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Mitochondria have been suggested to be paramount for temperature adaptation in
insects. Considering the large range of environments colonized by this taxon, we
hypothesized that species surviving large temperature changes would be those with
the most flexible mitochondria. We thus investigated the responses of mitochondrial
oxidative phosphorylation (OXPHQOS) to temperature in three flying insects: the honeybee
(Apis mellifera carnica), the fruit fly (Drosophila melanogaster) and the Colorado potato
beetle (Leptinotarsa decemlineata). Specifically, we measured oxygen consumption in
permeabilized flight muscles of these species at 6, 12, 18, 24, 30, 36, 42 and 45°C,
sequentially using complex | substrates, proline, succinate, and glycerol-3-phosphate
(G3P). Complex | respiration rates (CI-OXPHOS) were very sensitive to temperature in
honeybees and fruit flies with high oxygen consumption at mid-range temperatures but a
sharp decline at high temperatures. Proline oxidation triggers a major increase in
respiration only in potato beetles, following the same pattern as CI-OXPHOS for
honeybees and fruit flies. Moreover, both succinate and G3P oxidation allowed an
important increase in respiration at high temperatures in honeybees and fruit flies (and
to a lesser extent in potato beetles). However, when reaching 45°C, this G3P-induced
respiration rate dropped dramatically in fruit flies. These results demonstrate that
mitochondrial functions are more resilient to high temperatures in honeybees
compared to fruit flies. They also indicate an important but species-specific
mitochondrial flexibility for substrate oxidation to sustain high oxygen consumption
levels at high temperatures and suggest previously unknown adaptive mechanisms of
flying insects’ mitochondria to temperature.

Keywords: temperature, Apis mellifera carnica, Drosophila melanogaster, Leptinotarsa decemlineata, metabolic
adaptation, succinate, glycerol-3-phosphate, proline
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1 INTRODUCTION

Insects are ectotherms that usually lack the thermogenic ability
required to regulate their body temperature (but see Loli and
Bicudo, 2005), which may be seen as a physiological barrier to
their geographic distribution. Thus, temperature is considered the
most important abiotic factor influencing their survival (Bale
et al., 2002). However, they have developed adaptive strategies
specific to their environment which have allowed them to
colonise almost all ecosystems and thermal niches, and be the
most abundant taxonomic class of the animal kingdom. These
strategies encompass all organisational levels, from physiological
to molecular changes as well as fine-tuned adjustments at the
cellular level.

Most insects are chill susceptible. Exposure to low
temperatures may inhibit ion transport through membranes
that dissipates membrane potential and thus leads to
neuromuscular failure and chill coma. Ultimately, this can
cause a loss of ion and water homeostasis at the cellular level
that can induce chill death [reviewed in (Overgaard and
Macmillan, 2017)]. However, in temperate climates, some
insects can survive chill temperatures through physiological
adaptations like freeze resistance (freeze avoidance) and freeze
tolerance (Duman et al., 1998), and biochemical and molecular
adaptations that include increasing polyunsaturated fatty acid
proportion in membrane phospholipids (Hochachka and
Somero, 2002) as well as increasing heat shock protein
synthesis. These mechanisms take place mainly during
overwintering where insects typically undergo a genetically
programmed, seasonally synchronised metabolic arrest called
diapause (dormant phenotype) that enhances cold stress
tolerance/resistance (Denlinger, 2002). However, these insects
are not necessarily more resilient to cold spells in summer (active
phenotype) mainly because the cold stress tolerance/resistance
mechanisms have been lifted (Clark and Worland, 2008). For
these unpredictable thermal fluctuations, the process of rapid
cold hardening that triggers a quick release of cryoprotectants
such as amino acids (i.e., proline, alanine and glutamine), polyols
(i.e., glycerol and sorbitol), and sugars (i.e., glucose and trehalose)
as well as increased membrane fluidity and modulation of several
signalling pathways, is essential to maintain homeostasis and
ensure survival of organisms (Lee et al., 1987; Colinet et al., 2007;
Lalouette et al., 2007; Michaud and Denlinger, 2007; Overgaard
etal., 2007; Clark and Worland, 2008; Teets and Denlinger, 2013).

At high temperatures, the aerobic metabolism is a primary
target of thermal effects on ectotherms and is considered a major
node for biochemical and metabolic adaptations due to the
increased metabolic demand associated with elevated
temperatures (Blier et al., 2014; Schulte, 2015; Chung and
Schulte, 2020). At the cellular level, this implies that
mitochondria have to adjust their oxygen consumption to
supply the amount of ATP required to match this increased
metabolic demand and restore homeostasis when temperature
increases. Therefore, mitochondrial thermal sensitivity has been
put forward to tentatively explain organismal failure at high
temperatures and is believed to be paramount for thermal
adaptation of several organisms (Fangue et al, 2009; Iftikar
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et al,, 2014; Chung et al.,, 2018; Harada et al, 2019; Pichaud
et al., 2019; Hraoui et al., 2020; Hraoui et al., 2021). However, the
study of insects has often been overlooked mainly due to technical
reasons which resulted in a gap of knowledge concerning
mitochondrial functions and the implication of mitochondrial
adaptation in insects at high temperature [but see (Davison and
Bowler, 1971; Kashmerry and Bowler, 1977; Chamberlin, 2004;
Pichaud et al,, 2010; Pichaud et al., 2011; Pichaud et al,, 2012;
Pichaud et al., 2013; Jorgensen et al., 2021)]. The population
structure and geographic distribution of insects are thus linked to
the plasticity of mitochondria and their capacity to buffer daily
temperature fluctuations encountered during summer. However,
with more frequent weather extremes, mitochondrial plasticity
may not keep up the pace, especially when other stresses hinder
their optimal functioning such as availability of nutrients and
pesticide exposure for example. Considering their ecological and
economic importance, it is thus crucial to characterize the effects
of temperature constrains on insects’ mitochondrial metabolism
to understand whether and how these organisms will adapt and/
or survive to a constantly changing environment.
Mitochondria are involved in several important cellular
processes in addition to ATP production such as the oxidation
of nutrient-derived substrates which leads to the formation of
important metabolites, as well as reactive oxygen species (ROS)
production and consumption, among others (Blier et al., 2014;
Sokolova, 2018; Chung and Schulte, 2020). At elevated
temperatures, inactivation and/or denaturation of proteins,
membrane re-organization, high ROS production, failure in
substrate transport or insufficient oxygen supply may cause
mitochondrial dysfunction which will result in mismatched
ATP demand and supply and hence in the failure of aerobic
metabolism (Hochachka and Somero, 2002; Jena et al., 2013; Blier
et al., 2014; Schulte, 2015; Chung and Schulte, 2020; Gonzalez-
Tokman et al, 2020). Although mitochondria have been
suggested as a putative site of dysfunction resulting in
organismal failure at high temperature, no specific mechanism
has been identified so far due to their complexity and their
involvement in a wide range of metabolic and signalling
processes. In a recent study using a comparative model of six
different Drosophila species with different thermal tolerance, we
showed that heat tolerance (CT,,,,) was correlated with failure of
mitochondrial oxygen consumption at the level of complex I and
increased utilization of alternative oxidative substrates (Jorgensen
et al.,, 2021). Specifically, the mitochondrial oxygen consumption
supported by complex I substrates was drastically reduced at
temperatures near CT,,, of the specific species, and glycerol-3-
phosphate (G3P) oxidation by the mitochondrial glycerol-3-
phosphate  dehydrogenase (mtG3PDH) was augmented
(Jorgensen et al., 2021). This suggests that mitochondria are
extremely flexible in the context of temperature changes and
have the ability to switch from a “standard” metabolic pathway to
a more heat-tolerant pathway, potentially to sustain higher
energetic turnover and maintain homeostasis when
temperature increases. Although this mitochondrial flexibility
driven by temperature has been demonstrated in different
Drosophila species (Jorgensen et al., 2021), it is important to
use a wider phylogenetic comparison of insect orders to assess the
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fine regulations of such complex responses and then be able to
generalize to a wide range of animals (Gonzalez-Tokman et al.,
2020).

