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Chapter 2

Seeing the wood for the trees

Irrespective of their habitat, organisms need information from the outside world in order 
to find food, mates and to detect danger. In this respect, sensing one’s environment is 
vital for survival. While the soil dwelling nematode C. elegans relies mostly on sensing 
dissolved or gaseous chemicals, many insects and mammals rely on hearing and vision 
in order to obtain information about their surroundings. In order to observe the 
microscopic world and its intriguing details, we humans need some help. 

In many experiments described in this thesis, sensing the sensory mechanisms of C. 
elegans was performed using light microscopy. This chapter describes how this approach 
was used in a large part of this thesis. As the devil is often in the details, considerations 
on the sample preparation and imaging approaches are followed by a comprehensive 
description of the methods used. 

Light microscopy 

At the end of the sixteenth century, the first microscopes were invented by Hans and 
Zacherias Jansen, Robert Hooke and Antonie van Leeuwenhoek, and allowed to observe 
details smaller than the naked eye can see (Evanko et al., 2009). Further development 
of lenses and microscopes, and the usage of stains, enriched contrast of and within the 
object. Despite improvements in the resolution of microscopes, the resolution of light 
microscopy is limited by its physical nature. As formulated by Ernst Abbe in 1873, in 
order to be able to distinguish two adjacent points, they cannot be closer together than 
half the wavelength of the imaging light (Abbe, 1873). Decades later, the development 
of the fluorescence microscope improved contrast and specificity, allowing fluorescently 
labeled structures of interest to light up against a dark, unlabeled background (Evanko 
et al., 2009). Fluorescence microscopy relies on the dissimilarity of the emission and 
excitation wavelength of the fluorophore: the Stokes shift (Stokes, 1852). Dichroic 
mirrors separate the excitation light from the emission light, only allowing the latter to 
pass towards the detector, providing structural and dynamic information about the object 
of interest. Most staining procedures, however, prevent imaging of living organisms. The 
discovery and cloning of the gene coding for the green fluorescent protein (GFP), in 
1962 and 1994 respectively, paved the way to start sensing protein dynamics inside 
living organisms (Chalfie et al., 1994; Shimomura et al., 1962). The developments 
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describe above, in addition to many others, allows studying the fundamental processes 
inside the cilia of the nematode C. elegans at a single-molecule level. 

Fluorescent probes

Fluorescent probes come in many different forms, from small organic molecules and 
inorganic nanocrystals to fluorescent proteins, each with its own advantages and 
disadvantages. Choosing the right probe for one’s experiment is therefore critical. Here, 
the usage of probes in C. elegans, including the one mostly used in this thesis, will be 
discussed.

Besides their excitation and emission spectra, important aspects for choosing a particular 
probe are its extinction coefficient, quantum yield, and photostability. The latter is 
important, as the longer one can track a molecule, the more information about the 
molecule’s dynamics one can obtain. The ability to track a molecule in the first place is 
mostly dependent on its brightness compared to the background. The brightness of a 
fluorophore is defined by the extinction coefficient and the quantum yield, the ability 
of the fluorophore to absorb light of a given wavelength, and the number of emitted 
photons per absorbed photon, respectively. 

The use of fluorescent probes in C. elegans research can roughly be divided in three classes: 
synthetic organic fluorescent dyes, fluorescently labelled antibodies and fluorescent 
proteins. Organic fluorescent dyes like FITC, DiO and DiI can be used to stain the 
amphid and phasmid neurons, although the uptake mechanism is not completely 
understood (Perkins et al., 1986). In such, so-called dye-filling, experiments, worms 
are suspended in the dye solution and allowed to incubate for several hours (Tong and 
Bürglin, 2010). This experiment is mainly used to determine whether the amphid and 
phasmid channels are open, and whether the chemosensory cilia are still capable of 
taking up the dye. Many genes involved in cilium development and maintenance have 
been found in screens for dye-filling deficiency (Perkins et al., 1986). The disadvantage 
of this method, however, is its non-specificity. The dyes clearly enter the nerve cells and 
the cilia. One can, however, not discriminate whether the dye is inside the cilium, or in 
the space between the cilium and the membrane of the channel. 
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The selectivity of antibodies can be exploited to guide fluorescent probes to a specific 
protein of interest. Antibodies can be conjugated directly with synthetic organic 
fluorophores, of which a wide range with different performance, excitation and emission 
wavelengths is commercially available. Immunohistochemistry is however dependent 
on chemically fixing cells or tissues, rendering live-cell imaging impossible. Although 
uptake in C. elegans is limited due to its cuticle, some cell-permeable, fluorescent probes 
do exist. These probes do allow live-cell imaging, but have only been developed for a 
handful of targets, for example tubulin, actin, and various organelles (e.g. SiR-Tubulin, 
SiR-Actin, and LysoTracker) (Lukinavičius et al., 2014, 2013; Shim et al., 2012).

