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Many insects enter a state of dormancy (diapause) during winter in which they lower
their metabolism to save energy. Metabolic suppression is a hallmark of diapause, yet
we know little about the mechanisms underpinning metabolic suppression in winter or
how it is reversed in the spring. Here, we show that metabolic suppression in dormant
Colorado potato beetles results from the breakdown of flight muscle mitochondria via
mitophagy. Diapausing Colorado potato beetles suppress their metabolism by 90%,
and this lowered metabolic rate coincides with a similar reduction in flight muscle mito-
chondrial function and density. During early diapause, beetles increase the expression
of mitophagy-related transcripts (Parkin and ATG5) in their flight muscle coincident
with an increase in mitophagy-related structures in the flight muscle. Knocking down
Parkin expression with RNA interference in diapausing beetles prevented some mito-
chondrial breakdown and partially restored the whole animal metabolic rate, suggesting
that metabolic suppression in diapausing beetles is driven by mitophagy. In other ani-
mals and in models of disease, such large-scale mitochondrial degradation is irreversible.
However, we show that as diapause ends, beetles reverse mitophagy and increase the
expression of PGCla and NRFI to replenish flight muscle mitochondrial pools. This
mitochondrial biogenesis is activated in anticipation of diapause termination and in the
absence of external stimuli. Our study provides a mechanistic link between mitochon-
drial degradation in insect tissues over the winter and whole-animal metabolic
suppression.
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When resources are limited during the winter, animals face energetic stress (1). To save
energy during these periods, many animals become dormant and suppress their meta-
bolic rate (2). Metabolic suppression is widespread in dormant animals and is facilitated
by reduced rates of adenosine triphosphate (ATP) production in the mitochondria,
thereby allowing animals to consume less stored food energy (3). Many dormant verte-
brates, such as hibernating ground squirrels and diapausing killifish embryos, reduce
ATP production by lowering the activity of mitochondrial electron transport system
enzymes (4, 5). Insects also suppress their metabolic rate during diapause, a hypometa-
bolic dormant state that insects enter before the onset of harsh environmental conditions
(6). However, we know less about the mechanisms that underpin metabolic suppression
in insects than in vertebrates. Further, we do not know how insects reverse this suppres-
sion and increase their metabolic rate in the spring to power energy-costly activities such
as flight and reproduction.

The Colorado potato beetle (Leptinotarsa decemlineata) is a pest of potato plants and
lives in temperate North America, Europe, and Asia (7). In late summer and early
autumn, short day lengths cue decreased levels of circulating developmental hormones
(especially juvenile hormone), which initiate diapause in adult beetles (8, 9). During
this stage of diapause initiation, adults feed voraciously, arrest their reproductive devel-
opment, accumulate lipid energy stores, and eventually burrow into the soil where they
overwinter in diapause (10). Diapausing Colorado potato beetles suppress their meta-
bolic rates (11) and increase their tolerance to stresses such as low temperatures and
desiccation (12). In the spring, they terminate their diapause, emerge from the soil,
and immediately disperse to fly to search for food and a mate (13).

During diapause, Colorado potato beetles degrade their flight muscle and rapidly
regrow it postwinter (14). It is not clear which components of muscle contribute to this
degradation. In a previous study we found that beetle flight muscle increases the expres-
sion of transcripts associated with protein turnover and mitochondrial homeostasis dur-
ing diapause, including mitochondrial import inner membrane translocase protein
(TIM16), autophagy-related protein 10 (A7GI10), and biogenesis of lysosome-related
organelles complex 1 subunit 2 (15). From these changes in transcript abundance, we
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hypothesized that flight muscle is not just degraded but could
also play a role in modulating mitochondria-dependent energy
metabolism during diapause. Mitochondria make up approxi-
mately 40% of asynchronous insect flight muscle (16). Thus,
flight muscle degradation is a good candidate for exploring the
mechanisms underlying decreased whole-animal metabolic rate.
Further, Colorado potato beetles regrow their flight muscle and
recover high metabolic rates in the spring, but a mechanistic link
between flight muscle regeneration and the re-establishment of
high metabolic rates in diapausing insects has not been made.

