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Abstract

Aim: Functional in vivo studies on the mitochondrial thioredoxin system are hampered by the embryonic or
larval lethal phenotypes displayed by murine or Drosophila knock-out models. Thus, the access to alternative
metazoan knock-out models for the mitochondrial thioredoxin system is of critical importance. Results: We
report here the characterization of the mitochondrial thioredoxin system of Caenorhabditis elegans that is com-
posed of the genes trx-2 and trxr-2. We demonstrate that the proteins thioredoxin 2 (TRX-2) and thioredoxin
reductase 2 (TRXR-2) localize to the mitochondria of several cells and tissues of the nematode and that trx-2 and
trxr-2 are upregulated upon induction of the mitochondrial unfolded protein response. Surprisingly, C. elegans
trx-2 (lof ) and trxr-2 (null) single and double mutants are viable and display similar growth rates as wild-type
controls. Moreover, the lack of the mitochondrial thioredoxin system does not affect longevity, reactive oxygen
species production or the apoptotic program. Interestingly, we found a protective role of TRXR-2 in a transgenic
nematode model of Alzheimer’s disease (AD) that expresses human b-amyloid peptide and causes an age-
dependent progressive paralysis. Hence, trxr-2 downregulation enhanced the paralysis phenotype, while a
strong decrease of b-amyloid peptide and amyloid deposits occurred when TRXR-2 was overexpressed.
Innovation: C. elegans provides the first viable metazoan knock-out model for the mitochondrial thioredoxin
system and identifies a novel role of this system in b-amyloid peptide toxicity and AD. Conclusion: The
nematode strains characterized in this work make C. elegans an ideal model organism to study the patho-
physiology of the mitochondrial thioredoxin system at the level of a complete organism. Antioxid. Redox Signal.
16, 1384–1400.

Introduction

Aerobic metabolism has the inescapable consequence of
generating oxygen intermediates, collectively called re-

active oxygen species (ROS), which were initially regarded as
detrimental by-products of metabolism because uncontrolled
ROS can be extremely harmful to all cellular components.
Increasing evidence, however, demonstrates that ROS play a

key role in many redox signaling pathways relevant for
both healthy and pathological physiology (8). These two
apparently contradictory aspects of ROS function have re-
cently been reconciled in a new definition of oxidative stress
as ‘‘an imbalance between oxidants and antioxidants in favor
of the oxidants, leading to a disruption of redox signalling and
control and/or molecular damage’’ (49). Hence, maintenance
of redox homeostasis is critical for the survival of all
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organisms and this safeguarding function is largely accom-
plished by the thioredoxin and glutaredoxin systems, which
are the two major redox regulatory enzymatic systems in most
organisms (35).

Being an important source of ROS (4, 28), mitochondria are
well protected against the deleterious effects of ROS by a set of
antioxidant defenses such as superoxide dismutases, gluta-
thione peroxidases, glutathione transferases, peroxiredoxins
and specific mitochondrial thioredoxin and glutaredoxin
systems (27). In addition to its key role as antioxidant defense
(5, 44, 60), the mitochondrial thioredoxin system has been
shown to be an important mediator of many processes where
the mitochondrial function is crucial, such as apoptosis (55),
angiogenesis (9), transcription factor DNA binding activity
(46) or cell growth and differentiation (25, 38), among others.
Interestingly, the mitochondrial thioredoxin system has
been shown to functionally interact with the mitochondrial
glutaredoxin system by directly reducing mitochondrial
glutaredoxin (22). Furthermore, both mitochondrial systems
display overlapping functions as, for example, in the reduc-
tion of the mitochondrial peroxiredoxin (18).

Mitochondrial thioredoxin systems are, in most cases,
composed of dedicated thioredoxin reductase and thiore-
doxin proteins encoded by nuclear genes, different from those
that encode the cytoplasmic thioredoxin system (36). An ex-
ception to this generality is found in Drosophila melanogaster,

where the same gene (trxr-1) encodes both the cytoplasmic
and the mitochondrial thioredoxin reductase isoforms by al-
ternative splicing (37). Surprisingly, a mitochondria-specific
thioredoxin has not yet been identified in this organism. In
yeast, null mutants of the mitochondrial thioredoxin system
(composed of trxr-2 and trx-3 genes) are viable but show en-
hanced sensitivity to oxidative stress (43). In contrast, inacti-
vation of the mouse mitochondrial thioredoxin system trxr-2
and trx-2 genes results in early embryonic lethality (7, 40) and
null mutants of the Drosophila trxr-1 gene die at the second
instar larval stage (37). These lethal phenotypes in several
model organisms entail important difficulties to genetically
dissect the pathways in which the eukaryotic mitochondrial
thioredoxin system participates.

In this context, we focused our attention on C. elegans, a
well-established, genetically tractable model, in order to
study the functions of the mitochondrial thioredoxin system
in vivo and in the framework of a complete organism. Sur-
prisingly, C. elegans mutants of the mitochondrial thioredoxin
system are viable and do not show any apparent phenotype
even under stress conditions. However, we have uncovered
an unexpected protective role of the mitochondrial thiore-
doxin reductase trxr-2 gene in a worm model of Alzheimer’s
disease (AD) that shows an age-dependent progressive
paralysis phenotype upon overexpression of the human
b-amyloid peptide (31).

Results

C. elegans trx-2 and trxr-2 genes
form a functional thioredoxin system

Previous in silico genomic analyses have demonstrated the
presence of two different thioredoxin reductases in C. elegans
encoded by the trxr-1 and trxr-2 genes, respectively (16). We
have recently demonstrated that thioredoxin reductase 1
(TRXR-1) has a cytoplasmic localization (51), while TRXR-2 is
assumed to be a mitochondrial protein based on the presence of
a putative mitochondrial targeting sequence (MTS) at its N-
terminus (Supplementary Fig. S1A; Supplementary Data are
available online at www.liebertonline.com/ars). Although C.
elegans TRXR-2 has been demonstrated to function as thiore-
doxin reductase in enzymatic assays (29), its subcellular local-
ization has not yet been addressed experimentally in vivo. To
identify potential candidates for the mitochondrial thioredoxin
protein, we screened the C. elegans proteome searching for
proteins harboring the conserved thioredoxin active sequence
WCGPC plus any potential N-terminal sequence with charac-
teristics of an MTS. We found the product of the worm gene
B0024.9 as the only one meeting both criteria and accordingly
named it trx-2. The putative thioredoxin 2 (TRX-2) MTS is
shown in Supplementary Figure S1B. Both C. elegans TRXR-2
and TRX-2 predicted proteins display a high homology with
worm and human TRXR-1 and TRX-1 proteins, respectively
[(16) and Supplementary Fig. S1C], with the exception that C.
elegans TRXR-2 is not a selenocysteine-containing protein.

Two deletion alleles, tm2047 and ok2267, are available for
the trxr-2 gene, which is composed of 6 exons and spans
about 3 kb on linkage group III (www.wormbase.org; Fig.
1A). The tm2047 allele is a 507 bp deletion that removes part
of the proximal trxr-2 promoter, the first exon, which con-
tains the ATG codon and the N-terminal redox active site
(CANVGC), plus part of the second exon. Likewise, the

Innovation

The in vivo study of the metazoan mitochondrial
thioredoxin system function(s) is severely hampered by the
lack of an appropriate model at the level of a complete
organism. This critical limitation is illustrated by both the
murine and Drosophila knock-out models that display
embryonic or larval lethal phenotypes, respectively. The
present work describes the functional characterization of
the mitochondrial thioredoxin system of Caenorhabditis
elegans. Our findings show that this nematode model is the
first reported metazoan in which the absence of the mito-
chondrial thioredoxin system does not cause any lethal
phenotype. Thus, the availability of a viable metazoan
model lacking a functional mitochondrial system com-
bined with the genetic amenability of C. elegans provide an
ideal scenario to further investigate the in vivo functions of
this system as well as to identify other redundant enzy-
matic systems functionally overlapping with the mito-
chondrial thioredoxin system.

Mitochondrial dysfunction and alterations in redox
homeostasis have been unequivocally linked to the pro-
gression of many neurodegenerative diseases. Using
Caenorhabditis elegans, we have uncovered a protective role
of the mitochondrial thioredoxin reductase 2 against the
paralysis phenotype caused by the aggregation of the
b-amyloid peptide in the muscle cells of the nematode, a
well-established invertebrate model of Alzheimer’s disease
(AD). This unexpected finding paves the way to use the
strains generated in this work in pharmacological screens
and other studies of clinical significance aimed at evalu-
ating the role of mitochondria, and more specifically, that
of the mitochondrial thioredoxin system, in the patho-
physiology of AD.
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ok2267 allele is a 1649 bp deletion spanning from exon 1 to 5,
thus removing most of the trxr-2 gene (Fig. 1A). Reverse–
transcriptase–polymerase chain reaction (RT-PCR) failed to
identify any messenger RNA (mRNA) species, demonstrating
that both tm2047 and ok2267 are null trxr-2 alleles (Fig. 1B).

Similarly, two deletion alleles, tm2720 and ok1526, are also
available for the trx-2 gene, which is composed of 3 exons and
spans about 1.1 kb on linkage group V (www.wormbase.org;
Fig. 1C). The tm2720 allele is a 218 bp deletion that eliminates
part of the third exon of the trx-2 gene (Fig. 1C), while the

ok1526 deletion completely removes the trx-2 gene plus part of
a neighboring gene (www.wormbase.org) and was not fur-
ther considered for our study. RT-PCR analysis on the tm2720
allele identifies two shorter trx-2 mRNA variants (Fig. 1D)
that differ by an additional splicing event in the 3¢-UTR of the
trx-2 mRNA (data not shown). The conceptual translation of
the tm2720 mRNA variant produces a truncated protein
(DTRX-2) that lacks the C-terminal half of the mature wild-
type TRX-2 protein, which contains amino acid residues
critical for protein-protein interaction and redox active-site

FIG. 1. Genomic organization, cDNA expression of Caenorhabditis elegans trxr-2 and trx-2 genes and enzymatic activity
of recombinant TRX-2. Exon-intron structure of the trxr-2 (A) and trx-2 (C) genes where boxes represent exons and lines
introns. White boxes indicate 5¢- and 3¢-UTRs respectively, while gray boxes indicate the ORF. The sequence and position of
their respective redox-active sites are shown and the lines underneath denote the regions deleted in the alleles used in this
study. RT-PCR expression of trxr-2 (B) and trx-2 (D) genes from N2 wild-type, trx-2 and trxr-2 single mutants. While both
trxr-2 (tm2047) and (ok2267) are null alleles (no mRNA produced), two shorter bands, as compared with the one of wild-type
control, are produced from the trx-2 (tm2720) allele. The ama-1 gene was used as a housekeeping gene loading control.
Recombinant C. elegans histidine-tagged TRX-2 (His-CeTRX-2) and a truncated variant from the conceptual translation of the
tm2720 allele (His-CeDTRX-2) were assayed for their capability of reducing insulin disulfide bonds using DTT (E) or NADPH
and rat thioredoxin reductase-1 (F) as electron donor (20). - His-hTRX-1; : His-CeTRX-2; , His-CeDTRX-2; 6 His-CeTRX-
2 without DTT (E) or thioredoxin reductase (F); B, reaction mix only. An increase in absorbance at OD595 measures insulin
precipitation on reduction, while a decrease in absorbance at OD340 measures NADPH consumption. Recombinant human
histidine-tagged TRX-1 (His-hTRX-1) was used as positive control. UTR, untranslated region; RT-PCR, reverse transcriptase–
polymerase chain reaction; ORF, open reading frame; OD, optical density; DTT, 1,4-dithio-d-threitol; NADPH, reduced
nicotinamide adenine dinucleotide phosphate.
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stabilization (11). Consistent with this analysis, recombinant
DTRX-2 is devoid of enzymatic activity in both the 1,4-dithio-
d-threitol (DTT) and reduced nicotinamide adenine dinu-
cleotide phosphate (NADPH)/thioredoxin reductase assay as
compared with that of mature full-length TRX-2 (Fig. 1E, F),
thus supporting the notion that the tm2720 allele is a loss-of-
function allele. The TRX-2 enzymatic activity described here
together with that reported by Hondal’s group on TRXR-2
(29) suggests that TRXR-2 and TRX-2 constitute a functional
thioredoxin system.

