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Chapter 3.1
MEASURING INTRAFLAGELLAR TRANS-
PORT IN C. ELEGANS CILIA WITH 
SINGLE-MOLECULE SENSITIVITY
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3.1.1 Abstract

In this chapter I describe how single-molecule fluorescence microscopy can be 
used to study the dynamics of single motor proteins and motor protein ensem-
bles in the chemosensory cilia of Caenorhabditis elegans. The actual experiments 
are described in Chapter 4.1. Here, I focus on the genetic and biophysical  
methods required. I start by introducing C. elegans as a model organism to study 
cilia formation and functioning. Next, I will describe how to generate C. elegans 
strains that can be used for single-molecule fluorescence microscopy experiments. 
I then give a detailed description of the fluorescence microscope used to reach 
the required detection selectivity and sensitivity. The chapter ends with a short 
overview of potential applications of this approach to gain a more detailed under-
standing of ciliary formation and functioning by linking the dynamics of a single 
motor protein to that of the ciliary system.
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INTRODUCTION

Cilia are membrane-enclosed compartments extending from the cell surface of 
most eukaryotic cells. Cilia can be motile or non-motile (primary cilia) and can 
have a variety of sensory tasks (1). In the kidney, for example, cilia are responsi-
ble for flow sensing by acting as mechanosensors that bend upon flow, thereby 
triggering a calcium-based signaling cascade (2). In the human eye, cilia connect 
the outer segment of the photoreceptor cell to the inner segment, crucial for 
visual perception (3). Because cilia are important sensory organelles and present 
on almost all cells of the human body, their malfunctioning can lead to human 
disease (4). Bardet-Biedl Syndrome (BBS) and polycystic kidney disease (PKD) 
are two examples of so-called “ciliopathies”, i.e. diseases linked to ciliary function 
or formation (5, 6, 7). Understanding the precise cause of ciliopathies requires a 
thorough understanding of cilium formation and functioning, ideally by linking 
the dynamics and performance of the whole ciliary system to the dynamics of the 
constituent individual proteins.

The ciliary core consists of an axoneme, a 9-fold symmetrical arrangement of 
microtubules (MTs) that extends from the basal body towards the ciliary tip. 
Here, MT-dependent motor proteins are responsible for building, maintaining 
and functioning of the cilium through a process called intraflagellar transport 
(IFT) (8). IFT is a bidirectional transport system in which kinesin motors drive 
transport of various cargoes from the base towards the tip (in anterograde direc-
tion) and dynein motors drive cargo transport in the opposite way (in retrograde 
direction). IFT was first discovered in the flagella of Clamydomonas reinhardtii (a 
unicellular green alga) by Kozminski and coworkers (9). Using DIC-microscopy 
they observed the bidirectional movement of “granules” just underneath the fla-
gellar membrane. Subsequent EM-studies revealed dense structures sandwiched 
between the ciliary membrane and the MT-tracks, identified as IFT-particle com-
plexes A and B (two distinct multi-protein subunits) using different biochemical 
techniques (10). It was the application of fluorescence microscopy, however, that 
allowed researchers to obtain detailed insight into the dynamics of IFT (11).  
Fluorescence microscopy based IFT-assays on living C. elegans, for example re-
vealed that anterograde IFT in the chemosensory cilia of this nematode is driven 
by the cooperative action of two distinct kinesin-2-family motor proteins, name-
ly; heterotrimeric kinesin-II and homodimeric OSM-3 (12, 13). It was found 
that these two different motor proteins work together on the ~4 μm long middle 
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segment of the cilium that consists of doublet MTs, but that OSM-3 alone main-
tains the ~2.5 μm distal segment that consists of singlet MTs extending from 
the A-tubules of the middle segment. Recently, improvement of the fidelity of 
IFT-assays by using single-copy transgenes encoding for fluorescently labeled IFT- 
proteins in combination with ultrasensitive, quantitative fluorescence micro- 
scopy and novel sophisticated data-analysis tools lead to the discovery of their 
functional differentiation (Chapter 4.1 of this thesis). Kinesin-II was found to 
serve as an importer of IFT-trains and its associated cargo, and OSM-3 as a dis-
tributor taking over the imported cargo in order to drive fast long-range transport 
towards the distal tip. This novel approach is capable of providing detailed insight 
into cilium formation and function, and motor-driven systems in general, and is 
the main subject of this chapter.

Figure 1: One of the single-molecule epi-fluorescence microscopes in the laboratory used 
for in vivo imaging of IFT in living C. elegans. 

