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SUMMARY

The induction of the mitochondrial unfolded protein
response (UPRmt) results in increased transcription
of the gene encoding the mitochondrial chaperone
HSP70. We systematically screened the C. elegans
genome and identified 171 genes that, when
knocked down, induce the expression of an hsp-6
HSP70 reporter and encode mitochondrial proteins.
These genes represent many, but not all, mitochon-
drial processes (e.g., mitochondrial calcium ho-
meostasis and mitophagy are not represented).
Knockdown of these genes leads to reduced
mitochondrial membrane potential and, hence,
decreased protein import into mitochondria. In
addition, it induces UPRmt in a manner that is
dependent on ATFS-1 but that is not antagonized
by the kinase GCN-2. We propose that compro-
mised mitochondrial protein import signals the
induction of UPRmt and that the mitochondrial tar-
geting sequence of ATFS-1 functions as a sensor
for this signal.

INTRODUCTION

Ensuring that proteins acquire and maintain their proper confor-

mation is essential, as unfolded or misfolded proteins are inac-

tive and can form toxic aggregates that lead to disease (Macario

et al., 2005). Protein quality control occurs at all times but can be

upregulated via the ‘‘unfolded protein response’’ (UPR). UPR oc-

curs in multiple cellular compartments, allowing localized re-

sponses to specific stresses (Gardner et al., 2013; Jovaisaite

et al., 2014; Vabulas et al., 2010).

Mitochondrial UPR (UPRmt) has been best characterized in the

nematode Caenorhabditis elegans. The UPRmt transcription fac-

tor ATFS-1 contains both mitochondrial and nuclear localization
Cell R
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sequences (Nargund et al., 2012). In the absence of mitochon-

drial stress, ATFS-1 is imported into mitochondria and degraded

by the mitochondrial protease LONP-1 (Nargund et al., 2012).

Under stress conditions, unfolded proteins in the mitochondrial

matrix have been proposed to be cleaved into peptides by the

protease CLPP-1 (Haynes et al., 2007, 2010). Peptides gener-

ated are thought to be exported across the inner mitochondrial

membrane (IMM) by the ABC transporter HAF-1 (Haynes et al.,

2010). The release of peptides through HAF-1 has been pro-

posed to block mitochondrial import by an unknown mecha-

nism, resulting in the relocalization of ATFS-1 to the nucleus,

where it activates the transcription of genes encoding mitochon-

drial chaperones and proteases (Haynes et al., 2010; Nargund

et al., 2012). This pathway is at least partially conserved in mam-

mals (Fiorese et al., 2016; Yano, 2017). An additional pathway

has been described in C. elegans, which involves the cyto-

plasmic kinase GCN-2 (Baker et al., 2012). GCN-2 has been

proposed to be activated by ROS generated by dysfunctional

mitochondria. Once activated, GCN-2 phosphorylates the trans-

lation initiation factor eIF2a, thereby blocking general cytosolic

translation, which has been proposed to help regain mitochon-

drial proteostasis by reducing the protein folding load of mito-

chondrial chaperones (Baker et al., 2012). Hence, the induction

of UPRmt is antagonized by the kinase GCN-2.

In C. elegans, UPRmt can be induced by different types of

stress, such as the knockdown of nuclear genes encoding sub-

units of the electron transport chain (ETC) (Durieux et al., 2011) or

a block in mitochondrial translation (Houtkooper et al., 2013).

These perturbations alter the stoichiometry between mitochon-

dria- and nuclear-encoded ETC subunits (‘‘mito-nuclear imbal-

ance’’), leading to the accumulation of unassembled subunits

of ETC complexes and causing unfolded protein stress

(Houtkooper et al., 2013). This stress has been proposed to

trigger UPRmt (Yoneda et al., 2004), but the mechanism through

which this signal is transduced to the nucleus remains unclear.

To systematically identify genes and processes that trigger

UPRmt when compromised, we performed a genome-wide

RNAi screen in C. elegans. We found that impairment of most,
eports 28, 1659–1669, August 13, 2019 ª 2019 The Authors. 1659
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Figure 1. Genome-wide RNAi Screen Identifies Genes Required for the Maintenance of Mitochondrial Homeostasis

(A) Percentage of genes identified in our screen previously implicated or not in UPRmt.

(B) Percentage of genes in the entire genome (Shaye and Greenwald, 2011) or among the genes identified in our screen with human orthologs.

(C) Overlap between genes of the GO ‘‘mitochondrion’’ and genes identified in our screen.

(D) The 171 candidates identified were grouped into 22 mitochondrial processes.

(legend continued on next page)
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but not all, mitochondrial processes triggers UPRmt that is

dependent on ATFS-1 but not antagonized by GCN-2. Interest-

ingly, some of these mitochondrial processes are not predicted

to directly cause a mito-nuclear imbalance when blocked.

Instead, they are predicted to cause a decrease in mitochondrial

membrane potential. Therefore, we propose that a decrease in

mitochondrial membrane potential acts as a signal that triggers

UPRmt. Furthermore, we propose that the mitochondrial target-

ing sequence (MTS) of ATFS-1 acts as a sensor for changes in

mitochondrial membrane potential. Consistent with this model,

we demonstrate that the ‘‘weak’’ MTS of ATFS-1 is essential

for its ability to sense a decrease in mitochondrial membrane

potential and to activate UPRmt.

RESULTS

Genome-wide RNAi Screen for Genes that Induce UPRmt

When Knocked Down
To systematically identify C. elegans genes that induce UPRmt

when knocked down, we performed a genome-wide RNAi

screen covering R90% of annotated C. elegans genes (Kamath

and Ahringer, 2003). UPRmt induction was monitored with a

hsp-6 HSP70 transcriptional reporter (Phsp-6GFP) (Yoneda

et al., 2004). We identified 198 ‘‘inducer’’ genes that reproducibly

cause the upregulation of the Phsp-6GFP reporter when knocked

down. Among these, 171 encode proteins that have been shown

to localize to mitochondria or are predicted to do so (Table S1A).

We refer to this subset as the ‘‘mitochondrial inducers’’ and have

focused our analyses on this group of genes.

The mitochondrial inducers encode proteins that represent

each of the four major mitochondrial sub-compartments. Most

of these genes have human orthologs (95%) and have not previ-

ously been identified as affecting UPRmt (56%) (Bennett et al.,

2014; Runkel et al., 2013) (Figures 1A and 1B). The inducers

include 96 of the 424 genes in the Gene Ontology (GO) category

‘‘mitochondrion’’ (Figure 1C). Although the remaining 75 genes

do not belong to this GO category, they encode proteins that

have been shown, or are predicted, to localize to mitochondria.

