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a b s t r a c t

Glutathione is the most abundant thiol in the vast majority of organisms and is maintained in its reduced
form by the flavoenzyme glutathione reductase. In this work, we describe the genetic and functional
analysis of the Caenorhabditis elegans gsr-1 gene that encodes the only glutathione reductase protein in
this model organism. By using green fluorescent protein reporters we demonstrate that gsr-1 produces
two GSR-1 isoforms, one located in the cytoplasm and one in the mitochondria. gsr-1 loss of function
mutants display a fully penetrant embryonic lethal phenotype characterized by a progressive and robust
cell division delay accompanied by an aberrant distribution of interphasic chromatin in the periphery of
the cell nucleus. Maternally expressed GSR-1 is sufficient to support embryonic development but these
animals are short-lived, sensitized to chemical stress, have increased mitochondrial fragmentation and
lower mitochondrial DNA content. Furthermore, the embryonic lethality of gsr-1 worms is prevented by
restoring GSR-1 activity in the cytoplasm but not in mitochondria. Given the fact that the thioredoxin
redox systems are dispensable in C. elegans, our data support a prominent role of the glutathione re-
ductase/glutathione pathway in maintaining redox homeostasis in the nematode.

& 2016 Elsevier Inc. All rights reserved.
1. Introduction

Maintenance of thiol redox homeostasis is crucial for survival
and the thioredoxin and glutaredoxin systems are the two main
pathways that control the redox status in virtually all organisms
[1]. The thioredoxin system is composed of thioredoxin reductase
(TrxR) and thioredoxins (Trx) while the glutaredoxin system
comprises glutathione reductase (GR), glutathione (GSH) and
glutaredoxins (Grx), where thioredoxins and glutaredoxins oper-
ate as terminal oxidoreductases using the reducing power of
bello),

teomics, Department of Biol-
NADPH [2]. These two systems are mechanistically and structu-
rally very similar, regulating the formation of disulfides within and
between proteins, with the main difference being the use of
the tripeptide glutathione (L-γ-glutamyl-L-cysteinyl-glycine) as
electron donor for glutaredoxins in the glutaredoxin system. In
addition, the glutaredoxin system also catalyzes the formation of
disulfides between proteins and GSH, namely glutathionylation,
which has been shown to be an important post-translational
modification, modulating the activity of many proteins [3].

Thioredoxin system
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Glutaredoxin system

GSH is found in cyanobacteria, proteobacteria and some gram-
positive bacteria as well as most eukaryotes [4]. Inactivating mu-
tations in the gene encoding γ-glutamylcysteine synthetase, the
enzyme that catalyzes the first step in GSH synthesis, are lethal in
all organisms studied from yeast to mammals, including plants [5–
9] highlighting the physiological relevance of GSH in these or-
ganisms. Moreover, mutations in the gene encoding glutathione
synthetase, that catalyzes the second, final step of GSH synthesis,
are also lethal in Arabidopsis thaliana [10] and Mus musculus [11]
while they are viable in Saccharomyces cerevisiae [12] and Droso-
phila melanogaster [13]. In these latter organisms, it has been
proposed that the intermediate γ-glutamyl-cysteine, which accu-
mulates in glutathione synthetase mutants, substitutes for GSH to
allow growth. Of note, although the C. elegans glutathione syn-
thetase ortholog, gss-1, has not been yet characterized, a gss-1
(tm672) deletion mutant has been reported as lethal/sterile by the
NBRP C. elegans Gene Knockout Consortium (http://www.shigen.
nig.ac.jp/c.elegans/).

The lethal phenotype of GSH synthesis mutants contrasts with
the dispensability, in the vast majority of eukaryotes, of the glu-
tathione reductase gene that encodes the enzyme that recycles
reduced GSH from its oxidized form GSSG. This inessentiality of
glutathione reductase for normal growth and development is ex-
plained by the thioredoxin system being able to reduce GSSG, a
trait that is conserved from bacteria to mammals [14] and also by
either accumulating GSSG in yeast vacuole [15] or by excreting
GSSG in mammalian cells [16]. Exceptions to glutathione reductase
dispensability are the fission yeast Schizosaccharomyces pombe
[17], the Plasmodium berghei parasite in its mosquito oocyst stage
but not in the blood stage [18] and the A. thaliana GR2 gene, en-
coding a chloroplastic/mitochondrial glutathione reductase whose
inactivation causes early embryonic lethality [19]. The lethality of
A. thaliana GR2 mutants is most likely due to a deficiency in
chloroplasts function, as in this organism mitochondrial thio-
redoxin reductase TRXR2 is able to reduce GSSG in mitochondria
(Meyer AJ, personal communication). In addition, D. melanogaster
(and probably other insects) lacks a bona fide glutathione re-
ductase gene and the reduction of GSSG is performed by the
thioredoxin system, which is essential in this organism [20].

All eukaryotic organisms relying on glutathione metabolism
have two distinct pools of glutathione reductase activity located in
cytoplasm and mitochondria, respectively (with the exception of
photosynthetic organisms that also have glutathione reductase
activity in chloroplasts and peroxisomes [21]). In most cases, one
single gene encodes both cytoplasmic and mitochondrial glu-
tathione reductase isoforms by the use of alternative translation
initiation sites [22–25]. Whereas in Escherichia coli the thioredoxin
and glutathione systems are functionally redundant in maintain-
ing redox homeostasis [26], important differences on their
respective contribution to the redox status of the different
Fig. 1. gsr-1mRNA and protein analysis. (A) Schematic representation of the two main gsr
indicate 5′-UTR and 3′-UTR, respectively, and grey boxes indicate the ORF. The region of t
domain organization of GSR-1a and GSR-1b isoforms as well as that of the truncated ΔGSR
amino acid residues flanking the different protein domains, based on the domain organizat
GSR-1 with the corresponding human and zebrafish GSR orthologues. The red rectangle
residues involved in GSSG binding [81]. The NADPH and FAD binding sites are underlined.
amino acid residue. The different domains boundaries are indicated above the sequences
(D) Sequence of the GSR-1a mitochondrial targeting sequence (MTS). Amino acid residues
highlighted in red. The MTS cleavage site is indicated by the upside-down arrow. The r
interpretation of the references to color in this figure legend, the reader is referred to th
subcellular compartments have been identified in eukaryotic or-
ganisms, mainly through work in yeast and mammals. Hence, the
yeast thioredoxin system controls the thiol redox status in the
cytoplasm where the glutathione system acts merely as a backup.
In contrast, the glutathione system is the dominant system to
maintain thiol redox control in yeast mitochondria [27–29]. In
mammals, knock-out mice lacking glutathione reductase are viable
[30] while inactivation of the components of the cytoplasmic and
mitochondrial thioredoxin systems causes embryonic lethality in
mice [31–34], initially suggesting that the mammalian thioredoxin
system may have a predominant role in maintaining redox
homeostasis. However, studies on mice harboring conditional
alleles of cytosolic thioredoxin reductase TrxR1 to bypass
embryonic lethality demonstrate that TrxR1-null mice and cells
are robustly viable, relying on the glutathione pathway for survival
[35,36]. Indeed, mice lacking both TrxR1 and glutathione re-
ductase in all hepatocytes sustain hepatic redox homeostasis and
organismal survival, through de novo GSH synthesis via the
transulfuration pathway using dietary methionine as cysteine
precursor [16]. Together, these data in mammals uphold a more
prominent role of the glutathione pathway on maintaining redox
homeostasis while the thioredoxin system appears to play key
functions during embryonic development.