In this chapter I describe how single-molecule fluorescence microscopy (Fig. 1) 
can be used to study the chemosensory cilia of C. elegans with single-molecule 
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sensitivity and how this approach can be used to obtain a more quantitative and 
detailed understanding of IFT. First, I describe the genetic approach to gener-
ate strains that express fluorescently labeled proteins at endogenous expression 
levels, crucial for obtaining optimal image contrast and performing quantita-
tive analysis. Next, I give a detailed description of a custom-built fluorescence 
microscope that can be used to obtain single-fluorophore detection sensitivity, 
revealing design criteria and solutions. Then, will be explained how to perform 
quantitative IFT-assays on living C. elegans nematodes. Next, I continue with a 
brief description on how quantitative analysis can be performed from the level 
of groups of proteins all the way down to the analysis of the behavior of a single 
protein. Finally, I give a short overview and outlook on further applications of 
quantitative single-molecule fluorescence microscopy to IFT.

3.1.2 Creating C. elegans strains for single-molecule imaging

C. elegans is an excellent model organism to study how cilia form and function. 
The life cycle (from egg to egg-laying adult) is relatively short (Fig. 2), taking only 
~3 days at 20 °C after which the hermaphrodite adult gives rise to about 300 
progeny in the next 2-3 days (14). The life cycle is strongly temperature depend-
ent and can be readily lengthened (to ~4 days at 16 °C) or shortened (to ~2 days 
at 25 °C). This means that experiments can be scheduled so that samples are avail-
able at the right moment. The availability of a completely sequenced genome and 
a wide array of genomic tools allow for the precise manipulation of the C. elegans 
genome, enabling creation of specific C. elegans mutants and transgenic strains 
that express fluorescently labeled proteins at or close to endogenous gene expres-
sion levels (16, 17). Fluorescent labeling in vivo is usually achieved by inserting 
an in-frame sequence encoding for a fluorescent protein (for example eGFP or 
mCherry) before the stop codon of the gene of interest resulting in the expression 
of fluorescently labeled proteins also called “fusion proteins”. A major advantage 
of this approach is that in principle a one-to-one labeling ratio is achieved and 
that all the proteins of interest are labeled (in case fluorescent-protein folding and 
maturation is complete). This means that the total fluorescence intensity is di-
rectly related to the amount of proteins present in the system, and once the signal 
arising from a single fluorophore is known can be quantified. Recently, we have 
achieved single-fluorophore detection sensitivity in the chemosensory phasmid 
cilia of the living organism, benefiting from the organism’s high transparency 
and the relatively low autofluorescent background in the tail. Here, I give a brief 
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overview of the methods used to create transgenic lines that express fluorescently 
labeled IFT-proteins at endogenous expression levels, give specific design criteria, 
and briefly discuss how to perform genetic crosses and controls.

Figure 2: Schematic representation of the life cycle of C. elegans at 22 °C from  
www.wormatlas.org (15).

Until a few years ago, microparticle bombardment and microinjection of DNA 
into C. elegans were the two most commonly used approaches to generate strains 
expressing fluorescently labeled proteins (18). Generally, these techniques result 
in strains that contain multiple integrated copies or carry extrachromosomal  
arrays (linear arrays of hundred(s) of ligated plasmids) resulting in variable gene 
expression and hence differences in protein levels both from cell-to-cell and 
organism-to-organism. This could make quantitative analysis difficult and, for 
example in the case of the IFT-system, could lead to distortion of the natural 
transport dynamics. To overcome this problem I used MosSCI, a technique to 
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generate C. elegans strains that carry a single-copy of a transgene encoding for a 
fluorescently labeled IFT-protein (16). This technique takes advantage of homol-
ogous recombination (a DNA-repair mechanism) to target a single transgene to 
a specific genomic locus. At the moment, 6 different loci (on 4 chromosomes) 
are available in unc-119 “injection strains”; ttTi4348 I, ttTi4391 I, ttTi5605 II, 
cxTi10816 IV, cxTi10882 IV, and ttTi14024 X (for more information: http://
www.wormbuilder.org). Very recently, another homologous recombination based 
transgene incorporation technique has become available called “CRISPR” (using 
Clustered Regularly Interspaced Short Palindromic Repeats as target sites) (17). 
This technique is similar to MosSCI, the main difference being that a RNA- 
guided nuclease (Cas9) is used, which means that almost every location on the 
genome can be targeted, including the gene of interest. One advantage of trans-
gene incorporation techniques is that all the progeny carry the same genomic 
information therefore limiting sample-to-sample variability.