Here we show that whole-animal metabolic suppression in
a diapausing insect is driven by flight muscle mitochondrial
breakdown (mitophagy). During diapause, Colorado potato
beetles activate Parkin-mediated mitophagy in their flight mus-
cle, which remodels mitochondrial homeostasis and results in a
lower metabolic rate. Furthermore, they reverse this mitophagy
just before diapause ends without any changes to external stim-
uli. In anticipation of their emergence from diapause, Colorado
potato beetles use transcriptionally mediated mitochondrial bio-
genesis to regrow their flight muscle mitochondrial pool and
concomitantly recover a high metabolic rate. Our results pro-
vide insight into how remodeling mitochondrial homeostasis at
the tissue level can drive changes in metabolism at the whole-
animal level and suggest ways to activate mitochondrial prolif-
eration in diseased states.

Results and Discussion

Diapausing Beetles Reduce Metabolism and Break Down Flight
Muscle Mitochondria. Laboratory-cultured Colorado potato
beetles enter diapause when reared from egg to adult under a
short daylength (24°C 8 h: 16 h, L:D) and transferred to
diapause-inducing conditions (15°C 8 h: 16 h, L:D). After
approximately 9 wk in these diapause-inducing conditions,
they suppress their metabolic rates and burrow into the soil. At
this point, the whole-animal metabolic rate reaches a nadir
~90% lower than that of nondiapausing beetles (Fig. 1A4). In
diapause, beetles maintain this low metabolic rate for approxi-
mately 9 more wk and by 17 to 20 wk in these constant,
diapause-inducing conditions, they spontaneously break dia-
pause and rapidly increase their metabolic rates to levels higher
than prediapause values (Fig. 14).

We hypothesized that the reduced metabolic rate we
observed in diapausing Colorado potato beetles was driven by
reduced mitochondrial respiratory capacity. We focused on
flight muscle because these beetles appear to histolyze this met-
abolically costly tissue during diapause (14), and the extent to
which histolysis contributes to whole-organism metabolic sup-
pression is not clear. Using high-resolution respirometry, we
found that the mitochondrial respiration rates of saponin-
permeabilized flight muscle during diapause (state 3, saturating
proline and adenosine diphosphate) decline in the same tempo-
ral pattern as the whole-animal metabolic rate and to the same
extent compared with nondiapausing beetles (Fig. 15). Respira-
tion rates did not increase after the addition of the uncoupler
carbonyl cyanide m-chlorophenyl hydrozone (CCCP; maximal
uncoupled rates; ST Appendix, Figs. S2 and S3), suggesting that
any decreases during diapause were due to reduced electron
transport system (ETS) oxidative capacities rather than active
suppression of ATP synthase, a strategy used by other diapaus-
ing ectotherms (5). Such a decrease could result from either a
change in mitochondrial abundance or changes in flux through
the electron transport system.
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Fig. 1. Colorado potato beetles suppress their whole-animal metabolic
rates and mitochondrial respiration rates in the same pattern during dia-
pause. (A) Mean + SD. CO, production rate in beetles entering diapause
(3-9 wk), during diapause (9-15 wk), and upon emergence from diapause
(emerged, after 17-20 wk). (B) Mean + SD proline-supported mitochondrial
0O, consumption in saponin-permeabilized flight muscle fibers (standard-
ized to wet tissue mass [WM]) in the same treatment groups as (A). Each
point represents an individual beetle (A) or beetle’s flight muscle (B).
Groups were compared using a 1-way ANCOVA with beetle mass (A) and
flight muscle (B) used as covariates. Different letters denote significant dif-
ferences among treatment groups (P < 0.05; S/ Appendix, Table S1).

Two lines of evidence support decreased mitochondrial abun-
dance as the cause of suppressed flight muscle metabolism in Col-
orado potato beetles. First, citrate synthase activity (a proxy for
mitochondrial abundance [17]) decreased concurrently with, and
to the same extent as, mitochondrial respiration rates (Fig. 2A4).
Second, transmission electron microscopy revealed that mito-
chondria are nearly absent from the flight muscle of diapausing
beetles (Fig. 2B and C). This corroborates early work suggesting
that diapause coincides with the degeneration of flight muscle
sarcosomes in this species (18). However, we found that diapaus-
ing beetles degrade flight muscle mitochondria without a con-
comitant decrease in the number of nuclei (and presumably cells;
Fig. 2D-F). Diapausing beetles also appear to retain their flight
muscle trachea (Fig. 20), and these gas exchange structures were
present in both diapausing and nondiapausing flight muscle
(Dataset S2, Control 1). Thus, beetles appear to selectively
degrade metabolically costly mitochondria via mitophagy (mito-
chondrion-specific autophagy) without entirely degrading the
flight muscle cells themselves.

