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ABSTRACT

BBSOME REGULATES ARL13B-DEPENDENT JOINT
ELONGATION OF TWO DISTINCT CILIA IN
CAENORHABDITIS ELEGANS

Merve Giil TURAN
MSc. in Bioengineering

Advisor: Asst. Prof. Sebiha CEVIK KAPLAN

June 2023

Cilia or flagella are interchangeably used to refer to the hair-like organelles extending
from the cell surface to communicate with environmental signals or triggers. Cilium, the
singular form of cilia, and its components are well-conserved structures throughout
evolution and are divided into motile and primary cilium. The primary cilia of different
cells are seen to form joint cilia by extending in parallel. For instance, PHA and PHB
primary cilia in C. elegans protrude from the ends of the dendrite but extend parallel to
one another and intersect in the middle portion of the cilia, reaching the same length.
Nevertheless, the molecular mechanisms underlying how parallel cilia get similar lengths
remain mysterious. In this thesis, we used C. elagans as a model organism to examine the
molecular mechanism associated with the cilia direction. We generated various single,
double, and triple mutants to examine PHA and PHB cilia for phenotype and length. We
found that a Joubert syndrome protein, ARL13B, is required for determining cilia
direction in PHA & PHB cilia and ASE & ASI cilia.

Keywords: Cilia, BBS, PHA/PHB cilia, cilia-cilia



OZET

BBSOME, CAENORHABDITIS ELEGANS'TA ARL13B'YE
BAGIMLI iKI FARKLI SILYANIN BiRLIKTE UZAMASINI
DUZENLER

Merve Giil TURAN
Biyomiihendislik Anabilim Dal1 Yiiksek Lisans

Tez Yoneticisi: Dr.Ogr.Uyesi Sebiha CEVIK KAPLAN

Haziran 2023

Birbirlerinin yerlerine kullanilan silya ya da flagella, ¢evresel sinyallerle ve uyaranlarla
iletisime giren ve hiicre ylizeyinden dis ortama uzanan sa¢ benzeri organellerdir. Tekli
silya yapisini ifade eden silyum, and onun alt bilesenleri evrimsel olarak korunmus
yapilaridir, ve iki gruba ayrilir: hareketli ve birincil. Farklr hiicrelerden koken alan birincil
silyalar, paralel olarak uzayarak bir noktada birlesir. Ornegin, C. elegans’ta bulunan PHA
ve PHB silyalar dendritin uglarindan ¢ikint1 yaparak birbirlerine paralel olarak uzarlar ve
orta kisimlarinda kesiserek ayni uzunluga gelirler. Ancak silyalarin paralel uzayarak
benzer uzunluga gelmesinin altinda yatan molekiiler mekanizma bilinmemektedir. Bu
tezde, silya yonii ile iligkili molekiiler mekanizmay1 incelemek i¢in model organizma
olarak C. elegans’t kullandik. PHA ve PHB silyalarin1 fenotip ve uzunluk ag¢isindan
incelemek i¢in ¢ok sayida tekli, ikili ve Ticlii mutantlar olusturduk. Bir Joubert sendromu
proteini olan ARL13B’nin, PHA & PHB silya ve ASE & ASI silyalarinda silya yoniiniin

belirlenmesinde gerekli oldugunu bulduk.

Anahtar kelimeler: Silya, BBS, PHA/PHB silya, silya-silya
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Chapter 1

Introduction

The survivability of the organisms depends on understanding their environment,
including the ability to smell potential food sources and avoid dangers. Due to the vast
array of stimuli, organisms have had to create various sensory systems, including sensory

neurons like cilia.

1.1 Cilia

Cilium, a singular form of cilia, is a hair-like appendage that extends from the cell
surface and is a well-conserved organelle throughout evolution. The flagellum is an
interchangeably useable term for cilia and shares a similar microtubule skeleton to cilia
[1]. Cilia are found in almost every cell in the human body and are involved in embryo
development [2], [3]. Additionally, cilia are responsible for the regulation and
maintenance of the cells and are involved in different signaling pathways like the
Hedgehog, Wnt, Hippo, and Notch [4]-[9].

Cilia are microtubule-based projections called axoneme surrounded by a ciliary
membrane and are divided into two types: motile and non-motile (primary) cilia. The
axoneme of motile cilia comprises nine doublets of microtubules forming a nine doublet
microtubule ring around a central doublet (9+2), whereas primary cilia include nine
doublets of microtubules without a central microtubule (9+0) [10]. Both types of cilia are
preserved throughout evolution from single-celled organisms to human.

Motile cilia are mostly responsible for motility of cell and organism like sperm
cell and single-cell green algae Chlamydomonas reinhardtii, respectively. Furthermore,
left-right asymmetry in embryonic development, the movement of oocyte cells into
fallopian tubes, and removing contaminations from the respiratory tract are all mediated

by motile cilia [11]. In contradistinction to motile cilia, primary cilia are responsible for



sensing and signaling pathways. Primary cilia are responsible for mechanosensation,
photosensation and chemosensation [12]-[14].

The morphological difference of cilia differs based on the function of the cell. For
example, the olfactory cilia, referred to as tree-like cilia, locate in the respiratory system
and provide the perception of odorants [15], [16]. Another one, kinocilium shows a
staircase-like structure in ear cells and is found in both respiratory and auditory systems;
however, it participates in the development of hair bundles [17]. The oviduct cilia seem
like hair-like appendages in the mammalian reproduction system and are involved in the
periodic transporting of eggs [18], [19]. Additionally, nodal cilia, photoreceptor
connecting cilia, and kidney-collecting duct cilia have varied cilia structures that serve
different duties based on human cell types [20].

The structure and subcompartments of primary cilia are evolutionarily conserved.
The basal body (BB), axoneme, transition zone (TZ), and ciliary membrane are the main
subcompartments involved in the primary cilia biogenesis (Figure 1. 1) [21]. The cilia

term refers to the primary cilia throughout this thesis.
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Figure 1. 1: The primary cilia structure and its components.

The primary cilium is composed of 9+0 axonemal structure which are encircled with
ciliary membrane to constitute a cylindrical appendage. The intraflagellar transport (IFT)
is ciliary molecule or signal delivery system throughout from the base of the cilia to ciliary
tip, and vice versa. In the figure, the basal body and transition zone (with Y-shaped
linkers) are marked using abbreviations BB and TZ, respectively. The Bardet-Biedl
syndrome proteins, BBSome, and the IFT system subcomplexes, IFT-A and IFT-B, are
also displayed. This figure is adapted from Turan M.G. and Orhan M.E. et al., 2022.



1.2 Cilia Formation and Subcompartments

1.2.1 Basal Body (BB)

The basal body is a modified centrosome which is located on the base of the cilia
and constructs the primary cilia (Figure 1. 1). The initiation period of cilia construction
is the Go (quiescence) or G phases of the cell cycle [22]. The centrosome moving to the
cell surface to differentiate into the basal body is the initial hallmark of ciliogenesis.

The centrosome consists of mother and daughter centrioles, and the mother and
daughter centrioles are connected with fibers to form a centrosome. Two paired
centrosomes are assembled in the S phase of the cell cycle and follow the G» phase for
centriole elongation. Two paired centrioles are deconstructed at the end of G or the
beginning of M phases, and the oldest daughter centriole produces appendage proteins.
After the M phase of the cycle, two paired centrioles are split, and the mother centriole
moves along the membrane to construct the basal body and, eventually, the primary cilia.
Mother centriole turns into the basal body; and the transition fibers and the subdistal
appendages of the basal body get visible. The transition fibers provide a connection
between the basal body and plasma membrane for initiating axonemal elongation. Then,

the cilia formation process begins [23].

1.2.2 Transition Zone

The transition zone (TZ) is the intersection region between the end of the basal
body and the axoneme base (Figure 1. 1). The nine-doublet structured TZ is linked to the
ciliary membrane with Y-shaped linkers. It forms at the early stage of ciliogenesis and
then guides to axoneme forming. TZ acts as a ciliary gate for selecting proteins (up to
~70 kDa) and allowing them to enter the cilia [24].

The ability of TZ to filter molecules can be originated from its two prominent
subcomplexes, which are associated with the most known ciliopathies. Meckel Gruber
syndrome (MKS) is one of them and consists of MKS1, MKS3 (TMEM67), MKS4
(CEP290), MKSS8 (TCTN2), MKS9 (B9D1), MKS10 (B9D2), TMEM216, TCTNI1, and
TCTN3. The second complex is the nephronophthisis (NPHP) complex, including
NPHP1, NPHP4, NPHPS, and NPHP2 proteins [25].



1.2.3 Axoneme

Axoneme is the microtubule-based cylindrical protrude extending from the base
of the cilia (Figure 1. 1). Primary cilia comprise nine microtubule doublets, lacking a
central microtubule (9+0). The nine doublets of microtubules in an axoneme are rooted
from the triplet microtubule structure on the basal body/mother centriole. Each doublet
covers two tubules, namely tubule A and tubule B. Tubule A and B differ in their
protofilament composition, with tubule A comprising thirteen protofilaments and tubule
B comprising ten protofilaments. Protofilaments are arranged tubulin dimers in a parallel
direction to form cilia [26]. Protofilaments are called organized tubulin dimers in a

parallel pattern to build axoneme [27].

1.24 Ciliary Membrane

The ciliary membrane is a specialized membrane that has undergone evolution
and is used to encase axonemes. The ciliary membrane is derived from the plasma
membrane with structural differences such as ion-binding capacity and distinctions in
behavior under osmotic conditions [26]. Numerous signaling components are found
within the ciliary membrane for regulating the transaction from the environment into the
cilia and vice versa [28]. SMO, Patched1, and G-protein-coupled receptors (GPCRs) are

important regulatory molecules that localize to the ciliary membrane [29].

