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In Vivo Detection of Reactive Oxygen Species
and Redox Status in Caenorhabditis elegans
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Abstract

Significance: Due to its large families of redox-active enzymes, genetic amenability, and complete transparency, the
nematode Caenorhabditis elegans has the potential to become an important model for the in vivo study of redox
biology. Recent Advances: The recent development of several genetically encoded ratiometric reactive oxygen
species (ROS) and redox sensors has revolutionized the quantification and precise localization of ROS and redox
signals in living organisms. Only few exploratory studies have applied these sensors in C. elegans and undoubtedly
much remains to be discovered in this model. As a follow-up to our recent findings that the C. elegans somatic gonad
uses superoxide and hydrogen peroxide (H2O2) signals to communicate with the germline, we here analyze the
patterns of H2O2 inside the C. elegans germline. Critical Issues: Despite the advantages of genetically encoded ROS
and redox sensors over classic chemical sensors, still several general as well as C. elegans-specific issues need to be
addressed. The major concerns for the application of these sensors in C. elegans are (i) decreased vitality of some
reporter strains, (ii) interference of autofluorescent compartments with the sensor signal, and (iii) the use of im-
mobilization methods that do not influence the worm’s redox physiology. Future Directions: We propose that
several of the current issues may be solved by designing reporter strains carrying single copies of codon-optimized
sensors. Preferably, these sensors should have their emission wavelengths in the red region, where autofluorescence
is absent. Worm analysis could be optimized using four-dimensional ratiometric fluorescence microscopy of worms
immobilized in microfluidic chips. Antioxid. Redox Signal. 25, 577–592.

Detecting Reactive Oxygen Species

Reactive oxygen species (ROS) are oxidizing agents
that are formed by single electron transfers or by ionizing

radiation and are involved in several biological processes, such
as signaling, pathogen defense, and crosslinking of structural
components. When levels exceed a certain threshold, they may
cause oxidative stress and become harmful (45). Because they
often have a short lifetime and very local occurrence, detecting
and quantifying ROS have always been a technical challenge.
However, some ROS are less reactive and hence show a longer
lifetime and greater diffusibility, making detection somewhat
easier.

The majority of studies apply reduced dyes, such as dihy-
drofluoresceins, dihydroethidines, coumarine derivatives, am-
plex red, MitoSOXTM, and lucigenins [extensively reviewed

in refs. (8, 45)]. Most of these dyes have fluorescent or lu-
minescent properties, making them very sensitive. However,
most probes suffer problems with specificity, stability, and
uptake rate and can potentially create new radicals or inter-
fere with the biological process under study [reviewed in ref.
(129)]. Many of these dyes are irreversibly oxidized by ROS,
which technically precludes long-term dynamic measure-
ments. As uptake and distribution of chemical ROS probes
are often variable and difficult to control in whole animals,
experiments are often performed on isolated tissues, cells, or
crude cell fractions. Taking into account the delicate intra-
cellular redox balances, tests in which the biological material
is perturbed may suffer oxidation artifacts (84). Some of the
shortcomings of the dyes have been tackled by the intro-
duction of protein-linked chemical ROS reporters (113)
and ratiometric mass spectrometry probes (25), but these
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techniques do not allow dynamic real-time measurements or
may require specialized equipment. Recently, a new class of
boronated dyes have been developed and applied in Cae-
norhabditis elegans to specifically quantify and localize hy-
drogen peroxide (H2O2) levels in vivo (29, 42).

A second class of ROS and redox probes are the genetically
encoded sensors based on mutated green fluorescent proteins
(GFPs). GFP has unique properties that make it very suitable as
the template for such sensors. First, GFP is quite stable and
biologically inert as it is very resistant to degradation by in-
tracellular proteases and does not tend to interact much with
other cellular processes. Second, wild-type GFP has two ex-
citation peaks, at 395 and 475 nm, depending on the proton-
ation of Y66 within the chromophore (20, 84), while there is
only one emission peak at 509 nm. This property allows the
estimation of the chemical status of GFP by ratiometric fluo-
rimetry using both excitation wavelengths. Protonation of the
GFP fluorophore depends on interactions with amino acid
residues that are in close proximity. Hence, conformational
changes in the GFP may cause the fluorescence, by excitation
at 395 and 475 nm, to shift in opposite directions. Ratiometric
fluorimetry is independent of the cellular expression level of
the probe or photobleaching effects. Current ROS and redox-
sensitive probes make use of this property (84), which over-
comes an important weakness of many chemical probes in
which photobleaching effects or differences in probe uptake
rates between samples cannot be accounted for.

Unlike nonprotein-linked chemical ROS probes, geneti-
cally encoded sensors can be targeted to specific locations in
the organism or in the cell. This is of crucial importance as
many ROS and redox processes show highly specific spatial
patterns (27, 86). By using tissue-specific promoters or sub-
cellular localization signals, the sensor can be targeted to the
desired tissue or organelle. The genetically encoded sensors
can also be anchored to either side of an organelle or plasma
membrane by placing them in tandem with gene fragments
that encode for protein domains that are responsible for this
specific localization (transmembrane domains, myristoyla-
tion, palmitoylation sequences, and so on).

While many chemical probes suffer certain degrees of
nonspecificity, genetically encoded sensors may react highly
specific with the redox-active component of interest as cat-
alytic domains of existing redox enzymes can be included in
the design.

Caenorhabditis elegans: A Good Model
for In Vivo ROS and Redox Detection

The nematode C. elegans is an invertebrate model organ-
ism that is currently under investigation in over 1100 labo-
ratories worldwide, and, on average, every 3–3.5 h a new
study mentioning this worm is published. There are many
reasons for the popularity of this nematode. Culture mainte-
nance is easy and cheap as these worms are 1-mm bacter-
ivores that can be maintained in large populations on simple
agar plates seeded with Escherichia coli as a food source. The
occurrence of hermaphrodites as well as males, the 3-day
lifecycle, and the possibility of recovery after liquid nitro-
gen storage are unique features, absent in other multicellular
models, which made C. elegans a prime genetic tool. The
limited anatomical complexity and lifelong transparency of
this animal greatly helped in the complete documentation of

its development (118) and neuroarchitecture (130). The next
milestones supported further maturation of this model into its
current form: introduction of GFP as an expression reporter
(19), the early completion of its genomic sequence (1), the
discovery and use of RNA interference (RNAi) (120), and the
development of a freely accessible online web database
(114). With these (and many other) tools at hand many bio-
logical processes have been studied in unsurpassed molecular
detail in the C. elegans model.