Insects can rely on a large set of substrates to fuel their
energetic metabolism. They are either highly specialized in
oxidising one particular substrate or can switch from a
substrate to another that better suit their energetic
demands, season, activity, and environmental conditions
(Moyes et al.,, 1990; McDonald et al.,, 2018; Sinclair and
Marshall, 2018). In temperate climates, most insects mainly
rely on carbohydrates to fuel their mitochondria under normal
conditions. However, at low temperatures, during diapause or
for sustained flight during migration, lipids are preferred
(Sacktor, 1955; Beenakkers et al., 1984; Candy et al., 1997;
Haunerland, 1997; Sinclair and Marshall, 2018). Other
metabolic fuels can also be used by insects. For example,
G3P can be used as a substrate that directly donates
electrons to the mitochondrial electron transport system
(ETS) at the level of mtG3PDH (Sacktor and Cochran,
1958; Soares et al., 2015; Masson et al.,, 2017; McDonald
et al,, 2018; Cormier et al., 2021). G3P can be produced
from glycolysis via the conversion of dihydroxyacetone
phosphate, or from di- and tri-glyceride degradation via
phosphorylation of the residual glycerol skeleton
(McDonald et al., 2018). Another example is the amino acid
proline that can be used as an anaplerotic donor of electrons to
complex I in some species (Sacktor and Childress, 1967;
Micheu et al., 2000; Suarez et al., 2005; Soares et al., 2015),
or as a direct donor of electron to the proline dehydrogenase
(ProDH) in other species (Bursell, 1963; Bursell, 1981; Soares
et al., 2015; Teulier et al.,, 2016; McDonald et al., 2018).
Succinate is another oxidative substrate that can act as an
electron donor to the ETS via complex II, and its importance
has also recently been put forward in several organisms during
challenging environmental conditions such as hypoxia/anoxia
and reoxygenation stresses (Bundgaard et al., 2018; Cox and
Gillis, 2020; Martin et al., 2021; Adzigbli et al., 2022). These
substrates are thus an important part of the oxidative capacity
of mitochondria and must be systematically taken into account
when evaluating mitochondrial thermal sensitivity.

In this study, we used three insect species representing
different taxonomic orders to evaluate the flexibility of
mitochondrial substrate oxidation at different temperatures.
Specifically, we measured oxygen consumption of
permeabilized flight (thoracic) muscles at eight different
temperatures (6, 12, 18, 24, 30, 36, 42, and 45°C) using
different oxidative substrates in the following species: the
honeybee, Apis mellifera carnica (Hymenoptera), an
important pollinator which is paramount for ecosystem
balance; the fruit fly, Drosophila melanogaster (Diptera),
which is one of the most commonly used model organisms;
and the Colorado potato beetle, Leptinotarsa decemlineata
(Coleoptera), often studied for its detrimental role as pest.
Honeybees are heterotherms that can generate heat by
shivering their thoracic muscles whenever temperature goes
beneath 30°C which allows them to maintain an in-hive
temperature of 32-36°C even during winter (Stabentheiner

Mitochondrial Flexibility in Insects

et al., 2012; Kovac et al.,, 2014). Fruit flies, however, are very
vulnerable to chill and seek shelter to survive cold
temperatures (Kostdl et al., 2011; Kostdl et al, 2012;
Strachan et al,, 2015). On the contrary, potato beetles are
freeze-resistant insects that can go into diapause which
enhances their cold stress tolerance by suppressing their
metabolism and degrading fibres and mitochondria of their
flight muscles (Stegwee et al., 1963; Boiteau and Coleman,
1996; Denlinger, 2002). Here, we assessed the mitochondrial
capacities of these species during summer (active phenotype)
where experimental thermal stresses (acclimated to a common
temperature) reflect the phenotypic plasticity of insects during
rapid hardening. During summer, these three species also have
different metabolic demands especially considering flight,
which is an extremely energy-demanding activity mostly
powered by aerobic metabolism (Harrison and Roberts,
2000). As a result, flying insects are known to have the
most rapidly contracting muscles in nature with one of the
highest mitochondrial volume densities (Beenakkers et al.,
1984; Suarez et al., 1996; Candy et al., 1997; Suarez, 2000;
Suarez et al., 2000). Considering 1) the metabolic capacities
and life history trait differences between these species, 2)
energy source variations between insect species (Moyes
et al., 1990), and 3) previous results on mitochondrial
thermal sensitivity and metabolic flexibility in different
Drosophila species (Jorgensen et al., 2021), we hypothesized
that the complexes of the ETS accepting electrons from
oxidative substrates (complex I, ProDH, complex II,
mtG3PDH): 1) will contribute differently to mitochondrial
respiration; 2) will have different thermal sensitivities; and 3)
that mitochondrial flexibility to use a specific substrate as
metabolic fuel in response to thermal changes will be
specific to each species.

