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Hibshman JD, Leuthner TC, Shoben C, Mello DF, Sherwood
DR, Meyer JN, Baugh LR. Nonselective autophagy reduces mito-
chondrial content during starvation in Caenorhabditis elegans. Am J
Physiol Cell Physiol 315: C781–C792, 2018. First published August
22, 2018; doi:10.1152/ajpcell.00109.2018.—Starvation significantly
alters cellular physiology, and signs of aging have been reported to
occur during starvation. Mitochondria are essential to the regulation of
cellular energetics and aging. We sought to determine whether mito-
chondria exhibit signs of aging during starvation and whether quality
control mechanisms regulate mitochondrial physiology during starva-
tion. We describe effects of starvation on mitochondria in the first and
third larval stages of the nematode Caenorhabditis elegans. When
starved, C. elegans larvae enter developmental arrest. We observed
fragmentation of the mitochondrial network, a reduction in mitochon-
drial DNA (mtDNA) copy number, and accumulation of DNA dam-
age during starvation-induced developmental arrest. Mitochondrial
function was also compromised by starvation. Starved worms had
lower basal, maximal, and ATP-linked respiration. These observations
are consistent with reduced mitochondrial quality, similar to mito-
chondrial phenotypes during aging. Using pharmacological and ge-
netic approaches, we found that worms deficient for autophagy were
short-lived during starvation and recovered poorly from extended
starvation, indicating sensitivity to nutrient stress. Autophagy mutants
unc-51/Atg1 and atg-18/Atg18 maintained greater mtDNA content
than wild-type worms during starvation, suggesting that autophagy
promotes mitochondrial degradation during starvation. unc-51 mu-
tants also had a proportionally smaller reduction in oxygen consump-
tion rate during starvation, suggesting that autophagy also contributes
to reduced mitochondrial function. Surprisingly, mutations in genes
involved in mitochondrial fission and fusion as well as selective
mitophagy of damaged mitochondria did not affect mitochondrial
content during starvation. Our results demonstrate the profound in-
fluence of starvation on mitochondrial physiology with organismal
consequences, and they show that these physiological effects are
influenced by autophagy.
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INTRODUCTION

Nutrient deprivation is a common environmental stress.
Cells and entire animals must respond rapidly to changing
nutrient conditions to maintain homeostasis. Metabolism, gene

expression, and organelle structure and function all change in
response to nutrient stress. Being central to cellular energy
production, mitochondria are particularly important to adapta-
tion to starvation. Healthy mitochondria exist in most cells as
expansive networks with high membrane potential. Defects in
mitochondrial maintenance have been implicated in metabolic
and neurodegenerative diseases, as well as aging (8, 10, 23, 46,
49, 60). Damaged or aged mitochondria typically have reduced
membrane potential, more rigid membranes, increased reactive
oxygen species (ROS) production, mutations or lesions in
mitochondria DNA (mtDNA), and reduced respiratory capac-
ity (8, 23, 34, 50, 58–60). Yet how mitochondrial structure and
function are remodeled during starvation, and by what regula-
tory mechanisms, is not well understood.

The nematode Caenorhabditis elegans is a simple animal
model that is ideal to study effects of nutrient deprivation on
mitochondria (62). C. elegans larvae adapt to and survive
starvation by arresting development (4, 7, 19, 56). Develop-
mental arrest is established via organismal signaling, gene
regulatory, and metabolic changes. Arrest can occur at differ-
ent stages during development, including but not limited to the
first (L1) and third (L3) larval stages (2, 3, 6, 15, 47, 56).
Worms arrest as L1 larvae when they hatch in the absence of
food (2), and developing L2 larvae arrest as L3 larvae when
food is withdrawn (56).

Historically, developmental arrest during starvation was
thought to be an “ageless state” because time spent in larval
arrest does not count against adult lifespan after recovery (19,
27). Recently, the paradigm of an ageless state has been
challenged (53). Worms exhibit several age-associated pheno-
types during L1 arrest including protein aggregation, ROS
production, and mitochondrial fragmentation (53). With the
exception of protein aggregation, these aging phenotypes are
reversed during recovery from starvation in an endoplasmic
reticulum-unfolded protein response-dependent fashion, possi-
bly explaining the normal lifespan of worms arrested as larvae
(53). These surprising findings merit additional characteriza-
tion to substantiate aging during larval arrest. Thus we mea-
sured mitochondrial phenotypes associated with aging to de-
termine whether mitochondria exhibit signs of aging during
starvation. If such aging-related processes do occur, it is
important to understand the mechanisms that regulate them.

Autophagy provides a mechanism to degrade cellular com-
ponents to derive energy from macromolecules and organelles
during starvation (29, 43, 61). Autophagy also contributes to
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cellular quality control during aging and directly impacts
lifespan (12, 14, 17, 24, 31, 64). Here, we focus on mitophagy,
the autophagic consumption of mitochondria. Three types of
mitochondrial autophagy have been proposed (33). Type 1 and
type 2 mitophagy involve sequestration of mitochondria in
autophagosomes, whereas in type 3 mitophagy mitochondrially
derived vesicles bud off of mitochondria and are trafficked to
lysosomes independent of an autophagosome (33). Type 1
mitophagy is nonselective, as it does not specifically engulf
damaged mitochondria but is more likely a clearance mecha-
nism for excess mitochondria. Type 2 and type 3 mitophagy
are initiated because of damaged mitochondria, for example
mitochondria with reduced membrane potential, and rely on
pink-1 (PTEN-induced putative kinase) and Parkin (33).
Damaged mitochondria are selectively removed when
pink-1 is stabilized on their outer membrane and recruits the
E3 ubiquitin ligase, Parkin, which tags mitochondria for
degradation (63).