Fluorescent proteins have the major advantage over fluorophores that they can be 
genetically linked to a protein of interest. The palette of fluorescent proteins is wide, 
with emission spectra bridging almost the entire visible spectrum (Cranfill et al., 2016). 
New fluorophores and fluorescent proteins are engineered to be for example brighter 
and more photostable than their predecessors (Cranfill et al., 2016; Grimm et al., 2017; 
Heppert et al., 2016; Zheng and Lavis, 2017). For single-color experiments, enhanced 
GFP is a golden standard in most laboratories (Cormack et al., 1996). mCherry is 
often, as in this thesis, used as second, more red, label, though it is far less bright and 
photostable compared to eGFP. Besides constitutively fluorescent proteins such as eGFP 
and mCherry, some are designed to have a calcium-sensitive fluorescence quantum 
yield or are photoswitchable or photoactivatable (Habuchi et al., 2008; Nakai et al., 
2001; Patterson and Lippincott-Schwartz, 2002). Photoactivatable fluorescent proteins 
are designed to not fluoresce constitutively and thereby can provide distinguishable, 
individually labeled proteins in a dense population. Although photoactivatable GFP was 
used in some experiments for chapter 5, it is less bright then eGFP, the latter therefore 
remaining our favorite (Patterson and Lippincott-Schwartz, 2002).

Genetic labelling 

Genetically labeling one’s protein of interest is compatible with live-cell imaging. As we 
are mostly interested in protein dynamics in living organisms, this is our labeling method 
of choice. Two main strategies exist for genetic labelling in C. elegans: overexpressing 
with an extrachromosomal array, or endogenous tagging. In the first method, a 
plasmid, containing a copy of the gene and promotor of interest attached to the gene 
of a fluorescent protein, are injected in the germline of adult C. elegans (Mello et al., 
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1991). The offspring should contain one or several copies of the plasmid, which should 
eventually be incorporated into the nucleus, and result in semi-stable expression of the 
labeled protein of interest in future generations. The advantage of this method lies in 
its simplicity. The lack of control over the amount of plasmid copies is however a major 
disadvantage. At best, fluorescent animals have two copies of the gene of interest: the 
endogenous one, and the labeled one. However, they usually contain several copies of 
the plasmid, which can result in unwanted changes in protein distribution (Mijalkovic 
et al., 2017). Endogenous tagging is therefore our preferred method.

Before the discovery of the CRISPR/Cas9 method, MosSCI was used to make single-
copy insertions to label proteins in C. elegans. MosSCI (Mos1-mediated Single-Copy 
Insertion) employs an artificial insertion site on one of the chromosomes, where a labeled 
copy of the gene of interest can be inserted (Frøkjær-jensen et al., 2008). To create a one-
to-one ratio of probe and protein of interest, the original gene is subsequently crossed 
out of the labeled strain. The more recently developed CRISPR/Cas9 method does not 
require this crossing step, making it less elaborate than MosSCI. The CRISPR/Cas9 
system was therefore used to develop the new strains in chapter 6. CRISPR/Cas9, short 
for Clustered Regularly Interspaced Short Palindromic Repeats, is a system borrowed 
from prokaryotes that use it to detect and destroy harmful non-self DNA. A short guide 
RNA guides a DNA endonuclease, CRISPR associated protein 9 or Cas9, to a specific 
genomic location and creates a double strand cut. When a repair template that is flanked 
with sequences that are homologous to the up- and downstream sequence of the cut is 
provided, homology direct repair pastes the repair template in the cut site. This allows 
one, for example, to cut directly upstream of the stop codon of the gene of interest, and 
paste in the gene of a fluorescent protein, resulting in an endogenously labeled protein. 
Initially, I attempted the plasmid-based self-excising cassette technique (Dickinson et al., 
2015), but in the end I used linear repair templates and ribonucleoprotein complexes of 
Cas9 protein and guide RNA (Paix et al., 2017) to generate new endogenously labeled 
strains.

