Received: 23 December 2019

Revised: 5 April 2020

Accepted: 15 April 2020

DOI: 10.1096/1j.201903235R

RESEARCH ARTICLE

?ASE‘BJOURNAL

Disruption of mitochondrial dynamics increases stress resistance
through activation of multiple stress response pathways

Emily Machiela’ | Thomas Liontis’>®> | Dylan J. Dues' | Paige D. Rudich®® |

Annika Traa*®

Saravanapriah Nadarajan4 | Megan M. Senchuk' | Jeremy M. Van Raamsdon

| Leslie Wyman1 | Corah Kaufman! | JasonF. Cooper1 | Leira Lew' |

k12345

'Laboratory of Aging and Neurodegenerative Disease, Center for Neurodegenerative Science, Van Andel Research Institute, Grand Rapids, MI, USA

2Department of Neurology and Neurosurgery, McGill University, Montreal, QC, Canada

*Metabolic Disorders and Complications Program, and Brain Repair and Integrative Neuroscience Program, Research Institute of the McGill University

Health Centre, Montreal, QC, Canada

4Department of Genetics, Harvard Medical School, Boston, MA, USA

Division of Experimental Medicine, Department of Medicine, McGill University, Montreal, QC, Canada

Correspondence

Jeremy M. Van Raamsdonk, Metabolic
Disorders and Complications Program, and
Brain Repair and Integrative Neuroscience
Program, Research Institute of the McGill
University Health Centre, 1001 Decarie
Blvd. Montreal, QC, Canada.

Email: jeremy.vanraamsdonk @mcgill.ca

Funding information

National Institute of General Medical
Sciences, Grant/Award Number: RO1
GM121756; Canadian Institutes of Health
Research; Natural Sciences and Engineering
Research Council of Canada

Abstract

Mitochondria are dynamic organelles that can change shape and size depending on
the needs of the cell through the processes of mitochondrial fission and fusion. In
this work, we investigated the role of mitochondrial dynamics in organismal stress
response. By using C. elegans as a genetic model, we could visualize mitochondrial
morphology in a live organism with well-established stress assays and well-char-
acterized stress response pathways. We found that disrupting mitochondrial fission
(DRP1/drp-1) or fusion (OPA1/eat-3, MFN/fzo-1) genes caused alterations in mito-
chondrial morphology that impacted both mitochondrial function and physiologic
rates. While both mitochondrial fission and mitochondrial fusion mutants showed
increased sensitivity to osmotic stress and anoxia, surprisingly we found that the
mitochondrial fusion mutants eat-3 and fzo-/ are more resistant to both heat stress
and oxidative stress. In exploring the mechanism of increased stress resistance, we
found that disruption of mitochondrial fusion genes resulted in the upregulation of
multiple stress response pathways. Overall, this work demonstrates that disrupting
mitochondrial dynamics can have opposite effects on resistance to different types of
stress. Our results suggest that disruption of mitochondrial fusion activates multiple

stress response pathways that enhance resistance to specific stresses.

Abbreviations: ANOVA, analysis of variance; ATP, adenosine triphosphate; cDNA, complementary deoxyribose nucleic acid; cytoUPR, cytosolic unfolded
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1 | INTRODUCTION

Mitochondria are double-membrane organelles responsible
for many processes within the cell. The mitochondria are
highly networked and can change shape and size in response
to stress and energy demands of the cell.'? Although most fre-
quently known as the powerhouse of the cell due to their large
ATP-producing capacity, the mitochondria also have a role in
responding to stress.” Mitochondrial fusion is the process of
one or more mitochondria joining together; while mitochon-
drial fission is the process of one or more mitochondria break-
ing off of the network. Both processes are highly conserved
and governed by a group of well-conserved dynamin-fam-
ily GTPases.* These processes can occur in very short time
frames, and one event is often followed by the other.

Mitochondrial fission is primarily governed by the GTPase
DRP1, along with mitochondrial receptor proteins which re-
cruit cytosolic DRP1 to the mitochondrial membrane. These
mitochondrial receptor proteins include mitochondrial fis-
sion factors (MFF-1/MFF-2) and mitochondrial fission pro-
teins (FIS-1 and FIS-2). Mitochondrial fission is important
for growing and dividing cells to provide new mitochondria
and is also important for removing damaged mitochondria
from the cell, as it is a precursor to mitophagy.6’7

Mitochondrial fusion is governed by the inner-membrane
fusion protein optic-atrophy 1 (OPA1 in mammals, EAT-3
in C. elegans) and the outer-membrane fusion proteins mi-
tofusin-1 and mitofusion-2 (MFN1 and MFN2 in mammals,
FZO-1 in C. elegans). Mitochondrial fusion allows for com-
plementation to compensate for damage to individual mito-
chondria, functions as an antiapoptotic mechanism, and helps
optimize mitochondrial bioenergetic capacity.&9 It should be
noted that while EAT-3 and FZO-1 are both involved in the
process of mitochondrial fusion, they perform different parts
of this process. EAT-3 is involved in the fusion of the in-
ner-mitochondrial membrane, while FZO-1 is involved in the
fusion of the outer-mitochondrial membrane. In addition to
its role in inner-mitochondrial membrane fusion, EAT-3 is
also required for maintaining the structure of the mitochon-
drial cristae, which in turn allows for increased respiratory
efficiency and prevents cytochrome c release.

The importance of mitochondrial dynamics to organis-
mal function is indicated by the fact that primary mutations
in mitochondrial fission and fusion genes cause a variety of
neurological diseases.'’ Autosomal dominant optic atrophy is
caused by a mutation in the OPA1 gene,11 while mutations in
MEN?2 cause the most common form of Charcot-Marie-Tooth
Disease.'> Similarly, a mutation in DRP1 has been shown to
cause encephalopathy and lactic acidosis, and is often lethal. 13

Alterations in mitochondrial dynamics have also been
found in many neurodegenerative diseases and cancers.'®'*
For example, there is evidence of increased mitochondrial
fragmentation in Alzheimer's, Parkinson's, and Huntington's
disease.'>!® However, it is still largely unknown whether
disruptions in mitochondrial dynamics are causal to cellular
dysfunction or secondary to other deficits."”

The nature of how mitochondrial dynamics affect the cellular
stress response is still unclear. It is also unclear how mitochon-
drial dynamics affect physiological rates in a whole organism
and the extent to which changes in mitochondrial function and
physiological rates contribute to stress resistance. While there
have been elegant time-course studies in live cells, it is still diffi-
cult to image mitochondrial dynamics in vivo in a whole organ-
ism. In this work, we use C. elegans to explore the relationship
between mitochondrial dynamics and stress. Due to its transpar-
ent body, mitochondrial morphology can be visualized in a liv-
ing organism by fluorescently labeling mitochondrially targeted
proteins. In addition, C. elegans have well-defined stress assays
and well-characterized stress response pathways.