1.3 Intraflagellar Transport (IFT)

The intraflagellar transport (IFT) system is a specialized particle and signal
delivery system in the cilia. IFT mediates cellular signalling molecules and ciliary
building blocks to construct a unique hair-like structure called cilia. In 1993, Kozminski
KG. and colleagues discovered the IFT mechanism in unicelled Chlamydomonas
reinhardtii by showing bidirectional movements of particles along the flagella using the
differential contrast (DIC) microscopy [30]. IFT trains are responsible for transporting
molecules from the base of the cilia to the tip of the cilia (anterograde) and vice versa
(retrograde) for providing essential cilia formation processes and ciliary functions [31].
This anterograde and retrograde transport is named IFT. IFT molecules were

biochemically isolated and characterized in 1998 in order to gain a better understanding



of the IFT system. Cole DG. and others identified kinesin-Il motor protein and IFT-A and
IFT-B complexes in flagella [32]. IFT-A and IFT-B complex proteins are determined with

increasing technological advances in molecular biology.

IFT system consists of two multisubunit complexes for driving particle
transportation: IFT-A and IFT-B. Anterograde transport is mediated by IFT-B complex
powered with a kinesin-2 motor, while retrograde transport is moderated by IFT-A
complex led with a dynein motor. IFT-A complex is composed of three core (IFT144,
IFT140, and IFT122) and non-core (IFT139, IFT121, and IFT43) subunits. However, the
IFT-B complex consists of 16 subunits by the association of six peripheral (IFT80, IFT38,
IFT20, IFT54, IFT57, and IFT172) and ten core (IFT22, IFT25, IFT27, IFT46, IFT52,
IFT56, IFT70, IFT74, IFT81, and IFT88) subunits [33]. In addition to IFT-A and IFT-B
complexes, one octameric complex, the BBSome, is linked to IFT molecules. BBsome
comprises eight subunits coded by most known BBS genes (BBS1, BBS2, BBS4, BBS5,
BBS7, BBS8, BBS9, and BBS18) and provides a connection of IFT molecules to the
ciliary membrane by linking IFT trains. BBSome controls the movement of particles out
of the cilia [34]-[37] and is linked with the ciliary membrane [38].

1.4 Ciliopathy

Cilium, a singular term for cilia, is an evolutionarily conserved structure from
unicellular organisms to humans by encountering various triggers and molecules. During
their difficult evolutionary journey, the defects and dysfunctions of cilia or cilia-related
compartments are connected to various human health problems called ciliopathy.
Ciliopathy diseases are rare conditions originating from dysfunction and structural defect
in cilia [39]. Fifty-five different ciliopathy is listed with variable clinical features in the
literature [40]. Bardet-Biedl syndrome (BBS), Joubert syndrome (JBTS),
nephronophthisis (NPHP), Meckel Gruber syndrome (MKS), polycystic kidney disease
(PKD) are the most known ciliopathy diseases. Each ciliopathy has unique and common
clinical features. For example, patients diagnosed with JBTS can present unique clinical
features like bell-shaped chest, molar tooth sign, brainstem heterotopia and anteverted
alae; however, polydactyly, anencephaly, ataxia, blindness, cleft lip and palate are

common clinical features with other ciliopathies [40].



According to published articles in the literature, forty-four different genes are
associated with JBTS, and most of the proteins (39 of 44) are localized in the ciliary
subcompartments [40]. ARL13B (arl-13 in C. elegans) is a well-known JBTS disease
gene owing to its characteristic phenotype. ARL13B is one member of the ADP-
ribosylation factor (Arf) protein family in mammals [41]. The Arf proteins are GTPases
which are subgroups in the RAS protein family. These kinds of proteins are involved in
various regulatory processes like the proliferation and differentiation of the cell.
Managing cellular membranal flow is a crucial task the Arf protein family performs [42].
ARLI13B is a required protein for the cilia formation process and is localized in the ciliary
membrane [41], [43]. The ciliary axoneme of mouse cells has an abnormal phenotype
compared to the wild-type in the absence of ARL13B protein [44]. Similar to this, this
axonemal abnormality is seen in the different cilium types of C. elegans in the ari-13
single mutant. PHA/PHB, AWB, and ASE cilia show abnormal axonemal elongation,
called misdirection, without ARL13B protein in the worm [43].

Microorganisms consisting of cilia are excellent for modelling and understanding
ciliopathy diseases in the laboratory. Cilia and cilia biogenesis can efficiently study in
paramecium [45], Chlamydomonas reinhardtii [46] and Tetrahymena thermophila [47]
as unicellular organisms or Danio rerio [48] and Caenorhabditis elegans [39] as
multicellular model organisms. Cilia can be originated from different cell types and
elongate together, or the same cell type can give a way to elongate multiple cilia. A single-
celled green algae Chlamydomonas has two flagella which come from different basal
bodies of a cell. Rosenbaum, JL et al. showed that both flagella are somehow
interconnected to form the same flagella length. When one of the flagella is amputated,
the intact flagellum shrinks to an equal length (Figure 1.4. 1) [49], [50].The two flagella
depend on each other for determining their lengths, but it is hard to say how two flagella
communicate with each other. Even though some specific interactions are defined in the

literature, there is no clear explanation for flagella-flagella interactions.
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Figure 1.4. 1: Flagella-flagella interaction in the single-celled Chlamydomonas.

Representative drawing figures visualize the flagella-flagella interaction Chlamydomonas
from A to D. A) Chlamydomonas contains two flagella that emerge from distinct basal
bodies and extend outside the cell. B) When one flagellum is shortened, (C) the intact
flagellum shrinks—the amputated flagellum stretches to come up the same length as the
intact flagellum. D) In the end, both flagella come to the same length.

The interaction between cilia-cilia or flagella-flagella has not been thoroughly
studied in the literature. The nematode worm C. elegans is a great fit organism to study
cilia-cilia interaction because it contains several types of cilia in the head (amphid) and
tail (phasmid) part of the worm (Figure 1.4. 2 A). The worm has 60 sensory neurons out
of 302 neurons in hermaphrodites [51]. Eight different cilia are located in the amphid of
the worm by elongating parallelly [52]. Specifically, this cilia bundle is called a ciliary
channel which consists of ASE, ADF, ASG, ASH, ASI, ASJ, ASK, and ADL cilia [52].
In 2014, Doroquez, DB et al. used serial section transmission electron microscopy
(ssTEM) to visualize distinct cilium types in C. elegans [52]. The different cilia types
elongate in a parallel direction in the ciliary channel. For example, whereas ASE and ASI
cilia initiate from different cell types, they simultaneously extend within the ciliary
channel (Figure 1.4. 2 B) [52], [53]. In addition to the ciliary channel in the amphid, PHA
and PHB cilia are located in the phasmid region of the worm (Figure 1.4. 2 C). PHA and
PHB cilia originate from various cell types and join at the middle segment before
simultaneously elongating into the ciliary tip. The transmission electron microscope

(TEM) images of the phasmid region of the worm demonstrated that PHA and PHB cilia



are joined in the middle segment of them, and they are flush with each other to elongate

into the end of the cilia [54].

Figure 1.4. 2: The illustrations of a nematode C. elagans and cilia localizations.

A) A representative figure of C. elegans is given. B) ASE and ASI cilia originate from
distinct cell types, are located in the ciliary channel in amphid and elongate parallelly. C)
PHA and PHB cilia are located in the phasmid of the worm and elongate simultaneously
by joining in the middle segment. (BB: Basal Body)

This thesis focused on investigating cilia-cilia interactions using C. elegans as a
model organism. For this purpose, we analysed different cilia types, namely ASE/ASI
and PHA/PHB, by measuring cilia length and classifying phenotypes as normal or

misdirected (like ar/-13 single mutant) cilia, respectively.



Chapter 2

Materials and Methods

2.1 Materials

2.1.1 Strains

This thesis uses the following strains and mutants to generate single, double, and

triple mutants (Table 2.1.1. 1).

Table 2.1.1. 1 Strain names and sources

STRAIN
NAME GENOTYPE SOURCE

SP2101 0sm-6(p811); mnlis17[osm-6::gfp; unc-36(+) Blacque Lab

OIK27 mks-2(nx111); SP2101, osm-6(p811); mnls17[osm-6::gfp; unc-36(+) This work

OIK340 mks-6(gk674); SP2101, osm-6(p811); mnls17[osm-6::gfp; unc-36(+) This work

OIK154 elmd-1(syb630); SP2101, osm-6(p811); mnls17[osm-6::gfp; unc-36(+) This work

OH9671 otls220 [gey-5::mCherry] IV, otls114 [lim-6p::GFP + rol-6(su1006)] | CGC

CX3596 kyls128 [str-3::GFP + lin-15(+)]. CGC
[OH9671, otls220 [gcy-5::mCherry] IV, otls114 [lim-6p::GFP + rol-6(su1006)] | +

OIK1278 CX3596, kyls128 [str-3::GFP + lin-15(+)]] This work
arl-13(gk513); OIK1278, [OH9671, otls220 [gcy-5::mCherry] IV, otls114 [lim-

OIK1279 6p::GFP + rol-6(su1006)] | + CX3596, kyls128 [str-3::GFP + lin-15(+)]] This work
vuasSi24 [pBP43; Pche-11::che-11::mCherry; cb-unc-119(+)]1I; unc-119(ed3) IlI; Erwin J.G.

EJP81 che-11(tm3433) V PetermanLab

Erwin J.G.

