing seam cells during embryogenesis.
The cell ablation protein used is called miniSOG, a mitochondrially targeted photosensitizer
which produces singlet oxygen species upon blue light irradiation, resulting in cell death (Qi
et al. 2012). The pIC1085 (pgrd10:miniSOG) was coinjected with a seam cell marker (pgrd10:RFP) into worms carrying the integrated transgene muIs32(pmec-7:GFP), which
expresses GFP in all the mechanosensory neurons. The muIs32 transgene has highly similar
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expression to the zdIs5 transgene, but due to complications involving the loss of zdIs5
transgene from the strain, the muIs32 marker was used instead. Two transgenic strains were
created, IC1793 (muIs32; quEx750[pgrd-10:miniSOG; pgrd-10:RFP; pttx-3:GFP]) and
IC1794 (muIs32; quEx751[pgrd-10:miniSOG; pgrd-10:RFP; pttx-3:GFP]).
The PLM neurite is embryonically determined, and reaches its final target position by the
end of L1 (Gallegos and Bargmann 2004). As such it was integral to ablate the seam cells
early during embryogenesis, before they could possibly relay any positional cues to the
developing PLM neurite. Mixed stage IC1793 and IC1794 embryos were irradiated with
blue light, and then allowed to develop overnight in liquid culture as previously described.
Unfortunately, all irradiated IC1793 and IC1794 embryos were unable to develop properly
to reach L1 arrest in liquid culture. Non-irradiated IC1793 and IC1794 embryos were able
to develop and hatch normally, which indicates that the strains themselves are viable;
additionally, blue light irradiated control worms with only the zdIs5 transgene were also
able to develop properly after irradiation. Overall it appears that ablation of the seam cells
during early embryogenesis is too detrimental to the developing embryo.
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Chapter 5: Discussion
5.1 EFN-1 is able to activate VAB-1 to cause premature PLM neurite termination
when expressed in cis
Ectopic EFN-1 expression on the mechanosensory neurons was able to cause premature
termination of the PLM neurite, and the frequency of these premature termination events
increased when the VAB-1 receptor was overexpressed on the mechanosensory neurons.
These strains provide good evidence that EFN-1 is able to activate VAB-1 in cis on the
PLM to cause early neurite termination, although anti-phosphotyrosine staining should be
done to confirm VAB-1 activation in transgenic worms. This activation of VAB-1 by EFN1 on the PLM growth cone in C. elegans is the first example of neurite guidance through
ephrin activation of an Eph receptor in cis; all previous examples of ephrin and Eph receptor
interactions in cis cause attenuation of signaling through the receptor, as described in retinal
neurites which become insensitive to ephrinA signals when their EphA3 receptors
interaction with ephrinA5 in cis (Carvalho et al. 2006).
5.1.1 Ectopic EFN-1 expression on the PLM is able to cause occasional premature
neurite termination
The transgenic strains with ectopic expression of EFN-1 on the mechanosensory neurons
showed extreme premature PLM neurite termination not present in wildtype worms (< 47.5
µm, half the length of the average wildtype PLM neurite). This occurred at a low frequency,
with only 3.3% of the IC1692 strain and 2.1% of the IC1693 strain exhibiting these defects
(n=91; n=97). Despite their low frequency, I believe that these events denote a biologically
significant phenomenon, and their low frequency can be accounted for by the endogenous
levels of VAB-1 receptor. My hypothesis was that EFN-1 expression on the
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mechanosensory neurons can cause premature PLM neurite termination by activating VAB1 in cis on the growth cone of the PLM. Expressing EFN-1 under the mec-4 promoter
allows for EFN-1 expression on the PLM growth cone during all stages of PLM
development, which could allow for it to activate the endogenous VAB-1 receptor before
the PLM reaches its correct position. However, during the early stages of PLM development
when the PLM is in the posterior end of the worm body, it is possible that VAB-1 receptor
levels are low, since the receptor does not need to detect the stop cue until it later during
development when it reaches the middle of the worm body. The low levels of VAB-1
receptor during early PLM development could account for the low frequency of premature
PLM termination when EFN-1 is ectopically expressed on the PLM growth cone. If this
hypothesis is correct then overexpressing the VAB-1 receptor on the growth cone should be
sufficient to increase the frequency of premature PLM termination events, which is exactly
what I found in my results.
5.1.2 Premature termination events increase when VAB-1 is also overexpressed on the
PLM with EFN-1
As predicted, overexpression of the VAB-1 receptor on the PLM using the mec-4 promoter
in combination with ectopic expression of EFN-1 on the PLM using the same promoter was
able to cause a significant increase in the frequency of extreme premature termination
events. The transgenic populations with only EFN-1 ectopic expression showed 3.3% and
2.1% frequency of extreme premature termination (IC1692 n=91, IC1693 n=97), while the
transgenic populations with EFN-1 and VAB-1 overexpression on the PLM showed 15.4%
and 23.3% frequency (IC1694 n=89, IC1695 n=87). This increase in premature PLM
termination provides evidence that EFN-1 is acting through the receptor VAB-1 to cause
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PLM neurite termination, and provides the first evidence that ephrins can activate their
receptors in cis.