We find that disruption of genes involved in mitochondrial
fission and fusion alters mitochondrial morphology leading
to changes in both mitochondrial function and physiologic
rates. In addition, we find that mitochondrial fission and fu-
sion mutants have increased resistance to specific stresses
resulting from upregulation of stress response pathways.
Together, this work highlights the importance of mitochon-
drial dynamics in organismal stress response.

2 | MATERIALS AND METHODS

2.1 | Strains

The following strains were utilized in these experiments:

WT/N2

eat-3(tml1107)

drp-1(tml1108)

fzo-1(tml1133)

bels78(pMyo-3: :mitoGFP(matrixGFP) + pRF4)
Jz0-1(tm1133); bcls78(pMyo-3::mitoGFP(matrixGFP) +
PRF4)

eat-3(tm1107); bcls78(pMyo-3::mitoGFP(matrixGFP) +
PRF4)
drp-1(tm1108);bcls78(pMyo-3::mitoGFP(matrixGFP) +
PRF4)

fis-1(tm1867)

fis-2(gk414)
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fis-1(tm1867);fis-2(gk414)
mff-1(tm2955)

mff-2 (tm3041)
myff-1(tm2955);mff-2(tm3041)
zcls13[Phsp-6::GFP]
dvis70[Phsp-16.2::GFP,rol-6(sul006)]
dvis19[Pgst-4::GFP::NLS]
ials7[Pnhr-57::GFP]
muEx336[Pmtl-1::RFP + rol-6(sul006)]
daf-16(mu86)

eat-3(tm1107); daf-16(mu86)
drp-1(tml1108); daf-16(mu86)
fzo-1(tml1133); daf-16(mu86)

Strains were grown on OP50 bacteria at 20°C. Strains
were outcrossed a minimum of 5 generations to reduce non-
specific background mutations. All of the strains were geno-
typed to confirm the presence of the mutation in the gene of
interest. trm1108 is a 424 bp deletion in the drp-1 gene along
with an 18 bp insertion. The deletion affects exons 2 and 3 of
8 exons of the drp-1 gene and is predicted to affect all drp-
1 transcripts. tml133 is a 419 bp deletion in the fzo-1 gene
along with a 14 bp insertion. The deletion affects exons 2-4 of
8 exons of the fzo-1 gene. tm1107 is a 417 bp deletion in the
eat-3 gene, which affects exons 5 and 6 of 9 exons.

2.2 | Confocal imaging and quantification
Mitochondria were imaged and quantified as previously de-
scribed.'® Briefly, to image the mitochondria, a z-stack of 17
images spaced 0.125 pm apart was collected. For the repre-
sentative images shown in the figures, a maximum image pro-
jection was created in Nikon Elements to compress z-stacks
into a single image. All imaging conditions were kept the same
for all images. For imaging worms under stress, worms were
taken directly from stress plates and put on slides to avoid
mitochondrial recovery. For quantification, a single represent-
ative slice for each z-stack was used to avoid the complica-
tion of mitochondria being present in two planes. This slice
was made binary using the Nikon Elements thresholding tool.
First, a background subtraction of a constant 50 was applied.
A threshold for the GFP signal was determined by applying
the average threshold for mask creation of control images and
was applied to all images. Mitochondrial circularity, number,
and area were measured using the measure objects tool in
Nikon Elements after the threshold was applied.

2.3 | Oxygen consumption

Basal oxygen consumption rate was measured using a
Seahorse XF_ 96 analyzer (Seahorse bioscience Inc, North
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Billerica, MA, USA). Synchronized worms were aged to
the time point of interest and then cleaned in M9 buffer
(22 mM KH,PO;, 34 mM NA,HPO;, 86 mM NacCl, and
1 mM MgSO,). Cleaned nematodes were pipetted in cali-
brant (at 30-90 worms per well) into a Seahorse 96-well
plate. Oxygen consumption was measured six times and
rates of respiration were normalized to the number of
worms in each individual well. The plate readings were
begun within 20 minutes of introduction of the worms into
the well. Reading from each well was normalized relative
to the number of animals per well. Well probes were hy-
drated in a 175 pLL Seahorse calibrant overnight before this
assay was begun. We found it is important to turn off the
heating incubator to allow the Seahorse machine to reach
room temperature before placing nematodes inside the
machine.

2.4 | ATP levels

Approximately 200 worms were age synchronized by a
limited lay. Worms were collected in de-ionized water,
washed, and freeze-thawed three times. The resulting
pellet was sonicated in a Bioruptor (Diagenode) with 30
cycles of 30 seconds on, 30 seconds off. The pellet was
boiled for 15 minutes to release ATP, and then spun at
4°C at 11,000 g for 10 minutes. The supernatant was col-
lected and measured using a Molecular Probes ATP de-
termination Kit (Life Technologies). Luminescence was
normalized to protein content, which was measured with a
Pierce BCA protein determination kit (Thermo Scientific).
A minimum of three biological replicates per strain were
performed.

2.5 | Embryonic lethality

Approximately 20-30 gravid adult worms were transferred
to freshly seeded NGM plates to ensure a thin bacterial lawn.
Worms were allowed to lay eggs for a limited period of time
(~4-6 hours) and then all adults were removed. The number
of unhatched eggs and live progeny were quantified at 24 and
48 hours after the removal of adults.

2.6 | Brood size

Brood size was determined by placing individual prefertile
young adult animals onto NGM plates. Worms were trans-
ferred daily to new plates until progeny production ceased.
The resulting progeny was allowed to develop to adulthood
before quantification. Three replicates of 5 animals each were
completed.



MACHIELA ET AL.

M?ASE‘BJOURNAL

2.7 | Postembryonic development and
developmental arrest

Postembryonic development (PED) was assessed by mov-
ing ~ 100-200 eggs to agar plates. After 3 h, newly hatched
L1 worms were transferred to a new plate. The hours from
hatching to the L4 to young adult transition was measured
as the PED time. Worms that never reached the young adult
stage were scored as undergoing developmental arrest. For
developmental arrest, worms were checked for an additional
2 weeks after the average worm for the particular strain being
examined developed to adulthood. For quantification of PED
time, only animals that eventually reached adulthood were in-
cluded. Three replicates of 20 animals each were completed.

2.8 | Rate of movement

The rate of movement was assessed by measuring thrashing
rate in liquid. Thrashing rates were determined manually by
transferring 20 worms onto an unseeded agar plate. One mil-
liliter of M9 buffer was added and the number of body bends
per 30 seconds was counted for 5-10 worms per strain for
each of 3 biological replicates.