In contrast to mammals, the C. elegans thioredoxin system is
dispensable for embryonic and postembryonic development, as
mutants lacking both cytoplasmic and mitochondrial thioredoxin
reductases, trxr-1 and trxr-2, are viable and reach adulthood in-
discernibly from wild type controls [37,38], supporting the idea
that the glutathione system is also responsible for maintenance of
redox homeostasis in worms. Lüersen et al. have shown that the C.
elegans gsr-1 gene encodes a functional glutathione reductase
protein [39], which is required for survival to paraquat and juglone
treatments. In this work, we demonstrate that the C. elegans gsr-1
gene encodes both cytoplasmic and mitochondrial glutathione
reductase isoforms and that is required for embryonic develop-
ment. This lethal phenotype of gsr-1 mutants arises from a specific
requirement of the enzyme in the cytoplasm, the subcellular
compartment where GSH is synthesized. In contrast, gsr-1mutants
maternally expressing GSR-1 are able to develop normally but are
sensitized to stress, are short-lived and have compromised
mitochondria.
2. Results

2.1. C. elegans GSR-1 is widely expressed and is targeted to both
cytoplasm and mitochondria

The gsr-1 locus is organized into 5 exons and 4 introns and
expresses two main mRNA variants, gsr-1a and gsr-1b1 (Fig. 1A),
whose conceptual translation results into two different isoforms,
GSR-1a and GSR-1b, with the former having an additional 14
amino acid N-terminal extension (Fig. 1B). Two other minor mRNA
variants have been reported, gsr-1b2 and gsr-1b3, which differ only
in the sequence of their respective 5′-UTRs but also generate the
GSR-1b isoform (http://www.wormbase.org/). C. elegans GSR-1 is
-1mRNA variants. Boxes represent exons and lines show spliced introns. White boxes
he gsr-1 mRNA missing in the gsr-1(tm3574) deletion allele is underlined. (B) Protein
-1 protein resulting from translation of the gsr-1(tm3574) allele. Numbers indicate the
ion reported for the human GSR orthologue [80]. (C) Sequence alignment of C. elegans
indicates the conserved redox active site CVNVGC. The yellow boxes highlight the
Identical residues are shown in black. The numbers on the left indicate the respective
and are inferred from comparison with those reported for human GSR protein [80].
matching the two matrix protease model (in blue. X, any amino acid residue) [41] are
esidues encoded by gsr-1 first and second exons are separated by an hyphen. (For
e web version of this article.)

http://www.shigen.nig.ac.jp/c.elegans/
http://www.shigen.nig.ac.jp/c.elegans/
http://www.wormbase.org/


J.A. Mora-Lorca et al. / Free Radical Biology and Medicine 96 (2016) 446–461448



Fig. 2. GSR-1 tissue, cellular and subcellular expression analysis. (A) Scheme of the GSR-1 translational GFP fusion construct used to determine expression from gsr-1 upstream
promoter. Exons are in grey boxes and introns inwhite boxes. (B-E) Differential interference contrast and (B′-E′) fluorescence images of transgenic worms expressing the Pgsr-1::
gsr-1::gfp construct: ai, anterior intestine; coe, coelomocytes; gsc, gonad sheet cell; hy, hypodermis; pH, pharynx; rc, rectal cells; sp, spermatheca; tn, tail neurons; uc, uterine
cells; vmc, vulva muscle cells. (F) Scheme of the GSR-1 translational GFP fusion construct used to determine expression from gsr-1 first intron. Exons are in grey boxes and
introns in white boxes. (G-K) Differential interference contrast and (G′-K′) fluorescence images of transgenic worms expressing the gsr-1 first intron::gsr-1::gfp construct: ai,
anterior intestine; coe, coelomocytes; ec, excretory cell; hn, head neurons; int, intestine; pi, posterior intestine. (L) Schemes of the GSR-1 translational GFP fusion constructs
used to determine subcellular localization of GSR-1a and GSR-1b isoforms. Red X indicates the mutated ATG codon. Exons are in grey boxes and introns in white boxes.
(M) Dotted fluorescence labeling in pharynx of transgenic worms expressing the Pgsr-1::gsr-1::gfp construct with the second ATG codon mutated. (N) Diffuse cytoplasmic
fluorescence labeling in pharynx of transgenic worms expressing the Pgsr-1::gsr-1::gfp construct with the first ATG codon mutated. (Q) Scheme of the construct used to
determine GSR-1a MTS functionality when fused to GFP under the control of the myo-3 muscle promoter. GSR-1a MTS is shown in a grey box. Fluorescence images of muscle
cells of transgenic worms expressing (R) the Pmyo-3::MTSgsr-1::gfp construct, (S) the Pmyo-3::tomm-20::mrfp construct and (T) merged picture showing colocalization in muscle
tubular mitochondria. Scale bar 20 μm in all images except 100 μm in B. Note Images B-K and M-T were taken with different microscopes and settings (see Section 4.2).
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highly homologous through all protein domains to vertebrate
glutathione reductases, including the conserved redox active site
CVNVGC (Fig. 1B-C). The GSR-1a N-terminal extension, mostly
encoded by the first gsr-1 exon, displays characteristics of a mi-
tochondrial targeting sequence (MTS) [40], cleavable by the two
matrix protease model (Fig. 1D) [41]. This predicts that GSR-1a is
located in the mitochondrial matrix while GSR-1b, lacking this
putative MTS and initiated from a downstream in-frame ATG co-
don located at the beginning of the second exon (Fig. 1A), is a
cytoplasmic protein.

To demonstrate this dual subcellular localization in vivo as well
as to describe the tissue and cellular expression pattern of both
GSR-1 isoforms in detail, we first generated transgenic worms
expressing a translational GFP fusion spanning a 2.2 kb fragment
of the gsr-1 promoter plus the complete gsr-1 genomic ORF
(Fig. 2A). These transgenic animals showed strong fluorescence in
pharynx while weaker labeling was found in hypodermis, intes-
tine, vulva muscle cells, spermatheca, uterine cells, coelomocytes,
gonad sheath cells, rectal cells and a couple of unidentified neu-
rons (probably PVPL/R) in the tail (Fig. 2B-E). Long first introns
have been shown to be important for gene regulation by binding a
set of transcription factors different to those binding the upstream
promoter [42]. As gsr-1 exons 1 and 2 are separated by a 318 bp
intron, considerably larger than the rest of gsr-1 introns (Fig. 1A),
we set to investigate whether the gsr-1 first intron also has pro-
moter activity. Interestingly, transgenic worms expressing a
translational GFP fusion spanning the gsr-1 ORF from the first in-
tron (Fig. 2F) show labeling in some neurons in the head, excretory
channel, intestine and coelomocytes (Fig. 2G-K). This result sug-
gests that the gsr-1 first intron possess intrinsic promoter activity,
independent from that of the gsr-1 upstream promoter.

