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Abstract 

The cilium is a protrusion of cell membrane. Both the protein and lipid contents 
of cilia are different from those of other parts of the cell membrane. While the 
transport of proteins into and out of cilia has been intensively studied, much 
less is known about how the lipid content of ciliary membranes is regulated. 
TAT-6 is a P4-family ATPase that is expressed in C. elegans ciliated neurons 
whose endings are exposed to the environment. To study the function of TAT-6 
and that other translocases in lipid transport in C. elegans ciliated neurons, I 
developed a technique to allow labelling of cilia with lipids. For the first time I 
used fusogenic liposomes to study the roles of all the TAT proteins in this 
organism in maintaining the lipid asymmetry in this organelle. Assessment the 
cilia with these liposomes showed that TAT-5 and TAT-1 translocase activities 
promote the transport of phosphatidylethanolamine (PE) and 
phosphatidylserine (PS) respectively and TAT-6 has an overlapping function in 
transporting both phospholipds. In C. elegans males, certain ciliated neurons 
release extracellular vesicles (EVs). The cilium is a site of EV biogenesis and 
shedding. I found that ciliated neurons in tat-6 mutant males produced 
significantly fewer EVs than those in wild type. tat-1, tat-5 and pad-1 mutants, 
however, produced far more EVs than those in wild type. PPK-3, CUP-5 and 
LMP-1 are proteins necessary for endolysosomal trafficking and lysosomes 
biogenesis, a process in which TAT-1 has previously been shown to function in 
C. elegans intestinal cells. I found that, like tat-1 mutants, ppk-3, lmp-1 and 
cup-5 mutant males release significantly greater numbers of EVs from cilia 
compared with wild-type. I found that increasing and decreasing the cGMP 
signaling cause defects in the response and turning behavior in male C. elegans 
respectively. Exposing wild-type males to high levels of 8-Bromoguanosine 
3′,5′-cyclic monophosphate strongly reduced response behavior. Males mutant 
for odr-3, which encodes a G protein were defective in response. Overall my 
investigations indicate that the regulation of lipid asymmetry and phospholipid 
transport is required for proper cilia function in C. elegans, that intercellular 
trafficking and lipid composition have important roles in EVs biogenesis, and 
that different TAT proteins can affect the size and number of EVs produced. I 
also showed that in male animals, cGMP is one of the mediators in mating 
transduction signal and that a high level of cGMP inhibits mating response 
behavior in male C. elegans. 
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Introduction 

1. Cilia 

Cilia are small hair-like microtubule-based organelles that emanate from the 

surface of cells in many different types of organisms (1). They are present in 

unicellular algae, in nematode worms such as C. elegans, in insects such as 

Drosophila, and in many different cells in mammals. Based on both their 

function and structure, cilia can be divided into two groups either motile cilia or 

primary cilia (2). 

Some primary cilia act as antenna to provide chemosensation, 

mechanosensation or thermosensation of the extracellular environment (3). 

They also transduce or regulate several signaling pathways (4) or play essential 

roles in cell motility.  

Motile cilia are present in the larger eukaryotes, such as mammals. For example, 

they are found in the lining of the trachea, where they sweep mucus and dirt out 

of the lungs (5). 

The basic structure of the cilium is conserved throughout evolution (Figure 1). 

At the base, is an organelle called the basal body, which is a modified 

centrosome. This nucleates the formation of a radial array of nine microtubule 

doublets lacking a central pair, which extend into the tip of the cilium and 

together form the axoneme (1). The surrounding membrane is called the ciliary 

membrane and is distinct from other membranes (6). The membrane of the tip 

contains cell-surface receptors that detect small molecules or proteins in the 

medium outside of the cell. In between the tip of the cilium and base is a region 

called the transition zone that anchors the axoneme to the ciliary membrane. 

The exact function of the transition zone is presently not very well understood 

but it is thought to act as a gate to exclude unwanted diffusion of proteins into 

cilia and selectively regulate molecules’ entry and exit (7). There are some 

proteins such as MKS/MKSR and NPHP that are localized specifically to the 

ciliary transition zone. These molecules are necessary for attachments between 
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basal body and transition zone which are thought to limit accumulation of 

nonciliary ingredients within the ciliary compartment (8).   

To assemble and maintain functional cilia, receptors and axonemal 

precursors are transported to and from the tip by several different protein 

complexes in a process called intraflagellar transport (IFT). IFT plays an 

essential role in moving the materials from the cell body to the assembly site. 

IFT trains are composed of IFT-A and IFT-B complexes and have been studied 

in detail and have been well characterized. IFT particles are transported 

anterogradely from the base to the tip of the cilium by heterotrimeric kinesin-II 

and returned retrogradely to the ciliary base by dynein-1B (9). The BBSome is 

another complex that participates in transporting ciliary membrane proteins 

through interactions with IFT trains (10). 

The membrane of cilia is not simply an extension of the plasma membrane but 

has a distinct phospholipid composition different from that of the plasma 

membrane (2). Studies in Trypanosoma have shown that ciliary membranes 

contain different amounts of steroids, glycolipids, and sphingolipids (11). 

However, how this difference arises and is maintained is not at all very well 

understood.  
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Figure 1: The schematic structure of primary cilium. The figure is reprinted 
under the creative commons 4.0 license from (13) .  

In one mechanism that might be responsible for this difference an essential role 

is considered for the lipid composition of intracellular vesicles exiting from the 

Golgi and fusing with cilia (12). The intracellular vesicles that fuse with cilia 

have a lipid composition different from those that fuse with other membranes 

such as the plasma membrane. Vesicles that are highly enriched in sterols, 

glycolipids and sphingolipids are formed in Golgi, with the aid of some specific 

proteins, transferred to the base of the cilium near the transition zone, where 

they fuse with the pericilliary membrane. The lipids enter the cilium and are 

transported to the membrane surrounding the ciliary tip. The other vesicles with 

different contents are transported intercellulary and fused with cell membrane. 

2. Caenorhabditis elegans (C. elegans)  

C. elegans is a tiny (0.25 mm long in larvae and 1 mm in adults) nematode 

(Figure 2). In spite of its small size, it has some of the same organ systems as 

larger animals including a mouth, pharynx, intestine, gonad and cuticle but 

lacks circulatory and respiratory systems. It has two sexual forms, males and 
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hermaphrodites (Figure 2). Males are smaller in size, and can be recognized by 

their fan-shaped tail. Males have a single-lobed gonad and a tail specialized for 

mating. Hermaphrodites have two ovaries and a uterus (14).  

 

Figure 2: Male and hermaphrodite anatomy. A. Male. Inset shows a magnified 
view of the tail region. B. Hermaphrodite. The figure is reprinted with the 
permission from WormAtlas (15).  

Hermaphrodites can multiply either by mating or by self-fertilization. With their 

own sperm they can generate around 300 self-progeny. When self-fertilized, less 

than 1.5% of offspring are males but about 50% of the cross progeny are males 

when hermaphrodites mate with males. C. elegans development occurs through 

four larva stages (L1-L4) and in every stage a new cuticle is made (Figure 3). 

After the last molt animals become adult and are fertile for several days. Adult 

wild-type hermaphrodites live 2-3 weeks after becoming adults (16). 

C. elegans lives in the soil, mainly in rotting vegetation, where it feeds on 

bacteria. Under laboratory conditions, it is routinely cultured in an agar petri 

dish seeded with Escherichia coli as a food source (17). Around 80% of human 

genes have an ortholog in the C. elegans genome (18).  
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Figure 3: Life cycle of C. clegans at 22°C. The figure is reprinted with the 
permission from WormAtlas (19).   

3. Cilia in C. elegans 

The number of neurons in hermaphrodites and males are 302 and 387 

respectively (20). Most neurons in C. elegans have a simple structure containing 

a few processes and their cell bodies are settled in the ganglia in the head, 

ventral cord, and tail. These neurons are connected to each other via synapses 

and gap junctions (21). There is no sodium-dependent action potential in these 

cells and C. elegans lacks voltage-gated sodium channels. There are instead a 

large number of potassium channels (22) as well as calcium channels. 60 of the 

302 neurons in hermaphrodites, and at least 114 of the 387 neurons in males 

have cilia at the ends of their dendritic processes (23). In hermaphrodites, these 

ciliated cells include 24 amphid neurons located in the head (Figure 4,5) (24) 

and 4 phasmid neurons in the tail (Figure 6) (25). None of these cilia are motile 
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but are instead primary cilia. The cilia allow chemosensory neurons to detect 

small molecules in the environment (23).  

 

Figure 4: C. elegans sensilla: Scanning electron micrograph (SEM) of adult C. 
elegans showing the six symmetrical lips surrounding the opening of the mouth 
and the sensilla of the lip region. (OL) Outer labial; (CEP) cephalic; (AM) 
amphid; (IL) inner labial. The figure is reprinted with the permission from 
WormAtlas (19).   
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Figure 5: Anatomy of amphid sensillum. A. Structure of the amphid opening, 
longitudinally. B. Invagination of the sheath-cell cytoplasm by amphid 
dendrites (long gray arrows), longitudinally. C. Longitudinal microtubule (MT) 
structure of amphid cilia. D. TEM of amphid channel cilia. The figure is 
reprinted with the permission from WormAtlas (26).  

In both sexes, ciliated neurons can be split into two classes based upon whether 

or not the cilium is in direct contact with the external environment. 26 ciliated 

neurons in hermaphrodites and 47 in males have endings that are directly 

exposed to the environment through pores in the cuticle termed sensilla (Figure 

4,5) (27). The ciliated endings of the remaining are not directly exposed to the 

environment but lie instead in the cuticle, in the body cavity (pseudocoelom) or 

embedded in sheath cells (Figure 5) (28). Because Cilia are not essential for C. 

elegans viability, researchers are able to get a lot of information from the 

analysis of mutants in which the cilia of ciliated neurons are not properly 

formed or do not properly function. Diversity of cilia structure, preservation of 

ciliary genes and the transparent body in this animal has made C. elegans a 

valuable model organism for ciliary investigation. Studies on this animal have 

made very significant contribution to the understanding of ciliogenesis and 

cilium function.  
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Figure 6: Structure of the tail tip. The phasmids are similar in organization to 
amphid sensilla, but are smaller. A. Epifluorescent image of left lateral aspect of 
PHA, PHB and PHC neurons. B. The same animal, ventral view. C. DIC image 
of the same animal to indicate cell positions. D. Epifluorescent image of PQR 
cilium that is a part of the left phasmid. E. SEM of an animal showing the left 
phasmid sensillar opening. The figure is reprinted with the permission from 
WormAtlas (26).  
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4. Mating  

The purpose of mating behavior is to promote survival and reproduction (29). 

