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ABSTRACT

Background: Mitochondrial dysfunction is a recognized hallmark of aging that is also directly or
indirectly connected to practically all the other hallmarks of aging. As a result, mitochondrial
dysfunction seems to be an important regulator of lifespan. Many studies provide evidence of
lifespan extension following a decrease in mitochondrial complexes, but few studies have actually
measured and compared integrated mitochondrial function. Additionally, most studies on
longevity are on a limited number of animal models, such as Drosophila and Caenorhabditis

elegans.

Methods: Here, we measured integrated mitochondrial function in the seed beetle,
Acanthoscelides obtectus. This animal model has been selected for early (E) and late (L)
reproduction for nearly four decades and over 250 generations, leading to two lines of the same
animal species, each with a very different longevity (7 days in E line, 12-14 days in L line). First,
we determined mitochondrial content and used high-resolution respirometry to measure the
NADH, Succinate, and Proline dehydrogenase pathways and complex IV in short-lived (E line)
and long-lived (L line) beetles of both sexes and at 3 timepoints (days 1, 5, and 8). Second, we
determined complex I, complex II, and complex IV’s control over combined
NADH+Succinate+Proline flux in male beetles at days 1 and 5. Lastly, we tested fatty acid

oxidation.

Results: The NADH pathway’s contribution to maximal flux was lower and the Succinate
pathway’s contribution was higher in L line beetles, mostly at days 1 and 5, suggesting a link
between early differences in mitochondrial function and longevity. Control by complex I was also

stronger and complex I'V had a higher excess capacity in L line beetles at day 1 of age. Male beetles
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tended to have more longevity-linked differences compared to females. There were no differences

in proline and fatty acid metabolisms between the beetle selection lines.

Conclusion: The combined reduction in the NADH pathway and increased control of
mitochondrial respiration by complex I suggest that complex I contributes to the lifespan extension
seen in L line beetles. The opposite seems to be true for E line beetles. This work, comparing
different selection lines within the same animal species, reinforces the involvement of
mitochondrial dysfunction in lifespan while also evaluating sex differences and additional

metabolic pathways.
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1. INTRODUCTION

1.1 The hallmarks of aging

During the process of aging, animals face a progressive loss of physiological integrity, which is
characterized by stochastic damages to tissues and cellular components, impairment of global and
cellular functions, and an increased risk of various diseases such as cancer, diabetes, and
neurodegenerative and cardiovascular disorders (Akbari et al., 2019; Kirkwood, 2005). Despite

the considerable importance of aging in health, its mechanism still remains fairly unknown.

Nine key biological pathways that drive the aging process have been proposed and identified as
the hallmarks of aging: mitochondrial dysfunction, genomic instability, telomere attrition,
epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, cellular senescence, stem
cell exhaustion, and altered intercellular communication (Lopez-Otin et al., 2013; Lépez-Otin et
al., 2016). More recently, a few more were added: compromised autophagy, microbiome
disturbance, altered mechanical properties, dysregulation of RNA processing, and inflammation
(Schmauck-Medina et al., 2022). Interestingly, mitochondrial dysfunction is classified as an
antagonistic hallmark of aging, i.e., one that could have both beneficial effects at low levels and
deleterious effects at higher levels (Lopez-Otin et al., 2013). Another important aspect is that
mitochondrial dysfunction can be linked directly or indirectly with most of, if not all, the other
hallmarks of aging (Cai et al., 2022; Fakouri et al., 2019; Ferrucci et al., 2022; Li et al., 2022; Lu
and Guo, 2020; Milani et al., 2022; Minocherhomji et al., 2012; Okamoto and Kondo-Okamoto,
2012; Phillip et al., 2015; Rehman et al., 2023; Schiavi and Ventura, 2014; Tomtheelnganbee et
al., 2022; Torres and Perez, 2008; Wan and Finkel, 2020; Zheng et al., 2019) and to the diseases

linked to aging, such as Parkinson’s (van der Walt et al., 2003), type 2 diabetes (Ohkubo et al.,
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2000), cardiovascular diseases (Lemieux et al., 2011) and Alzheimer’s (Lakatos et al., 2010). This
is not surprising, since mitochondria have multiple functions in cells, i.e., catabolism and energy
production through the process of oxidative phosphorylation (OXPHOS), production and
buffering of reactive oxygen species (ROS), regulation of cellular metabolism, anabolism,
biosynthesis of iron-sulfur clusters and heme, homeostasis of calcium and iron, apoptosis,
intracellular signaling, regulation of innate immunity, and modulation of stem cell activity

(reviewed by Finkel, 2015; Srivastava, 2017; Sun et al., 2016).

All of this places mitochondria as a central point in the intense and complex mechanism of aging,
the diseases associated to aging, and ultimately the regulation of lifespan (Akbari et al., 2019;
Balaban et al., 2005; Klaus and Ost, 2020; Long et al., 2014; Lopez-Otin et al., 2013; Mattson and
Arumugam, 2018; Sun et al., 2016). Regulating lifespan not only aims at increasing the time an
individual lives, but also at increasing an individual’s healthspan by preserving bodily functions

and delaying the development of aging-related diseases.

1.2 Reactive oxygen species production and aging

Over the years, many proposed theories of aging have incorporated mitochondria directly and/or
indirectly. One of these, the “Free Radical Theory of Aging” (Harman, 1956), connected the
production of highly reactive oxygen species (e.g., hydroxyl radical, a by-product of normal
metabolism) to the damage of cellular macromolecules, like DNA, lipids, and proteins. Harman
then elucidated that mitochondria produced the most important amount of ROS due to their use of
oxygen through the OXPHOS process. As a result, the first molecules attacked by ROS are on site,

i.e., mitochondrial DNA, mitochondrial proteins such as those part of the electron transport system
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(ETS), and phospholipids of the internal and external mitochondrial membranes. This then became
a unifying hypothesis known as the “Mitochondrial Free Radical Theory of Aging” (Harman,

1972).

Strong criticism to the Mitochondrial Free Radical Theory of Aging questions the role (if any) of
ROS — and consequently of antioxidants — in the aging process (Blier et al., 2017; Hekimi et al.,
2011; Stuart et al., 2014). This criticism is based, among others, on the following: (1) the levels of
antioxidant molecules and enzymes, aimed at eliminating ROS, do not positively correlate with
animal longevity (Buffenstein et al., 2008; Hekimi et al., 2011; Pérez et al., 2009; Stuart et al.,
2014), (2) lifelong antioxidant supplementation studies have failed to extend lifespan and, in some
cases, antioxidant micronutrients even accelerated the aging process (Stuart et al., 2014), (3)
evidence does not support that ROS production shortens life span (Ballard et al., 2007; Copeland
et al., 2009; Munro et al., 2013; Van Raamsdonk and Hekimi, 2009; Yang et al., 2007), (4) the
increase in lifespan in Caenorhabditis elegans with compromised mitochondria due to RNA
interference (RNAI) is not associated with a change in free radical production (Lee et al., 2003),
(6) administration of pro-oxidant molecules prolonged lifespan in C. elegans (Schaar et al., 2015),
and (7) even with the known important contribution of complex I (CI) to ROS production, some
studies correlating the low level of CI function with extended longevity have shown that the
regulatory role of CI can be uncoupled from ROS production (Bratic and Trifunovic, 2010;

Copeland et al., 2009; Lambert et al., 2010; Pujol et al., 2013).

So, the link between mitochondria and aging is not necessarily dependent on mitochondrial ROS
production, and is far more complex than originally perceived. In fact, ROS, at moderate levels,
can not only be damaging molecules, but can also be used as critical signaling molecules. This has
led to the development of a concept called mitohormesis, i.e., when signaling molecules cause an

3



adaptive response that enhances not only cellular stress resistance and systemic defense, but also
life expectancy (reviewed by Ristow and Schmeisser, 2014; Ristow and Zarse, 2010; Son and Lee,

2019; Srivastava, 2017; Yun and Finkel, 2014).

1.3 Changes in mitochondrial OXPHOS during aging

One important step in understanding the role of mitochondria in aging is to understand how
mitochondrial function, and in particular OXPHOS, is affected during the aging process. In
eukaryotic cells, mitochondria produce a large proportion of energy using the OXPHOS process,
composed of the ETS and the phosphorylation system (includes ATP synthase, the phosphate
carrier, and adenine nucleotide translocase, ANT). Electrons from NADH enter the ETS through
CI, then pass through the Q-junction, complex III (CIII), cytochrome ¢, and complex IV (CIV).
Electrons from succinate enter the ETS through complex II (CII) and are then transferred to the Q-
junction, CIII, cytochrome ¢, and CIV. Additional electron entries also meet at the Q-junction (Fig.
1), such as the Proline dehydrogenase (ProDH) pathway (electrons from proline), the Electron-
transferring flavoprotein (ETF) pathway (electrons from various fatty acids), the
Glycerophosphate dehydrogenase pathway (electrons from glycerophosphate), the Dihydroorotate
dehydrogenase pathway (electrons from dihydroorotate), and the Sulfide:quinone oxidoreductase
pathway (electrons from hydrogen sulfide; reviewed by Lemieux and Blier, 2022). All of these
electrons are ultimately accepted by oxygen at CIV. While the electrons are being transferred, a
proton gradient is created by CI, CIII, and CIV, which pump protons outside the intermembrane.

ATP synthase utilizes this proton gradient to phosphorylate ADP into the cellular energy currency,



ATP. Phosphate and ADP are transported into mitochondria using the phosphate carrier and the

ANT.

When the body ages, there are changes that occur in the OXPHOS process. Several studies have
shown a decrease in mitochondrial function during aging in nearly all tissues, especially those
demanding high energy, such as the heart, skeletal muscle, brain, liver, and in whole animals of

small invertebrates.

In the rat heart, mitochondrial defects associated with aging have been localized at CIII (Lesnefsky
et al., 2001; Lesnefsky et al., 2006) and CIV (Fannin et al., 1999; Lemieux et al., 2010; Lesnefsky
et al., 2006; Paradies et al., 1993; Paradies et al., 1994; Paradies et al., 1997), specifically in the
interfibrillar mitochondrial population (Fannin et al., 1999; Hoppel et al., 2017). Fatty acid B-
oxidation (FAQO), which provides a very important proportion of energy for the heart, has also been

reported as defective in aged heart mitochondria (Hansford, 1978).

In skeletal muscle from aged rats and humans, a reduction in muscle mass (sarcopenia; Morley et
al., 2001) and performance (Lanza et al., 2005; Lee et al., 1998) occurs. Mitochondrial
performance in aged skeletal muscle, however, has also been demonstrated to be unaffected, as
shown by similar rates of OXPHOS with different substrates in young and old rats (Beyer et al.,
1984; Kerner et al., 2001) and in humans (Barrientos et al., 1996; Rasmussen et al., 2003a;
Rasmussen et al., 2003b). But, there are also contrasting results for skeletal muscle mitochondria
in the literature, as a decrease in OXPHOS in the presence of substrates feeding electrons into CI
or CII has been reported in skeletal muscle from aged mice (Figueiredo et al., 2009) and humans
(Tonkonogi et al., 2003), as well as a decrease in activities of CI (Choksi et al., 2008; Mansouri et

al., 2006; Sugiyama et al., 1993), CII (Choksi et al., 2008), CIII (Choksi et al., 2008), CIV
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Figure 1: Electron entrances into oxidative phosphorylation (OXPHOS). This figure represents the four entries
(described as number 1 to 4) tested in the current study, which converge at the Q-junction (ubiquinol/ubiquinone) of
the OXPHOS system. (1) The NADH pathway provides electrons to complex I of the electron transport system. These
electrons are provided here by malate, pyruvate, and glutamate. (2) The Succinate pathway through complex II uses
succinate dehydrogenase to reduce FAD while converting succinate to fumarate. (3) Proline dehydrogenase (ProDH)
catalyzes proline oxidation and FAD reduction. (4) The Electron-transferring flavoprotein (ETF; located on the matrix
side of the inner mitochondrial membrane) pathway receives electrons from FADH,, which is the product of fatty acid
oxidation of various chain lengths of fatty acyl-CoA. When the long-chain fatty acid (LCFA) palmitoylcarnitine is the
available substrate (path illustrated in green), it passes through the inner mitochondrial membrane using carnitine-
acylcarnitine translocase (CACT); carnitine palmitoyltransferase 2 (CPT2) converts it to palmitoyl-CoA, then it enters
the process of LCFA oxidation which reduces FAD to FADH,. When the medium-chain fatty acid (MCFA)
octanoylcarnitine is provided as the substrate (path illustrated in purple), it is converted to octanoyl-CoA by CPT2 and
then follows the specific path for MCFA oxidation. The dashed line linking LCFA and MCFA oxidation to the NADH
pathway indicates that NADH is generated in one step of fatty acid oxidation but acts as a minor and non-rate-limiting
step in this pathway. When the short-chain fatty acid acetylcarnitine is used as a substrate (path illustrated in yellow),
it passes directly through carnitine acetyltransferase (CAT) and enters the citric acid cycle, providing NADH for the
NADH pathway. Malate is also provided as a substrate with all fatty acids, as it prevents accumulation of acetyl-CoA
and concurrent inhibition of fatty acid oxidation. After convergence of electrons from diverse pathways at the Q-
junction, they follow a linear segment through complexes III and IV before reducing molecular oxygen. Electron
transfer is coupled with proton pumping into the intermembrane space by complexes I, I1I, and IV, generating a proton
motive force providing the energy required to phosphorylate ADP into ATP by ATP synthase (part of the
phosphorylation system is also supported by adenine nucleotide translocase [ANT] and the phosphate carrier
[PiC]). All components shown here are located in or are peripherally associated with the inner mitochondrial
membrane; transmembrane components are in red, and peripheral components are in black (i.e., complex II). Modified
from Lemieux and Blier (2022); Mast et al. (2022).