Although overexpressing VAB-1 on the PLM growth cone in combination with EFN-1 can
cause premature PLM neurite termination, this phenotype is not nearly as penetrant as the
constitutively active form of the receptor, MYR-VAB-1 which showed premature PLM
termination in 85.5% of the population (Mohamed and Chin-Sang 2006). This may be
because EFN-1 activation of VAB-1 through the in cis configuration is not as effective as
activation in trans. The model for in vivo activation of VAB-1 by EFN-1 uses intercellular
communication between the PLM growth cone and an adjacent target cell, so a lower
efficiency for in cis activation would not be surprising. The interaction between the receptor
binding domain of EFN-1 and the ligand binding globular domain of VAB-1 may be more
difficult to achieve when the proteins are expressed on the same cell, and thus EFN-1 may
not always be able to activate VAB-1 when expressed in cis. Additionally, EFN-1 activation
of VAB-1 to cause PLM neurite termination may be facilitated by additional cofactors. The
use of cofactors for ephrin mediated neurite guidance has been suggested in the model for
EFN-4 mediated neurite guidance of the SDQL neurite, which may use LAD-2 as a cofactor
for MAB-20-mediated signaling (Dong et al. 2016). Without the presence of cofactors, the
activation of VAB-1 by EFN-1 may be less efficient, accounting for the lower instance of
activation to cause premature PLM termination. Signaling specificity of ephrins and their
receptors for neurite guidance has also been shown to be achieved through the coexpression of different combinations of Eph receptors (Janes et al. 2011, Nikolov et al.
2013). Although C. elegans has only one Eph receptor, it is possible that other receptors,
such as DAF-2, function alongside VAB-1 to facilitate proper PLM targeting. Endogenous
levels of other co-receptors may be the limiting factor that results in the lower penetrance of
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VAB-1 activation by EFN-1 in cis. Overall the lower efficiency of PLM termination
through the overexpression of VAB-1 and EFN-1 on the PLM growth cone can be attributed
to the fact that this expression pattern does not recreate the complex molecular environment
for endogenous PLM neurite termination, and thus is not always able to achieve early
activation of VAB-1 by EFN-1.
5.1.3 VAB-1 overexpression on the PLM is able to cause changes in PLM neurite
targeting
I created transgenic strains with VAB-1 overexpression under the mec-4 promoter to ensure
that this alone is not responsible for the increase in frequency of premature PLM neurites.
Surprisingly, these transgenic strains did show a variety of PLM neurite targeting defects.
One of the strains, IC1736, showed extreme premature PLM neurite termination at a
frequency similar to the strains that ectopically expressed EFN-1 on the PLM (3.2% for
IC1736, n=94, compared to 3.3 %, n=91, and 2.1%, n= 97). The other strain, IC1737, did
not show any of these extreme premature termination events, but it did have an increase of
the population in the 5% tail wildtype range (9.1% versus 4.6% in the wildtype). To add to
the complexity, both strains also exhibited an increase in the percentage of the population
with PLM neurite lengths beyond the 95th wildtype percentile (28.9% for IC1736, n=94, and
30.0% for IC1737, n=99, compared to 5.3% for wildtype).
These phenotypic responses to the change in receptor levels demonstrate the importance of
the specific spatial and temporal expression of all signaling molecules involved in neurite
guidance, whether they be receptors or ligands. Early expression of VAB-1 on the PLM
growth cone as it is growth forward through the posterior end of the worm may expose the
receptor to activating cues that it would not be exposed to if under its endogenous
expression control. These activating ligands in the posterior end of the worm, either ephrins
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or other signaling ligands, may be responsible for activating VAB-1 to cause early PLM
neurite termination in the IC1736 strain. Additionally, overexpressing VAB-1 on the PLM
growth cone may cause changes in Eph receptor clustering. Eph receptor clustering has been
shown to influence the downstream response of receptors to their ephrin ligands (Janes et al.
2011). For example, clustering of human EphB2 has been shown to permit the receptor to
respond to its ligand ephrinB2 through increasing the proportion of active trimers and
tetramers to inactive dimers (Schaupp et al. 2014). Although VAB-1 is known to be
functional as a dimer, it is possible that increased VAB-1 expression could lead to
hyperactive VAB-1 oligomers, which could account for the occasional premature
termination events present in IC1736. Alternatively, overexpression of VAB-1 could alter
the way that the receptor responds to the EFN-1 ligand so that it perceives it as a growth
stimulating cue rather than a stop cue. It has been shown that the cellular response to
mammalian ephrin-A5 is determined by the clustering patterns of the receptor, where small
clusters of EphA4 promote cytoskeletal collapse and large arrays of EphA2 promote
adhesion (Seiradake et al. 2013). It is possible that the overexpression of VAB-1 causes the
formation of large arrays of receptors, which cause signals to be misread and the PLM
neurite to be overextended.
5.1.4 Next steps for investigating VAB-1 activation by EFN-1 in cis
The trends in premature PLM neurite termination in transgenic worms with EFN-1 and
VAB-1 overexpression on the mechanosensory neurons seem to indicate that EFN-1 can
activate VAB-1 in cis to cause PLM neurite termination, but to provide more direct
evidence for VAB-1 activation anti-phosphotyrosine 4G10 staining should be performed on
all previously described transgenic strains. Activation of VAB-1 causes
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autophosphorylation on specific tyrosine residues, which can be tested for using antiphosphotyrosine staining.
