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ABSTRACT 
 
Motor proteins convert chemical energy to perform mechanical work which cells require for 

essential activities, such as transporting cargo away from the nucleus. Kinesins are one class 

of molecular motors which cells use to transport various molecules or entire organelles from 

one location to another. They play a central role during the building of the cilium which is 

responsible for various activities including cell signaling. In our model organism 

Caenorhabditis elegans (C. elegans), the klp-20 gene encodes a kinesin-like protein 

belonging to the kinesin-2 family of plus-end directed microtubule-based motor proteins. In 

the worm we refer to the protein encoded by the klp-20 gene as KLP-20 and the human 

ortholog is KIF3A, encoded by the Kif3a gene. Throughout this thesis, this kinesin motor 

will be represented by the C. elegans name followed by the human ortholog (KLP-

20/KIF3A). There are two members of the kinesin-2 family. The first is Kinesin-II which is 

a heterotrimeric motor complex which consists of the KLP-20/KIF3A subunit, along with 

KLP-11/KIF3B and KAP-1/KAP-3. The second member is OSM-3/KIF17. Both Kinesin-II 

and OSM-3/KIF17 participate in a bidirectional motility transport intraflagellar transport 

(IFT) needed for ciliogenesis, the building of the cilium. Originally, klp-20 mutants were 

identified as vab-6 mutants due to their most striking bumpy body variable abnormal (Vab) 

phenotype. This phenotype can be rescued by expressing klp-20 pan neuronally. Null alleles 

of klp-11(tm324) and kap-1(ok676) do not show this Vab phenotype, suggesting that KLP-

20 may have roles independent of its classical heterotrimeric complex. Expression patterns 

of the KLP-20 suggests the protein having a strong role in the nervous system. The aim of 

this study is to characterize the role of KLP-20 and understand how mutations in klp-20 

causes defective epidermal morphogenesis. I predict that Kinesin-II functions along 
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microtubules to participate in neuron development and axonal growth and I hope to 

understand how this could generate the abnormal epidermal phenotype. KLP-20 has a role 

in the development of amphid sensory neurons and mechanosensory neurons. We hope these 

findings will allow us to better understand the cell nonautonomous behavior of KLP-20 and 

ultimately the molecular processes involved in morphogenesis.  
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CHAPTER 1: Introduction 
 
Morphogenesis is the formation of tissues or organs during development that ultimately 

gives shape to an organism. For this to occur, cells must be able to communicate with each 

other through signaling to ensure they end up in the correct location. There are many 

processes involved that are responsible for the regulation and maintenance of biological 

form, from the cellular level to whole organisms. The exact mechanisms of some of these 

biological processes still remain elusive in today’s scientific community. Without proper 

development of biological form and appropriate cell signaling, tissues would not be able to 

develop into fully functioning organs nor would an organism be able to carry out activities 

essential to its survival. A good understanding of key players and pathways essential for 

morphogenesis allows us to better tackle various developmental defects and diseases. 

The model organism used in our laboratory, Caenorhabditis elegans (C. elegans) is 

a free-living transparent nematode naturally found in decomposing organic matter that has 

abundant bacterial growth, such as rotting fruits and plant material.  

In a mutagenesis screen in 1974, Sydney Brenner identified several mutant worms 

with various visible phenotypes (Brenner 1974). One mutant, vab-6, carried an abnormal 

phenotype characterized by a bumpy epidermis (Figure 1). In collaboration with Don 

Moerman (UBC), whole genome sequencing confirmed the mutation to affect the klp-20 

gene, which encodes a kinesin-like protein. In C. elegans, this protein is known to play an 

important role in the building of the cilium (Pan et al. 2006, Scholey 2012). This antenna-

like structure plays a role in cell signaling and may be important in various sensory 

processes. The interior is composed of a microtubule-based cytoskeleton and various other 

proteins essential for its biogenesis. KLP-20 functions together with 2 other subunits, 
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KLP-11 and KAP-1 as part of a heterotrimeric complex (Vukajlovic et al. 2011). However, 

null alleles of klp-11(tm324) and kap-1(ok676) subunits do not show this bumpy 

phenotype. Thus we are interested in KLP-20 because the protein may have functions 

outside of its heterotrimeric complex. We want to understand how KLP-20 ultimately give 

rise to the structure of the epidermis of C. elegans.  

The aim of this study is to determine the roles of KLP-20 in C. elegans 

morphogenesis. Determining which tissues KLP-20 functions, for example in the nervous 

system or epidermis or both will help me understand how loss of KLP-20 can lead to 

abnormal epidermal morphogenesis. Neuroblast migrations may affect embryonic 

epidermal and muscle cell migrations (George et al. 1998, Chin-Sang et al. 1999, Tucker 

and Han 2008, Viveiros et al. 2011). One explanation for the role of KLP-20 in epidermal 

morphogenesis may be that there are ciliary structures present on neuroblasts that act as 

guidance cues for epidermal cell migrations. Thus KLP-20, known for its role in 

ciliogenesis (Zhao et al. 2012), may be important in regulating neuronal and epidermal 

migration. The nervous and epidermal system may work together to influence epidermal 

morphogenesis. I predict that klp-20, which uses microtubule tracks to move, may play a 

role independent of its well-known heterotrimeric complex. Mutations in the KLP-20 may 

result in morphological defects in microtubule based neuronal structures. I predict that 

KLP-20 plays a role in the touch neurons which are composed of microtubules (Bounoutas 

et al. 2009). A defective heterotrimeric complex, functioning along underlying 

microtubules, may influence the axonal growth and structure of the touch neurons. This 

may disrupt signaling between neuroblasts and epidermal cells to result in the observed 

bumpy phenotype in C. elegans.  
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CHAPTER 2: Literature Review 

Embryonic development of C. elegans is mainly directed by the epidermis, a thin layer of 

epithelial cells which envelopes the organism traditionally referred to as the hypodermis, 

as it lies below the cuticle. Epidermal morphogenesis relies on signaling between cells of 

various tissues such as the nervous system or musculature. Such dynamic processes rely on 

proper instruction of the genetic code that give rises to essential proteins to facilitate 

proper neurodevelopment and tissue morphogenesis. As we expand our understanding of 

the developmental genetics of C. elegans we hope to translate our knowledge of conserved 

processes to gain insight on human developmental processes and diseases.  

2.1 Epidermal morphogenesis in C. elegans 

i. Dorsal intercalation and ventral enclosure 

The shape and size of C. elegans is defined by the structure of the worm’s largest organ, 

the epidermis. Prior to hatching, a C. elegans embryo undergoes 2 major morphogenetic 

events; gastrulation and epidermal morphogenesis. The first event, gastrulation, describes 

the changes involved in cell fate to become endoderm, mesoderm and germ cells as they 

ingress from the surface of the embryo to its interior. The second event, epidermal 

morphogenesis, is characterized by the enveloping of the embryo’s surface to eventually 

elongate to its final desired shape. Several other epithelial organs such as the gut (Leung et 

al. 1999), gonads (Sharma-Kishore et al. 1999), hermaphrodite vulva (Newman et al. 

1996) and male tail (Nguyen et al. 1999) have already been characterized in their 

developmental processes. Epidermal morphogenesis requires dynamic cell movements, 

cell signaling and cell shape changes. These dramatic events that dictate the final shape of 

the worm commences around 300 minutes after the first cleavage event (Chin-Sang and 

Chisholm 2000). The essential events that ultimately gives shape to the worm’s final form, 
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through proper epidermal morphogenetic processes are: dorsal intercalation, ventral 

enclosure and elongation (Figure 1). 

 

 

 

Figure 1. N2 wildtype embryonic development viewed by Nomarski DIC optics. (A) Two-
cell stage. (B) Four-cell stage. (C) Cell proliferation. (D) Ventral enclosure led by the 
ventral-leading epidermal cells (*). The embryo begins to turn 90° after proper dorsal (not 
shown) and ventral enclosure to comma stage (E). (F) Embryonic elongation begins, 
drawing the tail forward to the head. (G) 2-fold stage. (H) 3-fold stage, the final embryonic 
stage where the embryo folds into a pretzel-like structure before hatching to larva stage 
L1. As indicated, the scale bar represents length of 10 µm. All embryos are imaged under 
63X objective lens.  
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Proper actin organization is essential for epidermal morphogenesis and is noticed 

early during development. During dorsal intercalation and ventral enclosure, epidermal 

cells are guided by actin proteins to enclose the embryo on dorsal and ventral sides. Two 

pairs of anterior ‘leading cells’ begins the enclosure process and moves towards the ventral 

midline to fuse to the hyp6 syncytium and later the posterior pair fuse to the hyp7 

syncytium to ultimately form the epidermis of the animal. Laser inactivation of these cells 

can block migration of these cells due to defective morphogenetic events where embryos 

arrest and fail to complete these enclosure events (Priess and Hirsh 1986, Williams-

Masson et al. 1997, Costa et al. 1998).  Successful leading cell function is also dependent 

on the cadherin/catenin junctional complex.  In embryos, leading cells that are lacking 

both maternal and zygotic contributions of any of the components of this complex (HMR-

1A/cadherin, HMP-2/β-catenin, or HMP-1/α-catenin) can still extend protrusions, however 

they fail to stabilize adhesive contacts at the ventral midline (Raich et al. 1999). 

Pharmacological studies have also shown that both actin microfilaments and microtubules 

are required to for these processes, but the exact role of each cytoskeletal system still 

remains unclear (Williams-Masson et al. 1997). 

ii. Embryonic elongation 

Following enclosure, elongation is the final stage of morphogenesis and determines the 

worm’s shape change from ovoid to vermiform. Over a 4-hour period, the embryo 

increases about 200 µm in length, from 50 µm to 250 µm along its long axis, concurrently 

with the contraction of its circumference (Chisholm and Hardin 2005). Organization of 

both actin microfilaments and microtubules within dorsal and ventral epidermal cells is 

highly coordinated in a unique circumferential pattern in association to the apical plasma 
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membrane (Priess and Hirsh 1986, Costa et al. 1997, 1998, Williams-Masson et al. 1997). 

Coordinated changes in cell shape within the epidermis regulates the entire process and 

cell ablation experiments have demonstrated that these changes occur cell autonomously 

and require circumferential actin microfilament bundles (CFBs) in epidermal cells (Priess 

and Hirsh 1986). CFBs are a set of apical actin filament bundles which the cytoskeleton of 

each epidermal cell organizes prior to elongation. Treatment with the microfilament 

inhibitor cytochalasin D blocks elongation entirely and experiments involving the 

microtubule inhibitor nocodazole leads to a disorganized elongation, showing the 

importance of both systems at work (Priess and Hirsh 1986). During elongation, each 

epidermal cell shortens along its circumferential (radial) axis and lengthens along its 

anterior-posterior (AP) axis (Priess and Hirsh 1986). These shape changes are promoted by 

the contraction of CFBs which are anchored through adherence junctions at the border of 

the lateral seam cells (Figure 2A) (Priess and Hirsh 1986).  As a result of this contraction, 

the circumference of the worm shortens and thickens. While the circumferential length of 

CFBs does decrease while the distance between the them increase, the number of bundles 

does not differ appreciably during elongation (Costa et al. 1997). As a result of the forces 

generated from these contractions, an internal pressure is produced and forces the animal 

into its thin, long shape (Priess and Hirsh 1986, Costa et al. 1997).  

 Some of the proteins that mediates cell shape change during elongation are HMP-1, 

HMP-2 and HMR-1. These proteins anchor the contractile actin filament bundles at the 

adherens junctions between hypodermal cells, important for transmitting the contractile 

forces needed for shape change during elongation (Costa et al. 1998). Mutations in the 

hmp-1, hmp-2 or hmr-1 genes were identified to cause disrupted body enclosure and 
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elongation of C. elegans embryos (Armenti and Nance 2012). HMP-1, HMP-2 and HMR-

1 proteins localize to adherens junctions and are members of the α-catenin, β-catenin and 

cadherin families, respectively (Costa et al. 1998). These are all part of the transmembrane 

cadherin/catenin complex of adherens junctions connecting epidermal cells together 

(Figure 2B). This explains the defects in embryo elongation when the components of the 

CFBs, that normally mediate the attachment of bundles to the adherens junction, is 

disrupted. The LET-502 Rho-binding kinase and the MEL-11 myosin phosphatase regulate 

the actin-based contraction of elongation and mutation of either one of the genes cause 

defects otherwise (Wissmann et al. 1999, Piekny et al. 2000). LET-502 and MEL-11 

demonstrate antagonistic roles in elongation based on the over-contraction of epidermal 

cells due to loss-of-function mutations in mel-11, whereas let-502 mutations lead to a gain-

of-function-like phenotype (Wissmann et al. 1999). This suggests that LET-502 promotes 

contraction of the CFBs whereas MEL-11 facilitates relaxation (Wissmann et al. 1999, 

Piekny et al. 2000). The contractile forces generated by the actin CFBs definitely plays an 

important factor as in the elongation stage of embryo development, however there are also 

other factors involved that complete the process such as underlying muscle cells. For 

example, the myo-3 gene encodes the MYO-3 body-muscle-specific myosin heavy chain 

and mutations in the gene were shown to fail to elongate beyond the twofold stage, a 

phenotype known as Pat (paralyzed, arrest at twofold) (Costa et al. 1998).  

 

 

 



	

	 8	

 

 

Figure 2. Circumferential actin filament bundles (CFBs) during embryo elongation of C. 
elegans. (A)  The adherens junction of the seam (lateral epidermal) cells help anchor the 
CFBs. The adherens junction help distribute the tension produced by the seam cells and 
CFB contraction in order to decrease the circumference. (B) Magnified view of the C. 
elegans adherens junction components composed of the classical cadherin complex which 
is linked to CFBs through VAB-9. Adapted from Costa et al. (1998) and Paw (2005). 
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2.2 Variable abnormal phenotype 

In C. elegans, animals that have notable defects in their body morphology belong to the 

variable abnormal (vab) morphology gene class. In 1974, Sydney Brenner identified the 

vab-6(e697) visible mutant through an EMS-induced mutagenesis screen used to identify 

various morphological mutants in C. elegans (Brenner 1974). He characterized this vab-6 

mutant as variable abnormal due to its bumpy epidermis and dumpy (fat and short) body. 

Whole genome wide sequencing later on, in collaboration with the Dr. Moerman lab at the 

University of British Columbia, revealed that the vab-6 mutation affected a gene called 

klp-20, a kinesin-like protein. Thus it was concluded vab-6 is synonymous with the klp-20 

gene. 

 Currently there are 16 genes in total placed under the vab family (Table 1), which 

is characterized by the incomplete penetrance of the mutation as well as the variability in 

morphological epidermal abnormalities expressed in the worm (Chin-Sang and Chisholm 

2000). That being said, even if an animal that fall under this morphological gene class is 

homozygous for a mutation, it may still be unsuccessful in showing all the characteristic 

phenotypes. These mutations which cause incomplete penetrance and variability (such as 

those mutations affecting the VAB-1 Eph receptor) could be recovered, suggesting that 

there is a high degree of redundancy of the genes influencing morphogenesis (Chin-Sang 

and Chisholm 2000) 

Recently there has been an abundant amount of work done on the vab morphology 

gene family due to its important roles on the processes of morphogenesis and its overall 

impact driving the understanding of developmental biology. There are several components 

that together define the complete morphogenesis phenomena which includes neural 
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circuitry, epidermal junctions, muscle growth and attachment and epidermal development. 

All the vab genes that have been cloned play a role in regulating at least one if not all of 

these components. We commonly observe mutations in the vab genes to cause phenotypes 

of deformity either in the head or tail region, and sometimes throughout the whole body as 

seen in vab-6/klp-20. As hypothesized, these morphological defects are not caused by any 

single remote defect but rather involves an overall miscommunication between neural, 

muscular and epidermal components of the worm where through proper cross-talk, 

determines the final shape of the organism. This can be seen in the work on VAB-1, the 

Eph receptor, required in the neurons to regulate epidermal morphogenesis during C. 

elegans embryogenesis (Chin-Sang and Chisholm 2000). Animals with mutations in the 

vab-1 gene have epidermal defects in the anterior regions of its body, denoted as a 

‘notched head’ (Chin-Sang et al. 1999). This is believed to be generated by a ventral 

enclosure defect early on during embryogenesis where the absence of epithelial cell 

migration over a neuronal substrate during ventral enclosure is observed. We describe this 

influence between two different components of the worm as a cell nonautonomous 

process.  
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Table 1. Function and phenotype of vab morphology family members. Adapted from Paw 
(2005) 

Gene Function/Role Phenotype Reference 

vab-1 Ephrin receptor Tyrosine Kinase 
involved in neuroblast movement; 
required for proper embryonic 
development and oocyte maturation 

Epidermal notched 
head, ventral 
enclosure defect  

 

George et al. 1998, 
Harrington et al. 
2002  

 

vab-2/efn-1 VAB-1 ligand expressed in 
neuroblasts; involved in embryonic 
cell movements and epidermal 
morphogenesis 

Epidermal notched 
head, similar 
phenotype to	Vab-1 

Chin-Sang et al. 
1999  

vab-3 Also known as mab-18, lin-20 and 
pax- 6; involved in cell fate 
determination and axon guidance  

Notched head, 
disorganized 
sensory and male 
tails, abnormal cell 
lineages  

Chamberlin and 
Sternberg 1995, 
Chisholm and 
Horvitz 1995, 
Zhang and Emmons 
1995  

vab-5 Unknown – identified in screen for 
variable head morphology defect  

Not yet identified Wormbase WS144, 
2005  

vab-6 This work (kinesin) – identified in 
screens with EMS-induced 
mutations for morphogenic 
abnormalities  

Twisted, bumpy and 
dumpy bodies  

Wormbase WS144, 
2005  

vab-7 An eve homologue required for  
embryonic muscle and epidermal 
cell patterning and neuronal polarity  

Twisted, bobbed, or 
bent tail, and 
deformed male tail  

Ahringer 1996, 
Esmaeili et al. 2002  

vab-8 Also known as unc-107; it is an 
atypical kinesin-like motor domain 
involved in posterior cell migrations 
and axon guidance  

Unc 
(uncoordinated), 
thin, CAN neuron 
migration defect, 
male tail defect  

Wolf et al. 1998, 
Lai 2004  
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vab-9 Encodes a claudin homologue; 
involved in linking the CFB actin to 
the adherens junction; localizes with 
the cadherins and is expressed in the 
nerve ring  

Bumpy body, egg 
laying defect, 
abnormal knobbed 
tail  

Simske et al. 2003  

vab-10 Encodes a plectin that is required 
for proper cuticular attachment to 
underlying muscle; essential for 
epithelial morphogenesis  

Bent head, muscle 
detachment from 
cuticle, poor growth  

Bosher et al., 2003  

vab-11 Unknown function  Cuticle separation, 
abnormal tail  

Wormbase WS144, 
2005  

vab-12 Unknown function  Truncated tail, 
abnormal larval 
stages  

Wormbase WS144, 
2005  

vab-13 Involved in axon guidance, muscle 
attachment, neuronal positioning 
and epidermal elongation  

Epidermal 
elongation defect, 
lumpy or bent head, 
displaced pharynx  

WestCoast Worm 
meeting abstract 
(Woo et al. 2004)  

vab-14 Unknown function  Truncated or 
blebbed tails  

Wormbase WS144, 
2005  

vab-15 Required for axon guidance and 
touch cell precursor  

Abnormal touch 
neuron migrations, 
larval and 
embryonic lethality  

Wormbase WS144, 
2005  

vab-19 An ankyrin repeat protein required 
for localization of muscle 
attachment structures to the 
epidermis, and for proper epidermal 
actin organization  

Embryonic 
lethality, Pat 
(paralyzed at two-
fold), muscle 
detachment from 
epidermis  

Chin-Sang et al. 
2002, Ding et al. 
2003  

vab-22 Unknown Unknown  Wormbase WS144, 
2005  
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Mutations in the vab-2 gene which encodes a GPI-anchored ephrin, the ligand for 

the VAB-1 Eph receptor, displays similar phenotypes as vab-1 mutants and is also required 

for neural and epidermal morphogenesis (Chin-Sang et al. 1999). Like VAB-1, VAB-2 is 

also expressed in a subset of neurons and loss of vab-1 or vab-2 function causes an 

epidermal notched head phenotype (George et al. 1998, Chin-Sang et al. 1999). This head 

deformity phenotype along with defective axon guidance is a trend amongst the vab 

morphology gene family, including vab-3 (Chisholm and Horvitz 1995), vab-5 (Wormbase 

WS144, 2005), vab-10 (Bosher et al. 2003), and vab-13 (Wormbase WS144, 2005) 

animals. Although all these vab genes have mutant alleles that show a common phenotype, 

the underlying cause of this epidermal deformity is variable, showing that epidermal 

morphogenesis is affected by different components not limited to the nervous system. 

