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ABSTRACT

Mitochondrial function is fundamental to organismal performance,
health and fitness — especially during energetically challenging
events, such as migration. With this investigation, we evaluated
mitochondrial sensitivity to ecologically relevant stressors. We
focused on an iconic migrant, the North American monarch butterfly
(Danaus plexippus), and examined the effects of two stressors:
7 days of food deprivation and infection by the protozoan parasite
Ophryocystis elektroscirrha (known to reduce survival and flight
performance). We measured whole-animal resting metabolic rate
(RMR) and peak flight metabolic rate, and mitochondrial respiration of
isolated mitochondria from the flight muscles. Food deprivation
reduced mass-independent RMR and peak flight metabolic rate,
whereas infection did not. Fed monarchs used mainly lipids in flight
(respiratory quotient 0.73), but the respiratory quotient dropped in
food-deprived individuals, possibly indicating switching to alternative
energy sources, such as ketone bodies. Food deprivation decreased
mitochondrial maximum oxygen consumption but not basal respiration,
resulting in lower respiratory control ratio (RCR). Furthermore, food
deprivation decreased mitochondrial complex Il activity, but increased
complex IV activity. Infection did not result in any changes in
these mitochondrial variables. Mitochondrial maximum respiration
rate correlated positively with mass-independent RMR and flight
metabolic rate, suggesting a link between mitochondria and whole-
animal performance. In conclusion, low food availability negatively
affects mitochondrial function and flight performance, with potential
implications for migration, fithess and population dynamics. Although
previous studies have reported poor flight performance in infected
monarchs, we found no differences in physiological performance,
suggesting that reduced flight capacity may be due to structural
differences or low energy stores.

KEY WORDS: Dietary restriction, Infection, Metabolic rate, Migration,
Oxidative stress

INTRODUCTION

Mitochondrial function is key to organismal performance and health
(Brand and Nicholls, 2011; Heine and Hood, 2020; Koch et al.,
2021; Melvin and Ballard, 2006). Events that disrupt mitochondrial
function may therefore affect individual fitness and, ultimately,
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population dynamics. Individuals balance investing finite
resources in their own survival and maintenance versus current
and future reproduction, while also engaging in a number of
energetically expensive activities, such as movement. Of all types
of movement, flapping flight requires the highest mass-specific
energy consumption rates, and flying insects in particular
expend energy at extremely high rates (Suarez, 2000). Even
though flight is costly, the rewards of flight are nevertheless high,
and flight is crucial for survival and fitness in many insects. Flight
also enables long-distance migration, a critical and challenging life-
history event for many winged animals (Chapman et al., 2015;
Dingle, 1996).

The North American monarch butterfly, Danaus plexippus
(Linnaeus 1758) is well known for its multi-stage seasonal
migration: the annual life cycle of eastern monarchs includes a
southward migration in the autumn and overwintering in central
Mexico. From there, the same individuals fly to southern USA to
reproduce, and the next generations continue the northward
migration. The last generation produced each summer will
ultimately reinitiate the migratory cycle, turning south in autumn
(Brower, 1996; Flockhart et al., 2013). Monarchs rely on flower
nectar that they convert to stored lipids to fuel migration (Alonso-
Mejia et al.,, 1997; Brower et al., 2006). The disappearance of
natural habitats and agricultural intensification are among factors
that have been identified as likely causes for the apparently global
trend of insect loss (Bell et al., 2020; Dirzo et al., 2014; Hallmann
et al., 2017; Raven and Wagner, 2021). Annual censuses suggest
that eastern and western North American monarch butterflies, too,
have significantly declined in the last decades (Pelton et al., 2019;
Semmens et al., 2016), with loss of larval and adult food sources as
likely drivers of the decline (Flockhart et al., 2015; Thogmartin
et al., 2017). Different levels of dietary restriction and low food
quality have been shown to directly reduce reproductive output in
insects (Bauerfeind et al., 2007; Boggs and Ross, 1993; Maklakov
et al., 2008), and to have negative effects on flight capacity in some
insects (Kaufmann and Briegel, 2004; Reim et al., 2019). While
moderate dietary restriction has been shown to extend lifespan in
some species (Speakman and Mitchell, 2011), prolonged and severe
periods of food restriction can lead to diminished animal
performance and even death (McCue, 2010). The lack of nectar
sources as a result of habitat destruction and droughts (Thogmartin
et al.,, 2017) could thus have severe negative consequences for
migrating monarchs.