Epi-illuminated widefield fluorescence microscopy for live 
imaging in C. elegans

Since the first microscopes, a wide array of imaging techniques have been developed. 
Depending on the object and the research question, one might choose a custom-built 
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light-sheet microscope for dynamic volumetric imaging (Chhetri et al., 2015), or a 
commercial confocal system for straightforward static imaging. For our applications, 
we need a user-friendly, fast, and sensitive microscope that allows for future additions. 
The instrument that was used for most of the imaging in this thesis is a laser-illuminated 
epifluorescence widefield microscope designed and built by Bram Prevo and Erwin 
Peterman in our laboratory. The main properties enabling us to perform live-cell single-
molecule imaging are effective, homogenous and tunable illumination, a powerful 
objective and a sensitive camera. The setup was built around a Nikon Eclipse Ti inverted 
microscope body, which provides mounting places for multiple objectives and dichroic 
mirrors, and has wide-field transmission illumination and eyepieces to locate the 
mounted C. elegans. For the efficient excitation of commonly used fluorescent probes, 
four continuous-wave lasers (with 491nm, 532nm, 561nm and 639nm wavelength) are 
used, their beams combined by a set of dichroic mirrors to form a single excitation path. 
An acousto-optic tunable filter (AOTF; AA Opto-Electronics) enables the user to select 
laser lines, individually or together, and tune their intensity. To ensure homogenous 
illumination across the field of view, the beam was circularly polarized with a quarter 
wave-plate and homogenized by a rotating ground-glass diffuser. For the single-molecule 
imaging performed in this thesis, a 100×, N.A. 1.49, oil-immersion objective (Nikon, 
CFI Apo TIRF) was used to collect the emission light. An EMCCD camera (Andor, 
iXon 897) allowed for sensitive, low-noise and fast acquisition of fluorescence emission. 

Sample preparation

Besides minimizing optical aberrations, the main goal of mounting the nematodes 
for fluorescence microscopy is to keep them alive. Since the bacteria they feed on are 
autofluorescent at wavelengths used to excite fluorescent proteins, food cannot be 
provided to the worms while imaging. This limits the acquisition window to about 1.5 
hours. Worms are sandwiched between an agarose pad on a microscope slide and a cover 
slip. To prevent the worms from drying out, the sandwich is sealed with VaLaP (see 
below) to maintain a moist environment (Figure 2.1). In this way, only the worm tissue 
itself, the cover slip and the immersion medium separate the proteins of interest from the 
objective, minimizing optical aberrations. To prevent the nematodes from moving, we 
sedate them with the acetylcholine-receptor agonist levamisole (Lewis et al., 1980). This 
paralyses the worms, but does not affect their sensory neurons. Since the diameter of an 
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adult C. elegans is around 100 μm, the location of the proteins of interest with respect to 
the cover slip is a factor to keep in mind. Since we currently do not have control over the 
orientation of the worms, the randomness of their orientation is a mayor disadvantage, 
since in some orientations the light path through the tissue of the worm is too long for 
aberration-free imaging. As described in chapter 3, sample preparation for some types of 
light-sheet microscopy generally provide more degrees of freedom.

Materials

Agarose pads

1. Multi-purpose agarose (Roche, Agarose MP, 11 388 991 001)

2. M9 buffer: add 5g NaCl, 6g Na2HPO4, 3g KH2PO4,1ml 1M MgSO4, H2O 
to 1 liter demi water. Sterilize by autoclaving.

3. Microscope slides (Thermo-Scientific Menzel-Gläser, cut edges, ISO 8037/1, 
76×26 mm)

4. Tape (TimeMed T-512-RP Labeling tape)

Anesthetic 

1. 5 mM Levimasole (Sigma, tetramisole hydrochloride, L9756) in M9 (see 
Note 1).

Mounting

1. 22×22 mm cover glass (Marienfeld, High Precision No. 1.5H, 0107052).

2. VaLaP: equal parts vaseline, lanolin and paraffin wax.

C. elegans

1. Young adult C. elegans with approximately eight eggs (see Note 2), expressing 
fluorescently labeled proteins of interest (see Note 3), maintained at 20˚C.
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Methods 

Preparing agarose pads

1. Prepare microscope slides that each have two pieces of tape, of about 5cm in 
length, on top of each other (see Note 4), in order to obtain a reproducible 
agarose-pad thickness. 