We sought to characterize the influence of larval starvation
on mitochondrial physiology in C. elegans. Our objectives
were to determine whether mitochondria display signs of
aging during starvation and to identify regulatory mecha-
nisms required for these changes. We found that starvation
in L1 or L3 stage larvae has extensive effects on mitochon-
dria, including fragmentation, decreased mtDNA copy num-
ber, increased mtDNA damage, and reduced respiration.
These effects are similar to those of aging in fed adults,
suggesting common mechanisms. Further, we provide evi-
dence that general autophagy promotes elimination of mi-
tochondria and likely decreases whole animal respiratory
capacity during starvation (33).

MATERIALS AND METHODS

Larval arrest. To arrest worms as L1 larvae, synchronous popula-
tions of embryos were isolated from mixed-stage cultures of C.
elegans by hypochlorite treatment. Embryos were cultured at a density
of 1/�l in virgin S-basal (no ethanol or cholesterol) in 16-mm glass
test tubes on a tissue culture roller drum at room temperature (~21°C).
Embryos were hatched in the absence of food so that they enter L1
arrest.

To arrest worms as L3 larvae, embryos were isolated as with L1
arrest. Embryos were given 16–20 h to hatch and were then plated
onto 10-cm nematode growth media (NGM) plates seeded with
Escherichia coli OP50. Worms were allowed to develop for 24 h at
20°C, at which point they were washed from plates with virgin
S-basal. Worms were washed at least three times by centrifugation in
15-ml conical tubes to remove residual bacteria. Worms were then
suspended at a concentration of 1/�l in virgin S-basal, as with arrested
L1 larvae.

Mitochondrial morphology. The SJ4103 strain was used to visual-
ize mitochondria in the body wall muscle of L3 larvae. Worms were
subjected to L3 arrest as described above. Starved worms were
sampled over time, and representative images were taken with a
Hamamatsu ORCA R2 camera and Yokogawa spinning disk head
mounted on a Zeiss AxioImager A1 microscope. The images were
analyzed using IMARIS (Bitplane), and three-dimensional reconstruc-
tions were built from Z-stacks. Objects identified by the program were
assessed for surface area, volume, and sphericity according to the
default algorithms of the program.

Mitochondrial copy number and DNA damage. Mitochondrial and
nuclear genome copy number, as well as mtDNA damage, was
measured as previously described (13). Worm lysate was obtained as
explained previously (13). Samples were collected on days 1, 3, 6, 9,

and 12 of L1 arrest from independent biological replicates. Five
worms were picked into lysis buffer comprised of 60% molecular
biology grade water, 35% 3.3� buffer (82.5 mM tricine pH 8, 264
mM potassium acetate, 36.2% wt/vol glycerol, 7.4% vol/vol DMSO,
prepared in nuclease-free water), and 5% proteinase K. Worms were
lysed at a concentration of 1 worm per 10 �l of lysis buffer.
Mitochondrial and nuclear genome copy number were measured as
described in Basic Protocol 2 of Ref. 13 using a mitochondrial gene
plasmid and glp-1 lysate for standard curves. See Ref. 13 for primer
and plasmid information. We measured mtDNA damage on the same
sample lysates as described in Basic Protocol 1 after optimizing the
number of cycles for wild-type (WT) L1 larvae (13). DNA lesions
were normalized to day 1 of starvation.

Measuring oxygen consumption. Oxygen consumption rates (OCR)
were measured in the presence or absence of mitochondrial inhibitors
in fed and starved worms using a Seahorse XFe24 Extracellular Flux
Analyzer, as described previously (38). We adapted this protocol for
L1 and L3 larvae, to investigate changes in respiration throughout
starvation. Preparation of L3 samples was staggered such that all
starvation time points were run on the same plate. Each time point was
run in technical replicate wells, and multiple biological replicates
were performed.

For L3 larvae, each well contained 250 worms for fed and starved
1-day conditions, 500 worms for starved 3- and 6-day conditions, and
1,000 worms for the starved 9- and 12-day conditions. Because of
interference of the pharmacological inhibitors used, we ran one plate
for the first set of inhibitors, carbonyl cyanide p-(tri-fluromethoxy)
phenyl-hydrazone (FCCP) and sodium azide, and another plate im-
mediately following for the second inhibitor, dicyclohexylcarbodiim-
ide (DCCD). The inhibitors were prepared and used as previously
described (38). Because response to the drugs differed from what is
normally observed in well-fed adult nematodes, we slightly modified
our data analysis from what was previously reported (38). We calcu-
lated total basal oxygen consumption as the average of OCR readings
four through eight (of eight measurements). Maximal OCR was
calculated by averaging measurements two through six after injection
of the mitochondrial uncoupler FCCP. ATP-linked respiration was
calculated by subtracting the average of OCR measurements two
through four after injection of the complex V (ATP synthase) inhibitor
DCCD from total basal OCR. Proton leak was determined by sub-
tracting the average of four measurements after injection of sodium
azide (complex IV inhibitor) from OCR after DCCD injection.