Epidermal connections may also effect embryonic morphogenesis in C. elegans. 

The same epidermal notched head phenotype as observed in vab-1 and vab-2 mutants is 

seen in vab-10 mutants (Bosher et al. 2003), however the defective mechanism appears to 

originate from specialized attachment structures called fibrous organelles (FOs), which 

connects muscles to the cuticle across the epidermis (Bosher et al. 2003). FOs uses 

intermediate filaments to mediate attachment of the basement membrane of muscles to the 

epidermis/cuticle enveloping the animal (Bosher et al. 2003, Cox and Hardin 2004). In 

addition to an abnormal head formation, vab-10 mutants also show deformities in body 

shape (bumpy) and elongation (dumpy), two of the major morphological phenotypes 

observed in vab-6/klp-20 mutants. These deformities are caused by damaged FOs that 

leads to the detachment of the cuticle from the underlying muscle. The molecular 

mechanism underlying the mechanical coupling between muscle and epidermal cells still 
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remains unclear and requires further investigation. vab-19 is another member of this 

morphological gene class that results in very similar phenotypes to vab-10 (Bosher et al. 

2003). While vab-19 mutants form normal epidermal attachment structures, these 

structures fail to remain localized at the muscle-epidermal junctions throughout its 

development (Ding et al. 2003). VAB-19 belongs to the family of ankyrin repeat-

containing proteins which includes the human tumor suppressor Kank (Bosher et al. 2003). 

In addition to the defective muscle-epidermis attachment phenotype of vab-19 mutants, 

improper epidermal elongation is also observed, a phenotype common to vab-10 as well as 

many other vab family members.  

Interestingly, the failure of the embryo to carry out proper epidermal elongation is 

demonstrated in several vab genes, such as vab-6, vab-9 (Armenti and Nance 2012), vab-

10 (Bosher et al. 2003), vab-13 (Wormbase WS144, 2005), and vab-19 (Ding et al. 2003). 

VAB-9 is a cell junction protein in C. elegans and is shown to localize to the adherens 

junction domain of C. elegans apical junctions (Simske et al. 2003, Armenti and Nance 

2012). Similar to vab-10 and vab-19, vab-9 mutants display bumpy body phenotypes 

however the origin of the cause is due to epidermal adhesion rather than muscle-epidermal 

attachment. VAB-9 localization depends on the HMR-1/HMP-1/HMP-2 complex (Simske 

et al. 2003), which suggests that it plays a role in regulating the interaction between the 

cytoskeleton and the adherens junction, together holding all the epidermal cells in place.  

Certain vab mutants are seen to have an impact on cell fate determination. In C. 

elegans, two daughter cells adopt different cell fates due to the unequal cytokinesis of the 

first cell division. Mutations in the vab-3 gene disrupts the fate of one of the anterior 

daughter cell and results in phenotypes such as neural misguidance and epidermal defects 
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(Chamberlin and Sternberg 1995). This suggests the role that vab genes have not only as a 

code for structural proteins, but also as signal transduction molecules. To demonstrate, 

effectors such as VAB-8 and transcription factors such as VAB-3 may affect the VAB-

2/EFN-1 ligand for its receptor VAB-1 and altogether this leads to similar vab 

morphogenic phenotypes (Chamberlin and Sternberg 1995, Wightman et al. 1996, Wolf et 

al. 1998, Chin-Sang et al. 1999, 2002, Lai and Garriga 2004). It is important to note that 

by no means are the morphological defects defined by the vab mutants limited to only the 

vab genes since the mutant alleles of several other genes has been identified to result in 

abnormal body shapes of the worm (notched head in sax-3 mutants and bumpy bodies in 

mab-20 mutants) (Zallen et al. 1998, Roy et al. 2000, Ikegami et al. 2004). 

The entire morphological process of C. elegans is not dependent solely on any one 

gene from the vab family, but a number of vab genes working together along with other 

genes that are also important in the process. These are the members that are important for 

affecting any components that make up the worm’s final morphology, including neural, 

epidermal and/or muscular working independently or in combination with each other. 

Thus, the ultimate shape of the worm is not only dependent on the elements that make up 

its epidermis/cuticle or musculature – it involves much more on the bigger scale that takes 

into account some more intrinsic factors such as the key players of its nervous system, 

communicating back and forth with the cells that define the form of C. elegans.  

2.3 The kinesin-2 family: Kinesin-II and OSM-3 

Kinesins are a type of motor protein which use energy converted from ATP hydrolysis to 

complete mechanical work, specifically to achieve motility within the cell. They facilitate 

the intracellular transport of organelles (vesicles, mitochondria) and chromosomes along 
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with the other two molecular motors of the cell – dyneins and myosins (Howard 1996). 

The kinesin superfamily consists of 14 members that together play important roles in many 

cellular and developmental processes such as cell division, intracellular transport, body 

symmetry and neural development. The founding member of the kinesin superfamily, 

kinesin-1 is a tetrameric protein, consisting of two heavy chains and two light chains 

(Bloom et al. 1988). The heavy chain houses a conserved motor domain and microtubule 

binding regions while the light chain includes a variable tail that recognizes and binds 

different cargos within the cell (Endow 1991, Marx et al. 2006, Hirokawa et al. 2009a). 

Since the original discovery of kinesins, many other families of proteins have been 

discovered with homologues to their mammalian orthologs, for example the C. elegans 

genome that encodes 21 members of the kinesin family. The kinesin-2 family consists of 

two motors: 1) Kinesin-II a heterotrimeric complex with two different motor subunits 

(KLP-20/KIF3A and KLP-11/KIF3B) and an accessory protein KAP-1/KAP3 (kinesin 

accessory protein) and 2) a homodimer of OSM-3/KIF17 (Vukajlovic et al. 2011). 

i. KLP-20 Subunit of Kinesin-II 

The kinesin-like protein KLP-20/KIF3A is encoded by the C. elegans klp-20 gene and act 

as a subunit of the kinesin-II motor complex along with KLP-11/KIF3B and KAP-1/KAP3 

(Vukajlovic et al. 2011). This molecular motor is microtubule based and is essential for 

many cellular and developmental processes in the worm which includes the building and 

maintenance of cilia and flagellar structures and axonal transport of molecules in the cell 

from the neuronal cell body to the periphery termed as axoplasmic transport (Rosenbaum 

and Witman 2002). The KLP-20 protein is composed of 646 amino acids and houses 12 

exons in total. Throughout this thesis, focus will be placed on the two mutant alleles, klp-
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20(ju164) (C to T single substitution mutation in exon 3 resulting in a threonine to 

isoleucine missense change T95I) and klp-20(e697) (G to A single substitution mutation in 

exon 6 resulting in a glutamic acid to lysine missense change E241K) that are seen to have 

the most severe phenotypes on the worm. Both of these mutations occur within the 

conserved catalytic domain of the KLP-20/KIF3A protein, which may explain the reason 

behind higher penetrance when compared to some of the other mutant alleles of klp-20. 

ii. KLP-11 and KAP-1 Subunits of Kinesin-II 

The other two subunits that together with KLP-20/KIF3A make up the kinesin-2 

heterotrimeric complex are KLP-11/KIF3B and KAP-1/KAP3. KLP-11/KIF3C is also 

thought to act like KIF3B and interact with KIF3A and KAP3. The presence of KLP-

11/KIF3C may indicate that there are additional complexes which are present that 

assemble to further extend functional diversity (Scholey 2013). KLP-11 is structurally 

similar to KLP-20 and includes a motor domain and a variable light chain. Together they 

form a heterodimer with each other while KAP-1 is in charge of recognition and binding 

of cargo in the cell. The KAP-1 however is a much larger nonmotor accessory protein 

(Cole et al. 1993, Wedaman et al. 1996). Orthologs of the motor subunits as well as the 

KAP protein are found in many organisms including humans (Marszalek and Goldstein 

2000). Kinesin-2 is an anterograde motor protein that plays an important role in 

intraflagellar transport (IFT) (Rosenbaum and Witman 2002, Cole 2003) and loss of its 

function seems to disrupt proper cilia formation (Nonaka et al. 1998, Marszalek et al. 

1999, Takeda et al. 1999, Marszalek and Goldstein 2000). Therefore, mutations in any of 

the subunits that make up kinesin-II may have an effect on proper kinesin function. For 

example, kap-1 mutations in C. elegans are shown to affect kinesin-II mediated transport 
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in the sensory cilia (Ou et al. 2007). Aside from defective ciliogenesis, loss of KLP-11 or 

KAP-1 may affect other developmental process associated with kinesin-II function such as 

neural development. Fluorescent microscopy of the amphid (sensory neuron) cilia has been 

demonstrated that single mutations in the klp-11, and kap-1 gene as well as double mutants 

(klp-11;kap-1) appear to have normal amphid development seen by the proper morphology 

in the dendritic endings of sensory cilia (Evans et al. 2006, Verhey et al. 2011, Prevo et al. 

2015). Epidermal morphogenesis or lethality phenotypes were not observed. This is 

somewhat expected as OSM-3/KIF17 (see below) is thought to function redundantly with 

the kinesin-II heterotrimeric kinesin. However, these studies only sought to observe 

morphology in adult worms and phenotypes at earlier stages in amphid (sensory neuron) 

development were not noted.   

ii. OSM-3/KIF17 kinesin 

The other member of the kinesin-2 family is the OSM-3 kinesin, or in vertebrates is known 

as KIF17. OSM-3/KIF17 is a homodimer that functions in parallel to the kinesin-II 

complex, both which have been proposed to function in ciliogenesis (Nonaka et al. 1998, 

Marszalek et al. 1999, Insinna et al. 2008). In C. elegans, OSM-3 is shown to function in 

the amphid sensory cilia and is required for elongation in the distal region of the cilium 

that is composed of singlet microtubules (Snow et al. 2004, Prevo et al. 2015, Evans et al. 

2006). Electron microscopy shows that vertebrate photoreceptors, which IFT proteins are 

necessary for, as well as C. elegans amphid sensory cilia have single microtubule 

extensions in the distal end of their axoneme (Steinberg and Wood 1975, Roof et al. 1991, 

Evans et al. 2006). Essentially, this motor participates in ciliogenesis by functioning 

redundantly with kinesin-II at the middle segment of the microtubule structure. Failure of 
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kinesin-II to properly carry out its function may be compensated by this homodimer, 

where it functions together with kinesin-II at the proximal and middle segments of the 

ASH/ASI channel and in the cilia of AWC neurons (Snow et al. 2004, Evans et al. 2006, 

Verhey et al. 2011). As the kinesin-II and OSM-3 motors reach near the tip of the 

organelle kinesin-II detaches from the microtubule tract while OSM-3 carries on 

independently. In particular, OSM-3 is shown that it can act independently of the kinesin-

II complex in the AWB neuron (Mukhopadhyay et al. 2007). This redundant nature of the 

kinesin-2 motors may provide us an opportunity to further study the mechanisms of 

ciliogenesis and consequences of defective cilia. 

2.4 Microtubule Structure 

Microtubules are made up of α- and β-tubulin dimers that are organized to form a hollow 

cylinder with kinesin binding occurring at the plus-end of the terminal tubulin subunits 

(Amos and Klug 1974, Marx et al. 2006). This study looks primarily at two microtubule-

based cellular structures – 1) amphid sensory neurons which contain microtubule based 

ciliary structures at the dendritic endings and 2) mechanosensory neurons which were 

originally designated as microtubule cells due to a unique 15-protofilament microtubule 

structure that fill their process (Kamkin et al. 2005). Kinesin-II and OSM-3 are known to 

function redundantly along microtubules, in an anterograde fashion, during development 

and maintenance of these cellular structures (Scholey 2012). The association of kinesins 

with microtubules has already been demonstrated in the kinesin-I complex where the KHC 

head motor domain stabilizes the plus-end tubulin subunits, stimulating anterograde 

growth of microtubules (Daire et al. 2009). Similarly in kinesin-II, regulation of 

microtubule dynamics may also be important in stability and growth.  
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 Interactions between microtubules and the cytoskeleton are also essential for 

various processes that are involved in tissue development and epidermal morphogenesis 

including cell division, migration and differentiation (Akhshi et al. 2014). These processes 

are driven by small Rho GTPases which are regulated by guanine nucleotide exchange 

factors (GEFs) and GTPase activating proteins (GAPs) associated with specific regions of 

the microtubules (Akhshi et al. 2014). Dynamic lamellapodia and filopodia structures are 

created by the reformation of the actin cytoskeleton along the leading edge of migrating 

cells due to actin polymerization facilitating a forward motion (Ridley 2011). Growing 

microtubules that reach into the leading edge promote Rac activation and thus promote the 

formation of short branches of F-actin in lamellopodia (Akhshi et al. 2014). Rho GTPase 

also plays other roles such as the dynamic migration processes associated with cortical F-

actin and microtubules, promoting growth of long, unbranched F-actin stress fibres 

throughout cellular migration (Akhshi et al. 2014). Moreover, Rho has demonstrated other 

signaling functions to regulate cell polarity at epithelial zonula adherens junctions  

(Ratheesh et al. 2012). 

2.5 kinesin-II in Neurodevelopment 

Chemosensory Neurodevelopment 

One of the reasons C. elegans make an excellent study organism is due to the small 

number of neurons that it possesses. The worm has a total of 302 neurons and 60 of those 

have ciliated dendritic endings carrying various sensory functions (Signor et al. 1999). 

There is a remarkable variability in the shapes such as monociliated or biciliated rod-like 

forms (channel cilia) and others with elaborate wing- or finger-like membraneous 

appendages (AWA/B/C and AFD neuron cilia) (Silverman and Leroux 2009). The amphid 
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sensory organ is primary chemosensory organ of C. elegans, built from a collection of 12 

neurons where the cell bodies are located at the anterior region of the pharyngeal bulb and 

ciliated dendrites extending out. Proper intraflagellar transport is needed for the assembly 

of these ciliated dendritic endings and thus overall development of the amphids (Pan et al. 

2006). 

Mechanosensory Neurodevelopemnt 

In total there are six mechanosensory neurons in the adult worm which they rely on to 

detect particles in the environment and other animals as well as forces generated by their 

own movement. These neurons are known to develop by the extension of long processes 

that innervate around one half of their body length and guided by a motile growth cone 

composed of largely actin filaments (Tanaka et al. 1995, Goodman 2006).  The 

microtubules of the mechanosensory neurons are decorated by a set of plus-end-tracking 

proteins (+TIPs) which come in close contact with signaling cascades that are triggered by 

external cues and as a result leads to the morphological changes at the distal ends of axons 

cause by the dynamics of the microtubule and actin cytoskeleton (Bearce et al. 2015). 

Proper axonal transport processes in neurodevelopment has been shown to be important 

depend on certain motor proteins such as the kinesin-like-protein VAB-8, where it 

mediates neuron outgrowth (Kirszenblat et al. 2013). Other kinesin-like proteins such as 

KLP-11 and KAP-1 are needed for proper PLM growth post injury suggesting a role in 

proper neurodevelopment and axonal growth of kinesin motors (Chen et al. 2011). It 

seems the cellular transport and axonal extension functions that kinesin-II may partake in 

is important in proper neurodevelopment. 
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2.6 Intraflagellar Transport (IFT) 

The assembly and maintenance of the nearly ubiquitous ciliary and flagellar structures 

depends on a transport system known as intraflagellar transport (IFT). This system starts at 

the cell body and uses various molecular motors to move non-membrane-bound particles 

from the base to the tip of the cilium or flagellum, and then cycles back to return them to 

the cell body (Pan et al. 2006).  IFT is essential for a diverse number of biological process 

including flagellar length control, cell swimming, mating and feeding, photoreception, 

animal development, sensory perception, chemosensory behavior, and lifespan control 

(Scholey 2003).  

