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SUMMARY
Proteome integrity is fundamental for cellular and organismal homeostasis. The mitochondrial unfolded pro-
tein response (UPRmt), a key component of the proteostasis network, is activated in a non-cell-autonomous
manner in response tomitochondrial stress in distal tissues. However, the importance of inter-tissue commu-
nication for UPRmt inducibility under physiological conditions remains elusive. Here, we show that an intact
germline is essential for robust UPRmt induction in the Caenorhabditis elegans somatic tissues. A series of
nematode mutants with germline defects are unable to respond to genetic or chemical UPRmt inducers.
Our genetic analysis suggests that reproductive signals, rather than germline stem cells, are responsible
for somatic UPRmt induction. Consistent with this observation, we show that UPRmt is sexually dimorphic,
as male nematodes are inherently unresponsive to mitochondrial stress. Our findings highlight a paradigm
of germline-somatic communication and suggest that reproductive cessation is a primary cause of age-
related UPRmt decline.
INTRODUCTION

Loss of protein homeostasis (proteostasis) is a hallmark of aging

and has been implicated in several human pathologies, collec-

tively termed proteinopathies.1 The proteostasis network (PN),

an extensive chaperone network supported by stress response

pathways and the protein degradation machinery, prevents the

accumulation of damaged proteins, toxic oligomers, and protein

aggregates.2,3 Landmark studies in the nematode Caenorhabdi-

tis elegans demonstrated that proteostasis decline is an early,

programmed event rather than a consequence of aging. Interest-

ingly, genetic interventions that extend the lifespan, such as inhi-

bition of insulin/IGF-1 signaling, can delay the onset of proteo-

stasis decline.4,5 Intense scientific efforts have focused on

elucidating the molecular basis of PN regulation in order to

rescue cells and organisms from the consequences of age-asso-

ciated proteostasis decline.

The mitochondrial unfolded protein response (UPRmt) is acti-

vated by stressors that inhibit oxidative phosphorylation and

pathogen attack. In addition, the UPRmt senses stoichiometric

imbalances of electron transport chain (ETC) complexes caused

by reduced mitochondrial protein synthesis or impaired trans-

port of nuclear-encoded ETC components into mitochondria.6–8

Central to UPRmt activation is ATFS-1, a basic leucine zipper

transcription factor that harbors both a mitochondrial and a nu-
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clear localization signal. Under basal conditions, ATFS-1 is im-

ported into the mitochondria and degraded.9 However, upon

mitochondrial challenge, ATFS-1 is stabilized and translocates

to the nucleus, where it activates a broad transcriptional pro-

gram to restore mitochondrial proteostasis, rewire metabolism,

and enhance innate immunity.10,11 In addition to ATFS-1,

UPRmt activation relies on the homeobox transcription factor

DVE-1, the deubiquitylase UBL-5, the sphingosine kinase

SPHK-1, and several epigenetic chromatin regulators.12–18 In

mammals, accumulating evidence suggests that the transcrip-

tion factors ATF-4, and ATF-5, which are preferentially translated

upon activation of the integrated stress response, are involved in

UPRmt induction.19–21 Extensive studies have shown that mito-

chondrial stress in neurons activates the UPRmt in a non-cell-

autonomous manner.22–25 However, the importance of inter-tis-

sue communication for UPRmt induction under physiological

conditions remains largely elusive.

In this study, we propose that germline-derived signals are

essential for robust UPRmt activation in C. elegans somatic tis-

sues under mitochondrial stress. We performed a genetic anal-

ysis, in which we depleted individual germline populations,

such as germline stem cells, sperm, and oocytes, and uncovered

a direct link between reproduction and somatic UPRmt induction.

Consistently, we show that the two sexes of C. elegans respond

differently to mitochondrial stress. Our results demonstrate that
une 25, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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Figure 1. An intact GSC pool is required for somatic UPRmt induction

(A) Photomicrographs of day 1 adult wild-type (WT), glp-1(e2141ts), glp-1(e2144ts), and atfs-1(tm4525)mutant phsp-6GFP reporter nematodes treated with empty

vector (EV) and three UPRmt-inducing RNAis from hatching.

(B) Quantification of intestinal phsp-6GFP fluorescence in WT, glp-1(e2141ts), glp-1(e2144ts), and atfs-1(tm4525)mutants (n = 3, ***p < 0.001, **p < 0.01, two-way

ANOVA). The red stars signify the time point when mitochondrial stress was administered.

(C) Photomicrographs of day 3 adult WT, glp-1(e2141ts), glp-1(e2144ts), and atfs-1(tm4525) mutant phsp-6GFP reporter nematodes treated with EV and three

UPRmt-inducing RNAis from the L3 larval stage.

(D) Quantification of phsp-6GFP fluorescence in WT, glp-1(e2141ts), glp-1(e2144ts), and atfs-1(tm4525)mutants (n = 3, ***p < 0.001, **p < 0.01, two-way ANOVA).

(E) Photomicrographs of day 3 adult WT and glp-1(e2141ts) mutant phsp-4GFP reporter nematodes treated with EV and ero-1(RNAi) from the L4 larval stage.

(legend continued on next page)
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germline-to-soma signaling regulates a central stress response

and that reproductive diapause correlates with the age-related

decline in somatic proteostasis.

RESULTS

Somatic UPRmt induction requires germline stem cell
proliferation
Gamete production is an energy-demanding process that is

highly dependent on mitochondrial function.26 We hypothe-

sized that changes in germline homeostasis could be trans-

mitted to the soma and affect the UPRmt. To address this, we

used two temperature-sensitive (ts) mutants for the glp-1

gene, which encodes the worm Notch receptor homolog, to

achieve ablation of the reproductive germline27. GLP-1(Notch)

signaling is essential for the renewal of germline stem cells

(GSCs), which give rise to all gametes in the hermaphrodite go-

nads of C. elegans.28 When glp-1(ts) mutants are raised at the

restrictive temperature (25�C), their GSCs are progressively

depleted, eventually producing germline-less, sterile nema-

todes.29 To assess UPRmt activation, we used a transgenic

strain expressing GFP under the control of the promoter of

hsp-6 (phsp-6GFP), a mitochondrial Hsp70 chaperone that is

robustly induced upon mitochondrial stress, predominantly in

the intestine.30 We kept the duration of mitochondrial stress

constant (three consecutive days) and varied the time of initial

stress application. When glp-1(e2141ts) and glp-1(e2144ts) mu-

tants were challenged from hatching by RNAi-mediated inhibi-

tion of isp-1, cco-1, and spg-7, which are known to trigger the

UPRmt, they were able to induce phsp-6GFP expression, similar

to their wild-type counterparts, although their GSCs were pro-

gressively eliminated by the onset of adulthood (Figures 1A and

1B). Thus, mitochondrial challenge prior to GSC depletion

robustly induced the UPRmt. However, when mitochondrial

stress was first applied 32 h after egg laying, a time point cor-

responding to the L3 larval stage when the developmental tem-

perature is set at 25�C, both glp-1 mutants failed to induce

phsp-6GFP and were reminiscent of the atfs-1(tm4525) null mu-

tants, which are inherently UPRmt unresponsive (Figures 1C

and 1D). At 15�C (permissive temperature), glp-1(e2141ts) mu-

tants are fertile, indistinguishable from wild-type worms, and

responsive to atp-3 knockdown, which induces the UPRmt

through formation of the mitochondrial permeability transition

pore31 (Figures S1A and S1B). This was reversed when the an-

imals were grown at 25�C (restrictive temperature) (Figures S1C

and S1D). Thus, UPRmt induction correlates with the pene-

trance of the glp-1(e2141ts) mutation. As an alternative to

RNAi feeding, we stressed worms with antimycin A, a mito-

chondrial toxin produced by Streptomyces spp. and a potent

UPRmt inducer.32,33 We observed that the inducibility of

phsp-6GFP expression was impaired in glp-1(e2141ts) mutants

(Figure S1E). glp-1 mutants are long lived, and this is depen-

dent on the activation of the DAF-16/FoxO transcription fac-
(F) Quantification of phsp-4GFP fluorescence in WT and glp-1(e2141ts) upon EV a

(G) Overview of C. elegans germline development. Asymmetric divisions of the zy

primordial germ cells (PGCs) Z2 and Z3. PGCs proliferate during the larval stage

Data are represented as mean ± SD. Scale bars, 200 mm.
tor.34 However, daf-16(mu86); glp-1(e2141ts) double mutants

behaved similarly to glp-1(e2141ts) single mutants upon anti-

mycin A treatment, demonstrating that GSC-depleted animals

are unable to induce the UPRmt independent of DAF-16/FoxO

(Figure S1F).