(Choksi et al., 2008; Sugiyama et al., 1993; Tonkonogi et al., 2003), and ATP synthase (Choksi et
al., 2008; Mansouri et al., 2006). Furthermore, the content of several mitochondrial proteins has

been shown to be reduced in older mouse muscle (Short et al., 2005).

In the brain, mitochondrial mass did not vary with age (Navarro and Boveris, 2004), but OXPHOS
with CI- and ClI-linked substrates was lower in aged compared to young rats (Cocco et al., 2005),
as well as the activities of CI (Boveris and Navarro, 2008; Cocco et al., 2005; Navarro et al., 2008;
Navarro et al., 2007), CI+CIII (Navarro and Boveris, 2004; Navarro et al., 2004), and CIV (Boveris
and Navarro, 2008; Haripriya et al., 2004; Itoh et al., 1996; Navarro and Boveris, 2004; Navarro

et al., 2004; Navarro et al., 2008; Navarro et al., 2007; Ojaimi et al., 1999; Tian et al., 1998).

In the liver of aged compared to young rodents, mitochondrial mass was preserved (Navarro and
Boveris, 2004), but there was a decrease in mitochondrial OXPHOS in the presence of substrates
feeding electrons into CI, CII, or CIII (Castelluccio et al., 1994; Darnold et al., 1990; Genova et
al., 1995; Okatani et al., 2002; Vazquez and Hoppel, 2004; Vazquez and Hoppel, 2005). Because
the activities of CII (Navarro et al., 2007; Vazquez and Hoppel, 2004; Vazquez and Hoppel, 2005),
CII+CIII (Navarro and Boveris, 2004), and CIV (Vazquez and Hoppel, 2004; Vazquez and
Hoppel, 2005) were unaltered by age in rat liver, it was suggested that the decrease in OXPHOS
was explained by a defect in CI or CIII. An additional defect in CIV activities was observed in the

liver of aged mice (Navarro and Boveris, 2004; Navarro et al., 2004; Navarro et al., 2007).

Aging has also been associated with many OXPHOS changes in ectothermic animal models,
including invertebrate species. With the wide range of invertebrate species, the diversity could
bring new insight to the variation in aging mechanisms, providing valuable information that could

lead to breakthroughs in mammal research. There are some commonly used invertebrates in aging



research, such as Drosophila and C. elegans. Studies have shown a decrease in CIV activity with
age in D. simulans (Melvin and Ballard, 2006) and in D. melanogaster (Ferguson et al., 2005). In
C. elegans, there was a reduction in CI with age (Yasuda et al., 2006). Additionally, a reduction in
O: flux (Gruber et al., 2011; Yasuda et al., 2006) and overall ATP production in C. elegans has
been observed with age (Gruber et al., 2011). Other animal models have also had changes in
OXPHOS with age, such as a decrease in CI, CIV, and ATP synthase activities in honey bees
(Alaux et al., 2009). Again, the varying involvement of OXPHOS with age between study
organisms emphasizes the need to increase the species studied, in order to understand the

differences between species and possible explanations for these differences.

1.4 Can changes in mitochondrial function control longevity?

Since mitochondrial dysfunction has been connected to aging, researchers are now questioning if
it is possible to increase longevity and healthspan by modifying mitochondrial function, and if so,
how would mitochondrial function need to be affected (increase or decrease), on which specific
mitochondrial components, and at which phase in life would these mitochondrial changes need to
occur. The literature seems to support that changes in mitochondrial activity can activate pathways
leading to lifespan extension. A study performed on C. elegans showed an increase in longevity
through partial inhibition of specific ETS components with inhibitors of CI (rotenone) and CIII
(antimycin A; Labbadia et al., 2017). In a study on killifish, after noticing that a lower CI activity
was associated with a longer lifespan, the team applied long-term pharmacological inhibition of
CI with rotenone and succeeded to increase lifespan by 15% (Baumgart et al., 2016). The method

of RNAIi in C. elegans has also been shown to be positively associated with lifespan extension



when reducing CI and III (Yang and Hekimi, 2010b), CI, CIII, CIV, and ATP synthase (Dillin et
al., 2002; Hansen et al., 2005; Rea et al., 2007), CI (Rauthan et al., 2015), CI and ATP synthase
(Curran and Ruvkun, 2007), CI, CIV, and ATP synthase (Hamilton et al., 2005), CI, CIII, and CIV
(Labbadia et al., 2017), and ATP synthase (Xu et al., 2018). The same phenomenon has been
observed in Drosophila after applying RNA1 for the genes corresponding to CI (Owusu-Ansah et
al.,2013) and CI, CIII, CIV, and ATP synthase (Copeland et al., 2009). In C. elegans, a knockdown
of the nuclear-encoded CIV-1 subunit Vb/COX4 (cco-1) in the intestine and the nervous system
(Durieux et al., 2011), a mutation of the iron sulfur protein (isp-1) of CIII (Feng et al., 2001), and
an altered mitochondrial condition in young animals by Mclkl (involved in ubiquinone
biosynthesis) knockdown (Lapointe et al., 2009) all resulted in an increased longevity. In mice, a
prolongation of lifespan has been observed after a mutation of the Surf1 gene, a gene encoding a
putative CIV assembly factor (Dell'agnello et al., 2007). Proline metabolism has additionally been
shown to be involved in lifespan. In the yeast Saccharomyces cerevisiae, intracellular (Mukai et
al., 2019) and extracellular (Nishimura et al., 2021) proline contributed to a longer lifespan. Proline
metabolism was also involved in the longevity of C. elegans, since defective proline metabolism
shortened lifespan (Pang and Curran, 2014) and supplemental proline extended lifespan (Edwards
et al., 2015). Interestingly, no success in lifespan extension was obtained by decreasing CII
function in C. elegans (Hamilton et al., 2005; Kuang and Ebert, 2012; Yang and Hekimi, 2010b).
As the activity of mitochondrial complexes or specific steps involved in the OXPHOS process
were not measured in most of these studies, it is difficult to know how much change in
mitochondrial function was needed to obtain lifespan extension, and at which specific life-stage of

the animal mitochondrial changes produced the largest effect.

There are also observations of mitochondrial dysfunction indirectly altering lifespan: (1) mutations



of the clk-1 gene in C. elegans, a gene controlling mitochondrial respiration, resulted in lifespan
extension (Lakowski and Hekimi, 1996; Wong et al., 1995); (2) knockdown of the conserved heat
shock factor binding protein (HSB-1) resulted in increased histone H4 levels early in development,
which altered the chromatin state of mtDNA, decreased expression of mtDNA-encoded genes,
reduced mitochondrial respiratory capacity (not measured for specific complexes), and promoted
lifespan extension (Sural et al., 2020); (3) a loss of mitochondrial DNA led to a loss of
mitochondrial function and an increased lifespan in S. cerevisiae (Kirchman et al., 1999), but this
observation is anticipated in this species since S. cerevisiae depends primarily on fermentation as

an energy source.

Some data support the opposite relationship between mitochondrial dysfunction and lifespan, i.e.,
the loss of mitochondrial function associated with a shorter lifespan. First, various mutations
compromising mitochondrial functionality in humans led to life-shortening diseases (Bénit et al.,
2004; Campuzano et al., 1996; Graham et al., 1997; Wallace, 2005). In mice with a mutated gene
for CI subunit 2, the defect on CI function occurred throughout life and provoked a shortening in
lifespan (Hirose et al., 2019). In Drosophila, the inhibition of individual mitochondrial subunits
from CI and CIV reduced the lifespan extension obtained with dietary restriction (Zid et al., 2009).
In C. elegans as well, lifelong mutations that disrupt CI (gas-1(fc21)) and CII (mev-1(knl)) have
both been shown to produce a life-shortening effect (Ishii et al., 1990; Kayser et al., 2004). In D.
melanogaster, a high fat diet was associated with a loss of respiration in the NADH pathway
through CI and to faster aging (Cormier et al., 2019). In Drosophila, a mutation in the ND2 gene,
which slightly reduced CI activity, was associated with a shorter lifespan (Burman et al., 2014;
Wang et al., 2016). In Daphnia pulex, reduced CI activity was thought to contribute to their shorter

lifespan (Ukhueduan et al., 2022). In C. elegans, reduced CI stability was associated with a
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decrease in mitochondrial function, an increase in mitochondrial stress, and a shortened lifespan
(Pujol et al., 2013). Similarly in human cells, less efficient CI assembly was associated with an
increase in ROS production and produced premature senescence, whereas in mice, enhanced
longevity was attained with complete CI assembly, since it improved the efficacy of substrate

utilization by mitochondria and produced minimal ROS (Miwa et al., 2014).

To possibly explain the contrasts in the literature, it seems that negative changes in mitochondrial
function aimed at increasing lifespan need to be of low magnitude, need to be linked to specific
mitochondrial components, and/or need to occur within a specific phase in the life of the animal
(which may vary between species). First, the increase in lifespan can be associated with negative
changes in mitochondrial function, and can be reversed at a higher inhibition of the same
mitochondrial function. In killifish, a dose of 0.5% rotenone increased lifespan, whereas a dose of
1% rotenone gave a strong reverse effect (Baumgart et al., 2016). In the seed beetle, a low
concentration of 0.5% of the CI inhibitor tebufenpyrad maintained or slightly increased longevity,
but higher concentrations of 1.5% or more decreased longevity (Jovanovi¢ et al., 2014). Second,
only specific complexes and/or components of mitochondria can be targeted to produce lifespan
extension. In C. elegans, where a decrease in CI, CIII, CIV, and ATP synthase showed an increase
in lifespan (see above), a CII defect was unsuccessful in producing the same effect (Hamilton et
al., 2005; Kuang and Ebert, 2012; Yang and Hekimi, 2010b). Lastly, the phase in life of the animal
can influence the effect of mitochondrial changes on longevity. In C. elegans, the negative
mitochondrial changes with positive effects on lifespan needed to occur in the L3/early L4 larval
state (Dillin et al., 2002; Rea et al., 2007) or at the larval L1-L3 stage (Labbadia et al., 2017); a
reduction of the ETS longevity pathway during adulthood did not result in an increased longevity

(Dillin et al., 2002; Rea et al., 2007). These larval states in C. elegans could be linked to the effect
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on longevity since the L4 stage is when the last somatic cell divisions occur in C. elegans (Rea et
al., 2007). However, in the killifish, long-term pharmacological inhibition of CI with rotenone,
starting at 23 weeks of age, succeeded to increase lifespan (Baumgart et al., 2016). From this
contrast to results observed in various species, it seems probable that negative changes in
mitochondrial function in the animal’s life can positively influence lifespan, but the phase of life
with the greatest potential for lifespan extension possibly varies between species. Of note, a large
part of the data that shows the association between a decrease in mitochondrial function and

lifespan were studied in C. elegans, with sporadic data collected on other species.

1.5 Our experimental model

To evaluate the changes in mitochondrial function with age and longevity, we used an
experimental evolutionary approach with a seed beetle (Acanthoscelides obtectus) model
developed in Serbia. This insect is a common pest of stored, dried legumes, so their natural
environment can be easily mimicked in the lab. Selection from a base population for early (E line)
and late (L line) reproduction began over 37 years ago (since 1986), affecting by default the mean
longevity of the lines and the shape of their survival curves (Stojkovi¢ and Savkovi¢, 2011; Tuci¢
etal., 1996). Previous studies have shown that beetles from the L line now age about half as rapidly
and live for about twice as long as beetles from the E line (i.e., 12-14 days for the L line and 7
days for the E line in mated individuals; (Pordevi¢ et al., 2015) and are larger in size (Seslija et
al., 2009). These differences apply to both sexes and reproductive states (i.e., virgin and mated;

Pordevi¢ et al., 2015; Pordevic¢ et al., 2017; Stojkovi¢ and Savkovi¢, 2011; Stojkovic et al., 2010).
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This invertebrate model presents various advantages. First, it grants us the unique opportunity to
measure, after decades of population selection, the key mitochondrial characteristics associated
with changes in longevity. During evolution of a population, new characteristics or phenotypes
may offer a longer potential lifespan when, for example, attributes that previously limited lifespan
are overcome (Blier et al., 2017). And so, comparative animal models resulting from long-term
evolution towards large differences in longevity can have the advantage of determining these new
characteristics. This advantage of comparative animal models can most easily, if not exclusively,
be found in ectotherms. Second, because of the short lifespan of the species, the changes can be
compared cross-sectionally and longitudinally to determine not only which parameters but which
time points in life are linked to these changes in longevity. Third, there is the option of seeing if
the changes in mitochondrial function associated with longevity are linked with the sexes (male
and female), contrasting with species such as C. elegans (males and hermaphrodites) where it is
not possible. Fourth, we can better control the environmental, developmental, and nutritional
conditions compared to other animal models since the beetles all develop within the same species
of bean and adults are aphagous. And fifth, the comparisons between selection lines, ages, and
sexes can be accomplished in a cost- and time-effective manner due to the low cost of maintaining

the species.