Animals reproduce either sexually or asexually or both. In sexual reproduction, 

the sperm come from males and oocytes from females or hermaphrodites. In 

asexual reproduction, one animal is able to give raise the progeny either by self-

fertilization or parthenogenesis. C. elegans is one of the animals in which 

reproduction is accomplished either sexually or asexually. In asexual 

reproduction in C. elegans, the hermaphrodites are able to produce both sperm 

and oocytes; they self-fertilize to give the progeny. Because of the limited 

number of stored sperm, they can only produce up to 300 self-progeny. Around 

12 h after the L4 stage, they begin producing progeny for a period of 2-3 days 

until they have used all of their self-produced sperm. In sexual reproduction, 

hermaphrodites mate with a male that make them able to produce around 1000 

offspring (Figure 7) (30).  

 

Figure 7: Light microscopy image of a male copulating with a hermaphrodite. 
The figure is reprinted with the permission from WormAtlas (15).   

5. Male mating behavior 

One way to examine the ciliary neurons’ function in C. elegans is the male 

mating behavior that actually provides an excellent opportunity to define how 

sensory perception regulates behavior and motor programs. In C. elegans, male 
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mating is a complex behavior that can be broken down into simpler sub-

behaviors including response, turning, location of vulva, spicule insertion and 

sperm transfer (Figure 8) (31). The adult hermaphrodites emit a diffusible 

combination of cues such as ascarosides and provide sensory signals to attract 

the males (32). Once a male has found a hermaphrodite, however, subsequent 

copulatory behavior does not require ascarocides.  

1. Response behavior  

Both chemosensation and mechanosensation probably contribute to male 

response to hermaphrodites (33). A male (Figure 9) discovers a mate when he 

senses the cues provided by hermaphrodite or his sensory neurons in tail sense 

a potential hermaphrodite body. Then he begins the response by pressing his 

tail flush (Figure 10) against his partner’s body and moving backward along the 

hermaphrodite’s body scanning her body to find the vulva (31). AVA 

interneurons that are located in tail control the backward movement (34). 
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Figure 8: Illustrating male mating behaviors. Tail sensory structures (blue) are 
required for this step. The figure is reprinted with the permission from 
WormAtlas (15).  

In every male, nine bilateral pairs of finger-like rays (numbered, 1 to 9) spread 

out from the tail (35). Each ray contains sensory dendrites of an A-type (RnA) 

and B-type (RnB) neuron (31). Except for ray 6, all rays are open to the outside 

at their tip (36). Rays number 1, 5, and 7 are required for response during a 

dorsal contact and rays 2, 4, and 8 are necessary in a ventral contact (31). 

Although many chemosensory neurons in C. elegans are modulated by the cyclic 

nucleotides cAMP or cGMP (37), the exact mechanisms by which RnB neurons 

sense hermaphrodites is not fully understood.   
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Some genes such as lov-1, klp-6 and pkd-2 which are expressed in the male-

specific sensory neurons, are necessary for male response behavior; mutation in 

these three genes disturb the efficiency of response (38).  

 

 

Figure 9: Scanning electron microscope image of male. The figure is reprinted 
with the permission from WormAtlas (15).   

2. Turning behavior  

After scanning one side of hermaphrodite body to find the vulva, males execute 

a turn to flip to the other side. Both sensory signals from ray neurons and 

locomotion activity of CP neurons as well as EF interneurons control the turning 

behavior (31). Mostly rays (Rays 7–9) are necessary for turning behavior (39). 

This turn needs ventral curling of the tail accomplished mostly by contraction of 

diagonal muscles in the tail (39). R1B, R3B, R9B and male-specific posterior 

ventral nerve cord (CP neurons) contain serotonin (39, 40). CP motor neurons 

innervate the male-specific diagonal muscles that are important for proper 

turning (39). Serotonin stimulates the diagonal muscles in the tail by a 



 

13 

serotonin receptor, SER-1. Loss of ser-1 or mod-1 (a serotonin-gated chloride 

channel) function resulted in defects in the turning behavior in males (41) and 

males mutant in the genes required for serotonin synthesis such as cat-1, cat-4, 

and bas-1, also show defects in turning behavior (39). Also dopamine containing 

R5A, R7A, and R9A rays are needed for efficient turning; dopamine deficiency 

in cat-2 mutant causes a turning defect (42).  

3. Vulva location and spicule insertion 

While moving in ventral part, when a male senses the vulva it ceases moving 

backward, positions his tail exactly upon the vulva and pushes his spicule into 

the vulva. HOA and HOB are two sensory neurons that constitute part of the 

hook sensillum of the male tail (35). These neurons are needed for location of 

vulva during mating (31). Genes important for vulva location include lov-1, pkd-

2 and klp-6. Mutants lacking any of these genes are Lov (location of vulva) 

defective (38). PCB and PCC postcloacal sensory neurons and the SPC motor 

neurons are required for spicule insertion (43). 

 

Figure 10: Scanning electron microscope image of male copulatory apparatus. 
The figure is reprinted with the permission from WormAtlas (15).   

4. Ejaculation and plugging 
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After penetration, the male ceases his spicule movement and starts ejaculation. 

During this action, the spicule remains inserted for about a minute, a yellowish 

fluid passed through the cloaca and dissipated on the vulva surface (44). 

6. Hermaphrodites 

In hermaphrodites, ciliated neurons are required for the ability to sense 

different aspects of the environment including chemical compartments, 

osmolarity and temperature.    

1. Chemosensory (Che) and osmosensory (Osm) phenotypes 

In these behaviors the mutants with abrogated cilia fail to avoid some high 

osmotic substances such as 4M NaCl (Osm phenotype) (45) and the mutants 

with defective sensory neurons do not chemotax to volatile and non-volatile 

compounds (Che phenotype) (46).  

2. Mechanosensory  

Some ciliated neurons such as ADE and FLP have mechanosensory activity (47). 

A simple experiment to test the healthy structure of the cilia in C. elegans is dye 

filling. Because amphid and phasmid neurons in the head and tail have an 

ending that is exposed to the environment, they uptake a fluorescent dye. Those 

mutants having ciliary defects show an abnormal dye-filling (Dyf) phenotype 

and their neurons are not stained with fluorescent dye (48). 

7. EGL-4 

In C. elegans, protein kinase G (PKG) is encoded by the egl-4 gene (49). EGL-4 

regulates multiple sensory-dependent behaviors such as egg laying, initiation of 

dwelling (50), gas sensation (51), chemosensation (52), swimming (53), 

locomotion (54), life span, cell growth, quiescence and dauer formation (55) 

(56). Many of the processes that are affected in egl-4 mutants, are also affected 

by serotonin and its receptors (57).  
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Two different alleles of egl-4 mutations exist: egl-4 gain of function (GoF) and 

egl-4 loss of function (LoF). In the first one, the level of activity is increased, in 

the second one decreased. The researchers that characterized the alleles 

reported many opposite effects caused by the different types. For example they 

showed that longevity, retained eggs, body size, locomotion in the presence of 

food, intestinal darkness and dauer formation are increased in egl-4 (LoF) and 

decreased in egl-4 (GoF) (58).   

8. Phospholipid asymmetry 

Almost all cell membranes consist of a lipid bilayer containing phospholipids in 

which proteins are embedded. Phospholipids are inserted in a way such that the 

hydrophobic tails are separated from the water in cytosolic and extracellular 

spaces (59). 

The major phospholipids in plasma membranes and within intracellular 

organelles are phosphatidylserine (PS), phosphatidylethanolamine (PE), 

phosphatidylchoine (PC) and phosphatidylinositol (PI). These phospholipids 

are not symmetrically distributed but rather the two leaflets that make up most 

membrane bilayers show marked asymmetries with respect to their lipid 

compositions. In particular, PC is largely confined to the outer (exofacial) leaflet 

while (in the healthy cells) PE, PS and PI are mostly confined to the inner. Other 

lipids are also asymmetrically distributed. Specifically, sphingomylelin and 

glycolipids are often present in the outer leaflet (60). Lipid asymmetry is 

important in membrane stability and vesicle formation, fertilization, blood 

coagulation, adjustment of membrane protein function and phagocytosis (61). 

The regulation of these asymmetries depends on the movements of 

phospholipids through the cell membranes but phospholipids are amphipathic 

molecules so their transportation does not occur automatically. Rather, these 

movements are catalyzed by three types of proteins, flippases, floppases, and 

scramblases (Figure 11) (62). Flippases are membrane proteins that mediate the 

movement of phospholipids from exofacial to the cytosolic leaflet of cell 

membranes, whilst floppases are ABC-transporters that move phospholipids in 
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the reverse direction. The transportations that are carried out by both of these 

proteins depend on energy from ATP and are not bidirectional: rather transport 

is only in one direction (63). The bidirectional movements of phospholipids 

between two leaflets are mediated by scrambles without utilizing any energy 

from ATP (64).  

 

Figure 11: Flippases transport PE and PS from exoplasmic to the cytoplasmic 
leaflet. Floppases catalyze a reverse reaction. Scramblase, which is activated by 
an influx of Ca2+, translocate the phospholipids based on their concentration 
gradient to produce a symmetrical membrane. The figure is reprinted from (65) 
with permission from Elsevier (License Number: 5210711007672).  

9. P4-ATPases 

All flippases identified to date belong to a specific family of P-type ATPases, 

which are membrane proteins using energy from ATP to transport lipids and 

ions through biological membranes (66). There are five main classes of P-type 

ATPases (P1-P5); P4-ATPases are particular in transporting phospholipids 

across membranes.  

10. Aminophospholipid translocases in intracellular vesicle 
transport 

Lipid flipping can provoke the formation of endocytic-like vesicles (67) and 

accelerate endocytosis (68). Work in yeast has shown that P4-family ATPase 

proteins are important for the formation of transport vesicles in the intracellular 
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trafficking pathways (69). The P4-ATPases present in the yeast Saccharomyces 

cerevisiae, are Drs2p, Dnf1p, Dnf2p, Dnf3p and Neo1p and the function of these 

enzymes has been studied in some detail in this organism (70). 

Drs2p was the first phospholipid flippase to be discovered in yeast. It 

predominantly resides in the trans-Golgi network (TGN) and endosomes, and is 

thought to transport both PS and PE from the luminal to the cytoplasmic leaflet 

of membranes. By assessment of the transportation of fluorescently labeled PS 

and PE across TGN membranes, it was discovered that Drs2p has flipping 

function. Drs2p is required for the active translocation of PS but not PE or PC in 

cell membranes (71). 