TRX-2 and TRXR-2 are mitochondrial proteins

To demonstrate TRX-2 and TRXR-2 subcellular localiza-
tion in mitochondria as well as to identify the cells and tis-
sues expressing these proteins within the nematode, we
generated transgenic animals expressing transcriptional
(promoter only) and translational (promoter plus gene)
green fluorescent protein (GFP) fusion reporters. Note-
worthy, trxr-2 is the third gene in an operon composed of the
unc-32, tpk-1 and trxr-2 genes (www.wormbase.org). It has
been recently reported that downstream genes within an
operon can be additionally transcribed from internal pro-
moters (21). Therefore, to evaluate the possibility that C.
elegans trxr-2 could also be transcribed from an internal
promoter, we made transcriptional and translational GFP
fusions using both the unc-32 promoter and the putative
internal trxr-2 promoter (which spans 343 bp from the end of
tpk-1 gene to the ATG codon of trxr-2 gene).

A transcriptional construct Ptrx-2::GFP was expressed only
in AIYL/R and ASEL neurons as determined by the position
of their cell bodies, morphology of their axons and dendrites
and colocalization experiments with specific markers for these
neurons (Fig. 2A–C and Supplementary Fig. S2). In some, but
not all, transgenic animals, a fourth neuron identified as ASER
also displayed fluorescent signals (data not shown). The
unc-32 gene, the first gene of the trxr-2 operon, has been
previously reported to be expressed in several cells and tis-
sues such as the ventral nerve cord, nerve ring and sper-
mathecal-uterine valve, among others (41). We confirmed
most of these expression patterns in transgenic animals
harboring a Punc-32::GFP construct and, in addition, we
also detected expression in muscle cells, several neurons
in the tail, intestinal cells and coelomocytes (Fig. 2D–F).
This expression pattern was complemented with that of the
trxr-2 internal promoter where a transcriptional construct
Ptrxr-2::GFP was found to be expressed in the intestine plus
additional neurons in the head (Fig. 2G–I). Interestingly, in
L1 animals, only two (unidentified) neurons are marked, but
the number of neurons showing fluorescence increases as the
animal grows to adulthood (Fig. 2G–I). As a whole, the
combined expression pattern of unc-32 and trxr-2 internal
promoters suggests a basically ubiquitous expression of
TRXR-2, which strongly contrasts the restricted expression
for TRX-2 in only three to four head neurons.

Transgenic animals expressing translational Ptrx-2::trx-2::GFP,
Punc-32::trxr-2::GFP and Ptrxr-2::trxr-2::GFP constructs all
showed an expression pattern consistent with mitochondrial
localization (Fig. 2J–P). Thus, Ptrx-2::trx-2::GFP was clearly
expressed in muscle cells in the head, vulva or body wall
where mitochondria display their typical tubular morphology
(Fig. 2J, K). Indeed, the expression in head muscle cells pre-

cluded in most cases the identification of the AIYL/R and
ASEL neurons labeling (Fig. 2J). The fact that muscle cells
are marked only when using the translational construct
Ptrx-2::trx-2::GFP but not the transcriptional construct
Ptrx-2::GFP indicates that additional regulatory sequences di-
recting muscle expression are present within the trx-2 genomic
open reading frame. The translational Punc-32::trxr-2::GFP
construct was found to be expressed in a punctate pattern in
the head neurons and ventral nerve cord, while in body wall
muscle cells and intestine, the mitochondria distribution was
found in a tubular/reticular pattern excluding the nucleus
(Fig. 2L, M). Finally, the Ptrxr-2::trxr-2::GFP translational
construct expression demonstrated perinuclear punctate
fluorescence in several head neurons and reticular labeling in
the intestinal cells when transcribed from its internal pro-
moter (Fig. 2N–P).

To unequivocally demonstrate in vivo that the patterns
obtained with the translational fusion constructs do indeed
pertain to mitochondria, we first generated expression con-
structs in which the putative TRXR-2 and TRX-2 MTS (Sup-
plementary Fig. S1A and B, respectively) were directly fused
to GFP. Transgenic animals harboring Ptrx-2::MTS::GFP,
Punc-32::MTS::GFP and Ptrxr-2::MTS::GFP all confirmed that
the punctate/reticular patterns obtained with the transla-
tional GFP constructs are indeed driven by their respective
putative MTS (Fig. 3A–G). Next, we performed mitochon-
drial colocalization experiments in the worm body wall
muscle cells, because this tissue expresses both TRX-2::GFP
and TRXR-2::GFP fusion proteins from the trx-2 and unc-32
promoters (Fig. 2J–L). As mitochondrial marker, we used a
fusion protein of C. elegans mitochondrial import receptor
subunit TOMM-20 and monomeric red fluorescent protein
(mRFP), whose expression is driven in body wall muscle
cells by the myo-3 promoter (Supplementary Table S1, a kind
gift of Dr. Amir Sapir and Dr. Paul Sternberg). As shown in
Figure 3H and I, the mitochondrial reporter TOMM-20::mRFP
colocalizes with both TRX-2::GFP and TRXR-2::GFP fusion
proteins expressed in body wall muscle cells from their re-
spective trx-2 and unc-32 promoters. Taken together, all these
experiments demonstrate that both trx-2 and trxr-2 genes en-
code the C. elegans mitochondrial thioredoxin system.

The mitochondrial thioredoxin system
is dispensable for C. elegans development

Next, we set out to evaluate the phenotypic effect of the lack
of trx-2 and trxr-2 genes during C. elegans development. To
our surprise, and in sharp contrast with the early embryonic
lethal phenotypes displayed by their mammalian orthologs
(7, 40), C. elegans trxr-2 and trx-2 single mutants were viable,
grew normally to adulthood with no apparent embryonic
or postembryonic defects, were fertile and had normal
mitochondrial morphology (Supplementary Table S2 and
Supplementary Fig. S3). Similarly, double mutants trx-2
(tm2720); trxr-2 (ok2267) and trx-2 (tm2720); trxr-2 (tm2047)
did not display any obvious phenotype.

Apoptosis is a developmental process where the mamma-
lian mitochondrial thioredoxin system has been shown to
play a key role (10, 42). In fact, trx-2 knock-out mice embryos
die by massive apoptosis, while liver apoptosis has been
shown to partially underlie the lethal embryonic pheno-
type of trxr-2 knock-out mice (7, 40). During C. elegans
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FIG. 2. Expression patterns of trx-2 and trxr-2 GFP reporters. Transgenic worms carrying different expression constructs
were visualized with fluorescence (A–P) or DIC (A¢-P¢) optics. A transcriptional Ptrx-2::GFP fusion shows fluorescence
in AIYL/R and ASEL neurons cell bodies and processes (A–C). Transgenic worms expressing the transcriptional fusion
Punc-32::GFP displayed fluorescence in many cells in the head area, including several neurons (D), tail neurons (E) ventral
nerve cord (F, arrows), vulva muscles (F, arrowhead) and coelomocytes (F, inset). A transcriptional Ptrxr-2::GFP construct was
expressed in two neurons in the head area and intestine of L1 animals (G), while in older animals, GFP appears in additional
head neurons (H, I). All transgenic worms expressing translational fusions show a fluorescent pattern compatible with
mitochondrial localization. Thus, worms expressing the Ptrx-2::trx-2::GFP construct display fluorescence in muscle cell tu-
bular mitochondria mainly in the head area (J, arrows), precluding the identification of the AIYL/R and ASEL neurons and in
the vulva muscles mitochondria (K, arrow). Punc-32::trxr-2::GFP translational construct is expressed in mitochondria in many
cells of the head (L), reticular mitochondria in the intestine (M, arrow) and mitochondria of ventral nerve cord (M, arrowheads).
When expressed from the trxr-2 internal promoter, TRXR-2::GFP is found in a perinuclear location in several head neurons
(N), reticular mitochondria in the intestine (O) and, in a few transgenic animals, a single unidentified cell located ventrally to
the intestine also expresses GFP in perinuclear mitochondria (P). Red arrowheads indicate the intestinal autofluorescent
granules. Insets (except in F) show amplification of the respective dashed areas. Bar 20 lm. (To see this illustration in color, the
reader is referred to the web version of this article at www.liebertonline.com/ars). GFP, green fluorescent protein; DIC,
differential interference contrast; TRXR, thioredoxin reductase.
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embryogenesis, the apoptotic program is invariant with 113
cells undergoing apoptosis out of 671 cells generated from
zygote to newly hatched larva (54). During postembryonic
development, 18 additional cells die by programmed cell
death, thus making up a total of 131 somatic cells undergoing

apoptosis in C. elegans (53). Furthermore, in the adult nema-
tode germ line, another round of cell death takes place to
reduce the number of cells that complete oogenesis (17). Given
the important role of the mitochondrial thioredoxin system in
the apoptotic process in other organisms, we investigated