Concerning the remaining 328 genes that belong to the GO cate-

gory ‘‘mitochondrion’’ and that we did not identify, we cannot

exclude that we missed some because of RNAi efficiency. How-

ever, as shown below, compromising certain mitochondrial pro-

cesses does not induce UPRmt. In order to assess the specific

nature and diversity of processes affected by the mitochondrial

inducers, we analyzed all 57 sub-GO groups included in the

GO category ‘‘mitochondrion.’’ We found that the genes we

identified are associated with 44 of these sub-GO groups and

that 5 of these sub-GO groups were not previously identified

as inducing UPRmt when compromised (Table S1B).
(E and F) Effect of the knockdown of one candidate for each mitochondrial proce

monitored by fluorescence microscopy and quantified (n = 2-3;mean and SD are

(G) Double RNAi with tag-208(RNAi) or atfs-1(RNAi). Reporter expression was m

are shown).

(H) Knockdown was performed in wild-type (+/+) or a strain carrying gcn-2(ok

quantified (n = 2–6; mean and SD are shown; *RNAi was diluted with tag-208(RN

In all panels, n is the number of biological replicates.

See also Table S1 and Figures S1 and S2.
Compromising Mitochondrial Ca2+ Homeostasis or
Mitophagy Fails to Induce UPRmt

The 13 sub-GO groups not represented by any of the 171 genes

we identified include a total of 19 genes. We retested the 14

genes present in the RNAi library (Kamath and Ahringer, 2003)

and identified two additional genes that induce Phsp-6GFP

expression when knocked down (Table S1C).

MitochondrialCa2+homeostasis isoneof themitochondrial pro-

cesses that did not induce UPRmt when compromised. The sub-

GOgroup ‘‘mitochondrial Ca2+ homeostasis’’ contains two genes:

mcu-1 and emre-1. In order to confirm our RNAi results, we

analyzed animals carrying the mcu-1 mutation ju1154 (Xu and

Chisholm, 2014) and showed that the loss of mcu-1 does not

induce the expression of the Phsp-6GFP reporter, confirming that

compromising mitochondrial Ca2+ homeostasis does not trigger

UPRmt (Figure S1A). Mitophagy (Pickrell and Youle, 2015) is

another process that was not identified in our screen. Accumula-

tion of misfolded proteins in the mitochondrial matrix of cultured

mammalian cells has been shown to trigger PINK1- and Parkin-

dependentmitophagy (Jin and Youle, 2013).We analyzed animals

carrying a deletion in the C. elegans Parkin gene pdr-1, lg103

(Springer et al., 2005) and animals carrying a deletion in the

C. elegans PINK1 gene pink-1, tm1779 (Sämann et al., 2009) and

found that neither mutation induces the Phsp-6GFP reporter (Fig-

ures S1B–S1E). In addition, the upregulation of the Phsp-6GFP

reporter by spg-7(RNAi) is not significantly affected by

pink-1(tm1779) or pdr-1(lg103) (spg-7 encodes the C. elegans ho-

molog of the mitochondrial quality control protease AFG3L2).

Finally, wedid not observe any induction of the Phsp-6GFP reporter

upon the knockdown of the gene dct-1, which encodes the

C. elegans BNIP3 homolog, thought to be required for mitophagy

(Palikaras et al., 2015) (Table S1C). Thus, not all mitochondrial pro-

cesses trigger UPRmt activation when compromised.

UPRmt Induced by Compromising Most Mitochondrial
Processes Is Dependent on ATFS-1 but Is Not
Antagonized by the Kinase GCN-2
We divided the 171 mitochondrial inducers into 22 groups on the

basis of their roles in specific mitochondrial processes (Fig-

ure 1D). For most of the 22 groups, we selected one representa-

tive gene and quantified the induction of the Phsp-6GFP reporter

(Figure 1E). As a negative control, we knocked down tag-208,

which encodes the C. elegans homolog of human Sorbin and

does not induce UPRmt when knocked down (Figures S1F and

S1G). To confirm that the observed effects are not specific to

hsp-6 HSP70, we also quantified induction of a hsp-60 HSP60

transcriptional reporter (Phsp-60GFP) (Yoneda et al., 2004).

With the exception of sdhd-1, knockdown of all genes caused

Phsp-60GFP upregulation (Figure 1F).
ss on the (E) Phsp-6GFP and (F) Phsp-60GFP reporters. Reporter expression was

shown; *RNAi was diluted with tag-208(RNAi)).

onitored by fluorescence microscopy and quantified (n = 2-3; mean and SD

871). Reporter expression was monitored by fluorescence microscopy and

Ai)).
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Next, we tested whether UPRmt induced by compromising the

mitochondrial processes identified is dependent on the tran-

scription factor ATFS-1 (Nargund et al., 2012). To that end, we

performed double RNAi experiments with the representative

genes and either atfs-1(RNAi) or, as a control, tag-208(RNAi).

Double RNAi of any of the genes with tag-208(RNAi) induced

the upregulation of the Phsp-6GFP reporter (Figure 1G, gray

bars). In contrast, double RNAi of any of the genes with atfs-

1(RNAi) resulted in the complete suppression of the upregulation

(black bars). We also tested whether the kinase GCN-2 plays a

role in the induction of UPRmt upon inactivation of the genes

identified in our screen. To that end, we used a strain carrying

the gcn-2 loss-of-function mutation ok871. As shown in Fig-

ure 1H, for the genes tested, the upregulation of the Phsp-6GFP

reporter observed in wild-type animals (gray bars) was similar

to that observed in gcn-2(ok871) mutant animals (black bars).

We confirmed this result with an independent loss-of-function

mutation gcn-2(ok886) (Figures S2A and S2B). In contrast, acti-

vation of the Phsp-6GFP reporter by the loss-of-function mutation

clk-1(qm30) (clk-1 is required for ubiquinone synthesis) is

enhanced by knockdown of gcn-2 (Figure S2C), as published

previously (Baker et al., 2012). Therefore, UPRmt induced by

compromising most mitochondrial processes is dependent on

ATFS-1 but is not antagonized by the kinase GCN-2.

UPRmt Is Triggered by Compromising Mitochondrial
Processes that Are Required for the Maintenance of the
Mito-nuclear Balance
The GO category ‘‘mitochondrial translation’’ is significantly en-

riched in our dataset (Table S1D). Among genes present in the

RNAi library (Kamath and Ahringer, 2003), we identified 75% of

the large subunits of the mitochondrial ribosome (mrpl genes)

and �96% of the small subunits of the mitochondrial ribosome

(mrps genes). Furthermore, we also found nine genes encoding

mitochondrial aminoacyl tRNA synthetases, and genes encod-

ing mitochondrial translation initiation and elongation factors.