Drs2p also participates in the creation of clathrin-coated vesicles (72). Mutation 

in Drs2p causes abnormal membrane construction, inability to generate 

clathrin-coated vesicles (73), and defects in protein transport from the TGN to 

endosomes and vacuoles (74). Dnf1p and Dnf2p are mostly present in cell 

membrane and utilize energy to transport PE, PS and from the outer to the 

inner leaflet of plasma membrane. Loss of these proteins result in PE 

externalization (75). Dnf1p and Dnf2p also are involved in the biogenesis of 

endocytic transport vesicles (76). Neo1p, another subfamily of ATPases that is 

the sole essential translocase protein in yeast, is involved in the retrograd 

transport between Golgi apparatus and ER (77). Thus, mutation in every one of 

these five P4-family ATPase genes in yeast causes defects in intracellular vesicle 

transport (72). 

11. Models for the involvement of translocases in vesicle 
transport within the endosomal and secretory systems 

P4-ATPases have an essential function in the biogenesis of transport vesicles in 

the endocytic and biosynthetic pathways in cells (78). Modification of the 

composition and distribution of lipids and some proteins such as coat proteins, 

SNARE and fission proteins, changes the dynamic membrane shape that leads 

to formation of the vesicular–tubular carriers and fusion of organelles (79). The 

proposed mechanism is the bilayer couple hypothesis. Based on this hypothesis, 
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when one leaflet of the bilayer expands through a local increase in phospholipid 

concentrations, the coupled leaflet follows, which leads to the bending of the 

bilayer (80). Bending the bilayer results in membrane curvature that serves as a 

binding scaffold for proteins of the trafficking machinery, which drive vesicle 

formation (Figure 12) (81). It has been shown that the generation of endocytic 

vesicles is augmented when the cytosolic leaflet surface area is increased upon 

administration of PS and PE (82). This model also is applicable for Drs2p-

catalyzed vesicle formation. When Drs2p translocates the phospholipids from 

the exoplasmic to the cytosolic face of the TGN, a positive curvature of the 

membrane is formed that bends the membrane towards the cytosol (83). PS 

creates negative charge on cell membrane because it is an anionic phospholipid 

and together with its cylindrical shape can bend and make a curvature in plasma 

membrane (84). PS flipped by ATP8A1 is required for recruitment of membrane 

fission protein to endosomes and for endosome-mediated trafficking in COS-1 

cells (85). The important role of PS flip-flop for the regulation of vesicular 

membrane traffic has been shown in several studies (86) (87) (88) (89).  
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Figure 12: (a). Comparison the functions of flippases, floppases and 
scramblases in the plasma membrane. (b). PS can induce local membrane 
curvature and recruit signaling molecules such as Ras, Rho and Src, and enable 
receptor endocytosis, vesicle formation and endocytic trafficking. The figure is 
reprinted from (90) with permission from Springer Nature (License Number: 
5210721294367).  

12. P4-family ATPases in mammals 

The human genome is predicted to encode 14 P4-ATPases (91) and they are 

arranged into four classes (Table 1).  
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Table 1. Classification of human P4-ATPases. 

Class 8 (ATP8A1, ATP8A2, ATP8B1, ATP8B2, ATP8B3, ATP8B4). 

Class 9 (ATP9A, ATP9B) 

Class 10 (ATP10A, ATP10B, ATP10D) 

Class 11 (ATP11A, ATP11B, ATP11C (61) 

 

Many of these P4-ATPases are present in the plasma membrane where they 

transport specific phospholipids from the extracellular to the cytoplasmic leaflet 

(92).  

The P4-ATPases ATP8A1, ATP8A2, ATP10B, and ATP11B are mostly localized to 

Golgi/recycling endosomal system. ATP8A1 and ATP8A2 preferentially 

transport PS across membranes, but can also use PE as a substrate and share 

overlapping functional activities (93). ATP8A1 and ATP8A2 also act in 

trafficking pathways and are necessary for endocytic recycling (63). It has been 

shown that ATP8B1 acts in the flipping of PS across the plasma membrane (94). 

ATP8B3 has been implicated in the transport of PS (95). ATP11A has PS as its 

primary substrate (96). ATP11C plays an important role in PS transportation 

and preventing PS exposure on cell surfaces of human erythrocytes; mutation in 

this gene causes mild hemolytic anemia (97). ATP8B1, a phosphatidylserine 

translocase, is important for maintaining the detergent resistant properties of 

the apical membrane of hepatocytes (98). Mutations in ATP8B1 lead to 

intrahepatic cholestasis (99). ATP9A and ATP9B localize to the Golgi and 

endosomal system (100) and they are required for trafficking pathways (63). 

13. P4-family ATPases in C. elegans 
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P4-ATPases that are expressed in C. elegans are named transbilayer amphipath 

transporters 1-6 (101). 

TAT-1 

TAT-1 is the orthologue of yeast Drs2p and promotes inward movement of PS 

from the outer to the inner leaflet to preserve the asymmetry distribution of this 

phospholipid in cell membranes in many cells (102) (103) (104). It is expressed 

in neurons, muscle, epidermis, and intestine (105). Deletion of tat-1 coincided 

with annexin V-detectable PS exposure in somatic and germ cells of the gonads 

(106). 

TAT-1 in endocytosis 

Endocytic trafficking has an important role in biogenesis, transportation and 

degradation of EVs. All eukaryotic cells take up extracellular macromolecules by 

invagination of a portion of their membranes. This process, which is mediated 

by vesicles, is called endocytosis (107). Clathrin-coated vesicles are formed first 

at the cell membrane, then uncoated and fused with early endosomes. Some 

molecules recycle to cell membrane via recycling endosomes and the rest are 

transferred to other organelles called late endosomes. At the end, molecules and 

vesicles are delivered to lysosomes to be degraded and digested (108). 

In C. elegans, TAT-1 is localized to the plasma membrane and endolysosomal 

system (105, 106). This protein acts in endocytosis and lysosome biogenesis in 

several organs including intestinal epithelial cells and oocytes; tat-1 mutants 

display impaired endocytic uptake of fluid-phase markers by the intestine and of 

yolk by oocytes (105).  

CHAT-1 is the chaperone of TAT-1 and they colocalize on the tubular domain of 

the early endosome and the recycling endosome (109). These two proteins 

regulate endocytic sorting and recycling (109). Mutation in chat-1 or tat-1 leads 

to an abrogation of membrane PS asymmetry, defects in the tubular membrane 

structure and disruption of the endocytic sorting/recycling (109). 
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TAT-2 

Relatively little is known presently about TAT-2, TAT-3 or TAT-4. The tat-2 

gene is expressed in the uterus, intestine, vulva and pharyngeal gland cells and 

shares 56% sequence identity with ATP8B1 (101). TAT-2 has a function in the 

regulation of post-embryonic growth of C. elegans (110). Although this protein 

is not pivotal for normal development or growth in this nematode under normal 

conditions, tat-2 mutants are growth-inhibited when deprived of exogenous 

sterol sources (101). In C. elegans synthesis of monomethyl branched-chain 

fatty acids (mmBCFAs) is mediated by a long-chain fatty acid elongase enzyme, 

ELO-5, and these mmBCFAs are pivotal for growth and development in this 

animal, as suppression of their biosynthesis causes larval arrest and death (111). 

TAT-2 acts in intestinal cells to oppose mmBCFA activity in regulating post-

embryonic growth, as mutations in the tat-2 suppress larva arrest caused by 

mmBCFA deficit (110). 

TAT-3 and TAT-4  

The tat-3 gene is expressed in phryngeal muscle cells, the buccal epithelium, 

rectal epithelial cells, hypodermis and adult vulva cells (101). tat-4 is expressed 

in the adult spermatheca, the uterus, rectal gland cells and the intestine (101). 

Both tat-3 and tat-4 mutants are hypersensitive to sterol deprivation but they 

are not essential for normal growth, development, or reproduction in C. elegans 

(101). 

TAT-5 

tat-5 encodes the C. elegans orthologue of yeast Neo1p and is widely expressed 

in all somatic tissues (101). In early embryonic blastomeres, TAT-5 acts to 

regulate lipid asymmetry of the plasma membrane: specifically, TAT-5 acts to 

restrict PE to the inner leaflet of plasma membrane (112). The loss of lipid 

asymmetry in embryonic blastomeres is associated with the over production of a 

type of extracellular vesicle termed ectosome (or microvesicle). In embryos 
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completely lacking TAT-5, the accumulation of vesicles between blastomers 

leads to defects in adhesion and hence to a failure of gastrulation. TAT-5 acts in 

the embryo together with a protein called PAD-1, which is the orthologue of 

yeast Dop2p, which has been shown to act together with Neo1p (113). Recycling 

of TAT-5 to the cell membrane requires three proteins that act within the 

endosomal system, VPS-34, BEC-1 and RME-8 (114). In embryos lacking vps-

34, bec-1 or rme-8, TAT-5 accumulates within the endosomal system causing 

embryonic cell membrane asymmetry to be defective (113). Also SNX-1, SNX-3 

and SNX-6 act to localize TAT-5 in C. elegans embryonic cell membrane (113). 

Another function of TAT-5 in C. elegans is in Wnt signaling. In larvae, certain 

cells produce a Wnt protein called EGL-20 that is important for development. A 

Wntless protein called MIG-14 is required for the proper transport of EGL-20. 

TAT-5 operates within the endosomal system to promote MIG-14 trafficking 

(115). 

TAT-6 

C. elegans tat-6 is 73% identical with tat-5 (101). Lars Nilsson in Simon Tuck’s 

lab has shown that the expression of this gene is almost entirely restricted to 

ciliated neurons (manuscript I). However, it is not expressed in all ciliated 

neurons but only in those that are directly exposed to the outside environment. 

In hermaphrodites, tat-6 is expressed in all six IL2 neurons, in amphid neurons, 

and in four phasmid neurons placed in the tail. In males, in addition to the 

amphid, phasmid and IL2 neurons, TAT-6 is expressed in CEM, R1B-R5B, R7B-

R9B and HOB sensory neurons.  

Although a TAT-6::GFP reporter is seen throughout the cells in which tat-6 is 

expressed, the protein accumulates markedly at the periciliary membrane 

compartment at the ciliary base (manuscript I).  
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14. Proteins whose functions may overlap that of TAT-1 in the 
endolysosomal system.  

