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Abstract

Light microscopes are the cell and developmental biologists’ “best friend,” providing a means to see structures and follow dynamics
from the protein to the organism level. A huge advantage of Caenorhabditis elegans as a model organism is its transparency, which
coupled with its small size means that nearly every biological process can be observed and measured with the appropriate probe and
light microscope. Continuous improvement in microscope technologies along with novel genome editing techniques to create trans-
genic probes have facilitated the development and implementation of a dizzying array of methods for imaging worm embryos, larvae,
and adults. In this review, we provide an overview of the molecular and cellular processes that can be visualized in living worms using
light microscopy. A partial inventory of fluorescent probes and techniques successfully used in worms to image the dynamics of cells,
organelles, DNA, and protein localization and activity is followed by a practical guide to choosing between various imaging modalities,
including widefield, confocal, lightsheet, and structured illumination microscopy. Finally, we discuss the available tools and approaches,
including machine learning, for quantitative image analysis tasks, such as colocalization, segmentation, object tracking, and lineage
tracing. Hopefully, this review will inspire worm researchers who have not yet imaged their worms to begin, and push those who are im-
aging to go faster, finer, and longer.

Keywords: fluorescence microscopy; confocal microscopy; lightsheet microscopy; green fluorescent protein; image analysis; super reso-
lution; molecular dynamics; activity sensors; localization; spatiotemporal resolution; WormBook

Introduction
We are visual creatures, which is why for us “seeing is believing”;
the ability to visualize molecular and cellular processes taking
place inside the worm enhances our ability to understand them.
Since the worm is mostly transparent, it opens up many options
for light microscopy to illuminate its inner workings. As will be
discussed below, imaging the native worm with differential inter-
ference contrast (DIC) microscopy remains a useful option for
some applications, but more often than not we will introduce
into the worm a fluorescent probe and use fluorescence micros-
copy to gather quantitative information about its intensity and
localization. The type of probe and imaging modality depend on
the biological question at hand. For example, “Where is gene X
expressed?” or “Where is protein X localized?” are questions that
require different probes to answer, and “How fast does cell X
migrate?” or “For how long is TF X bound to DNA?” are questions
that can require different imaging modalities to answer. This
chapter is divided into 3 sections. In the first, we will review some
of the most commonly used methods to visualize what is

happening inside the worm, highlighting various fluorescent

probes. The next section will focus on the microscopes and imag-

ing modalities, and in the final section we will address how imag-

ing data can be processed in a quantitative way.

Probes
We will introduce the various imaging probes according to the

cellular compartment they serve to elucidate. This information is

summarized in graphic form in Fig. 1 and a few examples are

shown in Fig. 2. A list of commonly used fluorescent proteins

(FPs) in Caenorhabditis elegans is provided in Table 1, and a com-

panion collection is available from the FPbase which provides

more detailed information for each (https://www.fpbase.org/col

lection/1827/).

Cell morphology and position
The seminal work of Sulston et al., mapping out the entire lineage

of the developing worm, was performed using Nomarski-type DIC
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microscopy (Sulston et al. 1983). Taking advantage of inherent dif-

ferences in the optical density of various regions of the cells, it is

easy to discern the nucleus and cell�cell junctions, as well as

granules within cells, using polarized white light. DIC is still a

good option for following morphogenesis and apoptosis during

embryogenesis, because the imaging conditions do not generally

induce notable phototoxicity and any genetic background can be

imaged without the need to introduce an external probe.

However, marking the nuclei with a fluorescent probe, such as

GFP::Histone (GFP: green FP) can make lineaging much easier and

facilitates automatic identification and lineaging, as discussed in

Image analysis. Furthermore, if it is important to trace the exact

cell morphology then DIC is not sufficiently accurate and a fluo-

rescent plasma membrane marker, such as a plekstrin homology

domain fused to GFP (Audhya et al. 2005), or a cytoplasmic FP

should be expressed.

Protein localization
To find out where in the worm a given protein localizes, immu-

nostaining with a specific antibody is possible, but suffers from

several drawbacks, namely scarcity of suitable antibodies, fixa-

tion artifacts and an inability to resolve dynamics. The major ad-

vantage of immunolabeling over FP tagging, i.e. observing the

endogenous protein, has been largely eliminated by CRISPR-cas9-

mediated genome editing, which allows tagging of the endoge-

nous protein with an FP. That said, a good antibody still has the

advantage of high sensitivity due to the amplification of signal by

multiple secondary antibodies binding each primary antibody.

With the pioneering work of Chalfie, the worm was instru-
mental in the development of GFP as a means to follow protein
expression in transgenic animals (Chalfie et al. 1994; Yang et al.
1996). The first GFP-tagged protein was made in Drosophila (Wang
and Hazelrigg 1994), but since then, thousands of worm proteins
have been tagged with a FP (usually GFP), catapulting forward the
fields of cell and developmental biology (Fig. 2a). Moreover, since
the advent of CRISPR-Cas9 as a tool for genome editing (Chen
et al. 2013; Chiu et al. 2013; Dickinson et al. 2013; Friedland et al.
2013; Katic and Großhans 2013; Lo et al. 2013; Tzur et al. 2013;
Waaijers et al. 2013), hundreds of worm proteins have been
tagged at their endogenous loci (many of them available at the
CGC). Despite being expressed from only 2 copies, the fluorescent
intensity of endogenously tagged proteins is not necessarily lower
than that of ectopic transgenes, which can contain hundreds of
copies of the gene, and in some cases they are brighter, probably
because they are not silenced as transgenes often are (Dickinson
et al. 2013).

When engineering the fusion of an FP to a novel protein of in-
terest one needs to consider where the FP is least likely to affect
the protein’s function. If the structure of the protein is known it
should be consulted. Generally, C-terminal fusions with an ap-
propriate linker for flexibility often work, but if the business end
of the protein is at its C-terminus then an N-terminal fusion is
preferable. When inserting an FP into the endogenous locus one
also needs to consider splice variants; if tagging all variants is de-
sired this will often limit the choice of insertion site. In some
instances, both C- and N-termini of the protein have important
functions, in which case it is necessary to insert the FP within

Fig. 1. Visualizing the inner workings of C. elegans with fluorescence microscopy. The methods and probes listed here and described in detail in the
Introduction of the text give us the ability to measure properties and follow dynamics at the protein, organelle, and cellular level within living worms.
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some internal loop region. In the rare cases where nowhere along
the protein can an FP be introduced without perturbing its func-
tion a smaller tag, such as SNAP-tag could be tried (Maduzia et al.
2011; Aoki et al. 2021). Otherwise, antibody staining might be the
only option.

Regarding the FP itself, there is a wide range of options across
the visible spectrum (see https://www.fpbase.org/), although for
single color imagining enhanced GFP (EGFP) is still the first choice
in most cases. Other commonly used FPs in worms include yellow
FP (YFP), mNeonGreen, mApple, mCherry, mKate2, mScarlet, and
TagRFP (RFP: red FP). An overview of FPs used in worms can be
found in the review by Breimann et al. (2019) and in Table 1. Note
that fusion protein functionality can be affected, for example,
due to FP aggregation, by some but not other FPs. Therefore, if a
fusion protein mis-behaves it is worth trying a different FP, pref-
erably a monomeric variant. The brightness of an FP in the worm
does not always match predictions based on in vitro measure-
ments and they vary in their photostability as well (Heppert et al.
2016). When adapting a new FP for expression in C. elegans, there
are several genetic engineering rules, pertaining to codon usage,
intron inclusion, promoter, and 3’UTR, which should be followed
to optimize expression and avoid silencing in the germline
(reviewed in Nance and Frøkjær-Jensen 2019).

It is possible to express separately 2 complementary parts of
an FP and when they meet in the cell they combine to form a
functional FP (Hu et al. 2002). This technique, called bimolecular
fluorescence complementation, was adapted in the worm to fa-
cilitate tissue-specific labeling of endogenous proteins. The larger
fragment of the FP (split-GFP or split-wrmScarlet) is expressed
ubiquitously or under a tissue-specific promoter, while the
smaller fragment is inserted into the genome to tag the protein of
interest, using CRISPR-Cas9 (Goudeau et al. 2021). To increase the
brightness of endogenously tagged proteins it is possible to fuse
up to 7 tandem copies of the small FP fragment (He et al. 2019).

An important fact to be aware of while imaging fluorescently
tagged proteins in C. elegans is that even without any labeling cer-
tain structures in the worm will fluoresce at all visible wave-
lengths. The strongest autofluorescence is exhibited by intestinal
gut granules, and it can also be observed in hypodermal nucleoli,
the cuticle, and the vulva. The autofluorescence of gut granules
can actually be used as a noninvasive bio-marker of senescence
and advanced glycation end products (Pincus et al. 2016; Komura
et al. 2021). However, if the autofluorescence interferes with the
visualization of an FP fusion protein, there are a few solutions.
Teuscher et al. describe a triple band GFP filter set that separates
the GFP signal from autofluorescence (Teuscher and Ewald 2018).
Alternatively, it is possible to acquire an image at a wavelength
not occupied by the FP and then subtract its fluorescence from
the FP image. Finally, gut granule loss (glo) mutants are available,
but they deviate from the wild-type in other ways as well
(Hermann et al. 2005).