The GO category ‘‘protein import into mitochondrial matrix’’ is

also significantly enriched in our dataset (Table S1D). We identi-

fied components of the TOM and TIM complexes (Figures 2A

and 2B). (Some were previously identified as inducers of UPRmt;

Bennett et al., 2014; Runkel et al., 2014). We also confirmed that

the knockdown of timm-23, which encodes the major subunit of

the TIM23 complex, induces UPRmt. We also identified gop-3

and tin-9.1, which encode the homolog of the human SAMM50

protein, and the homolog of the small Tim protein Tim9, respec-

tively (Figures 2A and 2B). Tim9 functions as a chaperone in the

intermembrane space and assists beta-barrel proteins in reach-

ing the SAM complex to be inserted into the outer mitochondrial

membrane (OMM) (Wiedemann and Pfanner, 2017; Wiedemann

et al., 2004). Tim9 also assists carrier proteins in reaching

the TIM22 complex to be inserted into the IMM (Adam et al.,

1999; Wiedemann and Pfanner, 2017). These two aspects of

mitochondrial protein import were not previously identified as

inducing UPRmt when compromised.

Finally, we found that the knockdown of the nuclear-encoded

subunits of complex I, III, IV, or V of the ETC also triggers UPRmt

and that several GO categories associated with ETC complexes

are significantly enriched in our dataset. (Table S1D). Further-
1662 Cell Reports 28, 1659–1669, August 13, 2019
more, we found that compromising assembly of complex I, III,

or IV also leads to UPRmt activation (e.g., by knockdown of

nuaf-1, which encodes the homolog of the human complex I as-

sembly factor NDUFAF1; bcs-1, which encodes the homolog of

the human complex III assembly factor BCS1L; or cox-14, which

encodes the homolog of the human complex IV assembly factor

COX14; see Table S1).

The identification of mitochondrial translation, import and ETC

as mitochondrial processes that when compromised induce

UPRmt is consistent with mito-nuclear imbalance and the result-

ing accumulation of unassembled subunits of ETC complexes

being the signal that triggers UPRmt (Houtkooper et al., 2013).

Mitochondrial Processes that Are Not Required for the
Maintenance of the Mito-nuclear Balance Also Trigger
UPRmt When Compromised
We found that the knockdown of the cytochrome c gene cyc-2.1

induces UPRmt. The knockdown of cyc-2.1 presumably causes a

defect in the activity of the ETC; however, it is not predicted to

directly cause mito-nuclear imbalance. In addition, we identified

genes encoding subunits of complex II (sdha-1, sdhd-1, and

sdhc-1). Although knockdown of these genes may cause an

accumulation of other complex II subunits, it does not cause

mito-nuclear imbalance, because all subunits of complex II are

encoded in the nuclear genome. To test whether knockdown

of any subunit of complex II induces UPRmt, we individually

knocked down the genes encoding all four subunits. As shown

in Figures 2C and 2D, knockdown of any of these genes induces

upregulation of the Phsp-6GFP reporter. We also found that the

level of endogenous HSP-6 protein but not HSP-60 protein

significantly increases upon sdhc-1(RNAi) (Figure S3). Hence,

compromising the ETC is sufficient to trigger UPRmt.

The GO category ‘‘tricarboxylic acid cycle’’ is significantly

enriched in our dataset (Table S1D). We identified several

genes encoding subunits of enzymes of the tricarboxylic acid

(TCA) cycle (Table S1A). Reduced levels of these proteins

may lead to the disruption of the stoichiometry of their respec-

tive TCA complexes, thereby leading to the accumulation of un-

assembled proteins in the mitochondrial matrix. Alternatively,

UPRmt might also be triggered by the dysfunction of the TCA

cycle itself. To test this hypothesis, we knocked down genes

encoding the remaining enzymes of the TCA cycle. Knockdown

of aco-2, idha-1, cts-1, mdh-2, and fum-1 induce the Phsp-6GFP

reporter (Figure 3). We also found that the level of endogenous

HSP-6 protein but not HSP-60 protein tends to slightly increase

albeit not significantly upon fum-1(RNAi) (Figure S3) (It should

be noted that because HSP-6 and HSP-60 are highly abundant

proteins (Bensaddek et al., 2016), even small changes repre-

sent substantial changes in protein amounts. Furthermore,

the basal expression level of Phsp-6GFP is low in contrast to

the high basal level of endogenous HSP-6 protein. Hence, the

fold change of Phsp-6GFP is likely an overestimation of the

fold change of HSP-6. Finally, although tubulin is ubiquitously

expressed, the UPRmt transcriptional reporters are expressed

mostly in intestinal cells. Hence, it is possible that UPRmt is

restricted to certain tissues. The HSP-6/tubulin or HSP-60/

tubulin ratio might therefore underestimate the upregulation of

HSP-6 or HSP-60 in the cells in which UPRmt occurs. Such



A

B

D

C

Figure 2. Knockdown of Mitochondrial Import Machinery or Complex II Induces UPRmt

(A and C) Bright-field and fluorescence images of the Phsp-6GFP reporter strain after different RNAi treatment to knock down the mitochondrial import machinery

(A) or complex II subunits (C). Two intensity scales are shown.

(B and D) Quantification of Phsp-6GFP fluorescence intensity (n R 5; n is the number of biological replicates; mean and SD are shown; for B, ***p < 0.001 and

****p < 0.0001 by one-way ANOVA with Bonferroni’s multiple-comparison test to tag-208(RNAi); for D, **p < 0.01 and ***p < 0.001 by Welch’s ANOVA with

Games-Howell post hoc test to tag-208(RNAi)).

See also Figure S3.
an underestimation might affect HSP-60 more strongly than

HSP-6, as hsp-60 is less strongly transcriptionally upregulated

upon mitochondrial stress than hsp-6 (Haynes et al., 2007).

Because CTS-1, FUM-1, and MDH-2 are homo-oligomeric en-
zymes, reduction in their levels will not cause proteotoxic

stress. It will, however, cause a decrease in the activity of the

TCA cycle. Hence, compromising the TCA cycle is sufficient

to trigger UPRmt.
Cell Reports 28, 1659–1669, August 13, 2019 1663
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Figure 3. Knockdown of Any Enzyme of TCA Cycle Induces UPRmt

(A) TCA cycle. Single and double asterisks indicate genes identified in our screen and subsequent experiments, respectively.

(B) Bright-field and fluorescence images of Phsp-6GFP reporter strain after different RNAi treatment. Two intensity scales are shown.

(C) Quantification of Phsp-6GFP fluorescence intensity (nR 5; n is the number of biological replicates; mean and SD are shown; *p < 0.05 byWelch’s ANOVA with

Games-Howell post hoc test to tag-208(RNAi)).