EJP501 vusSi001 ocr-2:eGFP IV. PetermanLab
[EJP81, vuaSi24 [pBP43; Pche-11::che-11::mCherry; cb-unc-119(+)]1I; unc-119(ed3)

OIK1216 I11; che-11(tm3433) V+EJP501, vusSi001 ocr-2:eGFP 1V. ] This work
arl-13(gk513); OIK1216, [EJP,81, vuaSi24 [pBP43; Pche-11::che-11::mCherry; cb-
unc-119(+)]1; unc-119(ed3) 11; che-11(tm3433) V+EJP501, vusSi001 ocr-2:eGFP

OIK1217 IV.] This work

MX2418 N2;nxEx1259[pbbs-8::PLC-delta PH::GFP;MKSR-2::tdTomato; coel::GFP] Leroux Lab
arl-13(gk513); MX2418, N2;nxEx1259[pbbs-8::PLC-delta PH::GFP;MKSR-

OIK1210 2::tdTomato; coel::GFP] This work

GOU2362 ift-74(cas499[ift-74::gfp]) Il. CGC

OIK997 bbs-5(gk537) 111.; GOU2362, ift-74(cas499[ift-74::gfp]) II. This work
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OIK1151 osm-12(bbs-7)(0k1351) I11.; GOU2362, ift-74(cas499[ift-74::gfp]) II. This work
0OIK1325 hdac-6(0k3203);him-5(e1490); GOU2362, ift-74(cas499[ift-74::gfp]) II. This work
OIK1147 mksr-1(tm3083); GOU2362, ift-74(cas499[ift-74::gfp]) . This work
0OIK1220 mks-5(tm3100); GOU2362, ift-74(cas499[ift-74::gfp]) This work
OIK1205 dyf-5(0k1177) I.; GOU2362, ift-74(cas499[ift-74::gfp]) This work
OIK1221 nphp-2(gk653); GOU2362, ift-74(cas499[ift-74::g9fp]) This work
OIK1150 nphp-4(tm925); GOU2362, ift-74(cas499[ift-74::gfp]) II. This work
0I1K982 kap-1(ok676); GOU2362, ift-74(cas499[ift-74::gfp]) This work
0OI1K983 klp-13(tm3737); GOU2362, ift-74(cas499[ift-74::gfp]) This work
OIK1101 WO07G1.5(syb722)(4X); GOU2362, ift-74(cas499[ift-74::gfp]) II. This work
OIK1215 FX04910, nekl-4(tm4910); GOU2362, ift-74(cas499[ift-74::gfp]) This work
0OIK1232 cdkl-1(0k2694); GOU2362, ift-74(cas499[ift-74::gfp]) This work
0OIK1263 cep-104(C40H1.3(tur012)(3X); GOU2362, ift-74(cas499[ift-74::gfp]) This work
OIK1334 DAM297, ccep-290(tm4927) |; GOU2362, ift-74(casd499[ift-74::gfp]) II. This work
OIK1329 ttll-4(tm3310); GOU2362, ift-74(cas499[ift-74::gfp]) II. This work
OIK1331 ttll-11(gk482); GOU2362, ift-74(cas499[ift-74::gfp]) II. This work
0OIK1372 wdr-31(tm10423)(4X); GOU2362, ift-74(cas499[ift-74::gfp]) . This work
0OIK1333 F39H12.2(wdr-54)(syb1005); GOU2362, ift-74(cas499[ift-74::gfp]) II. This work
0l1K1012 arl-13(gk513); GOU2362, ift-74(cas499[ift-74::gfp]) II. This work
OIK964 0sm-3(p802); GOU2362, ift-74(cas499[ift-74::gfp]) II. This work
OIK1116 WO7G1.5(rpi-1)(4X)(syb722); nphp-4(tm925); GOU2362, ift-74(cas499[ift-74::gfp]) | This work
OIK1224 nphp-4(tm925); mks-5(tm3100); GOU2362, ift-74(cas499[ift-74::gfp]) This work
OIK1211 arl-13 (gk513); FX04910, nekl-4(tm4910); GOU2362, ift-74(cas499[ift-74::gfp]) This work
OIK1326 hdac-6 (0k3203); nphp-2(gk653); GOU2362, ift-74(cas499[ift-74::gfp]) II. This work
0O1K1324 hdac-6 (0k3203); arl-13 (gk513); ift-74(cas499[ift-74::gfp]) II. This work
0OIK1335 osm-3(p802); arl-13 (gk513); GOU2362, ift-74(cas499[ift-74::gfp]) II. This work
arl-13(gk513); hdac-6 (0k3203); nphp-2(gk653); GOU2362, ift-74(cas499[ift-
OIK1327 74::gfp]) I1. This work
N2; gmls13(srb-6p::GFP+pRF4) Blacque Lab
OIK1226 arl-13(gk513); N2; gmls13(srb-6p::GFP+pRF4) This work
OIK1338 cdkl-1(0k2694); N2; gmls13(srb-6p::GFP+pRF4) This work
OIK1296 VC1130, ZK328.7(ift-139)(gk508) I11.; N2; gmls13(srb-6p::GFP+pRF4) This work
OIK1339 cdkl-1(0k2694);arl-13(gk513); N2; gmls13(srb-6p::GFP+pRF4) This work
arl-13(gk513); VC1130, ZK328.7(ift-139)(gk508) I11.; N2; gmis13(srb-
0OIK1343 6p::GFP+pRF4) This work
OIK1337 kap-1(ok676); N2; gmls13(srb-6p::GFP+pRF4) This work
0O1K1298 bbs-8(nx77); N2; gmls13(srb-6p::GFP+pRF4) This work
OIK1344 ift-81(tm2355) X; N2; gmls13(srb-6p::GFP+pRF4) This work
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OIK1336 kap-1(ok676); arl-13(gk513); N2; gmls13(srb-6p::GFP+pRF4) This work
OIK1346 bbs-8(nx77); arl-13(gk513); N2; gmls13(srb-6p::GFP+pRF4) This work
OIK1300 ift-81(tm2355) X; arl-13(gk513); N2; gmls13(srb-6p::GFP+pRF4) This work
2.1.2 Primers and Plasmids

This thesis uses the following primers for Polymerase Chain Reaction (PCR) to
generate double transgenics (Table 2.1.2. 1).

Table 2.1.2. 1 Primer list

5" > 3" Sequence

Genotype Name

Forward

Reverse

Primers

arl-13(gk513)

gcatatggcgtcacaatgace

cacaactccaacaaaaatgactcg

bbs-5(gk537)

ttgcatgaatgtaccacttgcgg

gaacctactcgcagggtgtc

bbs-8(nx77)

catgcaattgcctgaaacactg

gcaatgcttgtcggattcgac

ccep-290(tm4927)

ctgtacctggtctcgaaacgac

gcgtgctagaaattggtggtag

cdkl-1(0k2694) gtgatcgaactgtacttcacg ctgttccctcactgggtete
cep-104(C40H1.3)(tur012) TCTCCTTTCCATAGTAACAC CAAGAAATGAACTGCCACAG
dyf-5(0k1177) gagggaagactgagttgagtg cgaaccttgtttgaactgccg
elmd-1(syb600) CAACACACCCTCTCGCACAAC GGAGCGCGATTGCATTGAAAC
F39H12.2(wdr-54)(syb1005) ccagtaacgtactgctatac CCTAGCGGGGCGAGTCC
hdac-6(0k3203) AGTATGCCCAACACATCCG AGTGAAGTCCGAGACGGAAA

ift-81(tm2355)

gctaaataacgagcgctatge

aagaaaccctctgtcgtcattag

kap-1(ok676)

gctegettgagtgcttttgtatc

GTGGTACAAGACCTCCATTCACC

klp-13(tm3737)

gtcggagttgtactagtagaggac

gtccegtcacgagtatcacte

mks-2(nx111)

aaaaaaccaacagaaccaggctge

gtactatagcggtgcattccaac

mks-5(tm3100)

ttcctettgcagcatagecaag

tccacagtaaccatcctttgttce

mks-6(gk674) GGGCGAAGAAAAATCCACATAATCC |TAACTTGTTGTGGCCATGCGC
mksr-1(tm3083) gccggtaacattggatccac ccgtccaatgtaggctatge
nekl-4(tm4910) cgatgcacaatgttttgggtge cgccatttccaacccaaaacc
nphp-2(gk653) gacacgcaatcccattacac gtaaactggagttataccag
nphp-4(tm925) ccagcagcttgaaatagcag gactgagaacattcgataccag

osm-12(bbs-7)(0k1351)

ctacagtacccccacagtgcte

cgttccacgtcaccagatace

ttll-11(gk482)

TCAGAAGGCCCAAGTTTTTGGC

GCTGCAACGGTAAACTGAAC

ttll-4(tm3310)

AGCTCGTGGAACGGGAATTT

ccacaggggtggtaaacgat
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WO07G1.5(rpi-1)(syb722)

gaatgacgtggcttttcccaac

ggccatggectagaaaccac

wdr-31(tm10423)

gtggtaccatagagctactg

CACCCCGAACTTGTGTCCATC

ZK328.7(ift-139)(gk508)

gttgaaccatggagccagagtg

TAGCATGCTTCTCCGTTGCTC

2.2 Methods

2.2.1 Strains and Genetic Cross

The Nematode Growth Medium (NGM) plates are used for maintaining strains at
20°C incubator, and strains are fed Escherichia coli OP50 bacteria by seeding on the plate
surface [55].