C. elegans shows developmental phenotypic plasticity: under
conditions of ample food and optimal temperature, the worm
develops to adulthood over four larval stages (L1–L4). How-
ever, when environmental conditions become unfavorable due
to lack of food, overcrowding, or high temperature, the young
larvae may decide to arrest in an alternative L3 stage, the dauer.
This nonfeeding stage is characterized by a feeding and defe-
cation arrest, altered metabolism (the use of internal fat stores),
enhanced stress resistance, and long-term survival (128).

Despite its simple anatomy, C. elegans has a complex
molecular biology that is supported by gene families that are
often larger than those of other models (131) and humans. A
few examples are the extended families of 39 insulin-like
peptides (58, 93), 33 globins (55), and 81 cytochrome P450s
(46). To some extent, this also applies to C. elegans redox-
related enzymes such as superoxide dismutases (SODs). In
contrast to the three SODs found in most other organisms, the
C. elegans genome encodes five SODs, all of which are ex-
pressed (56). SOD-1, SOD-4, and SOD-5 are Cu/ZnSODs,
while SOD-2 and SOD-3 are mitochondrial MnSODs. SOD-1
and SOD-2 are the major SODs in adult worms that are grown
under nonstressing conditions. In dauers, transcription of
SOD-1 and SOD-2 is suppressed while the other SODs are all
highly upregulated (31, 56). SOD-4 is expressed as two al-
ternatively spliced forms: SOD-4.1 is a secreted extracellular
form and SOD-4.2 is an extracellular membrane bound form
containing a transmembrane domain (43). The mitochondrial
MnSODs SOD-2 and SOD-3 are associated with the I:III:IV
supercomplex in the inner mitochondrial membrane (119).

All these specific spatial and temporal expression patterns
and highly localized subcellular distribution of the different
C. elegans SOD isoforms hint at complex ROS biology in this
tiny animal. Taking into account these specific patterns, it
seems unlikely that the five C. elegans sod genes have re-
dundant functions. The lack of compensatory upregulation of
alternative sod isoforms upon sod mutation supports this
notion (7). However, in another study, upregulation of sod-5
was observed upon sod-1 mutation (133). Possibly, this sod-5
upregulation was not a specific compensatory effect, but ra-
ther a general stress response to the knockout of the major
SOD, elicited by insulin-like signaling (15, 31, 133).

Similar levels of complexity can be found in other redox-
active enzymes, although they are less well-studied in C.
elegans. The C. elegans genome contains a tandem array of
three catalase (CTL) genes that show high sequence simi-
larity. In addition, in this study, specific subcellular distri-
bution of isoforms suggests highly specialized ROS and
redox control. CTL-1 is expressed in the cytosol, while CTL-
2 is a peroxisomal CTL that contributes 80% of the total CTL
activity in the cell (92, 124). Less is known about the third
CTL isoform.

The glutathione-S-transferase (gst) family in C. elegans is
predicted to consist of 44 members for which function,
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substrate, and localization are still to be determined in most
cases. Several GSTs seem to be involved in oxidative stress
resistance and detoxification of lipid peroxidation end prod-
ucts (5, 73).

In the C. elegans peroxiredoxin family, only prdx-2 has
been studied to some detail; it is abundantly expressed in
distinct tissues (59) where it regulates stress-related functions
via interaction with the insulin/insulin-like growth factor
(IGF)-like signaling pathway and SKN-1 (Nrf2)-mediated
stress response (26, 89, 90). It could potentially also function
by direct reduction of redox-sensitive cysteines of proteins
with diverse functions (71).

The C. elegans genome also encodes for several thior-
edoxins, thioredoxin reductases, and glutaredoxins, but its
role in local redox signaling has received limited attention
(36, 115); most of these genes were studied in relation to
aging and their capacity to protect against oxidative stress
(37, 61, 85).

ROS and redox reactions are of importance in growth and
somatic maintenance of C. elegans as these reactions are
involved in pathogen defense (21, 22, 53) and cuticle for-
mation (33). However, detailed molecular information on
specific ROS and redox signaling in C. elegans is scant.
Several studies indicate that physiological levels of ROS
influence C. elegans life span as a signaling molecule rather
than a damaging agent (54, 134). For example, complex I
inhibition was shown to extend life span by ROS generation
and subsequent activation of the PMK-1/p38 mitogen-
activated protein kinase pathway and SKN-1/Nrf2 in a spe-
cific set of neurons (106). In a similar way, life span extension
in electron transport chain mutants is caused by increased
mitochondrial ROS production and linked to the intrinsic
apoptosis pathway. ROS-mediated activation of this pathway
does not cause apoptosis, but activates a cell protective
program (136). Furthermore, the subcellular site at which the
ROS signal is generated in the mitochondrial mutants is of
crucial importance to the life span phenotype (104).

Although the life span extension elicited by mitochondrial
ROS is (partially) independent of the well-studied Insulin/IGF
signaling pathway (106, 134), the downstream master regu-
lator of Insulin/IGF signaling, DAF-16, is also redox regulated.
Under oxidizing conditions, DAF-16 binds to the transportin-1
homolog IMB-2 by a disulfide bond and is translocated to the
nucleus, independently of Ins/IGF signaling (96).

Besides aging- and stress-related processes, also devel-
opment and sensory perception are under control of redox
signaling. In C. elegans clk-1, a mutant that shows altered
redox chemistry, germline development is delayed due to the
oxidation of the low-density lipoprotein analog DSC-4, and a
redox effect on both inositol 3-phosphate and ras signaling. In
addition, vulval development is dependent on a cytoplasmic
ROS signal that influences ras signaling (112). Redox-
regulated sensory perception is illustrated by GLB-6, a neu-
ronal globin that does not bind diatomic gas ligands, but rather
transfers electrons. Because of these specific biochemical
properties, it has been suggested to act in oxygen sensing via
redox signaling (137). Another globin, GLB-12, was shown to
generate a superoxide signal in the somatic gonad that is
converted into a H2O2 gradient over the plasma membrane by
intra- and extracellular SODs. This gradient was shown to
influence several aspects of germline function, including ap-
optosis (27).

In summary, C. elegans is a very promising model for the
study of ROS biology and redox signaling. Besides its gen-
eral favorable characteristics as a model, it has an elaborate
molecular machinery of redox-related enzymes that are
probably involved in highly diverse biological processes.
With the dawn of new technologies that allow detailed in vivo
analyses of ROS and redox processes in this animal, an ex-
citing period of discovery lies ahead.