See also Figures S3 and S4.
We also identified genes encoding proteins required for lipid

catabolism (e.g., ard-1, ech-6, and acdh-13 encode three mito-

chondrial beta-oxidation enzymes). The GO category ‘‘fatty

acid biosynthetic process’’ is also enriched in our dataset (Table

S1D).We identified two genes (pgs-1 andmdmh-35) that encode

proteins involved in cardiolipin (CL) biosynthesis, a lipid biosyn-

thetic pathway that was not identified before as inducing UPRmt

when compromised. To confirm this result, we tested crls-1,

which encodes CL synthase, and found that its knockdown in-

duces the Phsp-6GFP reporter expression (Figure S4). To test

whether the biosynthesis of other lipids also induces UPRmt,

we tested psd-1, which encodes phosphatidylserine decarbox-
1664 Cell Reports 28, 1659–1669, August 13, 2019
ylase and plays a role in the biosynthesis of phosphatidylethanol-

amine (PE) (Osman et al., 2011). We found that knockdown of

psd-1 also induces Phsp-6GFP reporter expression (Figure S4).

Hence, compromising lipid metabolism triggers UPRmt.

A Reduction in Mitochondrial Membrane Potential
Correlates with the Induction of UPRmt

Rather than directly causing mito-nuclear imbalance, the pro-

cesses described above are predicted to cause a reduction in

mitochondrial membrane potential. Although compromising the

ETC directly causes a decrease in mitochondrial membrane po-

tential, compromising the TCA cycle leads to a decrease in the
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Figure 4. Genes that Induce UPRmt When

Knocked Down Are Required to Maintain

Mitochondrial Membrane Potential

(A) Wild-type (+/+) or animals carrying different

loss-of-function mutations were stained with

TMRE. Representative images of mitochondria in

hypodermal cells are shown with two intensity

scales.

(B) Wild-type subjected to different RNAi (mrpl-

9(RNAi) was diluted with tag-208(RNAi)) were

stained with TMRE. Representative images of

mitochondria in hypodermal cells are shown with

two intensity scales.

(C and D) Quantification of TMRE fluorescence

intensity per area (C, n R 7; D, n R 17; n is the

number of animals analyzed; mean and SD are

shown; *p < 0.05, ***p < 0.001, and ****p < 0.0001

by one-way ANOVA with Bonferroni’s multiple-

comparison test to tag-208(RNAi) or +/+; sdhc-

1(RNAi) with data was not quantified, as the signal

was too low to be detected by the segmentation

macro; for mcu-1(ju1154) and tag-208(RNAi) the

250–1,500 intensity images are white because of

saturation).
NADH level, resulting in a decrease in ETC function and, conse-

quently, a reduction in mitochondrial membrane potential.

Furthermore, compromising beta-oxidation causes a reduction

in the level of acetyl-CoA entering the TCA cycle, indirectly

causing a reduction in mitochondrial membrane potential.

Finally, compromising CL biosynthesis has been shown to affect

the formation of respiratory supercomplex in S. cerevisiae

(Pfeiffer et al., 2003). Although this indirectly leads to proteotoxic

stress, it also causes a reduction inmitochondrial membrane po-

tential (Jiang et al., 2000). Finally, compromising PE biosynthesis

in S. cerevisiae has been shown to cause a decrease in mito-

chondrial membrane potential (Böttinger et al., 2012).

To test whether genes that induce UPRmt when knocked

down are required to maintain mitochondrial membrane poten-

tial, using the mitochondrial potential-sensitive dye TMRE, we

stained animals in which some of these genes had been
Cell Rep
knocked down by mutation or RNAi

and measured TMRE fluorescence in-

tensity per area in mitochondria in

hypodermal cells. We found that the

knockdown of any of the genes tested

results in a lower average mitochondrial

TMRE fluorescence intensity. (Figure 4).

The mitochondrial TMRE fluorescence

intensity is proportional to mitochondrial

membrane potential (Loew et al., 1993),

indicating that the loss of genes that

induce UPRmt when knocked down re-

sults in a reduction in mitochondrial

membrane potential. In contrast, animals

carrying loss-of-function mutations in

genes that do not induce UPRmt when

knocked down (such as pdr-1(lg103),

pink-1(tm1779), or mcu-1(ju1154)), do
not exhibit a lower average mitochondrial TMRE fluorescence

intensity and therefore do not exhibit a reduction of mitochon-

drial membrane potential (Figure 4). Therefore, there is a

correlation between a reduction in mitochondrial membrane

potential and the induction of UPRmt.

The MTS of ATFS-1 Acts as a Sensor for Mitochondrial
Membrane Potential
Mitochondrial protein import is sensitive to mitochondrial mem-

brane potential and depends on the net charge of the MTS

(Martin et al., 1991). Mitochondrial proteins containing a MTS

with a low net charge can only be imported into mitochondria

with a high membrane potential. However, mitochondrial pro-

teins containing a MTS with a high net charge can be imported

even into mitochondria with a low membrane potential. The

MTS of ATFS-1 has a lower net charge (+4) than that of
orts 28, 1659–1669, August 13, 2019 1665
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Figure 5. The Weak MTS of ATFS-1 Is Necessary for the Ability of ATFS-1 to Act as a Sensor of UPRmt

(A) Analysis of the MTS of C. elegans ATFS-1(WT), ATFS-1(et15), ATFS-1(et18), HSP-60(WT), SPG-7(WT), and N. crassa ATP9.

(B) Schematic of the constructs. The MTS of ATFS-1 was replaced with the MTS of ATP synthase subunit 9 of N. crassa in the atfs-1(NcATP9MTS) construct.

(C) All strains carry the Phsp-60GFP reporter. Wild-type (+/+) and atfs-1(tm4525) animals carrying the empty vector (EV), the atfs-1(WT) transgene, or the

atfs-1(NcATP9MTS) transgene were treated with spg-7(RNAi) and analyzed by bright-field and fluorescence microscopy.

(D) Strains indicated in (C) were treated with timm-23(RNAi).

(E and F) Quantification of Phsp-60GFP fluorescence intensity (nR 6; n = number of biological replicates; mean and SD are shown; for E, ****p < 0.0001 byWelch’s

ANOVA with Games-Howell post hoc test to +/+ with tag-208(RNAi); for F, **p < 0.01 by Kruskal-Wallis with Dunn’s multiple-comparisons test to +/+; tag-

208(RNAi)).

(G) Model of activation of UPRmt.