Protein colocalization
A few visual methods exist to test whether 2 or more proteins are
situated adjacent to each other. The simplest is 2-color or multi-
color imaging. One must choose FPs with emission wavelengths
that are separable by the microscope being used. Some examples
of pairs of FPs are: Cyan FP (CFP) and YFP, GFP and mCherry, and
mScarlet and nNeonGreen. Three color imaging can be done by
adding tagBFP (BFP: blue FP) on the blue end of the spectrum
(Chai et al. 2012) or CemOrange2 in between red and green emit-
ters (Thomas et al. 2019). If the signals from the 2 proteins are dis-
tinct in terms of wavelength, yet they overlap in terms of cellular

Fig. 2. Examples of visualizing molecular and cellular processes in C.
elegans using fluorescently tagged proteins. a) Three-dimensional
architecture of the germline highlighted by a Z-stack projection of an
adult hermaphrodite expressing a PH domain fused to mCherry as a
membrane marker (red) and ANI-2::GFP localized at rachis bridges (blue).
The fluorescent markers are expressed exclusively in the germline.
Image credit: Priti Agarwal. b) Mitotic cell divisions in the distal end of
the germline captured by time-lapse microscopy of an immobilized
hermaphrodite expressing mKate2::TBA-1 to mark MTs (magenta), HIS-
72::GFP to mark DNA (green), and GFP:PH to mark the plasma
membranes (green). Images are time stamped (in minutes) from first
frame. Image credit: Anat Nitzan. c) Molecular dynamics of actin binding
protein PLST-1 revealed by the rate of recovery after photobleaching.
PLST-1::GFP in the syncytial germline is bleached by strong laser on a
small region of the rachis (marked by oval) and fluorescence recovery,
followed by time-lapse imaging, reports on protein turnover rate. Image
credit: Shinjini Ray. d) Ubiquitous expression of a ratiometric CDK sensor
can be used to predict cell cycle states based on CDK activity. Single
plane confocal images of rps-27p::DHB::2xmKate2::P2A::H2B::GFP of an L3
stage animal showing uterine-vulval development. Interphase state
predictions based on CDK sensor localization are annotated beneath the
vulval precursor cells in the gray scale image below the DIC image (left),
nuclear mask used for quantification (H2B, top right) and overlay
(bottom right). Image credit: Jayson Smith and David Matus. e) In vulval
precursor cells (VPCs), the ERK activity biosensor ERK-KTR (green) is
excluded from the nucleus (marked by histone H2B, magenta) of P6.p, a
cell where MPK-1 activation is high. ERK-KTR is enriched in nuclei of
P4.p, P5.p, P7.p, and P8.p, cells where MPK-1 activation is low. Image
credit: Claire de la Cova. f) Genetically encoded mechanical tension
sensor based on a FRET tension module inserted within b-spectrin. The
bending stresses in a worm trapped in a curved microfluidic device are
visualized by FRET (middle). As a negative control, a tension sensor
module fused to the N-terminus of b-spectrin, which cannot be pulled
apart and hence does not respond to curvature induced stresses was
used (right). Blue pixels indicate low FRET efficiency and strong donor
emission, green/yellow pixels indicate high FRET efficiency and strong
acceptor emission (after excitation of the donor). c, curvature; D, donor;
A, acceptor; ABD, actin binding domain. Image credit: Michael Krieg.
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space, they can be said to colocalize. However, with the spatial
resolution of an ordinary microscope, they could still be hun-
dreds of nanometers apart, or more if chromatic aberrations are
not fully corrected. Super resolution microscopy methods (see
Microscopy) can reduce the threshold for perceived colocalization
down to tens of nanometers. The use of split-FPs, such as split-
GFP can provide proof that 2 proteins are within “touching dis-
tance.” An FP is split in 2 and each fragment is fused to one of the
2 proteins being investigated. Only if and where the 2 proteins are
in direct contact will the complete FP assemble and fluoresce.
This can also be done on the extracellular domains of proteins to
detect synapse formation, where the method is referred to as
GRASP (Feinberg et al. 2008).

Another method to detect very close proximity is fluorescence
resonance energy transfer (FRET). This method works with spe-
cific pairs of FPs in which the emission energy of 1 FP is in the
right range to excite the other FP and therefore when illuminating
with the excitation wavelength of 1 FP one can observed emission
of the other FP, providing the 2 FPs are within fewer than 10 nm
from each other. Since FRET occurs at the single molecule level
but we observe emissions from numerous molecules simulta-
neously, the accurate interpretation of FRET experiments
requires many controls and careful quantification (Kaminski
et al. 2014). The ratiometric nature of FRET in particular limits the
effective dynamic range of the method, especially when either of
the FP pair is present at higher concentration or is significantly
brighter. A variation of FRET that is not sensitive to protein con-
centrations is fluorescence lifetime imaging microscopy (FLIM),
in which a shortening in the fluorescence lifetime of the donor FP
is expected only if the acceptor FP is within 10nm or less. Llères et
al. used quantitative FRET-FLIM to monitor nanoscale chromatin
compaction in germ cells (Llères et al. 2017). Devkota et al. used
FRET between GFP and mCherry to show that the interaction be-
tween the 2 components of the adiponectin receptor (PAQR-2 and

IGLR-2) is regulated by membrane fluidity (Devkota et al. 2021).
Herbette et al. used FRET between GFP- and mCherry-labeled his-
tones to measure the relative compaction of chromatin in the
germline under various genetic backgrounds (Herbette et al.
2020). In cases where the underlying interaction being measured
by FRET occurs on timescales approaching the frame rate of the
imaging itself, simultaneously capturing images in both channels
may be necessary to avoid artifacts. This is typically achieved by
using 2 detectors or by using optics to project each channel side
by side onto a single sensor. While the first approach can be cost-
lier, it preserves the maximum field of view of the microscope.
Multicolor splitters can be less costly than advanced scientific
cameras, but introduce aberrations into the image that cannot be
fully corrected in optics.

Protein dynamics and activity
For some proteins, location is paramount. For example, a tran-
scription factor can only be active in the nucleus and a cell�cell
adhesion receptor can only do its job at cell�cell junctions.
Therefore, a change in protein localization is often associated
with a change in its activity. To follow protein localization dy-
namics one can perform time-lapse imaging (Fig. 2b). When plan-
ning live-worm time-lapse experiments, one needs to take into
consideration the required temporal and spatial resolution and
find an optimum that minimizes the exposure of the animal to
high intensity light because of the deleterious effects of free radi-
cals generated during the excitation of FPs or dyes (phototoxic-
ity). Live-worm imaging requires compromising on the signal to
noise ratio in order to keep the worm alive. Imaging of protein dy-
namics in early embryos is relatively straightforward because the
embryos do not move (Bao and Murray 2011). Concurrent with
embryo elongation, muscle twitching begins, and imaging
becomes more challenging, but still possible (Lardennois et al.
2019). However, imaging at subcellular resolution within larva or
adults requires their temporary immobilization, an additional

Table 1. Common fluorescent proteins used in C. elegans imaging.

Fluorescent protein Excitation (nm) Emission (nm) Oligomerization Source or reference Notes

mTagBFP2 399 454 Monomer Addgene #122255
Cerulean 433 475 Weak dimer Addgene #122250 1
CFP 456 480 Dimer Addgene #27510
mTFP 468 495 Monomer Addgene #122254
eGFP 488 507 Weak dimer Addgene #1494
Dendra2 490/553 507/573 Monomer Addgene #159803 2
Kaede 508/572 518/580 Tetramer Ando et al. (2002) 2
mNeonGreen 506 517 Monomer Addgene #159799 3
eYFP 513 527 Weak dimer Addgene #27505 4
Venus 515 528 Weak dimer Addgene #37464a 5
Ypet 517 530 Weak dimer Addgene #66824 6
mKO2 551 565 Monomer Addgene #122252 7
tdTomato 554 581 Tandem dimer Addgene #84830a

TagRFP-T 555 584 Monomer Addgene #122256
mScarlet-I 569 593 Monomer El Mouridi et al. (2017) 8
mCherry 587 610 Monomer Addgene #19328 9
mKate2 588 633 Monomer Addgene #91825a

mNeptune2.5 599 643 Monomer Yemini et al. (2021)
mCardinal 604 659 Monomer Addgene #159801

a Plasmids that are not simple promoter-fusion expression constructs.
1 Newer variants exist, but not widely used in worms.
2 Red/Green photoconvertible.
3 Can be imaged using filters for green or yellow FPs.
4 Often referred to as simply “YFP.”
5 Brighter derivative of eYFP.
6 Brighter derivative of Venus.
7 Long stokes shift, can be excited at 488.
8 Fast folding variant of mScarlet, worm-optimized.
9 Monomeric but prone to aggregation.
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complication for which several techniques have been developed
(Rohde and Yanik 2011; Gritti et al. 2016; Churgin et al. 2017; Keil
et al. 2017; Suzuki et al. 2019; Berger et al. 2021; Mondal et al. 2021;
Spiri et al. 2022).