2 MATERIAL AND METHODS

2.1 Animal Maintenance and Collection
Three insect species were used in this study; the honeybee Apis
mellifera carnica; the fruit fly Drosophila melanogaster, and the
potato beetle Leptinotarsa decemlineata. All species were
collected during summer, thus representing an active
phenotype (as opposed to a winter dormant phenotype) and
were maintained in laboratory incubators at 24°C prior to
experiments between spring and autumn 2020.

2.1.1 Apis mellifera carnica

Honeybees from the carniolian subspecies Apis mellifera
carnica were maintained in experimental hives (Amohive®,
ON, Canada) at the Université de Moncton (Moncton, NB,
Canada). A sealed brood frame was taken to the laboratory at
the end of summer and incubated at 30°C. Newly emerged
honeybees were put in experimental plastic cages in groups of
30 and were maintained at 30°C for 2 days. They were then
transferred to 24°C and 50% relative humidity until they were
sampled for mitochondrial respiration experiments at 25 days
old. During all the experiments, they were fed ad libitum with
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sucrose syrup (50% w/v) and pollen patties consisting of dried
pollen granules mixed with sucrose syrup. Food was changed
weekly, and cages were replaced when needed. Honeybees were
always maintained in the dark.

2.1.2 Drosophila melanogaster

Fruit flies (wild-type w'''®, Bloomington Drosophila Stock
Center, Bloomington, IN, United States) were maintained in
plastic vials containing a standard cornmeal medium
consisting of 5 gL_1 agar,6 gL_lsugar, 27 gL_lyeast,
53 gL "'cornmeal in 1L of tap water and supplemented with
methyl-p-hydroxybenzoate dissolved in 95% ethanol (10%
w/v) and propionic acid (0.4% v/v). Male flies were
maintained at 24°C, 50% relative humidity, photoperiod
12 h light:12 h dark, and constant density (30 flies per vial)
until they were sampled for experiments at 11 days old.

2.1.3 Leptinotarsa decemlineata

Potato beetles were provided by the nursery of the Fredericton
Research and Development Centre (FRDC, Fredericton, NB,
Canada). Upon reception, they were maintained at 24°C, 50%
relative humidity, photoperiod 12 h light:12h dark, and fed
potato plants for at least 1 week before individuals of unknown
age and sex were sampled for the experiments.

2.2 Determination of Mitochondrial Oxygen

Consumption in Permeabilized Thoraces
Mitochondrial oxygen consumption was measured using
protocols previously developed for Drosophila (Simard
et al, 2018; Cormier et al, 2019) and adapted for
honeybees and beetles.

2.2.1 Tissue Preparation

Tissues were sampled from freshly sacrificed insects and all
manipulations were performed on ice. For honeybees and
potato beetles, thoraces were dissected, and a sample of
muscle fibres was taken for experiments (n = 9-10 and
8-10 for each temperature, respectively) while for fruit flies,
three thoraces were pooled for each sample (n = 5-10 for each
temperature). The sampled tissues were placed in a Petri dish
containing a BIOPS solution [2.77 mM CaK,-EGTA, 7.23 mM
K,-EGTA, 5.77mM Na,-ATP, 6.56 mM MgCl,, 20 mM
taurine, 15mM Na,-phosphocreatine, 20 mM imidazole,
0.5mM dithiothreitol, and 50 mM K-MES, pH 7.1 (Pesta
and Gnaiger, 2012)]. We then performed a mechanical
permeabilization of tissues using fine forceps followed by an
incubation at 4°C for 15 min on an orbital shaker in BIOPS
supplemented with saponin (62.5ugml™") for chemical
permeabilization. Tissues were then transferred to
respiration medium [120 mM KCI, 5 mM KH,PO,, 3 mM
HEPES, 1 mM MgCl,, and 0.2% BSA (w/v), pH 7.2] and
shaken for an additional 5 min to wash out saponin. Finally,
we gently dried and weighed the tissues using a semi-micro
balance (Secura 225D-1, Sartorius, Gottingen, Germany)
before transferring the fibres to the chambers of a high-
resolution respirometer.

Mitochondrial Flexibility in Insects

2.2.2 Measurements of Mitochondrial Respiration
Rates

Respiration rates were measured at eight different
temperatures (6, 12, 18, 24, 30, 36, 42, and 45°C) using
Oxygraph-O2K high-resolution respirometers (Oroboros
Instruments, Innsbruck, Austria). This range of
temperatures includes the acclimation temperature (24°C)
and is representative of both low to high temperatures
experienced by these insects in their environment, as well as
critically high temperatures. The respirometers were calibrated
with air-saturated respiration medium at each temperature
tested. Complex I (NAD-linked) substrates i.e., pyruvate
(10 mM) and malate (2 mM) were added into the chambers
before the permeabilized tissues of fruit flies and beetles were
transferred. In addition to pyruvate and malate, glutamate
(10 mM) was also added for honeybees (Syromyatnikov et al.,
2019). The signal was allowed to stabilize and the resulting
respiration rate corresponding to the non-phosphorylating
respiration (or LEAK) at the level of complex I (CI-LEAK)
was measured.

We then added ADP (5mM) to measure oxidative
phosphorylation respiration rates (OXPHOS) sustained by
complex I substrates (CI-OXPHOS). Addition of cytochrome ¢
(20 uM) was then performed to verify the integrity of the outer
mitochondrial membrane (Clc-OXPHOS): if this injection
stimulated a >15% increase in oxygen consumption, the
sample was discarded (Kuznetsov et al., 2008). We then
sequentially injected substrates allowing the entry of electrons
into the ETS at several complexes during OXPHOS: proline
(10mM) to fuel the ProDH (CI + ProDH-OXPHOS);
succinate (5mM) to fuel complex II (CI + ProDH + CII-
OXPHOS); and G3P (15mM) to fuel the mtG3PDH (CI +
ProDH + CII + mtG3PDH-OXPHOS).

Following this, we added the uncoupler carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone (FCCP, steps of 0.5 uM) to
achieve the maximal ETS respiration rate (Max-ETS). Rotenone
(0.5 uM), malonate (5 mM), and antimycin A (5 uM) were then
injected to inhibit complexes I, II, and III, respectively and
measure the residual oxygen consumption rate, which was
subtracted from the other rates. Finally, ascorbate (2 mM) and
N,N,N’,N,-Tetramethyl-p-phenylenediamine (TMPD) (0.5 mM)
were added to measure the maximal capacity of complex IV
which was corrected for TMPD auto-oxidation after inhibition of
complex IV by sodium azide (50 mM).