First Explorations of In Vivo ROS and Redox
Biology in C. elegans

Redox balance

The first redox-sensitive probes, termed reduction–oxidation-
sensitive green fluorescent protein (roGFP) and rxYFP, were
developed by the well-targeted insertion of disulfide bridges in
GFP (30) and the yellow fluorescent protein (YFP) (91), re-
spectively. This allowed the in vivo imaging and quantification
of the dithiol–disulfide equilibrium in these proteins. The his-
tory and molecular properties of these early sensors, as well as
their optimized successors, are reviewed in detail in refs. (84,
107). These probes have been used predominantly in cell cul-
tures. A very first attempt to measure the redox status in live C.
elegans using one of these probes was undertaken in 2010, in an
experiment where roGFP1 was targeted to the mitochondria of
the body wall muscles and intestine (63). In this study, it was
shown that mitochondrial redox status can drastically change in
mutants unable to undergo mitochondrial fusion at the level of
the inner mitochondrial membrane, while this shift toward the
oxidized state was not observed in mutants without fusion of
the outer membrane. In a study on mitochondrial dynamics
during and after anoxia, mitochondrially targeted roGFP was
used to indicate mitochondrial oxidative stress in ventral cord
neurites after a reoxygenation event (44).

Hydrogen peroxide

The earliest attempts to visualize and quantify H2O2 levels
in vivo in real time in C. elegans were undertaken only a
few years ago. In these studies, the genetically encoded sensor
hydrogen peroxide sensor (HyPer) was expressed in transgene
C. elegans reporter strains (6, 69). HyPer is a H2O2-specific
biosensor and is created by combining the H2O2-sensitive
regulatory domain of the Escherichia coli transcription factor
OxyR with the circularly permuted YFP (cpYFP) (10). Ex-
posure to H2O2 causes the formation of an intramolecular
cysteine disulfide bridge within the OxyR regulatory domain,
which results in a conformational change close to the cpYFP
chromophore, changing its fluorescent properties. Oxidation of
the sensor causes the 420-nm excitation peak to decrease and
an increase of the 500-nm excitation peak, resulting in a 3- to 4-
fold ratiometric shift. As the intramolecular disulfide bridge
can be reduced by glutaredoxin activity, the probe can shift
back to its original state and hence dynamic measurements of
intracellular H2O2 levels can be made. The dynamic range
and reaction kinetics of the HyPer probe were improved over
the years (11, 81), but these newer versions—HyPer2 and
HyPer3—have not been used in C. elegans yet.

Using HyPer, microscopic analysis of the spatial H2O2

patterns in the majority of the worm’s tissues was possible by
creating transgenic strains expressing the sensor under the
constitutive promoter of the ribosomal large subunit rpl-17.
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In young adult worms, the hypodermis, the body wall mus-
cles, and the canal-associated neurons (CAN neurons) seem
to be hot spots of H2O2 (6). Since the CAN neurons are
associated with the excretory canals, H2O2 may be a signal-
ing cue for osmoregulation. The increased H2O2 levels in the
hypodermis are probably related to the presence of Cae-
norhabditis elegans dual oxidase, a H2O2-secreting trans-
membrane protein that is involved in tyrosine crosslinking of
collagen in the cuticle (33). The high H2O2 levels that were
observed in the body wall muscles may be an artifact as the
experimental animals were paralyzed for confocal microscopy
with levamisole, an acetylcholine receptor agonist of the body
wall muscle cells causing tetanic contraction (4) and possible
increase in H2O2 production (60). In older worms, these spe-
cific patterns disappeared and became more heterogeneous.

Ratiometric quantification of HyPer fluorescence by fluo-
rimetry or image analysis showed an increase of H2O2 levels
in aging worms in two independent studies (6, 69). At first
sight, this seems to be in accordance with the oxidative stress
theory of aging. However, it must be noted that the ROS in-
crease at advanced age may be a consequence rather than a
cause of aging. In worms that are long lived due to dietary
restriction (6) or mutation in the insulin/IGF signaling receptor
daf-2 (69), the age-related H2O2 increase is attenuated. H2O2

levels seem to be much higher in juveniles than in adults (69),
but this could not be confirmed in another study (6).

In a most recent study, the HyPer and roGFP sensors were
targeted to different subcellular compartments and tissues to
evaluate age-related deterioration of redox homeostasis. It
was shown that the oxidized state inside the endoplasmic
reticulum (ER) shifts toward a more reducing state during
aging, while the redox state of the cytosol changes in the
opposite way. These changes were aggravated by proteotoxic
stress and proteasome inhibition. Tissue-specific experiments
in neurons and muscle suggest that proteotoxic stress causes
redox perturbation in a cell-nonautonomous manner (68).

The use of the HyPer probe for H2O2 quantification is not
without controversy. As it is based on cpYFP, the fluores-
cence ratio is pH dependent in the range between 6 and 10,
making it incompatible for comparison of samples or com-
partments that differ in pH (77). In such cases, alternative
approaches should be followed, such as the simultaneous use
of pH biosensors that operate at different wavelengths (122)
or the calculation of the relative oxidation level of HyPer
based on completely oxidized and reduced samples (78).

To overcome the pH dependency problem, another
genetically encoded H2O2-sensor has been engineered:
roGFP2-Orp1 (49, 84). roGFP2 is a redox-sensitive GFP with
dual excitation and single emission properties with a stable
fluorescence output within a physiological pH range of 5.8–8.0
(108). The Orp1 moiety of the protein, derived from yeast
peroxidase, has cysteine residues that are specifically oxidized
to a disulfide bridge by H2O2. The close proximity of roGFP2
to the Orp1 domain allows a very efficient dithiol–disulfide
exchange, converting almost every H2O2 molecule into a
roGFP2 disulfide bridge. Oxidation of the roGFP2 moiety can
be quantified as it causes a shift in the fluorescence spectra. The
sensor can be reduced by endogenous thioredoxins and prob-
ably also glutaredoxins, allowing dynamic measurements
in vivo (2, 84). This promising H2O2 sensor has not been widely
used in C. elegans research yet. One study, using a transgenic
strain in which roGFP2-Orp1 was driven by the ubiquitous

ribosomal protein promoter rps-0, reported that the H2O2 levels
of long-lived worms cultured in axenic medium are compara-
ble to those of control worms raised on E. coli bacteria (16). In a
recent study, this sensor was used to quantify a H2O2 signal
generated by the somatic gonad of the worm (27).

Superoxide

Although superoxide does not readily react with most bio-
logical molecules in aqueous solution, it quickly reacts with
other radicals or enzymatic Fe–S clusters (51). It is biologically
important as it is the precursor of the much more stable H2O2

and the potential source of the highly reactive hydroxyl radical.
Due to its ephemeral properties, it is a molecule that is not easy
to detect and quantify in vivo.