Another type of protein dynamics that can be probed with
fluorescent fusion proteins is the turnover within a cellular struc-
ture. For example, a cytoskeletal structure, such as the rachis in-
side the syncytial germline, can remain stable for the worm’s
lifetime while its protein components continuously exchange
with the cytoplasmic pool (Priti et al. 2018). To quantify the rate of
protein turnover within the structure one can perform fluores-
cent recovery after photobleaching (FRAP). In such an experi-
ment, a strong and localized pulse of laser bleaches the
fluorescently tagged proteins within the targeted structure and
then the recovery is followed by time-lapse imaging (Fig. 2c). The
recovery of fluorescence is a direct measure of the turnover of
bleached protein from within the structure and its exchange with
unbleached FPs from other regions of the cell [e.g. Lantzsch et al.
(2021)]. FRAP can also be used to measure membrane fluidity
with a prenylated GFP (Devkota and Pilon 2018) and if all the pro-
teins in the cell are bleached at once then FRAP can be used to
quantify protein synthesis rates (Papandreou et al. 2020).

Seeing where a protein is localized is not always sufficient to
understand its function because the protein might have an active
and inactive state; therefore, a method to visualize its active state
or the product of its activity is more informative. Several such
protein activity reporters have been developed or adapted for
worms. A few examples will be given here, but with imagination,
ingenuity and a fair amount of trial-and-error experiments many
more protein activity reporters can be engineered.

One type of kinase activity sensors is based on phosphoryla-
tion inhibiting a nuclear localization signal and enhancing an ex-
port signal, thus converting kinase activity into a shifting of the
nuclear to cytoplasm ratio of a kinase-specific substrate fused to
an FP. For example, to follow cell cycle entry a CDK activity sen-
sor was developed (Spencer et al. 2013). It consists of a DNA
Helicase fragment with nuclear export and import signals fused
to GFP. When the CDK-cyclin complex is activated the sensor
becomes phosphorylated and translocates from the nucleus to
the cytoplasm (Fig. 2d). The shift in nuclear to cytoplasmic ratio
of GFP is a direct readout of CDK activation and was used to visu-
alize the moment of cell cycle entry in dividing seam cells during
C. elegans larval development (van Rijnberk et al. 2017).

A similar approach was used to adapt a mammalian ERK sen-
sor to visualize the ERK ortholog MPK-1 in several cell types and
different developmental processes in C. elegans (Fig. 2e). In this
case, an ERK substrate fused to mClover was expressed from a
bicistronic transgene along with mCherry::H2B in order to enable
quantification of the nuclear level of the ERK-substrate and avoid
the need to measure it in the cytoplasm, which can be difficult
for many cells inside the worm (de la Cova et al. 2017).

Another type of activity sensor is the active RHO-1 biosensor
based on the Rho GTP-binding domain of ANI-1 fused to GFP. Rho
can be found in a GDP-inactive or GTP-active state and the sensor
was shown to concentrate on the membrane in regions where ac-
tive RHO-1 was being generated by RhoGEFs in preparation for cy-
tokinesis (Tse et al. 2012).

In a less specific approach, the fluorescent signal of a chimeric
transgenic protein in muscle was used as a reporter of intracellu-
lar proteolysis (Zdinak et al. 1997). Other aspects of protein degra-
dation visualized with transgenic FPs include ubiquitin GFP
fusions which can inform on inhibition of the proteasome (Liu
et al. 2011) and Ubiquitin fused with photoconvertible Dendra2

which was used to monitor rates of proteasome mediated degra-
dation in a cell type-specific and age-depended manner in worms
(Hamer et al. 2010).

Ligand binding to the Notch receptor LIN-12 induces proteo-
lytic cleavage and release of the intracellular domain, which
enters the cell nucleus. This process has been taken advantage of
to create a sensor able to report on lateral cell signaling activity
(Shaffer and Greenwald 2022). The two part sensor is made of a
GFP-RFP pair separated by a TEV cleavage site and a LIN-12 recep-
tor with TEV protease fused to its intracellular domain. Activation
of Notch signaling results in TEVp translocation to the nucleus
and separation of GFP from RFP (Shaffer and Greenwald, 2022).

A very common type of activity reporters meant to give a visual
output for the activity of transcription factors are transcriptional
reporters (Okkema and Krause 2005; Boulin et al. 2006). Basically, if
the DNA binding sequence of a transcription factor is present up-
stream of the coding sequence for an FP then when the transcrip-
tion factor is active an FP will be made. High throughput projects
have generated and imaged thousands of such reporters (Hunt-
Newbury et al. 2007). The effect of copy number of the reporter
and variability from worm to worm has been carefully studied
(Mendenhall et al. 2015). One major caveat of transcriptional
reporters is the temporal lag in response due to the long folding
time and slow degradation of FPs, on top of transcription and
translation. This caveat can partially be circumvented by using
short-lived FPs. Poyurovsky et al. rendered an FP short-lived by fus-
ing it to the RING domain of the Mdm2 E3 ubiquitin ligase, while
Matilainen et al. fused the FP to an uncleavable ubiquitin segment,
in both cases leading to enhanced ubiquitination and proteasomal
degradation (Poyurovsky et al. 2003; Matilainen et al. 2016).

Cellular structures and organelle dynamics
Several organelles can be specifically labeled by fusion of an FP to
a canonical targeting sequence. A target sequence is a short (3–70
amino acids long) peptide chain that directs the transport of a
protein to a specific structure in the cell. This way mitochondria
were visualized by expressing GFP fused to a mitochondrial locali-
zation signal (Fatouros et al. 2012), peroxisomes were imaged with
GFP fused to a peroxisome targeting sequence (Motley et al. 2000),
and the endoplasmic reticulum (ER) was visualized by fusing GFP
to the ER-resident signal peptidase SP12 (Poteryaev et al. 2005). As
mentioned above, the plasma membrane can be visualized with
the rat PLC1-delta plekstrin homology (PH) domain fused to GFP
(Audhya et al. 2005). Alternatively, adding a myristoylation signal
to any FP will target it to the plasma membrane, although it also
labels membrane structures inside the cell (Chai et al. 2012).
Fluorescent markers specific for the various types of vesicles in
the endocytosis and exocytosis pathways are based on FP fusion
with specific resident proteins in these structures, as reviewed in
the worm chapter on membrane trafficking (Sato et al. 2014).

Visualization of extracellular glycans in fixed worms has been
achieved by metabolic labeling of cell-surface glycans with
azides, followed by click chemistry to attach a fluorophore to the
azides (Laughlin and Bertozzi 2009). Direct imaging of specific
heparan sulfate modification in live worms was enabled by ex-
pression of GFP-fused single chain variable fragment antibodies
that recognize specifically modified forms of heparan sulfate
(Attreed et al. 2012). With this technique Attreed et al. showed
that while some heparan sulfate modification patterns are widely
distributed in the nervous system, others appear highly cell-
specific in both non-neuronal and neuronal cells (Attreed et al.
2016), and Cizeron et al. found that specific heparan sulfate
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modifications stabilize excitatory and inhibitory neuromuscular
junctions (Cizeron et al. 2021).

Lipid droplets are storage organelles important for lipid and
energy homeostasis. They consist of a hydrophobic core of neu-
tral lipids surrounded by a phospholipid monolayer and specific
proteins. BODIPY, Oil Red O, and Nile Red are the commonest
commercially available fluorophores used for lipid droplet stain-
ing inside live cells, including in the worm (Mosquera et al. 2021).
The same staining methods, as well as LipidTOX, can also be
used to visualize nuclear lipid droplets in intestine and germ cells
(Mosquera et al. 2021). A fluorescent 2,1,3-benzothiadiazole
(BTD)–coumarin hybrid (named BTD-Lip) developed to stain lipid
droplets was shown to be superior to the BODIPY and Nile red
(Mota et al. 2018). Feeding worms with these dyes does not lead to
the staining of fat stores, but rather they accumulate in
lysosome-related organelles (O’Rourke et al. 2009). Staining after
fixation provides reproducible data, but autofluorescence and
nonspecific staining of cellular structures other than fat stores
can lead to errors, which has led to the development of label-free
imaging of lipids using coherent anti-Stokes Raman scattering
microscopy (Hellerer et al. 2007; Le Thuc et al. 2010).