We obtained similar results when mitochondrial stress was

first applied at the L4 larval stage. To corroborate our findings,

we also analyzed glp-4(bn2ts) mutants, which produce only a

small number of mitosis-arrested germline nuclei when grown

at the restrictive temperature.35,36 Similar to glp-1(e2144ts),

glp-4(bn2ts)mutants failed to robustly induce phsp-6GFP expres-

sion upon treatment with UPRmt RNAi inducers from the L4 larval

stage (Figures S2A and S2B) and upon antimycin A treatment

(Figures S2C and S2D). Notably, the development of glp-

4(bn2ts) mutants was delayed upon challenge with spg-

7(RNAi) (Figures S2E and S2F). We next asked whether GSC

elimination affects the ability of nematodes to activate other

stress pathways. The endoplasmic reticulum (ER) UPR (UPRER),

which is activated when the ER protein folding capacity is

compromised, reduces the load of unfolded proteins in the

ER.37 Expression of the chaperone HSP-4 has been widely

used as a reliable marker of UPRER activation.38 We found that

glp-1(e2141ts) mutants could induce phsp-4GFP expression to

wild-type levels upon knockdown of the ER oxidoreductase

ero-1 (Figures 1E and 1F). These results indicate that GSC elim-

ination renders germline-less mutants less responsive specif-

ically to UPRmt-inducing insults.

An intact germline is a prerequisite for somatic UPRmt

activation
We asked whether the absence of active GSC proliferation in

germline-less mutants accounts for their reduced ability to

induce the UPRmt. In contrast to glp-1 loss-of-function mutants,

glp-1(ar202) gain-of-function mutants exhibit a hyperprolifera-

tive phenotype manifested by the formation of proximal gonadal

arm tumors with abundant mitotic nuclei (Figure S3A).39 We

reasoned that, if GSC depletion abolishes UPRmt induction,

then mitochondrial stress applied to the glp-1(ar202) mutants

would induce an equal or even stronger UPRmt. However, glp-

1(ar202)mutants failed to mount a robust UPRmt upon antimycin

A treatment (Figures S3B and S3C). Thus, impairment of a pro-

cess other than GSC proliferation attenuates the potential of

germline-less mutants to mount a robust UPRmt. The germline

is a tissue of active mtDNA replication associated with progeny

production. Lack of GSC proliferation results in reduced mtDNA

copy numbers.40 However, knockdown of polg-1/POLG, the

RNA polymerase involved in mtDNA replication,41 did not affect

UPRmt induction upon antimycin A treatment (Figures S3D and

S3E). This suggests that mtDNA copy number does not correlate

with UPRmt induction.

During embryogenesis, three rounds of cell division of the P2

blastomere of the four-cell stage embryo generate the P4 germ-

line founder cell. P4 division gives rise to two primordial germ
nd ero-1(RNAi) treatments (n > 3; p > 0.05; two-way ANOVA).

gote specify the P4 founder cell, which divides once more to produce the two

s, giving rise to the two mature, U-shaped hermaphrodite gonads.
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Figure 2. The germline is essential for full-scale UPRmt induction

(A) Photomicrographs of day 3 adultWT andmes-1(bn7ts)mutant phsp-6GFP reporter nematodes treatedwith EV, isp-1(RNAi), cco-1(RNAi), and atp-3(RNAi) from

the L4 larval stage.

(B) Photomicrographs of day 2 adult WT and mes-1(bn7ts) mutant phsp-6GFP reporter nematodes treated with antimycin A.

(C) Quantification of phsp-6GFP fluorescence intensity in WT andmes-1(bn7ts)mutants. Treatments were the same as in (A) (n = 3, ***p < 0.001, two-way ANOVA).

(D) Quantification of phsp-6GFP fluorescence in WT and mes-1(bn7ts) mutants upon antimycin A treatment (n = 3, ***p < 0.001, **p < 0.01, two-way ANOVA).

(legend continued on next page)
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cells, Z2 and Z3, which begin to proliferate after hatching to

form to the entire germline (Figure 1G).42 mes-1(bn7ts)mutants

show defects in asymmetric cell divisions, resulting in the trans-

formation of P4 into a muscle progenitor.43 Consequently,

almost half of the progeny produced by mes-1(bn7ts) homozy-

gous hermaphrodites are sterile, while the rest of the population

remains fertile, due to the incomplete penetrance of the mes-

1(bn7) mutation. Interestingly, sterile mes-1(bn7ts) mutant ani-

mals failed to induce phsp-6GFP expression to wild-type levels

upon isp-1, cco-1 and atp-3 knockdown or antimycin A treat-

ment, while their fertile, genetically identical siblings responded

reminiscent of the wild type (Figures 2A–2D). To assess

whether somatic gonad development could affect the somatic

UPRmt, we used mutants for gon-2, which is involved in the

division of somatic gonad progenitors.44 We found that gon-

2(q388ts)mutants also failed to induce UPRmt upon ETC inhibi-

tion (Figures S4A–S4D). We verified these findings by moni-

toring phsp-6GFP reporter induction with an anti-GFP antibody

under normal conditions and after antimycin A treatment

(Figure S4E).

At the end of development, C. elegans somatic cells are

terminally differentiated and post mitotic. The germline is the

only tissue where active cell division occurs in the adult

C. elegans. Since our results indicated that the reproductive

status determines the potential of the soma to induce the

UPRmt, we wondered what the effect of stress, which predom-

inantly affects germline cells, would be on the somatic UPRmt.

We used 5-fluro-2ʹ-deoxyuridine (FUDR), which intercalates

into DNA strands, causing replication arrest. A 24-h FUDR

treatment produced sterile nematodes that failed to induce

UPRmt following antimycin A challenge (Figures 2E–2G). We

also applied ionizing radiation (IR), which induces DNA dou-

ble-strand break formation and germline apoptosis.45 Exposure

to an intermediate dose of IR reduced brood size and attenu-

ated phsp-6GFP induction upon antimycin A treatment

(Figures 2H–2J). Ultraviolet B (UV-B) radiation leads to the for-

mation of cyclobutene-pyrimidine dimers and photoproducts.46

Increasing doses of UV-B reduced brood size and UPRmt in-

duction in the soma (Figures S4F–S4H).

We extended our analysis to a non-cell-autonomous UPRmt

induction paradigm. Neuronal overexpression of a polyglut-

amine tract of 40 glutamines (Q40) is known to induce

UPRmt non-cell autonomously.23 Interestingly, the induction of

phsp-6GFP in the posterior intestine was weaker when these an-

imals were grown on FUDR plates (Figures S5A and S5B). The

same was true when we compared wild-type animals and glp-

1(e2141ts) mutants in the presence of pan-neuronal Q40

(Figures S5C and S5D). Thus, an actively proliferating, intact

germline is essential for full UPRmt inducibility in response to

various insults.
(E) A 24-h FUDR treatment produces sterile nematodes. UNT, untreated.