Following confirmation of VAB-1 activation by EFN-1, future research should attempt to
characterize how the active sites of the receptor and ligand are able to interact when they are
expressed on the same cell membrane. The canonical model for Eph receptor activation by
an ephrin ligand requires they be expressed on closely opposed cell membranes. This
configuration allows the hydrophobic G-H loop on the ephrin to be inserted into a channel
on the surface of the receptor to cause ligand-receptor dimerization, which allows for
activation of the intracellular portion of the receptor (Himanen and Nikolov 2003). There
are two possible ways by which the active sites of VAB-1 and EFN-1 may be able to
recreate this configurative when they are expressed on the same cell membrane. The first
hypothesis is that folds in the cell membrane of the growth cone of the PLM between the
filopodia are able to recreate an in trans like interaction between VAB-1 and EFN-1 (Figure
9A) The alternate hypothesis is that the other extracellular domains of the proteins are able
to bend such that the ligand and receptor binding domains can interact (Figure 9B).
5.2 EFN-1 expression on the seam cells is only able to induce premature neurite
termination when the VAB-1 receptor is overexpressed on the PLM
Contrary to previous reports from our lab, I found that expression of EFN-1 on all of the
seam cells was not sufficient to cause premature PLM neurite termination. This may be
because when EFN-1 is expressed on the early seam cells (T1-V4) the endogenous levels of
VAB-1 on the growth cone are not high enough to cause a premature termination event.
Since VAB-1 signaling does not usually occur so posteriorly in the worm body it makes
sense that the PLM may not be able to detect the EFN-1 stop cue so early.
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To bypass this issue, VAB-1 was overexpressed on the mechanosensory neurons, in the
hopes that this may sensitize the PLM growth cone to allow it to detect early EFN-1 stop
cues. Overexpressing VAB-1 in concert with expression of EFN-1 on all the seam cells was
able to cause premature PLM neurite termination events, providing strong evidence that
EFN-1 on the seam cells is able to active VAB-1 in trans to cause PLM neurite termination.
In order to confirm that EFN-1 is signaling through VAB-1 to cause these premature PLM
termination events, 4G10 anti-phosphotyrosine staining should be performed to confirm that
VAB-1 is being activated in transgenic worms with premature PLM neurite termination.
The ability of EFN-1 overexpression on the seam cells to cause premature PLM neurite
termination provides further support for the hypothesis that the seam cell V2 is the source of
the stop cue for the PLM. The PLM clearly comes close enough to the early seam cells to
detect the EFN-1 ligand to allow for premature termination, so it would not be surprising if
the PLM could also detect an endogenous ephrin stop cue on V2.
There are notable differences between the PLM termination trends in transgenic strains with
EFN-1 signaling in trans and in cis. EFN-1 expression in cis is able to cause premature
PLM neurite termination events alone as well as in concert with VAB-1 overexpression on
the PLM. By contrast, EFN-1 expression in trans on the seam cells is only able to cause
premature PLM neurite termination events when in concert with VAB-1 overexpression on
the PLM. Additionally, the premature PLM neurite termination defects are much stronger in
the in cis model than in in trans model when EFN-1 and VAB-1 are co-expressed. The
model for endogenous PLM neurite termination is through VAB-1 activation by a ligand in
trans, so it is initially surprising that the in cis activation of VAB-1 appears to be stronger. It
is possible that the in cis experiments showed a higher frequency of premature termination
events due to the proximity of the receptor and ligand, which allowed for a higher chance of
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a successful interaction leading to VAB-1 activation. It is also possible that is a higher level
of EFN-1 expression in the in cis transgenic strains compared those with EFN-1 in trans,
which could be due to the expression levels of the promoters used or the copy number of the
transgene in the extrachromosomal arrays. Future research should try to quantify and
compare the EFN-1 expression on the seam cells and the PLM in the transgenic strains
using EFN-1 antibodies.
5.3 Wildtype C. elegans strains with fluorescent seam cell markers show different
patterns in PLM neurite termination
Two transgenic strains of C. elegans were engineered with seam cell-specific fluorescent
markers; IC1696 (zdIs5; quEx687[pgrd-10:RFP; ppie-1:GFP; podr-1:RFP]) had cytosolic
RFP expression in the seam cells while IC1791 (zdIs5; quEx748[pgrd-10:RFP; pgrd10:NLSGFP]) had cytosolic RFP and nuclear GFP expression in the seam cells. Despite the
similarities of their fluorescent transgenes, the two strains showed different patterns in PLM
neurite termination location in reference in the seam cells as well as PLM neurite length. In
order to formulate a hypothesis to account for both of these differences, I will address the
patterns separately before presenting a cumulative hypothesis.
5.3.1 Wildtype C. elegans show consistent PLM termination on the V2 seam cell
Both transgenic strains with seam cell markers showed consistent PLM neurite termination
on the V2 seam cell, although the IC1696 (zdIs5; quEx687[pgrd-10:RFP; ppie-1:GFP;
podr-1:RFP]) strain did show more consistency in this termination pattern than IC1791
(zdIs5; quEx748[pgrd-10:RFP; pgrd-10:NLSGFP]). IC1696 showed PLM neurite
termination on V2 in 79% of the population (n=100), while IC1791 showed PLM neurite
termination on V2 in 70.7% (n=58). While both strains have a similar frequency of PLM
termination anterior to V2 (7% for IC1696 and 5.1% for IC1791), IC1791 shows a greater
76

percentage of PLM termination posterior to V2 (24.1% compared to 14% in IC1696). The
transgene that differentiates IC1791 from IC1696 is pgrd-10:NLSGFP, the nuclear-localized
seam cell marker, so this is the best candidate for the cause of the difference in PLM neurite
target to V2. However, it is unclear how this transgene could cause premature PLM
termination before the V2 seam cell as NLSGFP is not known to have any impact on
development (Chytilova et al. 1999).