To prove that C. elegans gsr-1 gene encodes both mitochondrial
and cytoplasmic isoforms in vivo, we generated transgenic worms
expressing the full gsr-1 translational GFP fusion in which either
ATG codon is mutated (Fig. 2L). Thus, inactivation of the second
ATG codon forces translation from the first ATG codon resulting in
a dotted GFP pattern, consistent with mitochondrial localization
(best seen in the pharynx) [43] (Fig. 2M). In turn, when forcing
expression from the first ATG codon by inactivation of the second
ATG codon, a diffuse GFP labeling indicating a cytoplasmic locali-
zation was obtained (Fig. 2N). Similar diffuse fluorescence labeling
was found when removing gsr-1 first exon, which encodes most of
GSR-1a MTS (data not shown). We further demonstrate that the
additional 14 amino acids of GSR-1a constitute a functional MTS
on its own as, when expressed in worm muscle cells, the fusion
protein MTSgsr-1::GFP is found in the typical tubular distribution
along the cell longitudinal axis, colocalizing with the TOMM-20::
mRFP mitochondrial marker [38] (Fig. 2Q-T). Together, we con-
clude that the C. elegans gsr-1 gene encodes both mitochondrial
(GSR-1a) and cytoplasmic (GSR-1b) isoforms. In addition, we fur-
ther refine and expand the gsr-1 tissue and cellular expression
pattern previously reported [37,39].

2.2. gsr-1 is essential for C. elegans embryonic development and
gsr-1(mþ ,z-) mutants are sensitized to chemical and developmental
stresses and have compromised mitochondria

To investigate GSR-1 function, we used a worm strain carrying
the gsr-1(tm3574) deletion allele, which spans 383 bp and re-
moves part of gsr-1 third exon, the third intron and part of the
fourth exon (Fig. 1A). Sequencing of gsr-1(tm3574) cDNA demons-
trates that it encodes an in frame truncated protein (GSR-1Δ193-
302, abbreviated as ΔGSR-1) lacking most of the NADPH domain
plus a minor fraction of the second FAD domain (Fig. 1B). Using
purified recombinant protein expressed in bacteria, we show that
wild type GSR-1b is able to reduce GSSG in a dose-dependent
manner whileΔGSR-1b was devoid of enzymatic activity (Fig. 3A),
thus confirming gsr-1(tm3574) as a loss of function allele most
likely by failure to bind NADPH required for redox cycling. GSR-1b
did not function as thioredoxin reductase when using either yeast
TRX3 or worm TRX-2 as substrates (data not shown).

The gsr-1(tm3574) allele is reported as lethal/sterile by the
NBRP C. elegans Gene Knockout Consortium (http://www.shigen.
nig.ac.jp/c.elegans/). Six times backcrossed gsr-1(tm3574) animals
retained the lethal phenotype, so the tm3574 allele was main-
tained in heterozygosity using GFP or RFP derivatives of the qC1
balancer [44]. Homozygous gsr-1 animals segregating from ba-
lanced parents (hereafter referred as gsr-1(mþ ,z-); m, maternal
and z, zygotic), have a normal embryonic and postembryonic de-
velopment, reaching reproductive stage indistinguishably of wild
type controls. Thus, maternally contributed gsr-1 mRNA and/or
GSR-1 protein is enough to allow gsr-1 mutants to accomplish a
normal life cycle. In turn, the gsr-1(m-,z-) embryos generated by
these animals invariably arrest during embryogenesis.

RNAi downregulation of gsr-1 expression has been shown to
decrease C. elegans lifespan, to sensitize worms to the prooxidant
juglone and the superoxide anion generator paraquat [39], to
impair worm molting in the absence of cytoplasmic thioredoxin
reductase trxr-1 gene [37] and to induce skn-1 target genes such as
gst-4 or gcs-1 without an obvious nuclear translocation of a skn-1
GFP reporter [45]. To determine whether the maternal contribu-
tion of gsr-1(mþ ,z-) worms is functionally equivalent to the de-
creased gsr-1 mRNA levels caused by RNAi, we tested gsr-1(mþ ,z-)
individuals in all the above mentioned scenarios. Our data indicate
that, indeed, this is the case as gsr-1(mþ ,z-) animals are short-
lived (Fig. 3B), are highly sensitive to juglone and paraquat
(Fig. 3C), have a fully penetrant larval arrest phenotype in a trxr-1
(sv47) mutant background (Fig. 3D) and induce GST-4 and GCS-1
reporters without significant SKN-1B/C::GFP nuclear translocation
(Fig. 3E). Therefore, maternally provided gsr-1 mRNA and/or GSR-1
protein is enough to allow gsr-1(mþ ,z-) mutants to reach re-
productive stage under non-stressed growth conditions but it is
insufficient to afford effective protection against stress or deve-
lopmental constrains.

The extreme sensitivity of gsr-1(mþ ,z-) worms to chemicals
that impair mitochondrial function prompted us to assess mi-
tochondrial status in these animals. We found that gsr-1(mþ ,z-)
worms have a clear mitochondrial fragmentation phenotype in
muscle cells (Fig. 4A) while muscle sarcomere structure is pre-
served (Fig. 4B). In addition, the mitochondrial membrane poten-
tial and total mitochondria content measured by incorporation of
the fluorescent dye JC-10 was significantly decreased (Fig. 4C).
Moreover, gsr-1(mþ ,z-) worms display a strong induction of the
mitochondrial UPR reporter HSP-6::GFP [46] (Fig. 4D), overall in-
dicating that decreased gsr-1 levels cause mitochondrial stress
and dysfunction. As a whole, these results validate the use of
gsr-1(mþ ,z-) worms as a tool to investigate the role of GSR-1 in
postembryonic development.