See also Figure S5.
HSP-60 (+5) or SPG-7 (+7) (Figure 5A). Animals carrying the

atfs-1 mutations et15gf or et18gf exhibit constitutive activation

of UPRmt. Interestingly, both mutations result in a reduction in

the net charge of the MTS and presumably a reduction in mito-

chondrial import (Rauthan et al., 2013). Thus, we hypothesized

that a decrease in mitochondrial membrane potential reduces

the efficiency with which ATFS-1, but not HSP-60 or SPG-7, is

imported into mitochondria.
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To test this hypothesis we generated transgenic lines that ex-

press either a wild-type atfs-1 rescuing construct (Figure 5B,

atfs-1(WT) [wild-type]) or a rescuing construct encoding a

modified ATFS-1 protein (ATFS-1(NcATP9MTS)), in which the

N-terminal 24 amino acids have been replaced with the N-termi-

nal 69 amino acids of the ATP synthase subunit 9 of Neurospora

crassa, which is a strong MTS with a net charge of +12 (Figures

5A and 5B).



We found that the atfs-1(WT) transgene partially rescues the

atfs-1(tm4525) phenotype, restoring induction of the Phsp-60GFP

reporter upon spg-7(RNAi) (Figures 5C and 5E). In contrast, we

found that the atfs-1(NcATP9MTS) transgene fails to restore

the induction of the Phsp-60GFP reporter upon spg-7(RNAi),

although the levels of ATFS-1(NcATP9MTS) and ATFS-1(WT)

proteins were similar (Figure S5). Hence, the ATFS-

1(NcATP9MTS) protein is unable to activate UPRmt in response

to mitochondrial stress caused by spg-7(RNAi). We speculate

that ATFS-1(NcATP9MTS) import is very efficient and not

affected by a partial reduction in mitochondrial membrane po-

tential caused by the loss of spg-7 function. As a further test,

we knocked down the gene timm-23, which compromises mito-

chondrial protein import directly. The strain carrying the

atfs-1(WT) transgene fully restored the induction of the

Phsp-60GFP reporter upon timm-23(RNAi). Furthermore, we

observed a partial rescue of Phsp-60GFP induction even in the

strain carrying the atfs-1(NcATP9MTS) transgene (Figures 5D

and 5F). Hence, in response to higher levels of mitochondrial

stress (i.e., when mitochondrial import is directly compromised)

ATFS-1(NcATP9MTS) is able to activate UPRmt. Although this

result supports our model, it also demonstrates that the ATFS-

1(NcATP9MTS) protein is able to activate the transcriptional re-

porter and therefore is a functional transcription factor. On the

basis of these findings, we propose that a reduction in mitochon-

drial membrane potential acts as a signal for the induction of

UPRmt and that the MTS of ATFS-1 acts as a sensor for this

signal.

DISCUSSION

Similar to other UPRs, UPRmt was proposed to be triggered by

the accumulation of unfolded proteins (Yoneda et al., 2004).

Although several lines of evidence are consistent with unfolded

protein stress being the signal that triggers UPRmt (Haynes

et al., 2007, 2010; Houtkooper et al., 2013), it has so far only

been shown in mammalian cells that a misfolded mitochondrial

matrix protein can trigger it (Zhao et al., 2002). It has recently

been noted that all perturbations known to induce UPRmt are

also likely to reduce mitochondrial import efficiency (Melber

and Haynes, 2018). Therefore, it has been proposed that under

these conditions, ATFS-1 relocalizes to the nucleus and acti-

vates UPRmt. In order to better understand which signal triggers

UPRmt, we performed a genome-wide RNAi screen to systemat-

ically identify mitochondrial processes that induce UPRmt when

compromised.

Our results demonstrate that most mitochondrial processes

trigger UPRmt when compromised. Therefore, most mitochon-

drial processes are required for the maintenance of mitochon-

drial homeostasis. However, some processes, such as

mitophagy, do not appear to be required. In addition, we found

that a block in mitophagy has no effect on the induction of

UPRmt. Haynes and co-workers have proposed that UPRmt is

the first line of defense that can help mitochondria to regain ho-

meostasis. If this line of defense fails, mitophagy is activated to

eliminate irremediably damaged mitochondria (Pellegrino et al.,

2013). Our data show that the converse is not the case (i.e., a

block in mitophagy does not induce UPRmt).
Our unbiased genome-wide approach confirms that blocking

mitochondrial import leads to the activation of UPRmt. Although

the knockdown of components of the TOM or TIM23 complexes

directly affects the import of ATFS-1, the effect of the knock-

down of the small Tim protein Tim9 on ATFS-1 is likely indirect,

because Tim9 is not involved in the import of mitochondrial ma-

trix targeted protein. We also show that UPRmt is induced in

response to compromising mitochondrial processes (electron

transport, TCA cycle, lipid catabolism, CL and PE biosynthesis)

that are predicted to be required for the maintenance of mito-

chondrial membrane potential, but not for the maintenance of

mito-nuclear balance. Furthermore, compromising any of the

other mitochondrial processes that we identified in our screen

is expected to at least indirectly reduce mitochondrial mem-

brane potential. Although we cannot exclude that a decrease

in mitochondrial ATP levels caused by a reduction in mitochon-

drial membrane potential participates in the activation of UPRmt

(because ATP is required for protein folding as well as mitochon-

drial import), we propose that a reduction in mitochondrial mem-

brane potential is a general signal for the induction of UPRmt.

Consistent with this model, drugs known to cause a reduction

in mitochondrial membrane potential (such as rotenone or anti-

mycin) (Johnson et al., 1981) have been shown to induce UPRmt

(Liu et al., 2014; Runkel et al., 2013). Finally, it was shown that the

induction of UPRmt upon spg-7(RNAi) is partially dependent on

the transporter HAF-1 (Haynes et al., 2010). Our model is still

compatible with a role of HAF-1 in the UPRmt pathway. We spec-

ulate that because peptides exported by HAF-1 are most likely

charged, they may affect mitochondrial membrane potential

when exported. Such peptides may also affect mitochondrial

protein import as recently shown with isolated mammalian mito-

chondria in vitro (Oliveira and Hood, 2018).