CUP-5 (coelomocyte UP-take defective)   

CUP-5 is a Transient Receptor Potential protein in C. elegans that is the 

orthologue of mammalian TRPML1 (116). TRPML1 belongs to the mucolipin 

family of the Transient receptor potential (TRP) superfamily of ion channels 

(117). Mutations in MCOLN1, which encodes TRPML1, cause Mucolipidosis type 

IV (118). Enlargement of lysosomes, a delay in the transport of endocytosed 

lactosylceramide from late endosomes to the Golgi apparatus, and a delay in the 

transport of endocytosed material to lysosomes, are some examples of the 

defects that occur in Mucolipidosis (117). CUP-5 was originally identified in C. 

elegans on the basis of a mutation that disrupted endocytosis in scavenger cells 

called coelomocytes (118). In cup-5 mutant embryos, there is a significant 

enlargement of yolk granules and a defect in the degradation of endocytosed 

yolk proteins in developing intestinal cells (119). Also an enlarged endo-

lysosomal compartment in several cell types, including developing intestinal 

cells and coelomocytes is seen in worms with a cup-5 mutation (118) (120).  

LMP-1 (LAMP: lysosome associated membrane protein)  

Lysosome associated membrane proteins (LAMPs) are the most abundant 

glycoproteins of the lysosomal membrane and play a protective role against 

lysosomal hydrolases (121). Mutations in LAMP-2 gene cause a lysosomal 

glycogen storage disease that is characterized by accumulation of autophagic 

vacuoles in the heart and skeletal muscle (122). C. elegans has two LAMP-like 

proteins, LMP-1 and LMP-2 (123) (124). LMP-1 is enriched in the intestine and 

pharynx, whereas LMP-2 expression appeared to be restricted to the intestine 

(125). They maintain the lysosome integrity and dynamics and also stabilize the 

lysosome membrane (125). Also it has been shown that LMP-1::GFP is localized 

to lysosomes in coelomocytes (126).  Loss of lmp-1 affects lysosome-related 

organelles and alteration in intestinal granule populations (123).  
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PPK-3 (phosphatidylinositol phosphate kinase 3) 

PPK-3 acts in the late lysosome maturation process and ppk-3 mutants are 

vacuolated with grossly enlarged lysosomes (127). Also, loss of PPK-3 in C. 

elegans leads to accumulation of phagolysosomal vacuoles that are defective in 

phagocytic lysosome reformation (128).  

15. Regulation of P4-ATPase activity 

Because of their vital roles in maintain the cell membrane integrity and cell 

organelles activity, P4-ATPases are expected to be highly regulated. However, 

not much is known about this issue. Some researches in yeast have shown that 

phosphorylation is a way to regulate P4-ATPases activity. For example yeast 

Dnf1p and Dnf2p can get phosphorylated by flippase kinase 1 (Fpk1p), and 

Fpk1p and Fpk2p are needed for inward-directed phospholipid translocase 

across the plasma membrane of yeast (129). It is unknown whether other 

kinases interact with these P4-ATPases. Another example is the necessity of 

binding the phosphatidylinositol 4-phosphate to Drs2p for its proper activity 

(130). As well, binding Arl1p (ADP ribosylation factor-like protein 1) to Drs2p 

induces its flippase activity (131). Further research is required to unravel how 

the activity of other P4-ATPases is regulated through interaction with lipids and 

cytosolic proteins. 

16. Extracellular vesicles (EVs) 

General features and functions  

Chargaff and West published the first report about EVs in 1946 when they 

observed procoagulant platelet-derived particles in blood (132). In 1983, Isser 

Brody, Gunnar Ronquist and colleagues from Uppsala University in Sweden 

published the first reports about prostasomes as secretory granules and vesicles 

in human prostatic fluid (133) (134). Johnstone and his colleagues published the 

first report about exosomes in 1987 and they described these particles as 
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intraluminal vesicles of multivesicular endosomes that are secreted upon fusion 

of these endosomes with the plasma membrane (135).  

In culture, all cells are capable of secreting various types of EVs and this process 

is evolutionary conserved from organisms such as prokaryotes to higher 

eukaryotes (136). In mammals, they are present in plasma, urine and saliva and 

can be used as diagnostic markers in diseases (137). EVs provide a potent mode 

of communication between cells and allow the transmission of macromolecules 

such as proteins, lipids and nucleic acids thereby influencing the recipient cell 

functions (138). 

EVs have been implicated in large numbers of physiological and pathological 
actions. 

In the immune system, they are thought to mediate toleratory and stimulatory 

responses (139). They can affect tumor progression (140), activate T-cells (141) 

and propagate pathogens (142). EVs can contain factors affecting other cells 

even at long distances. For example, EVs from cultured colon cancer cells 

containing muted K-RAS that can confer a transformed phenotype to other 

cultured cells and EVs from glioma cells containing an epidermal growth factor 

receptor stimulating the growth of neighboring cells (143). Thus, they are 

thought to be involved in disease progression and metastasis (144). 

EVs that come from some cell types contain cathepsin B and adamalysins, which 

remodel the extracellular matrix during tumor invasion. They can influence 

angiogenesis that is required for large solid tumors (143). Also, EVs from tumor 

cells, by inhibiting the Notch signaling, increase vessels’ branching (145). 

In the central nervous system, EVs act in interneuronal communication (146), 

signal transduction (147), regulating synaptic plasticity (148) and myelination 

(149). They have also regenerating and renovating features. For example, 

injection of EVs from cardiac progenitor cells improved cardiac function in 

cardiac infarction (150). Those EVs containing miRNAs from endothelial cells 
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decreased atherosclerotic lesions (151) and EVs from muscle cells enhanced 

neurite growth (152). 

Another role of EVs is regulation of cell homeostasis and maintaining the proper 

function of cells (153). It has been proposed that they also facilitate intercellular 

communication perhaps by allowing the transport of proteins (154), RNAs (155) 

or DNA (154). 

17. Two types of EVs: ectosomes and exosomes 

Two different types of extracellular vesicles (EVs) are recognized, exosomes and 

ectosomes (Figure 13). The two types of EVs differ from each other both with 

respect to way they are formed and their size distributions. Ectosomes are 

constructed by the direct outward budding from the plasma membrane and 

their size is around 100-500 nm (although they can be as large as 1 micrometer 

in diameter). Other terms for ectosomes are microvesicles and shedding 

vesicles. Exosomes, on the other hand are intraluminal vesicles (ILVs) 

constructed by the inward budding of endosomal membrane to form MVBs. 

When MVBs fuse with the plasma membrane, exosomes are released (size range 

about 50-150 nm) (156).  
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Figure 13: Microvesicles bud directly from the plasma membrane. Exosomes 
are released by fusion of multivesicular endosomes (MVEs) with the plasma 
membrane. The figure is reprinted under the creative commons 3.0 license from 
(157).  

18. Molecular mechanisms regulating the formation of 
exosomes and ectosomes 

Exosomes  

Exosomes, are also referred to as intraluminal vesicles (ILVs) (158). Their 

biogenesis originates in the endocytic pathway (159). First, early endosomes are 

generated by the inward budding of cell’s plasma membrane, then invagination 

and maturation of the limiting membrane of early endosomes leads to the 

formation of late endosomes and multivesicular bodies (MVBs). MVBs are 

involved in the endocytic and trafficking functions of the cell’s material such as 

protein sorting, recycling, storage, transport, and release (160). Eventually 

MVBs either fuse with lysosomes to digest or fuse with plasma membrane to 

release their contents to the extracellular environment as exosomes. (161). 
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Multiple factors are involved in the origin and biogenesis process of exosomes. 

The most studied mechanisms involve the endosomal sorting complex required 

for transport (ESCRT) proteins that at the membrane of MVBs regulate cargo 

targeting into ILVs (162), the Rab family proteins that mediate MVB maturation 

and trafficking to the plasma membrane (163) and the SNARE (soluble N-

ethylmaleimide-sensitive fusion attachment protein receptor) complexes that 

are required for MVB fusion with the plasma membrane (164). SYX-5 is a 

SNARE protein in C. elegans and targets MVBs to the plasma membrane 

through the Ral-1 small GTPase (165). Lipids also participate in exosome 

formation. Ceramide, a cone-shaped lipid, that is produced by 

Sphingomyelinases drives budding of exosome vesicles into multivesicular 

endosomes (166) and regulates autophagy which affects MVB homeostasis 

(167). A role for P4-ATPases in exosome production in mammalian cells also 

has been reported (168). ATP9A is localized in the plasma membrane and in 

intracellular transport compartments and depletion of this flippase protein in 

the human hepatoma cell line resulted in overproduction of EVs with 

characteristics of exosomes (169). Although the regulation of MVB and exosome 

formation and release is mostly through the above-mentioned mechanisms, the 

exact mechanism is still not fully understood.  

Ectosomes 

Because of the little attention and a deficiency in the number of investigations 

that are aimed to characterize this type of EV, there is a limited knowledge on 

the biogenesis, functions and contents of ectosomes. It has been proposed that 

lipid externalization could facilitate ectosome formation on the plasma 

membrane (170). Except TAT-5 until now no any P4-ATPase has been shown to 

inhibit ectosome formation (112). Loss of tat-5 function in C. elegans causes 

shedding large numbers of ectosomes from blastomere that disrupts the 

embryonic development (112). Other proteins that are not P4-ATPases such as 

OSM-3, BBS-8 and UNC-101 are also potentially involved in the production of 

ectosomes in C. elegans (171). 
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19. Contents of EVs  

Exosomes contain some type of lipids such as cholestrol, sphyngomyelin and 

ceramide that are also important for their generation (172). Protein markers for 

exosomes include tetraspanins, which also take part in vesicle formation (173), 

clathrin, annexin, flotillin, stomatin, integrin, matrix metalloproteinase, p-

selectin and lysosomal associated membrane protein called LAMP (174). There 

is a vigorous and ongoing debate in the literature about which of these proteins 

are found only in exosomes, and which are found in all EVs. 

Other molecules found in exosomes include Argonaute (an RNA-binding 

protein) (155), actin, vimentin, talin, and enzymes like Phosphoglycerate Kinase 

(175).  

20. Degradation of EVs 

After their release, a fraction of vesicles are thought to stay intact for 

considerable time before breaking down. Those vesicles that are resistant to 

breakdown, remain in extracellular fluids, and move among the cells to reach 

adjacent tissues (176).  

21. Ciliated cells produce ectosomes 

Ciliary cells produce EVs (177). The earliest report related to the ciliary vesicles 

dates back to 1975 when researchers demonstrated that gametic 

isoagglutination in the green algae Chlamydomonas reinhardtii required 

vesicles budding from the flagellar membrane (178). [The flagellum in 

Chlamydomonas reinhardtii has a similar structure to cilia in other organisms]. 