(F) Photomicrographs of day 2 adult WT phsp-6GFP reporter nematodes grown o

(G) Quantification of phsp-6GFP fluorescence upon antimycin A challenge in untre

(H) An intermediate ionizing radiation (IR) dose reduces brood size.

(I) Photomicrographs of day 2 adult WT phsp-6GFP reporter nematodes exposed

(J) Quantification of phsp-6GFP fluorescence upon antimycin A challenge in untre

Data are represented as mean ± SD. Scale bars, 200 mm.
Active reproduction is associated with somatic UPRmt

induction
Next, we investigated whether the absence of germline popula-

tions other than mitotic GSCs could undermine somatic UPRmt

inducibility. To this end, we took advantage of ts mutants for

the sex determination pathway.47 We observed that fem-

1(hc17ts) mutants, which become feminized when raised at

25�C, retained only a residual potential to induce UPRmt, albeit

significantly weaker than wild-type worms (Figures 3A and 3B).

Oogenesis-defective fem-3(q20gof) mutants, which produce

excess sperm at the expense of oocytes, failed to induce the

mitochondrial stress response upon ETC inhibition (Figures S6A

and S6B). Thus, the absence of sperm alone cannot explain the

reduced UPRmt inducibility. Furthermore, sperm- and oocyte-

deficient mutants remained unresponsive to antimycin A, pheno-

copying germline-less mutants (Figures S6C and S6D). We vali-

dated these findings by quantifying GFP expression in hundreds

of worms using the Copas biosorter (Figure S6E) and by western

blotting with an anti-GFP antibody (Figure S6F). Interestingly,

mating of feminized fem-1(hc17ts)mutants with wild-type males

partially restores phsp-6GFP induction upon antimycin A treat-

ment, along with their ability to produce viable offspring. This is

independent of male pheromone production, as mating with

daf-22(m130) males, which are inherently defective in phero-

mone biosynthesis,48 could also restore UPRmt inducibility

of sperm-deficient nematodes (Figures 3C and 3D). Taken

together, these results demonstrate that the ability to reproduce

is a prerequisite for full somatic UPRmt induction.

Next, we asked whether sperm or oocyte deficiency leads to

generalized stress response defects. To this end, we crossed

sperm- and oocyte-deficient mutants with established stress

response reporters. Treatment with tunicamycin, an inhibitor of

N-glycosylation and potent UPRER inducer, induced phsp-4GFP

expression in both fem-1(hc17ts) and fem-3(q20gof) mutants

(Figures S7A and S7B). Another key player in proteostasis is the

transcription factor HSF-1, the master regulator of the heat shock

response (HSR).49 The hsp20/alpha-B-crystallin family member

hsp-16.2, whose expression is induced upon heat shock,50 is a

transcriptional targetofHSF-1.51Both feminizedandmasculinized

mutants induced phsp-16.2GFPexpression close towild-type levels

upon heat stress (Figures S7C and S7D). In addition to exogenous

insults, cells often face endogenous stress caused by reactive ox-

ygen species, byproducts of cellularmetabolism that damagevital

cellular macromolecules. SKN-1/Nrf2 orchestrates the oxidative

stress response (OxSR)52 by transcribing numerous genes, such

as gst-4.53 Fem-1(hc17ts) and fem-3(q20gof) mutants could

inducegst-4expressionupon treatmentwithparaquat, a superox-

ide radical generator (Figures S7E and S7F). Taken together,

among the major stress responses, only the UPRmt is impaired

when reproduction ceases due to the lack of sperm or oocytes.
n standard or FUDR-containing plates before antimycin A challenge.

ated and FUDR-treated animals (n = 3, ***p < 0.001, two-way ANOVA).

to a 60-Gy IR dose before antimycin A challenge.

ated and IR-treated animals (n = 3, ***p < 0.001, **p < 0.01, two-way ANOVA).
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Figure 3. Reproduction is coupled with somatic UPRmt

(A) Photomicrographs of day 3 adult WT and fem-1(hc17ts)mutant phsp-6GFP reporter nematodes treated with EV and three UPRmt-inducing RNAis from the L4

larval stage.

(B) Quantification of intestinal phsp-6GFP fluorescence in WT and feminized mutants (n > 3, ***p < 0.001, *p < 0.05, two-way ANOVA).

(legend continued on next page)
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The finding that oocyte production is essential for full-scale

UPRmt induction in the soma led us to hypothesize that there

may be a differential potential for UPRmt induction between the

two sexes. The nematode C. elegans exists in nature primarily

as a hermaphrodite with two sex chromosomes (XX), producing

both sperm and oocytes from a common pool of GSCs. Males

with a single sex chromosome (X0) arise randomly at low fre-

quencies due to meiotic nondisjunction events. While genetic

inhibition of cco-1 and atp-3 induced phsp-6GFP expression in

hermaphrodites, it failed to do so in their male siblings

(Figures 3E and 3G). Similarly, antimycin A treatment had a pro-

nounced effect in hermaphrodites but only marginally increased

phsp-6GFP expression in males (Figures 3F and 3H). This pheno-

type was specific for the UPRmt, as males were able to induce

both the HSR and OxSR to a greater extent than their hermaph-

rodite siblings upon stress (Figures S8A–S8D). These results

indicate that the UPRmt is a sexually dimorphic stress response

and highlight the importance of oocytes and active reproduction

per se for UPRmt induction in somatic cells.

Non-cell-autonomous induction of UPRmt upon
mitochondrial stress in the germline
We further investigated the interplay between germline and

soma in the regulation of UPRmt. To this end, we used strains

that allow tissue-specific RNAi-mediated knockdown.We tested

ppw-1mutants, which are inherently RNAi deficient in the germ-

line, allowing mitochondrial stress induction by RNAi only in the

soma.54 We found that ppw-1(tm5919) mutants could induce

phsp-6GFP expression similarly to wild-type worms when mito-

chondrial stress was applied from hatching (Figures 4A–4C) or

the L4 larval stage (Figures S9A and S9B), with the only excep-

tion of cco-1 knockdown from the L4 stage. Thus, the perception

of mitochondrial stress in the germline is generally not required

for somatic UPRmt induction but may be supportive for specific

types of mitochondrial stress.

We next asked whether mitochondrial stress in the germline

could activate UPRmt in the soma. To address this question,

we crossed our UPRmt reporter with a strain that allows RNAi-

mediated silencing exclusively in the germline.55 In contrast to

the wild type, these animals were resistant to RNAi-mediated

downregulation of GFP in the soma (Figures 4A and 4B) and

did not exhibit the developmental defects associated with ETC

inhibition (Figure 4D), highlighting the germline specificity of the

RNAi-mediated silencing. Interestingly, administration of germ-

line-specific mitochondrial stress from hatching could induce

somatic phsp-6GFP expression, although to a lesser extent than
(C) Photomicrographs of day 2 adult WT and fem-1(hc17ts) mutant phsp-6GFP r

antimycin A.

(D) Quantification of phsp-6GFP fluorescence in WT and fem-1(hc17ts)mutants up

two-way ANOVA).

(E) Photomicrographs of day 3 adult hermaphrodite (XX) andmale (X0) phsp-6GFP r

stage.

(F) Photomicrographs of day 2 adult hermaphrodite (XX) and male (X0) phsp-6GFP

(G) Quantification of phsp-6GFP fluorescence in day 3 adult hermaphrodites (XX) an

stage (n > 3, ***p < 0.001, two-way ANOVA).

(H) Quantification of phsp-6GFP fluorescence in WT day 2 adult hermaphrodites

ANOVA).