Many insects irreversibly histolyze their flight muscle to redi-
rect those resources to other processes such as reproduction
(19-21). However, those insects lose flight capability perma-
nently, whereas Colorado potato beetles, like other insects that
diapause as adults, fly in early spring. Therefore, we propose
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Fig. 2. Functional mitochondria are absent from Colorado potato beetle flight muscle during diapause, but beetles reverse this mitochondrial breakdown
upon diapause emergence. (A) Mean + SD citrate synthase activity as a proxy for mitochondrial abundance in flight muscle of beetles as they enter diapause
(3-9 wk), during diapause (9-15 wk), and upon emergence (Em). Groups were compared using a 1-way ANCOVA with protein content as a covariate, and dif-
ferent letters denote significant differences among treatments (P < 0.05; S/ Appendix, Table S1). (B, C) Representative transmission electron micrographs of
flight muscle cross sections from (B) nondiapausing and (C) diapausing beetles (19,000x magnification). Myofibrils (myo) and mitochondria (mit) are mostly
absent from diapausing flight muscle; mlb, multilamellar body. (D-F) DAPI staining of flight muscle nuclei in nondiapausing (D) and diapausing (E) beetles
indicates no differences in nuclear integrity of flight muscle cells between treatments. (G-J) Representative transmission electron micrographs of flight mus-
cle cross sections from beetles entering diapause (G-/) and emerged beetles (). Control beetle flight muscle has densely packed mit surrounding large
muscle myo, while diapausing beetle flight muscle lack mit but still have nuclei (nuc) and trachea (tra). As beetles enter diapause and during diapause main-
tenance (6-15 wk; G-/), there are lysosomes (lys), double membrane autophagosomes (dma), and autolysosomes (aly) containing broken-down mit inside,
indicating active autophagy in diapausing flight muscle. When beetles emerge from diapause, their flight muscle mitochondrial abundance is recovered
(/) and the autophagy machinery (lys, aly, dma) observed during diapause is gone.

that they selectively degrade mitochondria during diapause  reduces muscle metabolic demands during winter but avoids
rather than incur the cost of regrowing all components of their  even costlier hyperplasia at the end of diapause. We did not
muscle. Such a strategy should be advantageous because it explore this phenomenon in other species, but it is possible that
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Fig. 3. Colorado potato beetles increase the abundance of mitophagy-related transcripts during diapause and increase the abundance of mitochondrial
biogenesis-related transcripts in anticipation of emergence from diapause. (A) A schematic of PINK1/Parkin-mediated mitophagy. (B) A schematic of
PGC1o/NRF1-initiated mitochondrial biogenesis. (C) Mean + SD normalized abundance of selected mitophagy and mitochondrial biogenesis-related tran-
scripts in beetles as they enter diapause (3-9 wk), during diapause (9-15 wk), and upon emergence from diapause. Expression values are normalized to
control values and two reference genes according to the AACt method. Groups were compared with a 1-way ANOVA, and different letters denote significant

differences among treatment groups (P < 0.05; S/ Appendix, Table S1).

other adult diapausing insects that appear to degrade their flight
muscle during dormancy could also be selectively degrading
mitochondria to save energy.

Parkin-Mediated Mitophagy Is Active in Diapausing Flight
Muscle. To maintain mitochondrial and metabolic homeostasis
in their cells, active animals balance the selective removal of
dysfunctional mitochondria (mitophagy) with the biogenesis of
new mitochondria (22). We hypothesized that a shift toward
mitophagy during diapause drives the decline in mitochondrial
abundance (and consequently mitochondrial metabolism) that
we observed in flight muscle.

Mitophagy can be driven by the PTEN-induced putative
kinase protein 1 (PINK1)/Parkin pathway (23). The decreased
mitochondrial membrane potential of a dysfunctional or dam-
aged mitochondrion induces PINKI1 to stabilize to the outer
mitochondrial membrane. PINK1 then recruits the E3-ubiquitin
ligase Parkin, which ubiquitinates proteins on the outer mem-
brane of the damaged mitochondrion and tags it for autophagic
removal (24). When cells require more mitochondria, such as
during prolonged exercise or exercise training when energy
demand is high, mitochondrial biogenesis is initated by the
transcription factor peroxisome proliferator activated receptor
gamma coactivator 1 alpha (PGCla [25]). PGCla forms a het-
erodimer with nuclear respiratory factors (NRF1 and 2), which
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initiate the transcription and translation of mitochondrial pro-
teins and coordinate the synthesis of new mitochondria (26).