The genetic cross is designed from Mendelian principles. Hermaphrodite and male
C. elegans worms are used to tag with a fluorescent protein in one mutant background.
To generate a single strain tagged with a fluorescent protein, wild-type males [38] are
crossed with hermaphrodite worms with a marked fluorescent protein in drop agar plates.
Hermaphrodites transfer agar NGM plates for the upcoming male offspring two days after
fertilization (Po off), and male offspring are used for the new cross with a mutant in the
next 2 or 3 days. These male worms have fluorescent protein. Then, male worms [38] and
mutant hermaphrodite worms (5) cross in the drop plate. After two days, hermaphrodite
worms transfer into new NGM agar plates for egg-laying and worm development. F1
generation is taken from one plate, which obtains high most male offspring. The target
gene is heterozygote (+/-) for F1 generation worms; however, all worms do not have the
fluorescent marker. For this reason, F1 clones take after the control of the marker using a
microscope. F2 and further generations are followed by controlling both PCR and

fluorescent markers (Figure 2.2. 1).
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L4 hermaphrodites tagged with the Wild-type male
{luorescent marker (5) 2 Days (10)

L4 mutant hermaphrodites

(%)

Males tagged with the fluorescent
marker (10)
2 Days

P, off

2 Days

F1 worms

3 Days

F2 worms

2 Days
(PCR and transgenic control)

F3 worms

Figure 2.2. 1: A genetic cross-process based on Mendelian genetics principles.

The Mendelian cross principles are applied for generating single mutant with tagged
fluorescent protein. Wild-type male (10) and larvae 4 (L4) stage hermaphrodite (5) worms
are used for genetic cross and cross is followed by checking PCR and fluorescent protein.
(Po refers to hermaphrodite parents of offspring; F1, F2, and F3 worms represent the
following generations that come from P0.)
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2.2.2 Nematode Growth Medium (NGM) Preperation

The nematode growth medium (NGM) agar plates use to cultivate C. elegans
worms. NGM agar plates include 3 g NaCl, 2.5 g bacto peptone, and 17 g agar-agar in 1
L ddH»O. Then, this mixture is sterilized using an autoclave up to 121°C. After
sterilisation, the agar mixture is cooled to 50°C while being stirred with a magnetic stirrer.
1 mL nystatin (20 mg/mL), 1 mL cholesterol (5 mg/mL), 1 mL MgSO4 (1 M), 1 mL CaCl
(1 M) and 25 mL KPOg4 (1 M) are added into an agar bottle in sterile conditions, and the
mixture is stirred. Homogenized liquid agar is poured into petri dishes near a flame in the
fume hood, and poured agar dishes stayed in the fume hood for 16 hours at room
temperature. Following the day of agar pouring, 70 pul of E. coli OP50 bacteria grown in
LB for 16 hours are spread on the plates and spread plates are left for 16 hours at room

temperature for bacteria growth.

2.2.3 Confocal Microscopy Imaging and Analysis Process

In vivo imaging can be performed on worms that are healthy and well-fed. Before
analysis day, plates are checked to ensure they contain adequate bacteria for worm
feeding on NGM agar plates. Additionally, a few preparations are required to provide a
proper analysis process at the beginning of confocal microscopy analysis. Before the start
of an analysis, the room temperature stable is kept at 20°C, and 3% agarose in ddH20 is
prepared to mount worms for in vivo microscope analysis. An anaesthetizing reagent, 10
mM levamisole, is prepared from stock solution (500 mM) by diluting in M9 solution.
After providing stable room temperatire, a drop of 3% agarose is put to the slide and
covered with another slide to form a straight surface. Then slides are gently seperated
from each other without disintegrating agarose, and 2 uL. of 10-20 mM levamisole is
dropped into the agarose pad. Next, worms are transferred into levamisole using a
platinum wire pick, and a cover slide is put over the worms under the stereomicroscope.
The slide is placed into clips of the Zeiss LSM900 confocal microscope, and the ZEN 3
Blue edition software system is opened for taking Z-stack images using the Plan
ApoChromat 63x/1.40 NA with 0.14 pm intervals. After collecting multiple Z-stack
images, cilia lenght is measured using ZEN 3 Blue edition software. Cilia length is
measured from the basal body to the end of the cilia for strains tagging with endogenous

IFT-74::GFP transgenic. Alternatively, cilia length is measured from the periciliary
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membrane compartment (PCMC) to the end of the cilia for strains tagging with SRB-
6::GFP transgenic. In addition to cilia length analysis, cilia are grouped as normal or
misdirected for determining the phenotypical difference between PHA and PHB cilia.
During this analysis, the ZEN 3 Blue edition software is used for creating three-

dimensional (3D) images from Z-Stack images.

224 Dendrite Length Measurements

Z-stack images are taken, which include cell body, dendrite, axon and cilia using
wild-type, single and double mutant worms tagged with endogenous IFT-74::GFP
transgenics under 40X magnification of LEICA compound microscope (LEICA DM6 B).
The length of dendrite is measured from the middle of cell body to the distal end of the
dendrite, not include transition zone and cilia. Andor software (Andor iQ 3.6.2) is used

for measuring dendride lenght. A minimum of 15 dendrites are analyzed for each strain.

2.2.5 Stage Analysis

Stage analyses are made using healthy worms. The starvation of worms and
contamination on the NGM agar plates or bacteria affect the health conditions of worms.
Different stage worms, such as larva 1 (L1), larvae 4 (L4), 1-day, 5-day, and 8-day worms,
are used to perform stage analyses. The L1 stage is the first developmental stage following
egg-laying (9 hours), and L4 worms are developed at the 28th hour following hatching in
22°C [54]. L1 stage worms are analyzed in 9 hours after egg-laying. After then, L4-stage
worms worms are analyzed. The analysis is continued with 1-day, 5-day, and 8-day
worms. Worms are grown at 20°C, and the stages are analyzed under ZEISS LSM 900

confocal microscope.

2.2.6 Plots and Statistical analysis

The difference in the cilia structure was shown using bar plots. The ggplot2 [56]
package was used to create bar plots, and the rstatix package (version 0.7.0) [57] was used
to perform the Fisher's exact tests on the data to compare the two data sets. The cilia
length, dendrite length and other length measurements were displayed with box plots. The
ggplot2 library was used to construct box plots, while the rstatix library was utilized for

performing statistical comparisons between each comparison. Specifically, T-test or
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Wilcoxon paired test was used for comparison in the analysis. All analyses were
performed in RStudio using R programming language (R version 4.1.2) [58].
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Chapter 3

Results

3.1 Two distinct cilia from two different sensory

neurons jointly extend

The 60 sensory neurons of 302 neurons in C. elegans are involved in sensing the
environment and responding against the triggers, and these sensory neurons have
disseminated both head (amphid) and tail (phasmid) parts of the worm. Most sensory cilia
are located in the amphid of the worm by forming the ciliary bundle, called ciliary
channel. They take signals and give cellular responses against foods, environmental
stimulus, and chemicals.

ASE and ASI cilia are involved in a ciliary channel with six other cilia: ADF,
ASG, ASH, ASJ, ASK, and ADL cilia. Specifically, ASE and ASI cilia are originated
from distinct cell types and elongate in parallel directions to reach the mouth of the worm.
Exhaustive images taken from TEM and ssTEM show their parallel elongation from basal
bodies to tips [52], [54]. We generated a unique fluorescent marker for the vizualization
of ASE and ASI cilia's structure in our laboratory. This marker is labelled ASE cilium
with an str-3::GFP and ASI cilium with a gcy-5::mCherry fluorescent marker. The
parallel elongation of ASE and ASI cilia is achieved using this double transgenic, as

shown in Figure 3.1. 1 A.

After obtaining confocal images of ASE and ASI cilia in our lab, we investigated
whether or not other cilia types follow similar cilia structure end of the elongation. Firstly,
we decided to investigate PHA and PHB cilia, which are found in the phasmid of the
worm (Figure 3.1. 1 B). PHA and PHB cilia extend their cilia separately from their

dendritic ends. These cilia converge in the middle of the cilia and stretch together to the
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tip of the cilia, giving the appearance of a single cilium. However, according to TEM
pictures, the PHA and PHB cilia overlap after coming together, not joining [54].

We generated a special double transgenics by labelling IFT-A with CHE-
11::mCherry [59] and the transmembrane calcium ion channel with OCR-2:eGFP [60].
Furthermore, PHA and PHB cilia are seen using endogenous single-copy IFT-74::GFP,
an IFT-B member [61] (Figure 3.1. 1 C). Similar to the tendency of ASE and ASI cilia
during elongation, PHA and PHB cilia elongate in the same direction even if they have
different cilia lengths (Figure 3.1. 1 C). Remarkably, there was no statistically significant
difference between PHA and PHB cilia when we measured the lengths of the PHA and
PHB cilia separately (Figure 3.1. 1 D). Afterwards, we questioned the distance between
the basal bodies of PHA and PHB cilia. We measured their positions and got a 0.48 um
distance for 32 cilia (Figure 3.1. 1 E). Briefly, the various cilia types in C. elegans exhibit
similar phenotypic patterns at the end of the cilia elongation process, even if they come

from different cell types.
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Figure 3.1. 1: Different cilia types show a similar communication pattern for the
cilia elongation process.

A) The cilia structure for ASE and ASI is given horizontally in the representative and
fluorescently marked images. ASE and ASI cilia originated from different cell bodies
(given as green and red cycles) and followed their dendrites to elongate in a parallel
direction from their basal bodies to ciliary tips. Dashed lines zoom to ASE and ASI cilia,
tagged with str-3::GFP and gcy-5::mCherry fluorescent markers, respectively. B) The
representative and fluorescently labelled photos horizontally display the cilia structure for
PHA and PHB. They are located in the phasmid of the worm and come from different cell
bodies (displayed with green cycles). CHE-11::mCherry and OCR-2:eGFP fluorescent
markers are used to visualize PHA and PHB cilia in wild-type worms. C) The various
ciliary lengths of wild-type worms are displayed using endogenous single-copy IFT-
74::GFP fluorescent transgenics. D) PHA and PHB cilia lengths are not different from
each other. The Wilcoxon two-paired statistical test is used to compare the individual
lengths of the PHA and PHB cilia measured from the basal body to the cilium. E) The
basal body position for each PHA and PHB cilia can be differ from each other even if
they elongate simultaneously. BB indicates the basal body for each figure, and the scale
bar is demonstrated with 2 um for each fluorescent image.
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The investigation of the cilia phenotype of PHA and PHB at diverse
developmental stages revealed that they consistently intersected from the larvae 4 (L4)
stage to the 8-day adult worm stage (Figure 3.1.2). This indicates that the regulation of

cilia direction began prior to the L4 stage of worm development.