Bioinformatic analysis revealed that the MTS of ATFS-1 is

weaker than that of other mitochondrial proteins, such as

HSP-60 or SPG-7. Furthermore, in contrast to HSP-60 and

SPG-7, ATFS-1 additionally contains a C-terminal nuclear

localization sequence (NLS). We propose that the combination

of the NLS and the relative ‘‘weakness’’ of the MTS is essential

for ATFS-1’s function as a UPRmt sensor. To test this, we

generated a chimeric ATFS-1 protein containing a strong

MTS and showed that this protein is unable to induce UPRmt

in response to lower levels of mitochondrial stress (i.e., spg-

7(RNAi)) but is able to induce UPRmt in response to higher

levels of mitochondrial stress (i.e., timm-23(RNAi)). We specu-

late that this chimeric ATFS-1 protein is unable to act as a

UPRmt sensor in response to lower levels of mitochondrial

stress because its import is very efficient and not affected by

a decrease in mitochondrial membrane potential caused by

spg-7(RNAi). We propose a model in which defects in most

mitochondrial processes lead to a decrease in mitochondrial

membrane potential, which blocks the import of ATFS-1,

thereby causing its relocalization to the nucleus. The effectors

of UPRmt, such as HSP-60 and SPG-7, can still be imported

into these compromised mitochondria because their MTSs

are stronger than that of ATFS-1 (Figure 5G). Consistent with

this model, we demonstrated that UPRmt induced by a defect

in any of the mitochondrial processes identified in our screen

is dependent on ATFS-1. In conclusion, we propose that
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the predominant signal triggering UPRmt is a decrease in mito-

chondrial membrane potential, which is sensed by the MTS of

ATFS-1.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-HSP-6 Köhler et al., 2015 N/A

Mouse anti-HSP-60 (Hadwiger et al., 2010) available

at DHSB

HSP60 s

Rabbit anti-ATFS-1 Gift from C. Haynes (UMass

Medical School)

N/A

Mouse anti-Tubulin DM1a Sigma-Aldrich Cat # T6199; RRID:AB_477583

Mouse anti-b-actin AC-15 Sigma-Aldrich Cat # A-1978;RRID:AB_476692

Goat Anti-Mouse IgG (HL)-HRP Conjugate antibody Biorad Cat # 1706516;RRID:AB_11125547

Goat Anti-Rabbit IgG (HL)-HRP Conjugate antibody Biorad Cat # 1706515;RRID:AB_11125142

Bacterial and Virus Strains

RNAi clones Ahringer library Kamath and Ahringer, 2003 N/A

OP50 Caenorhabditis Genetics Center OP50

HT115 Caenorhabditis Genetics Center HT115

DH5a ThermoFischer Cat # 18265017

Chemicals, Peptides, and Recombinant Proteins

IPTG Carl-Roth Cat # CN08.2

TMRE ThermoFischer Scientific Cat # T-669

Amersham ECL Western Blotting Detection Reagent Sigma-Aldrich Cat # GERPN2106

Amersham ECL prime Western Blotting Detection

Reagent

Sigma-Aldrich Cat # GERPN2236

Experimental Models: Organisms/Strains

Wildtype C. elegans strain N2 Caenorhabditis Genetics Center N2

TK22 (sdhc-1(kn1) III) Caenorhabditis Genetics Center TK22

DA2249 (spg-7(ad2249) I) Caenorhabditis Genetics Center DA2249

BR2430 (pdr-1(lg103) III) Gift from R. Baumeister (University

of Freiburg)

N/A

MD3399 (pink-1(tm1779) II) This study N/A

CZ19982 (mcu-1(ju1154) IV) Caenorhabditis Genetics Center CZ19982

SJ4100 (zcIs13 V) Caenorhabditis Genetics Center SJ4100

SJ4058 (zcIs9) Caenorhabditis Genetics Center SJ4058

MD3800 (mcu-1(ju1154) IV; zcIs13 V) This study N/A

MD4205 (pink-1(tm1779) II; zcIs13 V) This study N/A

MD4203 (zcIs13 V) This study N/A

MD4001 (pdr-1(lg103) III; zcIs13 V) This study N/A

MD4002 (zcIs13 V) This study N/A

MD4126 (gcn-2(ok871) II; zcIs13 V) This study N/A

MD4164 (gcn-2(ok886) II; zcIs13 V) This study N/A

MD4165 (zcIs13 V) This study N/A

MD4284 (oxTi179 II; unc-119(ed3) III; atfs-1(tm4525)

V zcIs9 V)

This study N/A

MD4306 (bcSi78 [pCFJ350] II; unc-119(ed3) III; atfs-1

(tm4525) zcIs9 V)

This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MD4314 (bcSi80 [pBC1753] II; unc-119(ed3) III; atfs-1

(tm4525) zcIs9 V)

This study N/A

MD4323 (bcSi81 [pBC1759] II; unc-119(ed3) III; atfs-1

(tm4525) zcIs9 V)

This study N/A

Oligonucleotides

Forward primer to amplify Patfs-1:atfs-1[CDS]:atfs-1

[30UTR] from gDNA atfs-1FSpeI 50-ACTAGTTATCCC

GATTCAAATCATTG-30

This study N/A

Reverse primer to amplify Patfs-1:atfs-1[CDS]:atfs-1

[30UTR] from gDNA atfs-1RAvrII 50-CCTAGGTTACAC

AACTGCGTCACG-30

This study N/A

Primer for sequencing RNAi clones L4440 F 50-TGGA

TAACCGTATTACCGCC-30
This study N/A

Recombinant DNA

pCFJ350 (empty MosSCI vector) Addgene Plasmid #34866

pBC1753 (Patfs-1:atfs-1[CDS with afts-1MTS]:

atfs-1[30UTR])
This study N/A

pBC1759 (Patfs-1:atfs-1[CDS with su9MTS]:

atfs-1[30UTR])
This study N/A

Software and Algorithms

Fiji v. 2.0.0-rc-69/1.52i Schindelin, 2012 https://imagej.net/Fiji/Downloads

Prism v. 6 GraphPad Software https://www.graphpad.com/scientific-

software/prism/

MitoProt Claros and Vincens, 1996 https://ihg.gsf.de/ihg/mitoprot.html

Leica Application Suite v. 3.2.0.9652 Leica Microsystems https://www.leica-microsystems.com/

products/microscope-software/p/leica-

application-suite/

Metamorph v. 7.1.0.0. Molecular Device Corporation https://www.moleculardevices.com/

David Database v. 6.8 Huang et al., 2009 https://david.ncifcrf.gov

Image Lab v. 5.2.1. build 11 Bio-Rad http://www.bio-rad.com/de-de/product/

image-lab-software

R Studio v. 1.1.423 with ‘‘userfriendlyscience’’

package

RStudio Team, 2015; Peters,

2018

https://www.rstudio.com
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Barbara

Conradt (b.conradt@ucl.ac.uk).