2.3 Analysis of Respiration Rates and

Mitochondrial Ratios

After mitochondrial respiration experiments were performed,
oxygen consumption rates (OCRs) were estimated by selecting
the range of measured O, consumption rates that was the most
stable after the addition of each substrate (as mentioned above).
All OCRs are presented as means of specific respiration rates
expressed as pmol O,.s'.mg " of tissue + s.e.m. When assessing
respiration levels for beetles, some OCRs did not stabilize, as
already observed in some Drosophila species (Jorgensen et al.,
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2021), notably after proline addition at 30 and 42°C. Specifically,
mitochondrial O, consumption increased significantly and
immediately, but steadily decreased thereafter, not allowing the
estimation of a reliable respiration rate. In this case, the
respiration rate was taken 10 min after the start of the O,
consumption decrease and another one was taken just prior to
the addition of the next substrate, succinate. However, only the
second rate was used for further calculations and comparisons.
The OCRs obtained allowed the calculation of several
mitochondrial ratios, the contribution of different substrates to
O, consumption, the effect of temperature on each of these
values, and comparison between species.

2.3.1 Oxidative Phosphorylation Coupling Efficiency
First, the OXPHOS coupling efficiency at the level of complex I
was calculated as:

CI - LEAK

I ) . —1—
CI coupling e f ficiency CI—OXPHOS

If this ratio is close to 1.0, it indicates a tight coupling between
the electron transport from complex I and the phosphorylation
process. However, a decrease of this ratio might indicate a loss of
coupling and dysfunction of complex 1.

2.3.2 Substrate Contribution Ratio

To be able to estimate each substrate contribution (proline,
succinate, and G3P) to mitochondrial respiration, the substrate
contribution ratio (SCR) was calculated using the following
formula:

OCR2 - OCR1
SCR= ————
OCR1

where OCR1 represents the oxygen consumption rate prior to the
injection of the substrate and OCR2 corresponds to the oxygen
consumption rate after the injection of the same substrate.

If SCR = 1.0, the oxygen consumption rate increased by 100%
(oxygen consumption doubled after the injection of the
corresponding substrate).

2.3.3 Uncoupling Control Ratio

The uncoupling control ratio (UCR) was calculated as:

3 Max — ETS
" CI + ProDH + CII + mtG3PDH — OXPHOS

UCR

An uncoupled ratio higher than 1.0 reflects a limitation of
complex V to process the proton gradient, while a ratio close to
1.0 indicates that the substrates provided are stimulating maximal
electron transport by the ETS complexes. In all cases, the ETS
maximal capacity was reached with the substrates provided as
suggested by UCRs varying between 0.85 and 1.5 for all three
species, except at low temperatures (6 and 12°C) in beetles (results
not shown).

2.3.4 Interspecies Comparisons
To accurately compare OCRs between the three species, each
OCR (after the addition of each substrate) was divided by the

Mitochondrial Flexibility in Insects

OCR corresponding to the maximal activity of CIV, i.e., using
CIV maximal oxygen consumption rate as an internal normalizer.
Complex IV is known to display excess capacity compared to the
other complexes of the ETS (Gnaiger et al., 1998), which makes it
a good normalizer to evaluate specific changes of the different
complexes during temperature changes.

2.4 Statistical Analyses

Statistical analyses were performed using GraphPadPrism 8.0.2
for Windows (GraphPad software, La Jolla California,
United States, www.Graphpad.com). Oxygen consumption
rates were compared; 1) between temperatures for each
substrate (for each species); 2) between species for each
temperature and for each substrate (between species
comparison); and 3) between temperatures for each substrate
contribution using one-way ANOVAs followed by a HSD
(Honest Significant Difference) Tukey’s test. Normality of
residuals and homogeneity of variances were verified, and data
were transformed when required. If these conditions were not
met, a non-parametric test (Kruskall-Wallis) followed by a
Dunn’s test were performed.

3 RESULTS

3.1 Thermal Sensitivity of Mitochondrial

Oxygen Consumption for Each Species
3.1.1 Apis mellifera carnica

In honeybees, all respiration rates were influenced by the assay
temperature (Supplementary Table S1). CI-OXPHOS and CI +
ProDH-OXPHOS displayed the exact same pattern, with a steady
increase from 6 to 30°C followed by a sharp decrease from 30 to
45°C (Figure 1A). Specifically, both respiration rates were
maximal at 30°C with significant differences compared to 6,
12, 42, and 45°C for CI-OXPHOS and to 6, 12, 36, 42, and
45°C for CI + ProDH-OXPHOS (Figure 1A). Of interest, the
addition of proline did not markedly increase the mitochondrial
oxygen consumption (Figure 1A).

However, when succinate and G3P were added (CI + ProDH +
CII-OXPHOS and CI + ProDH + CII + mtG3PDH-OXPHOS,
respectively) a different trend emerged. First, we observed steady
significant increases of OCRs from 6 to 30°C for both substrates
(Figure 1A). This was followed by a plateau with succinate and a
small increase with G3P from 30 to 45°C with no significant
differences detected across these temperatures (Figure 1A).

3.1.2 Drosophila melanogaster
In fruit flies, the assay temperature also had a profound impact on
all respiration rates (Supplementary Table S1). A similar trend
than for honeybees was observed for CI-OXPHOS and CI +
ProDH-OXPHOS, with a sharp increase in OCRs from 6 to 24°C
(especially from 18 to 24°C), followed by a drop at 36, 42, and
45°C (Figure 1B). Both respiration rates were maximal at 24°C
without significant differences from 30°C in CI + ProDH-
OXPHOS (Figure 1B).