We assessed the potential for Parkin-mediated mitophagy to
drive the decreased abundance of flight muscle mitochondria
during diapause by measuring mitophagy markers using micros-
copy and qPCR. We observed a range of autophagic structures
inside diapausing flight muscle including multilamellar bodies,
lysosomes, autolysosomes containing degraded mitochondrial
contents, and double-membrane autophagosomes (Fig. 2/-)).
The development of these structures was consistent with acti-
vated Parkin-mediated mitophagy in Drosophila flight muscle
(27, 28) and mammalian skeletal muscle (29, 30). Further,
these autophagy-related structures were absent from the flight
muscle of nondiapausing beetles, suggesting that mitophagy was
uniquely activated during diapause.

We measured the mRNA abundance of PINKI, Parkin, and
ATGS5, all of which are crucial to the initiation and execution
of mitophagy (Fig. 34). mRNA abundance of PINKI, Parkin,
and ATG5 remained stable and low in early diapause (Fig. 30).
However, after 9 wk of the 20-wk diapause period, Parkin
abundance doubled and remained high throughout the diapause
period (Fig. 30). ATG5 abundance peaked after 12 wk in
diapause-inducing conditions, and PINKI abundance was highest
upon emergence from diapause (Fig. 3C0). We previously reported
increased transcript abundance of several additional mitophagy
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markers in diapausing flight muscle, including 77M16 (involved
in stabilizing PINKI to the inner mitochondrial membrane [31]),
the biogenesis of lysosome-related organelles complex 1 subunit 2
(involved in lysosome assembly [32]), and AT7GI0 (which forms
a complex with A7G5 and initiates autophagosome formation
[33]). Taken together, these results suggest that Parkin-mediated
mitophagy is activated in flight muscle early in diapause and that
mitophagy continues throughout diapause maintenance, leading
to mitochondrial degradation. Because we observed consistent
expression of Parkin and ATGS5 throughout diapause maintenance
(9-15 wk in diapause-inducing conditions) in concert with the
persistence of mitophagy-related structures (lysosomes and auto-
phagosomes), we propose that mitophagy persists through the
entire diapause maintenance period.

In the first 9 wk of diapause, Colorado potato beetles appear
to shift mitochondrial homeostasis toward mitophagy. Tran-
script abundance of PGCla and NRFI (which drive mitochon-
drial biogenesis) are low and stable in the first 9 wk of diapause
(Fig. 30), suggesting that mitophagy has increased without
altering mitochondrial biogenesis. This imbalance in mitochon-
drial homeostasis is analogous to some mammalian disease phe-
notypes. For example, amyotrophic lateral sclerosis is associated
with enhanced mitophagy (34), and sarcopenia is associated
with deficient mitochondrial biogenesis (35, 36). The excessive
muscle atrophy in disease states associated with this increased
mitophagy is irreversible. By contrast, the enhanced mitophagy
we observed in diapausing beetles was spontaneously reversed.

Mitophagy Drives Whole-Animal Metabolic Suppression dur-
ing Diapause. Mitochondrial ATP production accounts for the
vast majority of an animal’s oxygen consumption (37), so we
hypothesized that Parkin-mediated mitophagy drives the meta-
bolic suppression we observed in diapausing beetles. We pre-
dicted that knocking down Parkin transcript abundance in
beetles entering diapause would inhibit mitophagy and prevent
metabolic rate suppression. We used RNA interference (RNAI)
to knock down Parkin mRNA and reduce Parkin protein abun-
dance after 7 wk in diapause-inducing conditions, 2 wk before
peak Parkin expression. Five days after injecting double
stranded Parkin (dsParkin) into diapausing beetles, Parkin
mRNA and protein abundance were reduced 80% relative to
dsGFP (green fluorescent protein) controls (Fig. 4 and S/
Appendix, Figs. S5 and S6). In all subsequent experiments, we
sampled beetles at this 5-d time point, where Parkin abundance
was 80% reduced. We refer to knockdown beetles as dsParkin
and beetles injected with dsGFP as control diapausing.