3.1.3 Construction of the transgene

The MosSCI-system relies on the injection of a plasmid carrying the transgene of 
interest flanked by a left and a right homologous region and the unc-119 selec-
tion marker. Furthermore, a plasmid encoding for a transposase (to cut out the 
Mos1 element in order to create a double-stranded break in the genomic DNA) 
and three plasmids encoding for fluorescent markers to select against the extra- 
chromosomal array are injected. To achieve endogenous expression of fluorescent-
ly labeled proteins, the design of the transgene usually includes: 1) the endoge-
nous promoter, 2) gene of interest, 3) an optional linker sequence, 4) a sequence 
encoding for the fluorophore, and 5) the 3’ untranslated region (UTR). Genomic 
DNA can be isolated from N2 C. elegans strains using standard DNA-isolation 
methods, and common cloning techniques can be used for construction of the 
transgene and assembly (19, 20). The locus to which the transgene is targeted has 
to be chosen such that crosses can be readily performed, both to perform experi-
ments to show that the mutant phenotype can be rescued, as well as experiments 
that require another specific mutant background (for example one that gives rise 
to a specific protein null or malfunctioning protein, e.g. to study kinesin-II dy-
namics without the presence of its OSM-3 partner). The design strategy is of 
foremost importance when creating novel transgenic C. elegans lines, because it 
determines to a large extend the usability or flexibility of a new strain. Below, I 
describe the five specific transgene sequence elements in more detail.
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1) The endogenous promoter. In C. elegans, the ciliary genes often contain an 
X-box promoter motif that binds the regulatory factor X transcription factor 
encoded by the daf-19 gene. About 750 of these so called “xbx genes” have been 
mapped by Efimenko and coworkers (21). Most of these X-box motifs can be 
found within ~200 base pairs upstream of the start codon. However, certain  
ciliary genes, for example the genes that encode for the kinesin-2 motor proteins, 
do not contain an X-box motif. In these cases it is safest to include the whole  
sequence upstream of the start codon all the way to the neighboring gene includ-
ing any large introns. It is important to note that transgene-incorporation is less 
efficient for larger transgenes and also dependent on the target location. 

2) The gene of interest. The location and sequence of the open reading frame 
(ORF) of the gene of interest can be obtained from http://www.wormbase.org. 
It is important to note that the ORF-location is generally a prediction generated 
by coding-sequence prediction algorithms such as “Genefinder” and that several 
different ORFs can correspond to different isoforms of the protein of interest. 
For example, for OSM-3, two different ORFs exist (M02B7.3a – 3459 nucleo-
tide transcript, and M02B7.3b – 4590 nucleotide transcript), encoding for two 
different protein isoforms (OSM-3A and OSM-3B), which could influence the 
C- or N-terminal position of the fluorophore. It is crucial to include both introns 
and exons of the ORF, because it has been shown that introns can influence gene 
expression (22). 

3) The linker sequence. An amino acid linker to increase distance and to create 
flexibility between the protein of interest and the fluorescent protein can improve 
proper folding and functionality of the fusion protein (23). In the case of labeling 
a motor protein in the tail this might result in less interference with the binding 
of cargo to the motor and hence its functionality. The linker sequence is typically 
2-10 amino acids long, generally consisting of amino acids with small and neutral 
side chains (e.g. glycine or serine) are used. Sometimes, it is convenient that the 
linker base-pair sequence encodes a restriction site (e.g. glycine-proline, CCC-
GGG, XmaI).

4A) The fluorescent-protein position. The position of the fluorescent protein 
has to be chosen such that the functionality of the fusion protein is not or min-
imally compromised. Plus-end directed kinesins are N-terminal kinesins, which 
means that the motor domains are positioned at the N-terminus, (also called  
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amino-terminus) (24). For kinesin-2 labeling, the C-terminus can be used, which 
has been shown to effectively rescue the mutant phenotype at or close to endo- 
genous expression levels (Chapter 4.1). 

4B) The fluorescent-protein sequence. Different codons (nucleotide triplets) can 
encode for the same amino acid (e.g. CGT, CGC, CGA, CGG, AGA and AGG 
all represent arginine). In C. elegans, but also in other organisms such as Drosoph-
ila melanogaster, it has been shown that codon usage is biased for proteins that are 
highly expressed (25). Therefore, the codon usage of the sequence encoding for 
the fluorescent protein ideally matches the codon usage of the gene that encodes 
for the labeled protein, this in order to minimally influence natural protein ex-
pression levels. For further optimization of endogenous expression, introns can 
be added as well (26).