2.3. gsr-1(m-,z-) embryos arrest at the pregastrula/gastrula stage
displaying progressive cell division delay and aberrant interphasic
chromatin distribution

Next, we moved to study in detail the gsr-1(m-,z-) embryonic
arrest phenotype. For this purpose, we video-recorded several
gsr-1(m-,z-) embryos (n¼26) and found that they all arrest at the
pregastrula/gastrula stage ranging from 17 to 103 cells (Fig. 5A-C
and Movies 1–3). This arrest interval is roughly coincidental with
the time at which C. elegans embryos start expressing a Pgsr-1::gfp
transcriptional construct (Fig. 5D). Arrested gsr-1(m-,z-) embryonic
cells are superficially normal for at least the length of normal
embryogenesis with no signs of necrosis or apoptosis, as it has
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Fig. 3. Glutathione reductase enzymatic activity and phenotypes of gsr-1(mþ ,z-) mutants. (A) GSSG reductase enzymatic activity of different concentrations of recombinant His-
GSR-1b (straight lines) and His-ΔGSR-1b (dashed lines) in the presence of 0.5 mM GSSG and 0.25 mM NADPH. (B) The longevity was assayed at 20 °C in E. coli OP50. Kaplan-Meier
plot was used to show the fraction of animals that survive over time. Longevity was performed twice, obtaining similar results, and the composite data is shown. The survival
rate of gsr-1(mþ ,z-) animals was compared to that of wild type using the log-rank (Mantel-Cox) test and the differences were found significant (***po0.001). (C) Sensitivity of
gsr-1(mþ ,z-) animals to acute paraquat and juglone exposure. Data are the mean7SD of four independent experiments with three biological replicates each (nZ200; ***po0.001,
by unpaired, two-tail Student t-test). (D) Percentage of developmental stages of single and double mutants combining the trxr-1(sv47) and the gsr-1(mþ ,z-)mutations. Data are the
mean of three independent experiments (n¼total number of individuals scored). (E) Induction of GST-4 and GCS-1 transcriptional GFP reporters and percentage of nuclear
localization of a SKN-1B/C translational GFP reporter in a gsr-1(mþ ,z-) background. For GST-4 and GCS-1 reporters, the data are the mean7SD of 25 individuals for each genotype
(***po0.001, **po0.01 by unpaired, two-tail Student t-test). For SKN-1 reporter the data are from two independent experiments (n¼total number of individuals scored).
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Fig. 4. gsr-1(mþ ,z-) mutants display mitochondrial phenotypes. (A) Increased mitochondrial fragmentation is observed in gsr-1(mþ ,z-) animals expressing the mi-
tochondrial reporter ccIs4251 [Pmyo-3::mito::gfp] in muscle cells. Data are the total7SEM of three independent experiments with 20 animals per experiment at 20 °C and
25 °C (n¼60 total at each temperature) (*po0.05, ***po0.001, by a MannWhitney test). Representative images of each genotype are shown. Scale bar 20 μm. (B) Muscle cell
integrity is not affected in gsr-1(mþ ,z-) worms as demonstrated by the maintenance of sarcomere myotubular structure visualized using the jIs01 [Pmyo-3::myo-3::gfp]
reporter. Data are the total 7SEM of one experiment with 20 animals (p40.05 by a Mann Whitney test). Representative images of each genotype are shown. Scale bar
20 μm. (C) Quantification of the total mitochondrial content measured by JC-10 dye incorporation. Data are the average7SD of 20 individuals per genotype (***po0.001 by a
Mann Whitney test). Representative images of each genotype are shown. Scale bar 100 μm. (D) Mitochondrial UPR is induced in gsr-1(mþ ,z-) worms expressing the reporter
zcIs13 [Phsp-6::gfp]. Data are the mean7SD of 40 individuals per genotype (***po0.001, by unpaired two-tail Student t-test). Representative images of each genotype are
shown. Scale bar 200 μm.
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been reported for most embryonic lethal mutants [47] (Fig. 5A-C
and Movies 1–3). However, cell lineage analysis of gsr-1(m-,z-)
embryos identifies a dramatic delay of cell divisions timing, al-
ready detectable at the first embryonic divisions that is progres-
sively enhanced until complete arrest occurs (Fig. 6A and Sup-
plemental Fig. 1A-C).

We next explored the possible causes of the progressive delay
of cell division timing of gsr-1(m-,z-) embryos. Among other traits,
mutations in genes impairing mitochondrial function or genes
encoding chromatin regulators have been shown to retard cell
divisions in C. elegans embryos [48,49]. Therefore, we set to in-
vestigate whether gsr-1 mutants impact these two pathways given
that mitochondria-associated phenotypes are found in
gsr-1(mþ ,z-) animals and because histone 3 glutathionylation
destabilizes nucleosome structure and GSH depletion decreases
DNA synthesis rate [50].



Fig. 5. Identification of the cell-stage time of arrest of gsr-1(m-,z-) embryos and determination of GSR-1 expression initiation. (A-C) Differential interference contrast still
images of developing wild type and gsr-1(m-,z-) embryos analyzed by 4D-microscopy. Three representative independent experiments are provided, illustrating the cases at
which gsr-1(m-z-) embryos arrest at the earliest, the latest and an intermediate cell-stage. (A) Arrest at 17 cell-stage; (B) arrest at 33 cell-stage; (C) arrest at 103 cell-stage.
gsr-1 in the images refers to gsr-1(m-,z-) embryos. (D) Fluorescence and differential interference contrast still images of developing embryos from transgenic animals
expressing the transcriptional construct Pgsr-1::gfp. Three independent embryos are shown. gsr-1 expression begins approximately at 100 min since embryos start deve-
loping. In these initial stages, gsr-1 stronger expression is found in E blastomere descendants (intestine precursors) and MS blastomeres descendants (neurons and me-
sodermic tissues precursors). Scale bar 10 μm. All analyses were performed at 25 °C.
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Fig. 6. Cell division delay and progressive perinuclear localization of interphasic chromatin in gsr-1(m-,z-) embryos. (A) Cell lineage timing analysis of the EMS blastomere
descendants of the gsr-1(m-,z-) embryo depicted in Fig. 5B compared to that of wild type embryos. For complete cell lineage analysis, see Supplemental Fig. 1B. (B)
gsr-1(mþ ,zþ) and gsr-1(m-,z-) embryos expressing mCherry::HIS-58 (magenta) and GFP::TBB-2 were observed by live confocal microscopy. Time is indicated in hours:
minutes from beginning of recording (see Movie 5). At 2:20 and more evidently at 5:00 chromosomes are condensed at the nuclear periphery of gsr-1(m-,z-) embryos. Scale
bar 10 mm.
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To evaluate the integrity of the mitochondrial network in
gsr-1(m-,z-) embryos, we attempted labeling these organelles with
rhodamine 6G followed by in vivo image analysis [51]. Despite
rhodamine 6G efficiently stained embryo mitochondria, no major
differences in the dynamics of the mitochondrial network were
observed between young wild type and gsr-1(m-,z-) embryos (Mo-
vie 4). Reduced cell size of older embryos precluded analysis of
differentiated embryonic cells. Regarding the other possible cause
of cell division delay, we examined chromatin dynamics in
gsr-1(m-,z-) embryos by time-lapse confocal microscopy. During
early development, interphasic chromatin occupied the entire nu-
clear volume whereas mitotic chromosomes condensed in the
Fig. 7. Rescue of gsr-1(tm3574) mutants embryonic lethality. (A) The gsr-1(tm3574) emb
(GSR-1b, transgenes vzEx145 and vzEx147) but not in mitochondria (GSR-1a, transgene vzE
of viable, maternally rescued, non-transgenic progeny. Data are the mean7SD of the pro
double mutant worms expressing GSR-1b::GFP in cytoplasm. Data are the mean7SD o
nuclear interior (Fig. 6B and Movie 5; 1:10). However, con-
comitantly with cessation of cell divisions in gsr-1(m-,z-) embryos, a
progressive aberrant distribution of chromatin at the nuclear per-
iphery was observed (Fig. 6B and Movie 5; 2:20-5:00). Collectively,
these results suggest that gsr-1 deficiency impacts nuclear chro-
matin dynamics pointing to a nuclear dysfunction as a possible
cause of gsr-1(m-,z-) embryonic arrest.