Previous experiments led us to suspect the presence of metabolic differences between the E and L
lines of 4. obtectus. First, beetles from the L line showed a lower global metabolic rate compared
to the E line (Arngvist et al., 2017). Furthermore, important differences in metabolite content were
also measured between these selection lines, with the L line showing a lower protein content and
higher carbohydrate and lipid content compared to the E line, and marked changes related to sexes

(Lazarevic et al., 2012). The lower metabolic rate in the L line agrees with the almost century old
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observation showing that animals living at a faster metabolic rate also lived shorter lives, if the
total energy expenditure was constant. This is known as the “rate of living” hypothesis (Pearl,
1928). Furthermore, differences in the mitochondrial ETS enzyme activities were determined. L
line beetles mainly had an increase in CIII activity compared to the E line (Pordevi¢ et al., 2017),
but these differences were measured only at one time point at the beginning of the animal’s life
(day 1). Furthermore, despite giving valuable information on the capacity of some complexes,
enzyme activity assays have important limitations when it comes to evaluating the global capacity
of the OXPHOS process in physiological conditions. In contrast, with a polarographic assay, the
measurement of integrated function is performed in live mitochondria, with intact ETS’, and with
the ETS components working together (Lemieux and Hoppel, 2009). This has never been
performed on this animal model. And finally, another insight suggesting the use of more integrated
methods to measure mitochondrial function between the selection lines is the result of a study
administering a low dose of tebufenpyrad, an inhibitor of CI. When administered at day two and
for 24 h, tebufenpyrad succeeded to increase longevity but only in males and only in the base
population and the E line, whereas the opposite effect was observed in the L line (Jovanovi¢ et al.,
2014). With these results in mind, measuring the integrated function of mitochondria enables us
to better understand how specific metabolic pathways, and not just the activities of complexes, can

be associated with longevity in the seed beetle model.
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1.6 Objectives

The main objectives of this study were to determine how changes in mitochondrial function are

linked with age and longevity using the seed beetle model presented in the section above. In order

to accomplish this, we measured in the E and L beetle selection lines and at various time points

during their life:

1)

2)

3)

The integrated mitochondrial function using the technique of high-resolution
respirometry (Oxygraph-2k OROBOROS Instruments Inc., Innsbruck, Austria)
involving several specific pathways and complexes involved in the OXPHOS process
(i.e., the NADH pathway, the Succinate pathway, the ProDH pathway (proline being
an amino acid recognized as an energy source in insect flight muscle; Teulier et al.,
2016), and the ETF pathway acting under various fatty acids with specific chain length,

and CIV [see details in Fig. 1]).

The control by various complexes (CI, CII, CIV) using inhibitor titrations, as previously
described (Lemieux et al., 2017; Rodriguez et al., 2021), as this control has also been
shown to be linked with longevity in marine bivalves having strong variations in

lifespan (Rodriguez et al., 2021).

The citrate synthase (CS) activity as a recognized marker of mitochondrial content

(Larsen et al., 2012).
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2. METHODS

2.1 Animal care

A. obtectus (Coleoptera: Bruchidae) were kept on organic, dry, common white beans (Phaseolus
vulgaris) in dark incubators (Fisherbrand Isotemp, Fisher Scientific, Ottawa, ON, Canada) set at
30°C. Prior to use, beans were frozen and then brought to room temperature. Females lay eggs on
or near beans, and first instar larvae bore inside. The complete larval development and pupation
occurs inside beans. The final instar larvae excavate a chamber just below the bean testa. Pupation
occurs in this chamber. Adults emerge one or two days after eclosion from their pupal case by
chewing a hole through the bean testa. Upon hatching, beetles are moved to a new container with
new beans on which to lay eggs. Adults are aphagous so need neither food nor water to reproduce.
Females emerge with adequate energy to develop and lay most of their potential eggs (Tuci¢ et al.,

1996; Tuci¢ et al., 1997).

2.2 Experimental populations

The two beetle lines were developed in Belgrade, Serbia from a base population by selecting the
seed beetles for early (E) reproduction or late (L) reproduction for over 250 generations since 1986
(Tuci¢ et al., 1996; Tuci¢ et al., 1997). Beetles of the E line are permitted to lay eggs within the
first 48 hours after emerging from P. vulgaris. After these 48 hours, beetles are removed. Beetles
of the L line are permitted to lay eggs beginning from the 10™ day after emerging from P. vulgaris
and are allowed to lay eggs until their death (for the selection process, see Tuci¢ et al., 1996; Tuci¢
et al., 1997).
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2.3 Tissue preparation for respiratory measurements

Four replicates for each selection regime were used in the current study for each of the E and L
lines. Beetles aged 1, 5, and 8 days old post-eclosion were collected. These timepoints include one
early in life (day 1) and one at the end of life (day 8) for our short-lived E line. Day 5 was chosen
as a middle timepoint. Each beetle’s sex was identified by the dorsal colour and pattern of their
butt; females have a white and brown checkerboard pattern on their butts, whereas males have
solid brown butts. Each beetle was placed in a 4°C fridge for 5-10 minutes to facilitate weight
measurement by stopping beetle movement. After collecting its body weight, using a Mettler
Toledo XS205 analytical balance, individual, whole beetles were immediately put in 3 mL of ice-
cold Mitochondrial Respiration Medium 05 (MiR05; 0.5 mM EGTA, 3 mM MgCl12-6H20, 60 mM
K-lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose, and 1 g/L
BSA essentially fatty-acid free, pH 7.1; Gnaiger et al., 2000). Tissue homogenates were gently
prepared on ice using a Potter-Elvehjem device connected to an overhead stirrer (Wheaton

Instruments, Millville, NJ, USA) at a speed of 0.8 for 5 + 2 passes as needed.

2.4 Measurements of NADH, Proline, and Succinate pathway capacities as well as

complex IV activity using high-resolution respirometry

Immediately after preparation of the tissue homogenate, mitochondrial respiration was measured
at 30°C using an Oroboros Oxygraph-2k (OROBOROS Instruments Inc., Innsbruck, Austria).

Chambers were previously calibrated with 2 mL of MiR05.

The protocol used included two respiratory states: LEAK (non-phosphorylation in the absence of
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ADP) and OXPHOS (coupled phosphorylation of ADP in the presence of saturating ADP).
Preliminary assays determined the appropriate homogenization technique that displayed the
optimal rate of respiration, coupling preservation (low LEAK state compared to the OXPHOS
state), as well as mitochondrial outer membrane integrity (lower effect of exogenous cytochrome
¢). Tests also confirmed no limitation of OXPHOS capacity by the phosphorylation system (ATP
synthase, ADP/ATP transport, or the phosphate carrier) because the oxygen consumption
following addition of DNP as an uncoupler did not increase. As a result, respiration in the

OXPHOS state and electron transfer (ET) capacity were considered equivalent.

From each chamber, after calibration, a volume of 0.5 mL of MiR05 was removed. Then, we added
pyruvate (5 mM), malate (5 mM), glutamate (10 mM) and 0.5 mL of each tissue homogenate for
a final chamber volume of 2 mL. The chamber was then closed to determine the LEAK state. Then,
the following substrates and inhibitors were added: 2.5 mM ADP (OXPHOS state through the
NADH pathway via CI), 10 uM cytochrome ¢ (outer mitochondrial membrane integrity test), 10
mM succinate (OXPHOS state for the combined NADH and Succinate pathways, the NS
pathway), 10 mM L-proline (OXPHOS state for the combined NS pathways and ProDH pathway,
the NSPro pathway), 1 uM rotenone (OXPHOS state through the Succinate pathway via CII and
part of the ProDH pathway), 5 pM antimycin A (non-mitochondrial residual oxygen consumption,
ROX), 2 mM ascorbate and 0.5 mM N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD; CIV
activity), and 100 mM sodium azide (chemical background). Mitochondrial respiration was
measured in pmol O per second per mg of tissue and corrected for ROX, except for CIV which

was corrected for the chemical background.

FAO was additionally measured in tissue homogenates of male beetles at day 1 by adding either
0.02 mM palmitoylcarnitine and 5 mM malate, 0.2 mM octanoylcarnitine and 5 mM malate, or 2.5
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mM acetylcarnitine and 5 mM malate as the initial substrates, followed by 2.5 mM ADP, 10 uM
cytochrome ¢, 5 mM pyruvate and 10 mM glutamate, 10 mM succinate, 10 mM L-proline, and

100 mM sodium azide.

2.5 Control of mitochondrial respiratory capacity using high-resolution

respirometry

Additional sets of high-resolution respirometry experiments were conducted to identify the control
by specific complexes, i.e., CI within the NADH pathway, CII within the Succinate pathway, and
CIV, as previously described (Lemieux et al., 2017; Rodriguez et al., 2021). Both chambers of
each oxygraph were given the same quantity of homogenate from the same animal. For measuring
the control of each complex, one chamber (i.e., chamber A) measured the maximal global capacity
with all measured pathways active (with pyruvate, glutamate, malate, ADP, cytochrome c,
succinate, and proline; NADH+Succinate+Proline (NSPro) pathways). In chamber B, the specific
pathway or complex was measured: the NADH pathway through CI (with pyruvate, glutamate,
malate, ADP, and cytochrome c), the Succinate pathway through CII (with succinate, rotenone,
ADP, and cytochrome c), or CIV (pyruvate, malate, glutamate, ADP, cytochrome ¢, succinate,
proline, rotenone, antimycin A, ascorbate, and TMPD). Once the O, flux stabilized in both
chambers, the specific inhibitor of CI (rotenone), CII (malonic acid), or CIV (sodium azide) was
titrated. In both chambers determining the control by CI, a titration with rotenone was performed
with 13-17 titration points and a final concentration between 0-3.00 uM. In both chambers
determining the control by CII, a titration with malonic acid was performed with 12 to 21 titration

points and a final concentration between 0-25.5 mM. In both chambers determining the control by
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CIV, a titration with sodium azide was performed with 14 titration points and a final concentration
between 0-108 mM. Each protocol (chamber A and B for each of the inhibitor) was repeated 5-10
times with male beetles aged 1 and 5 days-old and in both beetle selection lines. Each titration
protocol was tested in beetles beforehand to ensure that the appropriate inhibitor concentrations

and volumes were titrated to obtain a proper titration curve and to reach complete inhibition.

2.6 Citrate synthase enzyme assays

A portion of each homogenate remaining in the chambers was stored at -80°C for citrate synthase
(CS) activity measurement at 30°C, as previously described (Scott et al., 2019; Srere, 1969).
Enzymatic activity was expressed in international units (IU) of CS activity per milligram of

sample, where IU is one pmol of substrate transformed per minute.

2.7 Data analysis

High-resolution respirometry data analysis was completed using Datlab 7.4 software
(OROBOROS Instruments Inc.). Data were adjusted for the instrumental and chemical
backgrounds. Mitochondrial respiration was expressed in Flux per mass (pmol O; per second per
milligram tissue mass corrected for ROX), in flux control ratio (FCR; the pathway or complex in
question normalized to maximal OXPHOS capacity of the combined NSPro flux), or per IU of CS
activity. The cytochrome ¢ effect was calculated using the following equation: [(OXPHOS flux

with cytochrome ¢ - OXPHOS flux without cytochrome ¢) + OXPHOS flux with cytochrome c].
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For determining pathway control, mitochondrial respiration was expressed in Flux per mass (pmol
O: per second per milligram tissue mass) corrected for ROX. Raw data points from each animal
homogenate (i.e., chambers A and B) were plotted as threshold plots with relative NSPro flux as a
function of relative complex inhibition using Microsoft Excel 2019 (Version 2210). The best-
fitting polynomial trendline for each threshold plot was applied based on the accuracy of the curve
to the data and the R?. The order of polynomials varied between 3 and 6. Afterwards, using the
specific polynomial curve equation for each animal, the amount of inhibition of the overall flux
after 25 and 50% inhibition of the specific complex was determined and then compared between
the beetle ages and selection lines. In addition to this analysis, we determined the slope and y-
intercept of each animal’s CIV threshold plot, using only the data points that indicated CIV
inhibition (i.e., after the initial plateau where relative NSPro flux remained unaffected by CIV

inhibition).