In 2008, cpYFP was proposed as a nonratiometric
superoxide-specific sensor. When targeted to the mitochon-
dria in cardiomyocyte cell cultures, specific boosts in fluo-
rescence intensity (termed mitoflashes) could be observed
(127). These cpYFP mitoflashes were also observed in the
mitochondria of the C. elegans skin during wound healing.
The generated ROS signal locally inhibits a Rho GTPase,
which in turn allows actin remodeling and wound closure
(132). In another C. elegans study, cpYFP mitoflashes were
found as frequency peaks around the third and ninth day of
adulthood (111). It was shown that life span of individual
worms is inversely related to mitoflash frequency at the third
day of adulthood, making mitoflash frequency a predictor of
life span. However, whether cpYFP is a reliable indicator of
superoxide is heavily debated as its fluorescent properties are
also pH dependent (23, 57, 88, 109). As mitoflashes have also
been observed with the pH sensor SypHer and the pH-
independent superoxide probe MitoSOXTM (97, 103), it
cannot be excluded that both pH flashes and superoxide fla-
shes occur in living mitochondria (64). Taking into account
the importance of superoxide as a prime mitochondrial ROS
and a precursor for H2O2 signaling, the development of new
genetically encoded superoxide sensors with high sensitivity
and specificity is highly needed.

Oxidized glutathione dimer:reduced glutathione
redox balance

The tripeptide-reduced glutathione (GSH) is an omnipresent
low molecular weight thiol that is often considered as a major
ROS scavenger (32). All intermediates of the mammalian
glutathione cycle were identified in C. elegans hinting at a
common GSH metabolic network (3). As the intracellular GSH
concentration is very high (1–11 mM) and the oxidized gluta-
thione dimer (GSSG)/GSH ratio is usually below 1:100 in the
cytoplasm (105), the redox state of the glutathione couple ap-
pears to be a good proxy for the total redox state in the cell.
However, the use of the term ‘‘total redox state’’ is often dis-
couraged as each redox couple in the cell is governed by its own
kinetic control (107).

In vivo measurement of the intracellular GSH redox bal-
ance became within reach by the development of a roGFP2
sensor linked to the human glutaredoxin Grx1 (48). This
coupling makes the response of roGFP2 to intracellular GSH
redox status independent of endogenous glutaredoxins.
Moreover, this tight link allows continuous equilibration
between the roGFP2red/ox and GSSG/GSH redox pairs. The
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mechanistic properties, specificity, reliability, and sensitivity
of this sensor are discussed in detail in ref. (107).

The Grx1-roGFP2 sensor has been expressed in C. elegans
to explore anatomical patterns and age-related changes in the
redox status of the GSSG/GSH couple (6). In developing
worms, a steady decline of the GSSG/GSH ratio was detected
in the consecutive larval stages. The exact cause of this de-
crease is still unexplained, but may be linked to the gradual
decrease of the number of differentiating cells (118), which are
expected to have a high GSSG/GSH reduction potential (105).

Low GSSG/GSH ratios at the L4 and young adult stages
may be a consequence of gametogenesis; GSH synthesis
bursts were detected during mammalian gametogenesis (52).
This idea is further supported by the fact that, in young adult
worms, the spermatheca is the only structure that shows a
significantly lower GSSG/GSH ratio compared to the rest of
the worm (6). In mammals, GSH synthesis is not only in-
creased in the gametes during gametogenesis and fertilization
(100) but also in the surrounding tissues (9). This reducing
environment in gametes and their surroundings appears to be
evolutionary conserved. In addition, the C. elegans GSTs gst-
1 and gst-4 are required for sperm maintenance in the sper-
matheca (70). In aging worms, the GSSG/GSH ratio tends to
rise again (6). It is not clear whether this rise is causal to age-
related deterioration or a secondary effect of aging. High
intracellular glutathione levels are not sufficient to extend life
span in C. elegans (121).

In a study where both roGFP1 and endogenous glutar-
edoxin activity were measured to estimate the GSH redox
potential in C. elegans, it was found that the roGFP1 thiol–
disulfide balance is sharply patterned within different tissues
and varies strongly between isogenic individuals (101).
These large fluctuations led to the idea that GSH is not the
main cytosolic redox buffer, but rather acts as an amplifier of
redox events affecting its oxidation state, via its redox po-
tential. This, in turn, may affect the thiol–disulfide balance
(and function) of many cytosolic target proteins. In the highly
oxidizing ER, GSH may act as a redox buffer system.

Focus: ROS Signaling in the C. elegans
Reproductive System

The C. elegans gonad: general morphology
and ROS signaling

The C. elegans reproductive system consists of two bilat-
erally symmetric U-shaped gonad arms that are connected to a
central uterus through the spermathecae. The distal part of the
germline is a syncytium containing approximately thousand
nuclei in cup-shaped hexagonal compartments open to a cy-
toplasmic core, the rachis. During progression toward the
proximal region of the germline, compartments mature, nuclei
become meiotic, and, as they pass through the bend of the
gonad arm, enlarge, cellularize, and further mature to oocytes.
These oocytes are fertilized by sperm (formed during L4 stage)
when passing through the spermatheca. Following fertilization,
the zygotes become surrounded by a vitelline membrane and
eggshell and start embryogenesis in the uterus, after which they
are expelled through the midventral vulva.

In the gonad arms, the germline is surrounded by a thin
layer of somatic sheath cells. The intimate association be-
tween sheath cells and germline is of primary importance for

the orchestration of development, organization, and function
of the germ cells (50, 82). Paracrine signaling between the
somatic gonad and germline has been well studied (67, 75). In
addition, several observations indicate that redox signaling is
intimately associated with the regulation of C. elegans re-
production: maturing oocytes display an increase in ROS
levels that is associated with mitochondrial activity, SOD-1
activity, and fertilization (135), altered redox chemistry of a
mitochondrial mutant influences several signaling cascades
associated with germline development (112), and the sper-
matheca shows a more reduced glutathione redox status
compared to other tissues (6).

Very recently, several proteins involved in a gonadal redox
signaling cascade have been identified by our group. In the
gonadal sheath cells, a superoxide-generating globin (GLB-
12) is anchored in the plasma membrane by myristoylation and
palmitoylation. The local superoxide signal generated by this
globin is converted to what appears to be a H2O2 gradient over
the plasma membrane by the activity of intracellular and ex-
tracellular SODs. In turn, this H2O2 gradient influences overall
fecundity, gonad morphology, and the rate of physiological
germline apoptosis via the JNK/p38 pathways (27). While the
superoxide-generating capacity of the globin was demon-
strated by an in vitro biochemical approach, the H2O2 signal
was measured in vivo by means of the roGFP2-Orp1 biosensor.
Expression of this biosensor was driven by the glb-12 pro-
moter to ensure close proximity of the sensor to the native
GLB-12 protein. H2O2 was quantified by ratiometric analysis
of fluomicrographs taken at 405- and 488-nm excitation
wavelengths. This approach allowed quantification of very
local H2O2 signals in a very thin layer of gonadal sheath cells.

Exploring in vivo H2O2 patterns
in the C. elegans germline

As the C. elegans gonad appears to be a complex yet ac-
cessible organ in which probably multiple types of redox
signaling occur, we decided to analyze the pattern of H2O2

levels in the germline under both normal conditions and
following exogenous oxidative stress.