2.9 | Defecation cycle

Defecation cycle length was determined by measuring the
time between consecutive pBoc contractions in day 1 young
adult worms with 5-10 worms per replicate for each of three
biological replicates. To minimize the effects of ambient lab-
oratory temperature, defecation was measured on water filled
chambers that had been incubated at 20°C and the lids of the
plates containing the worms were not removed.

2.10 | Stress assays

All stress assays were performed on prefertile, young adults, and
at least 3 replicates for each assay were performed. Stress assays,
especially the heat stress assay, can be very sensitive to the exact
conditions during the assay (eg, the amount of time out of the in-
cubator to check the worms, how long the door of the incubator
was open, the exact temperature of the incubator)."® As it is not
uncommon to observe large variation in survival even within an
experiment, all of the controls for each stress assay were always
run at the same time as the experimental animals.

2.10.1 | Oxidative stress

Resistance to acute oxidative stress was performed by trans-
ferring 20-30 prefertile young adult worms to freshly prepared

plates containing 300 uM juglone and survival was monitored
hourly. Resistance to chronic oxidative stress was performed
by transferring 20 prefertile young adult worms to freshly
prepared plates containing 4 mM paraquat, and survival was
monitored daily. For imaging, worms were exposed to 2 mM
paraquat for 24 hours. Worms were then removed from para-
quat plates and immediately transferred to agar pads.

2.10.2 | Heat stress

Heat stress resistance was measured by transferring 20-30 worms
to a clean, seeded NGM plate in a 37°C incubator. Survival was
monitored hourly. For imaging, worms were exposed to 37°C for
2 hours and immediately transferred to agar pads.

2.10.3 | Osmotic stress

Osmotic stress was performed by transferring 20-30 worms
to freshly made plates containing 500mM NaCl. Survival
was scored after 48 hours. For imaging, worms were exposed
to 400 mM NaCl for 24 hours.

2.10.4 | Anoxia

We assessed nematode resistance to low oxygen envi-
ronments by utilizing the Becton-Dickinson Bio-Bag
Environmental Chamber. Anaerobic atmosphere is achieved
within the sealed Bio-Bag using a self-contained generator
and resazurin indicator made up of an ampule of HCl solution
and two gas-generating tablets. The ampule was crushed, and
the acid reacted with the tablets resulting in a gas mixture that
absorbs oxygen in the presence of palladium. For imaging
assays and qPCR, 20 animals were moved to freshly seeded
NGM plates and placed in the anoxic chamber for 24 hours.
Worms were transferred immediately after removal from
the Bio-Bag to agar pads for imaging. For survival assays,
worms were removed from the Bio-Bag after 48 hours and
allowed to recover in normoxic conditions on seeded NGM
plates for 24 hours. Worms were then scored for survival.

2.11 | Measurement and quantification of
reporter activity

Reporter activity in adult worms was assessed through
measurement of whole worm fluorescence as previously
described.?® For each biological replicate, 8 animals were
paralyzed with 2 mM levamisole, mounted on an NGM plate.
Fluorescent images were captured using an AVT Stingray
F145B camera and VimbaViewer 1.1.2 software and inte-
grated density was quantified using ImageJ. The threshold



MACHIELA ET AL.

for imaging was set independently for each reporter strain
and thus the magnitude of increase cannot be directly com-
pared between the different genes.

212 | RNAi

All RNAI clones in these experiments were sequence veri-
fied. We have previously shown that the atfs-1 RNAIi clone
knocks down the expression of atfs-1 and its target gene hsp-
6.! We have also shown that the daf-16 RNAI clone phe-
nocopies a daf-16 mutation.”* To knockdown expression of
genes, the RNAI clones were grown approximately 12 hours
in LB with 50 pg/mL carbenicillin. Cultures were concen-
trated (5x) and seeded onto NGM plates containing 5 mM
IPTG and 50 pg/mL carbenicillin. Plates were incubated to
induce RNAIi for 2 d at room temperature. RNAi was per-
formed at 20°C. For daf-16, atfs-1, and hif-1, treatment with
RNAIi was begun at the L4 stage of the parental generation,
worms were transferred to a new plate the following day as
gravid adults, and then removed after 24 hours. The resulting
F1 progeny from these worms were used for analysis. In the
case of hsf-1 and skn-1, this paradigm resulted in high em-
bryonic lethality and poor growth among those worms that
hatched. For these RNAi clones, RNAI treatment was begun
at the egg stage of the experimental generation.

2.13 | Quantitative real-time RT-PCR

mRNA was collected from prefertile young adult worms
using Trizol as previously described.”® We collected three
biological replicates each for WT, drp-1, fzo-1, and eat-
3 worms. The mRNA was converted into cDNA using
a High-Capacity cDNA Reverse Transcription kit (Life
Technologies/Invitrogen) according to the manufacturer's di-
rections. qPCR was performed using a FastStart Universal
SYBR Green kit (Roche) in an AP Biosystems RT-PCR ma-
chine.?® Primer sequences for the DAF-16 target genes were
published previously.22 Primer sequences for other genes
tested include: hsp-6 (L-CGCTGGAGATAAGATCATCG,
R-TTCACGAAGTCTCTGCATGG), gst-4 (L-CTGAAGCC
AACGACTCCATT, R-GCGTAAGCTTCTTCCTCTGCO),
hsp-16.2 (L-CCATCTGAGTCTTCTGAGATTGTT, R-CT
TTCTTTGGCGCTTCAATC), and nhr-57 (L-GACTCTG
TGTGGAGTGATGGAGAG, R- GTGGCTCTTGGTGTC
AATTTCGGG).

2.14 | Statistical analysis

For all experiments, we completed a minimum of three bio-
logical replicates (independent population of worms tested

= 8479
FASE‘BJOURNALJ_

on a different day). Statistical significance of differences
between groups was determined by one-way, two-way, or
repeated measures ANOVA using Graphpad Prism. For sur-
vival analysis, a log-rank test was used. Error bars indicate
standard error of the mean. Survival on paraquat plates was
graphed using a Kaplan-Meier plot and significance assessed
using the log-rank tested.

3 | RESULTS

3.1 | Disruption of mitochondrial fission
and fusion genes causes alterations in
mitochondrial morphology and function

In order to explore the relationship between mitochondrial
dynamics and stress resistance, we obtained mutants with
deletions in genes responsible for mitochondrial fission (drp-
I) or mitochondrial fusion (eat-3, fzo-1). Before examining
stress resistance in these strains, we first sought to confirm
the effect of these mutations on mitochondrial morphology
and function.