2.8 Statistical analysis

SigmaPlot 13 (Aspire Software International, Ashburn, VA, USA) was used to complete statistical
analyses for all data. In most cases, two-way ANOV As were used, with the beetle line and age as
the two factors. If needed, data were transformed in order to meet the normality and equal variance
requirements. Transformations are specified in the description of each figure. The criteria for
normality and homogeneity of variance were tested for each variable using Shapiro-Wilk and
Brown-Forsythe tests, respectively. If the two requirements were not met, the effects of age and
line were considered separately. For the effect of age, we used a one-way ANOVA (followed by

a Tukey test) or a Kruskal-Wallis ANOVA on ranks (followed by Dunn’s test). For the effect of
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the selection line (i.e., longevity), t-tests were completed if both tests passed, and otherwise Mann-
Whitney rank sum tests or Kruskal-Wallis ANOVA on ranks were completed. FAO data as well
as differences between lines for 25 and 50% inhibition were analyzed using t-tests, with
verification of the requirement of normality and equal variance using Shapiro-Wilk and Brown-
Forsythe tests, respectively. The y-intercepts and slopes of the CIV titration curves were analyzed
using a 2-way ANOVA. Significance was considered at P < 0.05. Figures were prepared using

GraphPad Prism 9.
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3. RESULTS

3.1 Body mass

The whole-body weight of each beetle was measured and compared between the selection lines
and the ages studied. The body weight showed a decrease with age in both sexes and selection
lines (Fig. 2A and B; P < 0.001 for both lines in females and in males). In females, this decrease
was present between days 1 and 5 only in the E line (P < 0.001 for the E line and P = 0.080 for
the L line), in both lines between days 1 and 8 (Fig. 2A; P < 0.001 for both selection lines), and
only in the L line between days 5 and 8 (Fig. 2A; P = 0.006 for the L line and P = 0.165 for the E
line). In males, this decrease was present between days 1 and 5 in both selection lines (Fig. 2B; P
< 0.001 for both), between days 1 and 8 (Fig. 2B; P < 0.001 for both selection lines), but only in
the L line between days 5 and 8 (Fig. 2B; P = 0.006 for the L line and P = 0.755 for the E line).
The effect of the selection line was evident at days 1 and 5 in both sexes, where L line beetles
consistently had a larger mass than E line beetles (Fig. 2A, B; P < 0.001 in each case). At day 8,
the significance between the lines was lost in both females (Fig. 2A; P = 0.051) and males (Fig.

2B; P =0.128).
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Figure 2: Body mass of female and male beetles of various ages and selection lines. Data for female seed beetles
are shown in panel A (n = 14-18 in E line, 15-17 in L line). Data for male seed beetles are shown in panel B (n = 14-
16 for days 1 and 5, 4 for day 8 in E line, 13 for days 1, 5, and 8 in L line). Box plots indicate the minimum, 25th
percentile, median, 75th percentile, and maximum. Data for males (panel B) met the assumptions of the two-way
ANOVA (results presented on the graph), without transformation. Data in panel A did not meet the assumptions and
the following tests were performed: one-way ANOVA (age effect within E line) and Kruskal-Wallis ANOVA on
ranks (age effect within L line and effect of selection line at each day). Significant differences between the beetle lines
for specific ages are denoted *** (P < 0.001).

24



3.2 Mitochondrial content

Both CS and CIV activities expressed per mg of tissue are considered biomarkers of mitochondrial
content (Boushel et al., 2007; Larsen et al., 2012; Picard et al., 2011). Figure 3 presents the changes
in these two biomarkers with age and longevity in the beetle selection lines (E and L lines). The
results for CS showed a general increase with age (day) in both females (Fig. 3A; P < 0.001) and
males (Fig. 3B; P < 0.001). The same results were observed for CIV activity in both females (Fig.
3C; P < 0.001) and males (Fig. 3D; P < 0.001). The two markers of mitochondrial content also
showed an effect of the beetle selection line, except for CIV in males which did not reach
significance (Fig. 3D; P = 0.179). However, CS activity is considered a stronger marker of
mitochondrial content (Larsen et al., 2012). In females, both markers showed less mitochondrial
content in the L line compared to the E line, which reached significance at days 1 and 5 for CS
activity (Fig. 3A; P = 0.013 and P < 0.001 for days 1 and 5, respectively) and at day 1 for CIV
(Fig. 3C; P < 0.001). Similarly in males, CS activity showed less mitochondrial content in the L
line compared to the E line, which reached significance at days 1 and 5 (Fig. 3B; P = 0.032 and P
< 0.001 for days 1 and 5, respectively). The CS results also showed an interaction between the

effect of age and the effect of selection line in both females (P = 0.010) and males (P < 0.001).
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Figure 3: Biomarkers of mitochondrial content in females and males of various ages and selection lines. Citrate
synthase (CS) is expressed in specific activity per milligram of seed beetle tissue (panels A, B). Complex IV (CIV) is
expressed in Flux per mass of seed beetle tissue (panels C, D). Box plots indicate the minimum, 25th percentile,
median, 75th percentile, and maximum. Females n = 14-18 in E line, 15-17 in L line; males n = 14-16 (days 1 and 5)
and 4 (day 8) in E line, 13 in L line. Two-way ANOVA P-values for the lines and ages as well as the interaction
between lines and ages are indicated in each panel. CS data did not undergo any transformations. CIV data underwent
reciprocal (panel C) and natural logarithmic (panel D) transformations to meet the assumptions of the ANOVA.
Significant differences between the beetle lines for specific ages are denoted * (P <0.05) and *** (P <0.001).
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3.3 Effect of age and selection line on the NADH pathway through complex [

Interestingly, even if the biomarkers of mitochondrial content showed an increase with age in both
sexes, the respiration of the NADH pathway through CI in Flux per mg of tissue showed no change
with age, neither in females (Fig. 4A; P = 0.062) nor in males (Fig. 4B; P = 0.056 in the E line
and P = 0.437 in the L line). The statistics showed an effect of the selection line on respiration
through the NADH pathway in Flux per mass, with more specifically a lower flux in the L line
compared to the E line in females (Fig. 4A) at days 1 (P =0.023), 5 (P =0.016) and 8 (P = 0.026),

and in males (Fig. 4B) at days 1 (P = 0.010) and 5 (P = 0.005), but not at day 8 (P = 0.126).

We investigated further with the FCR values (Fig. 4C, D), which are the Flux per mass normalized
to the maximal respiratory capacity with substrates feeding electrons simultaneously into the
NADH, Succinate, and Proline pathways. The FCR represents the contribution of a specific
pathway to the total OXPHOS capacity (or ET, here equivalent) and therefore the FCR results are
dictated by qualitative mitochondrial properties rather than by mitochondrial content. The FCR for
the NADH pathway decreases with age in both females (Fig. 4C; P < 0.001) and males (Fig. 4D;
P < 0.001 in the E line and P = 0.011 in the L line). In males, the effect of age was more
pronounced in younger ages (Fig. 4D; P < 0.001 and P = 0.008 between days 1 and 5 for E and L
lines, respectively; P = 0.669 and P = 0.266 between day 5 and 8 for E and L lines, respectively),
whereas in females, the effect of age was less pronounced and reached significance only between
days 1 and 8 (Fig. 4C; P < 0.001 for the E line and P = 0.001 for the L line) and between days 5
and 8 in the L line (Fig. 4C; P = 0.042). The L line showed a lower NADH pathway flux through
CI compared to the E line. In females (Fig. 4C), the effect of selection line was significant at days

1 (P =0.011) and 8 (P = 0.024), whereas in males (Fig. 4D), it was significant at days 1 (P =
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0.004) and 5 (P = 0.002).

When the data were expressed in Flux per IU CS (Fig. 4E, F), the same pattern of a decrease with
age was observed as when in FCR, both in females (Fig. 4E; P < 0.001) and in males (Fig. 4F; P
< 0.001). There was a continual decrease throughout the study period in females (Fig. 4E; P =
0.002 between days 1 and 5 and P = 0.010 between days 5 and 8), whereas in males, the differences
were only observed between days 1 and 5 (Fig. 4F; P = 0.001) and not between days 5 and 8 (Fig.
4F; P = 0.494). Because of the increase in variability resulting from incorporating the CS IU in
the results, the differences between the lines were lost (Fig. 4E, F; P = 0.820 in females and P =

0.273 in males).
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Figure 4: NADH pathway capacity in females and males of various ages and selection lines. Results for the
NADH pathway through complex I are presented in Flux per mass (pmol-s'mg™; panels A and B), FCR (panels C
and D), and Flux per international unit (IU) of CS (pmol/(s-1U); panels E and F) in seed beetle tissue at days 1, 5, and
8 of their lifespan. Data for female seed beetles is shown in panels A, C, and E (n = 14-18 in the E line, 15-17 in the
L line). Data for male seed beetles is shown in panels B, D, and F (n = 14-16 for days 1 and 5, 4 for day 8 in the E
line, 13 for all timepoints in the L line). Box plots indicate the minimum, 25th percentile, median, 75th percentile, and
maximum. Two-way ANOVA P-values for the lines and ages as well as the interaction between line and age are
indicated in panels whose data met the assumptions of the ANOVA, with the following transformations: base 10
logarithm in A, no transformation in C, square root in E, and natural logarithm in F. Data in panels B and D did not
meet the assumptions and the following tests were performed: one-way ANOVA (age effect within each line in panel
D), Kruskal-Wallis ANOVA on ranks (age effect within each line in panel B), t-test (selection line effect at day 1 in
panel B and line effect at days 5 and 8 in panel D), and Mann-Whitney sum test (selection line effect at days 5 and 8
in panel B, and selection line effect at day 1 in panel D). Significant differences between the beetle lines are denoted
* (P <0.05) and ** (P <0.01).
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3.4 Effect of age and selection line on the Succinate pathway through complex 11

The Succinate pathway through CII generally showed a very distinct effect compared to the NADH
pathway through CI. When expressed in Flux per mass, the Succinate pathway followed a similar
increase with age as observed for the markers of mitochondrial content in both females (Fig. 5A;
P < 0.001 for both E and L lines) and males (Fig. 5B; P < 0.001). Females of both lines had
significant increases between days 1 and 5 (Fig. 5A; P = 0.003) and days 1 and 8 (Fig. 5A; P <
0.001). Similarly, males showed increases between days 1 and 5 and days 1 and 8 (Fig. 5B; P <
0.001 for both), but not between days 5 and 8 (Fig. 5B; P = 0.995). The use of rotenone in the
presence of proline inhibits CI but only part of the ProDH pathway (Teulier et al., 2016). So here,
the Succinate pathway was measured in some presence of the ProDH pathway. As a result, the
increase in the Flux per mass of the Succinate pathway with age could be overestimated because
the ProDH pathway also had an increase in Flux per mass with age (see below). The Succinate
pathway in Flux per mass did not show any significant differences linked to selection lines both in
females (Fig. 5A; P = 0.067 at day 1, P = 0.070 at day 5, P = 0.704 at day 8) and in males (Fig.

5B; P = 0.283).

When expressed in FCR, both females (Fig. 5C) and males (Fig. 5D) showed a significant effect
of age (P < 0.001 in both females and males) and line (P = 0.032 in females and P = 0.003 in
males), but no interaction between the two factors (P = 0.854 in females and P = 0.202 in males).
Contrary to the NADH pathway, the Succinate pathway’s contribution through CII (i.e., the FCR)
increased with age in both sexes (Fig. 5C and 5D; P < 0.001 for both). In females, significant
increases were obtained between days 1 and 5 (Fig. 5C; P = 0.008) and between days 1 and 8 (Fig.

5C; P < 0.001). In males, the same was observed (Fig. 5D; P < 0.001 and P = 0.004 for between
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days 1 and 5 and days 1 and 8, respectively). Since the Succinate pathway’s FCR saw an increase
with age even though the ProDH pathway decreased with age (see below), the Succinate pathway’s
FCR may actually be higher than what is shown in the figures. Regarding the effect of the selection
line, the L line showed a stronger contribution of the Succinate pathway to OXPHOS compared to
the E line. This effect is contrary to what was observed in the NADH pathway. The effect of the
selection line on the Succinate pathway was also less pronounced in females (Fig. 5C; P = 0.032
and not significant at specific time points) compared to males (Fig. 5D; P = 0.003 and significant

at 1 and 5 days, but not at 8 days).

Normalized to CS, both females (Fig. 5SE) and males (Fig. 5F) showed a significant effect of age
(P < 0.001 in females and P = 0.030 in males) and selection line (P = 0.027 in females and P =
0.026 in males). But in contrast to the data in FCR, there was also a significant interaction between
the two factors in both females (P = 0.040) and males (P = 0.006). In females, there was a decrease
in Flux/CS with age in the L line between days 1 and 8 (Fig. SE; P < 0.001) and between days 5
and 8 (Fig. SE; P = 0.009). In the E line, no significant differences were noted. The same pattern
occurred in males where only the L line presented a significant decrease in the Succinate pathway
Flux/CS with age (Fig. 5F; P < 0.001 for between both ages 1 and 8 and ages 5 and 8), and not the
E line. A significantly higher Succinate pathway capacity normalized to CS activity occurred in L
line females at days 1 and 5 (Fig. SE; P = 0.024 and P = 0.027 for days 1 and 5, respectively) and

in L line males at days 1 (Fig. 5F; P = 0.002) and 5 (Fig. 5F; P < 0.001) compared to the E line.
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Figure 5: Succinate pathway capacity in females and males of various ages and selection lines. Results for the
Succinate pathway through complex II are presented in Flux per mass (pmol-s'mg™'; panels A and B), FCR (panels C
and D), and Flux per international units (IU) of CS (pmol/(s- IU); panels E and F) in seed beetle tissue at days 1, 5,
and 8 of their lifespan. Data for female seed beetles are shown in panels A, C, and E (n = 14-18 in the E line, 15-17
in the L line). Data for male seed beetles are shown in panels B, D, and F (n = 14-16 for days 1 and 5, 4 for day 8 in
the E line, 13 for all timepoints in the L line). Box plots indicate the minimum, 25th percentile, median, 75th percentile,
and maximum. Two-way ANOVA P-values for the lines and ages as well as the interaction between line and age are
indicated in panels whose data met the assumptions of the ANOVA, with the following transformations: reciprocal
transformation in B, no transformation in C, D, and F, and square root transformation in E. Data in panel A did not
meet the assumptions and the following tests were performed: one-way ANOVA (age effect in the L line with natural
logarithm transformation), Kruskal-Wallis ANOVA on ranks (age effect in the E line), t-test (selection line effect at
day 1) and Mann-Whitney rank sum test (selection line effect at days 5 and 8). Significant differences between the
beetle lines are denoted * (P < 0.05), ** (P <0.01), and *** (P <0.001).
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3.5 Ratio of the NADH or the Succinate pathway over complex IV activity

The ratios of the NADH pathway over CIV and the Succinate pathway over CIV (Fig. 6) showed
the same general results as the FCR or Flux/CS, i.e., there was (1) a decrease in the NADH pathway
capacity and an increase in the Succinate pathway with age, and (2) a lower NADH pathway

capacity in the L line compared to the E line.