2.4. Cytoplasmic, but not mitochondrial, GSR-1 expression restores
viability of gsr-1(m-,z-) embryos

The fully penetrant embryonic arrest phenotype of gsr-1(m-,z-)
embryos is rescued by transgenes expressing wild type GSR-1
ryonic lethal phenotype is rescued when GSR-1 activity is restored in the cytoplasm
x158). The dashed bar in gsr-1; vzEx105 [Pgsr-1::gsr-1] animals indicates the fraction
geny from at least 10 animals of each genotype. (B) Viable progeny from gsr-1; trxr-2
f the progeny from at least 10 animals of each genotype.
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(vzEx105 transgene) as well as GSR-1::GFP fusion protein (vzEx93
transgene) (Fig. 7A), demonstrating that the lethality is due to a
gsr-1 deficiency. In contrast, no rescue was obtained when
gsr-1(mþ ,z-) worms and their gsr-1(m-,z-) embryos were main-
tained on an effective external source of different GSH donors or
precursors either in solid or liquid medium [5 mM GSH, 40 μM
S-linolenoyl-GSH [52]; 83 mg/ml liposomal GSH [53]; 20 μM glu-
tathione reduced ethyl ester [54]; 10 mM N-acetyl-L-cysteine [55];
10 mM L-cystine, 10 mM L-methionine [56]) or 5 mM DTT (data not
shown)]. This lack of rescue indicates that gsr-1(mþ ,z-) worms do
not provide these compounds to their oocytes (or they are rapidly
exhausted) and also reflects the inability of these chemicals to
cross the gsr-1(m-,z-) embryo eggshell, which is non-permeable to
most solutes [57].

As mentioned above, both wild type GSR-1 and GSR-1::GFP
fusion protein rescue the gsr-1 embryonic lethal phenotype. In
gsr-1; vzEx105 [Pgsr-1::gsr-1] animals, untagged GSR-1 produced
by the vzEx105 transgene provides enough maternal load to allow
the non-transgenic gsr-1 progeny to reach the reproductive
stage (Fig. 7A, dashed bar), similarly to gsr-1(mþ ,z-) worms
segregating from gsr-1/qC1 balanced parents. In contrast, in
gsr-1; vzEx93 [Pgsr-1::gsr-1::gfp] animals, the GSR-1::GFP fusion
protein produced by the vzEx93 transgene fails to provide ma-
ternal rescue, so only the transgenic progeny carrying the vzEx93
transgene are viable, while all the non-transgenic siblings arrest at
early embryogenesis (difference between eggs laid and adults,
Fig. 7A). The failure of the GSR-1::GFP fusion protein to provide
maternal rescue could be explained by a lower enzymatic effi-
ciency and/or a faster turnover of the GSR-1::GFP homodimers
compared to wild type GSR-1 homodimers.

We next asked whether the embryonic lethal phenotype is due
to a specific GSR-1 requirement in cytoplasm or mitochondria or,
instead, to the simultaneous absence of the protein in both com-
partments. To address this, we performed isoform-specific rescue
experiments in gsr-1 mutants expressing, respectively, the mi-
tochondrial GSR-1a::GFP or cytoplasmic GSR-1b::GFP fusion pro-
teins (Fig. 2L-N). As GSR-1::GFP fusions do not provide maternal
load, a qualitative determination of the isoform-specific rescue is
possible by simply scoring viable vs non-viable progeny. Interes-
tingly, while gsr-1 mutants expressing GSR-1b::GFP exclusively in
the cytoplasm (either from the vzEx145 [Pgsr-1::gsr-1b(Δ1st
exon)::gfp] or the vzEx147 [Pgsr-1::gsr-1b(1st ATG mutated)::gfp]
transgenes) rescued the embryonic lethal phenotype, no viable
progeny was obtained from gsr-1 mutants expressing the mi-
tochondrial specific GSR-1a::GFP isoform (from the vzEx158
[Pgsr-1::gsr-1a(2nd ATG mutated)::gfp] transgene) (Fig. 7A). These
data imply that cytoplasmic GSR-1 is sufficient to restore normal
embryonic development and that alternative redox systems such
as the cytoplasmic thioredoxin system (redundant to the glu-
tathione system in other organisms) are not able to substitute
GSR-1 when absent from the cytoplasm.

The dispensability of mitochondrial GSR-1a, at least under non-
stress normal growth conditions, could be explained by the pre-
sence of a redundant GSSG reducing system in mitochondria. In S.
cerevisiae and A. thaliana, mitochondrial thioredoxin reductase is
able to reduce GSSG in this organelle in the absence of mi-
tochondrial glutathione reductase [58] (Meyer AJ, personal com-
munication). To test if this genetic redundancy is maintained in
C. elegans, we generated strains expressing only cytoplasmic
GSR-1b::GFP (from vzEx145 and vzEx147 transgenes) in a gsr-1
(tm3574) trxr-2(tm2047) double mutant background. As shown in
Fig. 7B, restoring GSR-1 activity exclusively in the cytoplasm of gsr-
1 trxr-2 double mutants also produced viable progeny, arguing
against TRXR-2 as a redundant system for mitochondrial GSR-1a in
worms. Collectively, these data demonstrate that in C. elegans,
cytoplasmic GSR-1b is essential for embryonic development and
that mitochondrial GSR-1a might be required for a yet to be
identified dispensable function in this organelle.
3. Discussion

Most eukaryotic organisms have one single glutathione re-
ductase gene encoding both cytoplasmic and mitochondrial iso-
forms by the use of alternative translation initiation sites [22–25].
In this study, we show that this is also the case for the C. elegans
glutathione reductase gsr-1 gene, where translation from the first
ATG codon results in the mitochondrial GSR-1a isoform, with an
N-terminal MTS mostly encoded by the first exon, while transla-
tion from a second in-frame ATG codon located at the beginning of
the second exon generates the cytoplasmic isoform GSR-1b
(Fig. 2L-T). Furthermore, C. elegans is one of the few examples of an
eukaryotic organism with an essential requirement of glutathione
reductase for viability. We show here that it is the cytoplasmic
isoform of GSR-1 that is essential for viability (Fig. 7A). While in
many organisms the thioredoxin system backups GSSG reduction
in the absence of glutathione reductase [14] this appears not to be
the case for C. elegans, despite the fact that both systems have been
shown to cooperate in other processes such as worm molting [37].
Therefore, the C. elegans thioredoxin and glutathione systems
share common functions but also have specific non-overlapping
roles in worm physiology.