2. Place a not-taped slide between two slides with tape. Repeat for as many slides 
as required.

3. Place a pipet to 600 μL next to the slides.

4. Dissolve 0.4 g of multi-purpose agarose in 20 mL M9 buffer and microwave 
to create a 2% solution (see Note 5).

5. Pipet 600 μL of agarose in M9 on the middle of the first microscope slide that 
is positioned between two slides with tape (see Note 6). 

6. Gently place a new (not-taped) microscope slide on top of the agarose, such 
that it spans from one slide with tape to the other (see Note 7) (Fig 1). Repeat 
step 6 and 7 till all prepared slides are done, before moving to the next step.

7. Carefully remove the solidified agarose that spilled out between the two 
microscope slides with a scalpel (see Note 8). Repeat for all slides.

8. Pick up the two slides with agarose between them. Gently slide the top one 
from the bottom slide. The agarose should now be on the bottom slide. 

9. Using the now detached top slide, remove the agarose that is hanging over the 
edges of the slide with the agarose pad. The flat part of the detached top slide 
can be pressed against the side with the agarose sticking out. This should result 
in a square agarose pad in the middle of the bottom slide. 

10. Microscope slides with agarose pads can be stored in a vertical slide holder in 
an airtight container with a moisturized Kimwipe at the bottom for at least 
two weeks.
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Mounting C. elegans

1. Place a coverslip on a clean microscope slide and pipet 5 μl 5mM (room 
temperature) Levamisole on the center of the coverslip.

2. Using a dissecting stereo microscope, pick 6-8 young adult C. elegans and 
place them in the drop of Levamisole (see Note 9).

3. Once the worms have been in the Levamisole for 10 minutes, gently lower a 
prepared microscope slide with agarose pad, with the agarose pad down, on 
the coverslip (see Note 10).

4. Seal the agarose, now between microscope slide and coverslip, by connecting 
the two with VaLaP along the edges of the coverslip (see Note 11).

5. Label your microscope slide and wait for at least twenty minutes for the worms 
to stop moving before you start imaging.

Figure 2.1: Schematic of the preparation of a microscope slide with an agarose pad. 

Top slide

Tape
Bottom slide

Agarose
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Single-molecule imaging in live C. elegans

As shown before, a single-molecule perspective provides information that is otherwise 
obscured in ensemble data (Mijalkovic et al., 2018, 2017; Oswald et al., 2018; Ye et al., 
2013). The number of individual IFT-component proteins inside the cilia of adult C. 
elegans ranges from hundreds to thousands (Prevo et al., 2015). To be able to distinguish 
individual proteins inside the ~0.3 by ~7 μm cilia, one has to limit the number of 
(emitting) fluorescent proteins at a given point in time to only a handful (Oswald 
et al., 2018). In our hands, the best method to perform single-molecule imaging in 
live C. elegans is to gently bleach eGFP over a period of about 10-20 minutes. Once 
distinguishable single-molecule foci are visible, the laser power can be increased carefully 
to obtain an adequate signal to background ratio (Figure 2.2). 

A B C

tip tip

Figure 2.2: Single-molecule imaging in C. elegans phasmid cilia.   
(A) Depth-color-coded confocal image of tubulin (TBB-4::EGFP) in C. elegans phasmid 
cilia. Scale bar 1 μm, depth color scale bar 0-18.2 μm. (B) Single-particle kymograph 
of IFT-dynein transported towards the tip of the cilium (right) and driving IFT back 
towards the base (left), recorded with our epi-illuminated widefield microscope using 
XBX-1::EGFP. Horizontal scale bar: distance, 1 μm, vertical scale bar: time, 1 s. 
(C) Visualization of a single-molecule turnaround in the tip (right) of the C. elegans 
chemosensory cilia. Scale bar 0.5 μm.
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Imaging

1. Once the worms are mounted on the fluorescence microscope, check, using 
the eyepieces and bright-field illumination, whether the worms are not moving 
(see Note 12). Try to focus and position the region of interest of the worms 
into the approximate field of view of the camera.