The addition of succinate did not change this pattern
(Figure 1B). However, the addition of G3P triggered a
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FIGURE 1 | Thermal sensitivity of mitochondrial oxygen consumption rate (OCR) measured from 6 to 45°C in permeabilized thoraces of the three insect species. (A)

A. mellifera carnica (n = 7-10), (B) D. melanogaster (n = 5-10) and (C) L. decemlineata (n = 5-10). OCRs were measured with pyruvate + malate (+glutamate in
honeybees) +ADP (CI-OXPHOS), +proline (Cl + ProDH-OXPHOS), +succinate (Cl + ProDH + CII-OXPHOS), +G3P (Cl + ProDH + ClI + mtG3PDH-OXPHOS). OCRs are
reported as mean + s.e.m. and were compared within each species between assay temperatures using a one-way ANOVA followed by a HSD (Honest Significant
Difference) Tukey’s test. Dissimilar letters indicate significant differences between OCRs. For Cl + ProDH + CII-OXPHOS in beetles, one-way ANOVA conditions were not
met, and a non-parametric test (Kruskall-Wallis) followed by a Dunn’s test were performed. When assessing respiration levels for L. decemiineata, OCRs at 30 and 42°C
did not stabilize after proline addition (Cl + ProDH-OXPHOS), not allowing the estimation of a reliable respiration rate. In this case, the respiration rate was taken 10 min
after the start of the O, consumption decrease (represented with hatched bars) and another one was taken just prior to the addition of the next substrate, succinate. In
this case, only the second rate was used for the calculations and the comparisons.
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FIGURE 2 | Complex | coupling efficiency calculated from mitochondrial oxygen consumption rates measured in permeabilized thoraces of the three insect
species. (A) A. mellifera carnica (n = 3-10), (B) D. melanogaster (n = 3-10), and (C) L. decemlineata (n = 0-10). Complex | coupling efficiency was calculated as 1-(Cl-
LEAK/CI-OXPHOS), and reported as mean + s.e.m. Complex | coupling efficiency values were compared within species between assay temperatures using a one-way
ANOVA followed by a HSD (Honest Significant Difference) Tukey’s test. Dissimilar letters indicate significant differences within species. In L.decemiineata, Cl
coupling efficiency values were not calculated for 6°C, and only one value was used for 12 and 18°C (grey points).

1 L 1 1 1 -1.0 1 1 1 U 1 I J 1
24 30 36 42 45 6 12 18 24 30 36 42 45

profound change in OCR, as respiration rates became maximal at
42°C which was significantly higher than the OCRs measured
between 24 and 36°C (Figure 1B). In addition, a sharp drop of
OCR was observed at 45°C reaching a value similar to that at the
lower temperatures (Figure 1B).

3.1.3 Leptinotarsa decemlineata

In potato beetles, respiration rates were influenced by
temperature (Supplementary Table S1) but displayed different
patterns depending on the substrates. Values for CI-OXPHOS
were generally low and reached a maximum at 42°C with
significant differences detected at 6, 12, 18, and 45°C
(Figure 1C). CI-ProDH-OXPHOS, on the other hand,
exhibited a striking and steady increase in respiration rates
from 6 to 24-30°C before decreasing at 36, 42, and 45°C
(Figure 1C).

The addition of succinate (CI + ProDH + CII-OXPHOS) did
not trigger a significant change in OCR. First, we observed a
steady increase from 6 to 24°C, followed by a slight decrease from
30 to 45°C with significant differences detected between 24 and
36-42°C (Figure 1C). When G3P was added, we observed
relatively high and stable OCRs (CI + ProDH + CII +
mtG3PDH-OXPHOS) from 18 to 45°C without any significant
differences (Figure 1C).

3.2 Temperature Impact on Complex |
Coupling Efficiency

Temperature influences CI coupling efficiency in a species-
specific manner (Figure 2, Supplementary Table S1). In
honeybees, CI coupling efficiency was quite stable at all
temperatures except at 36°C where it was significantly lower
than those measured at 18 and 24°C (Figure 2A).
Contrastingly, CI coupling efficiency, although higher than in
honeybees between 6 and 30°C, decreased dramatically at high
temperatures in fruit flies between 30 and 45°C (Figure 2B). On
the other hand, no statistical differences between assay
temperatures were detected in beetles, with some negative CI
coupling efficiency values calculated at 24 and 45°C
(Supplementary Table S1, Figure 2C).

In beetles, negative CI coupling efficiency reflected a decrease
in OCR when ADP was added (CI-OXPHOS < CI-LEAK).
Moreover, at 6, 12, and 18°C, some OCR values were negative
(CI-LEAK and/or CI-OXPHOS). In these cases, these values were
not used to calculate the CI coupling efficiency. Thus, only CI
coupling efficiency between 24 and 45°C were used for statistical
analysis in beetles (Figure 2C, Supplementary Table S1I).
Opverall, this highlights the lack of mitochondrial respiration
induced by complex I substrates in this species.

3.3 Temperature Impact on Substrate

Contribution Ratios

The contributions of each substrate to the OCR were calculated
for each species and displayed very different patterns in the three
insects but were all influenced by the assay temperature (Figure 3,
Supplementary Table S2).

In honeybees, both succinate and G3P highly increased the
mitochondrial oxygen consumption and allowed to maintain
OCRs at relatively stable values from 24 to 45°C (Figure 1A).
Specifically, succinate was the substrate mainly contributing to
the increased mitochondrial respiration observed between 36 and
45°C (Figure 3A).

In fruit flies, G3P stimulated the highest increase of OCR
contrasting proline and succinate which only slightly increased
mitochondrial oxygen consumption (Figure 1B). The substrate
contribution ratio for proline did not change across any of the
temperatures tested (Figure 3B). For succinate, SCR decreased
significantly from 6 to 24°C, but then sharply and steadily
increased from 24 to 45°C, with succinate being the greatest
contributor to mitochondrial respiration at 45°C (Figure 3B). We
observed an identical pattern for G3P contribution (steady
decrease from 6 to 24°C and steady increase onwards) except
that it sharply dropped at 45°C (Figure 3B), which is in
accordance with previous observations in the same species
(Jorgensen et al., 2021).

For beetles, proline most prominently increased OCR across
all temperatures, but succinate and G3P also allowed a substantial
increase of OCR at high temperatures (from 42 to 45°C and from
36 to 45°C, respectively; Figure 1C). However, the pattern for the
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conditions were not met, and a non-parametric test (Kruskall-Wallis) followed by a Dunn’s test were performed.