To determine the effects of mutations in fission and fusion
genes on mitochondrial morphology, we crossed worms with
loss-of-function mutations in drp-1(tm1108), eat-3(tm1107),
and fzo-1(tm1133) to a strain that expresses GFP connected to
the mitochondrial targeting sequence of the outer-mitochon-
drial membrane protein TOM?20 under the body wall muscle
myo-3 plromoter.24 We chose to examine mitochondrial mor-
phology in body wall muscle as these are large cells in which
we can visualize mitochondrial morphology in a living worm.

On day 1 of adulthood, we found that both mitochon-
drial fusion mutants exhibit altered mitochondrial mor-
phology (Figure 1A). While wild-type worms have tubular,
interconnected networks of mitochondria, eat-3 and fzo-1
worms have round, fragmented mitochondria, as has been
reported previously.”>® In these worms, the average area
of individual mitochondria is significantly decreased com-
pared to wild-type worms (Figure 1B) and the total number
of mitochondria is increased (Figure 1C), consistent with
mitochondrial fragmentation. In addition, mitochondrial
shape in ear-3 and fzo-1 worms is significantly more cir-
cular than in wild-type worms (Figure 1D). While some
groups have reported that disruption of drp-1 results in
hyperfused mitochondrial networks,”? other groups have
found that the mitochondria in drp-/ mutants are similar
to Wild-type.27’28 In agreement with the latter observation,
we did not observe any significant difference in mitochon-
drial morphology in drp-I mutants compared to wild-type
worms on day 1 of adulthood.

In addition to morphological defects, we investigated basal
mitochondrial function in these strains by assessing oxygen
consumption and ATP levels in worms at day 1 of adulthood.
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FIGURE 1 Disruption of mitochondrial fission and fusion genes causes alterations in mitochondrial morphology and function at day 1 of

adulthood. A, Mitochondrial fusion mutants eaz-3 and fzo-1 exhibit increased mitochondrial fragmentation compared to wild-type worms. As a

result, these worms have decreased mitochondrial area (B), increased number of mitochondria (C), and increased mitochondrial circularity (D)

compared to wild-type worms. eat-3 and fzo-1 mutants also have decreased oxygen consumption at day 1 of adulthood compared to drp-1 or wild-

type worms (E). ATP production is decreased in mitochondrial fission and fusion mutants at day 1 of adulthood compared to wild-type worms
(F). Error bars represent SEM. Significance indicates difference from wild-type worms. *P < .05, **P < .01, ***P < .001

We found that eat-3 and fzo-1 mutants exhibit decreased ox-
ygen consumption per worm (Figure 1E) and decreased ATP
levels (Figure 1F) compared to wild-type worms. While drp-
1 mutants exhibited normal oxygen consumption, ATP levels
show a small reduction compared to wild-type worms.

To examine the effect of aging on mitochondrial mor-
phology and function in the mitochondrial dynamics mu-
tants, we aged worms to day 7 of adulthood. We observed
age-dependent changes in mitochondrial morphology in all
strains (Figure 2A). Compared to mitochondria in worms
on day 1 of adulthood, mitochondria in day 7 adult worms
have decreased area (Figure 2B) and increased circularity
(Figure 2D), as others have previously noted.”> We also ob-
served age-dependent changes that were genotype specific.
Mitochondrial area in aged drp-I worms exhibited a trend
toward increase compared to wild-type worms (Figure 2B).

Compared to wild-type worms, aged ear-3 mutants have an
increase in both number of mitochondria (Figure 2C) and mi-
tochondrial circularity (Figure 2D), both of which are consis-
tent with increased fragmentation.

To investigate mitochondrial function on day 7 of adult-
hood, we measured oxygen consumption and ATP levels. We
found that although oxygen consumption decreased in all
strains with age, the overall pattern of decreased oxygen con-
sumption in the mitochondrial fusion mutants, eaz-3 and fzo-
1, was observed at both time points (Figure 2E). Similarly,
eat-3 and fzo-1 worms also have decreased ATP levels com-
pared to wild-type worms at the aged time point (Figure 2F).
Combined, these results show that disrupting genes involved
with mitochondrial fission and fusion cause predictable
changes in mitochondrial morphology and that these changes
affect mitochondrial function.



MACHIELA ET AL.

(A)

(8)

]
1
N (2
o o
2 e

Number of
Mitochondria in ROI

-—

o

o

1

Average Area of
Mitochondrion (pmz)

0-

(E) (F)

(pmol/iworm/min)
ATP content
(nM ATP/ug protein)

Oxygen Consumption

S A e N
&

$ &

= 8481
FASEBJOURNAL#

fzo-1

k%%

Mitochondrial Shape
(Circularity)

FIGURE 2 Disruption of mitochondrial fission and fusion genes causes alterations in mitochondrial morphology and function at day 7 of
adulthood. A, Mitochondrial fragmentation increases with age in all strains. At day 7, eat-3 mutants still have decreased mitochondrial size (B),
increased mitochondrial number (C), increased mitochondrial circularity (D), decreased oxygen consumption (E), and decreased levels of ATP (F).
Jzo-1 mutants show a trend toward similar changes but only the deficit in ATP levels is significant. Quantification of mitochondrial morphology

in drp-1 mutants shows no significant differences from wild-type worms, although there is a trend toward increased mitochondrial area. Error bars
represent SEM. Significance indicates difference from wild-type worms. *P < .05, **P < .01, ***P < .001

3.2 | Disruption of mitochondrial
fission and fusion genes causes a slowing of
physiologic rates

Having shown that mitochondrial morphology and function
are disrupted in mitochondrial fission and fusion mutants,
we investigated whether these deficits lead to an alteration
of physiologic rates. Previous studies have demonstrated that
mutations affecting the mitochondria often cause a slowing
of physiologic rates.”*2!343¢ While wild-type worms exhibit
essentially no embryonic lethality, we found that almost 50%
of drp-1 eggs and over 10% of eat-3 and fzo-1 eggs fail to
hatch indicating an increased rate of embryonic lethality
(Figure 3A). Of those eggs that hatch, 10%-15% of eat-3 mu-
tants arrest during development—these worms never develop
to adulthood (Figure 3B). Examination of self-brood size re-
vealed that drp-1, eat-3 and fzo-1 worms all have markedly