Data are represented as mean ± SD. Scale bars, 200 mm.
systemic mitochondrial stress (Figures 4A–4C and 4E). Further-

more, germline-specific knockdown of atp-3, the most potent

UPRmt RNAi inducer from the L4 larval stage, increased somatic

phsp-6GFP expression (Figures S9C–S9E). This non-cell-autono-

mous UPRmt induction is not correlated with lifespan changes,

since only germline-specific knockdown of isp-1 extended the

lifespan (Figure 4F). These results demonstrate that mitochon-

drial stress in the germline is sufficient to induce UPRmt in the

soma of C. elegans.

DISCUSSION

UPRmt enables recovery from mitochondrial stress; however, its

prolonged activation is detrimental to organismal homeostasis.

Importantly, UPRmt activation does not always correlate with

increased lifespan, and atfs-1 gain-of-function mutants are short

lived.56,57 In addition, UPRmt facilitates the spread of a selfish

mitochondrial genome in heteroplasmic nematode strains.58,59

UPRmt activation has also been associated with cancer cell pop-

ulations with increased metastatic capacity and invasiveness,60

highlighting the need for tight control of the UPRmt. In the present

study, we provide insight into the physiological coordination of

UPRmt induction with reproduction in the multicellular organism

C. elegans. Our results suggest that somatic UPRmt inducibility

decreases with sperm depletion and fewer oocytes maturing

by self-fertilization in aging hermaphroditic worms. As a proof

of principle, restoring fertility by mating with sperm-producing

males partially rescued the potential of feminized worms to acti-

vate the UPRmt.

The UPRmt can be activated in a non-cell-autonomous

manner. Neuron-specific knockdown of ETC components,

pan-neuronal expression of polyglutamine tracts that physically

associate with mitochondria and compromise their fitness, or

disruption of mitochondrial dynamics induces the expression

of mitochondrial chaperones in the C. elegans intestine.22–25

Several neurotransmitters (serotonin, glutamate, and acetylcho-

line), neuromodulators (tyramine), neuropeptides (FLP-2), and

the EGL-20 ligand have been implicated in the cell non-autono-

mous induction of the UPRmt24,25,61 Mitochondrial stress in the

germline via genetic inhibition of cyc-2.1 also induces UPRmt

non-cell-autonomously.62 In Drosophila, mitochondrial stress in

muscles enhances the production of an insulin antagonist pep-

tide to systematically suppress insulin signaling,63 and ETC com-

plex I inhibition affects lipid metabolism in the fat body via a

secreted transforming growth factor b (TGF-b) ligand.64 In hu-

mans, FGF-21 secretion increases hepatic ketogenesis and
eporter nematodes mated with WT and daf-22(m130) males and treated with

on mating with males and subsequent antimycin A treatment (n = 3, **p < 0.01,

eporter siblings treatedwith EV, cco-1(RNAi), and atp-3(RNAi) from the L4 larval

siblings treated with antimycin A.

d males (X0) treated with EV and two UPRmt-inducing RNAis from the L4 larval

(XX) and males (X0) upon antimycin A treatment (n > 3, ***p < 0.001, two-way

Cell Reports 43, 114336, June 25, 2024 7



Figure 4. Non-cell-autonomous UPRmt induction in response to germline mitochondrial stress

(A) Photomicrographs of day 1 adult WT, ppw-1(tm5919), and psun-1RDE-1; rde-1(mkc36) phsp-6GFP reporter nematodes treated with EV, gfp(RNAi), and four

UPRmt-inducing RNAis for three consecutive days after hatching.

(B) Quantification of intestinal phsp-6GFP fluorescence inWT, ppw-1(tm5919), and psun-1RDE-1; rde-1(mkc36) phsp-6GFP reporter nematodes upon treatment with

EV and gfp(RNAi) from hatching (n = 3, ***p < 0.001, two-way ANOVA).

(legend continued on next page)
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lipolysis in patients with mitochondrial myopathies.65 In our

experimental paradigm, germline-to-soma signaling largely de-

termines the potential of adult nematodes to respond to mito-

chondrial stress. We show that active reproduction, rather than

the perception ofmitochondrial stress in the germline, is required

for efficient UPRmt induction. It is reasonable to speculate that

this serves as a line of defense to protect somatic mitochondria

of reproductively active adults from stress. We propose that the

germline maintains UPRmt inducibility in the intestine, which, in

turn, supports the germline through the synthesis and secretion

of egg yolk, which provides nutrients to the developing embryos.

Taken together, we suggest that reproductive signals are

indispensable for the robust induction of UPRmt in somatic tis-

sues. Consequently, somatic cells remain competent for

UPRmt induction as long as the organism produces viable

offspring. Our results provide evidence for a germline-to-soma

signaling axis that regulates a key stress response.
Limitations of the study
Our genetic analysis has revealed a link between germline ho-

meostasis and somatic UPRmt inducibility. We anticipate that

future studies will elucidate the identity of the germline-derived

signals that maintain full UPRmt activity as long as the animals

are fertile.
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Antibodies

Anti-living colors monoclonal antibody (JL-8) Takara Bio Cat# 632380; RRID:AB_10013427

Anti-alpha tubulin mouse monoclonal, clone B-5-1-2 Sigma-Aldrich Cat# T5168; RRID:AB_477579

Donkey Anti-Mouse IgG IRDye 680 Conjugated secondary LI-COR Biosciences Cat# 926–32222; RRID:AB_621844

Donkey anti-Mouse IgG IRDye 800CWsecondary LI-COR Biosciences Cat# 926–32212; RRID:AB_621847

Bacterial and virus strains

E. coli: OP50 CGC OP50

E. coli: HT115 cells transformed with

an empty pL4440 vector construct

Home-made EV

E. coli: HT115 cells transformed with

a pL4440-isp-1(RNAi) construct

Home-made isp-1(RNAi)

E. coli: HT115 cells transformed with

a pL4440-cco-1(RNAi) construct

ORFeome RNAi library cco-1(RNAi)

E. coli: HT115 cells transformed with

a pL4440-atp-3(RNAi) construct

ORFeome RNAi library atp-3(RNAi)

E. coli: HT115 cells transformed with

a pL4440-spg-7(RNAi) construct

ORFeome RNAi library spg-7(RNAi)

E. coli: HT115 cells transformed with

a pL4440-ero-1(RNAi) construct

ORFeome RNAi library ero-1(RNAi)

E. coli: HT115 cells transformed with

a pL4440-polg-1(RNAi) construct

Home-made polg-1(RNAi)

E. coli: HT115 cells transformed with

a pL4440-gfp(RNAi) construct

Home-made gfp(RNAi)

Chemicals, peptides, and recombinant proteins

Antimycin A (CAS number: 1397-94-0) Sigma-Aldrich A8674

Tunicamycin (CAS number: 11089-65-9) Sigma-Aldrich T7765

Paraquat (methyl viologen dichloride,

CAS number: 75365-73-0)

Sigma-Aldrich 856177

5-fluro-2ʹ-deoxyuridine (FUDR, CAS number: 50-91-9) Sigma-Aldrich F0503

Tetramisole hydrochloride (CAS number: 16595-80-5) Sigma-Aldrich L9756

Critical commercial assays

OneTaq� 2X Master Mix New England Biolabs Cat# M0482S

Experimental models: Organisms/strains

C. elegans strain PP1: N2 (WT) CGC N2 (WT)

C. elegans strain PP3770: daf-22(m130) II CGC DR476

C. elegans strain PP923: zcIs13 [hsp-6p::GFP] V CGC SJ4100

C. elegans strain PP135: zcIs4 [hsp-4p::GFP] V CGC SJ4005

C. elegans strain PP675: gpIs1 [hsp-16.2p::GFP] CGC TJ375

C. elegans strain PP712: dvIs70

[hsp-16.2p::GFP + rol-6(su1006)]