FIGURE 3 | Substrate contribution ratio (SCR) for proline, succinate and G3P calculated from mitochondrial oxygen consumption rates measured in permeabilized
thoraces of the three insect species. (A) A. mellifera carnica (n = 8-10), (B) D. melanogaster (n = 5-10), and (C) L. decemlineata (n = 4-10). Substrate contribution ratios
were calculated as SCR=(OCR2-OCR1)/OCR1 where OCR1 represents the oxygen consumption rate prior to the injection of substrate x and OCR2 corresponds to the
oxygen consumption rate after the injection of substrate x; SCR = 1.0 is represented with a dashed line and indicates that OCR increased by 100% (doubled) after
injection of a specific substrate. Substrate contribution ratios are reported as mean + s.e.m. and were compared within species for each substrate and between assay
temperatures using a one-way ANOVA followed by a HSD (Honest Significant Difference) Tukey’s test. Dissimilar letters indicate significant differences between assay
temperatures (yellow for proline, red for succinate and blue for G3P) for each species. In honeybees (proline) and beetles (succinate and G3P), one-way ANOVA
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decemlineata (n = 8-10). Complex IV maximal oxygen consumption rates were measured after inhibition of complexes |, Il, and Ill and the addition of ascorbate and
TMPD. This rate was corrected for TMPD auto-oxidation by further inhibiting complex IV with sodium azide. These rates are reported as mean + s.e.m and were
compared within species between assay temperatures using a one-way ANOVA followed by a HSD (Honest Significant Difference) Tukey’s test. Dissimilar letters
indicate significant differences between Complex IV maximal oxygen consumption rates for each species.
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SCRs in beetles was more erratic (compared to the other species)
due to the low OCRs detected with complex I substrates
(Figure 1C). Therefore, we observed that proline was by far
the main substrate contributing to the OCRs, although few
statistical differences were detected between assay temperatures
due to disproportionately high calculated SCRs (Figure 3C).
In honeybees and beetles, some SCRs were negative not
because OCRs decreased after injection of the corresponding
substrate but rather because the OCR prior to substrate injection
was negative and thus, these were not used for the calculations.

3.4 Thermal Sensitivity of Complex IV

Maximal Oxygen Consumption Rate

Complex IV maximal OCR in the three insects displayed similar
patterns for each species, albeit fruit flies differed slightly from the
two other insects (Figure 4). Specifically, complex IV maximal OCRs
increased steadily from 6 to 42°C in all three species with different
levels of significance (Figure 4). At 45°C however, the OCR
decreased slightly, albeit not significantly in honeybees, dropped
significantly in fruit flies, and plateaued in beetles (Figure 4).

3.5 Interspecies Comparisons

The complex IV maximal OCR was also used as an internal
normalizer to properly compare the mitochondrial capacity
between species (Figure 5, Supplementary Table S3). When
comparing the relative CI-OXPHOS between the three insect
species, fruit flies displayed significantly higher relative OCR
values from 6 to 30°C, which then decreased to values similar to
honeybees from 36 to 45°C (Figure 5A). Moreover, beetles generally
had the lowest relative CI-OXPHOS OCRs at all temperatures
(Figure 5A).

When proline was added (CI + ProDH-OXPHOS), the relative
OCRs greatly increased for beetles reaching levels similar to those of
fruit flies (at all temperatures except 18°C where it was statistically
higher), and honeybees had the lowest relative CI-ProDH-OXPHOS
OCRs at all temperatures (Figure 5B).

When succinate was added, relative CI + ProDH + CII-
OXPHOS followed pattern similar to that for proline with
fruit flies and beetles displaying the highest values from 6 to
30°C (Figure 5C). At higher temperatures, relative OCRs for the
three species were equivalent, except at 45°C where fruit flies had
statistically higher relative OCR, followed by honeybees, and
beetles displaying statistically lower relative OCR (Figure 5C).

Finally, when G3P was added, relative CI + ProDH + CII +
mtG3PDH-OXPHOS was statistically higher for fruit flies at
all temperature tested (except 18°C where it was similar to
beetles; Figure 5D). Interestingly, when comparing relative CI
+ ProDH + CII + G3PDH-OXPHOS between beetles and
honeybees, a clear pattern was detected in which relative
OCRs were higher at 18 and 24°C for beetles, but lower
from 30°C upwards (Figure 5D).

4 DISCUSSION

This study assessed the thermal sensitivity of mitochondrial
respiration and the flexibility of mitochondrial substrate
oxidation in the honeybee (A. mellifera carnica), the fruit
fly (D. melanogaster) and the potato Dbeetle (L.
decemlineata) flight muscle by measuring mitochondrial
oxygen consumption at eight temperatures from 6 to 45°C.
Overall, our results show that temperature has an acute impact
on mitochondrial respiration in all three insect species (albeit
to a different extent), and that mitochondria can rely on
several different metabolic pathways to sustain high activity
at elevated temperatures, with important changes in the
oxidation of substrates which were specific to each species.

4.1 Complex I-Oxidative Phosphorylation
Breakdown at High Temperature

In honeybees, Cl-substrates sustained high respiration rates
between 18 and 30°C, which then significantly decreased at 42
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and 45°C. In fruit flies, CI-OXPHOS followed the same pattern
but declined at a lower temperature than honeybees (>36°C).
Contrastingly, potato beetles had a very low CI-OXPHOS rate
which was somehow insensitive to temperature increases
(Figure 1). This indicates that CI-OXPHOS is sensitive to
temperature in honeybees and fruit flies and cannot sustain
mitochondrial oxygen consumption at high temperatures. This
is consistent with previous studies on different insects such as
Drosophila spp. (Jorgensen et al.,, 2021) and blowfly (EI-Wadawi
and Bowler, 1995) as well as on other ectotherms such as fishes
and crustaceans (Iftikar et al., 2010; Martinez et al., 2016; Chung
etal, 2017). Jorgensen et al. (2021) further investigated the cause
of this failure in CI-OXPHOS in Drosophila and demonstrated
that CI catalytic activity surprisingly increased until 45°C (the
highest temperature measured) which rejected hyperthermic
denaturation of complex I as a potential cause. They instead
suggested that TCA cycle enzymes providing NADH to CI might
be involved in this failure, but this potential limitation has been

challenged in other ectotherm species (Ekstrom et al., 2017;
Hraoui et al, 2020) which keeps the question open whether
CI-OXPHOS breakdown would be multifactorial (Jorgensen
et al.,, 2021). For example, the decreased CI coupling efficiency
from 36°C in fruit flies (Figure 2B) substantiated by decreased CI-
OXPHOS (Figure 1B) and relatively stable CI-LEAK
(Supplementary Figure S1) might suggest a potential problem
at the level of the substrate transport and/or integrity of the
mitochondrial membranes (Chung et al., 2018; Chung and
Schulte, 2020).