To measure total basal OCR in L1 larvae of WT and unc-51
mutants, similar methods were employed. Briefly, embryos were
isolated from adult worms by standard hypochlorite treatment. Em-
bryos were either hatched in the presence of E. coli OP50 on plates
(fed) or suspended in virgin S-basal at a density of 1/�l (starved).
Basal respiration was measured 24 h following the bleach. This
allowed ~12 h for embryos to hatch and ~12 h for hatched L1 larvae
to feed or acclimate to starvation conditions. Total basal OCR values
were obtained as described for L3 worms, except that each well
contained between 1,000 and 2,000 worms for both fed and starved (1
day) conditions. Either two or three biological replicates were per-
formed, and multiple wells were included as technical replicates
within each biological replicate.

ATP measurement. Steady-state ATP levels were measured in
arrested L3 larvae using the PE255 luciferase-expressing C. elegans
strain as previously described (37). Time of larval starvation was
staggered such that time points within a biological replicate were run
on the same plate for ATP measurements. Sample and reagent
preparation, measurement, and analysis were the same as detailed
previously (37), except that, instead of 50 worms per well, we
included 250 worms per well to adjust for lower ATP levels in smaller
larvae.

Starvation survival. To measure starvation survival, populations of
arrested L1 or L3 larvae were obtained as described above. Worms
were kept in 16-mm glass test tubes on a tissue culture roller drum at
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room temperature (~21°C). Survival was scored by plating 100 �l of
suspended worms around the perimeter of a lawn of E. coli OP50 on
a 6-cm NGM plate. The total number of worms plated (Tp) was
counted. Two days later the total number of worms that were alive
(TA) was counted. Survival was calculated as TA/TP. Curves were fit
to starvation survival data by regression, and statistics were calculated
using the worm survival package in R, as previously described (1, 22).
Graphical representations of starvation survival in Fig. 3A depict
individual data points and the curve fit to the data. For clarity,
starvation survival plots in Fig. 6, A and C, only depict the curves fit
to the data.

Worm size measurements. To measure size of worms following
recovery from starvation, starved worms were plated on 10-cm NGM
plates seeded with E. coli OP50 on the day indicated (Figs. 3A and 6,
B and D). After 24 h for L3 or 48 h for L1 (L3 larvae were grown for
24 h before arrest, 48-h total growth), the worms were washed off the
plates, washed with virgin S-basal, plated on unseeded 10-cm NGM
plates, and imaged. Images of worms were taken on a ZeissDiscovery
V20 stereomicroscope with motorized magnification. Magnification
was adjusted depending on the size of the worms. All images were
analyzed with the WormSizer plugin for FIJI (44).

Strains. The Bristol N2 strain was used and is annotated as WT.
SJ4103 zcIs14[myo-3::GFP(mit)] was used for observations of mito-
chondria in body wall muscle tissue. PE255 feIs5[sur-5p::luciferase::
GFP � rol-6(su1006)] was used for assaying ATP. The following
strains and mutant alleles were used: VC893 atg-18(gk378), pink-
1(tm1779), VC1024 pdr-1(gk448), CB369 unc-51(e369), DA631 eat-
3(ad426), and CU6372 drp-1(tm1108).

Statistical analysis. Statistical analysis was performed in Microsoft
Excel and R studio. All references to n refer to the number of
biological replicates included in statistical analysis. To assess signif-
icance of data over time during starvation, Bartlett’s test was initially
run to test for equal variances. In cases where the null hypothesis of
no difference in variance across samples was not rejected, a one-way
ANOVA was run. In cases with significant one-way ANOVA results,
a post hoc Tukey’s honestly significant difference test was performed
to determine pairwise differences. When the null hypothesis of Bar-
tlett’s test was rejected, we performed a Kruskal-Wallis test (Figs. 3D
and 5, A–C). In cases of a significant P value, a post hoc Dunn’s test
was performed to determine significant differences in pairwise com-
parisons.
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Fig. 1. Mitochondria fragment during L3 larval
starvation. A: a cartoon indicates the location of
body wall muscle tissue in which mitochondria
are visualized. B–F: representative images of
mitochondria of body wall muscle in L3 larval
worms at various times during starvation (0 h, 2
h, 16 h, 24 h, and 46 h). Scale bars in B–F are 15
�m. B’–F’: 4� zoomed section of image in B–F.
G: surface area of individual mitochondria is
plotted in fed worms (0 h of starvation) and after
22–24 h of starvation (P � 0.02, unpaired t-test,
n � 3 biological replicates). H: volume of indi-
vidual mitochondria is plotted after 0 h and
22–24 h of starvation (P � 0.02, unpaired t-test,
n � 3 biological replicates). I: sphericity of
individual mitochondria is plotted after 0 h and
22–24 h of starvation (P � 0.07, unpaired t-test,
n � 3 biological replicates). In G–I mean
values � SE are shown. *P � 0.05.
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RESULTS

Mitochondria fragment during larval starvation. We ob-
served mitochondrial morphology during larval starvation.
Body wall muscle cells of C. elegans have high mitochondrial
density and are located superficially along the length of the
body, facilitating visualization of mitochondria (Fig. 1A). The
normally elongated mitochondrial networks in body wall mus-
cle cells fragment over time during L3 larval starvation (Fig. 1,
B–F). Observation of mitochondrial morphology is easier in L3
larvae than L1 larvae given larger cell size. We quantified
several morphological characteristics of the mitochondrial net-
work after 22–24 h of starvation. Both surface area and volume
of individual mitochondria were significantly reduced (Fig. 1,
G and H). Additionally, mitochondrial sphericity (a measure of
how close an object approximates a sphere) appears to increase
over time (Fig. 1I, P � 0.07). Overall, these observations
indicate fragmentation of the mitochondrial network during
larval starvation.