CGC CL2070

C. elegans strain PP1726: rmIs110 [rgef-1p::Q40:YFP] CGC AM101

C. elegans strain PP3662: mkcSi13 [sun-1p::

rde-1::sun-1 30UTR + unc-119(+)] II; rde-1(mkc36) V

CGC DCL569

C. elegans strain PP3643: glp-1(e2141ts) III;

zcIs13 [hsp-6p::GFP] V

This paper N/A

C. elegans strain PP3678: glp-1(e2144ts) III;

zcIs13 [hsp-6p::GFP] V

This paper N/A
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C. elegans strain PP2673: atfs-1(tm4525),

zcIs13 [hsp-6p::GFP] V

This paper N/A

C. elegans strain PP2017: glp-4(bn2ts) I;

zcIs13 [hsp-6p::GFP] V

This paper N/A

C. elegans strain PP3815: glp-1(ar202ts) III;

zcIs13 [hsp-6p::GFP] V

This paper N/A

C. elegans strain PP3796: zcIs13

[hsp-6p::GFP] V; mes-1(bn7ts) X

This paper N/A

C. elegans strain PP3816: gon-2(q388ts) I,

zcIs13 [hsp-6p::GFP] V

This paper N/A

C. elegans strain PP3733: fem-1(hc17ts) IV;

zcIs13 [hsp-6p::GFP] V

This paper N/A

C. elegans strain PP3805: fem-3(q20ts) IV;

zcIs13 [hsp-6p::GFP] V

This paper N/A

C. elegans strain PP3780: ppw-1(tm5919) I;

zcIs13 [hsp-6p::GFP] V

This paper N/A

C. elegans strain PP3824: mkcSi13

[sun-1p::rde-1::sun-1 30UTR + unc-119(+)] II;

rde-1(mkc36), zcIs13 [hsp-6p::GFP] V

This paper N/A

C. elegans strain PP4155: daf-16(mu86) I;

glp-1(e2141ts) III; zcIs13 [hsp-6p::GFP] V

This paper N/A

C. elegans strain PP3656: glp-1(e2141ts) III;

zcIs4 [hsp-4p::GFP] V

This paper N/A

C. elegans strain PP3823: fem-1(hc17ts) IV;

zcIs4 [hsp-4p::GFP] V

This paper N/A

C. elegans strain PP3848: fem-3(q20ts) IV;

zcIs4 [hsp-4p::GFP] V

This paper N/A

C. elegans strain PP2626: fem-1(hc17ts) IV;

dvIs70 [hsp-16.2p::GFP + rol-6(su1006)]

This paper N/A

C. elegans strain PP3773: fem-3(q20ts) IV;

dvIs70 [hsp-16.2p::GFP + rol-6(su1006)]

This paper N/A

C. elegans strain PP3820: dvIs19

[gst-4p::GFP::NLS] III; fem-1(hc17ts) IV

This paper N/A

C. elegans strain PP3819: dvIs19

[gst-4p::GFP::NLS] III; fem-3(q20ts) IV

This paper N/A

C. elegans strain PP4131: glp-1(e2141ts) III;

rmIs110 [rgef-1p::Q40:YFP]

This paper N/A

Oligonucleotides

Primer TH5511: 50-CAGCCACAAAGTGATGAA-30

for genotyping the rde-1(mkc36) mutation

This paper N/A

Primer TH5512: 50-CTTCCTTTGTCATTTTCACTTC-30

for genotyping the rde-1(mkc36) mutation

This paper N/A

Primer TH5513: 50-CTGCTAGATGTCGAAAACCC-30

for genotyping the sun-1p::rde-1::sun-1 30UTR transgene

This paper N/A

Primer TH5514: 50-GCAGGAACAATAATACGGCG-30

for genotyping the sun-1p::rde-1::sun-1 30UTR transgene

This paper N/A

Primer TH5515: 50-CACTTTCCTTCATTCTCACCG-30

for genotyping the ppw-1(tm5519) mutation

This paper N/A

Primer TH5516: 50-GTCCTTCAGCGTATTCCTTGTAC-30

for genotyping the ppw-1(tm5519) mutation

This paper N/A

Primer TH5660: 50-CAAAGATTTTCCCACATTCG-30

for genotyping the daf-16(mu86) mutation

This paper N/A
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Primer TH5661: 50-ATCAATGCTCTCTCCTTTATCC-30

for genotyping the daf-16(mu86) mutation

This paper N/A

Primer TH5662: 50-ACATAGAAGAACCAACCAACC-30

for genotyping the daf-16(mu86) mutation

This paper N/A

Primer TH5663: 50-GAAATTCAGTGCCAACAAAAG-30

for genotyping the daf-16(mu86) mutation

This paper N/A

Software and algorithms

ZEISS ZEN software Zeiss Zen 2.3 lite

ImageJ/Fiji software N/A

Graphpad Prism 8.0 software Graphpad https://www.graphpad.com/

Adobe Illustrator 2020 software Adobe N/A

Snapgene Viewer software Snapgene https://www.snapgene.com/

Other

BioSorter large particle flow cytometer Union Biometrica N/A

ZEISS Axio Zoom.V16 stereomicroscope

equipped with Axiocam 506mono

Zeiss N/A

120-kV X-rays (25 mA; 0.5mm Alu-filter;

ISOVOLT 160 M1/10–55)

GE Sensing & Inspection

Technologies

N/A

UV 181 BL irradiation device Waldmann N/A
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Thorsten

Hoppe (thorsten.hoppe@uni-koeln.de).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact without restriction.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

C. elegans strains
The nematode strains wild-type (N2), DR476: daf-22(m130) II, SJ4100: zcIs13 [hsp-6p::GFP] V, SJ4005: zcIs4 [hsp-4p::GFP] V,

TJ375: gpIs1 [hsp-16.2p::GFP], CL2070: dvIs70 [hsp-16.2p::GFP + rol-6(su1006)], CL2166: dvIs19 [gst-4p::GFP::NLS] III, AM101:

rmIs110 [rgef-1p::Q40:YFP] and DCL569: mkcSi13 [sun-1p::rde-1::sun-1 30UTR + unc-119(+)] II; rde-1(mkc36) V were provided by

the Caenorhabditis Genetics Center (CGC), University of Minnesota, USA. The following parental mutant strains used for crosses

were also acquired from CGC: CB4037: glp-1(e2141ts) III, CF1903: glp-1(e2144ts) III, SS104: glp-4(bn2ts) I, GC833: glp-

1(ar202ts) III, SS149: mes-1(bn7ts) X, EJ1158: gon-2(q388ts) I, BA17: fem-1(hc17ts) IV, JK816: fem-3(q20ts) IV, CF1038: daf-

16(mu86) I. The deletion mutants atfs-1(tm4525) V and ppw-1(tm5919) I were provided by the National Bioresource Project, Japan.