The expression of transgenes in the C. elegans reproduc-
tive system is particularly difficult due to germline silenc-
ing of genes lacking the necessary regulatory sequences.
Therefore, the roGFP2-Orp1 gene was optimized to allow its
expression in this tissue. This approach was based on
the thoroughly described optimization of enhanced green
fluorescent protein (eGFP) and mCherry for C. elegans
(germline) expression (47). In short, this consisted of (i) in-
troducing artificial intronic sequences, identical to those used
in eGFP and mCherry, and (ii) adapting codon usage to
60% of most optimal usage in C. elegans to achieve higher
expression. This was carried out by using the software
‘‘C. elegans Codon Adapter’’ (http://worm-srv3.mpi-cbg.de/
codons/cgi-bin/optimize.py). The latter approach has also
been described as a way to control protein levels, whereby the
relative amount of optimal codons determines the expression
level of the protein (99). Finally, an fbf-1 promoter and tbb-2
3¢UTR combination that leads to expression in the entire
germline (83) was chosen to drive expression of the roGFP2-
Orp1 gene (Fig. 1A, B). Engineered transgenes were cloned
into pCFJ150 and injected into strain EG6699 to create
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integrated single-copy roGFP2-Orp1 transgenes using the
mos1-mediated single copy insertion (MosSCI) method (41).

In this set of experiments, C. elegans was cultured at 20�C
on cholesterol-supplemented nutrient agar (OXOID) plates
containing a lawn of freshly grown E. coli OP50 cells (116).

To study H2O2 levels in the C. elegans germline, roGFP2-
Orp1 was targeted to either the cytosol or the mitochondrial
matrix within the germline (Fig. 1C, D). While roGFP2-Orp1
has an approximately eight-fold dynamic range under ideal
conditions (49), the experimental dynamic range can be
influenced by a number of parameters, such as microscope
sensitivity, interfering background fluorescence, and probe
expression levels. The experimental dynamic range was de-
termined by exposing living worms to an excess of dithio-
threitol and H2O2 to achieve complete reduction and
oxidation of the probe, directly followed by measuring the
emission intensity and optimizing microscope settings (87)
(Fig. 2).

One-day-old adult hermaphrodites were used, which were
anesthetized for 15–30 min in a fresh mixture of 1 mg/ml
Tricaine and 0.1 mg/ml tetramisole hydrochloride dissolved in
M9 before transferring them to an agarose pad under a cov-
erslip for imaging. Gonads were imaged by collecting a
10 · 2 mm z-series following excitation at 405 and 488 nm.
Microscopy was performed with a Nikon Eclipse TE2000-5
confocal microscope. All image processing was carried out as

described by Morgan et al. (87). In brief, images were saved as
16-bit tiff files and processed by ImageJ. Images were first
converted to 32-bit tiff files, background was subtracted using
an upper and lower threshold, and background values were set
to ‘‘not a number.’’ Subsequently, 405-nm images were di-
vided by 488-nm images pixel by pixel to create the ratio
images, and displayed in false colors using the lookup table
‘‘Fire’’. Relative H2O2 levels in these processed images were
quantified by selecting eight equally sized rectangle areas in a
single focal plane, followed by the calculation of the mean
ratio in each of the selected areas (Fig. 5A).

Following determination of the dynamic range, the cyto-
solic and mitochondrial probes were used to visualize H2O2

levels within the germline under normal nonstressing con-
ditions, also in living, anesthetized, 1-day-old adult her-
maphrodites. Both probes showed a remarkable spatial
H2O2 pattern within the germline: H2O2 levels tend to in-
crease toward the proximal side of the germline and peak
within oocytes before fertilization and in the zygote directly
following fertilization (Figs. 1C, D, and 3A, B). From the
two-cell embryo onward, H2O2 levels decrease again. The
H2O2 increase in the proximal germline corresponds with
the previously described ROS increase detected in maturing
oocytes (135). Noteworthy, in that study, the ROS increase
was dependent on SOD-1 activity, suggesting that a con-
siderable amount of this ROS consists of O2

�- or H2O2.

FIG. 1. Expression of roGFP2-Orp1 in the Caenorhabditis elegans germline. Schematic overview of the cytosolic (A)
and the mitochondrial (B) roGFP2-Orp1 gene construct. Ratiometric image of cytosol (C) and mitochondrial (D) roGFP-
Orp1 in the gonad of intact living animals. Both images show the gradual increase in H2O2 levels from the distal (upper)
part toward the proximal (lower) part of the gonad. H2O2, hydrogen peroxide; MLS, mitochondrial localization se-
quence; roGFP, reduction–oxidation-sensitive green fluorescent protein

FIG. 2. Determining the ex-
perimental dynamic range of
roGFP2-Orp1 in the C. elegans
germline. Ratiometric image of the
gonad arm in intact living animals
under reducing (A, B) and oxidiz-
ing (C, D) conditions of worms
expressing roGFP-Orp1 in the cy-
tosol (A, C) and in the mitochon-
dria (B, D). Reducing conditions
were obtained by exposing the
worms to 5 mM DTT immediately
before imaging; oxidizing condi-
tions were obtained with 5 mM
H2O2 immediately before imaging.
DTT, dithiothreitol.
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The cytosol-targeted probe is also present in the oocyte
nuclei and indicates that nuclear H2O2 levels are lower
compared to cytosolic levels (Figs. 1C, 3A, and 4A). Cellular
compartmentalization of H2O2 has been observed before (77,
86), and it is assumed that the permeability of plasma
membranes to H2O2 is actively regulated (18, 28, 38).
However, nuclear pores are transparent to small molecules
such as H2O2. The clear lack of H2O2 in the oocyte nucleus
may reflect the absence of SOD in this organelle. Although
slightly smaller than the 40-kDa cutoff limit in vertebrates
(79), cytosolic SOD dimers (*32 kDa) (62) may be too large
to diffuse passively through the nuclear pore in C. elegans.
Overall, these results show that spatial differences in H2O2

levels are present within the C. elegans germline under nor-
mal conditions and suggest that H2O2-based redox signaling
may indeed be present in this tissue.

Visualization of manipulated ROS levels
in the C. elegans gonad

Next, we analyzed if (i) paraquat and (ii) RNAi against a
mitochondrial protein would lead to detectable changes in
H2O2 levels.

Paraquat can act as a redox cycling compound and causes
increased O2

�- production within the mitochondria (12, 17).
This leads to oxidative stress and premature death when
paraquat is present at high levels, but results in life span ex-
tension when used at low levels, potentially by modifying
redox-sensitive signaling pathways (72, 125). Paraquat is
therefore a useful compound to analyze both the beneficial and
detrimental effects of ROS.