Figure 3.1. 2: PHA and PHB cilia always come together from the early
developmental stage.

5-Days Adult

1-Day Adult
8-Days Adult

Wild-type worms tagged with CHE-11::mCherry; OCR-2:eGFP double transgenic are
used for stage analysis (Larvae 4 (L4), 1-day, 5-days, and 8-days). A-D confocal images
display PHA and PHB cilia structure from the L4 stage to 8-days adult worms. (Scale bar:
2 um)
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3.2 The small GTPase ARL-13 is essential for the joint

cilia extension of PHA and PHB

PHA and PHB cilia come from different cell types and then elongate in parallel
directions until the ciliary tip. The general cilia structure of PHA and PHB is usually
similar in wild-type. We called this structure a Y-like structure or normal cilia throughout
this thesis.

To investigate the cilia structure of PHA and PHB, we generated various single
mutants, including bbs-5 (gk537), bbs-7 (ok1351), hdac-6 (0k3203); him-5 (e1490), mksr-
1 (tm3083), mks-2 (nxI111), mks-5 (tm3100), mks-6 (gk674), dyf-5 (okl177), nphp-2
(gk653), nphp-4 (tm925), kap-1 (0k676), kip-13 (tm3737), rpi-1 (syb722), nekl-4
(tm4910), elmd-1 (syb630), cdkl-1 (0k2694), cep-104 (tur012), ccep-290 (tm4927), ttll-4
(tm3310), ttll-11 (gk482), wdr-31 (tm10423), wdr-54 (sybl1005), and arl-13 (gk513)
single mutants, labelling with endogenous IFT-74::GFP fluorescent protein and analyzed
their structures under the confocal microscope. We selected those genes based on their
cilia localization and ciliopathy associations. We selected several proteins for phenotype
screening, including basal body proteins (BBS-5, BBS-7, and MKS-2), transition zone
proteins (NPHP-4, MKSR-1, MKS-5, MKS-6 and CDKL-1), ciliary proteins (CEP-104,
WDR-31, NPHP-2, DYF-5, TTLL-4, NEKL-4, and RPI-1), and ciliary membrane protein
(ARL-13) [40], [62]-[64]. Additionally, KAP-1 and KLP-13 were chosen due to their
kinesin roles [65], and TTLL-11 was preferred for the glutamylation activity in the
microtubule [66]. CCEP-290 is a centred protein at the microtubule cylinder of the
transition zone [67]. HDAC-6 is a deacetylase that mediates the differentiation of glioma
cells using cilia [68]. Lastly, WDR-31 and ELMD-1 were selected for being new cilia-
associated genes [64].

Figure 3.2.1 A shows that twenty-two single mutants exhibit normal cilia
phenotypes similar to wild-type, even with different cilia lengths. The arl-13 single
mutant is an exception since it has a unique structure. As seen in the panel, PHA and PHB
cilia come together in the middle, then elongate until the tip of cilia them (displayed with
* in the panel). However, the PHA and PHB cilia do not come together to elongate
concurrently in the absence of ARL-13 protein and instead pursue distinct paths (called
misdirected cilia, ** displays the tips of PHA and PHB cilia). Then, we deciaded to

visualize PHA and PHB cilia using different fluorescent markes which are CHE-

22



11::mCherry; OCR-2:eGFP and PLC::GFP; MKSR-2::tdTomato (Figure 3.2. 1 B). The
arl-13 single mutant displays a misdirection phenotype when labelled using different

ciliary and cellular fluorescent proteins.

To ensure the distribution of normal and misdirection phenotypes in the single
mutants, we analyzed their cilia structure by counting at least 10-15 worms (Figure 3.2.
1 C) In the absence of ARL-13 and MKS-5 proteins, the misdirection phenotype is
statistically meaningful compared to the wild-type (We focued ar/-13 gene in the rest of
analyzes.). Additionally, we individually measured PHA and PHB cilia length for each
strain (Figure 3.2. 1 D). Even if single mutants have shorter or longer cilia than wild-type,

their cilia structure is normal (except for arl-13).
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Figure 3.2. 1: Joubert syndrome associated protein, ARL13B, is reguired for joint
extension of PHA and PHB cilia.

A) arl-13 (gk513) single mutant has unique pheotype than other mutants.The panel
indicates the PHA and PHB cilia lengths and structures in wild-type and other single-
mutant worms tagged with single-copy OSM-6::GFP and endogenous single-copy IFT-
74::GFP fluorescent transgenics. Panel consists of bbs-5 (gk537), bbs-7 (ok1351), hdac-
6 (0k3203); him-5 (el490), mksr-1 (tm3083), mks-2 (nx111), mks-5 (tm3100), mks-6
(gk674), dyf-5 (okll177), nphp-2 (gk653), nphp-4 (tm925), kap-1 (0k676), kip-13
(tm3737), rpi-1 (syb722), nekl-4 (tm4910), elmd-1 (syb630), cdkl-1 (0k2694), cep-104
(tur012), ccep-290 (tm4927), ttll-4 (tm3310), ttll-11 (gk482), wdr-31 (tm10423), wdr-54
(syb1005), and arl-13 (gk513) single mutants, respectively. * and ** indicate ciliary tip
in the panel, and the scale bar is present 2 um. B) In the absence of ARL-13 protein, PHA
and PHB cilia are misdirected. PHA and PHB cilia are visualized using CHE-
11::mCherry; OCR-2:eGFP and PLC::GFP; MKSR-2::tdTomato fluorescent markers in
wild-type (top of the panel) and arl-13 (gk513) (middle and bottom of the panel) single
mutants. 3D structures (left column in the panel), taken from confocal microscope, and
representative images (right column in the panel) are given for wild-type and ar/-13
(gk513) single mutant. C) The misdirection phenotype is statistically significant in arl-13
(gk513) and mks-5 (tm3100) single mutants. The phenotypic distribution of PHA and
PHB cilia are classified as normal and misdirection, and the percentage for each mutant
is given in the bar graph. The normal and misdirected phenotypes of single mutations and
wild-type are compared using Fisher's exact test (*= 0.05, ****=0.0001). D) Cilia length
is measured from the basal body to the tip of the cilia for wild-type and every single
mutant (Given PHA cilia length). Cilia length for each mutant is statistically compared
with wild-type, and results are given in the boxplot using * and ns. (Wilcoxon paired-two
test, ****=1e-04, ***=(0.001, **=0.01, *=0.05, ns =not significant)
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3.3 Parallel cilia elongation of ASE and ASI cilia

elongation is controlled by the small GTPases ARL-13

ASE and ASlI cilia are two types of cilium located in ciliary channels in the amphid
region of C. elegans. They support chemosensation and thermosensation by being directly
exposed to the environment [69].The focused ion beam scanning electron microscopy
(FIB-SEM) and serial section transmission electron microscopy (ssTEM) microscope
images indicate that these long slender ASE and ASI cilia originate from different origins
and elongate to achieve the mouth of the worm [52], [53]. This elongation occurs in a
parallel direction.

To visualize ASE and ASI cilia, we generated a []double transgenic marker by
tagging ASE cilia with gcy-5::mCherry and ASI cilia with str-3::GFP (Figure 3.3. 1 A).
Similar to the literature review about the linear elongation of ASE and ASI cilia, we
obtained a similar result using double transgenic in the wild-type worms: ASE and ASI
cilia are elongated in the same direction. Nevertheless, ASE and ASI cilia are misdirected
without ARL-13 protein (Figure 3.3. 1 B). The misdirection phenotype of the arl-13
(gk513) single mutant is statistically different compared to the wild-type. In brief, ARL-
13 is the required for regulating the direction of the ASE and ASI cilia during the
elongation process (Figure 3.3. 1 C).
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Figure 3.3. 1: ARL13B is required protein for the parallel elongation of ASE and
ASI cilia in amphid.

ASE and ASI cilia elongate from different basal bodies in a parallel direction. A) ASE
and ASI cilia elongation is shown in the representative figure and wild-type worm using
gcy-5::mCherry for ASE and with str-3::GFP for ASI cilia. B) Misdirection is observed
in arl-13 (gk513) single mutant tagging with gcy-5::mCherry and str-3::GFP double
transgenics. C) Misdirection phenotype of arl-13 (gk513) single mutant is statistically
significant than wild-type. Fisher’s exact test is applied when comparing normal and
misdirection phenotypes for wild-type and arl-13 (gk513) single mutant worms tagging
with gey-5::mCherry and str-3::GFP (**= 0.01). (Scale bar: 2 um)

26



3.4 Cilia length and cilia direction are independent of

each other

To better understand the relationship between the cilia length and cilia structure,
various double mutants, namely arl-13 (gk513); cdkl-1 (0k2694), arl-13 (gk513), ift-139
(¢k508), and arl-13 (gk513); nekl-4 (tm4910), are generated. Cilia structures were
categorized as normal and misdirected (given in Figure 3.4. 1 C) for every single and
double mutant. Subsequently, a comparison is made between the phenotypical differences
exhibited by the wild-type vs the single/double mutant and the single vs double mutant
for each double mutant (Figure 3.4. 1 A). Similar to previous results given in Figure 3.2.1
and Figure 3.3.1, arl-13 (gk513) single mutant has misdirection phenotype than others.
Additionally, arl-13 (gk513); cdkl-1 (0k2694), arl-13 (gk513); ift-139 (gk508), and arl-
13 (gk513); nekl-4 (tm4910) double mutants have statistically significant misdirection
phenotype when comparing with wild-type and their single mutants (cdkl-1 (0k2694), ift-
139 (gk508), and nekl-4 (tm4910)) except arl-13 (gk513) single. However, there is no
statistically noticeable phenotypic difference between arl-13 (gk513) single vs double
mutants. This means the misdirection phenotype of double mutants stems from the
absence of the ARL-13.