The NADH pathway decreases with age in both females and males (Fig. 6A and B; P < 0.001 for
both sexes). Females specifically saw decreases between days 1 and 8 (P < 0.001) and between
days 1 and 5 (P = 0.001). Likewise in males, the effect of age was also observed between days 1
and 8 (P = 0.035) and between days 1 and 5 (P < 0.001). The NADH pathway over CIV had an
overall effect of the beetle selection lines, with the L line having a lower ratio than the E line (P =
0.014 in females, P < 0.001 in males). Only at day 8 was there a significant difference between
the lines in females (P = 0.023), but males had significant differences at all time points studied (P

=0.004 for day 1, P = 0.030 for day 5, and P = 0.035 for day 8).

The Succinate pathway over CIV only showed a significant increase with age in females (Fig. 6C;
P =0.003), but showed a trend of an increase with age in males (Fig. 6D; 0.062). In females, there
was a significant increase between days 1 and 8 (P = 0.038) and between days 5 and 8 (P = 0.004).
There was no effect of beetle selection line in females nor males (P = 0.346 and P = 0.853,
respectively), but there was an interaction between selection line and age in males (Fig. 6D; P =

0.013).
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Figure 6: Ratio of the NADH and the Succinate pathway over complex IV activity in females and males of
various ages and selection lines. Ratios for the NADH pathway capacity (panels A and B) and for the Succinate
pathway capacity (panels C and D) are presented for seed beetles at days 1, 5, and 8 of their lifespan. Data for female
beetles are shown in panels A and C (n = 14-18 in the E line, 15-17 in the L line). Data for male beetles are shown in
panels B and D (n = 14-16 for days | and 5, 4 for day 8 in the E line, 13 for all timepoints in the L line). Box plots
indicate the minimum, 25th percentile, median, 75th percentile, and maximum. Two-way ANOVA P-values for the
lines and ages as well as the interaction between line and age are indicated. Data in panels A, B, C, and D did not
undergo any transformations. Significant differences between the beetle lines are denoted * (P < 0.05) and ** (P <

0.01).
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3.6 Effect of age and selection line on the Proline dehydrogenase (ProDH) pathway

In order to calculate the contribution of the ProDH pathway flux to maximal respiration (Fig. 7A,
B), we subtracted the combined NS pathway flux from the maximum flux with the NADH,
Succinate, and Proline pathways active. Only an effect of age was noted when the data were
expressed in Flux per mass (Fig. 7A, B; P = 0.027 in females and P = 0.009 in males), in FCR
(Fig. 7C and D; P = 0.019 in females and P = 0.003 in males), and in Flux/CS IU (Fig. 7E, F, P
< 0.001 in both females and males). In Flux per mass, the flux through the ProDH pathway
increased with age in both sexes, and significance was attained between days 1 and 8 (Fig. 7A, B;
P =0.022 and P = 0.008, in females and males, respectively). When the data were expressed in
FCR (Fig. 7C, D) or in Flux per CS (Fig. 7E, F), the effect was a decrease with age. Significant
differences were obtained in FCR between days 1 and 8 in females (Fig. 7C; P = 0.017) and
between days 1 and 5 in males (Fig. 7D; P = 0.002). In Flux per CS, there was a decrease between
days 1 and 5 (Fig. 7E, F; P = 0.002 in both males and females) and between days 1 and 8 (P =
0.002 in males and P < 0.001 in females). No effect of the selection line occurred in any of the

units (Fig. 7A-F).
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Figure 7: Proline dehydrogenase pathway capacity in females and males of various ages and selection lines.
Results for the Proline dehydrogenase pathway are presented in Flux per mass (pmol-s'mg’'; panels A and B), FCR
(panels C and D), and Flux per international units (IU) of CS (pmol/(s-IU); panels E and F) in seed beetle tissue at
days 1, 5, and 8 of their lifespan. Data for female seed beetles are shown in panels A, C, and E (n = 14-18 in the E
line, 15-17 in the L line). Data for male seed beetles are shown in panels B, D, and F (n = 14-16 for days 1 and 5, 4
for day 8 in the E line, 13 for all timepoints in the L line). Box plots indicate the minimum, 25th percentile, median,
75th percentile, and maximum. Two-way ANOVA P-values for the lines and ages as well as the interaction between
line and age are indicated in panels whose data met the assumptions of the ANOVA. Data in panels A, B, E, and F
underwent square root transformations to meet the assumptions of the ANOVA. Data in panels C and D did not
undergo any transformations.
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3.7 Effect of age and selection line on the NADH+Succinate+Proline (NSPro)

combined pathway flux

The combined NSPro flux was the maximal, combined pathway flux measured in this study. When
expressed in Flux per mass, the combined NSPro flux showed an increase with age in both females
and males (Fig. 8A, B; P <0.001 for both). Significant differences for Flux per mass were obtained
between days 1 and 5 (Fig. 8A; P = 0.001) and between days 1 and 8 (Fig. 8A; P < 0.001) in
females. In males, the same differences were present (Fig. 8B; P < 0.001 between days 1 and 5
and between days 1 and 8). There was also an effect of the beetle selection line on the combined
NSPro flux in Flux per mass, with the L line presenting a lower flux than the E line in females
(Fig. 8A; P < 0.001) and males (Fig. 8B; P = 0.006). In females, the selection line effect was
statistically significant at days 1 (Fig. 8A; P = 0.044) and 5 (Fig. 8A; P = 0.032). In males,

significance was reached at day 5 only (Fig. 8B; P =0.015).

When the data were normalized to CS (Fig. 8C, D), the opposite was observed. With age, NSPro
Flux/CS decreased in both females (Fig. 8C; P < 0.001) and males (Fig. 8D; P=0.003). In females,
significant differences were observed between all timepoints studied (Fig. 8C; P =0.005 between
days 1 and 5, P < 0.001 between days 1 and 8, P = 0.028 between days 5 and 8). In males, there
was only a significant decrease between days 1 and 8 (Fig. 8D; P = 0.003). There were no
differences between the lines in females (Fig. 8C; P = 0.337) nor in males (Fig. 8D; P = 0.404).
However, there was an interaction between selection line and age in males only (Fig. 8D; P =

0.027).
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Figure 8: The combined NADH+Succinate+Proline (NSPro) pathway capacity in females and males of various
ages and selection lines. Results for the NSPro pathway are presented in Flux per mass (pmol-s'mg; panels A and
B) and Flux per international units (IU) of CS (pmol/(s-IU); panels C and D) in seed beetle tissue at days 1, 5, and 8
of their lifespan. Data for female seed beetles are shown in panels A and C (n = 14-18 in the E line, 15-17 in the L
line). Data for male seed beetles are shown in panels B and D (n = 14-16 for days 1 and 5, 4 for day 8 in the E line,
13 for all timepoints in the L line). Box plots indicate the minimum, 25th percentile, median, 75th percentile, and
maximum. Two-way ANOVA P-values for the lines and ages as well as the interaction between line and age are
indicated in panels whose data met the assumptions of the ANOVA. Data in panels A and B underwent reciprocal
transformations, data in panel C underwent a natural logarithmic transformation, and data in panel D underwent a

square root transformation to meet the assumptions of the ANOVA. Significant differences between the beetle lines
are denoted * (P <0.05).
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3.8 Effect of age and selection line on complex IV activity expressed in FCR and per

unit of CS activity

When expressed in FCR (Fig. 9A, B) or in Flux per CS IU (Fig. 9C, D), CIV activity showed an
effect of age in females (P = 0.002 in FCR and P < 0.001 in Flux per CS IU) and males (P < 0.001
in FCR and P = 0.007 in Flux per CS IU), but the effect of selection lines was only present in
males (P = 0.024 in FCR and P = 0.025 in Flux per CS), with the L line exhibiting higher FCR
and Flux per CS IU than the E line. No interaction between the two factors was detected in any
sex or unit. With age, the FCR for CIV increased significantly between days 1 and 5 in females
(Fig. 9A; P = 0.002, both lines confounded), and in males (Fig. 9B; P < 0.001, both lines
confounded). In females, CIV activity normalized to CS was lower at day 8 compared to days 1
and 5 (Fig. 9C; P < 0.001 between days 1 and 8, and 5 and 8). In males, the decrease with age was

significant between days 1 and 8 (Fig. 9D; P = 0.008) and between days 5 and 8 (P = 0.013).

39



Females Males
o 4 Line P=0382 == Eary(®) 47 Line P=0024
- Age P =0.002 Late (L) Age P <0.001
E 3 Line*Age P =0.124 3- Line*Age P =0.334 |
S 14 14
£l 5.H = 5| & =
g [ T
=
LL 0 0
1 5 8 1 5
Age (in days) Age (in days)
50007 (ine p=0273 500077 ;e p-0025
Age P <0.001 Age P =0.00
4000 Li?]Z*Age P=0111 4000 Li?:z*Age P=70.064 * %
wl = ~ L
=) =)
'S %, 3000~ T %, 3000-
— ~— ~
x — —
S 2 2000 é E T 9 2000 2L
w| @ I 8x s |T
1000 1 1000
0 0
1 5 8 1 5
Age (in days) Age (in days)

Figure 9: Complex IV activity in females and males of various ages and selection lines. Results for complex IV
activity are presented in FCR (panels A and B) and in Flux per international units (IU) of CS (pmol/(s- IU); panels C
and D) in seed beetle tissue at days 1, 5, and 8 of their lifespan. Data for female seed beetles are shown in panels A
and C (n = 14-18 in the E line, 15-17 in the L line). Data for male seed beetles are shown in panels B and D (n = 14-
16 for days 1 and 5, 4 for day 8 in the E line, 13 for all timepoints in the L line). Box plots indicate the minimum, 25th
percentile, median, 75th percentile, and maximum. Two-way ANOVA P-values for the lines and ages as well as the
interaction between line and age are indicated in each panel. Data in panels A and C underwent reciprocal
transformations to meet the assumptions of the ANOVA. Data in panels B and D did not undergo any transformations.
Significant differences between the beetle lines are denoted * (P < 0.05) and ** (P <0.01).
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3.9 Effect of selection line on the capacity to oxidize fatty acids

Figure 10 presents the Flux per mass of select fatty acids providing electrons to the Q-junction
through the ETF: the long-chain fatty acid palmitoylcarnitine and the medium-chain fatty acid
octanoylcarnitine, both in the presence of malate, ADP, and cytochrome ¢. Comparing each beetle
selection line, there were no significant differences in FAO for either fatty acid (Fig. 10A, B; P =

0.180 and P = 0.440, respectively).

Of important note, the capacity to oxidize fatty acids showed up as extremely low, with all fatty
acid substrates. With palmitoylcarnitine as the substrate, the capacity expressed in percent as
median (min-max) was 13 (9-19)% of the capacity of the NADH pathway. With octanoylcarnitine
as the substrate, the capacity was 10 (8-16)% of the capacity of the NADH pathway. We
additionally tested the short-chain fatty acid, acetylcarnitine, only in the L line, but again, there
was no significant utilization of this fatty acid, and the proportion of its flux compared to the

NADH pathway was 10 (10-12)%.
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Figure 10: Fatty acid oxidation in males of the two selection lines at day 1. Results for fatty acid oxidation are
presented in Flux per mass (pmol-s'mg?!; panels A and B), not corrected for instrumental background, with
palmitoylcarnitine and malate as the substrates in panels A and octanoylcarnitine and malate as the substrates in panel
B. n =5 per box. Box plots indicate the minimum, 25th percentile, median, 75th percentile, and maximum. T-tests
were performed and showed no significant differences between the beetle lines.