5.3.2 One C. elegans strain with a fluorescent seam cell marker shows significantly
longer PLM neurites
While the ‘double’ marked seam cell strain IC1791 did not show as much consistency for
PLM termination on the V2 seam cell as the ‘single’ marked seam cell strain IC1696, it did
show PLM neurite lengths consistent with the wildtype strain without fluorescent seam cell
markers, zdIs5 (TukeyHSD, p > 0.05). IC1696, by contrast, was significantly different than
both IC1791 and zdIs5 (TukeyHSD, p < 0.001). IC1696 showed an increase in PLM
neurites past the 95th percentile of zdIs5.
It is surprising that IC1696 has longer PLM neurites than IC1791 and zdIs5 while there is no
significant difference between the PLM neurite lengths for IC1791 and zdIs5 since IC1791
and IC1696 have more transgenes in common than IC1791 and zdIs5. All three strains carry
the zdIs5 transgene to mark the mechanosensory neurons, and both IC1696 and IC1791
carry the pgrd-10:RFP transgene to mark the cytosol of the seam cells. IC1791 alone carries
the pgrd-10:NLSGFP transgene to mark the nucleus of the seam cells. Based upon the
shared transgenes, one would predict that if fluorescent seam cell markers disrupted PLM
neurite termination both IC1696 and IC1791 would show this trend, or that IC1791 alone
would show defects, since it has an additional marker absent from IC1696. It is unlikely that
the second seam cell marker, pgrd-10:NLSGFP, would restore PLM neurite targeting
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disrupted by the first seam cell marker, pgrd-10:RFP, since NLSGFP is not known to have
any impact on development (Chytilova et al. 1999). IC1696 is also the only strain of the
three that carries the transgenes podr-1:RFP (to mark the AWC and AWB olfactory
neurons) and ppie-1:GFP (to mark the Z2 and Z3 cells of the gonad primordium). However,
it is also unlikely that either one of these transgenes is the cause of the longer PLM neurites
in IC1696. The AWC and AWB olfactory neurons are found in the head of the worm,
making them spatially incapable of interacting with the PLM and unlikely to influence its
development. Z2 and Z3 are in the correct location to interact with the PLM, but previous
research in our lab has shown that they are not involved in PLM neurite targeting. Overall it
is unlikely that the identity of any of the transgenes is responsible for the significant
difference in PLM neurite lengths in IC1696.
It is also surprising that IC1791 shows similar PLM neurite lengths as zdIs5, considering
that it has an increase in PLM termination posterior to the hypothesized target cell V2.
5.3.3 No significant correlation between PLM neurite length and PLM neurite
termination location in wildtype C. elegans
The differential PLM neurite trends in the fluorescently marked wildtype strains appear to
be at odds with one another. The single marked IC1696 strain shows more consistent PLM
termination on the seam cell V2, yet has significantly longer PLM neurites than the
‘baseline’ wildtype strain zdIs5. IC1791 by contrast shows PLM neurite lengths that are
comparable to the ‘baseline’ wildtype strain, yet has less consistent PLM termination in
relation to the seam cells. AOV comparison of the average length of the PLM neurite for
different PLM termination locations for each strain revealed no significant difference
between groups, with the exception of single outliers (these groups contained only 1
individual, and therefore the statistical power of the AOV is too low to have confidence in
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the significance of these differences). This lack of correlation between PLM neurite
termination location and PLM neurite length could possibly account for the trends seen in
IC1791, where the PLM lengths are similar to wildtype but there is less termination on the
target cell V2. The lack of correlation seems to indicate that the position of the seam cells
may be variable, since the position of the PLM cell body is consistent in wildtype
(Mohamed and Chin-Sang 2006). Variable position for the seam cells makes V2 a less
feasible source for the PLM stop cue, but it could provide evidence for an alternative
hypothesis for intercellular communication between the two cells.
5.3.4 New hypothesis for intercellular signaling between PLM and seam cell V2
Instead of V2 providing a stop cue for the PLM neurite, it is possible that there is another
source for the PLM stop cue, and that the PLM neurite provides a positional cue for the V2
seam cell. This positional cue may be relayed through the VAB-1 receptor and ephrin
ligands, or a completely different class of signaling molecules. This kind of epidermalneuronal communication through Eph receptors and ephrins has already been reported
during embryogenesis in C. elegans. VAB-1 and EFN-1 are known to function together on
the epidermis and neuroblasts respectively in embryogenesis in order to direct ventral
enclosure (Chin-Sang et al. 1999). It may not be surprising then if the PLM neurite helps to
direct the positional development of the seam cells, which are also epidermal cells.
If this model is correct, then this could account for the consistent termination of the PLM on
seam cell V2 despite the significant increase in PLM neurite length in comparison to zdIs5
(and IC1791). Additionally, this could account for the increase in PLM neurite termination
posterior to V2 in IC1791. The IC1791 has two transgenes that use the grd-10 promoter,
while IC1696 has only one. The higher number of plasmids using this promoter could create
a ‘transcription factor sink’, using up endogenous transcription factors and lowering the
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expression of their normal gene product, GRD-10. GRD-10 is a hedgehog-like protein with
seam cell specific expression that is thought to play a role in vesicle trafficking (Burglin and
Kuwabara 2006). Since the expression of membrane-bound ligands such as EFN-1 depends
on proper vesicle trafficking, it is possible that a decrease in endogenous GRD-10 could
cause a decrease in the expression of this and other surface proteins on the seam cells. A
decrease of cell surface protein expression in the seam cells could prevent the transmission
of the signal between the seam cell and PLM, causing the seam cells to continue to migrate
anteriorly. Our lab has recently created an integrated transgene for the expression of pgrd10:NLSGFP and pgrd-10:RFP, and this strain could show an increase in PLM neurite
termination on the V2 seam cell, since there is only one copy of the transgene.