In honeybees however, it is surprising that such a decline of
CI-OXPHOS was detected from 36°C (Fig. 1A), as the flight
muscles of this species have been shown to function at ~35°C
during flight (Stabentheiner et al., 2003; Stabentheiner et al,
2010). Moreover, the CI-OXPHOS decline was associated with a
relatively similar pattern in CI-LEAK (Supplementary Figure
S1), which translated to stable CI coupling efficiency, even at high
temperatures (Figure 2). This suggests that a metabolic switch
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rather than a CI dysfunction occurs in honeybees and indicates
that at flight temperature, honeybees favour the oxidation of
other substrates such as succinate and G3P instead of CI-
substrates.

Both CI-OXPHOS and CI-LEAK (Supplementary Figure S1)
in beetles were very low and it is difficult to detect a clear trend
about the effect of temperature for these OCRs. However, it has
already been shown that this species has low rates of oxygen
consumption when oxidizing pyruvate and malate but rather rely
on proline as oxidative substrate for flight (Weeda et al., 1980).

4.2 Proline Dehydrogenase Offsets Lack of
Oxygen Consumption With Cl Substrates in
Potato Beetles

In honeybees and fruit flies, proline barely increased OCR and
generally did not change respiration patterns observed with CI-
substrates at any temperatures tested (Figures 1, 3), as previously
shown by Jorgensen et al. (2021) in Drosphila spp. Moreover, our
results are congruent with Teulier et al. (2016) who demonstrated
that honeybees are incapable of oxidizing proline to fuel
mitochondrial respiration. Contrastingly, in potato beetles, we
observed a large increase in OCR following proline injection
especially at mid-range temperatures (Figure 1C), albeit this
temperature effect is not clearly seen with SCRs due to the
very low CI-OXPHOS rates used for their calculations
resulting in disproportionately high SCRs (Figure 3C). It has
been demonstrated that the initiation of flight in Colorado potato
beetles requires relatively high temperatures, with a greater
number of flights occurring between 20 and 30°C [reviewed in
(Boiteau, 2001)]. Thus, our results indicate that at optimal flight
temperature (between 18 and 30°C) proline is the preferred
substrates in these beetles. Oxidation of proline is however
sensitive to higher temperatures as OCRs declined sharply
above 30°C.

In beetles, CI + ProDH-OXPHOS exhibited an unstable OCR
at 30 and 42°C (hatched bars in Figure 1C). Jorgensen et al.
(2021) also observed a similar instability of OCR but with CI-
OXPHOS and suggested that this represents a transition state
from normal to reduced CI-OXPHOS due to elevated
temperature. Interestingly, this phenomenon did not happen
at 36°C which might indicate an individual-specific thermal
sensitivity that supports the transition hypothesis. These
similarities between CI-OXPHOS for some Drosophila species
and CI + ProDH-OXPHOS in potato beetles might indicate that
proline is used for its anaplerotic role as electron donor for CI
instead of for fuelling ProDH in this species (Bursell, 1963;
Sacktor and Childress, 1967; Soares et al., 2015; McDonald
et al, 2018; Stec et al, 2021), although we cannot directly
confirm which pathway is activated for this substrate.
Nevertheless, our results confirm that proline is an obligate
mitochondrial substrate for flight in beetles at average
temperatures, which can be an adaptation to nutritional
resources of these insects that feed on potato plants. This
reliance may also represent a promising strategy to control
their flight dispersion through insecticidal double-stranded
RNAs targeting the proline pathway.

Mitochondrial Flexibility in Insects

4.3 Complex Il and mtG3PDH Compensate
for Decreased Complex I-Oxidative
Phosphorylation in Honeybees and Fruit

Flies

Complex II and mtG3PDH sustained moderately high to very
high OCRs in fruit flies and honeybees respectively, particularly at
high temperatures (Figure 1). Succinate contribution to OCR is
higher in honeybees than in fruit flies at high temperatures
(>30°C), as seen with the SCRs (Figure 3). In both species,
these elevated SCRs are in part due to a ‘masking’ effect
resulting from the use of low CI + ProDH-OXPHOS at high
temperatures for their calculation, as previously shown
(Jorgensen et al., 2021). Nevertheless, succinate is also clearly
an important substrate for honeybees and fruit flies from 36°C
and upwards. Interestingly, it has been observed that in
honeybees, succinate does not stimulate oxygen consumption
when measured at 24°C in isolated mitochondria (Syromyatnikov
et al., 2019), possibly due to a limitation of succinate transport
inside the mitochondrial matrix in insect flight muscle (Sacktor,
1955). However, Hedges et al. (2019) demonstrated succinate
oxidation at 35°C in permeabilized thoraces of honeybees (albeit
to a smaller extent than the present study) and wasps. Thus,
succinate seems to be a specific substrate used at high
temperatures in some insects capable of flight, and a possible
explanation for the discrepancies observed for honeybees with
other studies might reflect differences in specific environmental
adaptations and/or genetic divergences. For example, flight
metabolic rates of different subspecies of A. mellifera could
vary as much as 20% (Harrison et al., 1996). In addition to its
contribution at high temperatures, the higher SCR of succinate at
6°C in comparison to 12-30°C observed in fruit flies might reflect
a role in short term cold tolerance. Accordingly, it has been
shown that succinate compensated for a CI-OXPHOS decrease in
the planarian Dugesia tigrina when measured at 10°C compared
to 30°C (Scott et al., 2019). Moreover, succinate is a metabolite
that can accumulate during anaerobic metabolism in several
invertebrate species including some insect developmental
stages, although anaerobic metabolism is not intensively
studied in insects (Miiller et al., 2012; Verberk et al., 2013;
Harrison et al, 2018). However, considering that honeybees
are experts at long-distance flight which is dependent of
aerobic metabolism (Suarez et al, 1996), this increased
oxidation of succinate is unlikely the result of a switch to
anaerobic metabolism (at least for temperatures ~35°C).