3.10 Control of the mitochondrial respiratory capacity by complex I, complex Il and

complex IV

To evaluate the control of one complex on the overall mitochondrial respiratory capacity, we
administered an inhibitor titration protocol specific for each complex, i.e., rotenone to inhibit CI
within the NADH pathway (Fig. 11), malonate to inhibit CII within the Succinate pathway (Fig.
12), or sodium azide to inhibit CIV (Fig. 13). Only males were studied. For each animal, the
inhibitor titration was performed simultaneously on the maximal pathway flux with NSPro
activated (oxygraph chamber A) and on the specific complex in question (oxygraph chamber B).
This allowed us to both determine any possible excess (i.e., unused) capacity of that complex and

also the resulting control of that complex over the overall pathway flux.
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The impact of the rotenone titration on the relative NADH pathway (x axis) and on the relative
maximal pathway flux (y axis) was displayed as scatter plots (Fig. 11A-D). At day 1 of age, the
curve showed a stronger inhibition of the relative NSPro pathway at low relative CI inhibition in
the L line (Fig. 11C) compared to the E line (Fig. 11A). In order to measure this effect and detect
any possible significance, the amount of inhibition of the overall flux when inhibiting 25 (Fig.
11E) and 50% (Fig. 11F) of CI was compared between beetle selection lines. The calculation was
made from the titration curve obtained for each animal. When CI was inhibited in beetles at day 1
of age, the decrease in NSPro pathway flux was stronger in the L line compared to the E line (Fig.
11E; P = 0.038 at 25% inhibition, Fig. 11F; P = 0.028 at 50% inhibition). At 50% inhibition of
CL, E line beetles were still at 69% of maximal NSPro flux (66-84%, min-max), whereas L line
beetles were only at 64% of maximal NSPro flux (58-67%, min-max). Since L line beetles already
had an initial lower relative CI capacity to begin with (presented in Fig. 4C, D), there was a
stronger impact of rotenone inhibition compared to in E line beetles. In other words, there is little
to no excess CI capacity in L line beetles, so CI inhibition more strongly controls overall pathway
flux. Furthermore, the control by CI did not change as E line beetles aged (Fig. 11E, F; P = 0.804
at 25% inhibition; P = 0.551 at 50% inhibition), but tended to decrease (i.e., the overall NSPro
flux was less affected, so higher) in the L line with age (Fig. 11E, F; P = 0.057 at 25% inhibition;
P =0.030 at 50% inhibition). Then, at day 5, the impact of CI inhibition was considered equivalent
in both lines, at both 25 (Fig. 11E; P = 0.627, 87% and 87% for E and L lines, respectively) and

50% inhibition (Fig. 11F; P = 0.073, 75 and 68% in E and L lines, respectively).
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Figure 11: Effect of complex I inhibition on maximal pathway flux. (A-D) The relative maximal pathway flux in
the presence of NADH, succinate and proline (NSPro) is presented as a function of relative complex I (CI) inhibition
using a rotenone titration at days 1 (panels A and C) and 5 (panels B and D) in males of the early (E; panels A and B)
and late (L; panels C and D) seed beetle selection lines. Dots represent the raw data plots. (E-F) The relative NSPro
flux at 25% (panel E) and 50% (panel F) CI inhibition, at days 1 and 5 in males of the E and L lines. n = 6 at both ages
and for both lines. Significant differences between the lines as the result of t-test statistical analyses are denoted * (P
<0.05).
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The impact of the malonate titration on the relative Succinate pathway (x axis) and on the relative
maximal pathway flux (y axis) was displayed as scatter plots (Fig. 12A-D). The curve showed a
similar repartition of the relative NSPro pathway with CII inhibition in the L compared to the E
line at both days 1 and 5. When 25 or 50% of CII was inhibited (Fig. 12E, F), the decrease in
NSPro pathway flux was the same in both lines (Fig. 12E, at 25% inhibition, P = 0.494 at day 1
and P = 0.452 at day 5; Fig. 12F, at 50% inhibition, P = 0.597 at day 1 and P = 0.522 at day 5).
Furthermore, the control by CII did not change with age in the E line (Fig. 12E, F; P = 0.362 at
25% inhibition; P = 0.953 at 50% inhibition) nor in the L line (Fig. 12E, F; P = 0.878 at 25%
inhibition; P = 0.676 at 50% inhibition). Even if the Succinate pathway compensated for the lack
in the NADH pathway in the L line compared to the E line (Fig. 5C, D), CII did not show a change

in control over the maximal pathway flux between the lines.
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Figure 12: Effect of complex II inhibition on maximal pathway flux. (A-D) The relative maximal pathway flux in
the presence of NADH, succinate and proline (NSPro) is presented as a function of relative complex II (CII) inhibition
using a malonate titration at days 1 (panels A and C) and 5 (panels B and D) in males of the early (E; panels A and B)
and late (L; panels C and D) seed beetle selection lines. Dots represent the raw data plots. (E-F) The relative NSPro
flux at 25% (panel E) and 50% (panel F) CII inhibition, at days 1 and 5 in males of the E and L lines. n = 6-7 for the
E line and n = 7-10 for the L line at both ages. T-tests were performed and showed no significant differences between
the beetle lines.
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The apparent excess capacity of downstream complexes (i.e., CIII and CIV) lowers and their flux
control increases to support increased electron entry when multiple electron entry pathways into
the OXPHOS process are active (here, NADH, Succinate, and ProDH; Lemieux et al., 2017). We
therefore examined the apparent excess capacity of CIV at maximal convergent pathway flux
through the ETS. These plots (Fig. 13A-D) show two distinct phases: (1) the elimination of excess
capacity above the threshold (initial slope; grey dots) and (2) the slope below the threshold (black
dots and solid line), where further inhibition of CIV caused a linear inhibition of pathway flux. We
extrapolated the solid line to give a visual indication of the y-intercept (dotted line). A higher y-
intercept indicates a greater excess capacity of CIV, and the [y-intercept — 1]/y-intercept represents
the amount that that complex has to be inhibited before it begins affecting the overall combined
pathways’ flux (i.e., the excess capacity of the complex). In other words, the greater the excess
capacity of a complex, the less chance of a decrease in overall respiration when that complex

begins to lose its function.

Here, the significant differences in y-intercepts showed a higher apparent excess capacity of CIV
in the L line compared to the E line (Fig. 13A-D; P = 0.007), but there was only a significant
difference at day 1 (Fig. 13A, C; median y-intercept of 1.594 for the E line and 1.806 for the L
line, P =0.003). There was no difference between the lines at day 5 (Fig. 13B, D; 1.743 for the E
line and 1.878 for the L line, P = 0.380). There was no effect of age in both beetle selection lines
(Fig. 13A-D; P = 0.066). In comparing the slopes, there was again a significant effect of the
selection line, with L line beetles presenting a higher CIV excess capacity than E line beetles (Fig.
13A-D; P =0.009). This difference was observed between the lines specifically at day 1 (Fig. 13A,
C; P=0.004). Unlike for the y-intercepts, there was a significant increase in excess CIV capacity

with age, but only in the E line (Fig. 13A, B; P = 0.012 for the E line, P = 0.670 for the L line).
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There was no interaction between selection line and age in comparing both the y-intercepts and

the slopes (Fig. 13A-D; P = 0.095 for y-intercepts and P = 0.094 for slopes).

When 25% of CIV was inhibited (Fig. 13E), the capacity of the combined NSPro pathways was
more preserved in the L line compared to the E line at day 1 (95% vs 93% of overall NSPro flux
in the L line vs E line; P = 0.005), but these differences were absent at day 5 (Fig. 13E; 96% vs
95%; P = 0.320). The same pattern was observed at 50% inhibition (Fig. 13F; 81% vs 76% in the
L vs E lines at day 1, P = 0.007; and 82% vs 82% at day 5, P = 0.807). When looking at the effect
of age, the impact of 25 and 50% inhibition of CIV excess was different in each beetle selection
line. The E line was less affected by CIV inhibition at day 5 compared to day 1 at 25% of CIV
inhibition (Fig. 13E; 96% vs 93% at days 5 vs 1, P = 0.007), and this was a trend at 50% inhibition
(Fig. 13F; 82% vs 76%, P = 0.052). In the L line, there was no significant change with age at any
of the percent inhibitions measured (Fig. 13E and F; 95% vs 95% at days 5 vs 1, P = 0.979 at 25%

inhibition, and 82% vs 81%, P = 0.442 at 50% inhibition).
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Figure 13: Effect of complex IV inhibition on maximal pathway flux. (A-D) The relative maximal pathway flux
in the presence of NADH, succinate and proline (NSPro) is presented as a function of relative complex IV (CIV)
inhibition using a sodium azide titration at days 1 (panels A and C) and 5 (panels B and D) in males of the early (E;
panels A and B) and late (L; panels C and D) seed beetle selection lines. Dots represent the raw data plots. Data up to
the threshold of inhibition are represented by open, grey circles, while data after the inflection point are represented
by closed, black circles. The y-intercept represents the intercept of the linear regression of the data after the inflection
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point with zero CIV inhibition. Y-intercepts are listed on the graphs as median (min, max) and represent the apparent
excess CIV capacity. Graphs also display the slopes as median (min, max) as well as the goodness of fit (R?). Data
were analyzed using a two-way ANOVA and met the assumptions without undergoing any transformations. Two-way
ANOVA results comparing y-intercepts are: P = 0.007 (the effect of selection line), P = 0.066 (the effect of age), and
P =0.095 (interaction). Significant differences between the y-intercepts of selection lines are denoted * (P = 0.003).
(E-F) The relative NSPro flux at 25% (panel E) and 50% (panel F) CIV inhibition, at days 1 and 5 in males of the E
and L lines. n = 5-7 at both ages and in both lines. Significant differences between the lines as the result of t-test
statistical analyses are denoted ** (P < 0.01).

3.11 Quality of the mitochondria

LEAK state respiration (Fig. 14A, B) was measured with pyruvate, malate, and glutamate without
the presence of ADP. LEAK was expressed as FCR, which is known as the coupling-control ratio:
a LEAK value of 0 indicates a fully coupled system, whereas a LEAK value of 1 indicates a fully
uncoupled system (Gnaiger, 2020). Our results show that most LEAK values are below 0.05,
which is indicative of good coupling in A. obtectus mitochondria in both females (Fig. 14A) and
males (Fig. 14B) and in both beetle lines. There were no significant differences between any of

the parameters studied (i.e., age and line).

The cytochrome c effect indicates the integrity of the external mitochondrial membrane (Gnaiger,
2020). The cytochrome c effect significantly increased with age in both females and males; in
females, an increase was observed in both lines between days 1 and 8 (Fig. 14C; P < 0.001 in the
E line, P = 0.021 in the L line), and only in the E line between days 5 and 8 (P = 0.009). In males,
there was an increase in the cytochrome c effect earlier on, notably between days 1 and 5 in both
lines (Fig. 14D; P < 0.001 in the E line and P = 0.005 in the L line), but also between days 1 and
8 only in the E line (P = 0.001). The effect of longevity was only seen at day 8 in females (Fig.

14C, P = 0.028) but at days 1 and 5 in males (Fig. 14D, P = 0.002 and P = 0.018, respectively).
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To avoid any bias induced by changes in outer membrane integrity, OXPHOS capacity values used

for comparison between ages and lines were all taken after addition of exogenous cytochrome c.
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Figure 14: Indicators of mitochondrial quality. (A-B) The flux control ratio (FCR) for the LEAK state was
measured in the presence of pyruvate, malate, and glutamate, before the addition of ADP and expressed as the maximal
OXPHOS state in the presence of NADH, succinate and proline (with ADP and cytochrome ¢). (C-D) The cytochrome
c effect is presented as a percentage (%) of increase in respiration following the addition of cytochrome ¢ with respect
to the NADH pathway in the OXPHOS state. Both the LEAK state and the cytochrome ¢ effect were measured at days
1, 5, and 8. Data for female seed beetles are shown in panels A and C (n = 14-18 in the E line, 15-17 in the L line).
Data for male seed beetles are shown in panels B and D (n = 14-16 for days 1 and 5, 4 for day 8 in the E line, 13 for
all timepoints in the L line). Box plots indicate the minimum, 25th percentile, median, 75th percentile, and maximum.
Data in all panels did not meet the assumptions of the two-way ANOVA, so the following tests were performed: one-
way ANOVA (age effect within the L line in panels C and D), Kruskal-Wallis ANOVA on ranks (age effect within
each line in panels A and B, within E line in panels C and D), t-test (line effect at days 1, 5, and 8 in panel C, days 5
and 8 in panel D), and Mann-Whitney rank sum test (line effect at days 1, 5, and 8 in panels A and B, day 1 in panel
D). Significant differences between the beetle lines are denoted * (P < 0.05) and ** (P < 0.01).
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4. DISCUSSION

In this study, we provide evidence of the connection between mitochondrial function and important
differences in longevity in the E and L selection lines of 4. obtectus. We observed that beetles of
the L line, compared to the E line, had a decreased flux and contribution of the NADH pathway
through CI, which was observed at early time points (days 1 and 5), and tended to have more
differences in males compared to females. Furthermore, at day 1, males showed an increase in
control by CI on overall flux. As a compensation for the decreased capacity of the NADH pathway
through CI, L line beetles showed an increase in the contribution of the Succinate pathway through
CII. These differences were present in both sexes, but males tended to have differences in earlier
timepoints. L line beetles also displayed greater excess CIV capacity early in life compared to the
E line at day 1 of age. Additionally, the ProDH pathway did not vary between the beetle selection
lines, and both beetle lines had a very limited capacity to oxidize fatty acid substrates. So, these
two neglected pathways (the ProDH pathway and the ETF pathway using fatty acid substrates) do

not appear to play a role in the selection for lifespan in A. obtectus.