The dsParkin treatment increased flight muscle citrate syn-
thase activity threefold compared to the control diapausing bee-
tles (Fig. 5A), which suggests an increase in mitochondrial
abundance in dsParkin beetles relative to diapausing beetles.
Transmission electron microscopy showed that mitochondrial
density in the flight muscle of dsParkin beetles was 9.4-fold
higher than in control diapausing beetles but that knocking
down Parkin did not fully restore the nondiapausing phenotype
as we might have expected based on citrate synthase activity
(Fig. 5B-D). Thus, although an 80% reduction in Parkin
abundance using RNAI prevented some mitophagy from occur-
ring during the early stages of diapause, it did not halt mito-
phagy and reverse the diapause phenotype altogether. We
speculate that during diapause Parkin could participate in sup-
pressing glycolytic or tricarboxylic acid (TCA) cycle flux, inde-
pendent of its role in mitophagy (38). If this were the case,
then knocking down Parkin would maximize TCA cycle flux in
the remaining mitochondria, leading to our observed increases
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Fig. 4. RNA interference knockdown of Parkin transcript and protein
abundance in flight muscle of diapausing Colorado potato beetles. Verifica-
tion of transcript and protein knockdown via qPCR and Western blot,
respectively, in beetles injected with dsParkin compared to beetles injected
with a negative control dsRNA construct, dsGFP. All values are represented
as + SD. Asterisk denotes significant differences between treatments
according to a Welch's t-test (P < 0.05; S/ Appendix, Table S2).

in citrate synthase activity without fully restoring mitochondrial
abundance.

Parkin knockdown also prevented a decline in the whole-
animal metabolic rate. dsParkin beetles had CO, production
rates 40% higher than diapausing controls (Fig. 64). Nonethe-
less, metabolic rates of dsParkin beetles were still lower than
those of nondiapausing beetles, which suggests that that knock-
ing down Parkin partially prevented metabolic suppression but
did not completely break diapause. The reversal of whole-
animal metabolic suppression in dsParkin beetles did match
the magnitude of mitochondrial abundance increase that we
observed. However, this increased metabolic rate did not appear
to be driven by changes in mitochondrial respiration, because
dsParkin beetles did not restore mitochondrial oxidative capac-
ity (Fig. 6B). We posit that either 1) the increased whole-
animal CO, production we observed resulted from increased
TCA cycle activity, indicating that Parkin may regulate metab-
olism upstream of mitophagy, or 2) beetles have additional
mechanisms that suppress respiration in the mitochondria that
remain intact during diapause. We speculate that there may
also be Parkin-independent pathways associated with regulating
mitophagy in this species that could still activate mitophagy in
dsParkin beetles. For example, pathways initiated by the Bcl2
E1B 19 kDa protein-interacting protein 3 or the fission protein
drpl (22) can compensate and drive mitochondrial degradation
in Parkin-deficient Drosophila models (39). Thus, the precise
role of Parkin in mitophagy-mediated metabolic suppression
(and the involvement of other pathways) during diapause mer-
its further investigation.

Because knocking down Parkin did not break diapause or
fully reverse the diapausing phenotype in beetles, we suggest
that there are complex regulatory pathways upstream of Parkin
that commit flight muscle cells to mitophagy upon exposure to
diapause-inducing conditions. For example, fork head box-O
(FOXO) transcription factors are well-established central regula-
tors of diapause in insects (40) and energy metabolism in
most animal systems (41). FOXO can activate the expression
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Fig. 5. Knocking down Parkin transcript abundance increases flight muscle citrate synthase activity and mitochondrial density. Mean + SD citrate synthase
activity (optical density, OD, per minute per mg of protein) as a proxy for mitochondrial abundance (A) and mean + SD mitochondrial density measured with
transmission electron microscopy in diapausing beetles (C) and diapausing beetles injected with dsParkin (D). Asterisks denote significant differences
between diapause and dsParkin knockdown beetles according to a Welch's t test (P < 0.05; S/ Appendix, Table S2). X-axis separates the nondiapause data,
which were collected in previous experiments (data from Figs. 1-3) to show the extent of the knockdown phenotype; mit, mitochondria; nuc, nuclei.

of mitophagy-related genes (42, 43) and could thus play an
important role upstream of Parkin in regulating mitochondrial
degradation and metabolic rate in diapausing Colorado potato
beetles, even in the absence of Parkin expression in dsParkin
beetles. While we did not observe any changes in FOXO expres-
sion during diapause initiation in the flight muscle in this study
(SI Appendix, Fig. S4), it is well established that FOXO expression
increases in the fat body of diapausing Colorado potato beetles
(44), so we cannot rule out that changes in FOXO expression in
one tissue can exert effects on cellular function in other tissues,
such as the flight muscle.