G3P is an important oxidative substrate at both low (6°C) and
high (>36°C) temperatures in honeybees and fruit flies, and at
high (>36°C) temperatures for beetles (Figures 1, 3). This is
consistent with other studies in fruit flies showing high G3P
contribution to mitochondrial respiration (Pichaud et al., 20105
Pichaud et al,, 2011; Pichaud et al., 2013; Cormier et al., 2021;
Jorgensen et al., 2021). Hedges et al. (2019) observed a mtG3PDH
contribution to OCR equivalent to that of CI in A. mellifera but a
higher one in the wasp Vespula germanica when measured at
35°C. Thus, our results confirm the metabolic specificity of insect
flight muscles that have a high dependence on the mitochondrial/
cytosolic G3PDH shuttle in comparison to other animals (Mracek
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et al, 2013). Although mtG3PDH theoretically has a lower
energetic efficiency than CI in terms of ATP production
(McDonald et al., 2018), the enzymatic activity of the cytosolic
G3PDH is higher than all the other glycolytic enzymes in several
orchid bees (Suarez et al., 2005). Honeybees are also known to
perform thermogenesis for pre-flight warm-up and during winter
(Stabentheiner et al., 2003), and it has been suggested that G3P is
used in bumblebees for pre-flight thermogenesis at low
temperatures (Masson et al., 2017). However, the small size of
fruit flies precludes this process, which results in the inability to
fly at temperatures below ~14°C (Dudley, 2002; Frazier et al,
2008). Thus, our results on G3P SCRs at low temperatures might
suggest a conserved adaptive mechanism between these two
species and a role of the mtG3PDH in cold adaptation. At
high temperatures, the three species also have higher G3P
oxidation compared to the mid-range temperatures tested,
albeit it is far more pronounced in fruit flies. This could also
likely reflect temperature adaptations of the G3P shuttle to keep
pace with the different metabolic demand at high temperatures in
flying insects. Phylogenetic analysis of mtG3PDH including
Hymenoptera, Diptera, and Coleoptera as well as other orders
of flying insects in different thermal habitats could shed light on
this potential adaptation. Our results are also consistent with the
fact that mtG3PDH is most active in most highly energy
demanding tissue such as the flight muscle (Mricek et al,
2013). We presume that this high level of G3P oxidation in
honeybees and fruit flies is related to their greater flight activity in
comparison to potato beetles. However, whether this allows to
generate more ATP is to be confirmed.

4.4 Mitochondria and Organismal Thermal
Limits

CIV maximal consumption rate steadily increased with temperature
and plateaued in all three species from 24-30°C and upwards
(Figure 4). The only exception to this pattern is fruit flies in
which oxygen consumption decreased sharply at 45°C (Figure 4).
Jorgensen et al. (2019) determined that the critical thermal
maximum (CT.,) of D. melanogaster is 38.3°C when acclimated
to 19°C. However, we expect this CT,,x to be a bit higher in our flies
acclimated to 24°C. On the other hand, it has been shown that the
CT e Of field-acclimated A. mellifera carnica is ~50°C (Kovac et al.,
2014), which is beyond the range of assay temperatures used in our
study and thus, we could not measure at what temperature
mitochondrial respiration was no longer sustained in this species.
It is important to note here that honeybees were kept in laboratory
control conditions (and not as a colony) at 24°C for the sake of
comparing the different species at one common rearing temperature,
which is lower than their optimal temperature. Although we did not
find studies specifically measuring CT\y,.x in adult potato beetles,
some evidence suggest that it could be higher than 43-46°C (Chen
et al,, 2014; Chen et al., 2016). The fact that the thermal range for
mitochondrial respiration failure in the fruit fly was close to its
CT nax and that it was not detected in honeybees nor in beetles with
higher CT,,.x might indicate a link between these two parameters
although the causative relation is not known. Moreover, the
decreased CI-OXPHOS and mitochondrial substrate switch

Mitochondrial Flexibility in Insects

occurring at high temperatures in honeybees are unlikely related
to their thermal limits, but rather to a specific adaptive endothermic
capacity allowing them to sustain energetic metabolism under
thermal constrains.

4.5 Flexibility and Capacity of Energetic
Metabolism in the Three Insect Species

When normalised to CIV maximal oxygen consumption rate,
our results show that mitochondrial oxygen consumption
differs between honeybees, fruit flies and beetles (Figure 5).
This difference is mainly driven by the differential
involvement of the mitochondrial complexes fuelling
electrons to the ETS. Specifically, fruit flies’ mitochondria
are the most active during CI-OXPHOS and CI + ProDH +
CII + mtG3PDH-OXPHOS. On the other hand, beetles’
mitochondria are most active during CI + ProDH-
OXPHOS. This is surprising as honeybees are considered
one of the most active flying insects since they have to
forage over long distances and carry heavy loads that
requires an increase of 40% of their metabolic rate and a
three-fold increase of their power output (Wolf et al., 1989;
Roberts and Elekonich, 2005). These results shed light on the
high efficiency of fruit flies’s mitochondria especially in
comparison to honeybees and the difference in strategies
used by these different insects: honeybees have moderately
high normalized mitochondrial oxygen consumption rates
that are able to keep up with high energetic demands at
high temperatures; fruit flies exhibit high mitochondrial
metabolism which is less resilient to high temperatures; and
potato beetle have less active flight muscles but are rather
resilient to high temperatures.

It is important to stress that our study assessed
mitochondrial responses to temperature in a summer
(active) phenotype, and during conditions not necessarily
optimal for each species, but to better characterize their
phenotypic plasticity and capacity in the context of rapid
thermal hardening. Therefore, low temperatures used in this
study cannot be used to extrapolate the mitochondrial
responses to thermal fluctuations observed in winter. For
example, potato beetles degrade their mitochondria and
suppress their metabolism in winter while honeybees are
active and keep the queen warm by forming a cluster with
an inside temperature of 32-36°C (Stegwee et al., 1963;
Stabentheiner et al., 2010).

In summary, our results demonstrate that mitochondrial
respiration increased with increasing temperature and this
respiration is sustained by proline in beetles (L.
decemlineata), mainly by G3P fruit flies (D.
melanogaster), and by succinate and G3P in honeybees (A.
mellifera carnica). Moreover, OCRs when fuelled with all
substrates were still intact at 45°C in honeybees and beetles,
but drastically declined in fruit flies. This highlights the
metabolic flexibility of insects’ mitochondria that can rely
on the oxidation of a large set of substrates fuelling
mitochondrial complexes with different thermal tolerances
to withstand increasing temperatures. However, not all
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insects have this ability as demonstrated by our results.
Therefore, honeybees seem to be better equipped to adapt
to increasing temperature and meet their high energetic
demands than fruit flies or potato beetles. It would be
interesting to further our investigation by directly
measuring ATP production at high temperatures to better
understand the nature of the link between mitochondrial
failure and thermal tolerance, given that it might be the
strongest parameter linking both processes (Chung and
Schulte, 2020).
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