IFT is a microtubule (MT)-based motility that utilizes MT-based motor proteins to 

move bidirectionally underneath the ciliary or flagellar membrane between the basal body 

and the distal tip of the axoneme (Figure 4). It requires the action of anterograde kinesin-II 

motors and the retrograde IFT-dynein motors to transport various particles in opposite 

directions via the MT polymer lattice. Although several events of the complete IFT cycle 

still remains to be elucidated, it is understood that IFT motors, IFT particles and their 

associated cargo accumulate at the basal body prior to entering the axoneme (Johnson and 

Rosenbaum 1992, Cole et al. 1998, Orozco et al. 1999, Signor et al. 1999, Deane et al. 

2001) where the IFT-motor-particle-cargo complex is assembled, sorted and translocated 

to the base of the axoneme proper (Deane et al. 2001).  
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Figure 3. The mechanism of the IFT system involves many essential molecular motors and 
IFT particles that transports associated cargo in both anterograde (positive end) and 
retrograde (negative end) fashion. This bidirectional shuttling system rely on MT-based 
tracks to move from one location to the next. Homodimeric and heterotrimeric kinesin-II 
motors transport particles towards the distal tip of the axoneme while IFT-dyneins recycle 
IFT particles and kinesin motors back to the cell body (Madhivanan and Aguilar 2014). 
 

 

In the anterograde direction the kinesin-2 motors, which consists of kinesin- II and 

OSM-3, uses axonemal MTs as tracks to move IFT particles and associated cargo (Lux 

and Dutcher 1991, Shakir et al. 1993, Deane et al. 2001, Iomini et al. 2001). Kinesin-II and 

OSM-3 are known to move in semi-parallel pathways and functions redundantly of each 

other (Scholey 2012). Kinesin-II functions in the proximal and middle segments while 

OSM-3 functions along the entire length of the axoneme (Snow et al. 2004). OSM-3 has 

been shown to function in parallel with the kinesin-II motor in the proximal and middle 

segments of the ASH/ASI channel and AWC wing cilia, suggesting that loss of kinesin-II 

function may be compensated by this homodimeric kinesin (Snow et al. 2004, Ou et al. 

2005, Evans et al. 2006, Verhey et al. 2011). Double mutants causing the lack of both 

kinesin-II (KAP-1) and OSM-3 motors are characterized by the absence of both axoneme 
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and cilia structures as well as an accumulation of IFT particles in the proximal transition 

zone, suggestive of defective or nonexistent IFT activity (Snow et al. 2004). 

 Once associated cargo reaches the distal tip of the axoneme, it unloads along with 

other IFT particles to be remodeled and reassembled, however the exact mechanisms are 

currently unknown. Kinesin-II becomes cargo and retrograde IFT-dynein becomes 

activated and prepared to transport IFT particles and kinesin-II motors back to the basal 

body (Pazour et al. 1999, Porter et al. 1999, Signor et al. 1999). The current knowledge on 

the essential components of the IFT system and the redundant nature of the kinesin-II 

motors presents an excellent opportunity to study the impact of these kinesins on cilia 

development. 

2.7 KLP-20 Function Redundantly with OSM-3 

The IFT machinery is well suited to provide information on the fundamental building 

blocks for cilia development, as well as supplying the cilia with the specific pieces 

required to assemble their ultrastructure and morphological diversity. Research has now 

provided sufficient information to highlight the importance of the 2 kinesin-2 motors 

(heterotrimeric kinesin-II and homodimeric OSM-3) during ciliogenesis and how it is 

regulated at many levels. In the mouse model, or protists such as Chlamydomonas and 

Tetrahymena, mutations in the kinesin-II motor leads to abolishment of ciliogenesis, 

further confirming the importance of its role in the cilia (Cole 2003, Wickstead 2006, 

Pedersen and Rosenbaum 2008, Scholey 2008). Contrary to what would be further 

hypothesized in C. elegans, ablation of the subunits of kinesin-II lead to little effect on the 

ciliary structures or the chemosensory capabilities of the organism. However disruption of 

the OSM-3 motor led to structural defects in the cilia as well as chemosensory 
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abnormalities (Scholey 2008). This can now be explained based on the redundant nature of 

kinesin-II and OSM-3. Both kinesin-2 motors moves along the microtubule tracks in the 

cilia in an anterograde fashion. The difference lies in the segments were each motor 

protein functions – kinesin-II functions in the proximal and middle segments of the 

axoneme whereas OSM-3 functions throughout the entire length of the organelle, 

including the distal segment where kinesin-II is not present. Since OSM-3 is also 

necessary for the distal portion of the cilia, we can expect osm-3 mutants as a positive 

control while working with the phenotype of klp-20 mutants. The morphology of the 

amphid sensory cilia can be observed by a staining technique using a lipophilic dye. Most 

of the ciliated endings of the sensory neurons are exposed to the external environment 

therefore incubation of the worm in the lipophilic dye will result in the dye take-up by the 

amphid sensory neurons (Schultz and Gumienny 2012). However for a complete dye 

uptake and clear visualization of the entire structure proper development of the distal cilia 

is necessary. We can thus hypothesize that a defect in any of the subunits making up the 

kinesin-II (KLP-20, KLP-11, KAP-1) or the OSM-3 motor will result in improper uptake 

of the dye and therefore difficulty in visualizing the proper morphology of the amphid 

neurons. In this thesis we use the DiI staining technique to properly visualize the amphid 

neurons test cilia function.  

2.8 Eukaryotic Cilia 

The cilium is a highly conserved organelle which protrudes from the surface of many cells. 

They are microtubule-based organelles that are thought to be found some eukaryotic cells 

(Pazour and Witman 2002) and has historically been classified as motile or immotile 

(primary cilia). The function of motile cilia are more commonly know, to generate 
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extracellular fluid flow or propel individual cells, however the role of immotile cilia still 

lacks research and was once thought to be vestigial (Berbari et al. 2009). Recently studies 

have shown that this organelles appears to have evolved into a complex signaling center in 

mammals and carries out essential sensory functions (Singla and Reiter 2006, 

Eggenschwiler and Anderson 2007). Both cilia and flagella contain a microtubule core 

termed the axoneme, composed of nine peripheral microtubule doublets that are arranged 

in different patterns depending on the cilia type. In motile cilia, these doublets are arranged 

in a ‘9+2’ ultra-structure, where a single pair of doublets are surrounded by 9 other 

doublets (Figure 4). In immotile/primary cilia, the doublets are arranged in a ‘9+0’ 

arrangement because the middle doublet is absent (Figure 4). The axoneme extends from 

the basal body situated at the cell membrane and along with its associated transition-fibre 

proteins have demonstrated to play a role in protein entry and exit from the cilia 

compartment (Marshall 2008, Pazour and Bloodgood 2008). It is important to note that 

although cilia have been classified as either motile or immotile, there are many exceptions 

to these classifications. For example, flagellar structures found on many protists function 

in both motility and sensory reception (Fliegauf et al. 2007). Motile cilia may have a 9+0 

arrangement in some vertebrates that generate fluid movement necessary for left-right 

body axis specification (Essner et al. 2002, McGrath et al. 2003, Essner 2005). The 

mechanosensory neurons previously discussed have a unique microtubule arrangement 

that differ from the cilia. 
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Figure 4. Cilia structure. The axoneme is composed of 9 microtubule doublets and with 
either a central pair of microtubules (9+2, motile cilia) or none at all (9+0, 
immotile/primary cilia). The axoneme extends from the basal body and is sheathed 
beneath the cilia membrane. Adapted from Berbari et al. 2009. 
 

2.9 Ciliopathies 

Mutations that may cause defects in any of the players involved in the process of 

ciliogenesis may result improper cilia structure or functioning. In humans, this may lead to 

multiple human syndromes collectively called ‘ciliopathies’ (Sharma et al. 2008). These 

diseases arise from a spectrum on mutations and result in a wide range of symptoms. We 

can theorize that mutations occurring in gene products responsible for the overall 

trafficking and assembly of the primary cilium will result in more severe symptoms as 

opposed to those involved in the transport of specific cargoes. Abnormal cilia has been 

linked to a heterogeneous group of diseases based on single mutations in more than 50 loci 

(Baker and Beales 2009). Some diseases may be lethal and many are characterized by 
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several overlapping phenotypes such as retinal degeneration, kidney dysfunction, 

polydactyly, situs inversus, obeisity, and other manifestations.  

 One of the commonly studied ciliopathies is the Bardet-Biedl syndrome (BBS), 

caused by mutations in one of the key membrane proteins, the BBSome, responsible for 

specialized protein trafficking into the cilium (Nachury et al. 2007, Jin et al. 2010). The 

BBSome is found to have a role in trafficking at the ciliary base (Berbari et al. 2008, Seo 

et al. 2009) but it is mainly known to localize at the plasma membrane via BBS3 and 

mediates cargo translocation through the ciliary barrier (Jin et al. 2010, Wiens et al. 2010). 

There is also some evidence that these proteins may be involved in the exit of proteins 

from the cilia (Seo et al. 2011, Zhang et al. 2012). The Bardet-Beidl syndrome is 

characterized by obesity, rod-cone dystrophy, renal abnormalities, polydactyly, male 

hypogonadism and learning disabilities. The majority of the genes that cause this condition 

are due to defective BBSomes as discussed previously. However BBSomes are known to 

manage the trafficking of cargoes and less on a role in cilia assembly itself. This may 

explain the reason BBS is not characterized by severe phenotypes such as perinatal 

lethality. However proper delivery of the ciliary components are crucial and defects can 

lead to ciliary dysfunction. Defective BBSomes are shown to cause structural defects in 

the cilia and including accumulation of cargo and IFT components at the tip (Davis et al. 

2007, Shah et al. 2008, Zhang et al. 2013). Also specific mechanisms are still unknown, 

hopefully by better understanding the role of key players in the ciliogenesis process it will 

be useful to better understand a wider scope of human diseases such as ciliopathies.  
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2.10 Thesis objectives 

My objective is to analyze the role and function of klp-20 and characterize various 

phenotypes of its mutant alleles in C. elegans. klp-20/vab-6 appears to have very 

prominent epidermal phenotypes similar to several other vab gene previously studied, 

specifically their dumpy and bumpy bodies. This loss of function phenotype suggests that 

the gene functions as an important player in the processes of morphogenesis. In addition to 

its epidermal phenotypes klp-20 mutants seems to have defects in their neuronal 

morphology, specifically the amphid and mechanosensory neurons. This suggests that 

perhaps KLP-20 is needed to for the development of these structures, or it may suggest 

that there is some kind of cross talk between the nervous and epidermal or muscular 

system which ultimately causes the abnormalities in the worm’s overall form. By 

exploring various penetrant mutant alleles of this vab gene, perhaps the role of KLP-20 

will be better understood in a particular area of development based on its effect on certain 

tissues and across specific developmental stages. Although neurodevelopment and 

epidermal morphogenesis display distinctively different features such as morphology and 

function, it seems that they share similar biological processes and signals early during 

development. Current research has demonstrated that the kinesin-II functions to help to 

regulate amphid sensory cilia development, axon extension of microtubule-based 

mechanosensory neuron and epidermal cell guidance. I hypothesize that klp-20 mutations 

will affect proper function of the kinesin-II motor during cilia assembly at the dendritic 

endings of the amphid sensory neurons as well as the development of microtubule-based 

mechanosensory neurons. This may lead to improper signaling and thus morphological 

defects. In addition, defective kinsesin-II may also affect the overall organization of the 
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cytoskeleton to cause defects in epidermal cell differentiation and migration. I hope to 

demonstrate in this thesis, the importance of the roles that KLP-20 play in 

neurodevelopment and epidermal morphogenesis in C. elegans and shed light on the on the 

specific mechanisms kinesin motors are involved in during development and ciliopathic 

diseases. 
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CHAPTER 3: Material and Methods 

3.1 Strains and Culture Conditions 

In the lab, most C. elegans strains are cultured and maintained at 20°C. However, there are 

some mutant strains that are observed to grow better under cooler temperatures such as 15°C 

or 18°C . Although naturally they are found in decomposing organic matter, C. elegans are 

grown up on petri dishes filled with Nematode Growth Medium (NGM) agar. They feed on 

the bacteria E. coli strain OP50 as a food source. These are the standard protocols followed 

throughout the C. elegans community (Brenner 1974). The wild-type strain that we use is 

the N2 Bristol strain and all mutation strains were generated in this background. Mutant 

strains can be obtained by ordering online from the Caenorhabditis Genetics Center (CGC). 

Other strains such as those containing multiple mutations or those that carry specific 

GFP/RFP markers can be constructed from mating and following basic genetics. Worms 

may also be introduced to extra-chromosomal plasmids through injections. 

Listed below are all the C. elegans strains used and their corresponding linkage group 

(chromosome): 

LGI: zdIs5[pmec-4::GFP] (Clark and Chiu 2003) 

LGIII: kap-1(ok676), klp-20(ok2942), klp-20(ok3013), klp-20(ok2914), klp-20(ju164), 

klp-20(e697), klp-20(yn5537) (kindly provided by Antonio Colavita) 

LGIV: osm-3(n1545), osm-3(p802), klp-11(tm324) 

LGX: odr-10(ky225) 

Strains constructed: IC1893 [klp-20(ju164); quEx807 (pklp-20::GFP)], IC1895 [e697; 

quEx837 (pklp-20::GFP)], IC1902 [N2; quEx838 (pklp-20::GFP); Line 1], IC1909 

[quIs26 (grd-10::mCherry, pgrd-10::NLSGFP); klp-20(ju164)], IC1910 [quIs26 (grd-
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10::mCherry, pgrd-10::NLSGFP); klp-20(e697)], IC1936 [N2; quEx839 (pklp-

20::GFP) Line 2], IC2041 [klp-20(ju164); quEx827 (prgef-1::klp-20, odr-1::RFP) Line 

1], IC2042 [klp-20(ju164); quEx828 (prgef-1::klp-20, ofr-1::RFP) Line 2], IC2043 [klp-

20(ju164); quEx829 (prgef-1::klp-20, odr-1::RFP) Line 3], IC2044 [klp-20(ju164); 

quEx830 (pmec-4::klp-20, odr-1::RFP) Line 1], IC2045 [klp-20(ju164); quEx831 

(pmec-4::klp-20, odr-1::RFP) Line 2], IC2046 [klp-20(ju164); quEx832 (pmec-4::klp-

20, odr-1::RFP) Line 3], IC 2049 [klp-20(ju164);quEx835 (pklp-20::GFP,odr-1::RFP) 

Line 1], IC 2050 [klp-20(ju164);quEx836 (pklp-20::GFP,odr-1::RFP) Line 2] 

Strains constructed (previously derived from Chin-Sang Lab): IC199 [klp-20(ju164); 

him-5; mec-4::GFP(quIs7)], IC1142 [klp-20(e697); quEx398 (genomic klp-20) Line 1], 

IC1145 [klp-20(ju164); quEx401 (genomic klp-20) Line 2], IC1292 [klp-20(ju164); 

quEx476 (klp-20::GFP) Line 2], IC1294 [klp-20(e697); quEx478 (klp-20::GFP) Line 

2]  

All basic strains were obtained from the CGC unless otherwise stated, and klp-20(ju164) 

was isolated by Ian Chin-Sang through EMS mutagenesis. The klp-20::GFP construct 

used for IC1292 and IC1294 was created previoulsy in the Chin-Sang Lab. This was made 

from oIC1313 and oIC1169 and the 1.7kb GFP construct was made with oIC1314 and 

oIC350. Both pieces were then stiched together using oIC1169 and oIC350. The klp-20 

construct used for IC1142 and IC1145 was made from oIC1069 and oIC1075 along with a 

2.5kb promoter and 1kb 3’UTR. 

3.2 Plasmid Constructs 

pIC1141 (pmec-4::KLP-20) was created from the 1.9kb klp-20 PCR product (using 

oIC1900 and oIC1901) created from the C. elegans cDNA library (RB:1) and the pre-

existing plasmid in the Chin-Sang laboratory: pIC214 (pmec-4). The plasmid was cut with 
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high fidelity restriction enzymes NheI and KpnI (New England BioLabs) and the resultant 

DNA fragments were separated on a 1% agarose gel by electrophoresis at 100C for 1 hour. 

The 4.65kb fragment from the pIC214 digest containing the mec-4 promoter and the 1.9kb 

klp-20 fragment from PCR encoding the full-length klp-20 cDNA were removed from the 

gel and purified using “Gel Extraction Protocol” as described in Gel/PCR DNA fragments 

Extraction Kit (Geneaid). The 1.9kb klp-20 fragment was ligated into the pmec-4 

containing 4.65kb backbone using the fast ligation kit (New England BioLabs). The 

resulting vector pIC1141 was confirmed by diagnostic digest using NheI and KpnI. 

pIC1154 (prgef-1::KLP-20) was created from the pre-existing plasmids in the 

Chin-Sang laboratory: pIC420 (F25B3.3::MYR-GFP) and pIC1141 (pmec-4::KLP-20). 

Both plasmids were cut with restriction enzymes NheI and KpnI from New England 

BioLabs and digested fragments were separated using standard gel electrophoresis. The 

4.5kb fragment from the pIC420 digest containing the rgef-1 promoter and the 1.9kb klp-

20 fragment the pIC1141 digest were purified as above. The 1.9kb klp-20 fragment was 

ligated into the prgef-1 containing 4.5kb backbone. The resulting vector pIC1154 was 

confirmed by diagnostic digest using NheI and KpnI. 

3.3 Microinjection 

 Extrachromosomal DNA arrays were introduced into worms through microinjection into 

gravid hermaphrodites. For this transformation, we injected DNAs directly to the distal 

gonad arm of the worm (Mello et al. 1991, Mello and Fire 1995). Injection mixtures were 

created using 1-2 µL of experimental plasmid(s) (experimental plasmids at concentrations 

from 75 ng/µL – 300 ng/µL) , 30 ng/µL of marker plasmid (the injected DNA exists as an 

extrachromosomal array which segregates randomly and can be lost, so we use a marker to 
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follow which animals have the array), and ddH2O to 10 µL. Individual worms from the F1 

generation carrying the marker plasmid were used to create different strains. 