In Chlamydomonas, the ciliary vesicles are also required for degradation of the 

mother cell wall during hatching of daughter cells after mitosis (179). Release of 

ectosome-like membrane vesicles from cilia has been demonstrated in several 

other species (179-181). Ciliary ectosomes are released by renal cells in mice and 

humans (182). It has been demonstrated that ciliary ectosomes can originate 
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from different parts of cilia. They can bud from periciliary membrane (183), 

axonemal shaft (184) or tip (185). They have been proposed to have multiple 

functions such as disposing the membrane proteins (186), cilium disassembly 

(187), ciliary formation (188), altering ciliary membrane composition, 

controlling ciliary structure and modulating ciliary signaling (177). They contain 

ciliary membrane proteins, enzymes, and various signal molecules that act to 

communicate between cells (187). However, the mechanisms affecting the 

release of ciliary ectosomes is not understood.  

In Caenorhabditis elegans, ciliated neurons that have been shown to release 

ectosomes include (in both sexes) the 6 type-two inner labial (IL2) neurons as 

well as 21 neurons specific to males. These include 4 cephalic male neurons 

(CEM) in the head (Figure 14), 16 bilateral B-type ray neurons (RnB) and one 

hook neuron (HOB) in the tail (189). EVs that are shed from these male-specific 

neurons are loaded with polycystin proteins, LOV-1 and PKD-2 (189). In 

response to the presence of hermaphrodite mating partners, C. elegans males 

modulate EV cargo composition by increasing the ratio of PKD-2 to CIL-7 EVs 

(190). CIL-7 is a myristoylated protein that likely functions in targeting proteins 

for vesicular trafficking (191). As described above, LOV-1 and PKD-2 are 

required for male mating behavior including response behavior and vulva 

location (192). KLP-6 is expressed in the polycystin-expressing neurons where it 

is needed for appropriate ciliary localization of PKD-2 (193). klp-6 mutant 

males, are also defective in both response and location of vulva behaviors 

nevertheless lov-1 and pkd-2 mutants showed more severe mating behavior 

defects than klp-6 (193). Although in the above mentioned and the other studies 

the release of ciliary EVs has been shown, still it is not known how they are 

produced. Recently, it has been shown that amphid neurons also produce 

ectosomes (171).  
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Figure 14: CEM neurons in male C. elegans secret vesicles. Vesicles travel 
along the cilium to be released into the environment. The figure is reprinted 
from (194) with permission from Elsevier( License Number 5210730850890) .  
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Materials and Methods 

C. elegans husbandry.  List of strains used in the study 
Strain Genotype Reference 
VB3030 unc-119(ed3op); 

svIs144[tat-6p::tat-
6::GFP unc-119(+)] 

This work. The strain was 
made using a fosmid 
clone obtained from the 
TransgeneOme project 
(195) 

VB3005 unc-119(ed3op); 
svEx941[tat-5p::tat-
5::GFP] 

This work. The strain was 
made using a fosmid 
clone obtained from the 
TransgeneOme project 
(195) 

VB3041 unc-4(e120); 
svEx967[tat-6p::mCherry 
unc-4(+)] 

This work 

OH10101 otIs323[cho-1p::GFP elt-
2::DsRed2] 

(196) 

VB3057 otIs323[cho-1p::GFP elt-
2::DsRed2]; svEx967[tat-
6p::mCherry]  

This work 

VB3158 him-5(e1467); 
svEx990[nphp-1p::nphp-
1::mCherry rol-
6(su1006)]  

This work 

VB3159 svIs144[tat-6p::tat-
6::GFP]; him-5(e1467); 
svEx990[nphp-1p::nphp-
1::mCherry] 

This work 

VB3270 svEx1004[tat-6p::tram-
1::mCherry rol-
6(su1006)]  

This work 

VB3274 svIs144[tat-6p::tat-
6::GFP]; svEx1004[tat-
6p::tram-1::mCherry rol-
6(su1006)] 

This work 

VB3092 unc-4(e120) daf-
19(m86); svIs144[tat-
6p::tat-6::GFP unc-
119(+)] 

This work 

VB3171 cil-1(my15); svIs144[tat-
6p::tat-6::GFP unc-
119(+)] 

This work 

DR1720 unc-4(e120) daf-19(m86) (24) 
FT207 tat-5(tm1741)/hT2 [bli-

1(e937) let(q782) qIs48] 
(112) 
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(I,III) 
EW15 tat-1(kr15) (105) 
VB2114 tat-3(tm1275) This work. The strain was 

generated by 
backcrossing tat-
3(tm1275) (101), kindly 
provided by the National 
Bioresourse for the 
nematode 

VB2829 tat-4(tm1801) This work. The strain was 
generated by 
backcrossing tat-
4(tm1801) (101), kindly 
provided by the National 
Bioresourse for the 
nematode 

VB3094 tat-6(sv85) This work 
VB3016 tat-6(ok1984)  This work. The strain was 

generated by 
backcrossing tat-
6(ok1984) in a strain 
kindly provided by the 
Caenorhabditis Genetic 
Center, OH, generated by 
the C. elegans gene 
knockout consortium.  

VB3282 tat-5(tm1741)/hT2[bli-
1(e937) let(q782) qIs48] 
(I,III); tat-6(sv85) 

This work 

VB3020 tat-5(tm1741)/hT2[bli-
1(e937) let(q782) qIs48] 
(I,III); tat-6(ok1984) 

This work 

DA609 npr-1(ad609) (197) 
VB3289 tat-1(kr15); npr-1(ad609) This work 
VB3290 tat-5(tm1741)/hT2[bli-

1(e937) let(q782) qIs48]; 
npr-1(ad609) 

This work 

VB3305 tat-6(sv85); npr-1(ad609) This work 
VB3205 him-5(e1467); 

svEx983[pkd-
2p::mCherry rol-
6(su1006)] 

This work 

VB3206 tat-6(ok1984) him-
5(e1467); svEx983[pkd-
2p::mCherry rol-
6(su1006)] 

This work 

VB3113 svIs144[tat-6p::tat-
6::GFP unc-119(+)]; him-

This work 
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5(e1467); svEx983[pkd-
2p::mCherry rol-
6(su1006)] 

VB3152 tat-1(kr15); him-5(e1490) This work 
VB3204 tat-6(sv85) him-5(e1490) This work 
VB3245 tat-6(ok1984) him-

5(e1490) 
This work 

PS3401 lov-1(sy582); him-
5(e1490) 

(198) 

PT8 pkd-2(sy606); him-
5(e1490) 

(38) 

PS3398 lov-1(sy582); pkd-
2(sy606); him-5(e1490) 

(38) 

VB3045 lov-1(sy582); tat-
6(ok1984) him-5(e1490) 

This work 

VB3218 pkd-2(sy606); tat-
6(ok1984) him-5(e1490) 

This work 

VB3251 lov-1(sy582); pkd-
2(sy606); tat-6(ok1984) 
him-5(e1490) 

This work 

VB3144 lov-1(sy582); pkd-
2(sy606); tat-6(sv85) him-
5(e1490) 

This work 

VB3054 nIs133; him-5(e1467) This work 
VB3055 nIs133; tat-6(ok1984) 

him-5(e1467) 
This work 

VB3306 nIs133; sid-1(pk3321) him-
5(e1490); lin-15B(n744); 
uIs72[myo-2p::mCherry 
unc-119p::sid-1(+) mec-
18p::mec-18::GFP] 

This work 

VB3279 nIs133; tat-6(ok1984) 
him-5(e1490); lin-
15B(n744); uIs72[myo-
2p::mCherry unc-
119p::sid-1(+) mec-
18p::mec-18::GFP]  

This work 

 
1. Dye filling of ciliated neurons  

1 µl of a 2 mg/ml solution of DiO in dimethyl formamide was diluted with 200 

µl of M9 buffer. 20 worms were added to 40 µl of this solution placed in a 

depression slide and incubated for 30 min at room temperature. Then, the 

worms were transferred to a fresh plate and allowed to crawl on a bacterial lawn 
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for about 3 h to destain. They were transferred to an agarose pad containing 5 µl 

of 2 mM levamisole in M9 buffer (which immobilizes them). The presence or 

absence of staining was determined by fluorescence microscopy using the red 

filter.  

2. Genotyping worms by PCR  

Single worm lysis 

1.2 µl of 10 mg/ml Proteinase K was added to 200 µl single-worm lysis buffer 

containing 50 mM KCL, 10 mM Tris.HCL pH8.2, 2.5mM MgCl2, 0.45 Tween 20, 

0.45% NP-40, 0.01% gelatin. The worm to be lysed was picked into 30 µl of 

MilliQ water placed in a depression slide to bath to get rid of the bacteria 

attached to it. 5 µl of the lysis buffer plus Proteinase K was added to the lid of a 

PCR tube. The worm was moved from the water into the lysis solution. The 

process was repeated for all the worms to be analyzed. The worms were 

incubated at 60°C for 1 h and then at 95°C for 15 min to inactivate the 

proteinase K.  

Genotyping 

PCR was used to genotype worms potentially carrying deletion mutations in 

genes of interest. For each PCR reaction, 2 µl of worm lysate prepared as above 

were added separately to a reaction mixture containing 11.95 µl of H2O, 2 µl of 

10x reaction buffer, 2 µl of a solution containing 2 mM of each dNTP, 1 µl 

primer mix (containing 5 pmol of each primers), 1 µl of 50 mM MgCl2 and 0.2 µl 

of Taq DNA Polymerase. The PCR reactions were done under conditions known 

to work with the particular primers used. Mostly a typical reaction condition 

was: 2 minutes at 94°C then 29 cycles of: 30 s at 94°C (denaturation), 30 s at 

58°C (annealing) and 30 s at 72°C (extension), then 10 minutes at 72°C. Finally, 

10 minutes at 8°C to cool. The sizes of the PCR products were determined by 

agarose gel electrophoresis. 
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3. Preparation and delivery of fusogenic liposomes 

Liposomes were prepared from a mixture of 1,2-dioleoyl-sn-glycero-3-

phosphoethaolamine (DOPE), 1,2-dioleoyl-3-trimethylammoniumpropane 

(chloride salt) (DOTAP) and the relevant fluorescently labelled phospholipid at 

a ratio of 47.5:47.5:5 in a 1:3 (v/v) mixture of CH3OH and CHCl3. A stream of 

nitrogen gas was used to generate a thin film of lipid from which liposomes were 

formed by the addition of 20 mM HEPES (pH 7.5). The final lipid concentration 

was 2.8 mM. Glass beads were added and the mixture sonicated for 30 min 

(Transsonic T310, Elma, Singen, Germany). 1 µl of liposome suspension was 

added to 100 µl of M9 buffer and 30 µl of the mixture were placed into a well on 

a depression slide. Adult worms were added to the drop and allowed to bathe in 

the suspension for 15 min. The worms were then washed briefly in M9 buffer to 

remove excess liposomes, transferred to on an agarose pad containing 5 µl of 2 

mM levamisole in M9 buffer (which immobilizes them). Then photographed 

with fluorescence optics at 1000-fold magnification under a Leica DM6000 B 

microscope or at 630-fold magnification under a Nikon A1 confocal microscope.  