In addition to phenotype analysis, we measured the length of PHA cilium for each
strain, and the analysis compared wild-type, single and double mutants (Figure 3.4. 1 B).
The arl-13 (gk513); ift-139 (gk508) double mutant displayed a statistically significant
reduction in cilia length compared to the wild-type. In contrast, the double mutants of ar/-
13 (gk513); nekl-4 (tm4910) exhibited a statistically significant increase in cilia length
compared to the wild-type. However, arl-13 (gk513); cdkl-1 (0k2694) double mutants do
not have any statistically meaningful difference from the wild-type. In short words,

misdirection phenotype and cilia length is regulated independently.
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Figure 3.4. 1: The misdirection phenotype is not dependent on cilia length.

A) The misdirection phenotype seen in double mutants is due to the lack of the ARL-13
protein. arl-13 (gk513); cdkl-1 (0k2694) and arl-13 (gk513); ift-139 (gk508) double
mutants and their single mutants (arl-13 (gk513), cdki-1 (0k2694), and ift-139 (gk508))
have been labeled with SRB-6::GFP, while the double mutant of arl-13 (gk513); nekl-4
(tm4910) and 1its singles (arl-13 (gk513), nekl-4 (tm4910)) have been marked with a
single-copy endogenous IFT-74::GFP fluorescent marker. The bar graphs with exact
worm numbers (n) show the percentages of normal and misdirection cilia for each strain.
Normal and misdirection phenotype is analyzed using Fisher’s exact test (**= 0.01). B)
Cilia length 1s independent of cilia phenotype in arl-13 (gk513); cdkl-1 (0k2694), arl-13
(gk513); ift-139 (gk508) and arl-13 (gk513); nekl-4 (tm4910) double mutants, even if
they have shorter or longer cilia than wild-type. The box plot includes the statistical
outcomes of comparing the PHA cilia length between strains. (n stands for worm
number.) (Wilcoxon paired-two test is applied, ****=le-04, ***= 0.001, **=0.01,
*=0.05, ns =not significant) C) Normal and misdirection cilia are given in 3D
representative forms taken from the confocal microscope.
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3.5 Misdirection phenotype investigated in mks-5
(tm3100); nphp-4 (tm925) and rpi-1 (syb722); nphp-4

(tm925) double mutants

A recently published paper from our laboratory shows that the basal body (BB)
position of PHA and PHB cilia in the rp-1 (syb722); nphp-4 (tm925) double mutant can
be positioned at different points [62]. Then we considered that the direction of PHA and
PHB cilia can be outcome from the different positioned of their BB. To investigate this
hypothesis, we analysed this double mutant as well as mks-5 (tm3100); nphp-4 (tm925)
double mutant.

The initial analysis involves the determination of the phenotypic distinction
between double mutants and wild-type (Figure 3.5. 1 A). rp-1 (syb722), nphp-4 (tm925),
mks-5 (tm3100), arl-13 (gk513) single and mks-5 (tm3100); nphp-4 (tm925), rp-1
(syb722); nphp-4 (tm925) double mutants are categorised in normal, and misdirection
groups and this groups are statistically compared for each mutant. Statistical analysis
indicates that mks-5 (tm3100); nphp-4 (tm925) and rp-1 (syb722); nphp-4 (tm925) double
mutants exhibit a misdirection phenotype in comparison to the wild-type worms and
single mutants. Then, we measured PHA cilia lenghts for wild-type and each mutant
(Figure 3.5. 1 B). The confocal images demonstrate that BBs of PHA and PHB are
undoubtedly positioned differently in mks-5 (tm3100); nphp-4 (tm925) and rp-1 (syb722);
nphp-4 (tm925) double mutants (Figure 3.5. 1 C, BB is marked with *).

To clarify the effect of BB positions on PHA and PHB cilia direction, we analyzed
two main things: the BB distance between PHA and PHB cilia and their dendrite lengths
(Figure 3.5. 1 D). The BB distance is statistically wider in mks-5 (tm3100); nphp-4
(tm925) and rp-1 (syb722); nphp-4 (tm925) double mutants than in single mutants (Figure
3.5. 1 E). Additionally, dendrite lengths for each strain is measured from the cell body to
the BB and anlaysed (Figure 3.5. 1 F). Briefly, these mutants have shorter dendride length
than wild-type.
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Figure 3.5. 1: The misdirection of PHA and PHB cilia is found in the mks-5
(tm3100); nphp-4 (tm925) and rpi-1 (syb722); nphp-4 (tm925) double mutants.

rpi-1 (syb722); nphp-4 (tm925), mks-5 (tm3100); nphp-4 (tm925) double and arl-13
(gk513), nphp-4 (tm925), rpi-1 (syb722), mks-5 (tm3100) single mutants are labelled with
single-copy endogenous IFT-74::GFP fluorescent protein. A) The percentages pertaining
to the PHA and PHB cilia structure for each mutant have been provided. Statistical
analysis indicated that rpi-1 (syb722); nphp-4 (tm925) and mks-5 (tm3100); nphp-4
(tm925) double mutants and arl-13 (gk513) single mutant display misdirection phenotype
than wild-type. (Fisher’s exact statistical test, **= 0.01, ****=(0.0001) B) The PHA cilia
lengths of strains are measured from the basal body to the tip of the cilia and compared
using the Wilcoxon paired statistical test between single and double mutants. C)
Representative confocal images are given in the panel. (Scale bar: 2 pm, * shows the
basal body positions for PHA and PHB.) D) The illustrations show PHA and PHB cilia
extending from their cell bodies to their tips. Based on the basal body (BB) positions,
cilia length can be changed. E) The BB positions between PHA and PHB cilia are
measured for each strain and statistical analysis (Wilcoxon paired statistical test) is
applied for comparision. F) The dendride length of each strain is measured from the center
of cell body to the basal body, and then each double mutant is analysed with its single
mutants appliying Wilcoxon paired statistical test. (****=1e-04, ***= 0.001, **=0.01,
*=0.05, ns =not significant) (n represents the cilia number used for analysis.)
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3.6 Misdirection of arl-13 (gk513); hdac-6 (0k3203);
nphp-2 (gk653) triple mutant is more frequent than arl-

13 (gk513) single mutant

We wondered how other double or triple mutants with ar/-13 can affect the PHA
and PHB cilia direction. In pursuit of this objective, we thoroughly examined scholarly
articles related to ARL13B/arl-13. Warburton-Pitt, Simon R F and colleagues presented
the dye assay results of the arl-13(gk513); hdac-6 (0k3203); nphp-2(gk653) triple mutant
[70]. We considered that the PHA and PHB cilia structure of this triple could be suitable
for our research perspective and involved in the cilia phenotype and length analysis.

PHA and PHB cilia direction and length are detailed investigated for arl-
13(gk513), hdac-6 (0k3203), nphp-2(gk653) single; arl-13(gk513); hdac-6 (0k3203), arl-
13(gk513); nphp-2(gk653), arl-13(gk513); nphp-2(gk653) double and arl-13(gk513);
hdac-6 (0k3203); nphp-2(gk653) triple mutants (Figure 3.6. 1). PHA and PHB cilia
structure is classified into normal and misdirection groups, and arl-13(gk513); hdac-6
(0k3203); nphp-2(gk653) triple mutant is statistically compared with double mutants
(Figure 3.6. 1 A). Suprisingly, the misdirection phenotype is more severe than arl-13
(gk513) single mutant. Additionally, we measured cilia length of PHA cilia in each mutant
and compared them (Figure 3.6. 1 B). The PHA cilia length of this triple mutant is
statistically shorter than the wild-type, single and double mutants. The panel in Figure
3.6. 1 C contains representative confocal images for each mutant. In addition to these
analyses, we did not involve the arl-13(gk513); nphp-2(gk653) double mutant in
phenotype and length analyses due to tiny PHA and PHB cilia.
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Figure 3.6. 1: arl-13(gk513); hdac-6 (0k3203); nphp-2(gk653) triple mutant has
misdirection.

A) arl-13(gk513); hdac-6 (0k3203); nphp-2(gk653) triple mutant tagged with single-
copy endogenous marker, IFT-74::GFP, has severe phenotype than arl-13 (gk513) single
mutant. PHA and PHB cilia direction is classified into normal and misdirection groups
for wild-type, arl-13(gk513), hdac-6 (0k3203), nphp-2(gk653) single; arl-13(gk513);
hdac-6 (0k3203), arl-13(gk513); nphp-2(gk653) doubles and arl-13(gk513); hdac-6
(0k3203); nphp-2(gk653) triple mutants. Statistical analysis of each comparison group
(wild-type vs singles/doubles/triple, doubles vs triple) shows that the misdirection
phenotype of arl-13(gk513); hdac-6 (0k3203); nphp-2(gk653) triple mutant is more
severe than arl-13 (gk513) single mutant. (Fisher’s exact test, ****=0.0001) B) arl-
13(gk513); hdac-6 (0k3203); nphp-2(gk653) triple mutant has shorter PHA cilia than arl-
13 (gk513) single mutant. Each cilia length of PHA is measured and presented with
statistical results in the box plot (Wilcoxon paired test is applied, ****=]e-04, ***=

0.001, **=0.01, *=0.05, ns =not significant). C) Representative cilia structures of mutants
are given in the panel (Scale bar: 2 um).
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3.7 The BBSome component BBS-8 rescues the cilia

misdirection defect of ARL-13

The role of essential ciliary genes such as kinesins, the IFT complex, and BBSome
in controlling the PHA and PHB cilia's direction was the following question we
considered. Therefore, we targeted essential genes related to a complex or subunit for
comprehing the misdirection phenotype in double mutants with arl-13 (gk513). We
selected bbs-8 (nx77) due to its belonging to the BBSome complex [71], osm-3 (p802)
due to being an essential homodimeric motor protein [72], kap-1 (0k676) due to being a
kinesin and a linker between the IFT motor and cargo [73], and ift-81 (tm2355) due to
being a member of the IFT-B complex [33] in primary cilia. Subsequently, an analysis is
conducted on the phenotypical differences and cilia length of the PHA and PHB cilia of
arl-13 (gk513); kap-1 (0k676), arl-13 (gk513); bbs-8 (nx77), and arl-13 (gk513); ift-81
(tm2355) double mutants with their single mutants (Figure 3.7. 1).