The following strains were generated in the present study: PP3643: glp-1(e2141ts) III; zcIs13 [hsp-6p::GFP] V, PP3678: glp-

1(e2144ts) III; zcIs13 [hsp-6p::GFP] V, PP2673: atfs-1(tm4525), zcIs13 [hsp-6p::GFP] V, PP2017: glp-4(bn2ts) I; zcIs13

[hsp-6p::GFP] V, PP3815: glp-1(ar202ts) III; zcIs13 [hsp-6p::GFP] V, PP3796: zcIs13 [hsp-6p::GFP] V; mes-1(bn7ts) X, PP3816:

gon-2(q388ts) I, zcIs13 [hsp-6p::GFP] V, PP3733: fem-1(hc17ts) IV; zcIs13 [hsp-6p::GFP] V, PP3805: fem-3(q20ts) IV; zcIs13

[hsp-6p::GFP] V, PP3780: ppw-1(tm5919) I; zcIs13 [hsp-6p::GFP] V, PP3824: mkcSi13 [sun-1p::rde-1::sun-1 30UTR + unc-119(+)]

II; rde-1(mkc36), zcIs13 [hsp-6p::GFP] V, PP4155: daf-16(mu86) I; glp-1(e2141ts) III; zcIs13 [hsp-6p::GFP] V, PP3656:

glp-1(e2141ts) III; zcIs4 [hsp-4p::GFP] V, PP3823: fem-1(hc17ts) IV; zcIs4 [hsp-4p::GFP] V, PP3848: fem-3(q20ts) IV; zcIs4

[hsp-4p::GFP] V, PP2626: fem-1(hc17ts) IV; dvIs70 [hsp-16.2p::GFP + rol-6(su1006)], PP3773: fem-3(q20ts) IV; dvIs70
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[hsp-16.2p::GFP + rol-6(su1006)], PP3820: dvIs19 [gst-4p::GFP::NLS] III; fem-1(hc17ts) IV, PP3819: dvIs19 [gst-4p::GFP::NLS] III;

fem-3(q20ts) IV, PP4131: glp-1(e2141ts) III; rmIs110 [rgef-1p::Q40:YFP].

METHOD DETAILS

Strain maintenance and genetics
We followed standard procedures for maintaining C. elegans strains.66 We cultured temperature-sensitive (ts) mutants strictly at the

permissive temperature (15�C) side by side with their wild-type counterparts. Unless noted otherwise, a large number of wild-type

and mutant eggs were synchronized at the egg stage upon hypochlorite treatment (10% 5N NaOH, 10% sodium hypochlorite solu-

tion diluted in ddH2O) and larvae that hatched were grown at the restrictive temperature (25�C) for 44 h until they reached the L4

stage. Then both wild-type and ts mutant worms were transferred at the standard rearing temperature of 20oC for the rest of the

experiment. Genetic crosses with ts mutants were performed at 15�C.

RNAi experiments
Clones encoding the genes of interest were either homemade or taken from theC. elegansORF-RNAi Resource (Vidal),67 distributed

by Source BioScience. We confirmed that all the RNAi clones contain the right fragment by sequencing (Eurofins Genomics). For

each experiment, the time point when the RNAi treatment was initiated is indicated in the text and/or the corresponding figure leg-

ends. Bacteria carrying an empty vector (EV) were used as a control treatment. Overnight cultures of HT115 E. coli bacteria in LB

medium with 100 mg mL�1 ampicillin and 12.5 mg mL�1 tetracycline were used as starting culture. Next day, we prepared a fresh

(overday) culture by inoculating 50mL of overnight culture per mL of LB medium with 100 mg mL�1 ampicillin, let it grow until

OD600 = 0.8 and seeded 200mL of the overday culture mixed with IPTG (final concentration 2mM) on NGM plates containing

100 mg mL�1 ampicillin. The plates were allowed to dry overnight at RT before nematodes were transferred on them. We noticed

that the atp-3 knockdown was extremely toxic, so for our experiments we diluted the overday atp-3(RNAi) culture with EV in a 1:1

ratio before seeding.

Antimycin A treatment
Antimycin A powder (CAS number: 1397-94-0, Sigma-Aldrich) was initially dissolved in 100%EtOH to prepare a 10mMstock solution

and stored at �20�C. For every experiment, we prepared a fresh, intermediate 100mM antimycin A solution, diluted in ddH2O. To

reach nanomolar concentrations, we further diluted this solution in ddH2O and spread it uniformly on the OP50 bacterial lawn on

NGM plates. For the majority our experiments with the phsp-6GFP reporter we used a final concentration of 50nM antimycin A per

NGM plate. The antimycin A-containing NGM plates were allowed to dry before synchronized D1 adult nematodes of the desired

genotypes were transferred on them. Day 2 adult animals were microscopically examined 24 h later for phsp-6GFP expression.

ER stress induction
Tunicamycin (CAS number: 11089-65-9, Sigma-Aldrich) was dissolved in DMSO to prepare a 10 mg/mL stock solution. We used a

final concentration of 1 mg/mL per NGM plate to trigger ER stress. A tunicamycin solution of the desired concentration was spread

uniformly on the OP50 bacterial lawn on NGM plates. The plates were allowed to dry before we transferred synchronized day 1 adult

phsp-4GFP reporter animals. Day 2 adult animals were microscopically examined 24 h later.

Heat stress induction
Synchronized day 1 adult phsp-16.2GFP reporter animals were transferred in a 37�C incubator for 1 h. The animals were then allowed to

recover for 3 h at 20�C before they were anesthetized with tetramisole (Sigma-Aldrich) and immobilized on agarose pads for micro-

scopic examination.

Oxidative stress induction
Paraquat (methyl viologen dichloride, CAS number: 75365-73-0, Sigma-Aldrich) was dissolved in ddH2O to prepare a 0.5M stock

solution. For oxidative stress experiments, we used a final concentration of 1mM paraquat per NGM plate. Synchronized day 1 adult

pgst-4GFP reporter animals were transferred on paraquat-containing NGMplates immediately after theywere dry. Day 2 adult animals

were microscopically examined 24 h later.

FUDR treatment
Age-matched L4 larvae were transferred on NGM plates with 100mM 5-fluro-2ʹ-deoxyuridine (FUDR, CAS: number 50-91-9, Sigma-

Aldrich) for 24 h. D1 adult nematodes were then treated with antimycin A for another 24 h andweremicroscopically examined at D2 of

adulthood.

Ionizing (IR) and ultraviolet (UV-B) irradiation
For IR experiments, age-matched L4 larvaewere irradiated with 120-kV X-rays (25mA; 0.5mmAlu-filter; ISOVOLT 160M1/10–55, GE

Sensing & Inspection Technologies). For UV-B experiments, age-matched L4 larvaewere irradiated with 310-315nmUV-B light using
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a narrow band TL01 36-W bulb in aWaldmann UV 181 BL irradiation device. Upon irradiation, the animals were allowed to recover for

24 h before antimycin A challenge.

Mating
Age-matched wild-type and feminized (fem-1 mutant) hermaphrodite (XX) L4 larvae were mated with wild-type or daf-22 mutant

males in 35 mm diameter NGM plates in a 1:1 ratio for 24 h. The males were then removed and mated hermaphrodites were trans-

ferred on plates seeded with vehicle or antimycin A.

Western blotting
For the preparation of worm lysates, 100 animals were collected in 25mL of M9 buffer and mixed with an equal volume of 2x SDS

sample buffer (125mM Tris pH 6.8, 4% SDS, 4% glycerol, 0.03% bromophenolblue, 50 mL/mL b-mercaptoethanol). The samples

were boiled at 95�C for 5 min, sonicated in the Bandelin Sonoplus with MS 1.5 sonotrode for 1 min at 60% amplitude, boiled again

at 95�C for 5 min and centrifuged at full speed for 10min. For protein analysis, we performed standard SDS electrophoresis with 12%

polyacrylamide gels in a Tris-Glycine-SDS running buffer. We used a semi-dry blotting system (Bio-Rad, Trans-Blot Turbo) for the

transfer of proteins to a nitrocellulose membrane (Amersham, Protran 0.2 mm). We performed standard transfer with 25 V for

30 min using NuPAGE transfer buffer with a 10% concentration of methanol. After blotting, the membrane was blocked for 1 h

(5% milk powder (Carl Roth) in PBS), was washed three times with PBS-Tween (137 mM KCl, 8.1 mM Na2HPO4, 1.5 mM KH2PO4

and 0.1% (v/v) Tween 20, pH 7.4) for 10 min and then incubated with the primary antibody, diluted in PBS-1x Roti-Block (Carl

Roth), overnight at 4�C with shaking. We used the anti-living colors monoclonal antibody (JL-8) (Takara Bio, Catalog No.632380)

and the anti-alpha tubulin mouse monoclonal, clone B-5-1-2 (Sigma-Aldrich, Product number T5168) as primary antibodies. Both

primary antibodies were used in a 1/5000 final concentration. Next day, the membranes were washed three times with PBS-

Tween for 10 min. Then, they were incubated with fluorescently labeled secondary antibodies (LI-COR Biosciences) for 1 h at RT,

washed again three times with PBS-Tween for 10 min and visualized with the Odyssey scanner (LI-COR Biosciences) and its soft-

ware (Image Studio Software v5.2, LI-COR Biosciences).