The only factor that this hypothesis cannot account for is the increase in PLM neurite length
in IC1696 compared to zdIs5 and IC1791. Without knowing the source of the PLM stop cue
it is difficult to postulate what could cause these PLM overextension defects. For future
directions I have presented two new possible sources of the PLM stop cue, so assessing
these hypotheses may help to provide information about PLM overextension in IC1696.
It should also be noted that although IC1696 shows significantly different PLM neurite
lengths than zdIs5, I believe it still provides a good control for comparison for the seam cell
mutants and miniSOG transgenic strains. IC1696 uses the same seam cell marker as all of
these strains, which makes it the best control for any impact that this marker may have on
PLM neurite length.
5.4 Seam cell mutants do not cause penetrant PLM neurite termination defects
Previous research in our lab found penetrant PLM neurite termination defects in the seam
cell mutants egl-18(n162), elt-6(gk723), and lin-14(n536), however in my research only the
egl-18(n162) mutants showed any deviation from wild type PLM neurite termination. lin80

14(n536) mutants did not show the expected mutant seam cell phenotype or any deviation
from wild type PLM neurite termination. elt-6(gk723) mutants did show significantly
penetrant seam cell defects, yet they had wild type PLM neurite termination. egl-18(n162)
mutants also showed significantly penetrant seam cell defects, and while the majority of the
population had wild type PLM neurite lengths there were occasional extreme premature
termination events.
5.4.1 PLM neurite termination evaluation criteria
Previous research in our lab found penetrant PLM neurite termination defects in the seam
cell mutants egl-18(n162), elt-6(gk723), and lin-14(n536), however my research did not
reveal many PLM termination defects in these strains. There are two factors that could
account for these differences, either the seam cell marker was able to restore proper PLM
neurite targeting, or variations in termination criteria lead to the perceived differences. The
seam cell marker used in the transgenic strains was RFP under the expression of the grd-10
seam cell specific promoter; RFP is not known to play a role in PLM neurite targeting, so it
is unlikely that this transgene is responsible for restoring PLM targeting in the seam cell
mutants. I believe that the scoring criteria previously used to classify over and under
extensions of the PLM neurite were not stringent enough, and led to an overestimation of
the penetrance of PLM neurite termination defects in the seam cell mutants. Previously the
wildtype range for PLM neurite length was defined as one standard deviation above or
below the average PLM neurite length for a population of wildtype worms with the zdIs5
(pmec-4:GFP) transgene. This yielded a ‘wildtype range’ of 90.3 µm – 102.2 µm; anything
below this was considered an underextension, and anything above this was considered an
overextension. One of the caveats of this method, however, is that it neglects to properly
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take into account the distribution of PLM neurite lengths in the wildtype sample; since the
standard deviation is just the average distance of values from the mean, there are many
individuals that fall outside this range. Instead of this criteria, I established the ‘wildtype’
range based upon a range which encompasses 90% of the wildtype sample (all the values
between the 5th and 95th percentile). This gives a much wider range, but I believe it is more
representative of wildtype PLM neurite termination. Figure 35 shows the ‘wildtype ranges’
of my zdIs5 sample using the old criteria (red) and the new criteria (green). As can be seen,
the old criteria exclude a substantial amount of the wildtype population; in fact, only 69.1%
of the zdIs5 population falls into the ‘wildtype range’ using the old criteria, as opposed to
90% for the new criteria. If I had used the old criteria for the IC1696 strain, which was used
as the wildtype control to compare the seam cell mutants, only 68% of the population would
be included in the ‘wildtype’ range. It should also be noted that the transgenic strain IC1696
which is used as the ‘wildtype’ has PLM neurites that are significantly longer than the
original zdIs5 ‘wildtype’ strain. IC1696 is used as the wildtype strain because it has the
same seam cell marker that is used in all the seam cell mutants, pgrd-10:RFP. As previously
mentioned, it is unclear if this transgene is the cause of the change in PLM neurite length,
but using it as the control can account for this. However, the increase in PLM length in
IC1696 could mask the overextension phenotypes that are the seam cell mutants. Overall I
believe that the PLM scoring criteria I have defined provide a more comprehensive
comparison between the wildtype and mutant strains.
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Figure 35: The distribution of PLM neurite lengths for a population of wildtype L1 C.
elegans IC1696 (zdIs5; quEx687 [pgrd-10:rfp; ppie-1:gfp; podr-1:rfp]) (n = 100). The red
area (90.3 µm – 102.2 µm) shows the range of PLM neurite lengths considered ‘wildtype’
using the previous evaluation criteria, while the green area (75.4 µm – 134.4 µm) is the new
wildtype range.
5.4.2 Quantifying seam cell defects in seam cell mutants
Since both egl-18(n162) and elt-6(gk723) cause variable seam cell mutations, the ‘severity’
of seam cell defects for each individual worm was quantified by the number of cells
expressing the pgrd-10:RFP transgene in the worm. This method of seam cell defect
quantification does have limitations in identifying seam cell-like cells as well as the identity
of individual seam cells that must be considered.