The second approach, depletion of mitochondrial proteins,
generally causes mitochondrial stress and is often associated
with increased mitochondrial ROS production. Similar to
paraquat, partial depletion of mitochondrial proteins can have
beneficial effects, while stronger depletion is almost always
harmful (98). However, the level of depletion to induce
beneficial effects is a priori not known and varies between
different mitochondrial proteins.

For this analysis, we chose to use both beneficial (0.1–
0.25 mM) and harmful (>0.25 mM) concentrations of para-
quat (72, 125) and to deplete the mitochondrial protein
ASB-1, a germline-specific ATP-synthase subunit. Because
ASB-1 is only present in the germline, ASB-1 depletion does
not affect somatic mitochondria and worms develop at a nor-
mal rate and do not show any defects other than those of the

FIG. 3. To increase mitochon-
drial H2O2 production, worms
were exposed to several concen-
trations of PQ for 24 h before
imaging. Following this treatment,
ratiometric images of the cytosolic
(A) and the mitochondrial (B)
roGFP2-Orp1 probe in the gonad of
living animals showed that H2O2

levels were increased in both the
cytosol and inside mitochondria
compared to the control condition.
PQ, paraquat.

FIG. 4. To analyze the effect of mitochondrial stress on H2O2 levels, worms were exposed to RNAi against the
mitochondrial germline-specific protein ASB-1 for 24 h before imaging. Depletion of ASB-1 caused a clear increase in
cytosolic H2O2 levels (A). Undiluted asb-1 RNAi arrested import of the mitochondrially targeted roGFP2-Orp1 (not
shown), while with 1/10 diluted asb-1 RNAi, roGFP2-Orp1 was still targeted to the mitochondria, but no changes in H2O2

levels could be observed (B). RNAi, RNA interference.
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germline (65). However, it is not known if partial depletion of
this protein can have beneficial effects in the organism.

A freshly made paraquat stock solution was added into
Nematode growth medium (NGM) the day before the plates
were used, while feeding RNAi was used to knockdown asb-
1 (123). For both treatments, synchronized L4 worms were
exposed for 24 h to either condition before imaging. Also in
these experiments, living anesthetized hermaphrodites were
used for imaging.

Both paraquat exposure and asb-1(RNAi) resulted in in-
creased cytosolic H2O2 levels, which were most pronounced
in the proximal germline and the one-cell embryo (Figs. 3A,
4A, and 5A, B). Paraquat treatment also caused increased
H2O2 levels in the mitochondrial matrix, with a spatial dis-
tribution that is comparable to this of cytosolic H2O2 levels
(Figs. 3B, 4B, and 5A, C). No changes in H2O2 levels in the
mitochondrial matrix were observed following ten times di-
luted asb-1 RNAi (Figs. 4B and 5C). Unfortunately, less
diluted asb-1 RNAi affected mitochondrial function to such
an extent that mitochondrial protein import of roGFP2-Orp1
was severely reduced (not shown). While the disturbed mi-
tochondrial import clearly shows that asb-1 RNAi interferes
with normal mitochondrial function, at the same time it
precludes accurate assessment of H2O2 levels in the mito-
chondrial matrix.

Remarkably, H2O2 levels in the oocyte nuclei seemed nearly
unaffected by the paraquat and asb-1(RNAi) treatment (Figs. 3A
and 4A). This further supports the above-mentioned assumption

that the oocyte nucleoplasm lacks SOD activity. In agree-
ment with this, H2O2-treated worms do show similar H2O2

levels inside and outside the oocyte nuclei (Fig. 2C). Another
striking spatial pattern is the sudden drop in H2O2 levels after
the first or second embryonic cell division. Even when H2O2

levels in the cytosol were raised by paraquat treatment or
asb-1(RNAi), they dropped to near-baseline levels at the
two-cell stage (Fig. 5B). This drop may be the result of the
sudden increase in CTL expression in very young embryos
(74). Low expression or absence of CTL in the earlier stages
may allow efficient H2O2 signaling during gametogenesis
(27, 135).

Overall, quantification of gonadal H2O2 by image analysis
using the roGFP2-Orp1 probe was very reproducible (Fig. 5).
The ability to detect the increase in H2O2 levels in worms
treated with 0.1 mM paraquat, a concentration known to inflict
a hormetic effect (72, 125), suggests that the roGFP2-Orp1
probe in the C. elegans germline can be used to study redox
signaling events. Sensitivity of this sensor to redox signaling
has also been confirmed in other systems such as Drosophila
and HeLa cells (2, 49). In addition, because the additional H2O2

increase at higher, harmful paraquat concentrations is also
within the dynamic range of the roGFP2-Orp1 probe, this
system could potentially be used to analyze both the effects of
H2O2 in redox signaling and in oxidative stress.

In conclusion, these explorative results support the po-
tential of the C. elegans reproductive system as a model to
study redox signaling in a complex tissue. Spatial patterns in

FIG. 5. The C. elegans
germline shows a H2O2 gra-
dient. (A) Schematic overview
of the Caenorhabditis elegans
germline, showing the regions
where relative H2O2 levels
were quantified. Regions 1–3
correspond to measurements in
the distal germline, 4–6 to the
proximal germline, 7 to one-
cell embryos, and 8 to two-cell
embryos. To calculate and plot
relative H2O2 levels in the cy-
tosol (B) and mitochondria (C),
ratiometric images of individ-
ual gonads were generated, af-
ter which the roGFP-Orp1
ratiometric signal was mea-
sured in these eight different
regions. In control conditions,
both the cytosolic and mito-
chondrial H2O2 levels show a
gradual increase from the distal
toward the proximal region of
the gonad, followed by a de-
crease in the two-cell embryo.
These spatial differences in
H2O2 levels became more
pronounced when animals
were exposed to paraquat (up-
per panels), and, specifically
for cytosolic H2O2 levels, also
when worms were treated with
asb-1 RNAi (lower panels).
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H2O2 levels are clearly visible under normal conditions while
changes in H2O2 levels due to RNAi-induced mitochondrial
perturbation and mild or severe paraquat treatment are easily
quantifiable in a reproducible way.

Limitations and Pitfalls

The development of genetically encoded redox sensors has
greatly advanced our understanding of redox biology at the
cellular and organismal level. As their potential has been only
used by few in C. elegans redox biology, these tools will
undoubtedly lead to more important discoveries in worm
redox biology in the near future. However, these promising
tools also have their limitations, and sensor data should al-
ways be interpreted with care.