Mitochondrial DNA copy number decreases and lesions
increase during starvation. We measured mtDNA copy num-
ber during starvation in both L1 and L3 larvae. A PCR-based
assay allows for quantitative assessment of the number of
mitochondrial genomes (13). mtDNA copy number is normal-
ized to nuclear DNA copy number. Nuclear DNA copy number
provides an internal control for lysis efficiency and DNA
integrity. Nuclear DNA copy number does not change signif-
icantly over time (data not shown), as expected, because
developmentally arrested worms presumably maintain a fixed
number of cells during starvation (2). Thus we conclude that
changes in mtDNA copy number normalized to nuclear copy
number are driven primarily by changes in the number of
mitochondria or overall mitochondrial volume (mitochondrial
content).

mtDNA copy number steadily decreases during starvation
(Fig. 2). After 12 days of L1 starvation, the ratio of mitochon-
drial to nuclear DNA is reduced to 40% of that at day 1 (Fig.
2A). Mitochondrial DNA is also reduced in L3 larvae during
starvation (Fig. 2B). Notably, L3 larvae have a higher mtDNA
copy number than L1 larvae at day 1 of starvation, consistent
with cellular growth and proliferation (62). The reduction of
mtDNA over time during L3 starvation is qualitatively similar
to the loss of mtDNA during L1 starvation; however, the loss
of mtDNA after 12 days of starvation is not as severe in L3
larvae and is reduced to 62% of the day 1 baseline. Overall,
these results suggest that mitochondrial content decreases dur-
ing larval starvation.

The difference between the rates of mtDNA copy number
decline in starved L1 and L3 larvae is likely due to differences
in starvation sensitivity at different larval stages. L3 larvae
survive starvation longer than L1 larvae (Fig. 3A) and recover
to be larger and more advanced in developmental stage after 48
h of cumulative developmental time while feeding (Fig. 3,
B–D). Thus the greater loss of mtDNA copy number in starved
L1 larvae compared with L3 larvae is consistent with L1 larvae
generally being more sensitive to starvation than L3 larvae. It
is possible that L3 larvae survive starvation longer owing to a
hormetic response resulting from brief L1 starvation for syn-
chronization (see MATERIALS AND METHODS). Alternatively, nu-
trient stores accumulated during 24-h feeding as L1 and L2
larvae could render L3 larvae more resistant to starvation.

We quantified the number of mtDNA lesions during L1
starvation with a PCR-based assay. A hallmark of aged mito-
chondria is accumulation of mtDNA damage (58). We ob-
served a significant increase in mtDNA lesions over time (Fig.
4A). We did not detect an increase in nuclear DNA damage
until 12 days of starvation (Fig. 4B). We suspect that necrosis
or other cellular damage occurring during advanced starvation
contributes to this late increase in nuclear DNA lesions (54). In
contrast, increased mtDNA damage was observed earlier dur-
ing starvation when necrosis is not evident and viability re-
mains high. Thus mitochondria appear to be specifically sus-
ceptible to DNA damage during starvation.

Mitochondria have reduced function during starvation.
Fragmented mitochondria and reduced mtDNA copy number
during starvation suggest that mitochondrial function de-
creases. We assessed several parameters of mitochondrial
function in L3 larvae. We chose to use L3 larvae for this
analysis because they are larger than L1 larvae and have higher
mitochondrial content and increased respiratory capacity. We
measured whole animal oxygen consumption as a proxy for
respiration and found that basal oxygen consumption rate
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Fig. 2. Mitochondrial DNA copy number decreases during starvation. A:
mtDNA copy number relative to nuclear copy number is plotted over time
during L1 starvation. There is a significant reduction in the relative concen-
tration of mtDNA (P � 0.002, 1-way ANOVA, n � 3 biological replicates).
A post hoc Tukey’s honestly significant difference (HSD) test indicated that
mitochondrial:nuclear DNA content at day 1 was significantly different from
day 9 (P � 0.05) and day 12 (P � 0.01). B: mtDNA copy number relative to
nuclear DNA copy number is plotted over time during L3 starvation. There is
a slight reduction of mtDNA content relative to nuclear DNA over time (P �
0.09, 1-way ANOVA, n � 4 biological replicates). Mitochondrial:nuclear
DNA content at day 1 was significantly different from day 9 (P � 0.05,
Tukey’s HSD test) and day 12 (P � 0.01, Tukey’s HSD test). Solid points are
values from individual biological replicates, and open circles are means of
these values. Error bars represent SE. **P � 0.01.
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(OCR) is significantly reduced in starved worms relative to fed
counterparts (Fig. 5A). Basal oxygen consumption is a gross
measure of mitochondrial activity. However, we were curious
whether mitochondrial respiration is simply downregulated
during starvation or whether the respiratory capacity of mito-
chondria is compromised. We used FCCP to uncouple mito-
chondria and measure maximal OCR, which provides a mea-
sure of total potential mitochondrial respiration. Starved
worms have a lower maximal OCR than fed worms (Fig. 5B).
Respiratory capacity continues to decrease throughout starva-
tion, consistent with fewer and increasingly fragmented mito-
chondria. Alternatively, it is possible that the decrease in
respiratory capacity results from substrate limitation rather
than mitochondrial dysfunction; clearly, substrate availability
is expected to decrease during starvation. Similar to maximal
oxygen consumption, spare capacity tends to decrease over
time during starvation (Fig. 5C). ATP-linked respiration, a

specific measure of the contribution of respiration to ATP
production, is also reduced during starvation (Fig. 5D). Con-
sistent with these observations, ATP levels also decrease dur-
ing extended starvation (Fig. 5E). We did not detect measur-
able levels of proton leak during L3 starvation, suggesting a
negligible effect on basal metabolic rate. Together these results
show that whole animal mitochondrial function is reduced
during starvation. Decreased respiration is likely due to a
combination of reduced mitochondrial content, increased frag-
mentation, and decreased substrate availability.