gsr-1 mutants with maternal load, gsr-1(mþ ,z-), are viable and
reach the reproductive stage indiscernibly fromwild type controls.
In turn, gsr-1(m-,z-) animals lacking maternal load arrest during
early embryogenesis, displaying a robust progressive cell division
delay phenotype (Fig. 6A) concomitant with an aberrant dis-
tribution of interphasic chromatin (Fig. 6B). Several possibilities
might account for this lethal phenotype: i) as GSH depletion has
been shown to inhibit DNA synthesis and to compromise cell cycle
progression in mammalian cells [59,60], this dependence on GSH
supply may also apply to C. elegans embryos. A possible mecha-
nism could involve histone H3 glutathionylation that leads to a
relaxed histone octamer in which DNA is less tightly packed
around the nucleosome, thus opening chromatin [50]. Conversely,
deglutathionylation of histone H3 results in a more compact dis-
tribution of chromatin ultimately decreasing gene expression and
DNA synthesis. Thus, the absence of a GSH regenerating system in
gsr-1(m-,z-) embryos could compromise nuclear histone H3 glu-
tathionylation, which may explain the aberrant chromatin dis-
tribution and cell division delay; ii) related to the this, the thio-
redoxin and glutathione/glutaredoxin systems are the two enzy-
matic pathways providing reducing equivalents to the essential
enzyme ribonucleotide reductase (RNR), responsible for the supply
of deoxyribonucleotides for DNA synthesis and repair [61]. While
the glutathione system is much more efficient with the E. coli RNR
enzyme, in mammals the thioredoxin system is one order of
magnitude more efficient than the glutaredoxin system [62]. If
C. elegans RNR is more dependent on the glutathione system, as
found in bacteria, failure to reduce RNR could be a cause of the
lethality of gsr-1(m-,z-) worms; iii) mutations in mitochondrial
genes have also been shown to cause embryonic arrest in
C. elegans [47,48]. Although we have not been able to detect ab-
normal mitochondrial network distribution in gsr-1(m-,z-) em-
bryos (Movie 4), the fact that maternally rescued gsr-1 mutants
have lower amount of mitochondria, increased mitochondrial
fragmentation and induced levels of hsp-6, a mitochondrial stress
reporter (Fig. 4), it is possible that impaired mitochondrial func-
tion may also account for the gsr-1(m-,z-) embryonic arrest phe-
notype; iv) alternatively, it is possible that gsr-1(m-,z-) embryos
could die by GSSG poisoning. In mammalian cell cultures with
compromised GSSG reducing activity, GSSG is excreted into the
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cell culture medium to avoid the toxicity of its intracellular
buildup [16]. If such mechanism also happens in C. elegans gsr-1
(m-,z-) embryos, excreted GSSG would accumulate within the non-
permeable extracellular peri-embryonic space of the embryo [63],
where the progressive buildup of GSSG would ultimately cause
embryo poisoning. It will be interesting to test this hypothesis by
either microinjecting permeable GSH derivatives, GSH precursors
or recombinant GSR-1 into the gsr-1(m-,z-) embryos [64] or by
transgenically expressing GSR-1 in their peri-embryonic space.

As GSH synthesis is restricted to the cytoplasm, the mi-
tochondrial GSH pool is generated by an active import of cyto-
plasmic GSH via specific carriers. In turn, it is generally accepted
that mitochondrial GSSG is not readily exported from this orga-
nelle, being therefore reduced by mitochondrial glutathione re-
ductase [65]. C. elegans gsr-1 mutants with transgenic GSR-1 ex-
pression restricted to cytoplasm are viable, implying that mi-
tochondrial glutathione reductase is dispensable in C. elegans, at
least under normal non-stress conditions and, therefore, that GSSG
does not accumulate in mitochondria. As mitochondrial thio-
redoxin reductase has been shown to substitute for mitochondrial
glutathione reductase in yeast and plants [58] and (Meyer AJ,
personal communication), we first tested whether this functional
redundancy is maintained in C. elegans. However, a double mutant
gsr-1(m-,z-) trxr-2 (with transgenic GSR-1 expression in the cyto-
plasm to allow development) is also viable (Fig. 7B), suggesting
that trxr-2 is not functionally redundant with gsr-1 in worms. We
next asked whether mitochondrial GSR-1 is dispensable during
normal non-stressed conditions but required under mitochondrial
stresses to provide mitochondria with enough GSH to counteract
the insults. We tested this possibility and demonstrate that ani-
mals lacking mitochondrial GSR-1 are as resistant as wild type
controls when exposed to toxic doses of paraquat or juglone, thus
ruling out that mitochondrial GSR-1 is needed under mitochon-
drial stress (Supplemental Fig. 2). In this context, the dis-
pensability of mitochondrial gsr-1 (and trxr-2) in C. elegans poses
some interesting hypotheses: i) mitochondrial GSSG reduction is
carried out by a third, yet unknown, mitochondrial reducing sys-
tem in the absence of gsr-1 and trxr-2; ii) GSSG can be exported
from mitochondria to be reduced in the cytoplasm. Although
studies in yeast show that the mitochondrial matrix and inter-
membrane space glutathione pools are maintained separately [66],
a GSSG export activity has been described for the inner mi-
tochondrial membrane ATP-binding cassette transporter ATM3 (in
A. thaliana) and Atm1 (in S. cerevisiae) [67]. Thus, it is conceivable
that GSSG generated in the mitochondrial matrix could be ex-
ported to the intermembrane space by these transporters, from
where it can reach the cytoplasm via porins [66] to be reduced by
cytoplasmic glutathione reductase as there is no GSSG reducing
system in the mitochondrial intermembrane space. The C. elegans
abtm-1 gene is the ortholog of ATM3/Atm1 and its mutation cau-
ses embryonic lethality. Instead, worms with downregulated levels
of abtm-1 by RNAi are viable, although have increased oxidative
stress and ferric iron accumulation [68]. This lethality of abtm-1
mutants is presumably originated by a failure to transport Fe-S
clusters to cytoplasm rather than a GSSG accumulation in mi-
tochondria, as these animals are wild type for gsr-1. We performed
abtm-1 RNAi in gsr-1(mþ ,z-) worms and did not observe any
compound phenotype, suggesting that GSSG is not accumulating
in their mitochondria, even in the absence of this putative GSSG
exporter (data now shown); iii) alternatively, mitochondrial GSR-1
could be needed for yet unknown additional non-essential roles in
this organelle, other than reducing GSSG. An example of a novel
additional function of glutathione reductase is the reduction of the
redox-regulated mitoNEET protein, an outer mitochondrial mem-
brane protein that has been implicated in energy homeostasis and
mitophagy [69,70].
In summary, we describe here the phenotypes that the absence
of glutathione reductase causes in the model organism C. elegans.
The availability of cytoplasmic and mitochondrial thioredoxin re-
ductase mutants in this organism, and the fact that gsr-1 has now
been characterised, offers an ideal scenario where to study the res-
pective contribution of the different compartmentalized redox
systems in the context of a multicellular organism. Although our
results clearly show that GSR-1 is dispensable in mitochondria, it
is yet intriguing why gsr-1(mþ ,z-) mutants display mitochondria-
associated phenotypes. It is plausible that under limiting GSR-1
availability as in gsr-1(mþ ,z-) mutants, resources are derived to
maintain the essential cytoplasmic function thus provoking mi-
tochondrial susceptibility. Future studies aimed to specifically in-
activate gsr-1 mitochondrial or cytoplasmic isoforms by CRISPR
technology will be instrumental to further refine their respective
contribution to cell function and redox homeostasis.
4. Materials and methods

4.1. C. elegans strains and culture conditions

The standard methods used for culturing and maintenance of
C. elegans were as previously described [71]. The strains used in
this work are described in Supplemental Table 1. All experiments
were performed at 20 °C unless otherwise noted. All VZ strains are
6x backcrossed with N2 wild type.