4.1 Decrease in the NADH pathway capacity associated with an increase in
longevity

Our results pointed towards a reduction in CI being linked to increasing lifespan in the beetles.
This is supported by (1) the lower contribution of the NADH pathway through CI to the maximal

OXPHOS capacity in the L line compared to the E line, and (2) the higher control by CI in the L

line compared to the E line. Our data supports other research demonstrating that CI disruption or
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partial inhibition extends lifespan. First, lifespan extension was directly observed following RNAi
of Cl in C. elegans (Curran and Ruvkun, 2007; Dillin et al., 2002; Hamilton et al., 2005; Hansen
et al., 2005; Labbadia et al., 2017; Rauthan et al., 2015; Rea et al., 2007; Yang and Hekimi, 2010b)
and in D. melanogaster (Copeland et al., 2009; Owusu-Ansah et al., 2013). Another study saw
lifespan extension after RNAi of ATP synthase subunit C, which suppressed CI activity in C.
elegans (Xu et al., 2018). Second, inhibition of CI with rotenone was associated with an increase
in longevity in the short-lived killifish Nothobranchius furzeri (Baumgart et al., 2016) and in C.
elegans (Labbadia et al., 2017). In the killifish study, they first noticed that CI-linked genes were
negatively correlated with lifespan: the short-lived killifish had a higher expression of CI genes
than the longer-lived killifish. In the second part of their project, they administered low
concentrations of rotenone to the short-lived killifish and found that their lifespan was extended
by 15% (Baumgart et al., 2016). In C. elegans, Labbadia et al. (2017) administered low
concentrations of rotenone until the late larval stage and saw increased survival following heat
shock on day 2 of adulthood. Third, studies have shown a lower abundance of CI and/or its subunits

in long-lived strains of mice (Miwa et al., 2014) and C. elegans (Munkécsy and Rea, 2014).

Interestingly, a previous study measured the activity of the various complexes in E and L line
beetles. They did not find a difference in CI activity between the lines, but noted an increase in
CIII activity in the L line compared to the E line (Pordevi¢ et al., 2017). The difference between
their results and ours could be explained by various differences in measurements between the
studies; their activities were expressed per mg of protein, measured only at day 1, and with assays
performed on frozen mitochondria, without the functionality of the global OXPHOS process. In
contrast, our data localized the defect to the NADH pathway through CI in the L line compared to

the E line by performing experiments on functional mitochondria, measuring the entire OXPHOS
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process using a polarographic assay, and working on intact mitochondria and closer to the
conditions of the live animal (Lemieux and Hoppel, 2009). Furthermore, using the titration curves
of the CI inhibitor, rotenone, we can support that the defect noted in the NADH pathway measured
with pyruvate, malate and glutamate as substrates was at least in part due to a decrease in CI, and
not in other steps involved in the NADH pathway (such as pyruvate dehydrogenase, transaminase,
and substrate transporters). Our titration curves showed that L line beetles, compared to E line
beetles, lack an excess of CI, since inhibition by rotenone exerted an earlier and more significant
effect on the global pathway flux with NADH, Succinate, and Proline pathways active. Notably,
this decrease in CI capacity in the L line compared to the E line better agrees with another previous
study in these beetle selection lines, that showed that exposure to low doses of the CI inhibitor,
tebufenpyrad, in 1-day-old short-lived (E line) seed beetles extended their lifespan by nearly 15%
(Jovanovi¢ et al., 2014). The results presented here and by Jovanovi¢ et al. (2014) demonstrate
that the decrease in CI in the long-lived line is not a coincidence, but is instead a mitochondrial

adjustment involved in lifespan extension.

4.2 No change in the Proline dehydrogenase (ProDH) pathway associated with

longevity, but a decrease associated with age

Whereas other sources have suggested an increase in proline metabolism to be involved in
controlling lifespan in S. cerevisiae (Mukai et al., 2019; Nishimura et al., 2021) and C. elegans
(Edwards et al., 2015; Pang and Curran, 2014), our results do not support this change in A.
obtectus, as both lines showed the same capacity of the ProDH pathway when expressed in FCR

and in Flux per unit of CS activity. The two beetle selection lines, however, have an important
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capacity to process OXPHOS using proline as a substrate. Interestingly, it could be advantageous
for the L line to have an increase in the capacity of the Succinate pathway rather than the ProDH
pathway because the ProDH pathway already provides an important energy source for OXPHOS
and has previously been reported to promote aging by producing large amounts of ROS via an
upregulation of ProDH by p53 (Nagano et al., 2017). Additionally, a cross-talk between the ProDH

and Succinate pathways has been previously detected (Hancock et al., 2016).

Furthermore, the contribution of the ProDH pathway (in FCR and in Flux per unit of CS activity)
decreased with age in both sexes. This supports earlier data on D. melanogaster which showed a
decrease in proline oxidation, normalized to mitochondrial protein content, with age (Ferguson et
al., 2005). Proline is also associated with insect flight muscle (Gidde and Auerswald, 2002; Teulier
et al., 2016). As a result, the decrease in overall contribution of proline with age could be a proxy
for insect motility, since aging insects become less physically active and less prone to flying (Lane

et al., 2014; Le Bourg and Minois, 1999; Miller et al., 2008; Simon et al., 2006; Tofilski, 2000).

4.3 Unexpectedly low capacity to oxidize fatty acids in both beetle lines

Our data for A. obtectus showed a low capability of using fatty acid substrates for OXPHOS
compared to substrates used by the NADH, Succinate, or Proline pathways. We observed this with
three different chain lengths of fatty acids: the long chain fatty acid palmitoylcarnitine (medians
of 11% and 16% of the NADH pathway in E and L lines, respectively), the medium chain fatty
acid octanoylcarnitine (9% and 11% of the NADH pathway in E and L lines, respectively) and the
short chain fatty acid acetylcarnitine (10% of the NADH pathway in L; data not shown). Our data

contradicts suggestions made based on respiratory quotients, which are the ratio of CO, produced
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to Oz consumed. The respiratory quotient reflects which macronutrients are used for metabolism.
Animals with a low respiratory quotient (around 0.7), like beetles (Immonen et al., 2016;
Wightman, 1978) and even the seed beetle selection lines used in our study (Arnqvist et al., 2017),
were thought to almost exclusively use lipids as an energy source (Kleiber, 1961). In contrast, our
data suggest that even during starvation, 4. obtectus do not oxidize fatty acids to produce energy.
Furthermore, the observation that E line beetles have a slightly higher respiratory quotient
compared to L line beetles (Arnqvist et al., 2017) cannot be due to a difference in the capacity to
oxidize fatty acids, as our results showed a similar, very limited capacity to produce energy from

fatty acids in both selection lines.

There are two potential explanations for this low capacity to oxidize fatty acids in the beetles. The
first explanation is that the mobilization of fuel in the fat bodies is not directly oxidized as fatty
acids but shuttled in the form of proline, as previously suggested for insects (Arrese and Soulages,
2010; Bursell, 1977; Bursell, 1981; Gidde and Auerswald, 2002). This process is called the proline-
alanine cycle, which ultimately transforms fatty acid reserves and alanine into proline (Géde and
Auerswald, 2002). In the Colorado potato beetle (Leptinotarsa decemlineata), which oxidizes
proline to fuel flight, a concomitant utilization of glucose occurs to produce pyruvate, and allows
the proline-alanine cycle to run (Gdde and Auerswald, 2002). In A. obtectus, as feeding is absent
in the adult stage, the pyruvate needed for the proline-alanine cycle is likely supplied by stored
lipids. And again, our data showed that A. obtectus use proline as an important energy source for
OXPHOS and not fatty acids, emphasizing the possible importance of the proline-alanine cycle,

fueled by fatty acids, in these beetles.

The second possible explanation for the lack of FAO in our seed beetles is that a respiratory
quotient lower than 0.7 can occur when ketone bodies are being oxidized in starvation conditions
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(Matarese, 1997; Schutz and Ravussin, 1980). Seed beetles can have an exceptionally low
respiratory quotient (Arnqvist et al., 2017), and even a lower respiratory quotient than the
theoretical minimum of 0.7 predicted under pure FAO (Kleiber, 1961). This low respiratory
quotient (lower than or close to 0.7) is common in insects (Arnqvist et al., 2017; Blossman-Myer
and Burggren, 2010; Damcevski et al., 1998; Devries et al., 2013; DeVries et al., 2015; Rouland
et al., 1993; Vogt and Appel, 1999). Furthermore, the use of ketone bodies as an energy source
during starvation has been previously observed in insects (Bailey and Horne, 1972; Niitepdld et
al., 2022). In monarch butterflies, it has been suggested that lipids are used as an energy source for
flight when the animals are fed (respiratory quotient of 0.73; Niitepdld et al., 2022). However,
when food-deprived, the animals’ respiratory quotient drops even further, indicating a potential
switch to alternative energy sources such as ketone bodies (Niitepold et al., 2022). There is also
evidence of ketone bodies in the desert locust (Schistocerca gregaria), as lipid reserves become
depleted when the insects fly or starve (Bailey and Horne, 1972). Together, our data indirectly
suggest that the low respiratory quotient in A. obtectus (Arnqvist et al., 2017) could be explained
by a higher use of ketone bodies as an energy source instead of fatty acids. This pathway of energy
production has never been measured in this beetle model, so warrants future studies to address this

possible explanation for low FAO.
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4.4 Increase in the Succinate dehydrogenase pathway compensates for the loss of

the NADH pathway in long-lived beetles

Our results in 4. obtectus showed a higher contribution of the Succinate pathway (both in FCR
and in Flux per unit of CS activity) in long-lived beetles as a way to counterbalance the loss of
electrons entering through CI. Other animal models with a defect in CI also showed a
compensatory mechanism favoring an increase in the capacity of CII, e.g. following a mutation in
a subunit of CI (gas-1) in C. elegans (Kayser et al., 2001; Kayser et al., 2004) and following the
negative effect of a high-fat diet on CI in D. melanogaster (Cormier et al., 2019). In a model of
human cardiomyocyte metabolism, a simulation of CI deficiency was associated with the smallest
reduction in ATP production, in part due to multiple potential compensatory mechanisms,
including sources other than succinate, such as proline, glycerophosphate, and FAO (Zielinski et
al., 2016). This predicted metabolic flexibility may explain why isolated CI disorders represent a
high proportion of respiratory chain diseases (Kirby et al., 1999; Loeffen et al., 2000) — alternate,
compensating metabolic pathways would give patients the highest chance of survival (Zielinski et
al., 2016). In contrast, CII deficiencies are very rare and account for only about 1-2% of respiratory
system disorders (Loeffen et al., 2000; Rustin et al., 1993). Simulations of mitochondrial ETS
dysfunction suggested a larger effect of a CII deficiency on ATP production and the lack of options

for compensatory mechanisms to overcome it (Zielinski et al., 2016).

Our respiration data with proline and various fatty acids did not vary between the lines, and FAO
was minimal, so our data does not suggest that these pathways were used to compensate for the CI
defect in the L line. The compensation occurs through CII, which is typically the complex where

its decrease is not associated with an improvement in lifespan in C. elegans (Hamilton et al., 2005;
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Ichimiya et al., 2002; Kuang and Ebert, 2012; Yang and Hekimi, 2010b). In contrast, all other
defects of complexes have been associated with an increase in lifespan in various species including
C. elegans, Drosophila, zebrafish, and mice: CI (see above; Baumgart et al., 2016; Copeland et
al., 2009; Curran and Ruvkun, 2007; Hamilton et al., 2005; Labbadia et al., 2017; Owusu-Ansah
et al., 2013; Rauthan et al., 2015; Rea et al., 2007; Yang and Hekimi, 2010b), CIII (Copeland et
al., 2009; Feng et al., 2001; Labbadia et al., 2017; Yang and Hekimi, 2010b), CIV (Copeland et
al., 2009; Dell'agnello et al., 2007; Dillin et al., 2002; Durieux et al., 2011; Hamilton et al., 2005;
Hansen et al., 2005; Labbadia et al., 2017; Rea et al., 2007), and/or ATP synthase (Copeland et al.,
2009; Curran and Ruvkun, 2007; Dillin et al., 2002; Hamilton et al., 2005; Hansen et al., 2005;
Rea et al., 2007; Xu et al., 2018). By increasing the Succinate pathway through CII to compensate
for the reduction in the NADH pathway through CI, L line beetles preserve energy production

while eliminating the chance for CII to negatively affect lifespan.

4.5 Larger excess of CIV capacity in long-lived beetles and an increase in

contribution of CIV activity with age in both selection lines

Another result in our study was the change in proportion of CIV compared to the overall (NADH,
Succinate and Proline combined) pathway flux between the lines. In males only, CIV had a higher
activity in FCR and Flux over CS activity in the L line compared to the E line. The CIV inhibitor
titrations in males also showed more CIV excess in the L line compared to the E line at a young
age (day 1). So, in the L line, the excess CIV capacity is already higher at day 1 (y-intercept = 1.8)
compared to the E line (1.6), and both lines are equivalent at day 5. These results, in conjunction

with the lower CI capacity in L line beetles early in life, seem to suggest that the presence of an
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excess in CIV in the L line at day 1 is secondary to the adjustment in CI capacity; a reduction in
CI capacity in L line beetles automatically led to a larger CIV excess capacity early in life, since a
lesser proportion of CIV became necessary. And after the decrease in the NADH pathway at day
1, there is a secondary adjustment of CIV, leading to a similar excess capacity in both lines at day
5. It can therefore be suggested that in these beetles, CIV itself may not be important for lifespan
extension. In 4. obtectus, the higher CIV excess in L line beetles at day 1 rather emphasizes the

importance of CI in influencing lifespan in these beetles.