The phenotypic analysis of double mutants with arl-13 (gk513) demonstrated no
significant difference between single and double mutants except arl-13 (gk513); bbs-8
(nx77) double mutant. Interestingly, the arl-13 (gk513); bbs-8 (nx77) double mutant
displayed a decrease in misdirection and an increase in normal phenotype compared to
the arl-13 (gk513) single mutant, as confirmed by statistical analysis (Figure 3.7. 1A/B).
This indicates that BBS-8 and ARL-13 are regulatory proteins that control cilia direction.
Furthermore, arl-13 (gk513); osm-3 (p802) double mutant has shorter cilia which do not
intersect in the middle of PHA and PHB cilia. For this reason, we did not evaluate this

double in the phenotype and length analysis.
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Figure 3.7. 1: BBS-8 partially rescues the misdirection phenotype of ARL-13.

A) The panel displays the cilia structures of PHA and PHB cilia of wild-type and mutants,
which are arl-13 (gk513), kap-1 (0k676), bbs-8 (nx77) single, arl-13 (gk513); kap-1
(0k676), arl-13 (gk513); bbs-8 (nx77), and arl-13 (gk513); ift-81 (tm2355) double
mutants. (Scale bar: 2 um) B) The misdirection phenotype is more severe in arl-13
(gk513) single mutant than arl-13 (gk513); bbs-8 (nx77) double mutant. The cilia
structure of PHA and PHB for each mutant is categorized into the normal and misdirected
groups, as indicated in the bar plot. To compare phenotypical groups, Fisher’s exact test
1s applied (****=0.0001). C) PHA cilia lengths of each mutant are measured from the
basal body to the end of the cilia. The box plot is displayed cilia length and statistical
results between mutants (Wilcoxon paired-two test is used for comparing groups,

*kxE=1e-04, ***= 0.001, **=0.01, *=0.05, ns =not significant). (n used for noting the
worm numbers used in this analysis.)
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Chapter 4

Conclusions and Future Prospects

4.1 Conclusions

The primary cilia, the plural form of the cilium, are microtubuled sensory neurons
which are protruded from the cell surface to the outside. Cilia arise from the cell body by
following dendrites to achieve forming own structure. Various types of cilia can arise
from different cell types, whereas some cilia share the same cell to occur. For example,
the single-celled Chlamydomonas has two flagella which come from the same cell and
are interconnected with each other [49], [50]. Additionally, the nematode C. elegans has
various cilia, such as ASE, ASI, PHA, and PHB cilia originating from different cell types.
TEM [53] and ssTEM [52] images revealed that ASE, ASI, PHA, and PHB cilia come
from different cell types, and ASE & ASI and PHA & PHB cilia elongate in a parallel

direction. However, there is a mystery in explaining the parallel cilia elongation.

In this thesis, we examined how cilia direction is determined. For this purpose, we
used the nematode C. elegans as a model organism in our laboratory. Firstly, we target to
analyze ASE and ASI cilia labelled with unique transgenics. ASE and ASI cilia showed
parallel elongation in the amphid. However, the amphid of the worm is more mobile than
the phasmid, and this mobility causes a complicated analysis process. Therefore, we
decided to analyze PHA and PHB cilia located in the phasmid throughout the rest of the

detailed analysis.

We generate twenty-three single mutant and analyzed their PHA and PHB cilia
structure. We noticed that all mutants except the arl-13 single mutant have a normal
phenotype showing parallel elongation of PHA and PHB cilia. The PHA and PHB cilia
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of a single arl-13 mutant are misdirected, meaning they are not joined anywhere; they
extend independently.

We questioned the hypothesis to understand better parallel cilia elongation: i) will
ASE and ASE cilia also show similar misdirection phenotype in the absence of the ARL-
13? ii) are the cilia length and phenotype independently controlled process? iii) can the
basal body position affect cilia phenotype related to length? iv) how do different cilia-

related essential genes affect the cilia direction?

The misdirection phenotype is seen in the ASE and ASI cilia without the ARL-
13. We presented double mutants having different PHA lengths, and the misdirection of
doubles does not have any significant difference from a single arl-13 mutant. This data
shows that the misdirection phenotype is independent of cilia length. We measured their
distance to evaluate the basal body position and dendrite length for the next hypothesis.
Briefly, the basal body position and dendrite length are not associated factors affecting
cilia direction. Lastly, we generated various double and triple mutants to check their PHA

and PHB cilia lengths and to understand interactions.

Interestingly, we found a severe phenotype in the arl-13 (gk513); hdac-6
(0k3203); nphp-2 (gk653) triple mutant, and therefore we can conclude that INV/NPHP-
2 and HDACG6/HDAC-6 are involved in the regulation process of cilia with
ARL13B/ARL-13. Another interesting result is arl-13 (gk513); bbs-8 (nx77) double
mutant has a rescued phenotype. The misdirection phenotype is 58.80 % and 20.56 % in
arl-13 (gk513) single and arl-13 (gk513); bbs-8 (nx77) double mutant, respectively. The
misdirection phenotype is 38.26 % decreased in arl-13 (gk513); bbs-8 (nx77) double
mutant. Therefore, we concluded that BBS-8 could partially rescue the misdirection

phenotype.
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4.2 Societal Impact and Contribution to Global

Sustainability

Ciliopathy is a genetic condition originating from the organism's abnormal or
dysfunctional cilia. This disease group is a member of the rare disease with its own
disease-specific and exceptional clinical features. Joubert syndrome (JBTS) is one of the
common genetic conditions, and forty-four different genes are associated with this
disorder. The ARL13B/arl-13 is a well-known gene of this disease with characteristic
abnormal cilia structure, called misdirection in this thesis. Abnormal cilia structure
directly affects cilia functionality. ASE and ASI cilia, for example, are located near the
mouth of C. elegans, and they are responsible for taking food into the organism by sensing
environmental signals. Chemical, mechanical and optical signals also taken by cilia.
However, misdirected ASE and ASI cilia cause a change in the ciliary bundle in the
mount. Therefore cilia can not extend to outside for sensing the environment. Similar to

ASE and ASI cilia, PHA and PHB cilia misdirection also affects the sensation.

In this thesis, we aimed to understand how the cilia directions of ASE/ASI and
PHA/PHB are regulated in C. elegans when specific proteins are absent. We analyzed
various single, double and triple mutants by tagging them with different fluorescent
proteins. Therefore, we tested the effects of different proteins involved in this regulation.
We screened twenty-three different genes which are associated with cilia and cilia-related
processes. Also, we made unique fluorescent transgenics to visualize ASE and ASI cilia.
We analyzed different cilia types from the same perspective to support our aim. This
study is significant because of the understanding of how the cilia direction is regulated.
The knowledge about cilia direction can be a preliminary study for studying human cilia
to understand ciliopathy diseases better. Based on the National Institutes of Health report,
the prevalence of JBTS is a person of 80-90.000 worldwide. To decrease this number, it
is essential to have a comprehensive understanding of cilia and cilia-related regulations.
As a result, this thesis introduces a novel perspective to the research on cilia, and we
present a significant result: the misdirection phenotype of ARL13B partially rescues via
BBSS.
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4.3 Future Prospects

In this thesis, we analyzed PHA and PHB cilia structure labelling with numerous
fluorescent markers for classification as normal and misdirection cilia. As a further aspect
of this study, high-resolution microscope techniques like electron microscope can be
showed misdirection phenotype in ASE & ASI and PHA & PHB cilia. The interaction
between misdirection and adhesion molecules also can be questioned. Adhesion
molecules are proteins located at the cell/organelle surface for attachment to other
structures [74]. The primary function of these molecules is to transfer cellular signals into
the cell and adjacent cells. Flagellar adhesion molecules have been shown in unicellular
organisms such as Tetrahymena thermophila [75], Euplotes octocarinatus [76], and
Chlamydomonas reinhardtii [77], where they play a crucial role in mating. Specifically,
agglutinins, a member of glycoproteins, are involved in the mating process in the green
algae Chlamydomonas [77]. In addition to single-cellular organisms, marine larvae have
ciliary adhesion molecules to encourage the capturing of particles while feeding [78].
Furthermore, glycoprotein molecules in the adhesion system stabilize cilia-cilia
interaction [79]. Carolyn Ott and colleagues demonstrated that cilia communicate in rod
photoreceptors and cholangiocytes by involving ciliary adhesion molecules. Together
with this study, we can hypothesize that adhesion molecules can regulate cilia direction
by interacting between cilia and ciliary membrane. Additional investigation may be
carried out by explicitly focusing on glycoproteins in cilia and the ciliary membrane to

better understand the mechanism responsible for cilia directionality.