Using the transgene pgrd-10:RFP as a marker for seam cells is simplistic, as it doesn’t
provide a comprehensive picture of the gene expression for these cells. It is important to
remember that the ‘missing’ seam cells are still present in the worm body, but these cells do
not express the seam cell specific transgene pgrd-10:RFP, presumably because they have
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lost their seam cell identity. The GATA transcription factors EGL-18 and ELT-6 function
redundantly to maintain seam cell fate through the expression of seam cell specific genes
including grd-10, which is used as an indicator of seam cell fate due to its constant and
specific expression in seam cells throughout development (Hao et al. 2006). Although loss
of expression of grd-10 is a good indicator of the loss of seam cell identity, it does not
provide a detailed picture of the transcriptome or surfaceome of the cell in question. It is
possible that cells that do not express the pgrd-10:RFP transgene still express some of the
surface signaling proteins of a seam cell, which may allow the cell to maintain its function
in neurite guidance.
Another possible drawback of this method is that it fails to take into account the individual
identity of the ‘missing’ seam cells. If our hypothesis that the seam cell V2 is the source of
the PLM neurite stop cue is correct, the number of seam cells present may not be as
important as the identity of the seam cells that are disrupted. If V2 is the seam cell that is
most important for PLM neurite guidance, the impact of missing only the V2 seam cell
could be greater than missing numerous other seam cells. Ideally I would be able to identify
and compare the worms that are missing the V2 seam cell to those that have wildtype V2
seam cell development for both the egl-18(n162) and elt-6(gk723) mutants, but
unfortunately identification of the seam cell V2 is difficult in seam cell mutants. Since there
is no V2 seam cell-specific promoter, the only way to identify V2 is by its location in the
worm body and its position relative to the other seam cells. When the development of the
seam cells is disrupted it becomes difficult to confidently identify the individual cells based
on their location relative to the other seam cells. Additionally, it is possible that missing
neighbouring cells may have an impact on seam cell identity, such that a cell in the correct
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location for V2 may not express the V2 seam cell specific-surfaceome, which may include
the PLM neurite stop cue.
Despite the drawbacks of this seam cell defect scoring method, it does provide a good
starting point for assessing general trends in seam cells and PLM neurite length.
5.4.3 egl-18(n162) mutants show occasional extreme premature PLM termination
mutations
Initial analysis of PLM neurite lengths in egl-18(n162) mutants did not reveal any
significant difference from wildtype, despite penetrant seam cell defects. For IC1769 and
IC1770, 61% and 67.4% of the populations had a non-wildtype number of seam cells, yet
these worms did not show any significant difference in PLM neurite length compared to the
egl-18(n162) mutants with wildtype seam cell numbers (TukeyHSD, p > 0.05).
The exception to the otherwise wildtype PLM neurite termination trends were the
occasional extreme premature PLM neurite termination mutations (< 51.9 µm) found in
3.3% and 1.8% of the population for IC1769 and IC1770 respectively (n=100, n=46). While
this is not statistically significant, it is comparable to the rate of premature termination in
IC1692 and IC1693 transgenic strains that expressed EFN-1 on the PLM, and as such I was
interested in analyzing these individuals further to see if they might denote biologically
significant results. The 4 individuals with the egl-18(n162) mutation that showed extreme
premature PLM neurite termination had a varying numbers of seam cells (10, 9, 7, 5). There
is no discernable correlation between the severity of seam cell defeats, as measured by seam
cell number, and extreme premature PLM neurite termination in this sample, although with
such a small sample size it is difficult to make any conclusions with confidence. It is
possible that the loss of egl-18 causes posterior seam cells to express PLM stop cues usually
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expressed by V2, and these cues are occasionally detected by the developing neurite.
Overexpressing VAB-1 on the mechanosensory neurons could be used to assess this
hypothesis by sensitizing the developing PLM growth cone to stop signals, as in the
previous in trans experiments (see Discussion 5.2).
Even taking the occasional premature termination events into account, the egl-18(n162)
mutants do not provide strong support for the seam cells as the source of the stop cue for the
PLM neurite. The wildtype PLM neurite termination in the majority of the population
despite the high prevalence of seam cell defects seems to indicate that wildtype seam cell
development is not necessary for proper PLM development.
5.4.4 elt-6(gk723) mutants show wild type PLM termination
elt-6(gk723) mutants had PLM neurite lengths that were not significantly different from
wildtype, despite having a high instance of cell seam defects (58%; n = 97). Even when
assessed separately by number of seam cells, there was no significant difference between
groups, which seems to indicate that elt-6(gk723) seam cell defects do not have an impact
on PLM termination.
egl-18 and elt-6 are highly related GATA transcription factors that function redundantly to
maintain seam cell fate, yet only egl-18(n162) mutants showed the extreme premature
termination phenotype in the PLM neurite. I believe that this is due differences in the
severity of the mutations in the genes; while both egl-18(n162) and elt-6(gk723) are loss-offunction mutations, the egl-18(n162) mutation is predicted to produce a protein truncated
before the DNA binding motif, which is likely more severe than the partial loss-of-function
mutation encoded by the elt-6(gk723) mutant allele (Koh et al. 2002, The C. elegans
Deletion Mutant Consortium 2012).
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One of the greatest difficulties in analyzing the effect of mutations in these two GATA
transcription factor on PLM termination is the variability of the seam cell mutations. To
avoid this issue, for future work I would propose studying a mutant with known defects in
seam cell identity. Loss-of-function mutations in C. elegans caudal homolog pal-1 are
known to cause the seam cell V6 to adopt an anterior seam cell fate similar to V1-V4
(Zhang and Emmons 2000). Studying PLM neurite termination in pal-1(2091) mutants
could help test if the anterior seam cell fate is able to cause premature neurite termination.