The cytoskeleton is a sturdy yet dynamic structure responsible
for cell shape, intracellular transport, and force generation. Since
the cytoskeleton is a polymeric structure, labeling of its subunits
with FPs can interfere with its polymerization. Therefore, several
indirect labeling probes have been developed. In the case of actin,
fusion of FPs to a variety of F-actin binding peptides, including
Lifeact (Pohl and Bao 2010), Utrophin (Chia et al. 2012), the actin
binding domain of VAB-10 (Gally et al. 2009), and the actin binding
domain of Drosophila moesin (Velarde et al. 2007), were all used to
visualize polymerized actin. It was noted in other systems that
some of these probes have a preference for F-actin polymerized
by specific elongation factors and therefore preferentially label
subsets of the actin network (Belin et al. 2014). Also, when
expressed at high levels these probes can affect actin dynamics
(Spracklen et al. 2014). Evidence for such bias in C. elegans has not
yet been reported, but it is always a good idea not to rely on a sin-
gle probe and to minimize its expression when gathering infor-
mation on cytoskeletal structures. Microtubule (MT) plus tip
binding proteins, such as EBP-2::GFP, report the dynamics of
growing MTs (Kozlowski et al. 2007; Tegha-Dunghu et al. 2014).
However, they detach from depolymerizing MTs and are not pre-
sent on stable MTs. To visualize the entire MT network people
have labeled alpha-tubulin, beta-tubulin, and gamma-tubulin
subunits (Strome et al. 2001; Kozlowski et al. 2007). Due to the re-
dundancy of tubulin isoforms the strains expressing fluores-
cently tagged tubulin are viable. However, RNAi depletion of
other isoforms suggests that tagged tubulin is not fully functional
(RZB, unpublished data), Nevertheless, when expressed on top of
other isoforms, fluorescently tagged tubulins partially incorpo-
rate into the MT lattice and illuminate its structure. The MT-
binding domain of ensconsin fused to multiple copies of GFP has
been used to label MTs in other organisms (Bulinski et al. 2001;
Wühr et al. 2011), but as far as we know has not been used in C.
elegans. A fluorescently tagged MT-associated protein, GFP::
MAPH-1.1, was found to label noncentrosomal MTs in most if not
all adult tissues (Waaijers et al. 2016), though its utility as a gen-
eral marker for MT has not been established. Intermediate fila-
ments have been visualized with antibodies (Francis and
Waterston 1991) and translational fusions to some of the 11 cyto-
plasmic isoforms, such as IFA-1a::GFP (Karabinos et al. 2003) and
IFB-2::CFP (Hüsken et al. 2008).

DNA and RNA
A number of DNA-binding fluorescent dyes, such as DAPI and
Hoechst 33342, can be used to visualize DNA in the nuclei of fixed
and permeabilized animals. Visualizing chromosomal DNA in
live worms can be accomplished with fluorescently tagged histo-
nes [e.g. Bao et al. (2006)]. In order to follow specific regions of the
chromosomes that are associated with unique proteins, in live or
fixed samples, one can tag those proteins with FPs. This way, it is
possible, for example, to visualize kinetochores (Oegema et al.
2001), the synaptonemal complex (Köhler et al. 2017), and double
strand break repair sites (Alpi et al. 2003; Koury et al. 2018).

Another technique for visualizing specific DNA sequences is
fluorescent in situ hybridization (FISH). Multiplexing dye-
conjugated oligonucleotide probes it is possible in fixed samples
of all developmental stages to visualize genome organization at
the chromosome, 3 megabase, or 500 kb scale (Fields et al. 2019).
Visualizing the nuclear position of a specific DNA sequence
within the chromatin in live worms is possible using the lacO/lacI
bacterial binding site and repressor, wherein the lacO sequence is
inserted into the site of interest within the worm genome and
lacI fused to an FP is expressed in the desired cells (Carmi et al.
1998). This method is elaborated upon in the Wormbook chapter
on chromatin analysis (Feinberg et al. 2008). The LacO/LacI sys-
tem can be combined with a nanobody against histone H4 Lys20
mono-methylation (H4K20me1) to visualize locus-specific
H4K20me1 modifications in living worms (Shinkai et al. 2018). In
mammalian cells, fluorescently tagged catalytically inactive Cas9
endonucleases were used to label specific DNA sequences based
on the cognate single-guide RNAs (Deng et al. 2015; Ma et al. 2015),
and this method should, in theory, work in C. elegans as well.

Single molecule FISH (smFISH) of fluorescent oligonucleotide
probes on fixed samples enabled to study intracellular mRNA lo-
calization at single mRNA level in embryos and larva (Raj et al.
2008; Ji and van Oudenaarden 2012). Visualizing the dynamics of
mRNA transcripts in live worms has been achieved using the
MS2/MCP system or the PP7/PCP system, both based on specific
protein–mRNA interactions (Lee et al. 2019; Li et al. 2021). Lee et al.
(2019) used the MS2 system to follow bursts of sygl-1 transcrip-
tion downstream of Notch signaling. Li et al. (2021) generated a
collection of strains for visualizing mRNAs encoding apical, baso-
lateral, and junctional proteins in C. elegans epithelia, using the
PP7 system. RNA condensates have been visualized by tagging
the intrinsically disordered proteins that phase separate together
with the RNA. For example, fluorescently tagged PGL-1 is used to
mark P-granules, tagged WAGO-4 and ZNFX-1 to mark Z-gran-
ules, and MUT-16 labels the mutator complex (Phillips et al. 2012;
Wang et al. 2014; Wan et al. 2018; Lev et al. 2019).

Cytoplasmic ions and second messengers
Calcium ions serve as important secondary messengers in neu-
rons and muscle cells. During a signaling event the concentration
of calcium usually rises sharply before dropping quickly (Chung
et al. 2013; Kovacevic et al. 2013). It is possible to visualize the sud-
den increase in concentration of calcium ions with a fluorescent
probe that changes its fluorescent properties upon binding cal-
cium. One such probe is GCaMP, a fusion of GFP with calmodulin
and M13, a peptide from myosin light chain kinase that binds cal-
modulin. GFP is circularly permutated so that the N- and C-ter-
mini are fused and calmodulin and the M13 peptide are fused to
new termini in the middle of the protein. GCaMP was engineered
so that its fluorescence is very low in the absence of calcium. A
conformational change in the protein following the calcium-
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dependent binding of M13 to calmodulin leads to a many fold in-
crease in the fluorescence intensity of GFP. Calcium sensors have
been particularly beneficial for neurobiology, enabling research-
ers to detect the activity of single neurons, and, when combined
with optogenetic tools for activating neurons, facilitated the
mapping of neuronal circuits (Guo et al. 2009; Tian et al. 2009;
Emmons et al. 2021). Remarkably, calcium imaging of neuronal
activity has been achieved even in freely moving worms (Nguyen
et al. 2016; Venkatachalam et al. 2016; Gengyo-Ando et al. 2017).
Calcium signaling also regulates muscle contraction and was
monitored using GCaMP in the body muscle during the wake-
sleep cycle (Schwarz et al. 2012) and in the spermatheca during
embryo transit (Bouffard et al. 2019). Mutagenesis of GCaMP
resulted in more sensitive sensors (Devkota et al. 2021) and addi-
tional colors of genetically encoded calcium indicators, including
red (R-GECO1) and blue (Zhao et al. 2011).

Acidity is a chemical property of the cytoplasm or intracellular
fluid that can be visualized. Expression of the pH-sensitive GFP
variant pHluorin in various tissues has facilitated the visualiza-
tion of intracellular acidification following mitochondria frag-
mentation (Johnson and Nehrke 2010). A pH-responsive dye,
KR35, was used to monitor pH in the intestine of C. elegans
(Bender et al. 2013). KR35 is activated by acid in a range that is
physiologically relevant to the C. elegans intestine.

cGMP is a second messenger with an important role in regulat-
ing ion channels. In the worm it is implicated in the function of
many sensory neurons. A FRET-based sensor, in which a cGMP-
binding domain is sandwiched between CFP and YFP, was used to
visualize spatiotemporal cGMP dynamics in AWC neurons after
odor exposure (Shidara et al. 2017). A GFP-based cGMP sensor was
also adapted from mammalian cells for use in worms and was
shown to provide a sensitive readout of cGMP levels in body wall
muscles (Woldemariam et al. 2019). This sensor contains 2 in-tan-
dem PKG cGMP-binding domains attached to the N-terminus of a
circularly permutated EGFP. Similar to GCaMP, the fluorescence
of the sensor is low in the absence of cGMP and high when cGMP
binds the PKG domains.

Following the same principle, FRET sensors were developed
for ATP (Tsuyama et al. 2013) and for inorganic phosphate
(Bender et al. 2013).