decreased fertility, producing less than 100 progeny per
worm, whereas wild-type worms produce approximately 300
progeny per worm (Figure 3C). The postembryonic develop-
ment time was also impacted in all three strains: drp-1 worms
developed slower than wild-type worms, fzo-1 worms devel-
oped slower than drp-1 worms, and eat-3 worms developed
markedly slower than even fzo-1 worms (Figure 3D) (note
that these development times do not include the worms that
arrested, which were quantified in Figure 3B). Once these
mutants reach adulthood, we observed a mild deficit in the
rate of movement, as measured by thrashing in liquid, in
drp-1 and eat-3 worms (Figure 3E). This is consistent with
what others have reported.%’28 Finally, we found that defeca-
tion cycle length is prolonged in all of the fission and fusion
mutants (Figure 3F). As with development time, the deficit
was greatest in eat-3 mutants and mildest in drp-1 worms.
Overall, characterization of the physiologic rates of these
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FIGURE 3 Disruption of mitochondrial fission and fusion genes causes a slowing of physiologic rates. A, Mitochondrial fission and

fusion mutants show an increase in embryonic lethality compared to wild-type worms. B, After hatching, a significantly increased proportion of

eat-3 mutants fail to develop to adulthood. C, The total number of progeny produced from drp-1, eat-3, and fzo-1 worms is markedly decreased

compared to wild-type worms. D, The mitochondrial fission and fusion mutant strains also exhibit slow postembryonic development. E, The rate

of movement (thrashing rate) is decreased in drp-1 and eat-3 mutants compared to wild-type worms. F, Defecation cycle is significantly elongated

in mitochondrial fission and fusion mutants. Overall, both the mitochondrial fission and fusion mutant strains exhibit slow physiologic rates. Error

bars represent SEM. Significance indicates difference from wild-type worms. *P < .05, ¥*P < .01, ***P < .001

worms demonstrates that the deficits observed in mitochon-
drial function are large enough to impact worm physiology.

3.3 | Exposure to stress causes
mitochondrial fragmentation and increased
expression of mitochondrial fission genes

Having shown that mutations in drp-1, eat-3, and fzo-1 dis-
rupt mitochondrial dynamics in a predictable manner, we
could then utilize these mutants to examine the role of mi-
tochondrial fission and fusion in responding to various types
of stress. Before quantifying stress resistance in these mutant
strains, we examined how mitochondrial morphology is af-
fected by different types of stress.

To characterize how mitochondrial morphology changes
in response to stress, we treated worms with a mitochon-
drial matrix targeted GFP (Pmyo-3::mitoGFP) with different
stresses that are known to influence the function and survival
of worms.”” We utilized four different stresses: oxidative
stress through exposure to 2 mM paraquat for 24 hours, heat
stress through exposure to 37°C heat for 2 hours, osmotic
stress through exposure to 400 mM NaCl for 24 hours, and
complete anoxia for 24 hours. These specific stress para-
digms have been previously utilized by our laboratory as well
as several others.”®** In this experiment, we chose to expose

worms to a shorter duration or smaller dose of stress than
we would use in a test of stress resistance to ensure that all
worms would survive, and so that we could observe the effect
of stress, rather than dying, on mitochondrial morphology.
Importantly, we have previously used fluorescent reporter
strains to determine which stress response pathways are acti-
vated by each of these stress response paradigms and found
that these stresses activated the predicted stress response
pathways (ie, oxidative stress activated a Psod-3::GFP re-
porter strain).45 However, it should be noted that some
stresses activated multiple stress activated reporter strains,
and some stress-responsive reporter strains were activated by
multiple stresses.

Because mitochondrial morphology can change rapidly
in response to stress, we transferred worms directly from
stress plates to the slide for imaging of live worms. We found
that all four types of stress resulted in clear changes in mi-
tochondrial morphology. While there are differences in the
way that mitochondrial morphology was altered in response
to the different types of stress, all four stresses increased
mitochondrial fragmentation (Figure 4A). Quantification of
mitochondrial morphology revealed an increase in the num-
ber of mitochondria (Figure 4B), a decrease in the average
cross-sectional area of mitochondria (Figure 4C), and an in-
crease in mitochondrial circularity (Figure 4D), all of which
are consistent with increased mitochondrial fragmentation.
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FIGURE 4 Exposure to multiple types of stress causes mitochondrial fragmentation. Worms were exposed to four different stresses and the

morphology of the mitochondria was immediately quantified. Oxidative stress was induced by exposing worms to 2 mM paraquat for 24 hours.

Heat stress was induced at 37°C for 2 hours, osmotic stress was induced at 400 mM NaCl for 24 hours. Anoxia was induced for 24 hours. A. All

four types of stress caused mitochondrial fragmentation. Quantification of mitochondrial morphology revealed that exposure to exogenous stress

can cause an increase in mitochondrial number (B), a decrease in mitochondrial size (C), and an increase in mitochondrial circularity (D). Error

bars represent SEM. Significance indicates difference from wild-type worms. *P < .05, **P < .01, ***P < .001

3.4 | Disruption of mitochondrial
fission and fusion alters resistance to stress

Exogenous stress can cause damage to the mitochondria.
Mitochondrial fusion can mitigate the effects of that dam-
age by forming mitochondrial networks that facilitate
complementation, while mitochondrial fission can help to
remove damaged mitochondria by facilitating mitophagy.
Accordingly, we sought to determine the effect of disrupt-
ing mitochondrial fission or fusion on resistance to different
types of stress. Based on the importance of mitochondrial fis-
sion and fusion for mitophagy and complementation, respec-
tively, we hypothesized that mutations in these genes would
decrease stress resistance in worms. To test this hypothesis,
we treated drp-1, eat-3, and fzo-1 worms with different types
of stress and measured survival.

First, we examined resistance to oxidative stress by ex-
posing worms to 300 uM juglone. Surprisingly, we found
that all three mutants showed increased resistance to ox-
idative stress compared to wild-type worms (Figure 5A).
Resistance to oxidative stress was mildly increased in drp-1
mutants but much increased in fzo-1 and eat-3 mutants. To
ensure that this result was not specific to how oxidative stress
was administered, we treated worms with 4 mM paraquat.
Again, under these conditions we found that ear-3 and fzo-1
worms had markedly increased resistance to oxidative stress,
while oxidative stress resistance was mildly increased in drp-
1 worms (Figure 5B).

As a previous study reported increased sensitivity to ox-
idative stress in eat-3 mutants,25 we measured sensitivity to
oxidative stress during development using a similar paradigm
to what was previously published. Consistent with the pre-
vious report, we found that although ear-3 adults are more
resistant to oxidative stress during adulthood, eat-3 worms
are sensitive to oxidative stress during development, as far
fewer eat-3 worms develop to adulthood under conditions
of oxidative stress (0.4 mM paraquat) than wild-type worms
(Figure 5C). It should be noted, however, that the develop-
ment time of ear-3 worms is much longer than wild-type
worms, and thus to develop to adulthood they are exposed to
oxidative stress for a longer duration than wild-type worms.