Our lab has obtained a strain from the CGC with the pal-1(2091) mutation, and for future
work the zdIs5 transgene should be crossed into this strain so that PLM neurite termination
can be scored.
5.4.5 New lin-14 mutation
Contrary to previous research in our lab, I found that the lin-14(n536) mutation did not
disrupt PLM neurite termination, and had very little impact on seam cell development. The
differences in PLM neurite termination phenotype may be attributed to the new scoring
criteria that I used for PLM termination, which I believe offers a more realistic comparison
between wildtype PLM termination and the mutant populations. The mutant allele of lin-14
used did not cause the extra seam cell phenotype that we were interested in studying. This is
not surprising, considering that previous reports have noted that the lin-14(n536) allele
alone does not give rise to the precocious seam cell division phenotype, and I believe that
this fact was overlooked in our previous research when choosing a mutant lin-14 allele to
work with. For future directions I believe that it would be prudent to create a transgenic
strain using the lin-14(n536n540) mutant allele instead, which has been reported to cause
precocious seam cell divisions in L1 (Ambros and Horvitz 1987).
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5.4.6 Wildtype PLM neurite lengths in seam cell mutants provides support for new
hypothesis for intercellular signaling between PLM and seam cell V2
The fact that disruption of seam cell development in the egl-18(n162) and elt-6(gk723)
mutants did not have a significant impact on PLM neurite termination provides further
evidence that seam cell V2 is not the source for the PLM stop cue. This is in accordance
with the new hypothesis for intercellular signaling between the PLM and seam cell V2.
Instead of V2 providing a stop cue for the PLM neurite, it is possible that there is another
source for the PLM stop cue, and that the PLM neurite provides a positional cue for the V2
seam cell.
I have already created one transgenic strain to test this hypothesis for future work. A
previous student, Fabian Yu, created a transgenic strain expressing a pmec-4:miniSOG
construct, which allows for the ablation of the PLM and ALM upon blue light exposure (Yu
2012). I have added a pgrd-10:RFP; pgrd-10:NLSGFP seam cell marker to this strain,
which will allow us to observe the impact of PLM ablation on seam cell development and
positioning.
Another possible approach to explore this hypothesis could be to add the seam cell marker
to the ham-1(gm279) mutant, which is known to be missing the PLM in ~80% of the
population, in order to see if there is an impact on seam cell positioning (Cordes et al.
2006).
5.5 Other possible sources of the PLM neurite stop cue
If the seam cell V2 is not the source of the stop cue for the PLM, it is important to
investigate other possible sources of the stop cue.
One possible source of the stop cue are the BDU, a pair of bipolar interneurons in the
anterior end of the body of C. elegans. Early construction of the C. elegans connectome
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established the connection between anterior neurite of the BDU and the ALM and AVM,
but more recent research has revealed that the posterior neurite of the BDU also makes a
connection with the PLM neurite (White et al. 1986, Zhang et al. 2013) (Figure 36). This
connection between BDU and PLM is formed sometime between embryonic elongation and
early L1 stage (Zhang et al. 2013). PLM neurite targeting is known to be established by the
end of L1 phase, so the connection between BDU and PLM is formed early enough that it
could possibly be the stop cue for the PLM neurite (Gallegos and Bargmann. 2004). vab1(e2) mutants were found to have wildtype BDU-PLM contact, however this mutant allele
is the kinase-dead form of the receptor, which is known to have weaker PLM neurite
termination detects than the null allele vab-1(dx31) (Mohamed and Chin-Sang 2006, Zhang
et al. 2013). Before ruling out the BDU as the source of a stop cue to activate VAB-1 on the
PLM, the vab-1(dx31) mutant should be assessed for defects in BDU-PLM contact. It is
possible that kinase-independent signaling is sufficient to allow for BDU-PLM contact and
PLM neurite termination, so assessing the null mutant will provide a more conclusive
answer as to whether the BDU is the source of a VAB-1-activating stop cue for the PLM.

Figure 36: The posterior neurite of the BDU has a connection with the PLM neurite in L1 C.
elegans. Both the BDU and PLM are bilaterally symmetrical pairs of neurons; the left BDU
(BDUL) and left PLM (PLML) are shown here. Figure adapted from Zhang and colleagues
(2013).
Another possible source of the stop cue for the PLM neurite are a pair of intestinal cells
called int5. They are known to associate specifically with the two primordial germ cells,
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which were previously hypothesized to be the target cells for the PLM (Asan et al. 2016).
The association of int5 with the primordial germ cells puts them in the correct location
within the worm body to act as the source of the stop cue for the PLM neurite. The intestinal
cells are also in close proximity to the seam cells, and it is possible that the developing PLM
neurite passes between these two cell types to make contact with both (Figure 37).

Figure 37: A) The intestine in the L1 C. elegans is composed of 9 intestinal rings, 8
comprised of a left and a right cell (int2-int9) and one comprised of 4 cells. B) A crosssection of the L1 C. elegans at int5, with hypothetical placement of the PLM between the
seam cells and the int5 cells. Adapted from Asan and colleagues (2016).
In the future to assess if int5 provides the stop cue for the PLM, a number of different
intestinal mutants could be studied, including pho-1(ca101ca102) and elt-2(ca15).