BioSorter fluorescence quantification
The BioSorter (Union Biometrica) is a large particle flow cytometer, which allows the gating according to parameters such as time-of-

flight (TOF) and extinction and quantifies fluorescence in three separate channels ‘Green’, ‘Yellow’ and ‘Red’. For our experiments,

we sorted more than 400 nematodes per condition and used a TOF>1500 to gate only for adult nematodes. The fluorescence mea-

surements are presented as violin plots in Figure S6E.

Microscopy and image processing
For all our experiments, we anesthetized the worms with 20mM tetramisole hydrochloride (CAS number: 16595-80-5, Sigma-

Aldrich), mounted them on 2% agarose pads on glass microscopy slides and examined them with a ZEISS Axio Zoom.V16 stereo-

microscope and the ZEISS ZEN software. We used the same exposure time (200ms) for the acquisition of all photos. Each micro-

scopy experiment was performed with 10–15 age-matched worms per genotype and condition andwas repeated at least three times

producing similar results.

Lifespan assay
Lifespan experiments with the DCL569 strain were performed at 20�C. All mitochondrial RNAi treatments were initiated from hatch-

ing. Synchronization was achieved with hypochlorite treatment. The eggs were washed three times with M9 buffer and were imme-

diately spread on RNAi plates with a final concentration of 2mM IPTG. The animals were first transferred three days later (day 1 of

adulthood) and then every two days to fresh RNAi plates. From day 5 of adulthood and onwards the plates were examined every

day and the animals were scored as alive or dead. Worms that did not respond to a double gentle touch with the worm pick were

recorded as dead, whereas those with internally hatched eggs, protruding vulvas, or those that accidentally died due to handling

were recorded as censored. The lifespan experiment was repeated independently two times and one representative experiment

is shown in Figure 4F.

QUANTIFICATION AND STATISTICAL ANALYSIS

Mean fluorescence intensity was quantified in regions of interest (ROIs) surrounding the intestine using the Fiji-ImageJ software. We

used the GraphPad Prism 8 software package for designing graphs and performing the subsequent statistical analyses. All values in

quantification panels are presented as mean ± SD and expressed as mean fluorescence intensity normalized to untreated controls.

Statistical significance was estimated with one-way or two-way analysis of variance (ANOVA) followed by Sidak’s and Tukey’s mul-

tiple comparison test. The significance was determined by the p-values as follows: ns = not significant (p > 0.05), *(p < 0.05),

**(p < 0.01) and ***(p < 0.001).
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Figure S1: A temperature-sensitive glp-1 mutation compromises UPRmt inducibility. Related to 

Figure 1. 

A) Photomicrographs of day 3 adult wild-type (WT) and glp-1(e2141ts) mutant phsp-6GFP reporter 

nematodes raised at the permissive temperature (15°C) and treated with empty vector (EV) and atp-

3(RNAi) from the L4 larval stage. B) Quantification of intestinal phsp-6GFP fluorescence in WT and glp-
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1(e2141ts) mutants at the permissive temperature (n=2; ***p<0.001; two-way ANOVA). C) 

Photomicrographs of day 3 adult WT and glp-1(e2141ts) mutant phsp-6GFP reporter nematodes raised 

at the restrictive temperature (25°C) and treated with empty vector (EV) and atp-3(RNAi) from the L4 

larval stage. D) Quantification of intestinal phsp-6GFP fluorescence in WT and glp-1(e2141ts) mutants at 

the restrictive temperature (n=2; ***p<0.001; two-way ANOVA). E) Quantification of phsp-6GFP 

fluorescence in WT and glp-1(e2141ts) mutants upon treatment with increasing concentrations of 

antimycin A (n=3; ***p<0.001, **p<0.01; two-way ANOVA). F) Quantification of phsp-6GFP fluorescence 

in WT, glp-1(e2141ts) and daf-16(mu86); glp-1(e2141ts) mutants upon treatment with antimycin A (n>3; 

***p<0.001; two-way ANOVA). Data are represented as mean ± SD. Scale bars, 200μm. 

 

  



3 

 

 

Figure S2: Germline-less glp-4 mutants are less responsive and vulnerable to mitochondrial 

stress. Related to Figure 1. 

A) Photomicrographs of day 3 adult wild-type (WT), glp-1(e2144ts) and glp-4(bn2ts) mutant phsp-6GFP 
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reporter nematodes treated with empty vector (EV) and three UPRmt-inducing RNAis from the L4 larval 

stage. B) Quantification of phsp-6GFP fluorescence intensity in WT, glp-1(e2144ts) and glp-4(bn2ts) 

mutants (n=3; ***p<0.001, **p<0.01; two-way ANOVA). C) Photomicrographs of day 2 adult WT, glp-

1(e2141ts) and glp-4(bn2ts) mutant phsp-6GFP reporter nematodes treated with antimycin A. D) 

Quantification of phsp-6GFP fluorescence in WT, glp-1(e2141ts) and glp-4(bn2ts) mutants upon treatment 

with antimycin A (n=3; ***p<0.001; two-way ANOVA). E) Photomicrographs of WT, glp-1(e2141ts) and 

glp-4(bn2ts) mutants after 72h of feeding with EV or spg-7(RNAi) from hatching. F) Quantification of 

worm surface area (n=2; ***p<0.001; two-way ANOVA). Data are represented as mean ± SD. Scale 

bars, 200μm. 
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Figure S3: Inhibition of germline stem cell proliferation and reduced mtDNA copy number cannot 

explain the reduced somatic UPRmt inducibility of germline-less mutants. Related to Figure 2. 

A) DAPI staining of WT and glp-1(ar202gof) mutant nematodes. The dashed red line surrounds the 

mitotic cells formed ectopically in the proximal gonad arm of glp-1(ar202ts) mutants. B) 

Photomicrographs of day 2 adult WT and glp-1(ar202gof) mutant phsp-6GFP reporter nematodes treated 

with antimycin A for 24 hours. C) Quantification of phsp-6GFP fluorescence in WT and glp-1(ar202gof) 

mutants upon treatment with antimycin A (n=3; *p<0.05; two-way ANOVA). D) Photomicrographs of day 

2 adult phsp-6GFP reporter nematodes raised on empty vector (EV) or polg-1(RNAi)-expressing bacteria 

from hatching and treated at day 1 of adulthood with antimycin A for 24 hours. E) Quantification of phsp-

6GFP fluorescence in EV and polg-1(RNAi)-treated phsp-6GFP reporter animals upon challenge with 

antimycin A (n=3; ns p>0.05; two-way ANOVA). Data are represented as mean ± SD. Scale bars, 200μm. 
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Figure S4: Inhibition of somatic gonad development and UV-B stress lead to reduced somatic 

UPRmt inducibility. Related to Figure 2. 