3.4 Embryo Preparation and L1 synchronization 

To synchronize all worms at the embryo or L1 arrest stage of development, gravid adult 

worms were washed off their agar plates using 1mL of M9 (minimal media 9 buffer solution) 

and transferred into a 1.5mL Eppendorf tube. After centrifugation (1 minute at 6000 

rev/minute) and aspiration, the worm pellet was treated to 1mL of 20% hypochlorite solution 

(15mL solution: 8.25mL ddH2O, 3.75 1M NaOH, 3.0 mL bleach). After 5 minutes of gentle 

mixing by inverting, the tube was centrifuged (1 minute at 6000 rev/minute) and the 

supernatant was aspirated. Excess bleached was washed off the released embryos using M9 

for at least 3 washes. Embryos were transferred immediately for imaging and analysis. For 

synchronized worms, embryos were maintained in M9 on a rotator overnight (14-16 hours) 

or transferred to seeded plates to allow them to hatch and be maintained in 20°C 

3.4 Microscopy and Fluorescent Imaging 

i. Imaging  

To prepare microscope slides, embryos or worms were mounted onto 3% agarose pads. L1 

arrested worms were centrifuged (1 minute at 6000 rev/minute) and pipetted onto the 

agarose pad. Approximately 2-10µL 30mM anesthetic sodium azide solution was used to 

treat the worms. 

All images and analysis were made under the Zeiss Axioplan 2 microscope with 

Axiocam and Zeiss Axiovision software or under the LSM 710 meta confocal microscope 

with Zeiss Zen software. All specimens were observed under the 43x or 63x objectives 

unless otherwise specified.  GFP was visualized using the FITC spectrum channel (467-

556nm) on the Axioplan or the 488nm laser on the confocal. DiI staining was visualized 
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using the Texas Red spectrum channel (542-644nm) on the Axioplan or 514nm laser on the 

confocal. Neurite lengths were analysed with FIJI software version 2.0.0 rc-43/1.51a using 

the Simple Neurite Plugin. PLM and ALM lengths were traced and measure from the cell 

body to the most anterior edges at the longest part of the cell.  

i. 4D Time lapse video microscopy  

In order to determine the precise stage during embryonic development that the klp-20 

mutant embryos arrested at, 4D time lapse video microscopy was performed to capture 

embryo development. On a glass cover slide, 9uL of M9 solution was pipetted and gravid 

hermaphrodites were picked and placed into the M9 solution. They were dissected with a 

26G1/2 sterile needle to release the youngest embryos. The cover slip was flipped onto a 

2% agarose pad and sealed with Vaseline. All recordings were done at room temperature 

using the Zeiss Axioplan 2 microscope at 63X, and the Axiocam and Zeiss Zen software 

recorded 12-18 planes (on average) at 0.5um Z sections at 2 minute intervals for a duration 

of 9-15hrs (on average).  

3.5 Phenotypic analysis 

i. Bumpy epidermis  

The vab-6 (aka klp-20) gene name comes from the variable abnormal morphology gene 

class thus a system was used to categorize the severity of the bumpy epidermal phenotype 

of the mutants. L1 arrested worms were prepared following the egg preparation protocol. 

Worms were mounted onto microscope slides and bumpy bodies were observed under the 

Zeiss Axioplan 2 microscope. Each worm was scored from 0-3 based on the severity of 

phenotype (0=no bumpy body, 1=1 well-defined bump, 2=2 or more well-defined bumps, 

3=completely deformed). At least 3 trials were performed on each strain, including N2 as 

control.  
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ii. Embryonic lethality and brood size 

To score for brood size, L4 hermaphrodite klp-20 mutants [klp-20(ju164), klp-20(e697)] 

were picked singly and placed on a freshly seeded plate where they were allowed to 

mature and lay eggs at 20°C. Every 12 hours the parent was transferred to a new plate until 

the egg laying arrested. Each day embryos of plates from the previous day were scored for 

brood size. N2 strains were used as a control and the experiment was repeated for at least 3 

trials. Embryonic lethality was scored with the same lines used for determining brood size. 

24 hours after scoring for brood size, the same plates were used to observe for hatching of 

the embryos. Eggs were scored as dead if they remain unhatched 24 hours after removing 

the parent. 

iii. Temperature sensitivity 

The same scoring process was followed for determining bumpy body, brood size and 

embryonic lethality. Worms were however maintained under either 15°C or 25°C to 

observe weather worms were cold or heat responsive.  

3.6 RNA-mediated interference (RNAi)  

RNAi experiments were performed on wildtype N2 and strains carrying the rrf-3(pk1426) 

allele, a RNAi hypersensitive allele (Simmer et al. 2002). Double-stranded RNAi was 

applied to worms by feeding (Kamath et al. 2001, Timmons et al. 2001). The klp-20 RNAi 

vector pIC876 was made using a 1.9kb klp-20 PCR product amplified from the C. elegans 

cDNA library (RB2) and the pre-existing empty vector in the Chin-Sang laboratory: 

L4440. The plasmids were cut with restriction enzymes EcoR1 and Xho1 from New 

England BioLabs and digested fragments were separated using standard gel 

electrophoresis. Post ligation, positives were verified by an EcoR1 and Xho1 digest. The 
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construct was transformed into E. coli HT115 competent cells (obtained from CGC). After 

induction by IPTG, the bacterial cells were seeded on NGM plates containing ampicillin 

and tetracycline. L4 larvae were placed on the plates the following day and cultured at 

20°C. Control animals were fed with bacteria carrying the empty vector L4440. 

Phenotypes were observed in the F1 progeny of worms that were fed with the respective 

RNAi. 

3.7 DiI filling 

One liphophilic fluorescent dye (DiI) fills the amphid head neurons and phasmid tail 

neurons of the worm, presumably through their ciliated endings in the head that are 

exposed to the environment (Perkins et al. 1986, Starich et al. 1995). DiI stains the 6 

amphid neurons (ASI, ADL, ASK, AWB, ASH, ASJ) and 2 phasmid neurons (PHA, 

PHB), allowing these neurons to be visualized and imaged using fluorescence microscopy. 

The stock solution of DiI (2mg/mL DiI in dimethyl formamide stored at 20°C in a tube 

wrapped in foil) was diluted to 1:200 in M9. Worms were washed off their agar plates 

using 1mL of M9 [3g KH2PO4, 6g Na2HPO4, 5g NaCl, 1mL 1M MgSO4, H2O to 1L] and 

transferred to a 1.5mL Eppendorf tube. After centrifugation (6000 rev/minute) and 

aspiration, the pellet was washed 2 more times with M9 and aspirated. 100µL of DiI 

solution was added and the tube was put on a rotator and incubated at 20°C for at least 2 

hour. Worms were washed after with M9 and transferred to a freshly seeded plate to help 

destain the GI tract by taking up E. coli. The DiI persist in the worm for up to 24 hours 

however all imaging was completed within the first 3 hours. Images were taken under the 

Axioplan microscope using the Texas Red spectrum channel (542-644nm). 
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3.8 Statistical analyses 

All statistical analyses were performed using the appropriate formulas on excel. Standard 

deviation was calculated using the STDEV function taking the mean from all independent 

experiments. Data comparisons were calculated using the TTEST formula generated from 

excel (two-tailed, unequal variance).   
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CHAPTER 4: Results 

4.1 Protein Sequence Alignment  

KLP-20, one of the motor subunits that makes up kinesin-II, is composed of a 646 amino 

acid chain and can be divided into three different functionally distinctive domains, that is 

the head, coiled-coil stalk and random coil tail (RC) domain (Figure 5). The helix breaker 

position is also indicated on the motor domain at the G444 to G445 position. They allow 

the folding of the RC region onto the head domain to autoregulate catalytic activity 

(Vukajlovic et al. 2011). The entire stalk region of KLP-20 is predicted to form a coiled-

coil (Lupas et al. 1991). I used the nSITEpred tool to predict, based on protein sequence 

analysis, the binding residues for ATP for the KLP-20 protein sequence (Figure 5) (Yan 

and Kurgan 2017). Currently in the lab we have obtained 6 different mutant alleles of the 

klp-20 gene – klp-20(ju165), klp-20(yz51), klp-20(e697), klp-20(ok2942), klp-20(2914), 

klp-20(ok3013). I’ve created linear maps of the motor subunit and aligned all of its mutant 

alleles in order to create a clear representation of exactly which regions of the KLP-20 

protein is affected. The first three mutations are substitution mutations of a single 

nucleotide. The first klp-20 mutant to be discovered was through an EMS mutagenesis 

screen, identified as klp-20(e697) by Sydney Brenner (Brenner 1974). This mutation 

results in a glutamic acid to lysine switch at the 241st position of the protein. klp-20(ju164) 

is another common mutation that I work with throughout the thesis and results in a 

threonine to isoleucine switch at the 95th position of the peptide. The last substitution 

mutation is carried by the klp-20(yz51) strain, obtained by Antonio Colavita from the 

University of Ottawa Brain and Mind Research Institute. This mutation causes a glycine to 

aspartic acid switch at the 239th position of the peptide. It is important to note that all the 

mutant alleles that houses a single substitution mutation occurs on one of the ATP binding 
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regions as indicated by Figure 5. The last three mutant alleles are deletion mutations 

with/without nucleotide segments inserted. Interestingly, all three results in a premature 

stop codon that leads to early termination of the protein sequence.  

 It appears all of the mutations affecting the klp-20 gene occurs somewhere within 

the catalytic head domain suggesting that this is perhaps an essential functional region of 

the protein. The function of head region is used to generate energy through the use of ATP 

to allow kinesin-II to be motile. Although termed the ‘head’ region, we can think of this 

section of the protein to be its ‘feet’ that allows the kinesin to move along its microtubule 

tracks. I conducted a BLAST search to verify that the head region of the KLP-20 gene is in 

fact highly conserved across many species (Figure 6). All the sequences aligned has has 

55% identity and 70% similarity. 
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Figure 5. Linear maps of the KLP-20 protein sequence aligned with all its mutant alleles. 
The head, coiled-coil stalk and the random coil tail domains are shown with the amino acid 
positions indicated. The helix breaker is indicated in the stalk region of the KLP-20 
wildtype only. The predicted ATP binding sites are shown in pink. All other mutant alleles 
aligned below the original sequence with each mutation being indicated in red. The grey 
bar represents the normal KLP-20 protein sequence. The green bar represents the out of 
frame reading of the deletion/insertion mutations. Exact sequences for these mutations are 
presented in Appendix C.  
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Figure 6. Protein sequence alignment using BLAST. The catalytic head domain (a.a. 1 – 
a.a. 345) of the KLP-20 motor is shown to be highly conserved across all organisms 
including humans. Analysis of the single substitution mutations of some of the most 
penetrant defective body shape phenotypes show that these codon positions are found 
within the catalytic head domain and conserved across all species shown. Dashes denote 
gaps, and amino acid conservations are denoted by asterisks. 



	

	 43	

4.2 Epidermal phenotype in klp-20 L1 mutant animals 

 Many of the vab phenotypes commonly seen in several other mutants of the same gene 

family are observed in vab-6/klp-20, including bumpy, dumpy and twisted bodies. The 

morphological phenotype I focus on for this thesis is bumpy bodies, mostly using klp-

20(ju164) and klp-20(e697) strains (Figure 7B-C). I worked with all the mutatnt alleles of 

klp-20 to score for the penetrance of this phenotype. Due to the vab phenotype being 

variable abnormal, I noticed a wide range of levels of penetrance, from worms that looked 

completely wildtype to worms that were completely deformed. The klp-20 bumpy body 

phenotype occur in 70% of ju164 animals and appears to be the most penetrant. Bumpy 

body phenotypes occur in 59.4% of zy51 animals, 55% in ok2942 animals, 52.5% in e697 

animals, 36.6% in ok3013 animals and 30% in ok2942 animals (Figure 7A). In addition to 

the total penetrance of the phenotype, I was also able to categorize the severity level of the 

morphological defect for each mutant strain. The black regions dictates the least severe 

stage where the worm carries one bump on its body. Most of the time, this bump was 

located in a specific position at the posterior end of the body were the tail region lies. The 

dark grey boxes show a moderate severity level of the phenotype where the worm appears 

to carry two or more well defined bumps on its body. The light grey areas of the bars show 

the most severe stage of the phenotype where the animal is completely deformed with a 

very dumpy appearance and no clear localization of any specific bumps. The rest of the 

area that makes up the total 100% was seen as wildtype where the worms did not display 

any bumpy body defects at all. It is interesting to note that the klp-20(ju164) mutant strain, 

which has the highest penetrance of the bumpy body phenotype, also happens to have the 

highest percentage (32.5%) of the most severe region of the phenotype. This region 
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generally decreases as the level of penetrance for each mutant strain decreases (Figure 

8A).  

 I was able to score two transgenic rescue lines carrying the genomic construct of 

the klp-20 gene, previously made in the Chin-Sang Lab. This strain was made by injection 

of the full length klp-20::GFP into ju164 and e697 animals with podr-1::RFP as a marker. I 

was able to work with and obtain similar results for strains that carried the klp-20 genomic 

fragment as well as strains that carried klp-20::GFP version. I was able to observe a 

significant decrese in penetrance of the rescued lines (p≤0.001), showing that the 

morphological abnormalities were almost completely rescued (Figure 8B). This helps us to 

verify the role that kinesins may play in epidermal morphogenesis and specifically KLP-20 

as a direct causative factor.  

I was also able to score for bumpy body phenotypes for mutants of the klp-11 and 

kap-1 genes, which normally codes for the other two subunits that form the heterotrimeric 

kinesin-II motor together with klp-20. Surprisingly, these two mutant strains did not 

display any morphological phenotypes where bumpy body phenotypes occur 0.83% of the 

time for both klp-11 and kap-1 mutant strains (Figure 8C). This suggests that KLP-20 has 

roles independent of the heterotrimeric kinesin-II complex.
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Figure 7. The variable abnormal (vab) epidermal phenotype in L1 worms. Wildtype 
animals displays long, slender bodies with no significant epidermal defects (top). Both klp-
20(ju164) and klp-20(e697) mutants appear to have varying levels of defective epidermal 
morphology or no observable phenotype at all (apearing to be wildtype). Some worms 
displayed moderately severe bumpy bodies, usually with on bump near the posterior end, 
(bottom left) while other worms appear to be completely deformed (bottom right). Bumps 
are indicated by white arrows. All images were taken under the Axioplan epifluoresent 
scope (DIC images) at 63x. 
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Figure 8. Bumpy body phenotype of klp-20 mutants. (A) Penetrance of the variable 
abnormal (vab) epidermal phenotype in wildtype in comparison to the six other mutant 
alleles of klp-20. Severity of the phenotype is characterized by the different colored 
regions of the bars, defined in the figure. N2=wildtype. N=40 for all strains examined. (B) 
Rescued lines of ju164 and e697 animals shows almost almost complete penetrance. N=40 
for all strains examined. (C) Penetrance of the variable abnormal (vab) epidermal 
phenotype in klp-11 and kap-1, the other two subunits which together with klp-20 make up 
the kinesin-II motor. n=40 for all strains examined, *** significant at p<0.001 (comparing 
the percent bumpy body of all classes). 
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4.3 Embryonic lethality scoring for klp-20 mutant animals  

In addition to its bumpy body phenotype, klp-20 mutants also show an embryonic lethality 

phenotype. It appears that a percentage of the embryos being laid by klp-20 mutants do not 

hatch to reach the L1 larva stage and die during embryo development. I quantified the 

percentage of the embryos that died in all the klp-20 mutants. For each klp-20(ju164), klp-

20(e697), klp-20(ok3013), klp-20(yz51), klp-20(ok2914), klp-20(ok2942) and N2 strain, I 

allow the hermaphrodites to mature and lay eggs at 20°C. Embryonic lethality phenotypes 

occur in 35.5% of ju164 animals, 15.2% in e697 animals, 25.9% in ok3013 animals, 39.4% 

in yz51 animals, 6.4% in ok2914 animals, and 5.6% in ok2942 animals (Figure 9A). I 

scored the same rescued strains used for the bumpy body phenotype (ju164 and e697 

rescued animals) to observe if the embryonic lethality phenotype was also recued (Figure 

9B). Interestingly, the embryonic lethality phenotype was not rescued for ju164 or e697 

mutant animals (p>0.05). This may provide evidence for KLP-20 having a role in the 

germline. I was also able to score for embryonic lethality for the klp-11 and kap-1 gene, 

which codes for the other two motor subunits that make up the kinesin-II motor as well as 

the osm-3 gene which codes for the second kinesin-2 motor (Figure 9C). klp-11, kap-1 and 

osm-3 mutants did not exhibit a high percentage of embryonic lethality. This again suggest 

the possibility for KLP-20 to have other functions independent of its subunits and that the 

IFT role of the Kinesin 2 family is not needed for proper epidermal morphogenesis. 

We were also able to look briefly at larval lethality for klp-20(ju164) mutants. In one trial, 

105 eggs were picked onto a new plate of which 36 eggs were dead (34% embryonic 

lethality). Of the 69 which survived, 59 reached L4 stage. Ten larva died, thus 9.5% 
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lethality. We also noticed a degree of oocytes being laid from these animals, which could 

indicate a sterility problem. 

 

  

Figure 9. klp-20 average percent embryonic lethality. (A) Under standard conditions 
(20°C), klp-20(ju164) and klp-20(yz51) are the stronger alleles, with higher embryonic 
lethality. N≤5 for all strains examined. (B) Rescued lines of ju164 and e697 animals did 
not display the embryonic lethality phenotype for ju164 and e697 animals. N>3 for all 
strains examined. (C) Under the same standard conditions (20°C), the other genes of 
interest which code for the motor subunits associated with KLP-20 doesn’t show an 
embryonic lethality phenotype in comparison to some klp-20 genes. ns not significant at 
p≥0.05. 
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4.4 klp-20 mutants are sensitive to high and low temperature  

Previously, embryonic lethality scoring was performed under the standard temperature of 

20°C. In addition to the phenotype of klp-20 mutants being embryonic lethal, we found that 

klp-20(e697) shows a temperature sensitive embryonic lethality. When klp-20(e697) mutant 

worms are grown at 15°C or 25°C, embryonic lethality is significantly enhanced (p≤0.001) 

at the higher temperature. klp-20(ju164) mutants did not show a significant increase in 

embryonic lethality at all temperatures tested (p>0.05) (Figure 10). Under 20°C, I observed 

on average 35.5% of the total eggs laid failing to reach L1 larval stage in klp-20(ju164) 

animals and on average 15.2% of the total eggs laid failing to reach L1 larval stage in klp-

20(e697). When the embryos were placed in a 15°C environment, embryonic lethality 

increased to 48.7% for ju164 animals and 30.6% for e697 animals. When the embryos were 

grown under a 25°C environment, I noticed an increase of embryonic lethality to 48.7% for 

ju164 animals and 45.0% for e697 animals. 