FIG. 3. TRX-2 and TRXR-2 N-terminal MTS direct GFP translocation into mitochondria. Transgenic worms carrying
expression constructs with TRX-2 and TRXR-2 MTS were visualized with fluorescence (A–G) or DIC (A¢-G¢) optics. When
GFP was fused to the TRX-2 MTS, perinuclear mitochondria of AIYL/R and ASEL neurons (and in some cases, also ASER)
were marked and GFP puncta were also found along ASEL dendrites (A, B). When GFP fused to the TRXR-2 MTS was
expressed under the control of the unc-32 promoter, a strong punctated pattern was obtained in most cells of the head area
(C), seam cells (D, yellow arrowheads), muscle cell (D, arrows), coelomocytes (D, white arrowheads) and intestinal tubular
mitochondria (E) while when expressed under the control of the trxr-2 internal promoter expression is restricted to peri-
nuclear mitochondria of several head neurons (F) and tubular intestinal mitochondria (G). Transgenic animals over-
expressing simultaneously in body wall muscle cells the fusion proteins TOMM-20::mRFP (driven by the myo-3 promoter)
and either TRX-2::GFP (driven by the trx-2 promoter) (H) or TRXR-2::GFP (driven by the unc-32 promoter) (I) demonstrate
mitochondrial colocalization by the merged yellow color. Note that only in those cells where the expression levels of both
fusion proteins are similar, the colocalization is evident. Red arrowheads indicate the intestinal autofluorescent granules. Insets
show amplification of the respective dashed areas. Bar 20 lm. (To see this illustration in color, the reader is referred to the
web version of this article at www.liebertonline.com/ars). TRX, thioredoxin; MTS, mitochondrial targeting sequence; mRFP,
monomeric red fluorescent protein.
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whether C. elegans trx-2 and/or trxr-2 mutants exhibited de-
fective regulation of apoptosis. To this purpose, we used four-
dimensional differential interference contrast (DIC) timelapse
video microscopy in trx-2 and/or trxr-2 mutant embryos to
determine the kinetics of apoptosis of the first 13 programmed
cell death events that occur in the AB lineage (39). As shown in
Figure 4, we found no significant alteration of cell death ki-
netics of the mitochondrial thioredoxin system single and
double mutants compared with wild-type control embryos.
We also measured the penetrance of germ line cell death in
adults of the same set of mutants and again found no signif-
icant difference in the kinetics of apoptosis in this tissue [wild
type 1.00 – 1.17; trx-2 (tm2720) 0.90 – 1.07; trxr-2 (tm2047)
0.95 – 0.88 and trx-2 (tm2720); trxr-2 (tm2047) 1.05 – 0.94
(Numbers indicate the average – standard deviation of
apoptotic corpses per gonad arm, n = 20, p > 0.05 in all cases
by unpaired two-tailed t-test)]. Together, these results
demonstrate that in C. elegans, the mitochondrial thiore-
doxin system is dispensable for normal development un-
der standard growth conditions and does not regulate
apoptosis.

The mitochondrial thioredoxin system is not a major
defense system against stress but might play a role
in the mitochondrial unfolded protein response

The mammalian mitochondrial thioredoxin system func-
tions as a key defense system against oxidative stress and
other cellular insults either directly (19, 50) or by reducing
other antioxidant enzymes such as peroxiredoxins (18). To
determine whether this protective function is also conserved

in worms, we evaluated the sensitivity of trx-2 and trxr-2
mutants exposed to different agents and treatments that in-
duce oxidative stress. No significant differences in sensitivity
were found with arsenite, juglone, sodium azide, paraquat or
thermal stress treatments (Fig. 5A–E), although the trx-2
(tm2720) mutant was slightly more resistant to thermal stress
and trx-2 (tm2720) single and trx-2 (tm2720); trxr-2 (tm2047)
double mutant showed a slightly higher resistance to para-
quat treatment. Consistent with a dispensable role as a major
defense system against oxidative stress, trx-2 and trxr-2 single
and double mutants do not show increased ROS production
either under basal unstressed conditions or in the presence
of 1 mM sodium azide or 0.8 mM paraquat (Supplementary
Fig. S4). Besides, efficient RNA interference (RNAi) down-
regulation of C. elegans trx-2 and trxr-2 gene expression
(Supplementary Fig. S5A) in animals carrying integrated GFP
fusion transgene markers of different types of cellular stress
such as DAF-16, SKN-1, SOD-3, GST-4, HSP-16.2, HSP-4 and
HSP-6 (Supplementary Table S1) did not modify the expres-
sion levels or subcellular localization of these stress markers
(data not shown).

Next, we asked whether the expression levels of trx-2 and
trxr-2 GFP reporters were modified under different stress
conditions such as food deprivation, heat shock, sodium
azide or paraquat treatments as well as induction of the mi-
tochondrial unfolded protein response (UPRmito) resulting
from spg-7 RNAi (59). Interestingly, out of all these treat-
ments, we only found a clear induction of GFP expression in
transgenic worms grown in spg-7 RNAi (Fig. 6). RNAi
downregulation of other genes known to induce UPRmito such
as hsp-6 and phb-2 (1, 59) confirmed that the trx-2 and trxr-2
GFP reporters were upregulated under conditions that acti-
vate UPRmito (Fig. 6). Unexpectedly, we also found some in-
duction of trxr-2, trx-2 and hsp-6 GFP mitochondrial reporters
when using ero-1 RNAi as negative control for UPRmito [ero-1
RNAi activates UPRer (59)] (Fig. 6) This result adds further
support to the increasing evidence of an important crosstalk
between ER and mitochondria (45). Despite trx-2 and trxr-2
genes being upregulated on UPRmito induction, trx-2 and trxr-2
mutants did not activate the UPRmito reporter HSP-6::GFP nor
further enhanced the UPRmito-dependent developmental arrest
phenotypes caused by spg-7, phb-2 and hsp-6 RNAi (59). Con-
sistent with these results, overexpression of TRX-2 and TRXR-2
did not alleviate the developmental arrest phenotypes just
mentioned that are caused by UPRmito induction (data not
shown).

Collectively, these data indicate that the mitochondrial
thioredoxin system is not required to maintain general
redox homeostasis in C. elegans even under different stress
conditions, but it might play a role when mitochondrial
protein folding homeostasis (mitochondrial proteostasis) is
compromised.

C. elegans trx-2 and trxr-2 mutants
have normal longevity

Proteostasis is critical for survival and, therefore, eukar-
yotic organisms integrate a complex network of chaperones,
proteases and assembly factors across all cellular compart-
ments, known as UPR, to ensure a proper balance between
protein folding, assembly and degradation (3). In this context,
it has been recently proposed that mitochondrial function in

FIG. 4. Loss of trx-2 and trxr-2 does not affect embryonic
apoptosis kinetics. The first 13 apoptotic cell deaths in the
AB lineage were followed by 4D microscopy and the time to
die (defined as the time from cell birth till the onset of apo-
ptosis) was measured. Each circle represents a single cell, the
position of the circle along the Y axis indicates the time that
the cell takes to die, and the horizontal line represents the
mean time to die for each genotype. The time to die for
apoptotic cells is distributed in a Gaussian manner with the
values of 21.8 – 5.4 (mean – SD) min after their birth for wild-
type embryos, 23.8 – 7.1 min for trx-2 (tm2720) embryos,
21.3 – 6.1 min for trxr-2 (tm2047) embryos and 22.1 – 6.7 min
for trx-2 (tm2720); trxr-2 (tm2047) embryos. Analyses were
performed in three independent embryos of each genetic
background (n = 23–39 cells). Unpaired two-tailed t-tests
were performed and differences were found to be not
significant in all cases ( p > 0.05). SD, standard deviation.
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cellular proteostasis is critical for worm longevity (26). The
finding that trx-2 and trxr-2 gene expression is induced when
UPRmito is activated prompted us to investigate their role in
C. elegans longevity. First, we determined C. elegans trx-2
and trxr-2 single and double mutants lifespan at both 20�C
and 25�C (Fig. 7A, B) and found no major differences in
mean and maximum lifespan when compared with N2
wild-type control animals. Since the insulin pathway is a
major regulator of longevity (24) and because reduced in-
sulin signaling protects against proteotoxicity (6), we next
asked whether the mitochondrial thioredoxin system reg-
ulates the lifespan of mutants in the insulin pathway. For
this purpose, we made double mutants combining the trx-2
and trxr-2 deletions with mutations in the genes for the
insulin receptor daf-2 or the FOXO transcription factor
daf-16, which are key determinants of insulin-pathway-
dependent longevity (24). Again, no significant differences
were observed in any mutant combination with either daf-2
or daf-16 mutants at 25�C, except for a slightly higher

maximum lifespan of the trx-2 mutant in the daf-16 back-
ground (Fig. 7C, D). Overall, these data indicate that the
mitochondrial thioredoxin system is not involved in regu-
lating C. elegans longevity.

Mitochondrial TRXR-2 protects against the paralysis
phenotype of a transgenic worm model
of AD expressing human b-amyloid peptide

Given the increased expression of trx-2 and trxr-2 genes
upon UPRmito activation, we decided to study whether these
genes play a role in protein aggregation and proteotoxicity.
For this purpose, we used different transgenic worms that
overexpress human b-amyloid peptide in body wall muscle
cells (hereafter called Ab worms), resulting in muscular dys-
function and age-dependent progressive paralysis as a con-
sequence of intracellular Ab aggregation (31, 34). These Ab
worms are commonly considered a C. elegans model of
AD (32).

FIG. 5. Sensitivity of the mitochon-
drial thioredoxin system mutants to
stress treatments. N2 wild-type and
single and double mutant combina-
tions of the mitochondrial thioredoxin
system alleles were assayed for their
resistance to different stress treatments
such as arsenite 10 mM (A), juglone
240 lM (B), paraquat 4 mM (C), heat
shock at 37�C (D), and sodium azide
1 mM (E). Graphs represent the ave-
rage of three to five independent ex-
periments. All treatments (except heat
shock) were carried out at 20�C. Error
bars indicate the standard error of the
mean (SEM). For A–D, One-way
analysis of variance (ANOVA) test
were performed and differences were
found to be not significant in all cases
( p > 0.05). For (E), differences were
found to be not significant in all cases
by unpaired two-tailed t-test ( p > 0.05).
(To see this illustration in color, the
reader is referred to the web version of
this article at www.liebertonline.com/
ars).
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FIG. 6. The mitochondrial thioredoxin system is upregulated upon mitochondrial UPR induction. Transgenic worms
carrying GFP reporter fusions for trx-2, unc-32 and trxr-2 genes were subjected to RNAi of genes inducing either UPRmito (hsp-6,
phb-2 and spg-7) or UPRer (ero-1). Transgenic worms expressing the Phsp-6::GFP construct (59) were used as controls. All
micrographs were taken with identical image capture settings and, when needed, brightness and contrast were equally
modified in all images of the same transgenic strain. Quantification of GFP expression was performed using the ImageJ
Software and it is denoted in the upper right corner of each RNAi condition. The fluorescence mean of 5–10 worms per RNAi
condition was divided by the selected area (complete intestinal region) and normalized by the background adjacent to the
selected worm in the same image. Fluorescence of the respective controls expressing the empty vector was set to value = 1 and
the different RNAi treatment values indicate the fold induction compared with the corresponding empty vector control. Bar
200 lm. UPR, unfolded protein response; RNAi, RNA interference.
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First, we evaluated the impact of trx-2 and trxr-2 RNAi
downregulation on the paralysis phenotype of the CL2006
strain, which overexpresses the Ab peptide in a constitutive
manner from the dvIs2 (Punc-54::Ab) integrated array (31).
As shown in Figure 8A, decreased levels of trxr-2 resulted
in increased paralysis onset, while, in turn, trx-2 down-
regulation did not affect paralysis. To validate the RNAi
results, we aimed at generating derivatives of dvIs2 Ab

worms in trx-2 and trxr-2 mutant backgrounds. trx-2
(tm2720); dvIs2 (Punc-54::Ab) animals reproduced the trx-2
RNAi result and had similar paralysis onset as the dvIs2
control (data not shown). However, to our surprise, we were
unable to generate animals carrying the dvIs2 integrated
array in a trxr-2 mutant background. This unexpected syn-
thetic lethal interaction could be explained by either a posi-
tional effect of the dvIs2 array insertion locus or, given the
enhanced paralysis caused upon trxr-2 downregulation, by
worms being unable to withstand Ab production in the
complete absence of trxr-2. To discriminate between these
two alternatives, we made use of the strain CL2750 (C.D.
Link, unpublished results), which, similar to CL2006, pro-
duces the Ab peptide constitutively in muscle cells from the
integrated array dvIs100 (Supplementary Table S1). Inte-
restingly, unlike dvIs2 worms, we managed to generate Ab
dvIs100 animals in a trxr-2 (tm2047) mutant background and
confirmed their increased paralysis when compared with its
respective control (Fig. 8B). To rule out that variations in Ab
content might underlie the differences between the CL2006
and CL2750 strains, we examined the total Ab levels in these
two strains and found that CL2006 has a little higher amount
of Ab compared with that of CL2750 (Supplementary Fig.
S5B). Based on these results, we support the notion that the
failure to obtain animals expressing the dvIs2 array in a trxr-2
mutant background is due to a positional effect of the locus
where the dvIs2 array is inserted (which we have indepen-
dently mapped at LG II) rather than to the higher Ab levels in
CL2006 as compared with those of CL2750, although we
cannot completely rule out that this slight difference might
play a role.