Autophagy is required for starvation resistance. Autophagy
is essential for cells to recycle material for energy during
nutrient deprivation (40). It has been proposed that either too
much or too little autophagy will limit starvation survival,
suggesting that autophagy mediates a tradeoff between starva-
tion survival and recovery (21). That is, by liberating energy,
autophagy is thought to promote survival but at the cost of
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were recovered for 48 h after L1 starvation and for 24 h after L3 starvation because larvae in L3 arrest were fed for 24 h before starvation so that both were
fed for 48 h total. Worms starved at the L1 stage are significantly shorter after 48 h of feeding (P � 0.0002, 1-way ANOVA, n � 3 biological replicates). Worms
starved at the L3 stage are also significantly smaller after 24 h of recovery from extended starvation (P � 0.0001, 1-way ANOVA, n � 3 biological replicates).
There is a significant interaction between the L1 and L3 reaction norms of size after recovery from starvation (P � 0.005, 2-way ANOVA, n � 3 biological
replicates). Boxes are bounded by the upper and lower quartiles and also depict the median. Whiskers represent the minimum and maximum values within 1.5�
interquartile range. Individual points depict outliers. C: percentage of worms reaching at least the L4 larval stage after 48 h of development from the indicated
duration of L1 arrest is plotted. There is a marginally significant reduction in the number of worms that recover to at least the L4 stage (P � 0.07, Kruskal-Wallis
test, n � 2). D: percentage of worms reaching at least the L4 stage after 24 h of feeding from the indicated duration of L3 larval arrest is plotted. Following
starvation, there is a reduction in the number of worms that recover to at least the L4 stage (P � 0.0001, 1-way ANOVA, n � 2). The percentage of worms
recovering to at least the L4 stage was significantly reduced (relative to recovery from 1 day of starvation) at days 9 and 12 (P � 0.001 in both cases, Tukey’s
honestly significant difference test). Mean and SE values are depicted in C and D.
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recovery rate due to loss of cellular material. We used phar-
macological and genetic methods to test the involvement of
autophagy in starvation resistance. The drug 3-methyladenine
(3-MA) is a potent inhibitor of autophagy with demonstrated
efficacy in C. elegans (5, 57). Worms exposed to increasing
concentrations of 3-MA were increasingly short-lived during
L1 larval starvation (Fig. 6A). Concentrations of 3-MA as low
as 0.5 mM significantly reduced starvation survival (Fig. 6A,
P � 0.05). 3-MA (50 mM) provided the most significant
reduction in survival by reducing median survival by 73%.
However, such high concentrations of the drug may also have
off-target effects.

Worms are developmentally delayed when recovering from
extended L1 starvation, with the degree of delay depending on
the duration of starvation (16, 18, 32, 53). Thus size after 48 h
of recovery is a second phenotype by which we assess starva-
tion resistance. In addition to reducing starvation survival,

worms exposed to 3-MA were smaller after 48 h of recovery,
with a strong dose-dependent effect (Fig. 6B). Notably, no
concentration of 3-MA that we tested provided a significant
increase of starvation survival or recovery rate. This aspect of
our results is inconsistent with an autophagy-mediated tradeoff
between starvation survival and recovery rate. Nonetheless, our
results clearly demonstrate that autophagy contributes to star-
vation resistance.

We complemented pharmacological analysis of autophagy
with genetic analysis. The genes atg-18 and unc-51 are in-
volved in autophagy in C. elegans (5, 28, 42). atg-18 encodes
a WD40 repeat-containing protein that is homologous to the
autophagy gene Atg18 in budding yeast (35, 41, 42). unc-51
encodes a serine/threonine kinase homologous to the yeast
autophagy protein Atg1 (39, 41, 48). unc-51 is required for
initiation of autophagy, and atg-18 is required for vesicle
retrieval and recycling (40). The genes pink-1 (PTEN-induced
putative kinase) and pdr-1 (Parkin) are specifically involved in
mitophagy to degrade damaged mitochondria. We also ana-
lyzed drp-1 (dynamin-related protein) involved in mitochon-
drial fission, and eat-3/Opa1, involved in mitochondrial fusion
(20, 30). Thus phenotypic analysis of mutations affecting these
genes should allow us to differentiate contributions to starva-
tion resistance of general autophagy (atg-18 and unc-51),
selective mitophagy of damaged mitochondria (pink-1 and
pdr-1), and mitochondrial fission (drp-1) and fusion (eat-3)
processes.

We measured L1 starvation survival and recovery of mutants
for each of these genes. atg-18 mutants were dramatically
short-lived during starvation (Fig. 6C, P � 7.4E-6), and unc-51
mutants had a modest but significant reduction in starvation
survival (P � 0.02). These results are consistent with the
limited survival of worms exposed to 3-MA during starvation
(Fig. 6A) and the reported role of autophagy in starvation
survival (21). drp-1, eat-3, and pdr-1 each did not significantly
impact starvation survival (Fig. 6C, P � 0.18, 0.26, 0.28,
respectively). Surprisingly, pink-1 mutants were long-lived
during L1 larval starvation (Fig. 6C, P � 0.001). Overall, these
results suggest that autophagy, but not mitochondrial fission
and fusion or damage-induced mitophagy, promotes starvation
survival.