To determine whether the increased stress resistance in
the fission and fusion mutants is specific to oxidative stress,
we examined survival after exposure to other types of stress.
Heat stress resistance was assessed by exposing worms to
37°C heat stress. Under these conditions, we found that eat-
3 and fzo-1 worms show increased resistance to heat stress,
while drp-1 show markedly decreased resistance (Figure 5D).
In contrast to other types of stress, but consistent with our
initial hypothesis, both fission and fusion mutants were sen-
sitive to 500 mM NaCl osmotic stress and 48 hours of an-
oxia (Figure SE, F). Taken together, these results suggest that
the requirement of mitochondrial fission and fusion for the
proper stress response is different for different stresses.

To determine the extent to which the changes in stress
resistance in drp-I mutants resulted from a disruption of
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FIGURE 5 Disruption of mitochondrial fission and fusion genes alters resistance to stress. A. Mitochondrial fission and fusion mutants

exhibit increased resistance to oxidative stress compared to wild-type worms in acute (A, 300 uM juglone) and chronic (B, 4 mM paraquat) assays

during adulthood. C. In contrast, eat-3 worms fail to develop to adulthood under conditions of oxidative stress (0.4 mM paraquat) that are well

tolerated by wild-type worms. D. While mitochondrial fusion mutants show increased resistance to heat stress, mitochondrial fission mutants are

markedly more sensitive than wild-type worms. Both mitochondrial fission and fusion mutants are more sensitive to osmotic stress (E, 500 mM

NaCl) and anoxia (F, 0% oxygen, 48 hours) than wild-type worms. Error bars represent SEM. Significance indicates difference from wild-type

worms. *P < .05, **P < .01, ***P < 001

mitochondrial fission, we examined resistance to stress
in mutants with deletions in other genes involved in mito-
chondrial fission: fis-1, fis-2, mff-2, and mff-2. As in drp-1
mutants, we found that disrupting the genes encoding either
the mitochondrial fission proteins (fis genes) or the mito-
chondrial fission factors (mff genes) resulted in increased
resistance to oxidative stress (Figure 6A,B). Similar to drp-1
worms, fis and mff mutants also exhibited increased sensi-
tivity to heat stress (Figure 6C), osmotic stress (Figure 6D),
and anoxia (Figure 6E). Combined these results indicate that
disruption of mitochondrial fission or fusion causes altered
stress resistance.

3.5 | Disruption of mitochondrial fission and
fusion genes activates stress response pathways

In order to explore the mechanism underlying the increased
resistance to stress in the mitochondrial fission and fusion
mutants, we hypothesized that the disruption of mitochon-
drial function triggered an upregulation of stress response
pathways as we have observed in long-lived mitochondrial
mutants.”**'** To examine the activation of stress response
pathways, we crossed drp-1, eat-3, and fzo-1 to fluorescent
reporter strains. We examined the mitochondrial unfolded
protein response (mitoUPR; Phsp-6::GFP),46 the SKN-1-
mediated oxidative stress response (Pgst-4::GFP),47 the

cytosolic unfolded protein response (cytoUPR; also known
as the heat-shock response) using the Phspl6.2::GFP re-
portelr,48 the hypoxia response (Pnhr-5 7::GFP),* and the
DAF-16-mediated stress response (Pmzl-1 ::RFP).5O

We observed increased activation of the Phsp-6::GFP re-
porter in both eat-3 and fzo-1 worms indicating an activation of
the mitoUPR (Figure 7A). Similarly, we found that drp-1, eat-3,
and fzo-1 worms exhibit increased fluorescence from the Pgsz-
4::GFP reporter suggesting activation of the SKN-1-mediated
oxidative stress response (Figure 7B) (although it is also pos-
sible that the gsz-4 promoter is activated by epidermal growth
factor signaling5 1. While we did not observe any fluorescence
from the Phsp-16.2::GFP reporter in any of the mutants under
basal conditions, we did observe increased activation of this re-
porter in response to heat in eat-3 and fzo-1 worms compared
to wild-type worms (Figure 7C). We also observed increased
activation of the Pnhr-57::GFP reporter in eat-3 and fzo-1
worms, which is consistent with activation of the hypoxia stress
response pathway (Figure 7D). Finally, Pmzl-1::RFP reporter
activity was increased in eat-3 and fzo-1 mutants indicating ac-
tivation of the DAF-16-mediated stress response (Figure 7E).

In order to confirm the results that we obtained using the
fluorescent reporter strains, we measured the expression lev-
els of the same genes in prefertile young adult worms using
quantitative real-time RT-PCR. As with the fluorescent re-
porter strains, we found that ear-3 worms have significantly
increase levels of hsp-6, gst-4, nhr-57, and mtl-1 (Figure S1).
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FIGURE 6 Mutants of fission accessory genes have altered resistance

to stress. As with the mitochondrial fission gene drp-1, eletion of

mitochondrial fission accessory genes results in increased resistance to oxidative (A,B) stress, but increase sensitivity to heat stress (C), osmotic

stress (D), and anoxia (E). Error bars represent SEM. Significance indicates difference from wild-type worms. *P < .05, **P < .01, ***P < .001

Similarly, fzo-1 worms showed a significant increase in the
expression of gsz-4 and mtl-1 (Figure S1). Combined with
the results from the fluorescent reporter strains, these results
indicate that multiple stress response pathways are activated
in the mitochondrial fusion mutants.

3.6 | Specific stress response pathways are
required for enhanced stress resistance in
mitochondrial fission and fusion mutants

To determine the extent to which each stress response pathway
contributes to the increased resistance to oxidative and heat
stress observed in the mitochondrial fission and fusion mutant
strains, we used RNAi to knockdown the transcription factors

known to mediate each stress response pathway and measured
sensitivity to stress. ATFS-1 (activating transcription factor as-
sociated with stress) is the transcription factor that is respon-
sible for the activation of the mitoUPR.> Similarly, SKN-1,
HSF-1, HIF-1, and DAF-16 are stress-responsive transcrip-
tion factors that mediate the SKN-1-mediated oxidative stress
response, the cytoUPR, the hypoxia response, and the DAF-16-
mediated stress response, respectively.ﬁ'56