We next asked whether the protective effect of trxr-2 on the
paralysis of Ab (constitutive) worms is a consequence of its
requirement during embryogenesis and early development,
when body wall muscle cells are generated (53, 54), or it can
also be implemented at later developmental stages, when
muscle cells are fully formed. For this purpose, we used the
CL4176 strain that overproduces the Ab peptide from the
dvIs27 integrated array in an inducible manner after tempera-
ture upshift at the L3 larval stage (34). Our results show that
trxr-2 also protects against the paralysis even when Ab is
produced in an inducible fashion (Supplementary Fig. S5C),
indicating that the protective effect of trxr-2 in Ab-dependent

FIG. 7. Lifespan analysis of the mitochondrial thiore-
doxin system mutants. The effect on longevity of trx-2 and
trxr-2 single and double mutants was assayed at 20�C (A) or
25�C (B). The effect of daf-2 (e1370) (C) and daf-16 (mu86) (D)
backgrounds on the longevity of trx-2 and trxr-2 mutants
was assayed at 25�C. The fer-15 (b26) mutation was in-
cluded in all the daf-2 (e1370) combinations to prevent in-
ternal hatching of the progeny. Kaplan–Meier plots were
used to show the fraction of animals that survive over time.
Longevity assays were performed twice, yielding similar
results and one representative experiment is shown. The
survival rate of each population was compared with that of
the control [wild type in A and B; daf-2 (e1370); fer-15 (b26)
in C and daf-16 (mu86) in D] using the log-rank [Mantel-
Cox] test (ns, not significant or p > 0.05; *p < 0.05; **p < 0.01;
***p < 0.001). (To see this illustration in color, the reader is
referred to the web version of this article at www
.liebertonline.com/ars).
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paralysis is associated to muscle function but not to muscle
biogenesis.

Since the lack of trxr-2 enhances the Ab-dependent para-
lysis phenotype, we wondered whether high levels of TRXR-2
would improve the paralysis onset. To this aim, we generated
transgenic strains expressing high levels of TRXR-2 in
both constitutive dvIs2 and inducible dvIs27 Ab worms
(Supplementary Fig. S5F). Surprisingly, while decreased
levels of TRXR-2 worsen paralysis, transgenic Ab worms ex-
pressing high levels of TRXR-2 did not improve the paralysis
phenotype when compared with their corresponding non-
overexpressing control siblings (Fig. 8C and Supplementary
Fig. S5D). These data indicate that restoring endogenous
TRXR-2 levels is sufficient to rescue the enhanced paralysis of
Ab worms caused by dowregulation of trxr-2 and that in-
creased amount of TRXR-2 does not provide additional pro-
tection against Ab-dependent paralysis.

To determine whether the effect of TRXR-2 on paralysis
onset was associated with differences in Ab aggregation or
oligomerization, we first performed Ab immunoblotting on
constitutive dvIs2 Ab worms using the Ab-peptide specific
antibody 6E10. This antibody detects all forms of Ab (amyloid
deposits, amorphous Ab aggregates and soluble Ab oligo-
mers and monomers) (14). As shown in Figure 8D, and except
for a slight increase in Ab oligomeric species (range 75–
150 kDa), no major differences were found in Ab worms when
trxr-2 was downregulated by RNAi. Unexpectedly, we found
a dramatic decrease in total Ab amount in TRXR-2 over-
expressing Ab worms, an effect that was abolished upon
trxr-2 RNAi when Ab oligomeric species reappeared (Fig. 8D).
Similar results were obtained with inducible dvIs27 Ab
worms, although the reduction of total Ab in TRXR-2 over-
expressing worms was not as strong as in the constitutive Ab
strain. (Supplementary Fig. S5E). This difference in Ab re-
duction between the constitutive and inducible strains most
likely reflects saturation of the (unknown) clearance mecha-
nism as a consequence of the rapid and robust Ab production
upon temperature upshift in the inducible strain.

Immunohistochemistry with the 6E10 antibody or the
fluorescent amyloid vital dye X-34 (33) on dvIs2 Ab worms
corroborated the immunoblot data, as no differences were
found in either the total Ab load or amyloid deposits forma-
tion between control and trxr-2 downregulated animals (Fig.
8E). On the other hand, dvIs2 Ab worms overexpressing
TRXR-2 showed a robust reduction in both total Ab species
and amyloid deposits (Fig. 8F).

Together, our data demonstrate an in vivo role of TRXR-2
on Ab-dependent paralysis and aggregation in C. elegans,
suggesting a possible protective function of TRXR-2 in AD.

Discussion

Given the difficulty of studying the function of the mito-
chondrial thioredoxin system in the context of a complete
animal using the mouse or Drosophila models (due to em-
bryonic or larval lethal phenotypes, respectively), we turned
our interest to the nematode C. elegans, an excellent genetically
tractable model where the mitochondrial thioredoxin system
is highly homologous to that of mammals.

We first demonstrated that C. elegans trx-2 and trxr-2
genes encode proteins that are targeted to mitochondria
in vivo, driven by putative MTS at their respective N-

terminus. Interestingly, the rather ubiquitous expression
pattern of the trxr-2 gene deeply contrasts with the highly
restricted one of the trx-2 gene in AIYL/R and ASEL neu-
rons and muscle cells, which suggests that TRXR-2 might
have additional substrates other than TRX-2. We identified
TRX-2 on the basis of its conserved active site sequence
WCGPC and it cannot be ruled out that other thioredoxin
family members with a more divergent active site sequence
are also present in mitochondria. Furthermore, it has
been reported that human mitochondrial glutaredoxin 2 is
a substrate for mitochondrial thioredoxin reductase (22), a
function that could also be conserved in worms (at least
four glutaredoxin genes have been reported in C. elegans,
see below). Likely, other TRXR-2 substrates not functionally
or structurally related to thioredoxins and glutaredoxins
might also exist in mitochondria. It is worth noting that
TRX-2 is not detected in the intestine under unstressed
conditions (Fig. 2A–C and J, K), but it is expressed in
this organ upon UPRmito induction (Fig. 6), indicating that
TRX-2 expression might be turned on in additional tissues
depending on stress conditions.

C. elegans is, to date, the only metazoan in which the
mitochondrial thioredoxin system is not essential for sur-
vival. More surprisingly, trx-2 and trxr-2 single and double
mutants do not show enhanced sensitivity to different
stressors. Collectively, this lack of phenotype supports the
idea that a redundant system exists to counterbalance the
absence of the mitochondrial thioredoxin system under
both unstressed and stressed conditions. One alternative
could be that the C. elegans cytosolic thioredoxin reductase
gene trxr-1 might produce an isoform targeted to mito-
chondria as it happens in other organisms (48). However,
we have ruled out this possibility, as trxr-1; trxr-2 double
mutants are also fully viable (51). The viability of the trxr-1;
trxr-2 double mutants raises the interesting question of
which enzyme(s) maintain the different worm thioredoxins
in their reduced active state in the absence of both thiore-
doxin reductases. An obvious candidate is the glutaredoxin
system based on the numerous reports of functional re-
dundancy of both thioredoxin and glutaredoxin systems
(either cytoplasmic or mitochondrial) in several organisms
(12, 58). We have recently uncovered an example of such
functional redundancy in C. elegans as trxr-1 animals feed-
ing on glutathione reductase (gsr-1) RNAi bacteria display a
highly penetrant larval arrest phenotype due to defective
cuticle ecdysis (51). However, RNAi downregulation of
gsr-1 or any of the four worm glutaredoxins (glrx-5, glrx-10,
glrx-21 and glrx-22) in trx-2 and trxr-2 single and double
mutant backgrounds did not result in any obvious syn-
thetic phenotype (Supplementary Table S3). Since RNAi
feeding penetrance can be highly variable depending on
genetic backgrounds and tissue expression, combinations of
glutaredoxin system mutants with those of trx-2 and trxr-2
will be needed to unequivocally identify the redundant
system for the mitochondrial thioredoxin system. Other
plausible explanations for the lack of phenotype of the mi-
tochondrial thioredoxin system mutants could be that the
system is dispensable under normal laboratory growth
conditions while being essential in the wild or that, alter-
natively, the mitochondrial thioredoxin system plays a
modulatory role in nonessential ROS-mediated signaling
mechanisms.
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The induction of trx-2 and trxr-2 upon UPRmito activation
suggests that the mitochondrial thioredoxin system is a part of
the chaperone machinery required to cope with the load of
unfolded/misfolded proteins that accumulate and aggregate
when mitochondrial proteostasis is compromised. Most likely,
the function of the mitochondrial thioredoxin system under
UPRmito is aimed at reducing incorrect disulfide bonds in these
misfolded proteins to facilitate either native refolding or their
export from mitochondria and subsequent degradation by
proteasome (56). The maintenance of cellular and subcellular
proteostasis is essential for organismal survival and its im-
balance dramatically affects the function of all cellular orga-
nelles, including mitochondria, eventually leading to enhanced
progression of aging and development of neurodegenerative
diseases such as Alzheimer’s, Parkinson’s or Huntington’s
disease (26).

In this work, we have found a protective role of the trxr-2
gene on the aging-dependent progressive paralysis pheno-
type caused by Ab aggregation in worm muscle cells, a well-
established model for AD (31). This protective role is not
shared by the trx-2 gene despite it is also expressed in muscle
cells, reinforcing the notion that additional substrates for
TRXR-2 might mediate such a protective function. We have
shown here that while trxr-2 downregulation clearly enhances
paralysis, increased TRXR-2 expression does not alleviate the
paralysis onset. On the other hand, trxr-2 downregulation
does not substantially modify the total levels of Ab species nor
amyloid deposits, which, in turn, are dramatically diminished
in TRXR-2 overexpressing animals. The lack of correlation
between total amyloid loads and the paralysis rate has been
previously reported in this AD worm model (15, 32), although

no molecular mechanism has been proposed yet to clarify this
fact. A plausible explanation relates to the recent finding that
muscle mitochondria of Ab worms are highly fragmented
(C.D. Link, unpublished data). Our preliminary unpublished
results indicate that decreased TRXR-2 levels further enhance
the mitochondrial fragmentation of Ab worms, which might
account for the increased paralysis phenotype in trxr-2 mu-
tants or trxr-2 RNAi treated Ab worms without provoking
noticeable changes in total Ab load or amyloid deposits. Al-
ternatively, despite the fact that higher levels of TRXR-2
strongly reduce both total Ab load and amyloid deposits, it is
possible that the residual amount of Ab species detected in
both immunoblots and immunostainings of overproducing
TRXR-2 Ab worms might still be sufficient to induce paralysis,
thus explaining why overexpressing TRXR-2 does not im-
prove paralysis onset.