The Sensors

General limitations and shortcomings of the genetically
encoded redox sensors were recently reviewed in detail in ref.
(107). Redox sensors have their specific measuring range
beyond which they cannot detect any redox shifts. In addi-
tion, the sensor’s (non-)specificity should be taken into ac-
count as some are linked to protein domains with high
substrate specificity (e.g., Grx1 for GSSG/GSH and Orp1 for
H2O2), while other sensors rely on endogenous glutaredoxin
activity for equilibration with the GSSG/GSH redox couple.
Interactions with other redox systems cannot be ruled out,
and even nonrelated properties, such as pH, may influence the
probe. This is especially relevant for the YFP-based sensors.
In addition, the quantum yield of the roGFP2- and HyPer-
based probes is lower at certain wavelengths compared to the
standard EGFP, demanding higher sensitivity of the applied
detection systems.

Transgenic Worm Strains

C. elegans has a very long history in transgenesis (117) and
it was the first animal in which GFP was heterologously ex-
pressed (19). The most easy and common method for C.
elegans transgenesis is microinjection of a transcriptional or
translational construct, together with a selection marker in
the gonad. This approach most often yields transgenic prog-
eny with a multicopy extrachromosomal array with variable
transmission (35). In some cases, spontaneously integrated
lines can be selected or integration can be induced by ultra-
violet (UV) treatment (80).

These multicopy transgenic strains may show strong ex-
pression of the sensor, which is advantageous for obtaining
clear fluorescence readouts. However, strong heterologous
expression may cause deleterious phenotypes in the trans-
genic worms. The molecular underpinnings of these effects
are often unknown, but may relate to the heavy burden on
transcriptional and translational machinery or, in case of
fusion sensors, the influence of the active redox moieties of
the sensor on the intracellular environment. Hence, it is re-
commended that the transgenic sensor strains are tested for
sensitive life history traits such as life span, fecundity, and
motility.

Low- or single-copy integration of the sensor construct in
the C. elegans genome may overcome some of the prob-
lems mentioned previously. Low-copy integration has been
achieved by biolistic bombardment strategies (94), but similar

to UV-induced integration, construct integration happens
randomly and may occur in the coding region or regulatory
elements of a gene, thereby creating an insertion mutant. More
recent genome editing tools such as MosSCI (41) and clustered
regularly interspaced short palindromic repeats/CRISPR-
associated CrRNA 9 (CRISPR/Cas9) (40) allow a site-specific
single-copy insertion of the sensor gene in the C. elegans ge-
nome and are therefore to be preferred.

The transgenic lines presented in the previous section were
created by MosSCI genome editing (see Supplementary
Materials; Supplementary Data are available online at www
.liebertpub.com/ars), proving for the first time that this
method allows the development of stable transgenic strains
expressing biosensors at levels that can be easily visualized
and quantified. To maximize expression of this single copy,
the sensor gene was codon-optimized as described previously
(see also Supplementary Materials). For now, the CRISPR/
Cas9 method has not yet been applied for the generation of
new C.elegans redox sensor strains, but undoubtedly such
strains will be developed soon.

As ROS signals or redox balances may act very locally (27,
86), it is important to target the sensor as closely as possible
to the area of interest to obtain a clear readout. This can be
done by targeting the sensor to specific tissues or cellular
compartments (68). In a recent study, the roGFP2-Orp1
sensor was expressed in very close proximity to the low–
abundant superoxide generator globin-12 in C. elegans (27).
This was achieved by fusing the sensor gene to the upstream
and downstream region of the glb-12 gene, together with the
sequence coding for the first 30 amino acids of GLB-12. This
N-terminal sequence contains a myristoylation and palmi-
toylation site, probably anchoring the sensor in lipid rafts in
the plasma membrane of the target cells, in very close
proximity to the GLB-12 superoxide generator, offering
maximal sensitivity to the weak ROS signal.

Analysis of the Ratiometric Fluorescence Signal

The fluorescence signal of the redox sensor can be quan-
tified by direct fluorimetry (e.g., in a microplate reader) or by
image analysis of fluorescence micrographs. In the experi-
mental protocol of both approaches, the preparation steps
may impose stress upon the worms and may influence in-
ternal redox balances. Therefore, all samples should be
handled identically; preparation steps should be carefully
timed and carried out in a way that minimizes the stress
burden (avoiding dehydration during worm picking, tem-
perature stress on a microscope stage, hypoxia in densely
populated microwells, food deprivation, and so on).

Autofluorescence can be a confounder in ratiometric
fluorimetry of redox sensors. Unfortunately, in C. elegans,
the hypodermal nucleoli and especially the gut granules have
autofluorescent properties (13), the latter being caused by
accumulation of anthranilic acid glucosyl esters (24). Hence,
micrographs showing any ratiometric signal in these struc-
tures should be interpreted with care. In such images, auto-
fluorescence can be estimated by excitation of the sample in a
wavelength range outside the excitation range of the probe
(39). In case of cell- or tissue-specific analysis, regions of
interest outside the autofluorescent areas can be selected (69).
In quantitative fluorimetry, autofluorescence may be (par-
tially) controlled for by using matched worm strains that do
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not contain the sensor (6). As C. elegans does not show any
red autofluorescence, redox sensors emitting in the long
wavelength range would be the optimal solution. Only one
such sensor, the H2O2-sensitive HyPerRed, is currently
available, but, unfortunately, it is based on the pH-sensitive
circularly permuted mApple fluorophore (34).

Microplate-based fluorimetry allows high-throughput
quantification of large worm populations in many parallel
samples. In this type of setup, worm density in the microplate
wells should be considered with care: low densities may not
yield enough signal, while high densities may cause hypoxia
to the worms. The ratiometric properties of the sensors make
them less sensitive to differences in expression levels, pho-
tobleaching, and worm density in the well. However, widely
differing worm densities within and between experiments
should be avoided.

To explore these density effects, we set up a worm dilution
experiment in a microplate using three sensors. In vivo H2O2

levels were quantified using jrIs1[rpl-17p::HyPer], jrIs10
[unc-119(+) rps-0p::roGFP2-Orp1], and the glutathione
redox potential was determined with the strain jrIs2[rpl-
17p::Grx1-roGFP2] (6, 16). All strains were age synchro-
nized via bleaching and scaled up on nutrient agar plates
seeded with E. coli K12 bacteria at 20�C. Day 1 adults were
washed twice with S-basal, and the dense worm suspension
was distributed as a linear dilution series (5–100%) over at
least 10 wells of a black microtiterplate. H2O2 levels and the
glutathione redox potential in live worms were determined
via a fluorimetric assay as described in ref. (6). Fluorescence
was measured over a 30-min period at 25�C using a Wallac

Victor2 Multilabel Counter (PerkinElmer, Boston, MA) with
405- and 490-nm excitation filters and a 535-nm emission
filter. For each sample, data were averaged over the 30-min
measurement period. Data of at least three biological repli-
cates were pooled per strain.