First, we examined the effect of knocking down these tran-
scription factors on resistance to oxidative stress by exposing
worms to 300 uM juglone. We found that inhibiting the mi-
toUPR (atfs-1 RNAI) decreased oxidative stress resistance in
drp-1, eat-3, and fzo-1 worms (Figure 8) (a trend towards de-
crease was also observed in wild-type worms). Inhibition of
the SKN-1-mediated oxidative stress response (skn-I RNAi)
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FIGURE 7 Disruption of mitochondrial fission and fusion genes activates stress response pathways. To examine the activation of stress
response pathways, mitochondrial fission and fusion mutants were crossed to fluorescent reporter strains for the mitochondrial unfolded protein
response (A, Phsp-6::GFP), the SKN-1-mediated oxidative stress response (B, Pgst-4::GFP), the cytosolic unfolded protein response (C, Phsp-
16.2::GFP), the HIF-1-mediated hypoxia response (D, Pnhr-57::GFP), and the DAF-16-mediated stress response (E, Pmtl-1::RFP). For all of
these stress response pathways, both mitochondrial fusion mutants, eat-3 and fzo-1, showed increased activation compared to wild-type worms.
Note that the Phsp-16.2::GFP reporter was induced by a mild 35°C heat stress. Error bars represent SEM. Significance indicates difference from
wild-type worms. **P < .01, ***P < .001
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FIGURE 8 Increased resistance to oxidative stress in mitochondrial fission and fusion mutants requires stress-responsive transcription
q p p

factors. To assess the contribution of different stress response pathways to the enhanced oxidative stress resistance in drp-1, eat-3, and fzo-1 worms,

worms were treated with RNAI targeting the transcription factor response for mediating each pathway. atfs-1 RNAi decreased oxidative stress

resistance in drp-1, eat-3, and fzo-1 worms. RNAI against skn-/ increased oxidative stress resistance in wild-type, drp-1, and fzo-1 worms but

decreased it in eat-3 worms. hsf-1 RNAi decreased resistance to oxidative stress in all strains, except fzo-1, which only exhibited a trend toward

decreased resistance. RNAi against hif-1 significantly decreased resistance to oxidative stress in fzo-1 worms. daf-16 RNAi only significantly

decreased oxidative stress resistance in fzo-1 worms. Combined this indicates that there are multiple stress response pathways contributing to the

enhanced oxidative stress resistance in the mitochondrial fission and fusion mutants. Error bars indicate SEM. Black line indicates empty vector
(EV), green line indicates atfs-1 RNAI, purple line indicates skn-1 RNAI, blue line indicates Asf-1 RNAI, red line indicates hif-/ RNAi, and orange

line indicates daf-16 RNAi

paradoxically resulted in increased resistance to oxidative
stress in wild-type, drp-1, and fzo-1 worms, while signifi-
cantly decreasing oxidative stress resistance in eat-3 worms
(Figure 8). RNAI against Asf-1 to inhibit the cytoUPR caused
decreased resistance to oxidative stress in WT, drp-1, and eat-3
worms (Figure 8). Blocking the hypoxia response through hif-1

RNAI decreased resistance to oxidative stress in fzo-1 worms
(Figure 8). Finally, RNAi against daf-16 significantly de-
creased resistance to oxidative stress in fzo-1 worms (Figure 8),
although a trend toward decreased stress resistance was also
observed in eat-3 worms. Since RNAi can be variable and
knockdown can be incomplete, we also examined the effect of
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FIGURE 9 Increased resistance to heat stress in mitochondrial fusion mutants requires stress-responsive transcription factors. To assess the

contribution of different stress response pathways to the enhanced heat stress resistance in eat-3 and fzo-1 worms, worms were treated with RNAi

targeting the transcription factor response for mediating each pathway. atfs-1 RNAi decreased heat stress resistance in fzo-1 worms. skn-1 RNAi

increased resistance to heat stress in drp-/ mutants. RNAi against hsf-1 decreased heat stress resistance in wild-type, eat-3, and fzo-1 worms but did
not affect drp-1 worms. Neither hif-/ RNAI nor daf-16 RNAIi decreased resistance to heat stress in any strain. Combined this indicates that there are
multiple stress response pathways contributing to the enhanced heat stress resistance in the mitochondrial fusion mutants. Error bars indicate SEM.

Black line indicates empty vector (EV), green line indicates atfs-/ RNAI, purple line indicates skn-/ RNAI, blue line indicates hsf-1 RNAI, red line

indicates hif-1 RNAI, and orange line indicates daf-16 RNAi

a daf-16 null mutation (mu86). In this case we found that the
disruption of daf-16 significantly decreased resistance to
oxidative stress in both eat-3 and fzo-1 worms (Figure S2).
Combined, these results indicate that inhibition of specific
stress response pathways results in decreased resistance to ox-
idative stress, and suggests that the upregulation of these path-
ways may contribute to the enhanced resistance to oxidative
stress observed in the mitochondrial fission and fusion mutants.

Second, we studied the impact of knocking down the
stress-responsive transcription factors on resistance to heat
stress at 37°C. Inhibition of the mitoUPR decreased heat stress
resistance in fzo-1 worms (Figure 9). RNAI against skn-1 did
not decrease resistance to heat stress in any strain (Figure 9). As
might be predicted based on the function of HSF-1, disrupting
the cytoUPR through Zsf-1 RNAi decreased resistance to heat
stress in wild-type, eat-3, and fzo-1 worms (Figure 9). As with
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skn-1 RNAi, RNAIi against Aif-1 did not reduce heat stress re-
sistance in any strain (Figure 9). Similarly, daf-16 RNAi did
not affect heat stress resistance in any strain; however, daf-
16 deletion did result in a small but significant decrease in
heat stress resistance in eat-3 worms (Figure S2). Combined
these results indicate that the mitoUPR, the cytoUPR, and
to a lesser extent the DAF-16-mediated stress response help
protect against heat stress, and suggest that the upregulation
of these pathways may contribute to the enhanced heat stress
resistance in the mitochondrial fusion mutants.

4 | DISCUSSION
4.1 | Exogenous stress causes mitochondrial
fragmentation

In this work, we have characterized in a live organism how
mitochondrial morphology changes in response to different
stresses. We show that in response to multiple types of stresses,
mitochondrial fragmentation occurs. Consistent with our find-
ings, it has been shown that hypoxia also causes mitochon-
drial fragmentation.57 Mitochondrial fragmentation may help
the organism recover from stress by allowing for the removal
of damaged mitochondria through mitophagy. Mitochondrial
fragmentation may also be beneficial by facilitating transport
of mitochondria in the cell possibly to compartments of the
cell that require additional energy to recover from the stress.

In contrast to our findings, it has previously been reported
that in response to oxidative stress, mitochondria can undergo
stress-induced hyperfusion in a mouse myoblast cell line.”®
Mitochondrial hyperfusion may help in responding to stress
by allowing for complementation to compensate for damage
that occurs in individual mitochondria. While our work did
not address this, it is possible that both mitochondrial frag-
mentation and hyperfusion can occur in response to stress
depending on the dose, duration, and nature of the stress.
One possibility is that when the exogenous stress damages
the mitochondria past the point at which complementation
will be beneficial, the mitochondria undergoes fission and
mitophagy to remove it from the cell. It is also possible that
both mitochondrial fission and fusion occur after stress but at
different time points or in different cell types.