5) The 3’ UTR. For the C. elegans germline it has been shown that the 3’ UTR 
influences gene expression levels (27). In order to minimally interfere with nat-
ural proteinexpression levels it is best to include the complete genomic sequence 
downstream of the stop codon all the way to the neighboring gene including large 
introns just located inside the neighboring gene. 

3.1.4 C. elegans injection and the injection setup

For microinjection of the transgene and accompanying MosSCI-plasmids, I use 
an inverted microscope body (Nikon Eclipse TE2000-U) fitted with a 10× air 
objective (Nikon, CFI Plan 10X Air, N.A.: 0.25) for worm positioning, a 40× 
air objective (Nikon, CFI Plan Fluor 40X Air DIC, N.A.: 0.75) for injections, 
and a LWD-condenser (Nikon, TI-C-LWD LWD, N.A.: 0.52). The microscope 
is equipped with an Eppendorf InjectMan® NI 2 combined with an Eppendorf 
FemtoJet® Express connected to 5 bar external air supply. The injector is equipped 
with an Eppendorf “straight-line guide”, “X-head” and “10 degrees adapter” to 
enable injections under very shallow angles (0-10 degrees). This is important to 
properly visualize the injection needle and to maximize the injection-path length. 
An MVI rotating glide stage allows for proper positioning of the worm’s gonad 
with respect to the needle. Injection needles (WPI, TW100F-4) are pulled with 
a micropipette puller (Sutter Instruments, Model: P-1000). A 2% dried agarose 
(Roche, Agarose MP, 11 388 991 001) pad on a cover slip (Menzel-Gläser, 24 × 
60 mm, thickness # 1.5, BB024060SC) is used for immobilization of the worms 
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and halocarbon oil (Sigma, Halocarbon oil 700, H8898) on top slows down 
worms drying out. 

3.1.5 Crosses and controls

After successful injection and the selection of dark, non-fluorescent, mov-
ing C.  elegans that do not give rise to uncoordinated (the phenotype of the  
unc-119 injection strains) progeny, single-worm PCR verification is required to 
verify transgene incorporation. This PCR is performed on singled mother worms  
using one or both of the following primers sets. Set 1) consists of a primer that 
is targeted outside of the left homologous region and a primer that is binding 
inside of the transgene (excluding the left homologous region). Set 2) consists of 
a primer that is targeted outside the right homologous region and a primer that 
binds inside the transgene (excluding the right homologous region). After the 
correct PCR products are obtained, homozygosity has to be verified. This is done 
by performing single-worm PCR verification using a primer set that consist of 
three primers; one primer that binds the right homologous region, another that 
binds to the left homologous region and a third that binds inside the transgene 
(excluding the homologous regions). 

Worm maintenance and genetic crosses were performed using standard C. elegans 
techniques (28). To generate males, I have good experience using a heat shock of 
6 medium plates, each containing ~8 L4 hermaphrodites, at 30 °C for 5.5 hours 
in an incubator (Memmert, IPP-500 incubator, 108 liter, 60136-IPP-500), and 
selecting the male progeny to set up crosses (29). Crosses are verified using single- 
worm PCRs using the appropriate primers, for example placing them outside a 
deletion or probing a marker position to keep track of point mutations. 

3.1.6 Single-molecule fluorescence microscopy

Single-molecule fluorescence microscopy is a technique capable of revealing het-
erogeneous behavior and the individual properties of single motor proteins that 
otherwise would have stayed hidden due to ensemble averaging (30). Fluores-
cence microscopy takes advantage of the so-called “Stokes’ shift” occurring for 
most organic fluorophores in the liquid phase: the lower energy of the emitted 
photon compared to the originally absorbed one (31). This difference in ener-
gy allows dichroic mirrors to separate excitation light from fluorescence light.  
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Subsequent filtering of the fluorescence with an emission filter that carefully 
matches the emission spectrum of the fluorophore in combination with an ultra-
sensitive detector, allows for the accurate detection of the signal originating from 
the individual fluorophore, when the signal is more intense than background 
light sources (32). Such a single fluorophore can be attached to a single molecule 
of interest, allowing observation of the latter’s behavior. In in vitro experiments, 
imaging performance can be optimized by altering the environment (e.g. reduc-
ing oxygen content, providing triplet quenchers). In vivo, this is hardly possi-
ble. In addition, most cells or tissues show a high autofluorescent background 
challenging single-molecule fluorescence observation in living cells or organisms. 
Here, I describe a custom-built fluorescence microscope that allows imaging of 
single fluorescent proteins deep inside living C. elegans nematodes. I start by ex-
plaining the general design philosophy.