We also measured size after 48 h of recovery from starvation
in the same panel of mutants. The short-lived atg-18 mutant
recovers poorly from short periods of starvation (Fig. 6D,
2-way ANOVA genotype comparison P � 2.3E-5, interaction
term P � 0.06), further corroborating pharmacological analysis
with 3-MA. unc-51 mutants have generally stunted growth
(Fig. 6D, 2-way ANOVA, genotype comparison P � 1.9E-14),
thereby complicating interpretation of the effect of starvation
on growth rate. Notably, pink-1 mutant worms, which we
found to be long-lived during starvation (Fig. 6C), also dis-
played improved recovery from starvation (Fig. 6D), further
suggesting that they are starvation resistant. pdr-1 mutants
were not significantly different from wild-type (WT) worms in
size after recovery from starvation (2-way ANOVA, genotype
comparison P � 0.15, interaction term P � 0.85). drp-1 and
eat-3 mutants had reduced growth rates with and without
starvation (2-way ANOVA genotype comparison P � 0.0002,
9.5E-5, respectively) with no detectable interaction between
genotype and condition (2-way ANOVA, P � 0.31, 0.67,
respectively), consistent with no detectable effect of these
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mutations on starvation resistance (Fig. 6C). These results
suggest that disrupting autophagy compromises recovery from
starvation and that perturbation of mitochondrial fission and
fusion dynamics impedes growth generally but not specifically
in response to starvation.

Autophagy is required for mtDNA copy number reduction
during starvation. We hypothesized that the reduction of mi-
tochondria during starvation is due at least in part to autophagic

degradation. To test this hypothesis, we measured the ratio of
mitochondrial:nuclear DNA copy number during starvation in
mutants affecting autophagy, selective mitophagy, and mito-
chondrial fission and fusion. After 12 days of starvation, drp-1,
eat-3, pink-1, and pdr-1 mutations each did not significantly
impact mtDNA content (Fig. 7A). However, unc-51 mutants
retained significantly more mtDNA relative to nuclear DNA
(P � 0.03). Because atg-18 mutants did not survive until day

Time of L3 starvation Time of L3 starvation

Time of L3 starvationTime of L3 starvation
Fed 1 day 3 days 6 days 9 days 12 days

B
as

al
 O

C
R

(p
m

ol
/m

in
/w

or
m

)

0

0.5

1.0

A B

C

M
ax

im
al

 O
C

R
(p

m
ol

/m
in

/w
or

m
)

0

1

2

Fed 1 day 3 days 6 days 9 days 12 days

0

0.2

0.4

AT
P

-li
nk

ed
 re

sp
ira

tio
n

(p
m

ol
/m

in
/w

or
m

)

Fed 1 day 3 days 6 days 9 days 12 days

n.s.
*

***

***

**

600

400

200

0

Time of L3 starvation

AT
P 

co
nt

en
t (

re
la

tiv
e 

lu
m

in
es

ce
nc

e 
un

its
/w

or
m

)

E

1 day 3 days 6 days 9 days 12 days

**

D

0

1.0

1.5

Fed 1 day 3 days 6 days 9 days 12 days

S
pa

re
 c

ap
ac

ity
(p

m
ol

/m
in

/w
or

m
)

0.5

n.s.

p = 0.09

Fig. 5. Respiration and ATP content decrease during L3 larval starvation. A: basal oxygen consumption rate (OCR) of fed worms and over time during starvation
is plotted (fed vs. starved P � 0.008, unpaired t-test, n � 4; during starvation P � 0.14, Kruskal-Wallis test, n � 5). B: maximal OCR of fed worms and over
time during starvation is plotted (fed vs. starved P � 0.04, unpaired t-test, n � 4; during starvation P � 0.03, Kruskal-Wallis test, n � 5). A post hoc Dunn’s
test indicates that maximal OCR at day 1 of starvation is significantly different than that at days 9 and 12 (P � 0.05 in each case). C: spare respiratory capacity
of fed worms and over time during starvation is plotted. There was not a significant difference in spare capacity between fed worms and those starved for 1 day
(P � 0.67, unpaired t-test, n � 4). There was a marginally significant decrease in spare respiratory capacity over time during starvation (P � 0.09, Kruskal-Wallis
test, n � 5). D: ATP-linked respiration is plotted for fed worms and over time during starvation (fed vs. starved P � 0.006, unpaired t-test, n � 4; during
starvation P � 0.0004, 1-way ANOVA, n � 5). Differences in ATP-linked respiration between day 1 and all other days drove this difference [P � 0.05 for each
comparison, Tukey’s honestly significant difference (HSD) test]. E: ATP levels throughout L3 starvation are plotted (P � 0.001, 1-way ANOVA, n � 2 or 3).
Post hoc Tukey’s HSD tests revealed that ATP levels at day 1 were significantly different than all other time points during starvation (in each case P � 0.01).
No other individual comparisons were significantly different. Mean values and SE of biological replicates are shown in A–E. *P � 0.05; **P � 0.01; ***P �
0.001.

C787NONSELECTIVE AUTOPHAGY DURING STARVATION

AJP-Cell Physiol • doi:10.1152/ajpcell.00109.2018 • www.ajpcell.org
Downloaded from journals.physiology.org/journal/ajpcell (099.150.231.137) on June 25, 2020.