Assessing the int5 cells poses a similar challenge as the V2 seam cell, as an int5-specific
promoter has not been identified. Instead mutations that target multiple intestinal rings can
be assessed. pho-1 encodes for an intestinal acid phosphatase in C. elegans with specific
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expression in int3-int9 (Fukushige et al. 2005). pho-1(ca101ca102) is a loss-of-function
mutation that causes delays in growth, and may cause defects in the int3-int9 rings
(Fukushige et al. 2005). Our lab has already obtained a strain with this mutation from the C.
elegans Genetics Center, and for future work the zdIs5 transgene can be crossed into this
strain in order to see if pho-1(ca101ca102) causes PLM neurite termination defects. In a
more general approach, mutations in the GATA-type transcription factor elt-2 can also be
assessed for their impact on PLM neurite termination. elt-2 is specifically expressed in the
intestine and is redundantly required with elt-7 for the maintenance of intestinal cell fate
(Fukushige et al. 1998, Sommermann et al. 2010). elt-2(ca15) is a null mutation that causes
death at L1 stage in homozygous mutants, while heterozygotes show non-lethal defects in
intestinal development (Fukushige et al. 1998). Our lab has obtained a transgenic strain
heterozygous for the elt-2(ca15) mutation from the C. elegans Genetics Center, and for
future work the zdIs5 transgene can be crossed into this strain to assess the impact of the elt2(ca15) mutation on PLM neurite termination. Assessing these two intestinal mutants for
PLM neurite termination defects would be good preliminary steps for assessing the int5
cells as a source of the stop cue for the PLM neurite.
5.6 Ablation of seam cells via miniSOG during embryogenesis causes organism death
Transgenic strains carrying the seam cell-targeted miniSOG transgene pgrd-10:miniSOG
were able to develop under normal conditions, but blue light exposure during
embryogenesis caused 100% lethality. Control worms without the pgrd-10:miniSOG
transgene were able to develop normally after blue light exposure during embryogenesis,
indicating that the embryonic lethality is likely due to seam cell ablation during
embryogenesis. Considering the location of the seam cells in the developing embryo it is
understandable why the destruction of these cells could result in organism death. The seam
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cells make up a large and important part of the hypodermis, the penultimate barrier between
the worm and the outside world. The outer most barrier, the cuticle, is secreted by the
hypodermis, and thus ablation of the seam cells could leave large lateral holes in the
epidermis of the developing embryo. Without a stabilizing outer layer, the structural
integrity of the developing embryo can be comprised, resulting in organism death. Overall it
seems that total ablation of all the seam cells is too detrimental to the embryo to provide any
assessment of the role of seam cells in PLM development.
5.7 Conclusions
In my Master’s research thesis I investigated the identity and source of the stop cue for the
PLM neurite in C. elegans using molecular and genetic approaches.
Through ectopic expression of EFN-1 on the PLM growth cone I was able to show that
EFN-1 is able to activate VAB-1 in cis to cause PLM neurite termination, a novel discovery
for Eph receptor and ephrin ligand interactions.
By overexpressing the VAB-1 receptor on the PLM I was able to sensitize the growth cone
to EFN-1 signals on the posterior seam cells to cause early PLM neurite termination. This
provides evidence that the PLM growth cone is able to detect signals on the seam cells,
which could be evidence of endogenous signaling between the PLM and the seam cells.
Wildtype strains with fluorescent seam cell markers showed that the PLM neurite
consistently terminates on the V2 seam cell, but that this co-localization does not show any
correlation to PLM neurite length. Additionally, analysis of seam cell mutants egl-18(n162)
and elt-6(gk723) did not reveal any significant PLM defects, despite significant seam cell
defects.
From these results a new hypothesis for the intercellular communication between seam cell
V2 and the PLM was created, wherein the PLM neurite provides a positional cue for V2
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through VAB-1 and an ephrin ligand or other signaling molecules. I have provided some
suggestions for future experiments to test this new hypothesis. Additionally, I have
proposed two new possible sources of the stop cue for the PLM, the neuron BDU or the
intestinal ring int5, as well as some future experiments to evaluate these hypotheses.
In summary my thesis has shown a novel method of Eph receptor activation by an ephrin
ligand, and has led to the creation of a new model for the intercellular communication
between the PLM and the seam cell V2.
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Appendices

Figure A1: The distribution of PLM neurite lengths in a population of L1 stage IC1696
(zdIs5; quEx687 [pgrd-10:RFP; ppie-1:GFP; podr-1:RFP]) transgenic C. elegans (n =
100). The wildtype distribution shown in orange and green is from the transgenic strain
zdIs5 (pmec-4:GFP).
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Figure A2: The distribution of PLM neurite lengths in a population of L1 stage IC1791
(zdIs5; quEx748 [pgrd-10:RFP; pgrd-10:NLSGFP]) transgenic C. elegans (n = 58). The
wildtype distribution shown in orange and green is from the transgenic strain zdIs5 (pmec4:GFP).
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Figure A3: The distribution of seam cell development in two mutant L1 C. elegans
populations, IC1769 (zdIs5; egl-1[n162]; quEx734[pgrd-10:RFP; ppie-1:GFP]) and
IC1770 (zdIs5; egl-1[n162]; quEx735[pgrd-10:RFP; ppie-1:GFP]), and a wildtype
population, IC1696 (zdIs5; quEx687 [pgrd-10:RFP; ppie-1:GFP; podr-1:RFP]) (n=100;
n=47; n=100).
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Figure A4: The distribution of seam cell development in a mutant L1 C. elegans population,
IC1707 (zdIs5; elt-6[gk723]; quEx697[pgrd-10:RFP; ppie-1:GFP; podr-1:RFP]) and a
wildtype population, IC1696 (zdIs5; quEx687 [pgrd-10:RFP; ppie-1:GFP; podr-1:RFP])
(n=97; n=100).
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