4. Lipid reagents 

1-oleoyl-2-(6-((4,4-difluoro-1,3-dimethyl-5-(4-methoxyphenyl)-4-bora-3a,4a-

diaza-s-indacene-2-propionyl)amino)hexanoyl)-sn-glycero-3- 

phosphoethanolamine (TopFluor® TMR PE), 1-palmitoyl-2-

(dipyrrometheneboron difluoride)undecanoyl-sn-glycero-3-

phosphoethanolamine (TopFluor®-PE), 1-palmitoyl-2-(dipyrrometheneboron 

difluoride)undecanoyl-sn-glycero-3-phospho-L-serine (ammonium salt) 

(TopFluor®-PS), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and 

1,2-dioleoyl-3-trimethylammoniumpropane (chloride salt) (DOTAP) were 

purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Chloroform 

(CHCl3) and methanol (CH3OH) were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine 

Perchlorate ('DiI’) was purchased from SigmaAldrich.  
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5. Measurement of lipid uptake into ciliated neurons 

We used two methods for quantifying the staining of cilia with fluorescent 

derivatives of PS or PE. In one method, animals were sorted into three groups 

based upon the staining of the cell bodies of phasmid neurons. A group in which 

the cell bodies of the phasmid neurons stained the same as wild-type worms (we 

consider them as normal staining), a group with weak staining (some staining 

was observed but less than that of wild type) and the last group with no staining. 

For each genotype, at least 30 animals were examined.  

In the second method, a photomicrograph was taken of the phasmid neuron cell 

bodies with a Leica DFC360 FX camera and the fluorescent intensities were 

measured by Image J software. For every worm, only the phasmid neuron pair 

closest to the objective was photographed. 

6. Analysis of vesicles released by ciliated neurons 

Vesicles released by CEM, HOB and RnB neurons in males are labelled by the 

PKD-2::GFP marker (199). Therefore, to assess the effect of mutations in 

different genes on vesicle release, strains were first generated containing the 

mutation to be tested, a mutation in him-5 (which increases the frequencies of 

males in populations), and a transgene encoding PKD-2::GFP. For evaluating 

vesicle production from ciliary neurons, L4 stage males that were beginning to 

molt were transferred into a 5 µl drop of M9 buffer on an agarose pad on a 

microscope slide (200). The male was observed initially with bright field optics 

under a Nikon A1 confocal microscope. After the male had molted, a Z stack was 

generated using fluorescence optics of the vesicles within the L4 cuticle. The 

total number of vesicles was determined and their sizes were measured with the 

aid of Image J software.  
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7. Male mating assays 

Response assay  

To assay the response of male worms to hermaphrodites, we used a protocol 

described by Barr et al (198) with slight modifications. 5 cm nematode growth 

medium (NGM) agar culture plates were seeded with 13 µl of a suspension of E. 

coli OP50 bacteria. The bacteria were allowed to grow at room temperature one 

night before the assay. 10 wild-type hermaphrodites that had become adults not 

more than 24 hours prior to the assay were placed on the lawn and allowed to 

acclimatize for 10 minutes. 4 males that had become adult between 8 and 24 

hours previously were added to the plate and their behavior monitored for 10 

minutes. Whenever a male responded to a hermaphrodite, the time it had taken 

to respond was noted and it was removed from the plate. For each genotype, at 

least 16 males were examined.  

Turning assay  

30 hermaphrodites were placed on a thin bacterial lawn generated with 13 µl of 

a culture of OP50 bacteria. A male that had become adult between 8 and 24 

hours previously was added to the plate and its turning behavior monitored. 

After response to the hermaphrodites, the males started the scanning of the 

body with their tails. When they reached either the hermaphrodite head or tail 

they turned to flip to another side of the body. A turn was judged to be “good” if 

the male’s tail was in continuous contact with the hermaphrodite throughout 

the turn. A “sloppy” turn is defined as a turn in which the male succeeded in 

making the turn but the tail lost contact with the hermaphrodite during the 

turn. A turn is said to have been missed if the male’s tail sailed off the end of the 

hermaphrodite and contact was not reestablished.  

8. Making tat-6 construct via Gateway 

In the first stage, by using F31KO4 fosmid DNA as the template, tat-6 GIF as the 

forward primer and tat-6 GIR as the reverse primer, the tat-6 promoter was 

cloned into Gateway vector pDONR P4-P1r to give the position 1 entry clone 
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pVB663SR. The sequence of the insert was determined to be wild type. By using 

pDD346 (obtained from Addgene) as the template, mNeonGreen for and rev 

primers, mNeonGreen was amplified by PCR and cloned into pCR-BluntII-

TOPO to give VB665SR. The plasmid insert was checked by sequencing and by 

digestion with EcoRI enzyme. By using this plasmid as the template, attB1-

mNeonGreen forward and attB2-mNeonGreen reverse primers, mNeonGreen 

was cloned into Gateway vector PDONR-221 to give the position 2 Gateway 

entry clone pVB664SR. The plasmid insert was checked by sequencing and 

digestion with EcoR1. tat-6 gene sequences were amplified with the primers RE 

NotI tat-6 GW3 for and RE HindIII tat-6 GW3 rev using F31KO4 as the 

template and cloned into pBSIIKS(+) digested with NotI and HindIII to give 

plasmid pVB666SR. pVB666SR was linearized and the insert was transferred 

into pDONR P2r-P3 to give the position 3 entry clone pVB667SR. At the final 

stage, pVB663SR, pVB664SR and pVB667SR were used as templates in a 

Gateway LR reaction to generate pVB668SR, which contains a tat-

6p::mNeonGreen::tat-6 transgene encoding a protein in which mNeonGreen is 

fused to the N terminus of TAT-6. The plasmid was checked by digestion with 

PvuII enzyme. mNeonGreen sequences in the construct are codon optimized for 

C. elegans.  

Results 

Paper I: 

I.1: Effect of tat-5 and tat-6 mutations on the production of 
extracellular vesicles by ciliated neurons  

Male-specific neurons including CEM, HOB, R1B-R5B and R7B-R9B, have been 

shown to produce ectosomes, a type of extracellular vesicle (EV) (189). The 

ectosomes produced by these neurons contain LOV-1 and PKD-2, two proteins 

required for mail-specific mating behaviors.  

To study the effect of lipid translocases on EV production, I assessed the EVs 

derived from the male ciliated neurons in different tat mutants. I evaluated both 
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the number and sizes of vesicles. The number of EVs released by male ciliated 

neurons in tat-5 mutants was significantly more than wild type and in tat-6 

mutants was significantly fewer than wild type. The mutations in tat-2, tat-3 

and tat-4 had no effect on the number of EVs released by ciliated neurons. 

Measuring the EVs diameter from different strains showed that those released 

from tat-5 mutant males and those from tat-5; tat-6 double mutants are 

significantly larger than those produced by wild type. Also, the size of EVs in 

tat-6 mutants was slightly bigger than wild type.  

In pad-1 mutants also the EVs were noticeably larger than those released by 

ciliary neurons in control worms. The number of their vesicles was significantly 

more than wild type. 

These findings prove that TAT proteins have important roles in the regulation of 

EV biogenesis.  

I.2: Fusogenic liposomes can be used to deliver labeled lipids 

to C. elegans ciliated neurons with exposed endings  

To examine whether TAT proteins could act as a phospholipid translocases in C. 

elegans ciliated neurons, we first tried exposing worms to solutions containing 

different purified fluorescently labelled lipids. This is the standard method used 

in translocase research in vivo (201). Although the experiments worked well to 

study phospholipid transport in C. elegans intestinal cells (105), pure 

fluorescently labelled lipids alone didn’t label ciliated neurons.  

Advances in lipid biology have led to the development of fusogenic liposomes, 

liposomes generated in vitro with defined lipid composition that are able to 

deliver fluorescently labeled phospholipids to the membranes of target cells 

(202). For these experiments, I collaborated with Dr. Richard Lundmark, UmU, 

who has considerable expertise producing liposomes with defined 

phospholipids composition. I tested staining of C. elegans ciliary neurons with 

fluorescently labelled PS and PE delivered with fusogenic liposomes and I found 

that amphid and phasmid neurons in intact wild-type worms could be efficiently 
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labelled with both PS and PE. Quickly (within five minutes) the exposed cilia in 

adult hermaphrodites labeled and both phospholipids were moved from cilium 

to the dendrite. Shortly afterwards, labeling was seen along the dendrite to the 

cell body. Phasmid neurons have shorter dendrites and staining of the cell 

bodies was more efficient with these neurons.  

Therefore, the lipids delivered to the exposed ciliary membrane are capable of 

moving (or being moved). There was no staining in other parts of the body. 

Furthermore, no ciliary staining was seen in daf-19 mutants, which do not have 

cilia, demonstrating that the presence of cilia is necessary for the uptake of 

lipids delivered with fusogenic liposomes. 

I.3: Ciliated neurons in tat-1 mutants are defective in the 
transport of PS not PE  

I examined the uptake of labeled phospholipids into the neurons in all tat 

mutants. Exposing tat-1(kr15) adult hermaphrodites to fusogenic liposomes 

indicated that labeled PS is not transported efficiently in this mutant. About 

75% of animals showed weak staining and, in the rest, labeling was the same as 

wild type. Fluorescence intensity in the cell bodies was decreased significantly. 

The uptake of labeled PE to the cell body of phasmid neurons in tat-1 mutants, 

however, was as strong as in wild type indicating that the major PS transporter 

in ciliary cell membranes is TAT-1. Uptake of Dil, a membrane intercalating dye, 

was normal in tat-1 confirming that loss of tat-1 does not cause cilia to fail to 

become exposed.  

I.4: TAT-2, TAT-3 and TAT-4 are not required for labelling of 
cilia with fusogenic liposomes  

It is demonstrated that these proteins are not expressed in the C. elegans 

nervous system (101). Both PS and PE efficiently labeled the neurons of tat-2, 

tat-3 and tat-4 mutants indicating that the translocases they encode are not 

required for labelling with PS or PE.  
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I.5: tat-5 mutants have defects in the uptake of PE 

Assessment of tat-5(tm1741) single mutants demonstrated that staining with PE 

was significantly weaker in about 70% of animals. The remaining percent were 

stained as wild type. PS transportation in tat-5 single mutant was the same as in 

wild-type. In embryonic cells increased amounts of PE but not PS was seen in 

extracellular leaflet of tat-5 mutants (112). 