3.1.7 General design considerations

The overall design of the setup is based on four general criteria: 1) keeping the 
setup as compact as possible, 2) reducing the degrees of freedom, 3) optimizing 
user-friendliness and 4) minimizing the probability of measurement disturbance. 
The rationale behind these four general design criteria is explained in more detail 
below.

1) Compact construction. Keeping an optical setup compact by minimizing the 
length of the light path and its height with respect to the surface of the optical 
table improves overall stability, alignment stability and alignment precision. Fur-
thermore, it allows use of a smaller optical table, which ensures reaching of all 
optical components from behind the microscope. In our instrument, an optical 
table of 150 cm × 90 cm (OPTA GmbH) is sufficiently large to house the com-
plete setup with room to spare for future additions to the setup. In theory, the 
lowest possible optical path height was 52 mm, limited by the combined height 
of the four-axis tilt aligner (27 mm) and the aperture center height (25 mm) of 
the acousto-optic tunable filter (AOTF; individual components will be addressed 
in more detail later in this section). In the end, I settled for 62.7 mm, because of 
practical considerations (see below).

2) Reducing the degrees of freedom. The number of places where the laser-beam 
path can be moved or tilted should be just enough to allow proper alignment 
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of the beam with respect to the different optical elements. Additional degrees 
of freedom typically add to setup complexity resulting in a more complicated 
alignment procedure and a decrease in alignment stability. In our setup I have 
limited the degrees of freedom to only allow “walking the beam”, positioning 
the beam such that an optical element is hit at a certain position under a certain 
angle, in case this is critical for the element’s optical performance. For this pur-
pose, two mirrors both tiltable over two axes are generally sufficient, allowing to 
fix the height of the optical components. The height of the optical path was set 
to 62.7 mm; the combination of a 50 mm mounting post (Thorlabs, RS2P/M  
pedestal pillar post, L = 50 mm) with a top actuated mirror mount (New Focus, 
Pint sized top actuated mirror mount, 0.5 inch, 2 knob adjust) having an opti-
cal axis height of 12.7 mm (0.5 inch). Moreover, choosing this specific height 
allowed for easy and direct implementation of other optical elements as well, 
because most optical elements have an optical axis height of 0.5 or 1.0 inch.

3) Optimizing user-friendliness. Different experiments require different com-
binations of excitation wavelength(s) and power(s), magnification, different di-
chroic mirrors and filters, objectives, different types of illumination, and cameras. 
To increase user-friendliness, the setup was built around an inverted-microscope 
body (Nikon Ti-E Eclipse) equipped with a motorized stage (ASI, XY-stage,  
TI-2000). This is convenient, because this allows straightforward change of ob-
jective, filters, illumination conditions and switching between cameras and dif-
ferent sample positions. Furthermore, it is equipped with a “perfect-focus unit”, 
which allows for stabilization of the focal plane with respect to the sample (cover 
glass). To further improve user-friendliness most of the manual controls (e.g. 
for focusing, sample positioning, change of excitation power, etc.) were posi-
tioned as close as possible to the main work area. Important settings regarding 
image acquisition (e.g. excitation wavelength, sample position, camera settings, 
etc.) could be set via a computer running a Micro-Manager software interface 
(μManager, Micro-Manager 1.4, https://www.micro-manager.org/). In summary, 
user-friendliness was achieved by using components that allow for making con-
venient, reliable, and reproducible changes to the excitation path, detection path 
and sample position, with controls positioned as close as possible to the center 
work area. 

4) Minimizing the probability of measurement disturbance. An external frame 
around (but mechanically isolated from) the optical table was used as a platform 
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to mount all accessory equipment such as power supplies, controller units and 
monitors (Fig. 3). Moreover, the frame was used to support a work surface area, 
designed around the body of the inverted microscope and extending on one side 
of the external frame to function as a desk. This allows for altering measurement 
parameters without introducing vibrations to the setup, which can negatively 
affect the quality of the measurement. The two attachment points located on 
both sides of the microscope body were used to rigidly attach the microscope 
to the optical table using solid aluminum construction cubes (Thorlabs, 1 inch 
construction cube with three ¼ inch (M6) counterbored holes, RM1G) thereby 
just suspended it from its rubber feet.