4.2 | Disruption of mitochondrial fission or
fusion affects mitochondrial morphology and
function leading to slow physiologic rates

While mitochondria have long been known to have an es-
sential role in energy production, the effect of mitochondrial
fission and fusion on mitochondrial function is not well
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understood. To address this, we examined mitochondrial mor-
phology and function throughout age. Consistent with what
was observed previously,zs'28 we found that disrupting genes
involved in mitochondrial fusion resulted in an increase in
mitochondrial fragmentation. The increase in mitochondrial
fragmentation in the mitochondrial fusion mutants resulted in
a decrease in oxygen consumption and decreased ATP pro-
duction, suggesting that isolated mitochondria are less effi-
cient than networked mitochondria or that continuous mixing
of mitochondrial contents through sequential mitochondrial
fusion and fission is important in optimizing mitochondrial
function.

However, it should be noted that there have been varying
results in the literature with respect to oxygen consumption
and ATP levels in the mitochondrial fission and fusion mu-
tants. Previous work reported that basal oxygen consumption
is either normal or increased in drp-/ worms and normal in
fzo-1 mutants, and that ATP levels are normal in drp-1 and
fzo-1 mutants.’**"*° The reason for the differences could re-
sult from the fact that many of the experimental parameters
were different between our study and previous studies. For
example, different stages of worms were used (L4 vs young
adult), different normalization was used (per protein vs per
worm), and different methods of quantifying ATP were used
(lucigenin-based assay vs HPLC). Combined, this suggests
that these outcome measures are sensitive to experimental
conditions and future work will need to establish the precise
conditions under which these mutants show normal or de-
creased oxygen consumption and ATP levels.

Disruption of genes involved in mitochondrial dynamics
also had marked effects on physiologic rates. During develop-
ment new mitochondria must be produced as cell number is
increased and this requires mitochondrial fission. Consistent
with this, we observed a high rate of embryonic lethality and
low brood size in drp-1 mitochondrial fission mutants. We
also observed increased embryonic lethality, and decreased
brood size in both mitochondrial fusion mutants, suggesting
that mitochondrial fusion is also important during devel-
opment. The mitochondrial dynamics mutants also showed
slow development, slow movement (thrashing rate), and a
slow rate of defecation. These phenotypes have also been ob-
served in other mitochondrial mutants such as clk-1, isp-1,
and nuo-6,"2"3*3% and may be at least partially explained by
the observed reduction in ATP levels.

4.3 | Disrupting mitochondrial dynamics
causes changes in resistance to stress

While our work and the work of others has shown that mito-
chondrial morphology changes in response to stress, 7% the
precise role of mitochondrial fission and fusion in responding
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to different types of stress is not completely understood.
Surprisingly, we found that disrupting mitochondrial dynam-
ics has a complicated impact on resistance to stress. It can in-
crease resistance to some stresses, including oxidative stress
and heat stress, while decreasing resistance to other stresses,
including osmotic stress and anoxia. The differential effect
on different types of stress could potentially be explained by
the observation that increasing resistance to one type of stress
can result in decreased resistance to other types,61 perhaps
due to redistribution of limited cellular resources. It was also
surprising to note that disrupting mitochondrial fission and
mitochondrial fusion only affected stress resistance in oppo-
site directions for heat stress but similarly affected resistance
to oxidative, osmotic, and anoxic stress.

4.4 | Mutations in mitochondrial fusion
genes increase resistance to stresses through
activation of stress response pathways

Having observed an increase in resistance to stress following
disruption of mitochondrial fusion genes, we hypothesized
that disrupting mitochondrial fusion might result in an acti-
vation of stress response pathways. There are a number of
genetic pathways that are activated in response to stress that
alter gene expression to help the organism survive. While
some types of stress, such as oxidative stress, activate many
stress response pathways, others activate few."> We exam-
ined five different stress response pathways including the
mitoUPR, the SKN-1-mediated oxidative stress response,
the cytoUPR (also known as the heat-shock response),
the HIF-1-mediated hypoxia response, and the DAF-16-
mediated stress response. We found that all of these stress
response pathways are activated by the disruption of mito-
chondrial fusion genes. We found that the SKN-1-mediated
oxidative stress response is also activated in drp-1 mutants,
which may explain the increased resistance to oxidative
stress in these worms.

Our work and others have shown that mutations lead-
ing to mild impairment of mitochondrial function can re-
sult in increased lifespan®>®*® and increased resistance to
stress.”%213465 At least in some of these mutants, our results
indicated that the activation of stress response pathways,
namely, the mitoUPR, is required for both the increase in
lifespan and resistance to stress.”!

Our results suggest that the mitochondrial and cytosolic
unfolded protein responses have the greatest impact on stress
resistance as RNAi against atfs-1 or hsf-1 decreased resis-
tance to both oxidative and heat stress in most strains. This is
interesting as our previous work suggested that the mitoUPR
is activated in response to oxidative stress but not heat stress
and the cytoUPR is activated in response to heat stress but not
oxidative stress.*’

Finally, we found that inhibiting the SKN-1 oxidative stress
response can increase resistance to both oxidative stress and
heat stress. This was a surprising observation since SKN-1
protects against oxidative stress.%® This could potentially be
explained if skn-1 RNAi leads to a mild increase in reactive ox-
ygen species, which we and others have shown to be sufficient
to increase lifespan and resistance to stress.”!*>%7 Combined
our results show that knocking down stress response pathways
can decrease resistance to heat and oxidative stress and sug-
gest that the mitoUPR, the cytoplasmic UPR, and the DAF-
16-mediated stress response all contribute to the increased
stress resistance in the mitochondrial fusion mutants.

5 | CONCLUSIONS

In this work we explore the relationship among mitochon-
drial dynamics, morphology, and function, and how disrupt-
ing these processes affect physiologic rates and resistance to
stress. Although disruption of mitochondrial fission has lit-
tle impact on mitochondrial morphology and function, this
process is important for development and surviving multiple
types of stress. Disrupting mitochondrial fusion induces mi-
tochondrial fragmentation and decreases energy production
leading to slow physiologic rates. Surprisingly, inhibiting mi-
tochondrial fusion can increase resistance to specific stresses
through the activation of stress response pathways. Overall,
our work demonstrates the importance of mitochondrial dy-
namics for mitochondrial function as well as physiologic
rates and stress resistance of the whole organism.
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