All C. elegans strains and plasmids generated in this study are freely available upon request to the Lead Contact, Barbara Conradt

(b.conradt@ucl.ac.uk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans strains and culture conditions
C. elegans strains were cultured as previously described (Brenner, 1974). Bristol N2 was used as the wild-type strain. The screen was

performed using the strain SJ4100, which carries the Phsp-6GFP transcriptional reporter (Yoneda et al., 2004). Further experiments

were performed using the strain SJ4058, which carries the mitochondrial chaperone hsp-60 transcriptional reporter (Phsp-60GFP)

(Yoneda et al., 2004). Mutations used in this study were described by Riddle et al. (1997) except: (LG I) spg-7(ad2249) (Zubovych

et al., 2010) (LG II) gcn-2(ok871) and gcn-2(ok886) (OMRF Knockout Group), pink-1(tm1779) (National BioResource Project), (LGIII)

pdr-1(lg103) (Springer et al., 2005) and mev-1(kn1) (Honda et al., 1993), (LGIV) mcu-1(ju1154) (Xu and Chisholm, 2014) and (LGV)

atfs-1(tm4525) (National BioResource Project).
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Transgenic lines generation
To generate the atfs-1 rescuing construct (Patfs-1:atfs-1[CDS]:atfs-1[30UTR]), we used as a promoter the �2.4kb DNA fragment be-

tween ZC376.6, the gene upstream of atfs-1, and the coding sequence of atfs-1. As a 30UTR, we used the �300bp DNA fragment

downstream of the coding sequence of atfs-1, which is described in Wormbase as the 30UTR of atfs-1. Patfs-1:atfs-1[CDS]:atfs-1

[30UTR] was amplified from gDNA using the primer atfs-1FSpeI (50-ACTAGTTATCCCGATTCAAATCATTG-30) and atfs-1RAvrII

(50-CCTAGGTTACACAACTGCGTCACG-30) and cloned into the MosSCI vector pCFJ350 to generate pBC1753. A second plasmid

(pBC1759) was generated, in which the first 24 amino acids of ATFS-1 were replaced with the first 69 amino acids of the subunit

9 of ATP synthase of Neurospora crassa. In order to generate stably integrated, single-copy transgenes of these two constructs

as well as the control vector, both plasmids as well as the empty pCFJ350 vector were used for MosSCI injection of the strain

MD4284 (oxTi179 II; unc-119(ed3) III; atfs-1(tm4525) zcIs9 [Phsp-60GFP] V). To generate the MD4284 strain, we crossed the strain

CMH5 (atfs-1(tm4525) zcIs9 [Phsp-60GFP] V) (kind gift fromC. Haynes) and EG8079 (oxTi179 II unc-119(ed3) III). To determine the level

of the ATFS-1 protein, the different transgenic lines were treated with tag-208(RNAi) or lonp-1(RNAi) and analyzed by Western using

affinity purified rabbit anti-ATFS-1 antibodies (1:5000; generated by Nargund et al. [2012]) and anti-b-actin antibodies (1:2000,

Sigma). We also generated a single copy atfs-1(wt)::GFP transgene. In contrast to the non-tagged atfs-1(wt) transgene, which

restores the induction of the Phsp-60GFP reporter upon spg-7(RNAi) to�58% of wild-type level, the afts-1(wt)::GFP single copy trans-

gene restores the induction of the Phsp-60GFP reporter to only�14%of wild-type level. Hence, the presence of GFP appears to nega-

tively affect the ability of ATFS-1 to function as a transcription factor. The name and genotype of all the transgenic lines generated in

this study are indicated in Table S2.

METHOD DETAILS

Genome wide RNA interference screen
The screen was performed using the technique of RNAi by feeding using the Ahringer RNAi library (Kamath and Ahringer, 2003).We

specifically used the latest updated version of the library which covers more than 90% of the annotated genes of the C. elegans

genome and is available from Source BioScience (www.lifesciences.sourcebioscience.com).

For the L4 screen, RNAi clones were cultured overnight in 100 mL of LB carbenicillin (100 mg/ml) in a 96 wells plate format on day 1.

On day 2, 10 mL of the culture was used to inoculate 24 well lactose RNAi plates (similar to NGMmedium (Stiernagle, 2006) with 4g/l

bacto-tryptone instead of 2.5g/l of Bacto-Peptone and supplemented with 100 mg/ml Carbenicillin and 0.25% lactose (w/v)) and

the plates were incubated at room temperature until the next day. On day 3, a synchronized population of L4 of the SJ4100 strain

(Phsp-6GFP) was resuspended in MPEG (M9 medium (Stiernagle, 2006) supplemented with 0.1% PEG (w/v)). Two L4 larvae were pi-

petted in each well of the 24 well plates. The plates were incubated at 20�C for four days and screened for GFP positive progeny.

Positive candidates were re-screened in three independent experiments using 24 well 6mM IPTG RNAi plates (NGMmedium (Stier-

nagle, 2006) supplemented with 25 mg/ml Carbenicillin and 6mM IPTG). As indicated in Table S1, the level of induction of UPRmt was

classified from 0 (basal expression of the Phsp-6GFP reporter similar to the one observed in tag-208(RNAi) animals) to 3 (strong

expression of the Phsp-6GFP reporter).

For the L1 screen, a sub-library containing the 2000 genes described as essential for embryonic and larval development according

to Ahringer and co-workers was generated (Kamath and Ahringer, 2003). RNAi clones were cultured overnight in 100 mL of LB car-

benicillin (100 mg/ml) in a 96well plate format on day 1. On day 2, 10 mL of the culture was used to inoculate 24well lactose RNAi plates

(see above) and the plates were incubated at room temperature until the next day. On day 2, gravid adults of the SJ4100 strain

(Phsp-6GFP) were bleached as previously described (Stiernagle, 2006). The embryos were incubated overnight in M9medium in order

to produce a synchronized population of L1 larvae the next morning. On day 3, 50 synchronized L1 larvae were inoculated onto each

well of the 24 wells Lactose RNAi plates. The plates were incubated at 20�C for three days and screened for GFP positive animals.

Positive candidates were re-screened in three independent experiments using 24 wells 6mM IPTG RNAi plates (see above).

Bioinformatic analysis
For prediction of the mitochondrial targeting sequence and its charge, we used the Mitoprot software ((Claros and Vincens, 1996);

https://ihg.gsf.de/ihg/mitoprot.html). For the functional annotations and clustering we used the DAVID database v. 6.8 (Huang et al.,

2009). The list of candidates was used as an input and was ran against the C. elegans background list for searching of enriched GO

categories. The GO-term enrichment is calculated using a modified Fisher’s exact test. The so-called EASE score provides a more

conservative method to calculate the enrichment of a term, guaranteeing results consistency.