I.6: TAT proteins have redundant functions mediating the 
uptake of phospholipids into ciliated neurons 

tat-6 is expressed in ciliated neurons that have exposed endings. TAT-6 protein 

is 73% identical with TAT-5 (101). I used two tat-6 mutants to examine the role 

of tat-6 in transporting phospholipids in ciliated neurons. tat-6(ok1984) is a 

small deletion and tat-6(sv85) is a larger deletion and removes most of the 

gene. The uptake of neither PS nor PE was defective in the tat-6 single mutants 

and staining was as in wild type. I found, however, that tat-6 mutations could 

enhance the defects caused by mutations in tat-1 or tat-5.  25% of tat-1 mutants 

were not defective in uptake of labeled PS but tat-1; tat-6 double mutants 

showed significant reductions in fluorescence intensity. This defect is most 

severe in the tat-1; tat-6(sv85) double mutant: none of the animals were stained 

effectively as wild type. Likewise, although about 70% of tat-5 single mutants 

were defective in uptake of labeled PE, this deficit was worse in tat-5; tat-6 

double mutant animals. The tat-5; tat-1; tat-6 triple mutant animals displayed 

the strongest defects. The weak staining that still remained in double mutants 

was completely absent in most tat-5; tat-1; tat-6 triple mutant worms. In dye 

filling assays, their neurons were efficiently stained indicating that their cilia are 

intact and still extended to the exterior. 

Based on these findings I propose that TAT-6 might facilitate both PS and PE 

transportation in ciliary cell membrane in C. elegans. Overall, all these data 

show that tat genes have overlapping functions in the transport of PE and PS 

into ciliated neurons.  
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Paper II:  

II.1: Male neurons in tat-1, lmp-1, cup-5, ppk-3 and chat-1 
mutants release large numbers of EVs  

Mutations in tat-1 cause a very striking effect in the intestines of C. elegans 

mutants: intestinal cells become filled with intracellular vesicles that have the 

characteristics of enlarged MVBs (105). In addition to those in chat-1, mutations 

in three genes, lmp-1, cup-5 and ppk-3, give rise to phenotypes in the intestine 

that are strikingly similar to those caused by tat-1 mutations. LMP-1, CUP-5 and 

PPK-3 proteins affect the biogenesis of lysosomes and of other organelles in the 

endolysosomal pathway (203). I showed that mutations in any of the genes 

encoding these proteins leads to a dramatic increase in the number of EVs 

released by male ciliated neurons. These results suggest that the accumulation 

of enlarged endo-lysosomal organelles with MVB characteristics leads to an 

increase in EV production in ciliated neurons. In comparison with wild-type, 

fewer EVs are released from klp-6 mutant males (204). I found that in klp-6; 

tat-1 double mutant males, EV release was similar to that from klp-6 single 

mutant males. Thus, loss of tat-1 activity does not rescue klp-6 mutant defects.  

II.2: Cilia are required for the release of EVs   

In daf-10 mutants, cilia are shorter than those in wild type (205). I found that 

very few EVs were released from tat-1; daf-10 mutant males. Therefore, the EVs 

released from the sensilla of tat-1 mutant males require cilia for their release.   

The uptake of PE is defective in rme-8, bec-1, vps-34 and pad-1 
mutants  

PAD-1 is the C. elegans orthologue of yeast Dop2p and mammalian DOP1A. 

PAD-1 is required for the TAT-5 activity in the C. elegans embryo (113). I found 

that about 80% of pad-1 mutants were defective in the uptake of PE into ciliary 

membranes. RME-8, BEC-1 and VPS-34 have all been shown to be required for 

correct transport of TAT-5 to the plasma membrane in C. elegans embryonic 

blastomeres (113). Evaluating rme-8, bec-1 and vps-34 mutants with labeled PE 
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showed that about 80% of rme-8 mutants, 50% of vps-34 and 30% of bec-1 

mutants are defective in transporting PE into the ciliary cell membrane. They 

are not defective in PS transportation. These data indicate that these proteins 

are also necessary for TAT-5 function or transport in ciliary cells.   

Paper III: 

High level of cGMP signalling inhibits male response behavior 

in C. elegans  

LOV-1 and PKD-2 are the sole polycystins in C. elegans and are orthologous to 

mammalian PKD1 and PKD2 respectively. LOV-1 and PKD-2 are expressed in 21 

male-specific ciliated sensory neurons and are present in EVs that are released 

by these neurons. LOV-1 and PKD-2 help response and location of vulva 

behavior: lov-1 and pkd-2 mutants are strongly defective in male mating (198). 

LOV-1 and PKD-2 are thought to form a ciliary TRPP (Transient Receptor 

Potential- polycystin) ion channel receptor complex, like human polycystins 1 

and 2 (206). 

Evidence from experiments with cilia of kidney epithelial cells (207), (208), of 

retinal pigmented epithelial cells and of mouse embryonic fibroblasts (209) has 

suggested that PKD1 and PKD2 together form a channel for the transport of 

calcium ions across the ciliary membrane. Work on these cells has been shown 

that in the absence of PKD1 or PKD2, Ca2+ levels within the cytoplasm of cilia 

are reduced (1). The proposed mechanism is that G protein-coupled receptors in 

cilia activate adenylate cyclase enzyme to elevate cAMP levels. Ca2+ entering via 

the PKD1/PKD2 channels inhibits this pathway but in human Pkd1 and Pkd2 

mutants, because of reduced calcium, this pathway is hyperactivated resulting 

in high level of cAMP in cilia (1). To examine this question further, and to 

investigate which types of signaling molecules are important for the proper 

functions of ciliated neurons in C. elegans mediating mating behavior, I have 

investigated male mating behavior in a panel of mutants defective in the 

synthesis or degradation of cAMP, cGMP or the protein kinases through which 
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they act. I also investigated the effects of drugs that target cAMP-dependent or 

cGMP- dependent protein kinases. First I examined male mating behavior in 

pde mutants. Phosphodiesterases are enzymes that degrade cAMP or cGMP. C. 

elegans has six phosphodiesterases, PDE-1 – PDE-6 (69). PDE-4 and PDE-6 are 

cAMP-specific but PDE-1, PDE-2, PDE-3 and PDE-5 may cleave cGMP or cAMP 

(210).  

I found that male worms homozygous for mutations in pde-1; pde-2; pde-3 and 

pde-5 (pde-1; pde-2; pde-3; pde-5 quadruple mutants) are defective in male 

mating: specially, they are defective in the response behavior.  

Protein kinase G (PKG) is the kinase activated by cGMP; in C. elegans, PKG is 

encoded by the egl-4 gene (49). My results showed that response behavior was 

defective in an egl-4 gain-of-function mutant. In addition, exposing wild-type 

males to the high levels of 8-Bromo cGMP, an agonist of PKG, reduced male 

response behavior. Male response was not defective in kin-29, kin-2 and 

F47F2.1 mutants (Paper IV). F47F2.1 encodes a cAMP-dependent protein kinase 

and kin-2 encodes the regulatory subunit. These genes encode cAMP-dependent 

protein kinase. Male response was also normal in epac-1 mutants, which lack 

EPAC-1, a protein acting downstream of cAMP-dependent protein kinase.  

To find the role of G protein-coupled receptors in the transduction of male 

mating signals, I studied male mating behavior of G protein mutants. Males 

mutant for five Gα proteins, gpa-2, gpa-3, gpa-5, gpa-6 and gpa-13, displayed 

normal mating response behavior as did those mutant for goa-1 or gsa-3, which 

also encode G proteins. However, males mutant for odr-3, which encodes a G 

protein were less effective in their response to hermaphrodites.  

Together, these finding show that G protein-coupled receptors and cGMP are 2 

of the mediators in mating transduction signal and that high level of cGMP 

signalling inhibits mating response behavior in male C. elegans. 
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Paper IV: 
 
Low level of cGMP-dependent protein kinase activity inhibits 
male turning behavior in C. elegans  
 
To get the information about the effect of lacking a cGMP-dependent protein 

kinase, EGL-4 in male mating behavior, I tested egl-4 loss-of-function mutants. 

Although these mutants tended to respond slightly less efficiently than wild-

type males in standard response assays, in the presence of a large excess of 

hermaphrodites almost all egl-4 mutant males were able to respond. During 

conducting the male response assay, I noticed that the egl-4 loss-of-function 

mutant males were defective in their turning behavior and frequently became 

detached from the hermaphrodite body while attempting turns. They were also 

resistant to ventral tail curling induced by exogenous serotonin. 

Paper V: 
 
TAT-6 is expressed in two cells called the sujc cells   
 
In hermaphrodites, the valve forming the junction between spermatheca and 

the uterus consists of a toroidal syncytium, sujn, and a core cell syncytium, sujc, 

which initially occupies the center of the valve (211). Lars Nilsson showed that, 

in addition to ciliated neurons, TAT-6::GFP was expressed in cells in the uterus 

and that the cells expressing the reporter also expressed markers for the sujc 

cells. I showed that expression of TAT-6::GFP was absent in a cog-1 mutant, 

which lack sujc cells (212).  

 Discussion 

1. Effects of TAT proteins on phospholipid translocation  

The Cilium is a hair-like structure that protrudes from the surface of cells and 

that acts to sense the molecules and proteins in the medium outside of the cell. 

The mechanisms involved in protein transportation and function in cilia have 

been studied in detail and have been well-characterised. In contrast, many 
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questions remain about the function and transportation of lipids in cilia: which 

lipids are located within ciliary membranes? Do different types of cilia contain 

different lipids? Do lipids help determine which proteins localize to the cilium 

and how they participate in ciliary signaling? Despite their contiguity and 

shared origins, the ciliary membrane has a distinct lipid and protein 

composition from that of the plasma membrane and maintaining this difference 

is crucial for the ability of cilia to transduce signals (2). Even subdomains of the 

ciliary membrane such as transition zone may possess different lipid 

compositions (213). 

Despite the key importance of lipids in cilia, we do not have a detailed 

knowledge about the lipids’ function in cilia. To get more information about the 

role of lipids in cilia biology, a systematic analysis of the lipid composition and 

lipid structure of sub-ciliary compartments in different cellular contexts in vivo 

is necessary.  

To investigate the role of TAT proteins in phospholipid translocation in ciliary 

neurons of C. elegans I have used fluorescently labelled phosphatidylserine (PS) 

and phosphatidylethanolamine (PE) delivered by fusogenic liposomes. For the 

first time, I have shown that this method can be used in vivo to deliver the lipids 

to cells within whole organisms. My finding of efficient staining of ciliary 

neurons with PS and PS suggest that other types of lipids also can be studied 

with this method. 

Previous studies have been shown that TAT-5 acts in the movement of PE from 

the outer to inner leaflet of cell membranes of C. elegans embryonic cells (112). 