2. Switch the microscope settings from bright-field to laser-illuminated 
fluorescence imaging. 

3. Bring the structure of interest carefully into focus and start recording (see 
Note 13).

4. Photo bleach the sample up to a point when single fluorescent foci can be 
clearly distinguished (see Note 14). 

5. Try to maintain focus once in the SM-regime, and image until all fluorescent 
proteins (FPs) are bleached (see Note 15).

Data analysis

Generally, recorded image sequences were cropped to only contain the desired parts, 
and thereby limiting computational time. Both for ensemble and single-molecule data, 
kymograph analysis is a valuable and straightforward method to inspect and analyze 
trajectories (Mangeol et al., 2016a). It also helps selecting the image sequence parts 
that have sufficient signal for the analysis of single-molecule trajectories. Although the 
FIJI plugin TrackMate has established user-friendly tracking capabilities suitable for our 
applications, the single-molecule trajectory data used in this thesis was obtained using 
custom written MATLAB routines using a linking algorithm (Jaqaman et al., 2008; 
Prevo et al., 2015). To transpose the trajectory coordinates to a format relevant for 
the ciliary structure, a local coordinate system was created by hand-drawing the ciliary 
spline during the first steps of data analysis. 
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Data analysis workflow

Data analysis can be performed in numerous ways, depending on the behavior of the 
protein of interest and the question to be answered. Here, we will describe how we 
perform data analysis on SM-data of IFT components in the chemosensory phasmid 
cilia of C. elegans.

1. To prevent long software processing duration, it is advisable to visually check 
the image stacks take and make separate folders with the frames (150-250) of 
high-quality parts of the stack (see Note 16). For this, we use Fiji. 

2. If the signal-to-noise ratio is high enough, SM-kymographs can be generated, 
which makes browsing the SM-data substantially more efficient. Kymographs 
are generated using the Fiji macro KymographClear (Mangeol et al., 2016b). 
The output comprises of an unfiltered kymograph, and a color-coded 
kymograph that is Fourier filtered for forward motion, backward motion, and 
static particles (see Note 17).

3. For the analysis of for example the (average) velocity and intensity over time, 
we use the stand-alone program KymographDirect. The program also allows 
one to export the data to Microsoft Excel or in a simple text format.

4. Finally, for the detailed analysis of the dynamics of IFT components, we 
employ tracking software that was custom-written in MATLAB, based on 
an existing linking-algorithm (Jaqaman et al., 2008). This software provides 
detailed data on the position as a function of time of single molecules on a 
local coordinate system, which is established in the first steps of the script. 
Apart from the velocity, it distinguishes motion parallel to the cilium from 
perpendicular to the cilium, which can for example yield information about 
turn duration and location of molecules along the cilium. As the data is stored 
in output tables of MATLAB, it is straightforward to write small scripts to 
determine, in an automated way, for example the occurrence and duration of 
pauses or directional turns occur. 
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Supplements

Notes 

1. Choosing the right anesthetic is vital for the success of your experiment. 
Sodium azide is historically also used as an anesthetic, but inhibits the synthase 
of adenosine triphosphate (ATP) and cytochrome c oxidase, both essential for 
many cellular processes(Duncan and Mackler, 1966; Herweijer et al., 1985; 
van der Bend et al., 1985). Levamisole immobilizes the worms by opening 
a subgroup of AChR channels that results in muscle contraction leading to 
paralysis (Martin et al., 2013).

2. The endogenously labeled strains we use were generated by MoSCI insertions 
(Frøkjær-Jensen et al., 2008), however, the recently developed CRISPR/Cas9 
system (Dickinson et al., 2013) provides a quicker and more straightforward 
way to label proteins endogenously. For imaging single molecules, it is 
beneficial to select proteins that are expressed in a subgroup of cells, in order 
to limit out-of-focus fluorescence and auto fluorescence. For this reason, we 
mostly image the chemosensory cilia in the phasmid channels in the tail of the 
nematode. Background fluorescence and auto-fluorescence are substantially 
higher around for example the amphid cilia in the head region of the animal.

3. The specifications vary widely among the rich color palette of FPs. For the 
detection of single molecules, FPs with a high quantum yield and brightness 
are advisable. We mostly use EGFP or paGFP in our studies. 

4. The brand one uses does not make a big difference, as long as the microscope 
slides with tape are ~0.27 mm thicker than the ones without tape. Molds can 
be reused. 