 

Figure 10. Graph showing the average percent embryonic lethality of two klp-20 mutants, 
klp-20(ju164) and klp-20(e697). We also show here that the worms are temperature 
sensitive. When grown under 15°C and 25°C. ns significant at p≥0.05, * significant at 
p<0.05, ** significant at p<0.005. N>3 for all strains examined. 
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klp-20 mutants also display a decrease in brood size. klp-20(e697) mutants laid on 

average 267, 257 and 123 embryos at 15°C, 20°C, and 25°C respectively while klp-

20(ju164) mutants laid on average 145, 233 and 123 embryos at 15°C, 20°C, and 25°C 

respectively (Figure 11A). This is significantly lower compared to wildtype N2 worms 

(except for e697 under 15°C) that laid on average 289, 302 and 276 embryos at 15°C, 

20°C, and 25°C respectively (p≤0.001). I was also able to look at brood size of the rescued 

lines under standard 20°C to observe no rescue in this phenotype (Figure 11B). Studies 

have shown that animals with morphological defects in their body attain abnormalities in 

their somatic adult gonad (Wissmann et al. 1999, Simske et al. 2003, Cinar and Chisholm 

2004). VAB-9, which is seen to have similar epidermal abnormalities as KLP-20, is 

observed to have defects in egg laying and is expressed in the adherens junctions during 

elongation as well as the uterus and vulva. VAB-3 also defects gonad cell migration. The 

process that morphogenesis is established in the gonad is similar to the way through which 

the actin cytoskeleton elongates the form of the worm (Wissmann et al. 1999, Piekny et al. 

2000). In terms of KLP-20, there seems to be expression near the vulva region however no 

obvious defects have been observed. This along with failure of the rescuing the brood size 

phenotype may represent evidence that KLP-20 has a germline role. 
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Figure 11. Brood size of klp-20 mutants. (A) klp-20 seems to affect the brood size, in 
ju164 animals under 15°C and 25°C, and in e697 animals under 25°C. (B) The rescued 
lines of klp-20 does not seem to rescue this brood size defect. ns significant at p≥0.05, * 
significant at p<0.05, ** significant at p<0.005, *** significant at p<0.001. 
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4.5 KLP-20 expression pattern 

To determine where the KLP-20 protein is localized, we created a transcriptional reporter 

which consists of the klp-20 promoter fragment driving GFP (4kb klp-20 promoter ligated 

into pPD95.97 (see Methods)). This reporter construct was injected into N2 wildtype 

worms to visualize where KLP-20 normally functions in the worm. I also observed the 

expression pattern in the klp-20 genomic rescued lines previously discussed. Similar 

expression patterns for both strains were observed. Both the full length klp-20::GFP 

transgenic and the pklp-20::GFP transgenic localized to a large subset of neurons in the 

head and the tail. (Oddly, during my later attempts to work with this strain, it seems like 

the translational reporter carrying klp-20::GFP was silenced as I was not able to visualize 

any more GFP in the worms). Throughout the body, I was able to visualize klp-20 

expression in the dorsal and ventral nerve cord, as well as several commissures along the 

body (Figure 12A-D). The onset of GFP is detected in the embryos early on during 

development (Figure S1), suggesting KLP-20 playing a role during embryo development. I 

was able to detect strong GFP expression during embryo development as early as the 100 

cell stage as well as strong expression later on during development to the comma stage 

(Figure S1A-D). It is surprising to see that although mutations in the klp-20 gene leads to 

defects in the morphology of C. elegans such as its bumpy body phenotype, klp-20 seems 

to be expressed mostly throughout the nervous system. Earlier studies in the lab by Jadine 

Paw found that there were neuronal defects associated with the klp-20 mutants. She used 

the pan neural fluorescent marker F25B3.3::GFP (edIs20) to see that the commissures 

were observed to be disorganized throughout the entire body of the animal, in contrast to 

the orderly “checker board” like pattern detected in wildtype N2 worms (Figure S7) (Paw 
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2005). I proceeded by looking in detail at some of the specific subset of neurons in which 

KLP-20 may potentially function. 

 

Figure 12. Expression pattern and localization in pklp-20::GFP transgenics. All images 
were taken under the LSM 710 meta confocal microscope with Zen software. (A) N2 
wildtype worm at L1 larva stage viewed under 40X. Strong expression levels are detected 
in the nervous system, especially neurons in the anterior and posterior ends of the worm. 
(B) N2 wildtype worm at L1 larva stage viewed under 63X, showing close-up of the head 
neurons expressed. (C) N2 wildtype worm at L1 larva stage viewed under 63X showing 
close-up of the neurons in the body being expressed. There is strong expression in the 
dorsal and ventral nerve cord. Some commissures in the body are also displayed. (D) N2 
wildtype worm at L1 larva stage viewed under 63X, showing close-up of the neurons in 
the tail region. 
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4.6 klp-20 RNAi knockdown in RNAi sensitive rrf-3(pk1426) 

To provide evidence that KLP-20 functions in the nervous system, I performed a RNAi test. 

Neuronal genes are found to be resistant to systemic RNAi (Winston et al. 2002). If KLP-

20 does in fact play a role in the nervous system, then klp-20 RNAi should not have an effect 

on N2 wildtype worms but a neuronal RNAi sensitive strain (rrf-3). This strain when fed 

klp-20 RNAi should be able to display phenotypes similar to klp-20 mutant worms.  

 I fed wild-type worms klp-20 RNAi and compared its effects to feeding neuronal 

RNAi sensitive worms with klp-20 RNAi. RNAi plasmids were obtained from the Ahringer 

RNAi library (Kamath et al. 2003) and were transformed into HT115 competent cells. The 

RNAi sensitive strain, rrf-3(pk1426) II, showed bumpy epidermal phenotypes (Figure 13A) 

where as wild-type N2 worms showed very weak phenotypes (Figure 13B). In addition to 

the bumpy body phenotype of the rrf-3(pk1426) strain, previous work in the Chin-Sang Lab 

was able to show that the neuronal RNAi sensitive rrf-3 strain obtained embryonic lethality 

of 68%. Embryonic lethality for N2 was not reported.  

 

Figure 13. klp-20 RNAi knockdown in neuronal RNAi sensitive strain rrf-3(pk1426) and 
wildtype N2. (A) rrf-3(pk1426) displays the bumpy body phenotype similar to the klp-20 
mutants (indicated by the red arrows). (B) Feeding of klp-20 RNAi to N2 worms showed 
much weaker to absent bumpy body phenotypes. All images were taken under the 
Axioplan epifluoresent scope (DIC images) at 63x. 
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4.7 Colocalization of DiI uptake in amphid neurons to klp-20::GFP in 
rescued lines 

Currently the only known ciliated neurons in C. elegans are the amphid and phasmid 

neurons which are located in the anterior and posterior regions of the worm. I had 

observed that there was strong klp-20 expression in the head and tail neurons of the body. 

To observe if klp-20 plays a role in the amphid/phasmid neurons, I incubated the klp-

20::GFP rescued strains in the fluorescent dye DiI, which the worms then take up through 

their amphids. This dye filling technique uses a red fluorescing dye called DiI that stains 

for the amphids allowing us to observe its morphology. The red fluorescent lipophilic dye 

DiI (1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate) is commonly used 

in C. elegans to visualize environmentally exposed neurons. This allows us to clearly 

visualize the morphology and functionality of these neurons. Under the Zeiss Axioplan 2 

microscope, I was able to visualize GFP in amphid neurons of the rescued lines using the 

FITC spectrum channel (Figure 14B). klp-20::GFP expression was also visualized in other 

head neurons as well that were not the amphids. Conversely, this could also be the 

amphids but due to the translational reporter not completely rescuing the amphid defects 

(at L1 stage, DiI uptake is not rescued 100%) this causes inability to take up the dye. 

Using the Texas Red spectrum channel, I was able to visualize fluorescent DiI in a subset 

of amphids as well when the same strain was DiI stained (Figure 14A). When both images 

were overlaid on top of each other, I confirmed that both the fluorescent DiI and GFP 

expression colocalized to the same amphid neurons (Figure 14C). Although the staining 

appeared faint in the phasmids especially when visualizing the DiI staining, it seems that 

the phasmid neurons were also labelled by both klp-20::GFP and DiI. This verifies our 

observation that klp-20 seems to play an important role in the chemosensory neurons of the 
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worm. The cilia of the amphid neurons are located on the dendritic endings of this axonal 

extension where most are exposed to the environment and allows the worm to detect 

particles in the external environment.  Similarly, the phasmid neurons of the worm also 

have ciliated endings that penetrate the cuticle to expose themselves  to the environment 

through their phasmid sensory opening (Ward et al. 1975). Since the amphid neurons 

colocalized much better to the klp-20::GFP than did the phasmids, I proceeded to look in 

more detail this set of neurons.  

 

Figure 14. Colocalization of translational reporter klp-20::GFP expression and DiI uptake 
in L1 arrested worms. The KLP-20-GFP expression stains in the same pattern as the DiI 
uptake in amphid neurons. (A) DiI staining of the klp-20::GFP rescued worms reveals clear 
morphology of the amphids and faint staining of the phasmids that may not appear to be 
visible in the image above. (B) GFP expression of the klp-20::GFP rescued line shows the 
amphid and phasmid neurons clearly under fluorescent microscopy. KLP-20 is seen in the 
cell bodies and the dendrites of the amphids and not just localized to the ciliated dendritic 
endings. All images were taken using the Zeiss Axioplan 2 microscope under 65X. Worms 
were imaged at L1 larva stage. 
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4.8 DiI filling in adult and L1 klp-20 mutants 

Since KLP-20 is expressed in the amphid sensory neurons I wanted to test whether KLP-20 

has a role in the development of amphid sensory neurons. I used the DiI staining method to 

look more carefully at the amphid neurons at two different developmental stages of the 

worm – the L1 larva stage and the adult stage. Under fluorescent microscopy, wildtype N2 

worms are seen to take up the DiI well through their fully developed adult amphid neurons. 

The two klp-20 mutants (ju164 and e697) were also able to absorb the dye at their adult 

stages. At the adult stage, ju164 animals were taking up the DiI on average 52% of the time, 

much less than the e697 animals that were able to take up the dye 90% of the time (Figure 

15). It is important to note that DiI uptake was scored as Yes/No, thus if some amphids are 

missing the dye due to defects they may still be scored for positive. Although the percentage 

of ju164 lies relatively on the lower end, this dye filling phenotype appear to be consistently 

observed in the adult worms. There were no distinct morphological differences when 

comparing the amphid neurons of the wildtype N2 worms to the ju164 or e697 worms. 

However, this should be further studied to verify whether or not there are existing amphid 

neurons that klp-20 may play a role in which the DiI is not staining.  

 I was also able to look at L1 stages of all the strains and noticed a clear difference 

in DiI uptake. Following the same staining protocol, I noticed that most of the wildtype N2 

worms took up the DiI, with only one or two worms that presented a faint dye-uptake 

phenotype (Figure 17A-B). In the klp-20 mutants, I noticed a drastic defect in the dye-

uptake capability. At the L1 larva stage, neither the ju164 (Figure 17C-D) nor the e697 

(Figure 17E-F) animals were able to successfully take up the dye (0%) (Figure 15).  

 We have also made a functional klp-20::GFP reporter strain and we were able to 

previously detect klp-20::GFP being expressed throughout the nervous system, and in 
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particular is expressed in several amphid neurons (Figure 14). Following the same DiI 

staining protocol, I was able to look at the dye-uptake ability of this reporter strain. For 

both L1 larva and adult stages, the reporter strains seem to have rescued almost completely 

the dye staining phenotype. At the L1 larva stage, klp-20(ju164) rescued worms were able 

to take up DiI 93.5% of the time and klp-20(e697) rescued worms were able to take up DiI 

73% of the time, on average (Figure 15). At the adult stage, klp-20(ju164) rescued worms 

were able to take up DiI 100% of the time and klp-20(e697) were able to take up the dye 

89.5% of the time, on average (Figure 15). This helps us verify that the absence of dye-

uptake by the klp-20 mutants may be due to defects in KLP-20 functioning.  

 

Figure 15. Dye filling phenotype in wildtype N2 worms, klp-20 mutants and klp-20::GFP 
rescued animals. Both L1 larva (light grey) and adult (black) stages were observed for 
each strain. Worms were scored based on the presence or absence of amphid neuronal cell 
bodies. n>15 for all strains examined, * significant at p<0.05, *** significant at p<0.001. 
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Using the same DiI filling protocol, I looked at the dye-uptake phenotypes of the 

klp-11(tm324) and kap-1(ok676) to see if there are any obvious defects similar to those in 

the klp-20 mutants. Similar to the wildtype N2 worms that took up the dye almost 100% of 

the time, klp-11 and kap-1 mutants also display normal dye filling phenotypes. At the L1 

larva stage, klp-11(tm324) took up DiI 97% of the time and kap-1(ok676) took up the dye 

97% of the time, on average (Figure 16). At the adult stage, klp-11(tm324) took up DiI 

97% of the time and kap-1 took up the dye 96.5% of the time, on average (Figure 16). 

Although both strains were able to take up the dye, the phenotypes are very lightly stained 

and not all amphid neurons were detected. In both mutants, only a single amphid neuron or 

a faint cell body was visible, as indicated by the black arrowheads (Figure 17G-H). 

Previous work in the lab indicated that most of the worms of these two strains were not 

able to take up DiI (Griffiths, 2016). Nonetheless klp-20 mutants behave differently than 

the other subunits klp-11 and kap-1 suggesting a kinesin-II independent role. 

 

Figure 16. Dye filling phenotype in klp-11(tm324) and kap-1(ok676) mutant strains. These 
genes normally code for the other two subunits that together with klp-11 make up the 
kinesin-II motor. Both L1 larva (light grey) and adult (black) stages were observed for 
each strain. Worms were scored based on the presence or absence of amphid neuronal cell 
bodies. n>30 for all strains examined. 
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Figure 17. Dye uptake phenotype of L1 arrested worms. (A-B) All of the wild-type L1 
arrested worms successfully took up the DiI. (C-F) None of the klp-20(e697) nor the klp-
20(ju164) mutant L1 arrested worms took up the dye. A severe anterior epidermal 
phenotype (kinked head) may be associated with reduced dye uptake and defective cilia 
function (black arrows). (G-H) klp-11(tm324) can still take up the dye (weakly stained as 
mentioned previously).  
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4.9 Axonal extension of the PLM in klp-20 L1 mutants 

We propose that KLP-20 has function in the mechanosensory neurons since microtubule 

bundles are present. klp-20::GFP protein expression was not detected in the touch 

neurons. Thus, if there is a function in the touch neurons it would suggest that the protein 

may be working cell nonautonomously, or KLP-20 is present in the touch neurons but at a 

level below the level of GFP fluorescence detection. Mechanosensory neurons are the 

touch receptor neurons in C. elegans and there are 6 in total; ALML, ALMR, AVM, 

PLML, PLMR, PVM. At the L1 stage, only four of the mechanosensory neurons are 

visible; ALML, ALMR, PLML, PLMR. Due to this simplicity, I chose to focus on the 

PLM and ALM neurons. We use the zdIs5 strain (mec-4::GFP) to visualize this. Worms 

are scored at the L1 arrested stage and PLM lengths are calculated using the program Fiji.  

In wildtype N2 worms, the PLM axon extends past the ALM cell body 100% of the 

time (Figure 18B). In our analysis of the mechanosensory neurons, we observed 

significantly shorter PLM lengths and premature termination in the klp-20 mutants (Figure 

19C-D) compared to wild-type N2 worms (Figure 19A-B). In klp-20(ju164) mutants, the 

PLM axon was only able to successfully extend past the ALM cell body in 32% of the 

worms (Figure 18B). I also examined the mechanosensory neurons in the klp-20(ju164) 

rescued line. Similarly to the klp-20::GFP rescue strains, this construct rescues the bumpy 

body phenotype of the mutants. These animals seem to also rescue the termination of the 

PLM axon, where the PLM was able to successfully extend past the ALM cell body in 

73% of the worms which is a 41% increase (Figure 18B). 
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Figure 18. PLM length and axon termination. (A) PLM length of wildtype N2 worms. 
Start of PLM axon growth starts at the right side of the graph, marked by 0 µm. The PLM 
axon increases in length towards the left of the graph. This is depicted by the schematic of 
the worm above the histogram. Each bar in the graph grows by 10 µm, with the highest bar 
at 110 µm - 120 µm. n=42. (B) Ratio of PLM termination past the ALM cell body over 
early termination, scored for N2 (95%), klp-20(ju164) (32%) and klp-20(ju164) rescue 
(73%) animals. n>40 for each strain examined, * significant at p<0.05. 
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Figure 19. Mechanosensory neurodevelopment in L1 larvae. Location of PLM termination 
is indicated by the white arrowhead. (A-B) In wildtype N2 worms, PLM axons terminate 
at or past the ALM cell body (95%). (C-D) In klp-20(ju164) mutant worms, PLM axons 
terminate prematurely (68%). Visualized by pmec-4::GFP. n>40 for each strain examined. 
All images were taken using the Axioplan epifluorescent scope (FITC filter) at 63x: DIC 
with GFP overlay (left column), followed by identical GFP images. All images have 
labeled the ALM and PLM neuron at its cell body. The GFP images in the right column 
are overlapped with green tracings of the PLM and ALM neurons, therefore the 
aggregations in the mutants are not clear here. Refer to Figure S2 for aggregation defects. 
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4.10 Shortened PLM lengths in klp-20 L1 mutants 

In addition to observing the prematurely terminated PLM axons in the klp-20 L1 mutants, I 

was quantifying the specific lengths of the PLM neurons in comparison to wildtype N2 

worms. This is completed using the simple neurite tracer tool on the program Fiji to 

calculate the exact lengths of each worm sampled. Normally in wildtype worms, PLM 

axons are around 120 µm long, starting from the neuronal cell body and extending just past 

the ALM cell body. This is what I was able to observe as well in my samples where most 

worms had PLM lengths of in the range 110 µm - 120 µm (Figure 20). In contrast to 

wildtype worms, klp-20(ju164) mutant worms had much shorter PLM lengths and these 

measurements were also distributed over a much wider range. There was a plateaued 

pattern in the distribution of PLM lengths from the bar that began at 40 µm to 80 µm 

(Figure 20).  