My finding that tat-5 mutants are defective in PE transport in ciliated neurons 

is consistent with these results. Also, the defect in PS transport that I found in 

tat-1 mutants is consistent with the earlier finding that TAT-1 prevents PS 

externalization in the plasma membrane of germ cells (106). My results show 

that TAT-1 and TAT-5 proteins act also in neuronal cells. My results also extend 

these earlier findings. First, my observation that tat-6 mutations enhance tat-5 

and tat-1 mutant defects and that TAT-6 has functions overlapping those of 
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TAT-1 and TAT-5, and that their actions are not restricted to a specific 

phospholipid. Neurons in daf-19 mutants, which lack cilia, were not stained 

demonstrating that the presence of cilia is necessary for the uptake of lipids 

delivered with fusogenic liposomes. In animals in which neurons were stained, 

labeling was not restricted to cilia and fluorescently lipids could also be seen 

along the dendrites. In the phasmid neurons, in which the dendrites are 

relatively short, staining of the cell bodies also frequently occurred. Thus, lipids 

delivered to ciliary membranes are able to move to other parts of the cell. 

Although both tat-5 and tat-1 single mutants show severe defects in 

phospholipid uptake, this phenomenum is not seen in tat-6 single mutants. This 

discrepancy can be explained by the fact that, since efficient uptake of 

phospholipids is mostly dependent upon translocase activity in the membrane 

surrounding the cilium tip but tat-6 appears to be largely excluded from the tip 

and accumulates instead at the periciliary membrane compartment, it is 

possible that TAT-6 function is mostly restricted to this region. 

2. Effects of TAT proteins on EV production 

I have shown that ciliated neurons in tat-5 and tat-1 mutants release increased 

numbers of EVs whereas tat-6 mutants release substantially fewer. The 

increased numbers of EVs seen with tat-5 mutants is consistent with the effect 

of loss of tat-5 activity on EV production by C. elegans embryonic blastomeres 

(112). Also it has been shown that mutation in a human orthologue of this gene 

(ATP9A) resulted in increasing the number of vesicles from cultured hepatoma 

cells (169). Although in mammalian studies there are some reports about the 

correlation of increased levels of Microparticles and PS exposure in diabetic 

retinopathy, nephrotic syndrome and malignant cells (214), (215) no previous 

reports exist linking TAT-6 or TAT-1 to extracellular vesicle production. My 

results demonstrate that the number of released vesicles in tat-1 mutants is 

significantly higher than wild type suggest that EV production from neurons 

might be increased not just in those with defects in PE asymmetry but also from 

those with defects in PS asymmetry. Because glial cells affect the cilia and have 

been shown that glia take up EVs released by neurons (171), it is possible that 



 

50 

TAT-1 facilitate the transfer of EVs from cilia to glial cells. Thus, in tat-1 mutant 

EVs are not transferred to glia but instead are released to the environment. 

 My results showed that the size of EVs is increased in tat-5, chat-1, pad-1 and 

tat-5; tat-6 double mutants. I do not yet know whether the vesicles are larger 

when they are released. It is possible that the EVs produced by ciliated neurons 

in these mutants might have an increased tendency to fuse with one another to 

produce larger ones. I suggest that because of these mutations the asymmetric 

distribution and phospholipid composition at the membranes surrounding EVs 

is changed resulting in formation of EVs with more or less PE or PS in their 

extracellular leaflets. This PS or PE externalization might lead EVs to clump 

together more readily, or have a reduced tendency to fuse with the membranes 

of cells with which they come into contact. EVs from the cilia of pad-1 mutant 

are larger than those released by wild-type as well as tat-5 and chat-1 mutants. I 

propose that PAD-1 may have a separable role from TAT-5 and other proteins in 

EVs biogenesis.  

As for phospholipid translocation, an explanation for the difference between 

tat-6 and tat-5 in their effects on EV production could be that they act in 

opposition to one another in transporting PE at the periciliary membrane (from 

where EVs containing LOV-1 and PKD-2 arise).  

I have found that males mutant for tat-1 or lmp-1, in which male ciliated 

neurons produce large numbers of EVs, are not defective in mating. On the 

other hand, tat-6 mutants, which produce fewer EVs, are defective. Thus, 

mating defects are associated with a reduced ability to produce EVs rather than 

with an increased ability. Clearly producing large numbers of vesicles is not 

necessarily detrimental to cilium function.  

Although tat-1, chat-1 and lmp-1 mutants, like tat-5 mutants, produce increased 

numbers of EVs, it is not necessarily the case that they do so by similar 

mechanisms. 
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By analogy with its function in C. elegans embryo, tat-5 mutations may increase 

the numbers of EVs released by ciliated neurons by affecting phospholipid 

transport at the cell membrane. TAT-1, CHAT-1 and LMP-1 might affect EV 

release by acting within the endosomes. It has been shown that TAT-1 acts in 

intestinal cells in C. elegans to promote transport through the endo-lysosomal 

system (105) and that large numbers of MVBs accumulate in the intestinal cells 

of tat-1 and chat-1 mutants.  

Although CHAT-1 is the chaperon of TAT-1 and has an essential role in 

membrane localization of TAT-1, we observed a stronger phenotype in chat-1 

mutants as the number of released vesicles in this strain is even higher than 

those from tat-1, their vesicles size is bigger than those from wild type, their 

eggs do not hatch and they were partially dye filling defective.  It is possible that 

CHAT-1 has an effect on other TAT proteins or has a separate role in ciliary 

biogenesis.  

An investigation of flagellar ectosomes in Chlamydomonas reinhardtii has 

indicated that two ESCRT-related proteins, PDCD6 and VPS4, have affects on 

cilium length. Mutation in these proteins decrease ectosome release during 

flagellar shortening and shortening was slowed (187). These results suggest that 

high level of vesicle release result in disturbance of proper ciliary genesis and 

shortening of cilia. The partially dye filling defect that we observed in chat-1 

mutants can perhaps be explained with this phenomenum. Because of high level 

of released vesicles, they have shorter cilia that lead to dye filling defect. 

TAT-6 is not expressed in all ciliated neurons. It is, however, expressed in all 

ciliated neurons that have endings exposed to the environment. Most of these 

neurons have been shown to produced EVs. 

It has been shown that TAT-5 acts in C. elegans QL neuroblas to promote the 

trafficking of MIG-14, a Wntless homologue, between endosomes and the Golgi 

(115). Similarly, ATP9A has a role in endosome-Golgi transport in cultured 

mammalian cells (63). It is possible that TAT-6 also has an effect on 

intracellular vesicle transport. 
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Vesicular targeting to the bud neck formed between mother and daughter cells 

in Saccharomyces cerevisiae (216) provides a model for trafficking of 

membrane proteins to cilia via exocytosis of post-Golgi vesicles at the periciliary 

base (217). EVs might, therefore, help transport lipids or proteins to the tip of 

the cilium during ciliogenesis. There are no ribosomes, and therefore no 

translation, within the cilium, all ciliary proteins necessarily traffic there from 

elsewhere in the cell. Thus, EVs may have a role in targeted trafficking to and 

retention of membrane-associated proteins at the cilium. However, I found that 

tat-6 mutants, in which male ciliated neurons produce significantly fewer EVs, 

did not have shortened cilia.  

Another possible function of EVs in cilia is to remove phospholipids that are 

excluded from the membrane surrounding the cilium tip. Studies with INPP5E 

clearly show that the correct distribution of phosphatidylinositols is vital for 

correct cilium function (218).  

3. Male mating behavior 
 
Survival of populations is dependent upon the ability of individuals to produce 

progeny. C. elegans is one of the animals that produce progeny both sexually 

and asexually. Although the C. elegans hermaphrodite is self-fertilizing and can 

produce both sperm and oocytes, the number of stored sperms is limited. Hence 

to sire more offspring, mating with a male is required. Male mating behavior, 

which is regulated by multiple neuronal networks, is one of the most complex 

behaviors observed in C. elegans. The behavior involves multiple steps 

including sensing and response to the hermaphrodite body, backward 

movement while scanning the body to find the vulva, turning on the head or tail 

of hermaphrodite, vulva location, spicule insertion and ejaculation (31). Male-

specific sensilla including rays, hook, and postcloacal sensilla as well as 81 male-

specific neurons and 40 male-specific muscles act in male mating processes 

(219). However, the exact cellular and molecular mechanisms controlling male 

mating behaviors in C. elegans are not very well understood. It has been shown 

that PKD-2, the ortholog of human Polycystin-2, acts together with LOV-1 to 

promote response behavior (220). Here, I report, for the first time, that egl-4 
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regulates response and turning steps of male mating behavior. In C. elegans, 

EGL-4 is a major effector of cGMP (221). I found that an increase in cGMP 

signaling can impair the function of neurons regulating response behavior in 

male C. elegans. There are multiple possibilities that how constitutively 

activating cGMP signaling interfere with response behavior. Several 

chemosensory neurons require the activity of a cGMP-gated cation channel 

(222), high level of cGMP may disturb the normal activity of these channels.  
 

cGMP can also affect transcription factors (223), so it is also possible that 

increased activity of EGL-4 affects transcription in ciliated neurons. A calcium-

mediated all-or-none action potential is employed by C. elegans for odor 

response in AWA olfactory neurons (224), as well as for muscle contraction in 

body wall muscles (225). Constitutively activating of cGMP signaling pathway 

may reduce neuronal excitability. The other possible scenarios are that a high 

level of cGMP affects LOV-1 or PKD-2 activity or affects the motor neurons 

required for response behavior. 

It is known that serotonin and dopamine mediate male turning behavior (31). 

Ablation of serotonergic CP motor neurons (39) or dopaminergic neurons 

results in reduced turning behavior (226). Furthermore, exogenous serotonin 

treatment led to an increase in male tail curling behavior (39). Serotonin 

stimulates the diagonal muscles in the tail to induce curling ventrally by 

stimulating a serotonin receptor, SER-1. MOD-1 a serotonin-gated chloride 

channel, has the opposite effect (41). However, how serotonin affects diagonal 

muscles and ventral turning is not fully understood. I found that the egl-4 loss-

of-function mutant males were defective in their turning behavior and induction 

of tail curling by exogenous serotonin was less efficient in egl-4 loss-of-function 

mutant males than in wild type. There are several possibilities for how EGL-4, 

mediates serotonin signaling in C. elegans. It is possible that EGL-4 is acting in 

the SER-1 or MOD-1 pathways to control the effects of serotonin on C. elegans 

diagonal muscles. Or, EGL-4 affects the localization of serotonin receptors in 

muscles. Other alternatives include an effect of cGMP on transcription factors 

generating serotonin receptors. Given these results, I propose that the 
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cGMP/PKG pathway is a potential new target for investigating male mating 

behavior mechanism.    
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