Mitochondrial Biogenesis Drives Metabolic Recovery after
Diapause. After 17 to 20 wk in diapause-inducing conditions,
laboratory-reared Colorado potato beetles spontaneously emerged
from diapause and increased their metabolic rates (Fig. 14). Under
natural conditions, metabolic rates return to prediapause levels
as beetles search for food, resume reproductive development, and
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Fig. 6. Knocking down Parkin transcript abundance partially recovers
whole-animal metabolic rate but not mitochondrial respiration rates.
Mean + SD. CO, production rate (A) and mean + SD mitochondrial respira-
tion rates (B) in diapausing beetles and diapausing beetles injected with
dsParkin. Asterisk denotes significant differences between diapause and
dsParkin knockdown beetles according to a Welch's t test (P < 0.05; S/
Appendix, Table S2). X-axis separates the nondiapause data, which are pre-
sented in orange bars in Figs. 1-3 to show the extent of the knockdown
phenotype; WM, wet tissue mass.
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seek a mate. We hypothesized that the reversal of metabolic sup-
pression after diapause was driven by the recovery of flight mus-
cle mitochondrial abundance via mitochondrial biogenesis. Beetles
emerging from diapause recovered their flight muscle mitochon-
drial respiration rates in the same pattern as their whole-animal
metabolic rates; by 17 to 20 wk in diapause-inducing conditions,
proline-supported mitochondrial respiration (state 3 respiration)
in permeabilized flight muscle increased to rates that surpassed
prediapause values (Fig. 1B), indicating that mitochondrial respira-
tion was no longer suppressed. Indeed, citrate synthase activity in
flight muscle increased to nondiapause levels (Fig. 24), and the
flight muscle of the emerged beetles contained newly synthesized
mitochondria (Fig. 2). This concordance of increased mitochon-
drial respiration rates, TCA cycle enzymes, and mitochondrial
abundance in emerged postdiapause beetles mirrored whole-
animal metabolic rates (Figs. 14 and 2). Thus, the reproliferation
of mitochondria appears to underlie an increased metabolic rate
upon diapause emergence.

Because mitochondrial homeostasis shifted toward mitoph-
agy during diapause, we hypothesized that the proliferation of
mitochondria results from a return to mitochondrial biogenesis
as spontancous diapause emergence approaches. At 12 wk in
diapause-inducing conditions (during the diapause maintenance
period), beetles increased the abundance of PGCla and NRFI
by approximately two- and 100-fold, respectively, driving mito-
chondrial proliferation (Fig. 3C). During this time beetles also
increased the abundance of m7TOR, which encodes a protein
that regulates mitochondrial biogenesis upstream of PGCla (S
Appendix, Fig. S4). Mitochondrial homeostasis appears to be
maintained toward the end of diapause and upon diapause
emergence: Beetles not only activated mitochondrial biogenesis
but also maintained a level of mitophagy (both Parkin and
PINKI expression remained high; Fig. 3C). Maintenance of
mitochondrial homeostasis by balancing mitophagy and mito-
chondrial biogenesis is crucial for healthy cell function (22).
Imbalances in mitochondrial homeostasis are normally irrevers-
ible and are associated with aging-related diseases such as sarco-
penia (35). Diapausing beetles can readily reverse this damaging
phenotype and re-establish mitochondrial homeostasis while
concomitantly recovering their metabolic rates toward the end of
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diapause. Thus, these beetles could provide insight into mitigating
the adverse effects of aging on mitochondrial homeostasis.