4.2. gsr-1 expression constructs, transgenesis and image analysis of
transgenic animals

For fluorescent reporter constructs, DNA fragments containing
the 2.2 kb upstream promoter region of the gsr-1 gene (including
the first 15 nucleotides of the coding region), the 2.2 kb promoter
region plus the complete gsr-1 genomic ORF and the gsr-1 genomic
ORF except the first exon were amplified from C. elegans wild type
genomic DNA and cloned into the PstI and BalI sites of the
pPD95.81 vector (Fire Lab C. elegans Vector Kit 1995 (un-
published)) to generate gsr-1 transcriptional and translational GFP
reporters, respectively. Mutagenesis reactions (1st exon deletion
and 1st and 2nd ATG codon substitutions) were performed on the
2.2 kb promoter gsr-1 translational GFP reporter construct using
the QuickChange II XL Site Directed Mutagenesis Kit (Stratagene)
and confirmed by sequencing. For the reporter construct targeting
GFP to muscle cell mitochondria directed by gsr-1 MTS, we am-
plified a 2.4 kb region of the myo-3 gene promoter with primers
that included the gsr-1 MTS sequence from the pBN42 plasmid
([Pmyo-3::gfp::3′-UTRunc-54] [72]) and cloned it into the BamHI
site of the pPD95.81 vector. Correct orientation of the insert was
confirmed by sequencing. For expression of wild type GSR-1, we
amplified a fragment containing the gsr-1 2.2 kb promoter region,
the genomic ORF and 3′-UTR from C. elegans wild type genomic
DNA and cloned it into the PstI and SpeI sites of the pSPARK I
vector (Canvax Biotech). The sequences of all primers used for
cloning are available upon request. Transgenic worms were gene-
rated by DNA microinjection as previously described [73]. The
pRF4 [rol-6(su1006)] [73] and coel::GFP [Punc-122::gfp] [74] plas-
mids were used as coinjection markers at 50 ng/μl. The gsr-1 ex-
pression constructs described above were injected into N2 wild
type animals (either as circular plasmids or linear fragments) at
varying concentrations ranging from 10 to 50 ng/μl.

For image analysis of fluorescent transgenic worms, animals
were mounted in a 5 μl drop of 10 mM levamisole on a 3% agarose
pad covered with a coverslip. Differential interference contrast
(DIC) and fluorescence imaging was performed on a Zeiss Axio-
Imager M2 with ApoTome Unit fluorescence microscope and
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images were captured with the AxioVision 4.8 Software (Zeiss)
(Fig. 2A-K).

4.3. Imaging of mitochondria, sarcomeres and measures of mito-
chondrial function

For Figs. 2M-N and 2R-T, animals were picked into 25 ml M9
buffer and were immobilized only by the pressure from the cover
slip. Images in M and N were taken using a Nikon H600L micros-
cope (Nikon Corporation, Tokyo, Japan) and a Nikon Digital Sight
DS-Fi1 digital camera with proprietary software. Images R – T were
taken on a Zeiss AX10 microscope (Carl Zeiss AG, Oberkochen,
Germany) with an Axiocam MRC digital camera and Axiovision LE
software. Images R – T were taken using GFP, RFP, and triple-pass
filter sets, respectively. Images in Fig. 4A were taken in n¼60
animals and 4B-C in n=20 animals at young adulthood. Images in
4C were taken with a fixed exposure of 1 s and the fluorescence
was quantified using ImageJ. Corrected total animal fluorescence
was calculated using data from integrated density and area,
however, mean fluorescence minus background fluorescence
produced a similar result. Data were non-parametric and were
therefore analysed using a Mann Whitney test and significance
was set at po0.05.

4.4. RNA extraction and RT-PCR

For total RNA extraction, gravid hermaphrodites were washed
off the plates with M9 buffer and dissolved in 5 M NaOH bleaching
solution. Embryos were collected and washed several times with
M9 buffer. RNA was extracted from embryos using the NucleoSpin
RNA II (Macherey-Nagel) kit following the manufacturer's in-
structions. Total RNA was DNase-treated using the Amplification
Grade Dnase I (Sigma) and 1 mg of Dnase-treated RNA was reverse
transcribed in a 20 ml reaction mixture. cDNA was generated using
the iScript™ cDNA Synthesis Kit (Biorad). 1 mg of cDNA was used
for gsr-1 RT-PCR reactions using MBL-Taq DNA Polymerase (Do-
minion-MBL).

4.5. Recombinant protein expression, purification and glutathione
reductase enzymatic activity

gsr-1 cDNA from N2 wild type and gsr-1(tm3574) mutants was
amplified with the forward primer 5′-ACTGCATATGTCTGGCGT
CAAG-3′ and the reverse primer 5′- CATGCTCGAGTTAT
TATTCCGGCTTCACAC -3′ and cloned into the NdeI and XhoI re-
strictions sites of the pET-15b vector (Novagen) to generate the
constructs His-GSR-1b and His-ΔGSR-1b, respectively. These
constructs were used to transform the E. coli BL21(DE3) strain and
recombinant protein expression was induced by adding 0.5 mM
IPTG to a 500 ml LB medium bacteria culture of 0.5–0.7 OD sup-
plemented with 0.1 mg/ml ampicillin and further incubating the
cells at 25 °C and 200 rpm during 5 h. Cells were collected by
centrifugation, immediately resuspended in 25 ml Tris–HCl
20 mM pH 8, 0.1 M NaCl buffer supplemented with 15 mg de ly-
sozyme and 30 mg de Dnase I. After 5 min incubation at room
temperature the preparation was sonicated for 30 min on ice and
the cell free extract was obtained by centrifugation at 10,000g
during 30 min at 4 °C. Recombinant His-GSR-1b and His-ΔGSR-1b
proteins were purified from the cell free extract using a TALON
column (Clontech) equilibrated with Tris–HCl 20 mM pH 8, 0.1 M
NaCl buffer and eluted with 100 mM imidazol. Finally, the purified
proteins were dialyzed against the same buffer and concentrated
using Centricon YM-10 filter devices (Millipore). The glutathione
reductase enzymatic activity was determined as previously des-
cribed [75]. Briefly, a standard assay mixture (0.5 ml) containing
potassium phosphate buffer 0.1 M, pH 7.2, EDTA 1 mM, NADPH
200 μM, with different concentrations of His-GSR-1b and His-
ΔGSR-1b was prepared and the reaction was initiated by addition
of 0.5 mM GSSG. The decrease of absorbance at 340 nm (indicating
NADPH consumption) was recorded spectrophotometrically at
25 °C.