This connection between CIl and CIV also alludes to the presence of supercomplexes in A. obtectus.
Supercomplex assemblies tend to involve two or three of CI, CIII, and CIV. And some studies
suggest that in order to function properly, CI depends on forming supercomplexes with CIII and
CIV (Acin-Pérez et al., 2004; Suthammarak et al., 2009). Furthermore, CII has been suggested to
be less likely, or not at all, involved in supercomplexes in various marine bivalve species
(Rodriguez et al., 2022), in C. elegans (Suthammarak et al., 2009), in cardioblast cells (Jang and
Javadov, 2018), and in humans (Guo et al., 2017). Furthermore, it was recently found that the
complexity of supercomplexes was positively correlated with lifespan, with the extremely long-
lived bivalve, Arctica islandica (maximum documented lifespan of 507 years), having
supercomplexes that consisted more of CI and CIV, as well as ATP synthase (Rodriguez et al.,
2022). So, our results show a coordinate adjustment of CI and CIV but a contrasting adjustment
of CII in particularly the L line which could be related to the importance of preserving
supercomplexes. Further studies are needed to evaluate the association between CI and CIV in

these beetle selection lines.
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4.6 Less mitochondrial content associated with longevity

The pace-of-life hypothesis suggests that longevity is affected by the rate of physiological
functions such as the metabolic rate (Martin et al., 2006; Réale et al., 2010; Ricklefs and Wikelski,
2002; Wikelski et al., 2003). This hypothesis is in agreement with our results showing a higher
indicator of mitochondrial content (at days 1 and 5) in the short-lived (E) line compared to the
long-lived (L) line. Other results also are in agreement with this hypothesis: (1) our results showed
that E line beetles generally had a higher combined pathway flux (Fig. 8) than L line beetles when
measured in Flux per mass, (2) on the same animal model as our study, E line beetles have been
shown to have a markedly higher (18%) metabolic rate compared to L line beetles (Arngvist et al.,
2017), (3) a study on C. elegans found that individuals with a longer lifespan exhibit a reduced
metabolic rate (Sedensky and Morgan, 2006), and (4) less mitochondrial content in long-lived
animals was also seen in the naked mole rat, compared to mice (Munro et al., 2019). However,
there are also contrasting results, such as those of marine bivalves with varying longevities, where
the long-lived marine bivalve 4. islandica had more CS than shorter-lived bivalves (Rodriguez et
al., 2021). There are various explanations for this contrast with the results presented here: (1) the
study on bivalves compared different species with differing longevities, (2) the ages of the bivalves

were not specified, and (3) hypoxia could play a role since bivalves burrow in sand.
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4.7 Potential effects of modified OXPHOS function on ROS production

Our data show, in the long-lived line, compared to the short-lived line, (1) a lower contribution of
the NADH pathway through CI, (2) a higher contribution of the Succinate pathway through CII,
(3) less mitochondrial content, and (4) a higher CIV excess capacity. This is interesting, as all these
changes have been previously suggested to be linked to a reduction in ROS production. First, CI,
and more specifically its Q-binding site or iron-sulfur clusters, is a well-recognized contributor to
ROS production (Herrero and Barja, 2000; Lambert and Brand, 2004). In fact, CI is considered as
the main site of ROS production in mitochondria (Brand, 2010; Kowaltowski et al., 2009). Second,
ROS production from CII is generally recognized as minimal (Miwa et al., 2014; Muller et al.,
2008; St-Pierre et al., 2002), and downregulation of CII levels and/or activity generally results in
lifespan shortening (Huang and Lemire, 2009; Ishii et al., 1998; Pujol et al., 2013; Szeto et al.,
2007; Walker et al., 2006). Third, as mitochondria are major ROS producers, less mitochondrial
content could be associated with lower ROS production (Kogot-Levin et al., 2016; Yamamori et
al., 2012). Fourth, as reducing CIV excess enhances the production of ROS from certain upstream
sites in the ETS, mostly from CI (Chen et al., 2003), it is likely that an increased excess of CIV

has the advantage of reducing the risk of ROS production by the ETS.

Interestingly, there is another way to see things that should also be evaluated. A slight reduction
in some mitochondrial complexes’ activity (including CI) early in life can also generate
mitochondrial stress, favor ROS production, and activate mechanisms that slow aging later in life.
It was previously suggested that long-lived animals needed an increase in ROS early in life in
order to activate lifespan-extending cell-signaling pathways. This was first called the hormetic

effect which was defined as repeated, short-lasting and nonlethal stressors that activate stress
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response mechanisms, increase stress resistance, and extend lifespan (Masoro, 2006; Minois, 2000;
Neafsey, 1990; Rattan, 2000; Rattan, 2001; Rattan, 2004; Verbeke et al., 2000). This effect, when
connected to a burst in ROS production in mitochondria, is termed mitohormesis (Ristow, 2014;
Ristow and Zarse, 2010; Schulz et al., 2007; Tapia, 2006; Yun and Finkel, 2014). For example, in
C. elegans exposed for 48 hours to a molecule impairing glucose metabolism, there is a resulting
spike in ROS production (3-fold), an increase in resistance to the pro-oxidant paraquat, and an
increase in longevity (Schulz et al., 2007). Another example occurs in the model D. melanogaster,
where temporary, short-term (24 hours) knocked-down expression of a CI component resulted in
an increase in ROS levels and an increase in lifespan (Owusu-Ansah et al., 2013). More recently,
the increase in longevity related to a spike in ROS production early in life has been linked with
activation of hypoxia-inducible factor 1 (HIF-1; Hwang and Lee, 2011; Pujol et al., 2013) and the
mitochondrial unfolded protein response (UPRmt; Labbadia et al., 2017; Owusu-Ansah et al.,

2013; Rauthan et al., 2015).

An additional factor involved in the mitohormesis effect is that a preserved excess of ROS later in
life, following the initial burst early in life, could hinder lifespan extension by exceeding the cell’s
defense mechanisms (Huang and Lemire, 2009). With this in mind, there may be a threshold effect
where ROS have to be maintained at lower levels to prevent excess damage. In order to balance
ROS amounts that produce lifespan extension and prevent overall oxidative damage, it is important
for organisms to have proper antioxidant defenses (Huang and Lemire, 2009; Munro et al., 2019;
Yang and Hekimi, 2010a). In our experimental model, L line beetles have a higher superoxide
dismutase activity at old (10 days) age compared to E line beetles (Seslija et al., 1999), and
generally are more resistant to oxidative stress (Lazarevi¢ et al., 2013; Seslija et al., 1999). In the

well-recognized long-lived naked mole rat, there is also an increase in antioxidant defenses

63



compared to mice (Munro et al., 2019). The extremely long-lived marine bivalve, 4. islandica,
also presents higher levels of catalase activity (Abele et al., 2009) and a high capacity to remove
H>0O> (Munro et al., 2023), which explains their unexpectedly low H>O; efflux compared to short-

lived bivalves (Munro et al., 2013).

Our data support the mitohormetic effect when looking at the time points where most of the
mitochondrial differences occur: at earlier time points, i.e., days 1 and 5. Earlier differences
between the A. obtectus lines support the importance of an increased mitochondrial stress early in
life (here, conceivably the decrease in the NADH pathway in long-lived beetles) in order to
potentially offer more stress resistance later in life and ultimately extend lifespan. Furthermore, L
line beetles have lower catalase activity compared to E line beetles at day 1 (Seslija et al., 1999),
which could be another potential mechanism that favors higher ROS production early in life in the
L line and the mitohormetic effect. Future experiments on ROS production and ROS management
associated with the various OXPHOS pathways would elucidate the role of ROS and the

importance of the mitohormetic effect and/or the threshold effect in these beetles.
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S. CONCLUSION

5.1 Significance

Our study looked at various metabolic pathways and pathway control and emphasizes the
importance in understanding the specific changes in integrated mitochondrial function that are
connected to lifespan. Through our use of E and L lines of 4. obtectus, which have been selected
for reproduction and longevity since 1986, we determined mitochondrial differences between
differing lifespans within the same animal species. Additionally, we compared females and males
and found that males tended to have earlier differences than females and more differences linked
to longevity. This presence of more differences in males suggests the Mother’s curse hypothesis
(Gemmell et al., 2004) which supports previous work on these seed beetle lines where mated males

had more significant costs to longevity (Pordevi¢ et al., 2015).

In long-lived beetles, there was a lower use of the NADH pathway and a higher control on overall
flux by CI, pointing to CI as a possible regulator of lifespan in these beetles. L line beetles also
had a greater excess capacity of CIV than E line beetles early in life, but this seems to be a
secondary adjustment to the change in the NADH pathway and overall flux control by CI. This
further supports the importance of CI in affecting lifespan in these beetles. L line beetles
additionally had a higher contribution of the Succinate pathway than E line beetles. This study not
only evaluated differences in the well-recognized NADH and Succinate pathways, but also looked
at understudied pathways, notably the ProDH pathway and FAO. The ProDH pathway showed no
difference between the lines. Despite conditions of starvation, beetles of both lines did not use

FAO as an energy source, highlighting the need to study other, less-understood metabolic
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pathways in order to determine their non-carbohydrate energy sources. Taken together, this study

further supports the link between CI and longevity in a proven model of longevity.

5.3 Limitations and future directions

Our laboratory is currently investigating or is planning to start investigating the following, in order

to strengthen the interpretation of our findings in A. obtectus:

1.

We have already begun investigating the metabolite profiles in both selection lines, both
sexes, and at all three time points using mass spectrometry. I went to Dr. Blier’s research
lab in Rimouski to prepare the samples for this analysis. We are awaiting the final set of
results and will begin analysis in the upcoming weeks. Metabolomic profiles can be linked
to longevity in various models, such as in humans (Cheng et al., 2015) and naked mole rats
(Lewis et al., 2018; Viltard et al., 2019). Lower levels of citric acid cycle intermediates
(Cheng et al., 2015), lower levels of amino acids (Lewis et al., 2018; Viltard et al., 2019),
and lower levels of fatty acids (Lewis et al., 2018) have been shown to be associated with
longevity. Differences in metabolite concentrations could strengthen our evidence of the
involvement of the CI in determining longevity and could also suggest other important

metabolites for longevity in seed beetles.

To evaluate differences in fatty acid composition of mitochondrial and cellular membranes,
we are using gas chromatography. The degree of cellular and mitochondrial membrane
fatty acid unsaturation has been suggested as an indicator of lifespan (Barja, 2014;

Pamplona et al., 2002). Long-lived animals tend to have a lower fatty acid double bond
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index and a lower peroxidizability index, which could help maintain membrane fluidity
while reducing membrane sensitivity to peroxidation (Barja, 2014). Already half of the
samples that I prepared have been run, but they have yet to be analyzed. The remaining
samples have been collected and are awaiting lipid extraction. We also plan on evaluating
the fatty acid composition of lipid storage in the body of whole beetles to determine if other
fatty acids may be important for energy production. We then plan on testing these lipids
using high-resolution respirometry. Lipid extraction from whole bodies has occurred for

all samples, and the samples are ready to be run using mass spectrometry.

. We will shortly begin measuring ROS production of specific OXPHOS pathways in the
beetle lines using High-Resolution FluoRespirometry. We are also planning to evaluate
oxidative damage and oxidative stress defense mechanisms. These experiments could
provide evidence of ROS’ level of involvement in determining the lifespan in the selection

lines of A. obtectus.

. Using high-resolution respirometry, we plan to evaluate ketone body metabolism as a
potential energy source in A. obtectus. Since A. obtectus do not eat after eclosion, there is
a lack of carbohydrate energy sources. When other substrates are not available, ketone
bodies are generated from fatty acids and become important for energy production (Longo
and Mattson, 2014). Additionally, ketone metabolism has been shown to extend lifespan

(Veech et al., 2017) and be involved in an increased healthspan (Lin et al., 2015).

. FAO and mitochondrial control by specific complexes were only studied in males. Future
high-resolution respirometry experiments could be done on females to then compare

differences in FAO and in mitochondrial ETS control between the sexes.
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6. Executing additional experiments on an earlier time point, notably within the first 2 hours
after eclosion from the bean, could support our hypothesis that earlier mitochondrial
changes could promote longevity. Within the first 2 hours after eclosion, seed beetles do

not begin mating, so it is possible that final reproductive development occurs at this time.

7. We did not control for beetle mating status. It is possible that some of the differences seen
with longevity and/or age are connected to the mating status, or that the mating status would
have added more clarity to our results. Since very few males lived to or surpassed 8 days
of'age (no data presented), we can deduce that most of our animals were mated. The mating
status has been shown to affect the longevity of both males and females in both lines

(Pordevi¢ et al., 2015).

8. We are beginning a collaboration with Dr. Thomas Simmen (Department of Cellular
Biology, University of Alberta) to run Western blots investigating the activation of the
UPRmt pathway in A. obtectus. Activation of the UPRmt response has been associated
with animal longevity in C. elegans (Labbadia et al., 2017; Pujol et al., 2013; Rauthan et
al., 2015; Tian et al., 2016; Wu et al., 2018; Xin et al., 2022) and Drosophila (Owusu-
Ansah et al., 2013). Expression levels of HSP-6 (Labbadia et al., 2017; Xin et al., 2022),
HSP-16 (Labbadia et al., 2017), and ATFS-1 (Wu et al., 2018) proteins increased in C.
elegans with longer lifespans, so we would like to specifically look at these proteins in A.

obtectus.

9. To determine the presence and components of supercomplexes, we can run blue native
polyacrylamide gel electrophoresis. Supercomplex organization of the ETS has been

suggested to play a role in the longevity of marine bivalves (Rodriguez et al., 2022).
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