In addition to the shortened PLM lengths, I noticed that along the axonal extension 

there were many more aggregations along the neuron compared to the control (Figure 

S2A-D). This may be due to defects in the motor ability of the KLP-20 kinesin to move 

along the microtubule tracks and as a result leads to more traffic and buildup along the 

tracks with other molecules also playing a role in axon development or regulation. Based 

on qualitative observation, it also seems that in worms with more severe morphological 

abnormalities, there is a correlation between the spatial position of the neuronal cell body 

and the position of the bumpy bodies (Figure 19C).  
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Figure 20. PLM length of wildtype N2 worms compared to the klp-20(ju164) mutants. 
Start of PLM axon growth starts at the right side of the graph, marked by 0 µm. The PLM 
axon increases in length towards the left of the graph. This is depicted by the schematic of 
the worm above the histogram. Each bar in the graph grows by 10 µm, with the highest bar 
at 110 µm - 120 µm for wildtype N2 worms. PLM axon lengths are shortened in klp-
20(ju164) mutants where the most worms fall under a wide range of lengths 40 µm -80 
µm. n>40 for each strain examined. 
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4.11 Shortened ALM lengths in klp-20 L1 mutants 

Comparison of the ALM neuron length of wildtype N2 worms to klp-20(ju164) mutants 

was also observed. In wildtype animals, it seems that the bar with the highest frequency 

was the 120 µm - 130 µm range. When I quantified the ALM lengths for klp-20(ju164) 

mutants, the bar with the highest frequency was the 90 µm - 100 µm range (Figure 21). It 

seems that although there was a shift in distribution, there was not as severe of a defect 

compared to the PLM lengths. This may rule out the possibility of the shortened PLM 

lengths to be due to the overall form of the worm being shortened. It was interesting to 

also note that in worms with morphological defects that are less severe, the bumpy bodies 

are generally located near the posterior region where the tail is formed. This may be due to 

some miscommunication in signaling of the PLM neurons with the epidermal cell 

migration during development. 

 
Figure 21. ALM length of wildtype N2 worms compared to the klp-20(ju164) mutants. 
Start of ALM axon growth starts at the right side of the graph, marked by 0 µm. Each bar 
in the graph grows by 10 µm, with the highest bar in the graph at 120 µm - 130 µm for 
wildtype N2 worms. ALM axon lengths are shortened in klp-20(ju164) mutants with the 
highest bar at 90 µm - 100 µm. n>40 for each strain examined. 



	

	 67	

4.12 PLM defects in kap-1 L1 mutants 
The heterotrimeric complex is made of three different subunits that together make up the 

kinesin-II motor and kap-1 is the accessory proteins which functions to bind cargo while 

the klp-20 and klp-11 work together to move along the tracks. It has been shown that 

kinesin-like proteins such as klp-11 and kap-1 are needed for proper PLM growth post 

injury suggesting a role in proper neurodevelopment and axonal growth of kinesin motors 

(Chen et al. 2011). It seems kinesin-II may partake in some important processes in 

neurodevelopment such as cellular transport and axonal extension. 

We have seen that normally in wildtype worms, PLM axons are around 120 µm 

long, starting from the neuronal cell body and extending just past the ALM cell body. 

Previously, I was able to observe that my control samples obtained the highest frequency 

at the bar with a 110 µm - 120 µm range (Figure 22). In contrast to wildtype worms, kap-

1(ok676) mutant worms had shorter PLM lengths as well where the bar with the highest 

frequency was the 80 µm - 90 µm range (Figure 22). I was also able to notice large 

aggregations along the PLM axons similar to the PLM neurons of klp-20(ju164) mutants. 

Thus kinesin-II heterotrimertic motor may be involved in mechanosensory neuron 

development (i.e., KLP-20 does not have independent function as in amphids, lethality and 

bumpy epidermis).  
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Figure 22. PLM length of wildtype N2 worms compared to the kap-1(ok676) mutants. 
Start of PLM axon growth starts at the right side of the graph, marked by 0 µm. The PLM 
axon increases in length towards the left of the graph. This is depicted by the schematic of 
the worm above the histogram. Each bar in the graph grows by 10 µm, with the highest bar 
at 110 µm - 120 µm for wildtype N2 worms. PLM axon lengths are shortened in kap-
1(ok676) mutants with the highest bar at 80 µm-90 µm. n>40 for each strain examined. 
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4.13 Tissue specific rescue in klp-20 mutants 

pmec-4::KLP-20 rescue in klp-20(ju164) mutants 

We have seen previously that when a mutation occurs in the klp-20 gene there seems to be 

defects in the development of the mechanosensory neurons of C. elegans. In klp-20(ju164) 

animals the lengths of the PLM axons were significantly shortened in comparison to the 

wildtype N2 worms. In the control, PLM is observed to complete its axonal extension just 

past the ALM cell body with the highest bar to be 110 µm - 120 µm (Figure 20). In 

contrast, klp-20(ju164) mutants had severely shortened PLM lengths that ranged from 40 

µm to 80 µm (Figure 20). The distribution patterns for both strains also differ, as we 

observe a normal distribution curve for the wildtype N2 worms while this curve is 

plateaued in ju164 animals.  

 To determine whether or not KLP-20 really played a role in the mechanosensory 

neurons, we injected KLP-20 back into the mutant worms but only in the mechanosensory 

neurons by expressing the klp-20 gene under the mec-4 promoter. In the histogram 

representing the PLM axon lengths for klp-20(ju164) mutants, the histogram is right 

skewed because we can observe the tip of the peak of the overall distribution pattern to be 

steering towards the left. This at the same time gives the histogram a positive skew to the 

right. These animals had PLM axons with the highest frequency number to be at the bar 80 

µm to 90 µm (Figure 23). This range is still not completely wildtype compared to the PLM 

lengths of N2 worms that averaged around the 110 µm - 120 µm.  This may represent the 

role of KLP-20 needed as a motor protein in the mechanosensory neurons to some degree, 

but also suggests that it probably has role outside of these neurons as well.  
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Figure 23. PLM length of wildtype N2 worms compared to the klp-20(ju164);quEx830 
[pmec-4::KLP-20] rescued animals. Data for klp-20(ju164) is included on the bottom for 
reference. Start of PLM axon growth starts at the right side of the graph, marked by 0 µm. 
The PLM axon increases in length towards the left of the graph. This is depicted by the 
schematic of the worm above the histogram. Each bar in the graph grows by 10 µm, with 
the highest bar at 110 µm - 120 µm for wildtype N2 worms. PLM axon lengths were 
slightly shortened in the rescued animals with the highest bar at 80 µm - 90 µm. It seems 
that the shortened PLM lengths were not completely rescued. n>40 for each strain 
examined. 
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Figure 24. Mechanosensory neurodevelopment in klp-20(ju164);quEx830 [pmec-4::KLP-
20] L1 larvae. Location of PLM termination is indicated by the white arrowhead. (A-B) 
Similar to ju164 animals, large aggregations were observed in the rescue strain (indicated 
by the red arrowhead). (C-D) Premature PLM axon termination were also observed in the 
same strain, klp-20(ju164);quEx830 [pmec-4::KLP-20] worms. Visualized by pmec-
4::GFP. n>40 for each strain examined. All images were taken using the Axioplan 
epifluorescent scope (FITC filter) at 63x: DIC with GFP overlay (left column), followed 
by identical GFP images. All images have labeled the ALM and PLM neuron at its cell 
body. The GFP image for D are overlapped with green tracings of the PLM and ALM 
neurons, for the sake of clarity. 
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Similar to the mutant animals I was also able to notice large aggregations along the 

PLM axons of the rescued strain (Figure 24A-B), perhaps indicating there is still a 

dysfunctional IFT system present that is causing the building of the important players 

needed to properly partake in the neuronal axon extension. Compared to the klp-20(ju164) 

animals the aggregations of the rescued strain appear to be even larger, perhaps indicating 

greater amounts of traffic in the neurons due to perhaps an overexpression of KLP-20. The 

location of PLM termination did not seem to be rescued at all. Normally in the wildtype 

worm the PLM tend to always terminate at or past the ALM cell body. However, in klp-

20(ju164) mutants, this phenotype only occurs in animals 32% of the time. In the tissue 

specific rescue, I was able to only observe the termination of the PLM axon at or past the 

ALM cell body 19.1% of the time, which is not significantly different from the mutant 

worms (p>0.05) (Figure 25B). 

Interestingly, although the phenotypes of the PLM neuron do not seem to be 

rescued, I was able to observe decrease in penetrance of the bumpy body epidermal 

phenotype. In the klp-20(ju164) animals we observe bumpy bodies on the worm around 

70% of the time. However when we inject pmec-4::KLP-20 into the mutants, I was able to 

only observe the bumpy body phenotype 19.1% of the time (Figure 25A). In addition, 

most of the worms that were observed to carry bumpy bodies scored in the lowest severity 

category.  



	

	 73	

 

Figure 25. Penetrance of the body body phenotype and the ratio of PLM termination past 
the ALM cell body were scored for klp-20(ju164);quEx830 [pmec-4::KLP-20] animals. (A) 
Severity of the bumpy body phenotype was scored based on three severity categories. The 
control showed the phenotype 0% of the time, klp-20(ju164) shows the phenotype 70% of 
the time and klp-20(ju164);quEx830 [pmec-4::KLP-20] shows the phenotype 19.1% of the 
time. The rescued strains seem to rescue the bumpy body phenotype of ju164 mutants. (B) 
In control animals, the PLM axon extended at or past the ALM cell body 95% of the time, 
in klp-20(ju164) 32% of the time and in klp-20(ju164);quEx830 [pmec-4::KLP-20] 19.1% 
of the time. n>40 for each strain examined, ns significant at p≥0.05, *** significant at 
p<0.001. 
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Pan neuronal, Prgef-1::KLP-20, rescue in klp-20(ju1640) mutants 

It is interesting that although a mutation in the klp-20 gene may cause such a drastic 

morphological change in the form of the worm, we were able to surprisingly observe that 

most of the KLP-20 expression is found to be in the nervous system. To confirm that that 

KLP-20 is in fact working in the nervous system, I carried out another tissue specific 

rescue experiment. I created a plasmid with the pan neural promoter prgef-1 driving klp-20 

and we injected this plasmid into klp-20(ju164) mutants to observed for penetrance of the 

bumpy body phenotype. I was able to observe that the bumpy body phenotype of the 

worms were worms were decreased and most animals that did have bumps observed on 

their body were categorized to have the least severe phenotype (black region of the bar) 

(Figure 26A). Normally in wildtype N2 worms, the shape of the body is long, smooth and 

slender 100% of the time with no bumpy bodies detected. I worked with klp-20(ju164) 

mutants due to the strain’s high penetrance of this abnormal epidermal phenotype (70% of 

the time). If KLP-20 does in fact play an important role in the worm’s nervous system, 

then we should be able to visualize the bumpy body phenotype to be rescued. I was able to 

observe the bumpy body phenotype in ju164 rescued animals 29.4% of the time (Figure 

26A-B). In addition, the of the worms that were scored as carrying this phenotype were 

observed to have only a slight bump on near the tail region (Figure 26C). Perhaps some 

components of the nervous tissues in the worm are affecting the epidermal cells through 

specific signaling pathways. This specific cross talk mechanism between the epidermal 

and neural cells is something that can be further studied in the future. 
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Figure 26. Bumpy body phenotype of klp-20(ju164);quEx830 [pmec-4::KLP-20] L1 
larvae. (A) Penetrance of the variable abnormal (vab) epidermal phenotype in wildtype 
and ju164 animals in comparison rescued line of klp-20(ju164). Severity of the phenotype 
is characterized by the different colored regions of the bars, defined by the legend. (B-C) 
Rescued lines of ju164 animals shows a significant degree of rescue for the bumpy 
epidermal phenotype. Most of the worms that were scored with a phenotype fell under the 
least severe category of one bump (C). n>40 for all strains examined, *** significant at 
p<0.001. 
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4.14 Time lapse embryogenesis 

klp-20 mutants are seen to be born with the bumpy dumpy epidermal defects that we have 

previously observed, which indicates that these defects must occur during the embryonic 

development of the mutant embryos. Due to transfer of the Axioplan microscope to a 

warmer room which resulted in the death of embryos, I was not able to perform enough 

time lapse microscopy (see Methods and Materials) to confirm exactly which stage during 

embryonic development the mutants were dying. However, I was able to view enough 

embryos to confirm that the onset of the epidermal defect in ju164 animals was during 

elongation. I collected time lapse videos of the complete embryonic development for N2 

wildtype worms (Figure 27A-D) and klp-20(ju164) mutants (Figure 27E-H). These 

experiments suggest that formation of the bumpy bodies occur during the elongation 

process of development. ju164 mutants undergoes normal cell divisions and 

developmental processes up until the comma stage. Then as the embryo elongates to 2-

fold, we observe the appearance of defective epidermal formations such as bumpy bodies 

on its tail, indicated by the white arrowheads (Figure 27G-H). 
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Figure 27. N2 wildtype and klp-20(ju164) elongation viewed by Nomarski DIC optics. (A-
D) Starting at the comma stage, N2 wildtype animals elongate their bodies to the 3-fold 
stage. (E-H) Starting at the comma stage, klp-20(ju164) mutants first show their bumpy 
epidermal defects when they elongate to the 2-fold and 3-fold stage. Development of the 
mutant embryo up until the comma stage appears wildtype. All embryos are imaged under 
63X. N=4 
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CHAPTER 5: Discussion  
 
vab-6, also now identified as klp-20, is part of a large vab morphology gene class that 

plays an important in morphogenesis and the final definition of the worm’s body shape. Of 

all the vab mutations that have been characterized, all of them show defects in epidermal 

development, from bumps throughout its body, deformities in the head or tail, and overall 

thickened body width in contrast to the long and slender form of the wildtype N2 worm. 

However, there has been strong evidence that these morphological defects are caused by 

various crosstalk between the epidermal cells and other internal systems in C. elegans. We 

have seen in vab-1 mutants the notch head epidermal phenotype is due to neuronal defects. 

Eph signaling is known to have a role in neural development where it promotes the growth 

cone collapse (Holder and Klein 1999). vab-2 mutants, which encodes a ligand for the 

VAB-1 receptor displays similar morphological phenotypes. We have also seen in some of 

the other vab mutants such as vab-10 and vab-19, that the underlying mechanism 

responsible for proper elongation during the later phase of embryo development depends 

on all the components of muscle attachment structures. These include VAB-10A/Plectin as 

well as intermediate filament proteins and the cytoplasmic adaptor protein VAB-19, are 

responsible for epidermal elongation past the two-fold stage (Bosher et al. 2003, Ding et 

al. 2003).  

 We have already seen that mutations in the vab-6/klp-20 gene causes deformities in 

the overall form of the worm, specifically, a bumpy epidermis that vary in severity as well 

as a twisted body that causes the worm to move in a rolling fashion. In addition, I am able 

to observe developmental defects similar to those seen in vab-9. VAB-9 is a cell junction 

protein, localizing to adherens junctions and results in defective egg laying (Simske et al. 
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2003). We have observed an embryonic lethality phenotype in vab-6/klp-20 animals and 

also deformities during embryonic development, especially at the later stages of 

elongation. In this thesis, I am able to show that klp-20/vab-6 mutants displays not only 

epidermal but also neuronal and embryonic developmental defects as well. For the sake of 

consistency, I will be using the term klp-20 for the remainder of the discussion. 

5.1 klp-20 may play a role in germline development 

I was able to observe an apparent decrease in brood size of klp-20(ju164) and klp-20(e697) 

animals when compared to wildtype N2 (Figure 11A). This phenotype is significantly 

enhanced when the worms were placed under a lower or higher temperature, 15°C and 

25°C respectively (except for e697 at 15°C). Normally N2 worms lay on average 300 

embryos during its life cycle. This significant decrease in brood size of the klp-20 mutants 

may be due to improper development of the gonad that impedes the ability of the worm to 

successfully lay eggs. Studies have shown that due to morphological defects in the body of 

C. elegans, the somatic adult gonad attains abnormalities (Wissmann et al. 1999, Simske et 

al. 2003, Cinar and Chisholm 2004). We have also seen that vab-9 loss of function causes 

egg laying defects in the worm. vab-9 have been seen to be expressed not only in the 

adherens junctions, but also in the uterus and vulva. Another vab member of this 

morphological gene class, vab-3, is observed to affect gonad cell migration in addition to 

its notched head phenotype (Wissmann et al. 1999, Piekny et al. 2000). Although I did not 

see KLP-20 expressed in the somatic gonad (except for distal tip cells), I was able to 

visualize pklp-20::GFP expression in the vulva area of the mutant animals. It is unsure 

whether or not these are the vulva cells or neurons (a possible follow up experiment). I 

was also not able to observe any morphological defects in that region. Interestingly, I was 

also able to visualize klp-20 being expressed in the distal tip cell of the animal, important 
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for germline development (Figure S6A-B). However, more imaging should be done to 

confirm this. I was also able to observe that rescued lines were unable to rescue the brood 

size of klp-20 mutants. KLP-20 was not expressed in the germline from our KLP-20::GFP 

translational and pklp-20::GFP transcriptional lines and this was expected as transgenes 

are silenced in the C. elegans germline. Since our rescuing constructs could rescue all of 

the other klp-20 phenotypes but not the brood size, this may provide evidence for us that 

KLP-20 also has a germ line role since the transgenes are silenced in the germline. We 

were also able to observe unfertilized oocytes from the larval lethality counts, which could 

be a reason for sterility or low brood sizes of the klp-20 mutants. This may be an area of 

interest to be examined in more detail in future studies. There are several techniques which 

we can use to look at germline expression such as the use of antibodies or using a germline 

promoter such as pie-1 tagged with KLP-20 to see if the germline expression can rescue 

the low brood size or sterility. We can use CRISPR to tag KLP-20 to visualize germline 

expression and maternal contributions. We can also look more carefully at oocyte 

cytoskeleton with available markers such as Tubulin-GFP. In the sea urchin egg cyosol, 

the prototypic kinesin-2 was purified via AMPPNP-dependent MT-affinity binding and 

biochemical fractionation as a heterotrimeric complex consisting of two different kinesin 

motor subunits and an associated subunit (KAP) (Scholey 2013). In the egg, large amounts 

of kinesin-2 are stockpiled which allows it to fulfill its essential role in ciliogenesis of 

motile cilia on the blastula-stage embryo, presumably driving anterograde intraflagellar 

transport (IFT) (Morris and Scholey 1997). These examples provide evidence that Kinesin-

2 may be functioning in the germline. 
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5.2 Embryonic development is regulated by klp-20  

I was able to show that in addition to the bumpy body phenotype of klp-20 mutants, these 

animals also showed defects in embryo development. It seems that the severity of this 

phenotype is not was strong compared to the morphological defects that seemed apparent 

in all of the mutant alleles for the klp-20 gene. However, in a couple of the strains such as 

klp-20(ju164) and klp-20(yz51) these mutant alleles did show a degree of embryonic 

lethality of up to almost 50%. These strains that were able to exhibit more penetrance and 

higher level of lethality may represent the strongest alleles. Given that klp-20 RNAi on the 

neuronal sensitive strain rrf-3(pk1426) showed 68% embryonic lethality, it is likely the 

klp-20 null phenotype is embryonic lethal. This is consistent with none of the klp-20 

alleles having complete deletion of the klp-20 gene. The klp-20(e697) animals, which were 

originally discovered by Sydney Brenner, did not represent a high level of embryonic 

lethality which may suggest that this strain does not represent a null allele.  I was able to 

verify through the klp-20 rescued strains that this phenotype was due to a defective KLP-

20, since we can observe that the phenotype is rescued to a certain degree (especially in 

ju164 animals) (Figure 5B). This embryonic phenotype along with the embryonic 

developmental defects shown by the ju164 and e697 mutants may further strengthen our 

observations that mutations in the klp-20 gene leads to improper formation of the 

epidermal cells during embryogenesis, especially during the elongation stage. 