4.6. Embryonic cell lineage analysis

For embryonic cell lineage analysis, 4D-microscopy was carried
out using standard live-animal mounting techniques on a Leica
DM6000 microscope fitted with DIC optics. The use of DIC optics
allows cells tracing without using any dye or fluorescent marker
that might alter the cell cycle progression. Embryonic cell lineage
was determined as described [76]. In summary, gravid herma-
phrodites were dissected and 2-to 4-cell stage embryos were
mounted on 4% agar pads in water, and sealed with Vaseline.
Imaging was performed at 25 °C. The multi-focal time-lapse mi-
croscopy of the samples was controlled with the open source
software Micro-manager (www.micro-manager.org). Pictures on
30 focal planes (1 µm/section) were taken every 30 s for 12 h.
Embryo lineages were analyzed with the software SimiBiocel (SIMI
GmbH, www.simi.com).

4.7. Brood size determination

L4 larvae were singled onto OP50 seeded plates, allowed to lay
eggs at 20 °C and transferred to new plates every 12 h until the
animals stopped reproducing. Eggs were counted and then in-
cubated further at 20 °C to quantify adult progeny four days later.

4.8. Longevity assay

Lifespan assays were performed at 20°C as previously described
[77] with slight modifications. Tightly synchronized embryos from
gravid adult hermaphrodites were allowed to develop through the
L4 larval stage and then transferred to fresh NGM plates in groups
of 20 worms per plate for a total of 80 individuals per experiment.
The day animals reached the L4 larval stage was used as t¼0.
Animals were transferred to fresh plates daily until progeny pro-
duction ceased and after that they were transferred every second
to third day but monitored daily for dead animals. Nematodes that
did not respond to gentle prodding and displayed no pharyngeal
pumping were scored as dead. Animals that crawled off the plate
or died due to internal hatching or extruded gonad were censored
and incorporated as such into the data set.

4.9. Paraquat and Juglone acute treatment

Plates containing the appropriate amount of the respective
chemical were prepared freshly prior the experiment. To minimize
the number of animals crawling off the agar, OP50 bacteria (from
seeded plates) was directly spread in the center of the plates using
an inoculating loop. L4 larvae were transferred to plates and sur-
vival was determined after 16 h incubation at 20 °C. Nematodes
that did not respond to gentle prodding and displayed no pha-
ryngeal pumping were scored as dead. Animals that crawled off
the plate were censored.

4.10. Embryonic/larval arrest assays

10 gravid trxr-1(sv47); gsr-1(tm3574)/qC1::rfp hermaphrodites
were allowed to lay eggs during 3 h at 20 °C and subsequently
removed. Embryos were counted and then allowed to develop for
4 days at 20 °C after which non RFP trxr-1(sv47); gsr-1(mþ ,z-)
adults, larvae and unhatched embryos were quantified.

http://www.micro-manager.org
http://www.simi.com
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4.11. SKN-1 dependent gene expression quantification and nuclear
translocation of SKN-1 fluorescent reporter

Worms at their third day of adulthood expressing dvEx166
[Pgst-4::gfp] and svEx741 [Pgcs-1::gfp] extrachromosomal arrays
were mounted in a 5 ml drop of 10 mM levamisole on a 3% agarose
pad covered with a coverslip. Fluorescence imaging was per-
formed on a Olympus BX61 fluorescence microscope equipped
with a Olympus DP72 camera and images were captured with the
CellSensDimension 1.12 Software (Olympus). All micrographs were
taken with identical image capture settings and quantification of
GFP expression (measured as the fluorescence mean of 25 worms
divided by the selected area and normalized by the background
adjacent to the selected worm in the same image) was performed
using the ImageJ Software (NIH). When needed, equal adjustment
of brightness and contrast on control and matched problem ima-
ges was implemented using Adobe Photoshop 10 Software (Adobe
Systems). To visualize SKN-1B/C::GFP nuclear translocation, young
adults were washed from plates, anesthetized with 1 mM leva-
misole and mounted on 2% agarose pads. Visualization and ima-
ging was performed using an Olympus IX81 automated inverted
microscope and Slidebook (version 5.0) software. SKN-1B/C::GFP
localization quantification, the percent intestinal SKN-1 nuclear
localization was categorically scored as follows: none: no locali-
zation, low: posterior or anterior intestinal localization, medium:
posterior and anterior intestinal localization, high: localization
throughout the entire intestine [78].

4.12. Mitochondrial related phenotypes

To determine if gsr-1 deficiency had any effect on mitochondria
related phentoypes, age-synchronized, young adult animals
(n¼60) were assessed for mitochondrial networking in
gsr-1(mþ ,z-); ccIs4251 [Pmyo-3::mito::gfp] vs control ccIs4251
[Pmyo-3::mito::gfp] animals. There was significantly greater mi-
tochondrial fragmentation in the gsr-1 animals than controls at
20 °C (po0.001) and 25 °C (po0.05). Determination of sarcomere
structure in gsr-1(mþ ,z-); jIs01[Pmyo-3::myo-3::gfp] were com-
pared to control jIs01[Pmyo-3::myo-3::gfp] animals (n¼20 per
group) both at 20 °C and at 25 °C. There was no significant dif-
ference between groups (p40.05). For mitochondrial content
determination, we loaded animals with JC-10, a dye that accu-
mulates proportionally to a negative mitochondrial membrane
potential as previously described [79]. Wild type control animals
had significantly greater fluorescence of the gut mitochondria than
did gsr-1(mþ ,z-) animals (po0.001). Images were taken with a
fixed exposure of 1 s on the Nikon H600L microscope and the
fluorescence was quantified using ImageJ. Corrected total animal
fluorescence was calculated as follows: Integrated density – area of
the worm x mean fluorescence of three background readings. Data
were analyzed using a Mann-Whitney test as data were non-
parametric.

4.13. Embryonic chromatin dynamics analysis

BN323 animals were maintained at 16 °C and shifted to 25 °C
2 h prior to microscopy. Heterozygous and homozygous gsr-1
mutants were dissected and early embryos were mounted to-
gether in M9 buffer on 2% agarose pads. Coverslips were placed
over the embryos and sealed with VALAP (1:1:1 mixture of Va-
seline, lanolin and paraffin). Confocal epifluorescence and DIC
images from three focal planes were acquired at 25 °C every
10 min on a Nikon A1R microscope through a Plan Apo VC 60x/1.4
objective (Nikon, Tokyo, Japan) using a pinhole of 39.7 mm (1.2 Airy
Units).
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