Colorado potato beetles activated mitochondrial biogenesis
even though conditions remained constant throughout their dia-
pause, suggesting that mitochondrial homeostasis (and ultimately
metabolic rate) are regulated by an endogenous rhythm in this
species. PGCla expression also increases during hibernation in
ground squirrels (45) and bats (46) when these animals are other-
wise immobile and overwintering in microhabitats with constant
conditions. However, ground squirrels and bats typically maintain
muscle mass and keep their mitochondria throughout hibernation
(47), whereas we show that Colorado potato beetles degrade mito-
chondria during diapause. Thus, in contrast to hibernating mam-
mals, these beetles endogenously activate mitochondrial biogenesis
in atrophied and mitochondria-deficient muscle, without changes
in external stimuli, and in anticipation of an increased energy
demand in the spring. Early work on Colorado potato beetles
showed that flight muscle degeneration during diapause is hor-
monally regulated (14), but the mechanisms linking seasonal
thythms of hormone production and recovery of mitochondria to
emergence from diapause merit further investigation.

Conclusions

Insects from at least two orders degenerate and regenerate flight
muscle during the winter (21, 48), and here we reveal a role for
Parkin-mediated mitophagy in this process. While other dormant
animals suppress their metabolic rates by reducing mitochondrial
respiration, diapausing Colorado potato beetles remove mito-
chondria altogether. It remains unclear whether other diapausing
insects employ similar mechanisms to lower their metabolic rate.
We predict that the degradation of flight muscle mitochondria
during winter could be widespread in adult-diapausing species
when the cost to insects of degrading mitochondria is lower than
the cost of maintaining mitochondrial function over a prolonged
winter. Furthermore, this mitophagy is reversible; beetles activate
transcriptionally mediated mitochondrial biogenesis to recover
metabolic rate and re-establish mitochondrial homeostasis in
their flight muscle in anticipation of emergence from diapause.
Our study establishes a mechanistic link between metabolic sup-
pression and mitochondrial degradation in insect tissues over the
winter and provides insight into the diversity of energy-saving
adaptations that animals use in resource-limited environments.

Materials and Methods

Experimental Animals. We reared beetles and induced diapause according to
ref. (15) (SI Appendix, Materials and Methods). Briefly, to produce control (non-
diapausing) beetles, we reared eggs, larvae, and adults at 24 °C under a long
daylength (16 h:8 h L:D). We induced diapause by rearing eggs to adults at
24°C under a short daylength (8 h:16 h, L:D), and then transferred those adults
to diapause-inducing conditions (8 h:16 h, L:D, 15 °C).
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Whole-Animal Metabolic Rate, Mitochondrial Respiration Rate, and
Citrate Synthase Enzyme Activity. We measured CO, production as a proxy

for metabolic rate using flow-through respirometry, used high-resolution respirom-
etry to measure state 3 mitochondrial respiration rates in saponin-permeabilized
beetle flight muscle, and used a kinetic enzyme assay (described in ref. [4]) to mea-
sure citrate synthase activity in beetle flight (S/ Appendlix, Materials and Methods).

Fluorescence and Electron Microscopy. We used fluorescence microscopy
to image nuclei in the flight muscle of nondiapause (control) and diapausing
beetles and used transmission electron microscopy to visualize the structure and
presence of mitochondria in fthe light muscle cells of beetles during diapause as
described in S/ Appendix, Materials and Methods.

mRNA Abundance Quantification. We used qPCR to measure changes in the
abundance of mitophagy (Parkin, ATG5, PINKT) and mitochondrial biogenesis-related
(PGCTa, NRF1) transcripts in beetle flight muscle. gPCR primers are listed in S/
Appendix, Table S2, and protocols for RNA extraction, cDNA synthesis, and
cycling conditions are described in SI Appendix, Materials and Methods.

dsRNA Production and RNA Interference Knockdown of Parkin. We designed
and synthesized dsRNA complementary to Parkin and GFP (as a negative control
that would not elicit a knockdown) as described in SI Appendix, Materials and
Methods. To knock down Parkin in diapausing beetles, we injected them with
1 png dsRNA complementary to Parkin (dsParkin) and injected a second group
with dsGFP as a negative control. We used gqPCR to verify transcript knockdown
and Western blot analysis to verify protein knockdown in individuals injected
with dsParkin (as described in SI Appendix, Materials and Methods). We mea-
sured whole-animal metabolic rate, flight muscle mitochondrial respiration rate,
citrate synthase enzyme activity, and mitochondrial abundance in knockdown
beetles 5 d postinjection, when transcript knockdown was at its peak (S/
Appendix, Fig. S5 and S/ Appendix, Materials and Methods).

Data Availability. All study data are available in the main text and SI Appendix.
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