 I was also able to show that ju164 and e697 animals showed a temperature 

sensitive phenotype. Whenever the worms were shifted into a higher 25°C or lower 15°C 

temperature in general the lethality, reduced brood size and bumpy body phenotype were 

enhanced. This may tell us that the KLP-20 protein works best under the standard 

temperature and perhaps under temperature stress under higher or lower temperature this 
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may impede the protein’s capability to fully carry out its function, or work at its most 

optimal rate of motility.  

5.3 klp-20 plays a role in amphid chemosensory neurodevelopment 

In C. elegans, the klp-20 kinesin-like protein is best known for its function as part of a 

heterotrimeric complex (kinesin-II motor), which walks along microtubule tracks to 

facilitate in the intracellular transport mechanism necessary for ciliogenesis, specifically 

for the development of primary cilia. We have seen that loss of function of this kinesin 

motor seems to disrupt proper cilia formation (Nonaka et al. 1998, Marszalek et al. 1999, 

Takeda et al. 1999, Marszalek and Goldstein 2000). In the worm the only type of cells 

where cilia is found is the amphid and phasmid cells which are found in the head and tail 

regions of the animal respectively. These structures are known to extend out past the 

cuticle to sample to external environment. I was able to show that the control worms were 

able to take up the lipophilic DiI through these structures and the dye stains the whole 

structure of the amphids allowing us to observe its complete morphology. Similarly in the 

studies of amphid morphology in the adult mutants worms, I was able to observe similar 

structures and proper positioning of the cell body and their axon extensions. Most of the 

ju164 and e697 animals also seemed to be able to take up the lipophilic dye. It is important 

to note here that scoring for dye uptake was completed as a “yes/no” and it may be 

possible that the worms are taking up the DiI only in select neurons.  When looking at 

worms at the L1 arrested stage, I was able to observe a significant difference in dye-uptake 

of the worms where there was failure to take up any of the dye at all. The reason that L1 

arrested worms are incapable at taking up the DiI compared to the adults could be due to 

the ability of adults sampled having better sustained such phenotypes during their earlier 

stages. Animals with more severe phenotypes especially affecting their proper 
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development would then eventually die off. Future work would be to score for percent 

larval lethality. This discrepancy between the L1 and adult may also be that at L1 stage the 

dendrites/neurites are growing slower in klp-20 mutants (klp-20 s needed for building 

these structures and in the absence they are built slower but given enough time, they will 

reach their final destination at the adult stage). This can be tested by picking a defective 

worm with its amphid neurons stained at L1 and then staining the adult to observe for any 

differences. I was able to further provide evidence that these observed phenotypes were 

due to the loss of klp-20 function by looking at the rescued lines of both mutants. These 

rescue animals were in fact able to almost completely rescue the dye-up take phenotype. 

There were also many animals observed with morphological defects in the head (a kinked 

head) that may suggest that in addition to a possible cause of defective cilia development, 

the morphological defects in the head formation may further impede the worm’s ability for 

dye-uptake.  

Studies have shown that mutations in any of the subunits that make up kinesin-II 

seems to some effect on the ability of kinesin-II to fully carry out its proper function. KAP 

mutations in C. elegans are observed to disrupt kinesin-II mediated transport in the sensory 

cilia (Ou et al. 2007). However in some studies which looked more closely at the 

morphology of the cilia, it has been found that single mutations in the klp-11 and kap-1 

gene as well as in the double mutants (klp-11;kap-1), there does not seem to be 

morphological defects in amphid development or in the dendritic endings of sensory cilia  

(Evans et al. 2006, Verhey et al. 2011). Epidermal morphological or lethality phenotypes 

were not reported. These studies were also completed on adults worms and they did not 

look at the phenotypes of worms at earlier stages. I was able to also find similar results 



	

	 84	

when working with the single mutation strains in klp-11 and kap-1. DiI uptake in klp-

11(tm324) and kap-1(ok676) for adult stages looked similar to wildtype N2, where worms 

were taking up DiI 97% and 96.5% of the time respectively (Figure 16). This was also 

similar in worms at the L1  larva stage where klp-11(tm324) and kap-1(ok676) worms 

were taking up DiI 97% and 97% of the time respectively (Figure 16). Since both strains 

were seen to be able to take up the dye (albeit less than wildtype), this may suggest that the 

cilia structure at least for some amphids is wildtype in these strains and that there are no 

developmental defects as well in their morphology and function. Under fluorescent 

microscopy, I was also able to observe that the position and morphology of the amphid 

structures seems wildtype in terms of cell body and axon location, despite the fact that 

staining seemed to be more faint and only a subset of amphid neurons seemed to be 

detected. One hypothesis could be KLP-20 may be able to somehow function 

independently from its other two subunits in the amphid neurons and have functions that 

may be redundant of the kinesin-II motor. Studies have shown that KLP-20 can form 

homodimers in vitro (Pan et al. 2010). 

5.4 klp-20 plays a role in mechanosensory neurodevelopment 

Many kinesins walk on a specific track that is composed of microtubules so we predicted 

that KLP-20 may play a role in the mechanosensory neurons of the worm, which is 

composed of microtubules. I decided to focus on the phenotype of animals at the L1 

arrested stage where there seems to be the highest penetrance for several of the phenotypes 

already examined. At the L1 arrested stage, it is also easier to characterize the phenotypes 

because there are only the PLM and ALM neurons present, contrary to the adult stage 

where all six of the mechanosensory neurons are present. The mechanosensory neurons of 

C. elegans works to detect particles in the environment and other animals in addition to 
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forces generated by their own motility. They develop their long axonal extensions starting 

at the cell body and these long processes innervate around one half of their body length, 

guided by a growth cone of actin filaments (Tanaka et al. 1995, Goodman 2006). Some 

vab proteins which help mediate neuron outgrowth such as VAB-8  (Kirszenblat et al. 

2013). Thus, I predicted that mutations in the KLP-20 protein may disrupt proper 

development of the mechanosensory neurons. To better understand how the development 

of the mechanosensory neurons were being affected by klp-20 mutants, I looked at klp-

20(ju164) animals with a zdIs5(mec-4::GFP) background. I was able to observe that PLM 

lengths in ju164 animals were significantly shortened where most animals had PLM 

lengths of around 40 µm to 80 µm unlike wildtpe N2 animals that had PLM lengths of 110 

µm - 120 µm (Figure 16). I was also able to take a look at the length of ALM neurons and 

did observe similar shortening phenotypes. However the defects in the ALM length did not 

appear to be as penetrant as the PLM neurons. Furthermore, most of the PLM neurons of 

the klp-20 mutants (68%) were not able to successfully terminate past the ALM cell body, 

which is the norm for wildtype N2 animals. This demonstrate a role that kinesin-II may 

play in regulation of proper development of the mechanosensory neurons through 

facilitation of the growth cone as well as mediating the polymerization of microtubule 

tracks. There are several vab genes that also share similar defective axon guidance 

phenotypes such as vab-3 and vab-8 (Chamberlin and Sternberg 1995, Chisholm and 

Horvitz 1995, Zhang and Emmons 1995, Wolf et al. 1998, Lai and Garriga 2004). 

klp-11 and kap-1 that are needed for proper regeneration of the PLM neuron after 

laser axotomy which suggests a role in proper neuron development and axonal extension 

(Chen et al. 2011). I also showed that mutations in the kap-1(ok676) mutants may 
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potentially play a role in proper neurodevelopment of the mechanosensory neurons. I 

observed that PLM lengths in kap-1(ok676) animals were shortened where most animals 

had PLM lengths of around 80 µm to 90 µm compared to wildtype N2 animals that had 

PLM lengths of 110 µm - 120 µm (Figure 18). It was also observed that along the PLM 

axon, there were large aggregations of GFP that was also observed in the klp-20(ju164) 

mutant worms. This may also indicate that due to improper formation of a fully operative 

kinesin-II motor, defective motility or functioning may lead to buildup of various IFT 

components or other cargo necessary for PLM axon extension and outgrowth. 

Interestingly, there may some type of correlation between the spatial positioning of 

the neuronal cell bodies of the ALM and PLM, and the location of the bumps on the body 

of the worm. For example, we observed that in worms with a less penetrant phenotype, the 

location of the single bump appears to be located near the tail of the worm and was 

commonly found to be the position where the PLM neuronal cell body was located. This 

may imply that the underlying mechanism that eventually defines the shape of the worm is 

not restricted to only the epidermal cells and signaling between each other. There seems to 

be some kind of cross talk between the epidermal cells of the worm and not only the 

nervous system, but also various other mechanism such as muscle-epidermal attachments 

as well.  

5.5 The affiliation between neurodevelopment and epidermal morphogenesis 

One of the most prominent phenotypes observed in all the klp-20 mutants seem to be the 

bumpy epidermal phenotype, which varies widely in the severity of the phenotype. We’ve 

seen that some animals appear to be completely wildtype while other worms appear to be 

highly deformed. Therefore, klp-20 seems to play an important role in establishing the 

overall body shape of C. elegans. However, the mechanisms which are responsible for 
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these morphological phenotypes are not just limited to the improper signaling between the 

epidermal cells themselves; the mechanisms encompass a broad scope of origins from 

neural to muscular. My thesis work tells us that KLP-20 functions cell nonautonomously 

in epidermal morphogenesis. Several of the other vab genes in the family have epidermal 

roles that function cell nonautonomously. For example, the notched head defects in vab-1 

mutants recently discussed are due to disruption in neuroblast migrations while the bump 

epidermis of vab-10 and vab-19 are due to defects in muscle epidermal attachments. In my 

DiI experiments I showed that klp-20 worms in the L1 stage failed to take up the lipophilic 

dye. In worms that were severely deformed, I was also able to see that several animals had 

deformities not only in their body but also formed a kinked head at the anterior region. 

This abnormal head formation may have been due to failure of the kinesin-II motor to 

properly function or even just the failure of KLP-20 itself to function properly if there are 

roles that it has outside of the kinesin-II motor.  

 I also looked at the mechanosensory neurons during the L1 stage and showed that 

klp-20 mutants have shorter mechanosensory neurons than wildtype worms. This neuronal 

defect could be an underlying cause of the epidermal abnormalities of the klp-20 mutants, 

where underlying developmental processes of the nervous system somehow leads to 

morphogenetic defects in the epidermis. Perhaps there is some form of cross talk that 

occurs between the two tissues and as a result of disruption of one or the other, this leads 

to improper cell signaling and thus failure of the epidermal cells to properly differentiate 

and migrate to the correct locations. One possible model could be that neurons provide 

signals to the epidermis and thus KLP-20 is part of the machinery to deliver these signals 

from the neurons to the epidermis. There is convincing evidence that homodimeric 
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kinesin-2 contributes to MT +TIP function to stabilize subsets of MTs and contributes to 

morphogenesis of epithelial cells (Scholey 2013). I have shown that kap-1 mutants also 

have a slightly stunted PLM length. These results may indicate that failure of the kinesin-II 

to properly function may lead to a defective growth cone maintenance which is a dynamic 

cytoskeletal vehicle that is important in driving the end of a developing axon. However, 

given that kap-1 mutants do not show a bumpy epidermis, the early PLM termination can’t 

be the sole cause of the bumpy body. The dynamic role of microtubules and the key 

players of actin networks are important in facilitating the extension of a developing axon 

which is essential in mechanosensory neuron development (Bearce et al. 2015). VAB-1, 

which is expressed in the neurons, can affect PLM length and has epidermal defects 

(notched head) reminiscent of klp-20 mutants. However, this mechanism is likely to be 

distinct as VAB-1 works in neuroblasts during ventral enclosure (Chin-Sang and Chisholm 

2000). It is probably that the kinesin-II motor plays important roles in facilitating proper 

neuron outgrowth and maintenance of the growth cone by regulating the polymerization of 

the microtubule tracks that make up several of the neurons and ciliary structures found in 

the worm. These neuronal phenotypes that we observe in the amphid neurons and the 

mechanosensory neurons suggests to us that KLP-20 has essential functions in the 

development of these neuronal structures as well as other neurons in C. elegans. 

5.6 Neuronal rescue of epidermal defects 

I was able confirm KLP-20 playing an important neuronal role in C. elegans by expressing 

klp-20 all over the nervous system using the prgef-1 promoter. In these rescued lines, I 

observed the bumpy epidermal phenotype only 29.4% of the time compared to 70% in 

ju164 animals. I was also able to generate some interesting results from the tissue specific 

rescue in klp-20 mutants. Previously, I found that the PLM lengths were shortened in klp-
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20 mutants and PLM axonal extensions terminated before the ALM cell body. We hoped 

to rescue this phenotype by expressing klp-20 selectively in only the mechanosensory 

neurons. However, when we expressed the klp-20 gene under the mec-4 promoter, we were 

not able able to observe rescue in the length of PLM extensions or the termination or the 

neuron in relation to the ALM cell body. The PLM axon in the rescue animals only 

extended past the ALM cell body 19.1% of the time (Figure 25B). In fact, some of the 

PLM neurons appear to be even more defective in the rescue animals compared to the klp-

20(ju164) mutants. One possible explanation for this may be the extra traffic that is now 

preset in the mechanosensory neurons due to the injection of pmec-4::KLP-20 in the 

worm. This may also explain the larger aggregations that we see in the PLM neurons 

(Figure 24B). Future studies should verify this by crossing out the klp-20(ju164) mutation 

to see if in fact heavy traffic of motor proteins in the neurons are causing a defect in their 

morphology and development.  

It is very interesting to note that although the PLM lengths were not rescued, the 

bumpy epidermal defect of ju164 animals were rescued by expressing klp-20 in the 

mechanosensory neurons. This may indicate that there is some kind of signaling 

mechanism, between the neurons and epidermal cells, that KLP-20 participates in to act 

cell nonautonomously and regulate the over formation of the worm. Perhaps even though 

the PLM neurons are still shortened, KLP-20 still acts as part of the machinery to deliver 

signals from the neurons to the epidermis. My thesis provided 3 pieces of evidence to 

show that KLP-20 functions in the neurons to direct epidermal morphogenesis in a cell 

nonautonomous fashion. This is based on: 1) KLP-20 is expressed in the nervous system, 

2) Pan neuronal or expression of KLP-20 just in the mechanosensory neurons can rescue 
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the epidermal defect and 3) klp-20 RNAi was only effective in a neuronal sensitive RNAi 

strain rrf-3.  

5.7 Embryonic epidermal morphogenesis is regulated by klp-20  

I was able to generate time lapse videos too look for the stage during embryonic 

development which the bumpy bodies are formed on the ju164 mutants (Figure 27). For 

the worm to properly undergo elongation from comma to its 2-fold stage, it requires proper 

assembly of its circumferential actin filament bundles (CFBs) as well as the support and 

tension that it provides. In C. elegans, this is regulated by the cadherin-catenin complex 

which is composed of  HMP-1(α-catenin), HMP-2 (β-catenin), JAC-1 (p120 catenin) and 

HMR-1 (cadherin), which are found at the adherens junction (Costa et al. 1998, Pettitt et 

al. 2003, Cox 2004). In hmp-2 mutants, we observe hatching of the embryo as a 

bumpy/dumpy larvae. I was able to detect similar morphological defects in ju164 animals. 

This may be to due to the failure of CFBs to properly contract and give the worm its final 

shape. It may also be that there is a lack of some neuronal factor responsible for producing 

the correct signals to mediate proper formation of the worm. Most klp-20 embryos undergo 

development and hatch normally. However, we know that the klp-20 mutants display a 

degree of embryonic lethality. More time lapse videos should be taken to look at exactly 

which stage during development some embryos are dying. A role for the muscle during 

elongation has been established (Priess and Hirsh 1986). My work on KLP-20 suggest a 

role for the neurons in the elongation process. This is exciting as a role for the nervous 

system in epidermal elongation has not been shown. 

5.8 Significance of kinesins in ciliogenesis 

Having a thorough understanding in of the klp-20 gene as well as its important functions in 

the worm is important, as it can be translated to our knowledge of its human homolog, 
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Kif3A. Similar to KLP-20, KIF3A also forms a heterotrimeric complex with 2 other 

subunits KIF3B and KAP3 (Yamazaki et al. 1996). It is known to function as a 

microtubule based translocator of membranous organelles and is also found to be 

expressed predominately in neural tissues (Takeda et al. 1999). There are still many 

aspects of this protein left to be characterized in terms of its function and mechanisms that 

it is involved in. A novel mechanism of left/right (L/R) symmetry was obtained through 

experiments with mouse models studying KIF3A/KIF3B (Nonaka et al. 1998, Takeda et 

al. 1999). In humans, our L/R body symmetry is determined by a designated nodal flow, 

which is generated by the tilted rotation of the cilia (Hirokawa et al. 2009b). There has 

been numerous signaling pathways which has been implicated in ciliary function such as 

the Hedgehog or Wnt signaling (Fliegauf et al. 2007). Defects in any of these important 

pathways or in the overall mechanisms of ciliogenesis are known to cause a group of 

disorders collectively known as ciliopathies. I also looked at L/R symmetry in klp-20 

mutants, however I was not able to observe a flip in LR determination in C. elegans 

(Figure S3). 