Apoptosis
The first worm Nobel prize, awarded in 2002, was for discoveries
on the genetic regulation of organ development and programmed
cell death (apoptosis). The simplest way to visualize cell death,
employed by Brenner, Sulston, and Horvitz in their Nobel-
winning work is by DIC microscopy, taking advantage of the
unique button-like shape of cell corpses (Sulston and Horvitz
1977; Sulston et al. 1983). It is also possible to detect apoptotic
cells in live worms by staining them with acridine orange or
SYTO 12 vital dyes, which stain nucleic acids specifically within
the dying cells (Lant and Derry 2014). An indirect method to visu-
alize dead cells is with CED-1::GFP, which is expressed in the
neighboring cells that engulf the dying cells (Zhou et al. 2001).
CED-1 is a transmembrane receptor that clusters around cell
corpses. This last method is very sensitive but does not work in
engulfment defective mutants.

Mechanical force
Many proteins in the cell, most notably those associated with cell
adhesion and the cytoskeleton as well as extracellular proteins,
experience varying levels of mechanical tension during develop-
ment and throughout the worm’s life. Such tension arises when

the protein is anchored at both ends and is being stretched. Two
FRET-based sensors have been deployed in worms to visualize
such tension and qualitatively assess how it is affected by differ-
ent treatments. The first tension sensor (stFRET) consisted of 2
FPs, Cerulean and Venus, joined by a 5-nm protein helix and it
was inserted into collagen-19 (Meng et al. 2011). Stretching forces,
which were determined in vitro to be 5–7 pN, would stretch the
alpha helix, increase the distance between the FP and reduce the
FRET signal. In this way, it was shown that the collagen in the cu-
ticle is constitutively stretched. A second tension sensor module
(TSMod) introduced into beta-spectrin in worms contained
mTFP1 (TFP: teal FP) and Venus as the FPs and used a 40-amino
acid sequence derived from spider silk protein as the flexible
linker (Fig. 2f). Using this probe it was demonstrated that spectrin
is held under constitutive tension in touch receptor neurons,
which contributes to touch sensation (Krieg et al. 2014).

Microscopy
In the past decade advances in sensor, optical, and system design
have yielded steady improvements in imaging resolution and
speed. This has produced a dizzying array of options for the biolo-
gist and selecting an optimal instrument to buy or use can be a
confusing process. These advanced microscopy modalities have
been applied to a range of specific biological questions in the
worm, some prominent examples are listed in Table 2. In this
section, we will briefly review the technical considerations inher-
ent to a range of cell biological and developmental imaging
experiments as they pertain to instrument selection and provide
a snapshot of relevant advances in imaging technology that may
be leveraged. While many variations of each class of microscope
exist in the marketplace today and many more continue to be in-
troduced, Fig. 3 provides a simplified illustration of the key opera-
tional principle of 4 prominent classes of fluorescence
microscopes especially well-suited to live imaging in C. elegans. It
is worth noting that these modalities are not mutually exclusive
and can be integrated into single multifunctional instruments
that may be a cost-effective, albeit more complex solution for the
core facility or technically savvy research group.

Localization and colocalization
In the context of selecting an instrument to use in measuring mo-
lecular localization or colocalization, it is useful to start with 3
basic questions:

• How bright is the labeled protein?
• What sub-cellular structures does the protein appear to local-

ize to?
• Is localization expected to be highly dynamic?

For these and many other types of imaging experiments, it
makes sense to apply a pyramidal approach by beginning with
simple compound fluorescence microscopes and sequentially
moving to more complicated instruments based on the observed
characteristics of a particular tag and the strengths and weak-
nesses of the microscope modalities available (Fig. 4).

While protein localization can be measured by a wide variety
of microscopy modalities, given the considerations listed above,
colocalization imposes some additional technical considerations.
Most methods of colocalization involve the use of multiple FPs
with differing excitation and emission spectra. For live samples
where proteins may be freely diffusing, or where colocalization
may be a dynamic equilibrium process, rapidly acquiring images
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in 2 or more colors can be challenging without multiple detectors
or color splitters for simultaneous multicolor imaging. In these
cases, correcting for chromatic aberrations that may be integral
to the imaging optics and for alignment errors between multiple
sensors is necessary to produce robust measurements. Multicolor
bead standards are a useful tool in assessing these issues and can
be used in conjunction with freely available software (Preibisch
et al. 2010) to computationally correct for simpler aberrations.

Dynamic measurements
The greatest advantage of live sample microscopy is the ability to
follow dynamic biological processes over long timescales and relate
molecular events to their cellular and organismal consequences.
Increasingly sensitive light sensors and new microscopy modalities
have resulted in huge advances in our ability to capture dynamics
processes across the entire worm with subcellular spatial and sub-
second temporal resolution. A tradeoff still exists between spatial
resolution, temporal resolution, and sensitivity, however, requiring
some careful consideration of the desired spatial and temporal
scales over which a phenomenon is to be observed. Modern wide-
field, spinning disk confocal, pixel reassignment SIM, and light-
sheet microscopes are now limited in acquisition rates almost
entirely by their cameras. Commonly used sCMOS cameras can
achieve full frame imaging at 100 frames per second (FPS) or more,
with higher rates possible for subregions of the sensor. More exotic
intensified CMOS cameras have also been demonstrated recently,
which can produce usable images with submillisecond exposure
times for bright samples (Voleti et al. 2019).

Important for optimizing long-term imaging experiments is
the balance between image brightness and resolution against the
potential confounding factor of biological perturbation from exci-
tation light. Photobleaching fusion proteins can result in the di-
rect inactivation of the tagged protein to the extent that it has
been employed as a means of optogenetic perturbation (Ou et al.
2010). For embryonic and larval experiments, a useful empirical
metric for photodamage is developmental progression: imaging
conditions that compromise animal viability enough to block or
significantly delay developmental progression should be avoided.

Quantitative microscopy
Making robust, repeatable measurements of physical quantities
by light microscopy requires careful preparation and the integra-
tion of robust technical controls into the experiment. Intensity
standards have long been used in the calibration of flow cytome-
ters and can be equally valuable tools as spike-in or periodic con-
trols when intensity measurements across multiple days or
samples need to be made in a repeatable fashion.

Most image sensors are calibrated to produce a linear output
for increasing incident light. Multiplicative sensors such as

photomultiplier tubes (PMT), avalanche photodiodes (APD), and
electron-multiplying CCDs (EM-CCDs) can exhibit some variabil-
ity in their signal amplification and introduce noise into signal
quantification. This noise can be measured using constant signal
standards (such as uniform fields of dye solution or intensity-
calibrated bead dispersions) when a high degree of linearity and
precision in signal measurement is required.

For quantitative microscopy to be repeatable and reproduc-
ible, recording and sharing careful documentation of imaging
parameters and performing day-of-control measurements is a
critical yet underutilized step. Recent works have detailed best-
practices in quantitative microscopy for different instrument mo-
dalities, as well as for reporting methods in imaging and image
analysis, which should be required reading for the imaging scien-
tist in-training (Waters 2009; Jonkman et al. 2020).

Selecting objectives
Depending on the nature of the experiment and manner in which
the worm must be mounted, selecting an objective with the ap-
propriate magnification, numerical aperture, and immersion me-
dium can produce brighter, higher resolution images with lower
excitation powers or shorter camera exposures.

Dry, or “air-immersion” objectives are best suited for routine
inspection and for screening worms on plates. For higher resolu-
tion and more sensitive imaging experiments, use of a liquid im-
mersion media between the objective and coverslip helps
increase the angle of collection for light and reduce aberrations
caused by the drastic change in refractive index between glass
(n¼ 1.517) and air (n¼ 1.0). The most common liquid immersion
media include water (n¼ 1.333), silicone oil (n¼ 1.406), glycerol
(n¼ 1.45 for 80% glycerol in water), and immersion oil (n¼ 1.517).
Higher refractive index immersion media enable light collection
over a wider angle and thus a higher maximum numerical aper-
ture, typically a maximum of 1.5 NA for standard immersion oil.
Exotic immersion media with refractive indices greater than that
of standard oil enable even higher numerical apertures, but these
are typically limited to collecting signal close to the coverslip sur-
face such as by TIRF (TIRF: total internal reflection fluorescence)
microscopy and are prone to severe aberrations when used to im-
age thicker samples.

An important consideration for minimizing aberrations while
imaging inside of worm tissue is the degree of mismatch between
the refractive index of the immersion media and that of the tis-
sue. Tomographic phase microscopy of a C. elegans adult has pre-
viously measured a range of refractive indices for worm tissue
from 1.36 up to 1.38 (Choi et al. 2007). In this region, between the
refractive indices of water and silicone oil, silicone oil has notable
advantages for confocal microscopy due to the higher numerical
aperture (a maximum of 1.35 vs 1.27 for water). For imaging in

Table 2. Biological findings in C. elegans employing a range of advanced microscopy modalities.