3.1.8 Important components of the fluorescence microscope

For proper functioning well-conditioned light paths are necessary, how that was 
achieved is discussed below and is depicted in Figure 3.

1) Excitation sources. Four different continuous wave (CW) lasers; a 491 nm 
(Cobolt Calypso 50TM 491 nm DPSS), 532 nm (Cobolt Samba 50TM 532 nm 
DPSS), 561 nm (Cobolt Jive 50TM 561 nm DPSS), and 639 nm (Coherent, 
639 nm 40 mW CUBE) are used for efficient (close to the absorption peak) ex-
citation of common fluorescent labels such as eGFP, Cy3, mCherry, and Cy5 re-
spectively. Each laser is placed onto a custom-fabricated solid aluminium base to 
fix the beam height to 62.7 mm and serve as a heat sink. Each laser beam is cou-
pled into the excitation path by two tiltable mirrors, allowing proper positioning 
of the beams onto four different dichroics (Semrock, 659/613/552/503 nm edge 
LaserMUXTM, LM01-659/613/552/503-25, respectively) to achieve co-linearity 
of the four laser beams. A 2× beam expander (Thorlabs, 2× Galilean optical beam 
expander, BE02M-A, AR-coated 400-650 nm) placed inside a top-adjustable 
mirror mount (Siskiyou, IVM100/K) enlarges the beam diameter to ~1.4 mm 
(for the Cobolt lasers) and to ~2.0 mm (for the Coherent laser), well within the 
~3.0 mm aperture diameter of the AOTF (see below). (See photograph on cover).

2) Control of excitation power and wavelength. After the 2× beam expan-
sion, an acousto-optic tunable filter (AOTF; AA Opto-Electronics, AOTF-
nC-400.650-TN) allows for independent control of the power of the four excita-
tion sources. The tilt of the AOTF with respect to the laser beams is controlled by 
a tip-tilt stage (New Focus, Four-axis tilt aligner, 3 mm, 8°, 8-32, ¼-20, 9071) to 
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maximize power output. The piezo element attached to the crystal constituting 
the AOTF creates a standing acoustic wave. This wave induces position-depend-
ent density fluctuations in the crystal resulting in refractive index variations. The 
“excited” crystal can be used as a grating, diffracting certain wavelengths while 
leaving others unaffected. Efficiency of the grating can be controlled by varying 
the amplitude and frequency of the acoustic wave. After the AOTF, the zeroth- 
order (i.e. unaffected) laser light is blocked (Thorlabs, beam block, LB1/M) and 
the first diffraction order selected. The four different wavelength laser beams are 
still co-linear but their intensities can be tuned independently, allowing multi- 
color experiments, exciting and imaging a maximum of three different fluores-
cent probes at the same time (restricted by the number of separate detection 
paths). The lowest power that can be set for the different wavelengths (about 
3.5% of the maximum excitation intensity), however, can still be too high for 
certain type of experiments. To get access to a lower excitation power regime, 
more suitable for certain experiments, a neutral density (ND) filter (Thorlabs, 
ND10B, ~10% transmission, wavelength dependent) was placed in front of the 
AOTF. The ND-filter is mounted in a motorized flip mount and can be operated 
from the main work area. 