 I have discussed briefly before that one of the common ciliopathies is the Bardet-

Biedl syndrome (BBS), caused by mutations in one of the key membrane proteins, the 

BBSome, responsible for specialized protein trafficking into the cilium (Nachury et al. 

2007, Jin et al. 2010). This syndrome is characterized by obeisity, rod-cone dystrophy, 

renal abnormalities, polydactyly, male hypogonadism and learning disabilities. We have 

seen that failure to deliver the necessary ciliary components needed for proper cilia 

functioning and development may lead to ciliary dysfunction such as in the case of retinal 

degeneration, caused by the mistrafficking on Rhodopsin (Madhivanan and Aguilar 2014). 
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It has also been discovered that BBS proteins are needed for the trafficking of neuronal 

cilia cargoes such as Sstr3, Mchr1 and D1 (Berbari et al. 2008, Domire et al. 2011, Zhang 

et al. 2013). It is apparent that proper cilia development plays an important role in in many 

important developmental processes and various diseases in humans. Understanding the 

various roles of KLP-20 in neural and epidermal development and its association with the 

kinesin-II motor in C. elegans will be helpful for us to translate similar mechanisms back 

to humans. Hopefully by obtaining a better grasp on the function of kinesins we may be 

able to bridge the gap in areas of developmental biology that are still left unanswered, 

moving forward in our comprehension of the KIF3A protein in humans and its associated 

ciliary diseases. 
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CHAPTER 6: Conclusions and Future Directions 
 

It appears from the results presented in this thesis that the klp-20/vab-6 gene plays an 

important role in epidermal and neural development in C. elegans. Mutations in the klp-20 

animals results in several phenotypes in the worm which includes bumpy epidermal body, 

embryonic lethality, temperature sensitivity, and low brood size. I have looked several 

mutant alleles and decided to focus most of my work with only ju164 or e697 animals 

since these worms represent a higher penetrance in the bumpy epidermal phenotype. I was 

able to show that KLP-20 has a role in the nervous system based on its GFP expression in 
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the worm and proceeded to focus on two microtubule based neurons, the ciliated amphid 

sensory neurons and the mechanosensory neurons (particularly the PLM). Due to the early 

lethality in klp-20 mutants, I focused on looking at these phenotypes under the L1 larval 

stage. At this stage of development, ju164 and e697 animals have defective dye uptake of 

the lipophilic DiI, which may be due to abnormal function KLP-20 motor proteins working 

independently from its regular complex to properly assemble the cilia located at the 

dendritic endings of the amphid neurons. We were also able to observe truncated 

mechanosensory PLM axons in ju164 mutants which may indicate the role of KLP-20 in 

axon extension. More than half of these worms failed to extend their PLM axons past the 

ALM cell body, normally seen in wildtype worms. This may be due to abnormal 

functioning of Kinesin-II as kap-1 mutants also show this phenotype. Rescuing KLP-20 

pan-neurally rescued the bumpy epidermal phenotype, providing a cell autonomous role 

for KLP-20 in the epidermis. In addition, I showed through RNAi that only the neuronal 

sensitive strain rrf-3(pk1426) can give the worms a bumpy epidermis. KLP-20 expression 

is observed mostly in the nervous system of the worm (and perhaps in the DTC and the 

vulva cells). Expressing KLP-20 selectively back into only the mechanosensory neurons 

only partially rescues the truncated PLM neurons, but interestingly KLP-20 only in the 

mechanosensory neurons could significantly rescue the epidermal bumpy phenotype. This 

is one area of work that could be further studied. We provide strong evidence that KLP-20 

is needed in the nervous system for proper epidermal morphogenesis. Similar 

morphological defects have been observed in vab-1 mutants that caused defects in 

neuroblast movements. In vab-1 mutants, animals are observed to have a notched head 

phenotype where the underlying cause is believed to be an enclosure defect during 
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embryogenesis where the absence of epithelial cell migration over a neuronal substrate 

during ventral enclosure is observed (Chin-Sang and Chisholm 2000). KLP-20 may be 

participating in a similar cell nonautonomous process where the protein may alter neuron 

to epidermal communication. We have determined that the formation of the bumpy bodies 

is observed during the elongation process, however it is hard to resolve exactly how this is 

happening as the skin has already enveloped the embryo. We could explain the 

morphological defects in klp-20 mutants to be caused by the neurons within the worm 

through a common neuronal to epidermal signaling mechanism. Perhaps the cargo which 

kinesins carry is important in providing this signal for the epidermis.  I could get rescue of 

the bumpy body phenotype by expressing klp-20 under prgef-1. Perhaps kinesins play an 

important role in building ciliated structures in all neurons beyond the ones studied in this 

thesis. The mechanosensory neurons seem important in this regard as I was able to get 

partial rescue of the epidermal defect by expressing KLP-20 only in the mechanosensory 

neurons. 

 There are still many studies to be done to complete the picture and fully understand 

the function of the KLP-20 protein in C. elegans. We can verify that KLP-20 is not in the 

epidermis by looking at the colocalization of epidermal marker ajm-1::mCherry with pklp-

20::GFP. We are also unsure whether or not klp-20 is being expressed in the vulva cells or 

DTC so more localization experiments should be done with some known markers. A 

complete profile should be completed of all the amphid neurons in order to narrow down 

exactly which subset of neurons are being affected in the klp-20 mutants. We can do this 

by DiI staining the klp-20::GFP transcriptional reporters in the wildtype and mutant 

worms to observe for differences and determine the reason behind lack of DiI uptake in the 
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mutants. We can also cross each amphid neuron to the klp-20 mutant animals to observe 

for any morphological defects. This may help us better understand the role of KLP-20 in 

ciliogenesis and how defective function of the motor will lead to abnormal cilia by 

focusing on specific neurons. This will also help us determine if all the amphids or just a 

subset of neurons is affected in klp-20 mutants. More time-lapse videos should be taken to 

analyze embryos carrying epidermal markers to determine the stages that are associated 

with the bumpy epidermal defects of the mutants. We should also take more time lapse 

videos to determine exactly which stage during embryogenesis the klp-20 mutant embryos 

are dying. More studies should be done to verify whether or no KLP-20 truly plays an 

essential role in the PLM neurons. We can observed the developmental pattern klp-

20(ju164) worms expressing mec-4::GFP during embryonic development and overlap the 

expression pattern to DIC images of the same embryo to look for any correlation between 

the two developmental profiles. This may tell us whether or not the mechanosensory 

neurons are causing the bumpy epidermis. Understanding these developmental patterns in 

C. elegans is valuable as it will provide insight to the causes resulting in ciliopathies across 

organisms and other important mechanisms during morphogenesis. 

6.1 Suggestions for future experiments 

• Time lapse experiments of the complete embryo development of N2 and klp-

20(ju164) to confirm exactly which stage during embryogenesis the worms are dying 

• Complete DiI colocalization imaging for N2 and klp-20 mutants to determine which 

neurons are affected in klp-20 mutants and what is causing the lack on DiI uptake in 

L1 animals (DiI staining should be done on the klp-20::GFP transcriptional reporter 

in wildtype and mutant worms) 
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• Outcross the transgenic animals klp-20(ju164);quEx830 [pmec-4::KLP-20] with 

control N2 background to observe whether PLM neurons are effected by increased 

traffic of proteins in that region (the rationale here is to see if the overexpressing 

KLP-20 in the touch neurons has a defect on its own – if so it can explain why I was 

not able to rescue the PLM/ALM defects) 

• Cross each amphid neuron individually to the klp-20 mutant background to create a 

complete profile of how the amphids are being affected in the mutants (this will help 

determine if all the amphids or just a subset are affected in klp-20 mutants) 

• Collect time lapse of videos of developing neurons during embryogenesis (eg. PLM) 

of N2 and klp-20 mutants to observe for developmental defects in the mutant worms 

– this may help us determine whether or not klp-20 plays a role in the morphogenesis 

of these neurons 

• Colocalization of the epidermal marker ajm-1::mCherry with pklp-20::GFP to 

observe whether klp-20 is being expressed in the epidermis (this will help verify 

KLP-20 is not in the epidermis) 

• It is unclear if KLP-20 is being expressed in the vulva cells colocalization 

experiments can be done with known markers (eg. egl-17, cdh-3, ceh-2) to determine 

this 

• From the observed oocytes, we can test for fertility by crossing males to see if that 

increases the brood size (this would tell us if there is a defect in the sperm or sperm 

numbers)  
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APPENDICES 
 
Appendix A: Supplementary figures 

Figure S1. Expression pattern and localization in pklp-20::GFP (quEx807) transgenics 
during embryo development. All images were taken under the LSM 710 meta confocal 
microscope with Zen software. (A-B) N2 wildtype embryo viewed under 63X. Strong GFP 
expression is detected early during embryo development as early as approximately the 100 
cell stage. (C-D) N2 wildtype embryo viewed under 63X. Strong GFP is observed during 
embryo development to the comma stage. Each embryo imaged is a separate sample.  
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Figure S2. Mechanosensory neurodevelopment in L1 larvae. Location of PLM termination 
is indicated by the white arrowhead. PLM axon extensions are seen to have larger 
aggregations in klp-20(ju164) mutant animals (C-D) compared to the wildtype worms (A-
B). The aggregations are indicated by the white arrowhead. All images were taken using 
the Axioplan epifluorescent scope (FITC filter) at 63x: DIC with GFP overlay (left 
column, followed by identical GFP images. 
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Figure S3. Left-Right Asymmetry of internal organs in C. elegans. Selected organs are 
shown, with the gonad in white and intestine in black. All of the klp-20 mutants available 
at the time (ju164, e697, ok3013, ok2914) were scored for LR or RL asymmetry. The 
gonad and intestine asymmetries can be clearly seen under the microscope when the 
animals are rolled 90º onto their dorsal or ventral side. n ≤ 21 for all strains examined.  
 

 

Figure S4. Chemotactic indices generated from assays performed with wildtype, odr-10 
and two klp-20 mutants (ju164, e697) using either diacetyl as a test attractant or ethanol 
(control plates). Values are averages from at least three independent experiments (n>56 
worms) for each condition. 
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Figure S5. Colocalization of transcriptional reporter pklp-20::GFP expression and odr-
1::RFP in L1 arrested worms. The left column represents the pklp-20::GFP images, the 
middle column represents the odr-1::RFP images and the right column represents the 
overlay of both GFP and RFP images. Due to time restraints, N2 worms will need to be 
created and imaged. (G-I) Displays a clear representation of the colocalization of the AWC 
neuron to pklp-20::GFP expression all the way to the tip of the nose of the worm. 
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Figure S6. Expression pattern and localization in pklp-20::GFP transgenics. All images 
were taken under the LSM 710 meta confocal microscope with Zen software. (A-B) N2 
wildtype worms at adult stage viewed under 63X. In addition to the strong expression level 
detected in the nervous system, klp-20 expression may also be detected in the distal tip cell 
(DTC) of C. elegans (indicated by the white arrowheads). (C-D) ju164 worms at adult 
stage viewed under 63X. There were strong expression levels of klp-20 in the neurons of 
the worm. However, it is difficulty detecting the distal tip cell (DTC) in these mutants. Red 
brackets indicate the vulva region. 
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Figure S7. Prgef-1::GFP pan neural marker shows defect in klp-20 animals (right) where 
there is looping (black arrow) and branching (white arrow) compared to a checkerboard-
like pattern seen in wildtype N2 animals. Retrieved from Paw (2005). 
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Appendix B: Sequences for all primers used in this thesis 

klp-20 Projects PCR 
size 

Project 

oIC1314 
Forward 
klp-20 and 
GFP linker for 
stitching 
 

5’ - 
caattcgactacaacaattgctcacaATGAGTAAAGGAGA 
AGAACTTTTCACTGGAG 

1.7kb GFP 
expression 

oIC350 
Reverse 
GFP 
(pPD95.75) 

5’ - 
AAGGGCCCGTACGGCCGACTAGTAGGAAAC
AG  

  

oIC1069 
Forward 
klp-20 
Genomic DNA 
with promoter 
and 3’ UTR 

5’ - aattaagcttTTAGGAAGGATTGGACCGAG 9.5kb Genomic 
rescue  

oIC1075 
Reverse 
klp-20 
Genomic DNA 
with promoter 
and 3’ UTR 

5’ - TGGTTGCAGTCAGGGAAGTCG    

oIC1169 
Forward 
klp-20 
Promoter 

5’ - GGAGAAATGTGAGTATGCTGGCCT 9kb GFP 
expression 

oIC1313 
Reverse 
klp-20 
No stop codon 
for stitching 

5’ - TGTGAGCAATTGTTGTAGTCGAATTG   

oIC1900 
Forward 
klp-20 
Exon 1 

5’ - 
aattGCTAGCATGGAAGGTGCTGAAAAAGTGA
AAGT 

1.9kb Tissue 
specific 
rescue 

oIC1901 
Reverse 
klp-20 
Stop codon 

5’ - 
aattGGTACCTTATGTGAGCAATTGTTGTAGTC
GAATTG 
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Appendix C: Sequences deletion/insertion mutations of klp-20 

INTRON = YELLOW 

EXON = RED 

INSERTION = GREEN 

Allele Sequence Notes 
ok2914 Deletion: 

5’ - 
TACAACCTAGAACATATAGCCCTTGAAATTTGCCA
TATTTTGTTAGTTGAAAACTTTTTTCTAGCACTACT
CCCCGCGGAGATATGCCCTTTCAAAGTTCTTGCGG
CAAAAGAGTGTGGGTTGAGGGGAGACGCAGTGTG 
CGCGCGCCGCCTGCGTCTTCCCTCCCCCTACGCTC
TCTCGCCGCGCAAACTTCAAAGCTGCATAACTCCG
CGGGGGAGAGGAGCTATGAGAAAATTTTTAATTG
CAAAAATGTAGAGAATTTAATTTTCTATCAAAATT
TGAAAGTTTTCAGATTGCAAACGTTGGGCCTGCCA
CGTACAATTATGACGAGACGCTTTCCACGCTGAGA
TACGCAAATCGTGCGAAGAATATTCAAAACGTCG
CGAAAATCAACGAAGATCCCAAGGATGCTCAGCT
CAGGAAGTTTCAGCTGGAAATTGAGGCTTTGCGTA
AAATATTGGATGGTAAGCCATAAAATTATTTGAA
AATCTGAATTTTTTTTTCGGTTTTTCAGAAGAAAA
TCCCGGCGACGATGAGAATCAAGAAGAGGCCTGG
GAAGCGAAAATGCAGG 
Insertion: 
5’ - 
TTTTCTCCATTTCCACCTCCC 

The deletion 
loses all of exon 
7 and part of 8. 
The rest of exon 
8 gets spliced 
out along with 
the insertion. 
This causes the 
reading to be 
out of framing, 
and results in a 
stop codon in 
exon 9. 

ok2942 Deletion: 
5’ - 
ATTAATCTGAGCTTGAGCACGTTGGGTAATGTGAT
AAGCTCGCTGGTGGATGGGAAGTCAACGCATATT
CCGTATAGAAACTCAAAGTTGACGCGGTTGTTGCA
GGATTCGTTGGGCGGGAATTCGAAGACTGTAATG
GTGAGTGGTTTTAGGTTTTTAGGTTTTTGAACAGT
TTCACAGTACCTAGACTCCCTTGACTCACATAACT
CCTTAGAGCTGATTGCTATCAAAAATTTACAACCT
AGAACATATAGCCCTTGAAATTTGCCATATTTTGT
TAGTTGAAAACTTTTTTCTAGCACTACTCCCCGCG
GAGATATGCCCTTTCAAAGTTCTTGCGGCAAAAGA
GTGTGGGTTGAGGGGAGACGCAGTGTGCGCGCGC
CGCCTGCGTCTTCCCTCCCCCTACGCTCTCTCGCCG
CGCAAACTTCAAAGCTGCATAACTCCGCGGGGGA
GAGGAGCTATGAGAAAATTTTTAATTGCAAAAAT
GTAGAGAATTTAATTTTCTATCAAAATTTGAAAGT

The deletion 
causes loss of 
part of exon 6 
and 7. This 
causes the 
reading to be 
out of frame, 
resulting in a 
stop codon in 
exon 8. 
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TTTCAGATTGCAAACGTTGGGCCTGCCACGTACAA
TTATGACGAGACGCTTTCCACGCTGAGATACG 

ok3013 Deletion: 
5’ -  
ACTGGAGCACAAGGAGAGCGGTTGAAGGAGGCG
GCGAAGATTAATCTGAGCTTGAGCACGTTGGGTA
ATGTGATAAGCTCGCTGGTGGATGGGAAGTCAAC
GCATATTCCGTATAGAAACTCAAAGTTGACGCGGT
TGTTGCAGGATTCGTTGGGCGGGAATTCGAAGACT
GTAATGGTGAGTGGTTTTAGGTTTTTAGGTTTTTG
AACAGTTTCACAGTACCTAGACTCCCTTGACTCAC
ATAACTCCTTAGAGCTGATTGCTATCAAAAATTTA
CAACCTAGAACATATAGCCCTTGAAATTTGCCATA
TTTTGTTAGTTGAAAACTTTTTTCTAGCACTACTCC
CCGCGGAGATATGCCCTTTCAAAGTTCTTGCGGCA
AAAGAGTGTGGGTTGAGGGGAGACGCAGTGTGCG
CGCGCCGCCTGCGTCTTCCCTCCCCCTACGCTCTCT
CGCCGCGCAAACTTCAAAGCTGCATAACTCCGCG
GGGGAGAGGAGCTATGAGAAAATTTTTAATTGCA
AAAATGTAGAGAATTTAATTTTCTATCAAAATTTG
AAAGTTTTCAGATTGCAAACGTTGGGCCTGCCACG
TACAATTATGACGAGACGCTTTCCACGCTGAG 
 
Insertion: 
5’ - 
TTCAGCGTGGAAAGCGTCTCGTCATAATTGTACGT
GGCAGGCCCAACGTTTGCAATCTGAAAAAAAA 

The deletion 
causes loss of 
part of exon 6 
and 7. The 
insertion is read 
as an exon. The 
reading 
becomes out of 
fame and results 
in a stop codon 
inside the 
insertion region. 

 