12 of L1 starvation, we measured mtDNA copy number at day
6. Similar to unc-51 mutants, atg-18 mutants had significantly
higher mtDNA copy number after 6 days of starvation (P �
0.03, Fig. 7B). We confirmed these results by measuring ratios
of mitochondrial:nuclear DNA throughout starvation (Fig. 7C).
Both atg-18 and unc-51 mutants retained higher levels of
mitochondrial DNA compared with WT controls. These results
suggest that nonselective autophagy contributes to reduction of
mtDNA content during starvation.

We measured whole animal basal oxygen consumption to
determine how mitochondrial function is affected in autophagy
mutants. Because atg-18 mutants are generally sick, we only
measured respiration in unc-51 mutants. Despite being small
and difficult to measure, we used L1 larvae to avoid compli-
cations from delayed development of unc-51 mutant larvae.
Fed WT L1 larvae had higher basal OCR compared with
unc-51 mutants (Fig. 7D, P � 0.09, unpaired t-test, n � 2).

This result is consistent with lower substrate availability and
slow growth and limited movement of unc-51 mutants (48).
However, OCR was not affected by genotype during starvation
(P � 0.79, unpaired t-test, n � 3). We reasoned that, because
unc-51 mutant worms retained higher mitochondrial content
during starvation (Fig. 7, A and C), these results may be due to
them having less of a reduction in respiration in response to
starvation. Indeed, basal OCR in starved WT worms is reduced
to 12% of that of fed worms, whereas basal OCR in starved
unc-51 mutant worms was 26% that of fed worms. This
difference in the relative reduction of OCR is statistically
significant (Fig. 7D, P � 0.01, 2-way ANOVA), consistent
with retention of mitochondria during starvation in the unc-51
mutant. Alternatively, the mutant worms may have reached a
physiological minimum for respiration, making the relative
decline less relevant. However, it is unclear what would define
such a minima other than viability itself or what would prevent
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worms from crossing such a threshold into inviability. We
conclude that autophagy contributes to reduction of both mi-
tochondrial content and function during larval starvation.

DISCUSSION

Our primary objective was to characterize effects of larval
starvation on mitochondrial physiology. We document a vari-
ety of effects that are qualitatively similar to the effects of
aging in fed adults. Furthermore, we show that autophagy
promotes starvation resistance without an apparent autophagy-
mediated tradeoff between starvation survival and growth rate
upon recovery from starvation. In addition, we provide evi-
dence that nonselective autophagy in particular promotes re-
duction of mitochondrial content and function during starva-
tion.

Mitochondria exhibit aging phenotypes during starvation-
induced larval arrest. We were motivated to determine
whether mitochondria exhibit signs of aging during larval
arrest in C. elegans. We confirm the report of mitochondrial
fragmentation during larval starvation with quantitative analy-
sis of mitochondria in the body wall muscle of arrested L3
larvae (Fig. 1). Furthermore, we found that mitochondria show
additional aging phenotypes during larval starvation. In addi-
tion to fragmentation of the mitochondrial network, there is an
overall reduction in copy number of mtDNA, an increase in
mtDNA damage, and reduction in respiratory capacity. Reduc-

tion of mitochondrial content, detected as decreased mtDNA
copy number, likely contributes to reduction of whole animal
respiratory capacity, but OCR was reduced earlier and to a
greater degree than reduction of mitochondrial copy number
alone can account for (Figs. 2 and 5). We therefore conclude
that there are likely many parameters, beyond just the copy
number of mitochondrial genomes, that influence mitochon-
drial function. Together these results confirm and extend on the
reported age-associated phenotypes that occur during larval
arrest (53), with an emphasis on mitochondrial physiology.
Reversal of several age-associated phenotypes has been re-
ported to occur in L1 larvae during recovery from L1 arrest
(53), but future work is required to determine the extent to
which the mitochondrial phenotypes reported here are reversed
by feeding. Together these studies demonstrate the value of
using starvation-induced larval arrest as a developmental
model for aging (2).

Beyond induction of autophagy, the mechanistic causes of
the mitochondrial phenotypes we describe remain unclear.
Nutrient deprivation is itself a significant stress, with an ap-
parent impact on the integrity of macromolecules (15). Thus
development of aging-associated phenotypes simply from the
passing of time is difficult to discern from consequences of
starvation. Extensive morphological remodeling of mitochon-
dria during starvation is consistent with their central role in
cellular energetics. However, it is surprising to see accumula-
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Fig. 7. Autophagy is required for reduction of
mtDNA copy number during starvation. A: ratio
of mitochondrial to nuclear DNA copy number
at day 12 of L1 starvation is plotted for a panel
of mutants and normalized as a percentage of
wild-type (WT). unc-51 mutants had increased
mtDNA copy number (P � 0.03, unpaired t-
test, n � 3). B: ratio of mitochondrial:nuclear
DNA copy number at day 6 of L1 starvation of
atg-18 mutants is shown as percentage of WT.
atg-18 mutants had elevated mtDNA copy num-
ber (P � 0.03, unpaired t-test, n � 3). C:
mtDNA copy number relative to nuclear copy
number is plotted over time during L1 starva-
tion for WT, atg-18 mutants, and unc-51 mu-
tants. There is a significant impact of genotype
in both cases (atg-18 P � 0.01, 2-way ANOVA,
and unc-51 P � 0.002, 2-way ANOVA, n � 3).
D: basal oxygen consumption rate (OCR) is
plotted for L1 stage WT and unc-51 mutant
worms in fed and 1-day-starved conditions.
There is a significant interaction between geno-
type and nutrient condition (P � 0.01, 2-way
ANOVA interaction term, n � 2 or 3). Graphs
in A–D depict mean values from biological
replicates, and error bars represent SE. *P �
0.05; **P � 0.01.
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tion of mtDNA damage relatively early in starvation, given that
nuclear DNA does not accumulate detectable damage until
later stages of starvation as lethality sets in (Fig. 4). It is
possible that increased reactive oxygen species (ROS) levels
could lead to such a decline in mitochondrial quality, or vice
versa. ROS have been shown to increase during starvation (53).
ROS also activate autophagy during starvation (52, 55). Thus
it is possible that ROS production provides a common mech-
anism to explain increased mtDNA damage, reduced mito-
chondrial function, and the induction of autophagy in starved
worms. However, the source of elevated ROS during starvation
is unknown.