3) Homogeneous illumination. The field of view of the microscope is set by 
the total image magnification (objective, tube lens and additional magnifica-
tion) and the size of the chip of the camera. In this setup the field of view is  
41 μm × 41 μm when using a 100× objective, twofold additional magnification 
and an Andor iXon 897 EMCCD camera (the detection path is explained in 
more detail below). Since the fluorescence from a fluorescent molecule is direct-
ly proportional to the excitation intensity it is important to minimize intensity 
differences in the field of view, allowing maximum control of the illumination 
conditions and make image interpretation more straightforward (i.e. no image 
corrections have to be made to correct for uneven illumination). Moreover, ex-
citation of a fluorophore is dependent on the orientation of its transition dipole 
moment with respect to the electric field of the excitation light. In our setup, 
homogeneous illumination is achieved by creating circularly polarized excitation 
light, overfilling the field of view with the excitation laser beam and by passing 
the excitation light through a rotating diffuser. After the AOTF the excitation 
light is still linearly polarized and converted to circular polarization by a quar-
ter wave-plate (Thorlabs, mounted achromatic quarter-wave plate, 400-800 nm, 
AQWP05M-600), which allows efficient excitation of fluorescent probes  
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Figure 3: A schematic representation of the single-molecule epi-fluorescence setup as de-
scribed in this chapter. (The excitation sources area is shown on the cover)
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regardless of their orientation (in the image plane). After the quarter wave-plate, 
the circularly polarized excitation beam is magnified by a 10× beam expand-
er (Thorlabs, 10× Galilean optical beam expander, BE10M-A, AR-coated 400-
650  nm) to a diameter of ~14 mm (for the Cobolt lasers) and ~20 mm (for 
the Coherent laser). These large beam diameters require the use of 2 inch optics 
from this point onwards. Next, a 1× Keplerian beam expander (two Thorlabs, 
AC508-100-A-ML lenses, in a cage structure) is used to create a focus close to 
which a rotating diffuser (SUSS MicroOptics, rotating ground-glass diffuser (til-
ted version), 1° ± 0.25° FWHM @ 650 nm, AR-coating 400-750 nm R < 0.5%, 
double-sided) is positioned, in order to get rid of speckle. The excitation beam 
is focused on the back focal plane of the objective by a lens (Thorlabs, AC508-
500-A-ML) positioned near the lower back port of the microscope to achieve 
homogeneous wide-field illumination. The beam expansion ensures that only the 
central, relatively flat, part of the Gaussian intensity profile of the excitation beam 
is used to illuminate the field of view. The mirror that couples in the excitation 
light at the back port of the microscope is positioned on a translation stage (New 
Focus, Triple divide, 28 mm travel, M4 and M6, 9064-X-M) equipped with a 
motorized actuator (Thorlabs, 25 mm 3/8” barrel, Z825B) enabling translation 
of the stage via a controller (Thorlabs, T-Cube DC Servo, TDC001) located close 
to the working area to switch between epi-wide field illumination and TIRF-wide 
field illumination (32). The top back port of the microscope is used to couple in 
the excitation light of the 405 nm laser used for photoactivation or photoswitch-
ing experiments (not described in this thesis), this laser is part of a separate optical 
path located on the other side of the microscope body. 

4) The detection path: image splitter and camera. Light emitted by fluores-
cent molecules is collected by an objective. Two different types of objectives are 
mainly used; a 60× water-immersion objective (Nikon, CFI Plan Apo IR 60X 
WI, N.A.: 1.27) and a 100× oil-immersion objective (Nikon, CFI Apo TIRF 
100X, N.A.: 1.49). A three-way image splitter (Cairn Research, Optosplit III) 
positioned between the left side port and the camera allows for straightforward 
exchange of dichroic mirrors and emission filter sets, and convenient switching 
between single-, dual- or triple-color imaging. A cube inside the Optosplit III 
holds two different dichroics and three different emission filters to separate the 
emission light into three different light paths that can be manipulated by tilta-
ble mirrors and manual shutters. An iris decreases the field of view so that the 
emission light of the three different paths can be projected side-by-side on the 
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camera chip. The EMCCD camera (Andor, iXon 897, DU897ECOO-#BV) is 
chosen for its detection sensitivity, low noise, and fast full-frame acquisition and 
readout (max. 35 frames s-1). The pixel representation of the image plane depends 
on the total image magnification and physical pixel size of the camera (16 μm 
× 16 μm for the Andor iXon 897), e.g. in the case of using the 100× objective 
and 2× intermediate magnification (M = 200), one camera pixel corresponds to  
80 nm × 80 nm in the image plane, sufficient oversampling to perform accurate 
tracking of single-molecules and a total field of view of 41 μm × 41 μm (512 × 
512 pixels for the Andor iXon 897).

3.1.9 C. elegans sample preparation and imaging

Fluorescence imaging in living C. elegans was a performed using a modified ver-
sion of a previous protocol (11). Six to eight adult worms (maintained at 20 °C) 
were anesthetized in a 5 μl droplet of 5 mM levamisole (Sigma, Tetramisole hy-
drochloride, L9756) in M9 placed on top of a 22 mm × 22 mm cover glass  
(Marienfeld, High Precision No. 1.5H, 0107052). After 10 min incubation the 
cover glass was mounted on a 2% agarose pad (Roche, Agarose MP, 11 388 991 
001) and sealed with VaLaP (equal parts of vaseline, lanolin, and paraffin wax) to 
prevent M9 evaporation. For stable samples it is important to make the imaging 
pads fresh, let them air dry for 30 s before mounting the sample. Furthermore, 
plasma cleaned glass is more hydrophilic increasing the chance of worm move-
ment. Samples were imaged at room temperature (21 °C), in most experiments, 
at 152 ms frame-1 at 5.3× preamplifier gain and 300 EM-gain with 10 MHz 
ADC-readout. 