This dilution experiment showed that fluorescence intensi-
ties at both excitation wavelengths do not increase proportion-
ally (Fig. 6A). The weak exponential relation between both
fluorescence intensities results in increased fluorescence ratios
at low worm densities (i.e., at low sensor levels and low fluo-
rescence intensity). This deflection is apparent only at very low
worm densities and becomes negligible as densities increase
(Fig. 6B). Hence, we generally recommend that only samples
with similar worm densities should be compared. Finally, au-
tofluorescence or absorption properties of experimental com-
pounds added to the wells may affect the ratiometric signal and
make comparison with untreated controls illegitimate.

Ratiometric imaging requires the capture of two separate
perfectly overlapping images. As C. elegans is a very motile
species, adequate measures should be taken to prevent worm
movement during image capturing (126). Anesthetics such as
sodium azide, levamisole/tetramisole, and tricaine (MS-222)
are frequently used in worm microscopy. Sodium azide is a
potent mitochondrial inhibitor known to induce gst-4, a marker
of oxidative stress (76), and thus should be avoided as an an-
esthetic in redox assays. Levamisole is a nicotinic acetylcho-
line receptor agonist causing tetanic paralysis. It is not known
whether permanent muscle contraction in C. elegans causes
oxidative stress, but the effects are probably less severe com-
pared to sodium azide. Tricaine is a neurotoxin that acts as a

FIG. 6. Density effects in microplate-based fluorimetry of large worm populations. (A) Nonlinear correlation of green
fluorescence (530 nm) after violet (405 nm) and blue (490 nm) excitation of the sensors roGFP2-Orp1, Grx1-roGFP2, and
HyPer. At least three independent replicate populations of each worm strain were diluted. Each symbol represents a single
dilution of a given replicate experiment. The symbols consist of vertical and horizontal standard deviations calculated as the
fluctuation of 13 consecutive fluorescence measurements over a 20-min time period. (B) Fluorescence ratio plotted against
sensor concentration (estimated by fluorescence intensity following violet excitation in varying population densities of un-
stressed worms expressing the roGFP2-Orp1, Grx1-roGFP2, or HyPer sensor). At low sensor concentrations, the fluorescence
ratio tends to show an incline. Fluorescence ratios were calculated as the 405/490 nm signal for roGFP2-Orp1 and Grx1-
roGFP2, and as the 490/405 nm signal for HyPer. HyPer, hydrogen peroxide sensor.
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muscle relaxant. Agar pads (66, 110) are often used to glue
worms to a microscope slide and have the advantage of being a
nontoxic to the worms.

One of the most promising techniques in this area is the use
of microfluidics, which allows fixation of individual worms
without anesthetics and, depending on the chip design, real-
time feeding or compound treatment (102). A well-designed
microfluidics chip would also allow imaging of treated and
control worms in one microscopic field, thereby eliminating
small variations that may occur in different preparations and
that affect ratiometric imaging.

In ratiometric redox imaging, two images, taken at different
excitation wavelengths, are compared. As perfect overlay is
necessary, the lens system of the microscope should be suffi-
ciently corrected for chromatic aberration within the respec-
tive wavelength ranges. If not, this may result in ratiometric
‘‘fringing’’ effects that should be interpreted with care. Among
other hardware-related issues, the dynamic range of the pho-
todetection device is noteworthy. This range should be wide
enough to discriminate small differences in fluorescence in-
tensity from the low- to high-intensity range. During image
capturing, pixel saturation should be avoided as this leads to
ratio capping (126).

Finally, several software packages can be applied for pro-
cessing the raw fluomicrographs, ranging from dedicated
program packages included in the microscope software, open
source packages such as Fiji (W. Rasband; NIH, Bethesda,
MD), to advanced software pipelines reviewed in ref. (39).
Ratiometric images can be presented in different standard
pseudocolor schemes. However, one of the most intuitive
representations is the intensity-normalized ratio (INR) image
(6). This is a hue saturation value image in which the hue
represents the ratio of both fluorescence channels while the
value is calculated as the average intensity of both fluorescence
channels. Hence, regions with low fluorescence intensity (and
thus high noise levels and less useful information) will appear
dim in the INR image, attracting less attention. Regions with
high fluorescence intensity, allowing more solid ratiometric
measurements, appear in more intense colors. Currently, real-
time INR imaging is only implemented in the Nikon NIS el-
ements software, but INR images can also be calculated post
hoc via Fiji software.

Future Perspectives

Over the last decade, the field of redox biology has greatly
benefitted from the development of genetically encoded re-
dox sensors as they have many advantages over classical
ROS probes. Obviously, in this young research field, there are
ample opportunities for improvement and many suggestions
have been forwarded in outstanding reviews (14, 84, 107).
Within the C. elegans research community, the following
issues are probably on top of the wish list:

� Extension of the family of redox sensors with mem-
bers (i) that have emission spectra in the red range
avoiding interference with autofluorescence, (ii) are
highly specific and sensitive to the most commonly
studied ROS and redox couples [superoxide, H2O2,
GSSG/GSH, NAD(P)/NAD(P)H, ..], and are not
influenced by pH.

� Practical solutions for dynamic ratiometric analysis in
C. elegans. This issue may be solved by combining
microscopes built for fast four-dimensional (4D) fluo-
rescence imaging (95) and genetically encoded sensors
that allow emission ratiometry rather than excitation
ratiometry (14). Using dichroic emission filter set, this
would allow capturing the two fluorescence images
simultaneously and increase time resolution of the 4D
recording. Ideally, this should be combined with effi-
cient nontoxic fixation of juxtaposed control and trea-
ted worms in a microfluidic device.
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Abbreviations Used

4D¼ four dimensional
CAN neuron¼ canal-associated neuron

cpYFP¼ circularly permuted yellow fluorescent
protein

CRISPR/Cas9¼ clustered regularly interspaced short
palindromic repeats/CRISPR-
associated CrRNA 9

CTL¼ catalase
DTT¼ dithiothreitol

eGFP¼ enhanced green fluorescent protein
ER¼ endoplasmic reticulum

GFP¼ green fluorescent protein
GSH¼ reduced glutathione

GSSG¼ oxidized glutathione dimer
GST¼ glutathione-S-transferase

H2O2¼ hydrogen peroxide
HyPer¼ hydrogen peroxide sensor

IGF¼ insulin-like growth factor
INR¼ intensity-normalized ratio

L4¼ fourth larval stage
MLS¼mitochondrial localization sequence

MosSCI¼mos1-mediated single copy insertion
PQ¼ paraquat

RNAi¼RNA interference
roGFP¼ reduction–oxidation-sensitive green

fluorescent protein
ROS¼ reactive oxygen species

rxYFP¼ redox-sensitive yellow fluorescent protein
SOD¼ superoxide dismutase

UV¼ ultraviolet
YFP¼ yellow fluorescent protein
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