Autophagy reduces mitochondrial content during starvation.
Autophagy promotes starvation resistance. We used pharma-
cological and genetic approaches to show that worms deficient
for autophagy are short-lived during starvation and recover
poorly upon feeding (Fig. 6). Autophagy is particularly in-
creased in intestine, muscle, and neurons during starvation in
C. elegans (9). The intestine is a primary energy storage site,
muscles have high mitochondrial content, and neurons have
high energetic demands during starvation (45). We therefore
speculate that autophagic recycling of organelles, membranes,
and proteins for energy most likely explains its contribution to
starvation resistance. Mitochondria represent a significant
amount of biomass for possible conversion to energy during
nutrient stress, and their fragmentation may reflect breakdown
for this purpose. It remains to be determined whether other
organelles are similarly affected during starvation.

Disruption of autophagy does not uncouple starvation sur-
vival and recovery rate. Reduced starvation survival typically
correlates with limited growth during recovery although un-
coupling of the two phenotypes has been reported (53). It was
possible that disrupting autophagy could uncouple these phe-
notypes. Hypothetically, worms with blocked autophagy could
recover more rapidly than controls if internal nutrient stores
and organelles had not been consumed during starvation.
However, this does not appear to be the case (Fig. 6). Rather,
the ability to survive and recover from starvation appears to be
closely coupled even with disruption of autophagy, suggesting
that blocking autophagy causes an overall reduction in starva-
tion resistance. It has been proposed that autophagy is tightly
regulated such that either too much or too little autophagy
during starvation reduces survival (21). We did not attempt to
increase autophagy during starvation, but we did not observe
any significant increase in survival from blocking autophagy to
varying degrees (Fig. 6). However, the increased starvation
resistance of pink-1 mutants is surprising. Intriguingly, the
pdr-1/Parkin mutant displayed a trend toward increased sur-
vival and recovery, similar to pink-1, but this was not statisti-
cally significant. Interestingly, pink-1 and pdr-1 mutants are
reported to be sensitive to other stresses and toxin exposures
(36, 49). It is possible that the relative rates of selective and
nonselective autophagy vary by context, depending on ener-
getic demands and the amount or type of damage to different
organelles. Nonetheless, the correlation between starvation
survival and recovery rate held even with the starvation-
resistant phenotype of pink-1 mutants.

Nonselective autophagy, as opposed to selective mitophagy,
regulates mitochondrial content during starvation. Selective
mitophagy (type 2 and 3) removes mtDNA with lesions after
UV-induced mitochondrial damage in a manner that requires

pink-1, drp-1, and eat-3 (5, 33, 41). Here, we show that general
autophagy is required for the reduction of mtDNA during
starvation, as unc-51 and atg-18 mutants each retain more
mtDNA during starvation than WT (Fig. 7, A–C). unc-51
mutant larvae also had less of a reduction in basal respiration
in response to starvation than WT, consistent with greater
retention of mitochondria. In general, fusion of the mitochon-
drial network provides a mechanism to exclude mitochondria
from autophagosomes and prevent degradation (11, 51). We
report that mutants for mitochondrial fission (drp-1) and fusion
(eat-3) did not significantly impact mtDNA levels during
starvation. This result suggests that regulated mitochondrial
dynamics are dispensable for this autophagic process. Simi-
larly, mutants disrupting damage-induced mitophagy (pink-1
and pdr-1/Parkin) did not significantly affect mtDNA levels
during starvation. These observations are consistent with non-
selective (type 1) mitophagy, the autophagosomal degradation
of mitochondria independent of pink-1 and Parkin (33), reduc-
ing mitochondrial content and whole animal respiration. This
conclusion is surprising given clear evidence of mitochondrial
damage and compromised function. However, the pink-1 and
Parkin selective mitophagy pathway responds primarily to
mitochondrial membrane potential, which we did not measure
(33, 63). Perhaps starved larvae somehow maintain membrane
potential. Alternatively, selective mitophagy may be inhibited
during starvation to avoid degrading too many mitochondria,
which would impact the ability to grow upon recovery.

Our results demonstrate pervasive effects of larval starvation
on mitochondrial physiology with organismal consequences,
and they suggest that autophagy contributes to these effects.
Nonselective autophagy also regulates sequestration of mito-
chondria to vacuoles during starvation in yeast (26). Similar
degradation of mitochondria in starved hepatocytes co-occurs
with fragmentation of the mitochondrial network (25). These
results along with ours suggest a conserved role of nonselective
autophagy during starvation among eukaryotes.
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