Biological observation Microscopy modality Reference

Automated lineage tracing Laser scanning confocal Bao et al. (2006)
Spinning disk confocal Moore et al. (2013)
Lightsheet Duncan et al. (2019)

Retrograde zippering in neuritis Lightsheet Sengupta et al. (2021)
Organization of p-granules SIM-mode lattice lightsheet Wang et al. (2014)
Structure of muscle attachment SIM Qadota et al. (2017)
Organization of b spectrin in neuritis SIM He et al. (2016)

STED Krieg et al. (2017)
Clustering of glutamate receptors PALM Vangindertael et al. (2015)
Organization of meiotic chromosomal axes PALM and STORM Köhler et al. (2017)
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Fig. 3. Simplified illustrations of the operating principles of widefield, confocal, pixel reassignment SIM, and lightsheet microscopes with a summary of
their key strengths and weaknesses.
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surface tissues, the hypoderm and muscle especially, conven-
tional immersion oil can be advantageous due to simpler opera-
tion and higher numerical apertures. For cases where the worm
cannot be compressed against the glass surface to minimize the
invasion of mounting buffers between the sample and the micro-
scope, replacing a fraction of the water in the buffer with iodixa-
nol can be used to match the refractive index of the mounting
buffer to that of the immersion media and improve image quality
(Boothe et al. 2017).

Microscope objective performance can vary widely between
offerings from different manufacturers, and between immersion
media. While some degree of performance can be predicted
from specifications such as magnification, numerical aperture,
and working distance, significantly more care must be taken for
super resolution microscopy. In some cases, subtle aberrations
caused by defects in materials and manufacturing may only be
detectable by the empirical measurement of the microscope’s
point spread function when fitted with a new objective (Theer
et al. 2014).

Common modalities for fluorescence microscopy
The past decade has seen an explosion in the availability of previ-
ously exotic imaging modalities or unusual flavors of basic clas-
ses of microscopes. In this section, we will provide a big-picture
overview of these approaches (Fig. 3), review typical use cases for
each in the context of C. elegans biology, and refer the reader to
more detailed discussions of the technical details of the relevant
methodologies.

Widefield imaging
While the epifluorescence microscope is now more than century
old, it remains one of the most flexible and accessible platforms
for routine and advanced fluorescence microscopy techniques
alike. Advances in cameras, light sources, and computational
approaches to postprocessing have kept the venerable widefield
microscope more than relevant even in the age of structured illu-
mination and light sheet microscopy.

In the context of C. elegans, where labeled tissues and struc-
tures are often distributed in 3D, widefield microscopy is essen-
tially a tradeoff between light throughput and the ability to
separate signal within the focal plane from out-of-focus signal
and autofluorescence. Iterative deconvolution algorithms, now
efficient enough to run in near real-time thanks to parallel com-
puting on graphics cards allow for the algorithmic removal of
out-of-focus light (Swedlow 2013). Every major microscope ven-
dor now offers integration with deconvolution algorithms with
their microscope control software, and several major vendors
and open-source projects (Sage et al. 2017) offer advanced stand-
alone software for deconvolving images postacquisition. For
sparse and bright labels, deconvolution microscopy can be com-
petitive with confocal microscopy while being faster and gentler
on live samples.

Compared with brightfield imaging, 3D fluorescence micros-
copy in live samples is often limited by phototoxicity and photo-
bleaching from fluorescence excitation. The toxicity induced by
the intense illumination required for fluorescence excitation
must be balanced against the frequency with which a sample can
be imaged. While only the fluorescence light emitted from the fo-
cal plane of the objective is informative to collect, most micros-
copy modalities continuously bathe the entire depth of the
sample in excitation light.

Confocal microscopy
The history of the laser scanning confocal microscope (LSCM) is
intimately tied to the history of C. elegans biology by the seminal
contributions of John White and Brad Amos to the development
of beam scanning as a mode of confocal imaging (White et al.
1987). LSCM operates by projecting a single spot of laser illumina-
tion onto the sample and filtering collected fluorescence through
a pinhole at conjugate plane. The size of the pinhole blocks most
of the out-of-focus light collected by the objective since light
from different depths in the sample will converge to a focus be-
fore or after the pinhole. The microscope then scans this spot
across the sample, allowing simple detectors to be used to

Fig. 4. a) Accessible spatial scales across common microscopy modalities. Resolution and field-of-view limits within classes of microscopes vary based
on several factors including objective selection, sample mounting, and detector choice. b) Maximum imaging rates (the number of frames that can
practically be acquired per unit time) and the duration over which imaging can occur (before toxicity or bleaching typically become prohibitive) vary
wildly and are also highly sample dependent.
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measure fluorescence intensity at each scan position to build up
an image. Since each pixel in the image is acquired sequentially,
the amount of time for which each pixel can be exposed must be
extremely short to enable image acquisition within practical
timescales. To compensate for this, high peak excitation intensi-
ties are used to maximize the number of photons that can be col-
lected for each pixel. Using sensors with multiplicative gain like
PMTs and APD allows for the amplification of the extremely
small amounts of light collected to produce an electrical signal
that can be easily measured. Since small numbers of photons are
collected per pixel, LSCM images are highly prone to shot noise,
also known as photon counting noise, which is typically dealt
with by averaging multiple scans over the field of view, further
exacerbating the speed limitations imposed by sequential scan-
ning. While modern LSCM’s can achieve scan rates in the 10–20
FPS range to cover a full field of view, practical constraints such
as the brightness of the sample and the need to average multiple
frames to reduce shot noise mean that most imaging experi-
ments will achieve significantly lower frame rates.

Spinning disk confocal (SDC) and multipoint scanning confo-
cal (MPSC) microscopy mitigates the primary disadvantage of
LSCM by parallelizing the scanning process. Since multiple pin-
holes are within the field of view at any given moment, the entire
image can be collected significantly faster than with LSCM while
also dramatically increasing the effective dwell time, or time
spent exciting and collecting fluorescence from each point in the
sample. This increases the number of photons that can be col-
lected from the sample in a single exposure, and thus allows for
significantly lower peak excitation intensities and thus less pho-
todamage from the imaging process. Pinhole crosstalk, when
light collected through adjacent pinholes overlaps on the sensor,
can reduce spatial resolution in these systems in especially thick
samples or when the pinhole spacing is optimized for a higher
magnification than is used, however this is generally not a major
problem for imaging in worm tissue, except in cases where excep-
tionally bright sources of fluorescence are present in the sample.
Modern SDC and MPSC’s can acquire images at rates limited en-
tirely by the cameras used, more than 100 FPS in many cases. For
especially dim and light-sensitive samples, these rates are not of-
ten practically achievable, but 10 FPS or more can easily be
achieved even in the most demanding applications like the
minute-by-minute imaging used for tracing cell lineages in the C.
elegans embryo (Santella et al. 2010).

Structured illumination microscopy
Structured illumination microscopy (SIM) relies on extra infor-
mation content present in images acquired when nonuniform il-
lumination patterns are applied to a sample to improve lateral
and axial resolution compared with homogeneous illumination.
The most common form of this approach applies illumination
patterns of varying phase and reconstructs an image with im-
proved lateral and axial resolution. While the underlying mecha-
nism is the same, this class of SIM is broadly categorized as
either 3D-SIM, when the goal is to reject out-of-focus light and
provide improved optical sectioning, or super-resolution/SR-SIM,
when the goal is to reconstruct an image with resolution exceed-
ing the diffraction limit of light. In both cases, a wide variety of
commercial systems are available that automate the image ac-
quisition and postprocessing tasks. While SIM can be faster and
gentler on samples than LSCM, it is more susceptible to aberra-
tions in thick samples where the illumination pattern can be-
come corrupted by passing through the sample. This limit must
be determined empirically for each SIM implementation and

sample due to differing depth-dependent performance between
objectives and variability in the scattering and refractive proper-
ties of different tissues. Compared with multipoint confocal mi-
croscopy, the maximum achievable frame rates are significantly
slower due to the need to acquire multiple images with different
illumination patterns to reconstruct a single final image.

A newer class of SIM has recently become widely available in
commercial products, termed pixel reassignment SIM. Pixel reas-
signment SIM relies on multipixel detectors (cameras or multi-
pixel PMT arrays) to collect an image of the emitted light after
filtering through a pinhole. Since some of the pixels are shifted
laterally relative to the center of the pinhole, fringes of the dif-
fraction pattern are collected that contain higher spatial fre-
quency information. Reassigning the signal collected at these
points can achieve a factor of

ffiffiffi

2
p

(�40%) improvement in resolu-
tion compared with confocal microscopy. The reassignment can
be done digitally, in the case of single point scanning implemen-
tations such as the Zeiss Airyscan, or optically, in the case of
multipoint scanning implementations such as the Visitech iSIM
(York et al. 2013) or Yokogawa SoRa (Super resolution via Optical
Re-assignment). Both digital and optical reassignment maintain
high-frequency (and thus high resolution) information in the fi-
nal image, although multipoint implementations offer a signifi-
cant advantage in speed just as when comparing LSCM with
MPSC microscopy. These approaches can typically match the im-
age acquisition rate of the corresponding confocal modality with
a slight increase in light dose. Since the patterned illumination in
this case is simply a single focused laser spot or array of spots
and the emitted light is filtered by imaging onto a small sensor
(e.g. Airyscan) or by a pinhole array or disk at a conjugate plane
(e.g. iSIM, SoRa), pixel reassignment SIM performs better in thick
samples compared with 3D or SR-SIM (Wu and Shroff 2018).