Elucidating the mechanism(s) by which TRXR-2 over-
expression degrades most Ab load is of enormous interest.
For instance, it is conceivable that TRXR-2 might interact
with proteins implicated in the specific degradation of the
Ab peptide and amyloid deposits in mammals, such as an-
giotensin-converting enzyme, insulin-degrading enzyme or
neprilysin (2), all of which have close orthologs in worms.
Alternatively, an interesting possibility relates to the finding
that reduced insulin signaling improves paralysis of Ab
worms by promoting autophagic degradation of Ab (13).
Thus, it could be possible that TRXR-2 overexpression
triggers a decrease of insulin signaling, resulting in Ab
autophagic-dependent degradation. As a whole, it will
be very important to gain a deeper insight into the molec-
ular mechanisms underlying the dual role of TRXR-2 in

FIG. 8. TRXR-2 alleviates Ab-dependent paralysis and modulates Ab aggregation and b-amyloid deposit formation. (A)
Progressive paralysis of CL2006, dvIs2 [Punc-54::Ab3–42::unc-54 3¢-UTR; rol-6 (su1006)] worms growing on HT-115 bacteria
expressing either no dsRNA (-), trx-2 dsRNA (:) or trxr-2 dsRNA (�). The graph shows one representative experiment out
of three independent trials with similar results. (B) Progressive paralysis of CL2750, dvIs100 [Punc-54::Ab1–42::unc-54 3¢-UTR;
Pmtl-2::GFP] worms (,) and its trxr-2 (tm2047) derivative VZ223 (-) growing on OP50 bacteria. The graph shows one
representative experiment out of two independent trials with similar results. (C) Progressive paralysis of CL2006 worms and
its derivative transgenic strain VZ209 carrying the extrachromosomal array vzEx71 [Pmyo-3::trxr-2::trxr-2 3¢-UTR;
Punc-122::GFP] growing on HT-115 bacteria expressing either no dsRNA (-, ,) or trxr-2 dsRNA (�, B). The graph shows
one representative experiment out of three independent trials with similar results. All paralysis assays were scored at 20�C.
(D) Ab immunoblot with the 6E10 monoclonal antibody. All lanes were loaded with total protein extract from 100 one-day
adult synchronized CL2006 and VZ209 worms grown on HT-115 bacteria expressing either no dsRNA or trxr-2 dsRNA. A
strong decrease in Ab content is found in TRXR-2 overexpressing animals, an effect that is abolished when trxr-2 over-
expression is downregulated by RNAi. a-tubulin is used as loading control. One blot is shown out of three independent trials
with similar results. dvIs2, control RNAi (3.33 – 0.09); dvIs2, trxr-2 RNAi (3.52 – 0.91, p = 0.37); dvIs2, vzEx71, control RNAi
(0.66 – 0.10, p = 2.5 · 10 - 6); dvIs2, vzEx71, trxr-2 RNAi (3.03 – 0.53, p = 0.20) (mean Ab content – SD, p-value by Student’s
unpaired t-test with a two-tailed distribution, compared with dvIs2, control RNAi). The quantification of the blots and the
statistical analyses are included in Supplementary Figure S6A. (E) Immunohistochemistry of total Ab content (upper panels,
arrows) and amyloid deposits (lower panels, arrows) in the muscles of the head region of 1-day adult CL2006 synchronized
worms grown on HT-115 bacteria expressing either no dsRNA or trxr-2 dsRNA. Total Ab content was determined using the
6E10 monoclonal antibody (green) counterstained with DAPI (blue) for identification of nuclei, while amyloid deposits
detection was performed using the fluorescent amyloid dye X-34. The quantification of amyloid deposits was performed on a
total of 20 worms per condition and the results are shown in the corresponding panel (number of amyloid deposits – SD).
Unpaired two-tailed t-test was performed and the difference was found to be not significant ( p = 0.478). (F) Im-
munohistochemistry of total Ab content (upper panels, arrows) and amyloid deposits (lower panels, arrows) in the muscles of the
head region of 1-day adult CL2006 and VZ209 synchronized worms grown on OP50 bacteria. Total Ab content determination
and amyloid deposits quantification was performed as described in (E). Unpaired two-tailed t-test was performed and the
difference was found to be highly significant ( p = 7.68E-13). Note that animals used for experiments shown in panels A, C, D
and E were grown on the corresponding RNAi bacteria for two generations before performing the experiment. Bar 50 lm. (To
see this illustration in color, the reader is referred to the web version of this article at www.liebertonline.com/ars). DAPI, 4¢,6-
diamidino-2-phenylindole.
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alleviating paralysis and decreasing amyloid deposits in Ab
worms and the potential application of this knowledge to the
human scenario in AD.

In conclusion, the characterization of the C. elegans mito-
chondrial thioredoxin system reported in this work provides a

new tool to further investigate the function of this redox
system in metazoan physiology and pathology. The genetic
amenability of C. elegans paves the way to use the mitochon-
drial thioredoxin mutants in genetic screens to identify other
systems involved in the maintenance of organismal redox
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homeostasis and, particularly, opens new possibilities to
understand the role of mitochondrial redox systems in the
pathology of neurodegenerative diseases.

Materials and Methods

C. elegans strains and culture conditions

The standard methods used for culturing and mainte-
nance of C. elegans were as described previously (52). The
strains used in this work are described in Supplementary
Table S1. All experiments were performed at 20�C unless
otherwise noted. All VZ strains were 6 · backcrossed with
N2 wild type.

RNA extraction and RT-PCR analysis

RNA extraction (from embryos of the different genotypes)
and cDNA generation were performed by standard methods
using commercial kits. Details on the nested RT-PCR proce-
dures are found in Supplementary Materials and Methods.

Thioredoxin activity assays

The enzymatic activity of the recombinant His-CeTRX-2
and His-CeDTRX-2 proteins was tested by their ability to re-
duce bovine insulin A and B chains (Sigma) using either DTT
or NADPH (Sigma) and rat thioredoxin reductase-1 (IMCO)
as electron donors, as previously described, with slight
modifications (20). Details on recombinant protein purifica-
tion and enzymatic assays are found in Supplementary Ma-
terials and Methods.

GFP expression constructs and transgenesis

All transcriptional and translational GFP fusion constructs
were generated using the pPD95.77 vector backbone. In-
formation on primer sequences, cloning sites and the size of
the respective inserts will be provided upon request. Details
on transgenic strains generation are found in Supplementary
Materials and Methods.

Expression pattern analysis

GFP transgenic animals were mounted in a 5 lL drop of
10 mM levamisole (Sigma) on a 3% agarose pad covered with
a 24 · 24 mm coverslip. DIC and fluorescence imaging was
performed on a Zeiss AxioImager M2 ApoTome fluorescence
microscope equipped with an AxioCam MRn (Zeiss). Images
were captured with the AxioVision 4.8 Software (Zeiss) and
equal adjustment of brightness and contrast on control and
matched experimental images was done using Adobe Pho-
toshop 10 Software (Adobe Systems).

Analysis of embryonic and germ line apoptosis

Apoptotic corpses were detected by their refractile shape
using a Leica DM6000 microscope equipped with DIC optics
and scored as described (47). For embryonic apoptosis, three
embryos of each genotype were mounted at a very early stage
(2–4 cell stage) and the recording of their development was
carried out at 25�C. The 4-D microscopic analysis was carried
out by recording 30 focal planes of the embryos for 10 h. As a
result, four-dimensional (4D) movies (3D of the em-
bryo + time) were obtained for each genotype. The SIMI Bio-

cell software (SIMI GmbH) allowed tracing each and every
cell of the embryo in time and space as described (39). Time of
birth and onset of apoptosis were measured to define the ki-
netics of cell death. Time to die is defined as the time period
from which a cell is born until it begins to show morphological
characteristics of apoptosis, such as rounding of the cell, cy-
toplasmic condensation or nuclear swelling (23). For germ line
apoptosis, 20 gonad arms per genotype were analyzed and
the apoptotic corpses detection and scoring were performed
as described above.

Stress assays

For paraquat, sodium arsenite, sodium azide (Sigma) and
heat-shock treatments, L4 larval stage hermaphrodites were
used to initiate the assays. For juglone treatment, young adult
hermaphrodites were utilized. The viability of each animal
was assessed at the indicated times by microscopic exami-
nation of pharyngeal pumping and movement in response to
prodding with a pick. Dead worms were counted and re-
moved from the plates. Details are found in Supplementary
Materials and Methods. The percentage of surviving animals
for each treatment was calculated from three or more inde-
pendent experiments.

RNAi and UPRmito induction quantification

Feeding RNAi was performed as previously described (57).
Details are found in Supplementary Materials and Methods.
Fluorescence quantification of UPRmito induction was done on
images (acquired under identical settings) of 5–10 worms for
each RNAi condition, using the ImageJ Software (National
Institutes of Health).

Longevity assays

Life-span assays were performed at 20�C or 25�C as pre-
viously described (30) with slight modifications. Details are
found in Supplementary Materials and Methods.