One potential future outcome of this study is determining cilia-specific genes that
only express a cilium in the cilia bundle. The C. elegans Neuronal Gene Expression Map
& Network (CeNGEN) comprises gene expression profiles in the nematode C. elegans
[80]. This system allows the determination of cilium-specific genes by choosing some
parameters. Wild-type worms can be mutated to target a specific gene region using the
CRISPR system to analyse the effect of specific genes in cilia. Then their cilia direction
in the cilia bundle can be investigated. Furthermore, mammalian studies can be involved

with the same perspective as C. elegans.
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Appendix

An exhaustive list of the materials and equipment used

to prepare the strains and perform the analysiss

Microscope, Software and Algorithms Supplier Model or Order Number
Andor iQ 3.6.2 software ANDOR

Andor iXon ultra EMCCD ANDOR 253.3.5/16/14996

Carl Zeiss microscope CARL ZEISS Axio Vert.Al

Compound microscope LEICA LEICA DM6 B

Fluorescence stereo microscope LEICA LEICA M205 FA

Stereo microscopes LEICA LEICA S9I

ZEISS LSM 900 with Airyscan 2 ZEISS

ZEISS ZEN 3.0 (Blue edition) ZEISS

https://imagej.nih.gov/ij/download.html

ImageJ Schindelin et al., 2012 [81] - Version 1.530
R Core Team (Version 4.1.2) N/A https://www.r-project.org/
Equipments Supplier Model or Order Number
Molecular Imager Gel Doc XR+ System with Image Lab Bio-Rad 1708195
Software

Tuttnauer 3850ELC-D
Autoclave (steam sterilizer)

Niive steam Art OT 90L

Thermo Scientific™

MicroCL 21R Microcentrifuge

Centrifuge
Thermo Scientific™ MicroCL 21 Microcentrifuge
Cooled incubator Panasonic MIR-554-PA
Cover glass ISOLAB 075.00.004
Cryogen tube (2 mL) Biosigma CL2ARBEPSTS
Precisa LS 1200C SCS
Electronic balance
SHIMADZU ATX 224
Thermo Scientific™ Owl EasyCast™ B2

Electrophoresis

Thermo Scientific™

Owl EasyCast™ B1

Halocarbon oil Sigma-ALDRICH H8898 - 50 mL
Heater NARISHIGE PC-100

Ice system Scotsman AF 80 AS 230/50/1
Immersion oil Sigma-ALDRICH 56822 - 50 mL
Individual (PCR) tubes (0.2 mL) Thermo Scientific AB-0620

Injection neddle WPI TW100F-4
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Laminar flow hood

Nucleon Laboratory Instruments

Class Il Biosafety cabinet

Magnetic stirrers Heidolph MR HEI-TEC
Micro centrifuges GYROZEN KGZS23518120872
Microscope slide ISOLAB 1.075.05.003
Microwave oven Vestel MD 20 MB
Multi-channel pipettes (1-10 ul) Thermo Scientific OH22524

Oil Hydraulic Micromanipulator NARISHIGE MMO-4

Parafilm Bemis PM-996

PCR thermal cyclers

Thermo Fisher Scientific

ProFlex PCR System

Bio-Rad

C1000 Touch Thermal Cycler

Petri dishes

6015 mm FIRATMED 8870000046
90 x15 mm 8870000011
Pipette tips

10 ul ISOLAB 005.01.001
200 pl 005.01.002
Pipette tips Biosiama

1000 pl 9 17A0845
Pipettes PH77343
0.2-2 ul NH30094
1-10 pl PH79581

2-20 ul . JH97441
10-100 il Thermo Scientific JHI5162
20-200 pl JH95573
100-1000 pl

Pressure supply port NARISHIGE IM-400

Pure nitrogen tank Gazsan GA-K2099096
S1 pipet filler Thermo Scientific 187550
Serological pipettes

10mL Biosigma Biosigma N403346

25 mL N403347
Spectrophotometer Thermo Scientific™ NanoDrop™ 2000
Sterile filter unit with MF-Millipore (0.22 pm) Millex® Syringe Filters SLGS033SS
Sterile syringe (0.5 mL) AYSET Tibbi Uriinler KD8354-00-10/17
Sterile syringe (10 mL) Helmed 20160802
Ultra-Low Temperature (UTL) freezer Haier DW-86L62B
Vortex mixer Stuart Biocote SA8
Water purification system Merck ZRQSVP800

Thermo Scientific™

Precision™GP 02

Waterbath
Thermo Scientific™ Precision™ GP 10

Weighing boats
igomnlql ISOLAB WBPSN7030001

WBPSN7100001
Chemicals and Recombinant Proteins Supplier Model or Order Number
100bp Plus 11 DNA ladder TRANSBIO BM321-01
10X Easy Taq buffer TRANSBIO N21106
6X Loading buffer TRANSBIO GH101-01
Agar-Agar, Kobe | CARL ROTH 5210.2 - 1 kg
Agarose Prona Agarose Biomax D00216PR
Bacto™ Peptone BD Bioscience™ 211677 - 500 gr
CaCl, CARLO ERBA REAGENTS 10043-52-4
Cholesterin CARL ROTH 8866.1 - 100 gr
Easy Taq DNA polymerase TRANSBIO AP111-01
EDTA CARLO ERBA REAGENTS 6381-92-6
Ethanol ALKOKIM 01012018-IR.01
Ethidium bromide BioShop ETB444.1
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https://www.bio-rad.com/en-tr/product/c1000-touch-thermal-cycler?ID=LGTW9415

Glacial acetic acid ISOLAB 64-19-7

High Pure dNTPs TRANSBIO AD101-02
KoHPO, Merck 105101.1000 - 1 kg
KCI Merck T447-40-7

KH,PO,4 Merck 104873.1000 - 1 kg
LB Broth, Miller Formulation VWR Life Science J106 - 1 kg

MgCl, Merck 7786-30-3
MgS0..7H,0 CARLO ERBA REAGENTS 10034-99-8
Nystatin ?Rpelsearch Products International) N82020-10.0
Primers MACROGEN

Proteinase K Sigma-ALDRICH SLBQ1035V
Sodium chloride (NaCl) ISOLAB 969.033.1000 - 1 kg
Tris base Sigma-ALDRICH T1503 - 1 kg

Ultra pure water Tekkim Kimya TK.911010.0
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Curriculum Vitae

June 2023
MERVE GUL TURAN
Bioengineering, Faculty of Life Science Lab site: Kaplan Lab
Abdullah Gul University ORCID iD: 0000-0001-5783-7168

Sumer Campus, Kayseri, Turkey

TRAINING & EDUCATION

2020 - Present
MSc., Bioengineering, Abdullah Gul University, Turkey
Thesis Title: “The characterisation of the cilia candidate gene(s)”
Advisor: Dr. Sebiha Cevik Kaplan
2017
Erasmus, Biotechnology, Polytechnic Institute of Coimbra, Portugal
2016 - 2021
BSc., Department of Mathematics, Halic University, Turkey
(Second Major Degree)
2015 - 2019
BSc., Department of Molecular Biology and Genetics, Halic University,

Turkey

SCHOLARSHIP

2022 - 2023
Project: TUBITAK 1002 Project (12 Months)
Project Title: “The Characterization of Genes Related with Bardet-Biedl
Syndrome in Ciliary Gate”
Funding Institution: TUBITAK
Project Coordinator: Dr. Sebiha Cevik Kaplan
2022 - 2023
Project: TUSEB (8 Months)
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http://kaplanlab.com/
https://orcid.org/my-orcid?orcid=0000-0001-5783-7168

Project No: 2022-ACIL-10

Project Title: “ARL13B-dependent joint elongation of two distinct cilia
in Caenorhabditis elegans”

Funding Institution: TUSEB

Project Coordinator: Dr. Sebiha Cevik Kaplan

PUBLICATIONS:

2022 - Turan, M. G., Kantarci, H., Temtek, S. D., Cakici, O., Cevik, S., & Kaplan, O. I.
(2022). Protocol for determining the average speed and frequency of kinesin and dynein-
driven intraflagellar transport (IFT) in C. elegans. STAR Protocols, 3(3), 101498.
https://doi.org/10.1016/j.xpro.2022.101498

PREPRINT:

2022 - Turan, M. G., Orhan, M. E., Cevik, S., & Kaplan, O. I. (2022). CiliaMiner: an
integrated database for Ciliopathy Genes and Ciliopathies.
https://doi.org/10.1101/2022.11.28.518070 bioRxiv (Submitted to Database)

WEBSITE:

CiliaMiner - https://kaplanlab.shinyapps.io/ciliaminer/

WET LAB SKILLS:

e PCR and lysis e Designing primer and sgRNA
o Agarose gel electrophoresis sets for CRISPR system
o Genetic cross o Designing PCR primers
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https://doi.org/10.1016/j.xpro.2022.101498
https://doi.org/10.1101/2022.11.28.518070
https://kaplanlab.shinyapps.io/ciliaminer/

ANALYSIS:
e Using and analyzing analysis on a compound microscope
« Using and analyzing on a fluorescence microscope
« Drawing plots using a programming language (R)
« Figure preparation

CODE ABILITY

Good knowledge of R - https://github.com/mervegulturan

ABSTRACT PRESENTATIONS IN SCIENTIFIC MEETINGS

2022  8th International Congress of the Molecular Biology Association of Turkey
“Investigation of molecular mechanisms for the simultaneous elongation of two
cilia”

2021 The 23rd International C. elegans Conference, Online
“Molecular Mechanism of Coordinating Cilia Intersection and Elongation”

2020 The 9th International Molecular Biology And Biotechnology Congress, Turkey
“Characterization of the voltage-gated K* channel gene, a novel cilia gene, in

cilia biogenesis”
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