3.1.10 Data analysis

The data is acquired by the EMCCD camera in the form of a series of images 
at a certain acquisition rate. In the case of measurements on the phasmid cilia 
an image series usually consist of 100-300 images of 152 ms exposure each. The 
relatively parallel orientation of the phasmid cilia with respect to the longitudinal 
axis of the worm, and their relatively small diameter (~250 nm, well within the 
z-resolution of the microscope) allows for proper detection of IFT along the mid-
dle segment and the first half of the distal segment. This orientation is most fre-
quently observed while imaging. Obtaining a data set that includes observations 
of the ciliary tip or the last part of the distal segment requires the sampling of 
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more C. elegans nematodes (with normal sample preparation I estimate that < 5% 
has the ciliary tip properly in focus). The interdisciplinary approach described 
in this chapter allows for measuring the dynamics of protein ensembles as well 
as measuring the behavior of single proteins in the living C. elegans nematode. 
For ensemble measurements eGFP and mCherry are suitable probes and IFT 
can be readily observed. For single-molecule measurements photoactivatable or 
photoswitchable probes such as paGFP or pamCherry can be used but prolonged 
photobleaching of eGFP-labeled proteins also provides access to the single-mol-
ecule regime. 

Image series were analyzed in two ways, depending on the type of measurement: 
1) using kymograph analysis techniques (i.e. in the case of “multi-molecule  
imaging”) and 2) using particle tracking analysis techniques (i.e. in the case of 
“single-molecule imaging”). In the case of kymograph analysis, a line is drawn on 
top of the location of the axoneme of the phasmid cilium, fluorescently labeled 
motors moving along the MT-tracks of the axoneme cause intensity fluctuations 
along this line. Now, by plotting these lines for every frame as a function of 
time an image can be build (i.e. the kymograph) that captures the motion of 
the fluorescently labeled motors in a single image. The lines that appear in the 
kymograph correspond to the dynamics of motors or other proteins with slope 
directly related to velocity. “KymographClear” is new tool for ImageJ (http://
imagej.nih.gov/ij/) and allows the reliable and accurate generation of kymographs 
and is described in Chapter 3.2. A kymograph can be used for quantitative anal-
ysis, for example to calculate the number of proteins or measure their velocity.  
“KymographDirect” is a custom-written LabVIEW (National Instruments) 
routine that can be used to extract quantitative parameters from kymographs 
generated by KymographClear in an accurate and reliable manner and is de-
scribed in Chapter 3.2. These kymograph analysis techniques have been used to 
obtain part of the data presented in Chapter 4.1. In the case of single-molecule 
imaging, single fluorescent proteins appear in the image as diffraction-limited 
spots. The intensity profiles of these spots can be fitted with a 2D-Gaussian to 
determine the center position and hence the precise location of the labeled pro-
tein but also the fluorophore intensity. If this is done for every image, the ob-
tained localizations corresponding to the same protein can be linked (using cer-
tain criteria) to extract trajectories from the images series revealing the behavior 
(2D-movement) of an individual protein as a function of time (33). Moreover, all 
the localizations of an image series can be summed to obtain a “super-resolution 
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heatmap” that can be used to identify underlying structures that influence protein 
dynamics (34). If structures can be identified from the super-resolution image the 
individual behavior of proteins can be linked to their environment (e.g. to obtain 
waiting times for IFT-proteins at the ciliary base). These particle-tracking analysis 
techniques have been used to obtain part of the data presented in Chapter 4.1.

3.1.11 Conclusion

Here, I have described a powerful biophysical approach capable of revealing 
the dynamics of ensembles of IFT-proteins and that of single IFT-proteins in a  
living C. elegans nematode. Combined with quantitative data analysis techniques 
a deeper understanding can be obtained about intraflagellar transport and, more 
generally, about ciliary formation and function. I think that this approach is a 
crucial step forward in an attempt to bridge the gap between in vitro and in vivo 
experiments, to accelerate discoveries in cell biology. A future outlook is provided 
in Chapter 4.2.
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