Paralysis phenotype, Ab peptide expression
and b-amyloid deposits quantification

For strains CL2006, CL2750 and derivatives, synchronous
populations of Ab worms were generated by time-limited
(2 h) egg lay at 16�C. Parents were removed and progeny was
grown continuously at 20�C. Paralysis scoring was initiated at
the first day of adulthood and determined daily, whereby
paralyzed worms were removed from plates. For strains
CL4176 and VZ296, synchronous populations of Ab worms
were generated by time-limited (2 h) egg lay at 16�C. Parents
were removed and progeny was grown continuously at 16�C
for 48 hours followed by a temperature upshift to 23�C or
25�C to induce Ab production. Paralysis scoring was initiated
24 h after a temperature upshift and determined every hour,
whereby paralyzed worms were removed from plates. Ab
immunoblotting and immunostaining was carried out using
the 6E10 monoclonal antibody (Covance Inc.). The quantifi-
cation of b-amyloid blots was performed using the ImageJ
Software, while the quantification of b-amyloid deposits
using the fluorescent amyloid dye X-34 (a kind gift from Prof.
William Klunk) was performed as described, with brief
modifications (15, 33). Details are found in Supplementary
Materials and Methods.
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Abbreviations Used

4D¼ four-dimensional
Ab¼ beta amyloid peptide
AD¼Alzheimer’s disease

CGC¼Caenorhabditis Genetics Center
DAPI¼ 4¢,6-diamidino-2-phenylindole

DIC¼differential interference contrast
DTT¼ 1,4-dithio-d-threitol

ER¼ endoplasmic reticulum
GFP¼ green fluorescent protein

H2-DCF-DA¼ 2,7-dichlorodihydrofluorescein-diacetate
IPTG¼ isopropyl b-d-1-thiogalactopyranoside

LB¼Luria-Bertani
mRFP¼monomeric red fluorescent protein

mRNA¼messenger RNA
MTS¼mitochondrial targeting sequence
NA¼not applicable

NADPH¼ reduced nicotinamide adenine dinucleotide
phosphate

NGM¼nematode growth medium
OD¼ optical density

ORF¼ open reading frame
PVDF¼polyvinylidene fluoride
RNAi¼RNA interference

ROS¼ reactive oxygen species
RT-PCR¼ reverse transcriptase–polymerase chain

reaction
SD¼ standard deviation

SDS-PAGE¼ sodium dodecyl sulphate-polyacrylamide gel
electrophoresis

SEM¼ standard error of the mean
TRX¼ thioredoxin

TRXR¼ thioredoxin reductase
UPR¼unfolded protein response
UTR¼untranslated region
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Supplementary Data

Materials and Methods

RNA extraction and reverse transcriptase–polymerase
chain reaction analysis

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 instructions. The total
RNA was DNase-treated using the Amplification Grade

DNase I (Sigma) and 1 lg of DNase-treated RNA was reverse
transcribed in a 20 lL reaction mixture. cDNA was generated
using the iScript� cDNA Synthesis Kit (Biorad). One micro-
gram of cDNA was used for nested reverse transcriptase–
polymerase chain reactions (RT-PCRs) using MBL-Taq DNA
Polimerase (Dominion-MBL) with the following primers:

trx-2 wt and tm2720 alleles
5¢- ATGACACAATTACGTCATTTTTC -3¢ (forward)
5¢- CTGTTTTCGACATTGATTCTGTT -3¢ (forward)
5¢- ACTTCCTTGTCTTCCGTTTAC -3¢ (reverse)

SUPPLEMENTARY FIG. S1. TRXR-2 and TRX-2 mitochondrial targeting sequences (MTS) and amino acid alignment
of C. elegans TRX-2. (A, B) MTS of TRXR-2 and TRX-2, predicted by the PSORT algorithm (http://psort.hgc.jp/). The arrow
indicates the predicted final mitochondrial peptide protease cleavage site determined by the consensus motif of the two
protease models shown above the sequence, where X means any amino acid residue (8). (C) Alignment of the amino acid
sequence of C. elegans TRX-2 with that of C. elegans TRX-1a (22), human TRX-1 (28) and human TRX-2 (4). Identical residues
are shown in black boxes, while similar residues are shown in gray. The Megalign software integrated in the Lasergene Suite
package (DNASTAR) was used for alignment of the sequences by the Clustal W method (26). TRX, thioredoxin; TRXR,
thioredoxin reductase.



trxr-2 wt and tm2047 alleles
5¢- TCAATTACTTCAATGCCTATGCCG -3¢ (forward)
5¢- CAAGATTGTGATAACTGGTACAGAC -3¢ (forward)
5¢- TTATCCACAGCATCCCTGAGTTC -3¢ (reverse)

trxr-2 ok2267 allele
5¢- CAATTTTCTGATGCTTCTATC -3¢ (forward)
5¢- GTAATTGGAGCAGGATCTGGAG -3¢ (forward)
5¢- CTGCGGCATTTGGTCCAACA -3¢ (reverse)
5¢- TTATCCACAGCATCCCTGAGTTC -3¢ (reverse)

ama-1 wt allele
5¢- TTCCAAGCGCCGCTGCGCATTGTC -3¢ (forward)
5¢- CAGAATTTCCAGCACTCGAGGAGCGGA -3¢ (reverse)

Recombinant protein expression and purification

trx-2 cDNA from N2 wild-type and trx-2 (tm2720) mutant
(see RNA extraction and RT-PCR analysis section, Supple-
mentary Materials and Methods) was amplified with the
forward primer 5¢- CATGCATATGGACATTGATTCTG
TTGAAG-3¢ and the reverse primer 5¢- CGACGGATCCCT
ACTAATTTAAATGAACCATTAAACT-3¢ and cloned into
the NdeI and BamHI restrictions sites of the pET-15b vector
(Novagen) to generate the constructs pET-15b::His-CeTRX-2
and pET-15b::His-CeDTRX-2, respectively. These constructs
were used to transform the Escherichia coli BL21 (DE3) strain
and recombinant protein expression was induced at 37�C and
200 rpm during 4 h by adding 1 mM IPTG to a cell culture of
0.5–0.7 optical density in a 100 mL LB medium supplemented
with 0.1 mg/mL ampicillin. Cells were collected by centrifu-
gation, immediately resuspended in 5 mL of Tris-HCl 20 mM
pH 8.0, NaCl 100 mM, DNaseI 60 lg, lysozime 3 mg and b-

mercaptoethanol 5 mM and incubated for 15 min at room
temperature with gentle shaking. Next, the preparation was
sonicated for 5 min on ice and the cell-free extract was ob-
tained by centrifugation at 12,000 · g during 30 min at 4�C.
Recombinant His-CeTRX-2 and His-CeDTRX-2 proteins were
purified from the cell-free extract using a BD TALON� Metal
Affinity column (Clontech) equilibrated with Tris-HCl 20 mM
pH 8.0, NaCl 100 mM and eluted with imidazole 25 mM. Fi-
nally, the purified protein was dialyzed against sodium
phosphate buffer 20 mM pH 7.4 to remove imidazole from the
preparation.

Thioredoxin activity assays

For the 1,4-dithio-d-threitol (DTT) assay, 25 lL of a reac-
tion mix (composed of 40 lL Tris-HCl 1 M pH 7.5, 10 lL
ethylenediaminetetraacetic acid (EDTA) 0.2 M and 200 lL of
bovine insulin 10 mg/mL) were mixed with the protein
preparation in a final assay volume of 200 lL. The reaction
was initiated by adding 2 lL of DTT 100 mM and the
thioredoxin activity was measured by monitoring the in-
crease of absorbance at 595 nm due to free-B chain precipi-
tation over time.

For the reduced nicotinamide adenine dinucleotide
phosphate (NADPH) and thioredoxin reductase assay,
20 lL of a reaction mix (composed of 40 lL HEPES 1 M pH
7.4, 8 lL EDTA 0.2 M, 8 lL NADPH 40 mg/mL and 100 lL
insulin 10 mg/mL) were mixed with the protein prepara-
tion in a final assay volume of 200 lL. The reaction was
initiated by adding 1 lL rat TrxR1 1.5 mg/mL and the
thioredoxin activity was measured by monitoring the de-
crease of absorbance at 340 nm due to NADPH consump-
tion over time.

SUPPLEMENTARY FIG. S2. TRX-2 is expressed in ASEL and AIYL/R neurons. Transgenic animals expressing simul-
taneously the transcriptional fusions Pttx-3::RFP (27) or Pceh-36::RFP (10) along with Ptrx-2::GFP demonstrate colocalization
by the merged yellow color in AIYL/R neurons (A) or ASEL neurons (B), respectively. Note that RFP has a much weaker
signal in the nucleus, resulting in a green nucleus surrounded by a yellowish cytoplasm in the merged images. Red arrowheads
denote the intestinal autofluorescent granules. Insets show amplification of the respective dashed areas. Image analysis was
performed as described in the Materials and Methods section. Bar 20 lm. RFP, red fluorescent protein; TRX, thioredoxin;
TRXR, thioredoxin reductase.



SUPPLEMENTARY FIG. S3. Mitochondrial morphology of trx-2 and trxr-2 mutants. Wild-type, trx-2 and trxr-2 single
and double mutant strains expressing the construct Pmyo-3::MTS::GFP (12) were examined for mitochondria morphology in
body wall muscle cells. Left panels show fluorescence optics and right panels DIC optics. The typical tubular morphology of
muscle cells mitochondria is maintained in all strains examined regardless of the genetic background. Insets show amplifi-
cation of the respective dashed areas. Image analysis was performed as described in the Materials and Methods section. Bar
20 lm. DIC, differential interference contrast.



Green fluorescent protein expression
constructs and transgenesis

All constructs were used at 50 ng/lL (except for pVZ25
[Punc-32::GFP] at 10 ng/lL) along with the pRF4 plasmid
that carries the rol-6(su1006) dominant transformation mar-
ker (50 ng/lL) to generate stable transgenic lines by micro-
injection (21). At least two independent transgenic lines
carrying nonintegrated arrays showing identical or very
similar expression patterns were obtained for each construct
(except for pVZ211 [Punc-32::MTS::GFP] construct with only
one line).

Stress assays

In all cases, animals that did not show pharyngeal pumping
or movement after mechanical stimulation were scored as
dead and removed from the assay plates.

Sodium arsenite treatment. Thirty L4 hermaphrodites
were transferred onto seeded NGM plates containing 10 mM
sodium arsenite (Sigma) and scored every hour for survival (23).

Juglone treatment. Thirty young adult gravid hermaphro-
dites were placed onto freshly made seeded NGM plates

SUPPLEMENTARY FIG. S4. Reactive oxygen species (ROS) production by the mitochondrial thioredoxin system
mutants. ROS production was carried out using the membrane-permeable nonfluorescent dye H2-DCF-DA. Upon entry into
the cell, H2-DCF-DA is deacetylated to H2-DCF and becomes membrane impermeable. H2-DCF then reacts with ROS and
oxidizes to DCF, which is a fluorescent compound. Synchronized L4 animals were used and the fluorescence was determined
after 5 h treatment at 20�C. The graph shows the average of three independent experiments and the error bars represent the
standard error of the mean. Two-way analysis of variance test was performed and differences were found to be not
significant in all cases ( p > 0.05), except for mev-1 (kn1) mutant ( p < 0.001), which was used as a positive control due to its high
rate of ROS production (9). H2-DCF-DA, 2,7-dichlorodihydrofluorescein-diacetate.