Further analysis of the candidates
RNAi clones were cultured overnight in 2ml of LB carbenicillin (100 mg/ml) at 37�C and 200rpm. The RNAi cultures were adjusted to

0.5OD and 50 mL was used to seed 30mm RNAi plates containing 6mM IPTG (see above). The plates were incubated at 20�C in the

dark. [In the case of double RNAi, each RNAi culture was diluted 1:3 with atfs-1(RNAi) or tag-208(RNAi) bacteria.] 24 hours later, four

L4 larvae of SJ4100 or SJ4058were inoculated onto the RNAi plates and newRNAi plates were seeded. 24 hours later, the four adults

of SJ4100 or SJ4058 were transferred onto new seeded RNAi plates and let to lay eggs for 4 hours at 20�C. The adults were

then removed from the plates and the plates were further incubated for 4 days at 20�C (For the rescue experiments, the plates
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were incubated for 5 days at 20�C). For each RNAi condition, �10 animals were imaged using a Leica GFP dissecting microscope

(M205 FA) and the software Leica Application Suite (3.2.0.9652). We used Fiji-implemented macro using the IJ1 Macro language to

automate the intensity measurement within defined areas of 2-dimensional images using ImageJ. An automated threshold using the

Triangle method was applied to the brightfield microscopy image, in order to generate a binary mask (The Triangle method was

selected among the 16 available auto threshold methods of ImageJ as it provided the best results). The mask was then inverted

and the Particle Analyzer of ImageJ was used to remove noise by setting a minimum size (10 pixels) for objects to be included in

the mask. After removing manually any remaining unwanted objects, the mask was applied to the corresponding fluorescence mi-

croscopy image and mean fluorescence intensity was measured. The mean fluorescence intensity outside the mask was defined as

the background. The script (‘‘Worm_SignalQuantification.ijm’’) used for the analysis can be found in Data S1.

Analysis of HSP-6 and HSP-60 protein levels
Two L4 larvae of N2 were inoculated on tag-208(RNAi), fum-1(RNAi) or sdhc-1(RNAi) plates and the plates were incubated for 5 days

at 20�C. Mixed-stage populations of worms were harvested in 1ml MPEG, washed 3 times with 1ml MPEG and resuspended in 1

volume of Laemmli buffer 2x. The samples were analyzed by SDS-PAGE and Western using a monoclonal anti-Tubulin (1:10000;

Sigma), a polyclonal anti-HSP-6 (1:10000; (Köhler et al., 2015)) and a monoclonal anti-HSP-60 (1:2000; generated by Hadwiger

et al. (2010) and available at DHSB). As secondary antibodies, we used horseradish peroxidase conjugated goat anti-mouse

antibodies (BioRad #1706516) at 1:10000 for the anti-Tubulin and at 1:7500 for the anti-HSP-60. For the anti-HSP-6, we used a horse-

radish peroxidase conjugated goat anti-rabbit (BioRad #1706515) at 1:10000. Western was developed using ECL (Amersham

#RPN2106) and images were quantified using the ChemiDoc XRS+ System (Bio-Rad).

TMRE staining and quantification
L2/L3 larvaewere inoculated onNGMplates (Stiernagle, 2006) supplementedwith 0.1 mMTetramethylrhodamine, Ethyl Ester (TMRE)

with a small inoculum of OP50 E. coli bacteria. After an incubation over-night at 20�C, L4 larvae were analyzed by fluorescence mi-

croscopy using amicroscope equippedwith a 633 1.4 NA oil lens (Axioskop 2; Carl Zeiss, Inc.) and a charge-coupled device camera

(1300; Micromax). The acquisition was performed with 100ms exposure using the software Metamorph (Molecular Device Corpora-

tion; v. 7.1.0.0). For the RNAi experiments, L4 larvae were inoculated onto 6mM IPTG RNAi plates as indicated above. After 2 days,

L2/L3 larvae of the F1 generation were inoculated on TMRE plates and analyzed the next day as indicated above. We used Fiji-im-

plemented macro using the IJ1 Macro language to segment the images. Specifically, we used a background subtraction with the

‘‘rolling ball’’ algorithm with a ball radius of 15 pixels to remove continuous background signal from the image (Sternberg, 1983).

This was followed by the application of the Tubeness plugin, which generates a score of how tube-like each point in the image is,

by using the eigenvalues of the Hessian matrix to calculate the measure of ‘‘tubeness’’ (Sato et al., 1998). The resulting 32-bit image

was converted to 8-bit and an automatic threshold (using the IsoData algorithm) was used to generate a binary mask. The final step

involved the removal of any particles that are smaller than 10 pixels in size for they are assumed to be noise. After removing manually

any remaining unwanted objects, another macro was used to measure mean fluorescence intensity. Specifically, all objects in the

binary mask segmented with the first macro were selected and this selection was restored on the original image, allowing tomeasure

the mean fluorescence intensity within regions that correspond to the binary mask. This binary mask corresponds to the TMRE

labeled mitochondria in the image. The mean fluorescence intensity outside the mask was defined as the background and was

subtracted from the signal. Since the mean fluorescence intensity corresponds to the sum of the gray values of all the pixels in

the selection divided by the number of pixels in the selection, the values indicated in Figures 4C and 4D correspond to fluorescence

intensities per area. The scripts (‘‘TMRE Hessian_segmentation.ijm’’ and ‘‘TMRE mean_intensity_measurement.ijm’’) used for the

analysis can be found in Data S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

For Figures 1, 2, 3, 5, S1, S2, and S4, n indicates the number of biological replicates analyzed for a given RNAi (One replicate cor-

responds to one individual RNAi plate. As indicated inMETHODDETAILS, for each replicate�10 animals were imaged and themean

fluorescence intensity of these animals wasmeasured). For Figure 4, n indicates the number of animals analyzed for a given genotype

or RNAi. For Figure S3, n indicates the number of biological replicates analyzed byWestern for a given RNAi. In the quantification of all

the Figures, the mean values with the standard deviation are indicated. To perform the statistical analyses, we used the software

Graphpad Prism 6 and R Studio Version 1.1.423 (RStudio Team, 2015) with the package ‘‘userfriendlyscience’’ (Peters,

2018).When comparing more than two independent groups, we tested the data for normality using the Kolmogorov-Smirnov test

or Shapiro-Wilk test depending on sample size and for equal variance using the Brown-Forsythe test. When the data was normally

distributed and showed equal variance, we used one-way ANOVA with Bonferroni’s multiple comparison test. In the case of hetero-

scedasticity, we used a Welch’s ANOVA with Games-Howell post hoc test. When the data was not normally distributed, we used a

Kruskal-Wallis with Dunn’s multiple comparisons test. When only comparing two independent groups, we tested for normality using
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the Kolmogorov-Smirnov test or Shapiro-Wilk test depending on sample size and for equal variance using the F-test. We used un-

paired two-sample t test when the data was normally distributed and Wilcoxon-Mann-Whitney-test when the data was not normally

distributed. For the western-blot analysis (Figure S3), we used a one-sample t test when the data was normally distributed and aWil-

coxon signed rank test when the data was not normally distributed.

DATA AND CODE AVAILABILITY

The published article includes all datasets and code generated or analyzed during this study.
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