5. In our experience, this works best with a 50ml centrifuge tube that can stand 
upright. Place the tube in the microwave, place the lid on top, but do not 
fasten tightly. When the tube is fully closed, too much pressure will build 
up, when left open, too much M9 will evaporate. The agarose settles quickly, 
so frequent shaking is advised in order to prevent burning the agarose in the 
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bottom of the tube. At our lowest (350W) microwave setting, the M9 quickly 
boils over once it is warm. At this point, the agarose is not fully dissolved yet. 
Dissolving the agarose works best by heating in the microwave oven while 
constantly watching the tube, quickly turning it off once it starts to boil over, 
shake the tube, and repeat till dissolved.

6. Once the agarose in M9 is dissolved and taken out of the microwave, it will 
solidify quickly. Step 5 and 6 are therefore best performed quickly. Prevent the 
formation of air bubbles in the agarose on the slide. After performing this step 
a couple of times, you will notice that the dissolved agarose will solidify in the 
tip of the pipet: just change the tip.

7. Place the top microscope slide on one of the taped microscope slides first, 
without it touching the agarose. Gently lower it over the agarose, wait till one 
can see condensation on the top microscope slide, and then press it down on 
both microscope slides with tape. This should not be done with too much 
force, as it will make the agarose pads too thin.

8. Try to prevent moving the bottom and top slide too much by pressing them 
down while one removes the excessive agarose.

9. Pick healthy looking young adults, and avoid transferring any bacteria to the 
drop of Levamisole. It is hence best to pick worms from outside the bacteria 
lawn. Bacteria, and more than 8 worms will cause too much background 
fluorescence in our hands and will therefore harm your ability to image single 
molecules. Aligning the worms in a circle in the drop of Levamisole will help 
one finding the rest on the fluorescence microscope once you spotted the first. 
Marking the circle of worms with a marker on the microscope slide under a 
dissection microscope can also help finding the worms once mounted on the 
fluorescence microscope. 

10. In our hands, this works best while holding the microscope slide with the 
agarose pad at a 90° angle with respect to the one with the coverslip with 
worms on it. Make sure to center the coverslip in the agarose pad.
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11. Melt the VaLaP by heating to approximately 75˚C before one starts sedating 
the worms. Use a cotton swab to apply the VaLaP on the corners of the coverslip 
to prevent it from moving, before connecting the corners with VaLaP to seal 
the agarose between the coverslip and microscope slide. Attempt to apply as 
little VaLaP as possible on the coverslip, as VaLaP can dissolve in immersion 
oil, causing a lower image quality.

12. In practice, we mount the worms immediately after sealing the coverslip 
and search for the worms on our fluorescence microscope, and subsequently 
save their position using Micro-Manager. We then wait for the worms to 
completely stop moving, and start imaging.

13. The brighter the signal is, the easier it is to focus accurately. After bleaching 
many FPs, it will become harder to focus the few that are still visible. Especially 
in the SM-regime, there is a delicate trade-off between bringing the FPs better 
into focus and the risk of losing them while refocusing. 

14. Bleaching with high laser power will get one quickly in the SM-regime. 
However, in our experience, it works best while bleaching gently, with a low 
laser power. This results in a longer period in which single molecules are 
visible. We bleach the FPs with a low laser power until almost in SM-regime, 
only then set the laser to maximum power and focus one last time. Do this 
quickly in order to avoid further photo bleaching of the few molecules not yet 
bleached. We search and bring our FPs into focus with about 8% of the laser 
power (0.7 mW) and use maximum laser power to get the highest possible 
signal out of our FPs.

15. Analyzing ones data will give one insight in when it is time stop recording and 
to move on to the next sample. Spatially distinguishable individual FPs and 
invariant intensity between them is a good indicative for single molecules. 
Comparing the intensity of single, purified FPs on glass with the intensity of 
the same type in vivo, and looking at the bleaching steps of the FPs in vivo 
can also help determining whether one is observing single molecules.  
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16. Enhancing the contrast using the likewise named feature from Fiji will 
improve the visual recognition of the trajectory of your protein of interest. 
Although it will take time, to get an idea of how a kymograph will look like in 
relation to the movie, it can be insightful to make a kymograph of the entire 
image sequence. 

17. A more detailed description of KymographClear and KymographDirect 
can be found in reference (Mangeol et al., 2016b). The software itself and 
a manual can be found at https://www.nat.vu.nl/~erwinp/downloads.html.
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