SUPPLEMENTARY FIG. S5. Demonstration of effective trx-2 and trxr-2 RNAi downregulation, total Ab content of
constitutive and inducible Ab strains, Ab-dependent paralysis and TRXR-2 overproduction levels. (A) Transgenic worms
expressing the constructs Ptrx-2::trx-2::GFP and Punc-32::trxr-2::GFP were subjected to two generations of RNAi feeding in
HT-115 bacteria expressing no dsRNA, trx-2 or trxr-2 dsRNA, respectively. All micrographs using the same transgene were
taken with identical image capture settings and adjustment of brightness and contrast, when needed, was done identically for
all images from the same transgene. Note that both trx-2 and trxr-2 RNAi treatments efficiently and specifically downregulate
their corresponding transgenes, thus validating the RNAi approach. Image analysis was performed as described in the
Materials and Methods section. Bar 200 lm. (B) Ab immunoblot with 6E10 monoclonal antibody of CL2006 and CL2750
constitutive Ab strains. All lanes were loaded with total protein extract from 100 one-day adult synchronized worms grown
on OP50 bacteria. Note that the CL2006 strain has a slight higher Ab content as compared with the CL2750 strain. a-tubulin is
used as loading control. One blot is shown out of two independent trials with similar results. The quantification of the blots
and the statistical analyses are included in Supplementary Figure S6B. (C) Progressive paralysis of Ab inducible CL4176,
smg-1 (cc546); dvIs27 [Pmyo-3::Ab3–42::let-858 3¢-UTR; rol-6 (su1006)] worms growing on HT-115 bacteria expressing either
no dsRNA (-), trx-2 dsRNA (:), or trxr-2 dsRNA (�). The graph shows one representative experiment out of two
independent trials with similar results. Ab production was induced on a 23�C upshift. (D) Progressive paralysis of CL4176
worms and its derivative transgenic strain VZ297 carrying the extrachromosomal array vzEx111 [Pmyo-3::trxr-2::trxr-2 3¢-
UTR; Punc-122::GFP] growing on HT-115 bacteria expressing either no dsRNA (-, ,) or trxr-2 dsRNA (�, B). The graph
shows one representative experiment out of two independent trials with similar results. Ab production was induced upon a
25�C upshift. (E) Ab immunoblot with 6E10 monoclonal antibody of CL4176 and VZ297 Ab inducible strains. All lanes were
loaded with total protein extract from 100 worms after 24 h Ab production induced upon a 25�C upshift. Animals were
grown on HT-115 bacteria expressing either no dsRNA or trxr-2 dsRNA. Note the clear decrease in Ab content found in
TRXR-2 overexpressing animals, an effect that is abolished when trxr-2 overexpression is downregulated by RNAi. One blot
is shown out of two independent trials with similar results. The quantification of the blots and the statistical analyses are
included in Supplementary Figure S6C. (F) TRXR-2 immunoblot of CL2006 and CL4176 Ab strains and their respective TRXR-
2 overexpressing derivatives VZ209 and VZ297. All lanes were loaded with total protein extract from 100 synchronized 1-day
adult worms grown on OP50 bacteria. a-tubulin was used as loading control. The TRXR-2 levels (monomer and dimer) were
compared between the two independent TRXR-2 overexpressing strains and their respective nontransgenic siblings within
the same blot. One blot is shown out of two independent trials with similar results. The quantification of the blots and the
statistical analyses are included in Supplementary Figure S6D.

‰





SUPPLEMENTARY FIG. S6. Quantification and statistical analyses of Ab and TRXR-2 western blots. The quantification
of the blots was performed with the ImageJ Software and the statistical analysis was implemented using the Microsoft Excel
Software.



Supplementary Table S1. Strains Used in This Study

Strain name Genotype Reference/source

Basic strains
N2 Wild type, DR subclone of CB original (Tc1 pattern I) CGCa

VZ13 trx-2 (tm2720) V This study
VZ12 trxr-2 (tm2047) III This study
VZ15 trxr-2 (ok2267) III This study
VZ17 trxr-2 (tm2047) III; trx-2 (tm2720) V This study
VZ22 trxr-2 (ok2267) III; trx-2 (tm2720) V This study

rrf-3 strains
NL2099 rrf-3 (pk1426) II (25)
VZ29 rrf-3 (pk1426) II; trx-2 (tm2720) V This study
VZ30 rrf-3 (pk1426) II; trxr-2 (tm2047) III This study
VZ31 rrf-3 (pk1426) II; trxr-2 (ok2267) III This study
VZ33 rrf-3 (pk1426) II; trxr-2 (tm2047) III; trx-2 (tm2720) V This study
VZ38 rrf-3 (pk1426) II; trxr-2 (ok2267) III; trx-2 (tm2720) V This study

daf-16::GFP strains
TJ356 zIs356 [Pdaf-16::daf-16::GFP; pRF4 (rol-6 (su1006))] IV (7)
VZ25 zIs356 [Pdaf-16::daf-16::GFP; pRF4 (rol-6 (su1006))] IV; trx-2 (tm2720) V This study
VZ23 trxr-2 (tm2047) III; zIs356 [Pdaf-16::daf-16::GFP; pRF4 (rol-6 (su1006))] IV This study
VZ24 trxr-2 (ok2267) III; zIs356 [Pdaf-16::daf-16::GFP; pRF4 (rol-6 (su1006))] IV This study

skn-1::GFP strains
LD001 Is007 [Pskn-1::skn-1::GFP; pRF4 (rol-6 (su1006))] X (1)
VZ26 trx-2 (tm2720) V; Is007 [Pskn-1::skn-1::GFP; pRF4 (rol-6 (su1006))] X This study
VZ39 trxr-2 (tm2047) III; Is007 [Pskn-1::skn-1::GFP; pRF4 (rol-6 (su1006))] X This study
VZ40 trxr-2 (ok2267) III; Is007 [Pskn-1::skn-1::GFP; pRF4 (rol-6 (su1006))] X This study

Other stress reporter strains
TK22 mev-1 (kn1) III (9)
GA480 sod-2 (gk257) I; sod-3 (tm760) X (6)
SJ4005 zcIs4 [Phsp-4::GFP] V (3)
SJ4100 zcIs13 [Phsp-6::GFP] V (29)
CL2070 dvIs70 [pCL25 (Phsp-16.2::GFP); pRF4 (rol-6 (su1006))] (16)
CF1553 muIs84 [pAD76 (Psod-3::GFP)] (13)
CL2166 dvIs19 [pAF15 (Pgst-4::GFP::NLS); pRF4 (rol-6 (su1006))] (17)

trxr-1; trxr-2 strains
VZ14 trxr-2 (tm2047) III; trxr-1 (sv47) IV This study
VZ21 trxr-2 (ok2267) III; trxr-1 (sv47) IV This study

daf-2 and daf-16 strains
CB1370 daf-2 (e1370) III (11)
VZ87 daf-2 (e1370) III; trx-2 (tm2720) V This study
VZ89 daf-2 (e1370) III; trxr-2 (tm2047) III This study
VZ90 daf-2 (e1370) III; trxr-2 (ok2267) III This study
CF1038 daf-16 (mu86) I (14)
VZ102 daf-16 (mu86) I; trx-2 (tm2720) V This study
VZ103 daf-16 (mu86) I; trxr-2 (tm2047) III This study
VZ101 daf-16 (mu86) I; trxr-2 (ok2267) III This study
GM6 fer-15 (b26) II; daf-2 (e1370) III Manuel Muñoz gift
VZ117 fer-15 (b26) II; daf-2 (e1370) III; trx-2 (tm2720) V This study
VZ129 fer-15 (b26) II; daf-2 (e1370) III; trxr-2 (tm2047) III This study
VZ116 fer-15 (b26) II; daf-2 (e1370) III; trxr-2 (ok2267) III This study

trx-2 and trxr-2 GFP fusion strains
VZ74 vzEx18 [pVZ239 (Ptrx-2::GFP); pRF4 (rol-6 (su1006))] This study
VZ55 vzEx8 [pVZ202 (Ptrx-2::trx-2::GFP); pRF4 (rol-6 (su1006))] This study
VZ83 vzEx21 [pVZ25 (Punc-32::GFP); pRF4 (rol-6 (su1006))] This study
VZ42b vzEx1 [pVZ212 (Punc-32::trxr-2::GFP); pRF4 (rol-6 (su1006))] This study
VZ62 vzEx12 [pVZ234 (Ptrxr-2::GFP); pRF4 (rol-6 (su1006))] This study
VZ69 vzEx14 [pVZ222 (Ptrxr-2::trxr-2::GFP); pRF4 (rol-6 (su1006))] This study

Mitochondrial morphology strains
VZ104 vzEx23 [pVZ228 (Pmyo-3::MTS::GFP); pRF4 (rol-6 (su1006))] This studyc

VZ121 trx-2 (tm2720) V; vzEx23 [pVZ228 (Pmyo-3::MTS::GFP); pRF4 (rol-6 (su1006))] This study

(continued)



containing 240 lM juglone (Sigma) and viability was deter-
mined every 2 h during a total period of 8 h (5).

Paraquat treatment. One hundred L4 hermaphrodites
were placed onto seeded NGM plates containing 4 mM
paraquat (Sigma). Survival was monitored every 24 h.

Sodium azide treatment. Thirty L4 hermaphrodites were
placed onto seeded NGM plates supplemented with 1 mM
sodium azide (Sigma) for 18 h at 20�C. The animals were then
transferred to seeded NGM plates without sodium azide and
scored for survival after a 3-h recovery period (2).

Heat-shock treatment. Thirty L4 hermaphrodites were
placed on prewarmed (37�C) seeded NGM plates and incu-
bated at 37�C. Survival was monitored every hour.

Microsoft Excel Program was used for graphical display
and statistical analysis was performed with GraphPad Prism
software package (GraphPad Software).

Reactive oxygen species determination

Reactive oxygen species formation was quantified us-
ing the membrane-permeable nonfluorescent dye 2,7-
dichlorodihydrofluorescein-diacetate (H2-DCF-DA; Sigma)
as previously described by (2). Synchronized L4 hermaphro-
dites were placed on NGM plates (control) and NGM plates
with 1 mM sodium azide or 0.8 mM paraquat and incubated
at 20�C for 5 h. Next, the animals were washed off the plates
with M9 buffer to reduce bacterial content and a 50 lL volume
of worm suspension was pipetted in four replicates into the
wells of a 96-well plate with opaque walls and bottom and

Table S1. (Continued)

Strain name Genotype Reference/source

VZ122 trxr-2 (tm2047) III; vzEx23 [pVZ228 (Pmyo-3::MTS::GFP); pRF4 (rol-6
(su1006))]

This study

VZ125 trxr-2 (ok2267) III; vzEx23 [pVZ228 (Pmyo-3::MTS::GFP); pRF4 (rol-6
(su1006))]

This study

VZ110 trxr-2 (tm2047) III; trx-2 (tm2720) V; vzEx27 [pVZ228 (Pmyo-3::MTS::GFP);
pRF4 (rol-6 (su1006))]

This study

VZ111 trxr-2 (ok2267) III; trx-2 (tm2720) V; vzEx28 [pVZ228 (Pmyo-3::MTS::GFP);
pRF4 (rol-6 (su1006))]

This study

Mitochondrial colocalization strains
PS6187 unc-119 (ed3) III; syEx1155 [pAM34.1 (Pmyo-3::TOM20::mRFP::3xMyc);

unc-119( + )]
Amir Sapir and Paul

Sternberg gift
VZ141 vzEx8 [pVZ202 (Ptrx-2::trx-2::GFP); pRF4 (rol-6 (su1006))]; syEx1155

[pAM34.1 (Pmyo-3::TOM20::mRFP::3xMyc); unc-119( + )]
This study

VZ142 vzEx1 [pVZ212 (Punc-32::trxr-2::GFP); pRF4 (rol-6 (su1006))]; syEx1155
[pAM34.1 (Pmyo-3::TOM20::mRFP::3xMyc); unc-119( + )]

This study

AIY colocalization strains
OH1098 otIs133 [Pttx-3::RFP; unc-4( + )] (27)
VZ167 otIs133 [Pttx-3::RFP; unc-4( + )]; vzEx18 [pVZ239 (Ptrx-2::GFP); pRF4 (rol-6

(su1006))]
This study

ASE colocalization strains
OH4165 otIs151 [Pceh-36::RFP; pRF4 (rol-6 (su1006))]; otEx2416 [Pgcy-21::GFP;

Punc-122::GFP]
(24)