Light sheet fluorescence microscopy
Light sheet fluorescence microscopy (LSFM), also referred to as
single plane illumination microscopy (SPIM), improves on con-
ventional fluorescence microscopy by introducing excitation illu-
mination in a single “sheet” aligned parallel to the imaging plane.
This allows high quality optical sectioning to be achieved without
a confocal pinhole or nonlinear postprocessing as in 3D-SIM.
Since only the section of the sample being imaged is illuminated,
photodamage is also significantly reduced, allowing image acqui-
sition to occur faster, more frequently, or for longer without af-
fecting sample viability.

LSFM employs a wide range of approaches for generating exci-
tation sheets of various geometries, collecting emitted light,
scanning axially through a sample, and reconstructing images.
An exhaustive treatment of these implementations is beyond the
scope of this chapter but can be found in the literature (Power
and Huisken 2017). Imaging in C. elegans embryos, larvae, and
adults imposes some unique constraints on sample mounting
and imaging that somewhat restrict the approaches to LSFM that
are best suited for worm imaging.

Due to the complex instrument geometries used to deliver the
light sheet to the sample and collect fluorescence, proper sample
mounting is even more critical. Instruments employing dipping
objectives where the sample chamber must be flooded with
buffer are best suited for imaging embryos, although larvae and
adults can be made accessible by gel-embedding. Instruments ca-
pable of imaging through a glass coverslip are compatible with
more sample mounting and immobilization strategies but are
typically limited to a single view of the sample.
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Multiview LSFM takes advantage of the most common strat-
egy for generating light sheet illumination, using 2 perpendicular
objectives to project the light sheet and collect the image, to over-
come the anisotropic resolution of conventional microscopes and
depth-dependent light loss due to aberrations and scattering
when imaging thick samples. In its simplest form, 2 perpendicu-
lar views of the sample are acquired and jointly deconvolved to
produce images with isotropic resolution. This computational
strategy is extremely efficient if multiple views can be acquired
faster than any object being imaged can move appreciably, since
a 2-fold increase in light dose and imaging time produces a 6-fold
improvement in axial sampling (Wu et al. 2013).

Super-resolution techniques
Super-resolution microscopy via SIM is currently the most acces-
sible for imaging live samples; however, there are other methods
that offer complementary capabilities and finer spatial resolution.
Classical localization techniques, where either stochastic pro-
cesses or photoswitchable fluorophores are employed to achieve
single molecule fluorescence detection, have been successfully
applied in C. elegans. These methods can achieve spatial resolu-
tions on the order of 10’s of nm, but typically only in fixed sam-
ples and with minimal optical aberrations (Vangindertael et al.
2015; He et al. 2016; Köhler et al. 2017). While these approaches re-
quire samples to be fixed, other super-resolution techniques in-
cluding stimulated emission depletion (STED) (Rankin et al. 2011),
and super-resolution optical fluctuation imaging (Kurshan et al.
2018) have also been employed in live worms. In fixed samples,
the optimization of expansion microscopy (ExM) for C. elegans
now makes it possible to achieve super-resolution imaging of pro-
tein localization and cellular anatomy with standard widefield or
confocal microscopes, since the resolution improvement comes
from embedding the sample in a hydrogel and causing it to swell,
which physically moves individual fluorophores or sample epito-
pes further apart from one another (Yu et al. 2020). Lambert and
Waters provide a sober view on the current limitations and com-
promises that must be made when designing super resolution
experiments (Lambert and Waters 2017).

Image analysis
Both automated and manual image analysis have made great
strides in the past decade owing to an explosion in the

computational power available in inexpensive desktop and even
laptop computers. Parallelized processing using graphics cards
intended for gaming now makes it possible to execute analysis
pipelines on a personal computer that once required dedicated
high-performance hardware. Along with these advances, modern
programming languages such as Python have made it possible
for even novice programmers to build sophisticated and powerful
customized applications quickly and easily for processing
images. In this section, we will discuss some widely used open
source and commercial software packages for image analysis.

Common tasks in image analysis
Despite the aforementioned advances, image analysis remains a
major practical bottleneck. Overcoming this requires under-
standing some of the capabilities and challenges of automation:
there are simply some tasks that computers excel at and others
that they struggle with. Here we discuss three broad categories:
image processing, image analysis, and visualization.

Image processing
Image processing generally refers to manipulations applied to
images to either mitigate undesirable features of images or en-
hance specific features in images to aid in visualization and
downstream analysis. Typical image processing tasks can include
filters to reduce background and mitigate noise, deconvolution to
improve resolution, or feature enhancement to emphasize spe-
cific features in images such as edges, lines, or blobs. Selecting
the right image processing strategy can dramatically improve the
performance of downstream analysis, but care must be taken
that the processing itself does not introduce new artifacts into
the images. Manually inspecting the results, performing detailed
control experiments, and fully documenting and sharing process-
ing steps and scripts can help to prevent this issue.

Image analysis
Image analysis can largely be broken down into some combina-
tion of 4 tasks: stitching, segmentation, tracking, and measure-
ment.

Image stitching is required when a specimen is too large to fit
into a single field of view, for example, when an entire worm is
imaged at high magnification. Multiple images with some overlap
can be aligned and fused to form a single image using Fiji stitch-
ing tool or BigStitcher (Hörl et al. 2019). Segmentation is the pro-
cess by which objects in an image are identified and separated

Fig. 5. a) Segmentation of adult worms in brightfield imaging via EmbedSeg (Lalit et al. 2021) Image Credit: Manan Lalit. b) Segmentation of membrane-
targeted fluorescence images of C. elegans embryos using CShaper (Cao et al. 2020) Image Credit: Manan Lalit. c) Denoising H2B::mCherry expressing
embryos without reference training data using Noise2Void (Krull et al. 2019) Image Credit: Pavak Shah. d) Inference of lightsheet images with isotropic
resolution from a single view using DenseDeconNet (Guo et al. 2020) Image Credit: Min Guo.
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from each other and from the background of an image (Fig. 5a
and b). For example, objects to be segmented could be nuclei,
cell�cell junctions, mitochondria, chromosomes, or MTs. The
simplest possible approaches to segmentation, such as intensity
thresholding, fail when cells or structures in an image are near or
touching one another and when there is high or uneven back-
ground in the image (for example, due to autofluorescence).
Increasingly sophisticated approaches, such as those based on
the watershed transform or kernel filters that try to pick out
objects of a specific shape or size, can require a fair amount of
optimization. Most general-purpose image analysis software
such as those listed below implement many such approaches
that can be iteratively tuned and then applied to large sets of
images automatically. A key challenge here is the question of
generalizability, since a particular pipeline with preselected
parameters is unlikely to produce accurate results on data gener-
ated using a different microscope, at a different magnification, or
with different labels, without reoptimization.

Tracking objects through timelapse image data is a major chal-
lenge for many live imaging experiments. There are generally 2
classes of tracking approaches: object tracking and pixel tracking.
In object tracking, a dataset is first segmented and individual
objects are linked across successive timepoints based on metrics
such as distance, overlap, and similarity. This is by far the most
common approach to tracking cells, as well as vesicles, in live im-
aging experiments. Pixel-based tracking does not depend on prior
segmentations and instead attempts to estimate displacements in
an image on a per-pixel basis, typically by optimizing some physi-
cal model over measures of pixel-wise changes in intensity be-
tween successive frames. This approach tends to produce good
results when large numbers of objects are present and their move-
ment between successive frames is quite small. For example, it
was used to track cytoplasmic streaming in the rachis (Priti et al.
2018) and actin cortical dynamics in the zygote (Ding et al. 2017).

Measurement tools found in image analysis software such as
Fiji (Schindelin et al. 2012) can be used to quantify various param-
eters of the segmented image (e.g. fluorescence intensity, area,
length, and circularity of segmented structures), or of the tracked
objects (e.g. number of particles, speed, length of track), or of an
entire image. When fluorescence intensity is being quantified it is
paramount that all images, including controls, be acquired under
the same imaging conditions (same microscope, laser power, ex-
posure time, etc.).