A) Photomicrographs of day 3 adult WT and gon-2(q388ts) mutant phsp-6GFP reporter nematodes treated 
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with empty vector (EV) and three UPRmt-inducing RNAis from the L4 larval stage. B) Photomicrographs 

of day 2 adult WT and gon-2(q388ts) mutant phsp-6GFP reporter nematodes treated with antimycin A for 

24 hours. C) Quantification of phsp-6GFP fluorescence in WT and gon-2(q388ts) mutants. Treatments are 

the same as denoted in (A) (n=3; ***p<0.001; two-way ANOVA). D) Quantification of phsp-6GFP 

fluorescence in WT and gon-2(q388ts) mutants upon antimycin A treatment (n=3; ***p<0.001; two-way 

ANOVA). E) Western blot for detecting phsp-6GFP in untreated or antimycin A-treated WT, mes-1(bn7ts) 

and gon-2(q388ts) mutants. α-tubulin was used as a loading control. F) Exposure to increasing doses 

of UV-B radiation leads to reduced brood size. G) Photomicrographs of day 2 adult WT phsp-6GFP 

reporter nematodes exposed to increasing doses of UV-B irradiation prior to the antimycin A challenge. 

H) Quantification of phsp-6GFP fluorescence intensity upon antimycin A challenge in untreated and UV-

B-treated worms (n=3; ***p<0.001, **p<0.01; two-way ANOVA). Data are represented as mean ± SD. 

Scale bars, 200μm. 
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Figure S5: A proliferating germline is required for cell non-autonomous UPRmt induction in 

response to a panneuronal Q40 polyglutamine tract. Related to Figure 2. 

A) Photomicrographs of day 2 adult phsp-6GFP, prgef-1Q40::YFP and phsp-6GFP; prgef-1Q40::YFP reporter 

nematodes raised on standard plates or grown on FUDR-containing plates after the L4 larval stage. The 

red rectangle highlights the posterior intestinal region, where phsp-6GFP expression is induced in the 

presence of panneuronal Q40. B) Quantification of phsp-6GFP fluorescence intensity in untreated and 

FUDR-treated phsp-6GFP; prgef-1Q40::YFP reporter animals (n=3; **p<0.01; two-way ANOVA). C) 

Photomicrographs of day 2 wild-type and glp-1(e2141ts) mutant phsp-6GFP; prgef-1Q40::YFP reporter 

nematodes. D) Quantification of phsp-6GFP fluorescence intensity in phsp-6GFP; prgef-1Q40::YFP reporter 

animals in the absence or presence of the glp-1(e2141ts) mutation (n=3; ***p<0.001; two-way ANOVA). 

Data are represented as mean ± SD. Scale bars, 200μm.  
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Figure S6: Active reproduction is indispensable for somatic UPRmt induction. Related to Figure 3. 

A) Photomicrographs of day 3 adult WT and fem-3(q20gof) mutant phsp-6GFP reporter nematodes treated 

with empty vector (EV) and three UPRmt-inducing RNAis from the L4 larval stage. B) Quantification of 

intestinal phsp-6GFP fluorescence in WT and masculinized mutants (n>3; ***p<0.001, *p<0.05; two-way 

ANOVA). C) Photomicrographs of day 2 adult WT, fem-1(hc17ts) and fem-3(q20gof) mutant phsp-6GFP 

reporter nematodes treated with antimycin A for 24 hours. D) Quantification of phsp-6GFP fluorescence 

in WT, fem-1(hc17ts) and fem-3(q20gof) mutants (n>3; ***p<0.001; two-way ANOVA). E) Copas 

Biosorter quantification of phsp-6GFP fluorescence in WT, fem-1(hc17ts) and fem-3(q20gof) mutant under 
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baseline conditions and upon treatment with antimycin A (n=2; ***p<0.001; two-way ANOVA). F) Western 

blot for detecting phsp-6GFP in untreated or antimycin A-treated WT, sperm-deficient and oocyte-deficient 

mutants. α-tubulin was used as a loading control. Data are represented as mean ± SD. Scale bars, 

200μm. 
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Figure S7: Sperm- and oocyte-deficient mutants can induce the UPRER, the cytoplasmic HSR and 

the oxidative stress response. Related to Figure 3.  

A) Photomicrographs of day 2 adult WT, fem-1(hc17ts) and fem-3(q20gof) mutant phsp-4GFP reporter 
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nematodes treated with vehicle or tunicamycin for 24 hours. B) Quantification of phsp-4GFP fluorescence 

in WT, fem-1(hc17ts) and fem-3(q20gof) mutants (n=3; ns p>0.05; two-way ANOVA). C) 

Photomicrographs of day 1 adult WT, fem-1(hc17ts) and fem-3(q20gof) mutant phsp-16.2GFP reporter 

nematodes upon 1 hour of heat shock at 37°C followed by a 3-hour recovery. D) Quantification of phsp-

16.2GFP fluorescence in WT, fem-1(hc17ts) and fem-3(q20gof) mutants (n=3; ***p<0.001; two-way 

ANOVA). E) Photomicrographs of day 2 adult WT, fem-1(hc17ts) and fem-3(q20gof) mutant pgst-4GFP 

reporter nematodes treated with vehicle or paraquat for 24 hours. F) Quantification of pgst-4GFP 

fluorescence in WT, fem-1(hc17ts) and fem-3(q20gof) mutants (n=3; ***p<0.001; two-way ANOVA). Data 

are represented as mean ± SD. Scale bars, 200μm.  
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Figure S8: Male nematodes respond to heat shock and oxidative stress. Related to Figure 3. 

A) Photomicrographs of day 1 adult hermaphrodite (XX) and male (X0) phsp-16.2GFP reporter siblings 

upon 1 hour of heat shock at 37°C followed by a 3-hour recovery. B) Quantification of phsp-16-2GFP 

fluorescence in wild-type day 1 adult hermaphrodites (XX) and males (X0) upon heat shock (n=3; 

***p<0.001; two-way ANOVA). C) Photomicrographs of day 2 adult hermaphrodite (XX) and male (X0) 

pgst-4GFP reporter siblings upon 24-hour exposure to paraquat. D) Quantification of pgst-4GFP 

fluorescence in wild-type day 2 adult hermaphrodites (XX) and males (X0) upon paraquat treatment for 

24 hours (n=3; ***p<0.001; two-way ANOVA). Data are represented as mean ± SD. Scale bars, 200μm.  
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Figure S9: Germline mitochondrial stress induces UPRmt in the soma. Related to Figure 4. 

A) Photomicrographs of day 3 adult WT and ppw-1(tm5919) mutant phsp-6GFP reporter nematodes 

treated with empty vector (EV), and three UPRmt-inducing RNAis for three consecutive days from the L4 

stage. B) Quantification of intestinal phsp-6GFP fluorescence in WT and ppw-1(tm5919) mutant phsp-6GFP 

reporter nematodes. Treatments are the same as denoted in (A) (n=2; ***p<0.001; two-way ANOVA). C) 

Photomicrographs of day 3 adult wild-type (WT) and rde-1(mkc36);psun-1RDE-1 phsp-6GFP reporter 

nematodes treated with empty vector (EV), gfp(RNAi) and three UPRmt-inducing RNAis for three 

consecutive days from the L4 stage. The red arrows highlight the induction of phsp-6GFP expression in 

the intestine of atp-3(RNAi)-treated rde-1(mkc36);psun-1RDE-1 phsp-6GFP reporter nematodes. D) 

Quantification of intestinal phsp-6GFP fluorescence in WT phsp-6GFP reporter nematodes (n=2; 

***p<0.001; two-way ANOVA). E) Quantification of intestinal phsp-6GFP fluorescence in rde-

1(mkc36);psun-1RDE-1 phsp-6GFP reporter nematodes (n=2; ***p<0.001; two-way ANOVA). Data are 

represented as mean ± SD. Scale bars, 200μm. 
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Figure S10: Uncropped protein gels. Related to Figure 4, Figure S4 and Figure S6. 

The red dashed rectangles highlight gel areas that were included in the respective figures. 
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