VZ179 otIs151 [Pceh-36::RFP; pRF4 (rol-6 (su1006))]; otEx2416 [Pgcy-21::GFP;
Punc-122::GFP]; vzEx18 [pVZ239 (Ptrx-2::GFP); pRF4 (rol-6 (su1006))]

This study

Ab-peptide strains
CL2006 dvIs2 [pCL12 (Punc-54::Ab 3–42::unc-54 3¢-UTR); pRF4 (rol-6 (su1006))] II (15)
VZ18 dvIs2 [pCL12 (Punc-54::Ab 3–42::unc-54 3¢-UTR); pRF4 (rol-6 (su1006))] II;

trx-2 (tm2720) V
This study

CL2750 dvIs100 [pCL354 (Punc-54::Ab 1–42::unc-54 3¢-UTR); pCL26 (Pmtl-2::GFP)] C.D. Link,
unpublished data

VZ223 trxr-2 (tm2047) III; dvIs100 [pCL354 (Punc-54::Ab 1–42::unc-54 3¢-UTR); pCL26
(Pmtl-2::GFP)]

This study

VZ209 dvIs2 [pCL12 (Punc-54::Ab 3–42::unc-54 3¢-UTR); pRF4 (rol-6 (su1006))] II;
vzEx71 [pVZ394 (Pmyo-3::trxr-2::trxr-2 3¢-UTR); Punc-122::GFP]

This study

CL4176 smg-1 (cc546ts) I; dvIs27 [pAF29 (Pmyo-3::Ab 3–42::let-858 3¢-UTR); pRF4 (rol-6
(su1006))] X

(20)

VZ297 smg-1 (cc546ts) I; dvIs27 [pAF29 (Pmyo-3::Ab 3–42::let-858 3¢-UTR); pRF4 (rol-6
(su1006))] X; vzEx111 [pVZ394 (Pmyo-3::trxr-2::trxr-2 3¢-UTR);
Punc-122::GFP]

This study

aCaenorhabditis Genetics Center (www.cbs.umn.edu/CGC/).
bMTS of trxr-2 gene.
cThe Pmyo-3::MTS::GFP construct was described in Labrousse et al. (12).
MTS, mitochondrial targeting sequence; GFP, green fluorescent protein.



allowed to equilibrate to room temperature. Fifty micro liters
of a fresh 100 lM H2-DCF-DA solution was pipetted to the
suspensions, resulting in a final concentration of 50 lM. On
each plate, control wells containing nematodes from each
treatment without H2-DCF-DA and wells containing H2-
DCF-DA without animals were prepared in parallel. Im-
mediately after addition of H2-DCF-DA, basal fluorescence
was measured in a microplate reader (PolarStar Omega.
BMG, LabTech) at excitation/emission wavelengths of 485
and 520 nm, respectively. Plates were kept for 1 h shaking at
20�C. Then, a second measurement was performed. The initial

fluorescence and the fluorescence signals of control wells
were subtracted from the second measurement. Values were
normalized to protein content, which was determined using
the bicinchoninic acid protein assay kit (Pierce). We used the
GraphPad Prism software package (GraphPad Software) for
graphical display and statistical analysis.

RNA interference

HT115 E. coli strain transformed with either pL4440 empty
vector or the respective test clones were grown in liquid LB
medium containing 100 lg/mL ampicillin for 15 h at 37�C
before seeding the RNA interference (RNAi) plates containing
1 mM IPTG. The plates were incubated for 2 days at 37�C to
induce dsRNA. Phenotypes were scored at 20�C from the first
generation onward by allowing the interfered gravid her-
maphrodites to lay eggs during 2 h on fresh RNAi plates.

Longevity assays

Tightly synchronized embryos from bleached gravid adult
hermaphrodites were allowed to develop through the L4
larval stage and then transferred to fresh NGM plates in
groups of 25 worms per plate for a total of 100 individuals per
experiment. The day the animals reached the L4 larval stage
was used as t = 0. Nematodes were transferred to fresh plates
daily until progeny production ceased and after that, they
were transferred every second to the 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. Each survival assay
was repeated twice. We used the GraphPad Prism software
package (GraphPad Software) for graphical display and sta-
tistical analysis.

Paralysis phenotype, Ab immunodetection
and amyloid deposits determination

Worms were scored as paralyzed if they failed to propagate
a full sinusoidal contraction after prodding or if their heads
were associated with a ‘‘halo’’ of ingested bacterial lawn, in-
dicative of an inability to move to access food. In experiments
measuring paralysis of transgenic strains carrying extrachro-
mosomal arrays, sibling worms containing the transgene were
identified by green fluorescent protein (GFP) fluorescence of
the marker transgene included in the extrachromosomal array.
Identification of transgenic and nontransgenic worms was
performed after paralysis scoring to prevent observer bias.

For Ab immunoblotting, 100 worms from each strain
(grown for 2 generations in the corresponding RNAi bacteria
or grown in OP50 for one generation) were manually collected
at their first day of adulthood (for Ab constitutive strains) or
after 24 h temperature upshift (for Ab inducible strains) in
15 lL of lysis buffer (NaCl 150 mM, NP-40 1% and Tris-HCl
50 mM pH 8). After three cycles of freeze thawing in liquid
nitrogen, 3 lL of Laemmli buffer 5 · were added and the mix
was heated at 95�C for 10 min. Proteins were separated by
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) using a 4%–20% gradient polyacrylamide gel
(BioRad) and transferred to Immobilon-P PVDF membranes
(Millipore). Blots were probed with anti-Ab monoclonal 6E10

Supplementary Table S3. Genes Tested in RNA
Interference Feeding Assays for Synthetic

Defects with Mutants of the Mitochondrial

Thioredoxin System

Gene
category

Gene
name

Gene sequence
designation

Synthetic
phenotype

Thioredoxins trx-1 B0228.5 No
trx-2 B0024.9 No
trx-3 M01H9.1 No
txl Y54E10A.3 No
dnj-27 Y47H9C.5 No
trx-4 Y44E3A.3 No
trx-5 K02H11.6 No

Thioredoxin reductases trxr-1 C06G3.7 No
trxr-2 ZK637.10 No

Glutaredoxins glrx-5 Y49E10.2 NAa

glrx-10 Y34D9A.6 No
glrx-21 ZK121.1 No
glrx-22 C07G1.8 No

Peroxiredoxins prdx-2 F09E5.15 NAa

prdx-3 R07E5.2 No
prdx-6 Y38C1AA.11 No

Glutathione reductase gsr-1 C46F11.2 No

All genes were tested by conducting RNA interference feeding
with the indicated gene in the following genetic backgrounds. The
rrf-3 (pk1426) mutation increases the sensitivity to RNAi (25):
NL2099, rrf-3 (pk1426) II
VZ29, rrf-3 (pk1426) II; trx-2 (tm2720) V
VZ30, rrf-3 (pk1426) II; trxr-2 (tm2047) III
VZ31, rrf-3 (pk1426) II; trxr-2 (ok2267) III
VZ33, rrf-3 (pk1426) II; trxr-2 (tm2047) III; trx-2 (tm2720) V
VZ38, rrf-3 (pk1426) II; trxr-2 (ok2267) III; trx-2 (tm2720) V

aNot applicable. RNAi of these genes caused larval arrest/slow
growth of the rrf-3 (pk1426) control strain.

Supplementary Table S2. Brood Sizes

of the trx-2 and trxr-2 Mutants

Strain name Genotype Average brood sizea – SD

N2 Wild type 255 – 57
VZ13 trx-2 (tm2720) V 305 – 61b

VZ12 trxr-2 (tm2047) III 285 – 41
VZ15 trxr-2 (ok2267) III 251 – 54
VZ17 trxr-2 (tm2047) III;

trx-2 (tm2720) V
300 – 53

VZ22 trxr-2 (ok2267) III;
trx-2 (tm2720) V

219 – 62

aThe total number of progeny from 10 worms of each genotype
were determined.

bp < 0.05 by unpaired two-tailed t-test.
SD, standard deviation.



(Covance) at a 1:1000 dilution and with mouse anti-IgG
(Sigma) at 1:10,000 as a secondary antibody. The ECL kit (GE)
was used for signal detection, following the manufacturer’s
instructions. Monoclonal anti-a-tubulin (Sigma) 1:10,000 was
used as loading control. The quantification of Ab blots was
performed using the ImageJ Software and the statistical
analysis was performed with the Microsoft Excel Software.

For Ab immunohistochemistry, worms were fixed and
permeabilized as previously described (19), except that glu-
taraldehyde was eliminated from the fixation step. Permeabi-
lized worms were stained with monoclonal antibody 6E10
(Covance) at a final concentration of 5 mg/mL and with Alexa-
labeled goat-anti-mouse secondary antibody (Invitrogen) at
20 mg/mL. Stained worms were imaged by shortwave epi-
fluorescence microscopy using a Zeiss Axiophot microscope
equipped with digital deconvolution capacity (Intelligent
Imaging Innovations). Final images were assembled in Photo-
shop by projection images generated from a digital deconvo-
lution series consisting of sixteen 1 lm optical sections.

For amyloid deposits staining, worms were stained with the
amyloid-specific dye X-34 as previously described (18). Briefly,
worms were propagated at 20�C and first-day adults were in-
cubated for 2 h in 20 lL drops of 1 mM X-34 in 10 mM TRIS pH
7.5. Worms were then destained by rinsing once in a drop of
phosphate-buffered saline and then transferring to NGM plates
seeded with E. coli strain OP50 for overnight recovery at 20�C.
Stained worms were anesthetized with sodium azide and
imaged with a Zeiss Axiophot epifluorescence microscope as
just described. The statistical analysis was performed with the
Microsoft Excel Software.

Thioredoxin reductase 2 antibody
production and immunodetection

The synthetic peptides Ac-RTDKRSGKILADEFDRASC-
amide and Ac-CVKLHITKRSGQDPRT-amide derived from
Caenorhabditis elegans thioredoxin reductase 2 (TRXR-2) se-
quence were conjugated to KLH and used to immunize rabbits
(New England Peptides). After four immunizations, serum
was collected and polyclonal antibodies were purified by af-
finity chromatography using a mix of the two peptides. For
TRXR-2 immunoblotting, 100 worms from each strain (grown
in OP50 for one generation) were manually collected at their
first day of adulthood in 15 lL of lysis buffer (NaCl 150 mM,
NP-40 1% and Tris-HCl 50 mM pH 8). After 3 cycles of freeze
thawing in liquid nitrogen, 3 lL of Laemmli buffer 5 · were
added and the mix was heated at 95�C for 10 min. Proteins
were separated by SDS-PAGE using a 10% polyacrylamide gel
(BioRad) and transferred to Immobilon-P PVDF membranes
(Millipore). Blots were probed with anti-TRXR-2 polyclonal
antibody at a 1:1000 dilution and with rabbit anti-IgG (Sigma)
at 1:10,000 as secondary antibody. The ECL kit (GE) was used
for signal detection, following the manufacturer’s instructions.
Monoclonal anti-a-tubulin (Sigma) 1:10,000 was used as load-
ing control. The quantification of TRXR-2 blots was performed
using the ImageJ Software and the statistical analysis was
performed with the Microsoft Excel Software.
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