Visualization
Displaying multidimensional images in a clear manner can be a
significant challenge but a wide range of new software packages
make it easier to render and display complex datasets. General-
purpose software such as ImageJ (Collins 2007) and Fiji
(Schindelin et al. 2012) offer slice-viewers that can render 3D
datasets on a slice-by-slice basis, support false coloring of multi-
dimensional data, and include a wide range of built-in tools for
generating projections and mosaics of 3D data, several tools are
now available that support a broader range of visualization fea-
tures. BigDataViewer (Pietzsch et al. 2015) is available as a Fiji plu-
gin and supports the visualization of large-scale, multichannel,
and multiview images. While it was developed primarily to sup-
port the visualization of light sheet microscopy data that can be
terabytes in size, it is an excellent tool for rendering any large
multidimensional image set. ClearVolume (Royer et al. 2015) is a
volume renderer that is also available as a Fiji plugin, supporting
the display of large multidimensional datasets. In addition to
supporting image analysis routines, Napari (2019) also supports

interactive and script-based image visualizations and anima-
tions. It is important to note that single channel imaging data are
best presented in figures in grayscale or monochrome (or inverse
monochrome) rather than in pseudocolor because the human
eye is far better at detecting changes in grayscale than in color
(Jambor et al. 2021).

The invariance of C. elegans anatomy has led to the develop-
ment of several digital models of the worm to which image data
can be compared or that are themselves derived from worm imag-
ing experiments. WormGUIDES (Santella et al. 2015) provides a
graphical representation of C. elegans embryogenesis, rendering the
3D positions of every cell in the embryo starting from before the 4-
cell stage and currently leading up to the point at which twitching
begins. In addition to displaying cell positions, WormGUIDES can
also render complex morphologies and serves as a spatial index to
the embryo, allowing queries to be made against WormBase for
additional information such as gene expression.

Generalized tools
Most commercial software packages for image analysis readily in-
tegrate a wide range of processing pipelines for basic tasks that
can be strung together to suit most measurement tasks. Stand-
alone software such as Imaris (Oxford Instruments) and Aivia
(Leica Microsystems) and integrated solutions by major micro-
scope vendors including CellSens (Olympus), NIS-Elements
(Nikon), and ZEN (Zeiss), are readily available for individual labs
to purchase or often through local imaging core facilities. All these
tools are capable of basic segmentation and tracking tasks, how-
ever, some have recently implemented novel capabilities, such as
support for lineage tracing in Imaris and for machine learning-
based segmentation and processing in Aivia. A wide range of
open-source tools are also available, although the features avail-
able in each change frequently as new plugins and improvements
are published. GUI-based tools such as Icy (de Chaumont et al.
2012), CellProfiler (McQuin et al. 2018), and Fiji (Schindelin et al.
2012) are broadly used and support a range of common and spe-
cialized image analysis tasks. CellProfiler also has a dedicated
worm toolbox that enable the segmentation, scoring, and straight-
ening of whole worm images (Wählby et al. 2012). New platforms
under active development, such as Napari (2019), offer increas-
ingly powerful support for integrating flexible image visualiza-
tions with advanced image processing and analysis routines.

Specialized tools
Colocalization
A wide range of metrics exist for the quantification of colocaliza-
tion and have been thoroughly described in the literature. Many
of these metrics have been implemented as ImageJ plugins,
allowing them to be performed quickly and easily (https://imagej.
net/imaging/colocalization-analysis).

Embryonic cell lineage tracing
For C. elegans lineage analysis, only 2 software packages under ac-
tive development support cell lineage tracing in the embryo: Simi
BioCell (Schnabel et al. 1997) and StarryNite (Santella et al. 2010,
2014)/AceTree (Boyle et al. 2006; Katzman et al. 2018). Simi BioCell
enables lineage tracing through a manual interface where the
user can follow individual cells through development by clicking
on their location through subsequent frames and provides 3D
and lineage tree visualizations for rendering the results.
StarryNite and AceTree are used together for tracking and cura-
tion, respectively, and are open-source software built from con-
tributions by several labs. StarryNite is a MATLAB-based
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application that is optimized for detecting and tracking fluores-
cently labeled cell nuclei. Its companion software, AceTree, pro-
vides a graphical interface for visualizing the tracking performed
by StarryNite and for correcting errors and applying canonical
names to cells based on their lineage. An extension to StarryNite
and AceTree, called ShootingStar was also developed to enable
real-time lineage tracing in developing embryos in order to auto-
mate optical perturbations such as laser ablation and
photoconversion-based labeling (Shah et al. 2017).
Semiautomated lineage tracing in fluorescence imaging was also
previously achieved via complementary approaches (Carranza
et al. 2011; Giurumescu et al. 2012; Mace et al. 2013). An extension
to lineage tracing is the automated extraction of cell shapes from
the developing embryo. The robust segmentation of fluorescently
labeled membrane images is a challenging problem exacerbated
by the anisotropic sampling of confocal microscopes. Previous
efforts have produced tools that perform reliably in early-stage
embryos (Azuma and Onami 2017), and more recent advances in
machine learning have enabled significant progress in this field
(see Machine learning).

Some attempts have also been made to automate cell lineage
tracing in twitching embryos and postembryonic worms. While
the image analysis problem is similar, long-term imaging and
stabilization of images in mobile life stages poses notable chal-
lenges. Untwisting the C. elegans embryo provides a direct route
to the stabilization of post-twitching embryos to enable cell
tracking (Christensen et al. 2015). Intermittent microfluidic im-
mobilization has also enabled long-term imaging of postem-
bryonic development, such as in the vulval lineage (Keil et al.
2017; Berger et al. 2018).

Machine learning
Machine learning in the form of deep neural networks has revo-
lutionized many aspects of image processing and analysis. Many
such tools require the user to train models using their own data,
but a few general tools now exist. While implementing these
pipelines in one’s own laboratory may seem daunting, more
user-friendly resources such as DeepImageJ and Ilastik are now
available (Berg et al. 2019; Gómez-de-Mariscal et al. 2021).

Neural network-based approaches to image denoising have
notable advantages for image segmentation and tracking tasks
where the goal of the processing is to produce reconstructed
images with higher contrast for further analysis. Supervised
(where example high contrast images are paired with noisy low
contrast images) approaches such as CARE (Weigert et al. 2018)
and unsupervised (where only a noisy low contrast image is pro-
vided) approaches such as Noise2Void (Fig. 5c; Prakash et al. 2020)
to neural network-based denoising have shown significant prom-
ise. Specific imaging modalities that enable deep learning
approaches allow for the acceleration of classical processing
algorithms such as deconvolution but can also speed up imaging
by reconstructing high resolution images from incomplete data
as in multiview lightsheet microscopy by DenseDeconNet
(Fig. 5d; Guo et al. 2020). It should be emphasized that images
processed by nonlinear methods such as deep neural networks
should not be treated as quantitative as far as image intensity is
concerned. The improvement in the signal to noise ratio can be
useful for segmentation and tracking tasks, but any quantifica-
tion should be performed on minimally processed data.

Neural network-based segmentation strategies have similarly
progressed by leaps and bounds. Training these networks
remains a major bottleneck as no fully plug-and-play solutions
compatible with 3D datasets have yet been published, although

progress in general models for cell segmentation in 2D cell cul-

ture and tissue section samples is encouraging. For users with a

large enough use-case to warrant investing the effort required to

train such networks, a range of tools exist which now enable 3D

segmentation of blob-like structures like nuclei (StarDist; Weigert

et al. 2020) or more complex structures such as overlapping

worms in brightfield images [EmbedSeg, Fig. 5a (Lalit et al. 2021)]

or cell boundaries in fluorescently labeled embryos [CShaper,

Fig. 5b; Cao et al. (2020)]. An application that is bound to benefit

from these deep learning methods is the automated reconstruc-

tion of whole-embryo cell lineages (Malin-Mayor et al. 2021).

Outlook
Going forward, we believe that imaging will continue to be tightly

knit with worm biology. The application of cutting-edge imaging

techniques will open new biology to be investigated in the worm,

and the demands of worm biology will motivate the development

of new techniques. Single molecule imaging in live worms will be-

come more accessible (Li et al. 2019), and optical manipulation at

single-cell or subcellular resolution (Kamei et al. 2009; Shah et al.

2017; Singhal and Shaham 2017; Hirsch et al. 2018; Mittasch et al.

2018) will give us the ability to conduct fine perturbations that

are difficult to achieve by genetics alone. With sophisticated algo-

rithms and real-time feedback to control the microscope, the line

between image acquisition and image analysis will be increas-

ingly blurred (Shah et al. 2017; Wu et al. 2021), and image en-

hancement techniques will allow us to distill much needed

information from labels that are currently considered too weak

or too coarse (Guo et al. 2020; Weigert et al. 2018). Finally, we envi-

sion increasing synergy with other imaging modalities such as

electron microscopy (wormimage.org), ExM (Yu et al. 2020) and X-

ray tomography (Ding et al. 2019) for cross-scale analysis: the

invariant lineage and body plan of the worm provide a unique ad-

vantage to guide cross-modality alignment, and new techniques

are greatly easing the hurdle of large-scale data acquisition for

these modalities to start acquiring pseudo time series (Witvliet

et al. 2021) in the wild-type as well as mutants. Microscopy in all

its forms has proved to be an invaluable tool for the understand-

ing of C. elegans anatomy and physiology thus far; these advances

will allow us to observe, manipulate, and understand fundamen-

tal biology at finer resolution, with greater depth, and across

wider timescales.
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