In addition to the challenges of finding enough food, animals may
also be faced with the physiological and energetic demands of
combating pathogens, which may have direct effects on health and
survival. The monarch butterfly is host to a specialist pathogen, the
neogregarine protozoan parasite Ophryocystis elektroscirrha, which
infects larvae, replicates asexually in the hypoderm of the growing
larva, and is transmitted as spores produced during the pupal
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stage, and carried by adult butterflies (Barriga et al., 2016).
The occurrence of the parasite varies in space and time, but the
proportion of heavily infected adults during the autumn migration
may exceed 10% (Bartel et al., 2011). Heavily infected individuals
display higher mortality during development, are smaller at
emergence, live shorter lives as adults and have lower fecundity
than uninfected individuals (Altizer and Oberhauser, 1999;
De Roode et al., 2008). Experiments on flight mills have revealed
that infected monarchs fly shorter distances and at slower speeds
than healthy individuals (Bradley and Altizer, 2005). Further
evidence for the cost of infection comes from field sampling studies
that have found signs of migratory culling, i.e. the proportion of
infected individuals decreases as the travelled distance increases
(Altizer et al., 2015; Bartel et al., 2011; Majewska et al., 2022). The
mechanism explaining reduced flight performance may be smaller
size or structurally weaker wings (Davis and de Roode, 2018),
but could also reflect lower flight fuel stores or compromised
physiological performance. Here, we focused on the latter.
Mitochondria consume the majority of an organism’s oxygen.
Specifically, oxygen is consumed by complex IV of the electron
transport chain, as complex IV, like complex I and III, transfers
protons into the intermembrane space, contributing to a proton
gradient that forms across the mitochondrial inner membrane.
The proton gradient powers ATP synthesis in the final step of the
oxidative phosphorylation pathway. If any of these steps are
disrupted, compromised mitochondrial function may result in
cascading effects that ultimately manifest as reduced whole-
animal performance (Brand and Nicholls, 2011). Neogregarine
parasites have been shown to interact with host mitochondria in
complex ways (Blank et al., 2018; Blume and Seeber, 2018; Lentini
etal., 2018; Pernas et al., 2014). Infection by Toxoplasma gondiiled
to impaired mitochondrial function in host mitochondria as
demonstrated by reduced mitochondrial complex I, II and IV
activity in infected cells (Syn et al., 2017).

To address the question ‘does mitochondrial dysfunction underlie
reduced whole-animal performance under stress?’, we subjected
monarch butterflies to two simultaneous stressors: approximately
7 days of food deprivation and parasitism by the specialist parasite
O. elektroscirrha. Assessing the effects of two stressors at the same
time offers a biologically realistic framework and allowed us to
investigate the effects of each stressor individually and in
combination with the other. To further understand the basis of
health and physiological performance, we measured metabolic rate
at two levels: the whole-animal level and the mitochondrial level.
Simultaneous measurement of CO, production and O, consumption
during flight allowed us to quantify the respiratory quotient (RQ)
which indicates which energy substrates are used. In addition, we
measured the activity of complexes III and IV of the mitochondrial
electron transport chain. We hypothesised that, as mitochondrial
function is fundamental to organismal performance, there would be
a positive correlation between mitochondrial respiration rate and
whole-animal metabolic rate.

MATERIALS AND METHODS

Rearing of butterflies and inoculation with parasite spores
The monarchs used in this investigation were offspring of outbred
crosses of butterflies collected in GA, USA. Eggs were collected on
milkweed (Asclepias incarnata). Rearing took place at Emory
University. Two days after hatching, caterpillars were either infected
with the parasite O. elektroscirrha or left uninfected: caterpillars
were placed in a 10 cm Petri dish with a wet filter paper and a small
milkweed leaf disk (8 mm diameter), to which 10 parasite spores

were manually added (uninfected caterpillars received a leaf disk
without parasites). The parasite used was a revived isolate of the
parasite clone E10, originally obtained from the wild in eastern USA
(De Roode et al., 2008). After finishing their leaf disk in the next
48 h, caterpillars were transferred to a live potted milkweed plant,
which was covered with a mesh bag (13x57 cm). The larvae were
maintained in a greenhouse with natural light at an average
temperature of 26°C. Following pupation, the pupae were
transported to Auburn University where they were glued onto the
lid of individual 500 ml solo cups and maintained at a daylight cycle
of 12 h:12 h light:dark and a 28°C:24°C temperature cycle. Upon
eclosion, individuals were weighed, sexed and marked, then
allocated into four treatment groups: uninfected, fed (n=9),
infected, fed (n=6), uninfected, food deprived (n=9), and infected,
food deprived (n=7).

Food deprivation treatment

We focused on females only in this study. In both feeding treatments,
females were kept in large indoor cages (90 cmx90 cmx210 cm)
under a 12 h:12 h light:dark cycle and 28°C:24°C temperature
cycle. Infected and uninfected females were kept in the same cages,
as parasite transmission occurs from adult to larval offspring,
and adults cannot become infected. Control females had constant
access to 10% honey water provided from saturated sponges
placed in small plastic cups. Females in the food deprivation
treatment were provided with water only, served from similar sponges
in cups.

Whole-animal metabolic rate

We measured resting metabolic rate (RMR) and flight metabolic rate
using flow-through respirometry following similar procedures to
those described for other Lepidoptera (Niitepdld and Boggs, 2015)
and monarch butterflies (Zhan et al., 2014). In short, on the evening
before the measurements, monarchs were individually placed in
covered plastic cups and kept at room temperature overnight. The
next day, post-absorptive monarchs were provided with water before
being placed in a cylindrical 1-litre respirometry chamber that was
covered with a black cloth ca. 20 min before the measurement of
RMR. The chamber was continuously flushed with dry, CO,-free
air, obtained from a Whatman purge-gas generator (Whatman,
Haverhill, MA, USA) at a flow rate of 1.5 1 min~! and subsampled at
a flow rate of 0.75 1 min~! using two Sable Systems Mass Flow
Systems (Sable Systems, Las Vegas, NV, USA). We pulled the
excurrent air through a column filled with magnesium perchlorate to
remove traces of humidity and then through a Li-Cor 6262 CO,
analyser (Li-Cor, Lincoln, NE, USA) and, finally, an Oxzilla IT O,
analyser (Sable Systems). Individuals remained calm and
motionless when kept in the dark, but if an individual became
restless, this could immediately be seen in the CO, production
curve. In these rare cases, we allowed the individual to settle before
continuing with the experiment. We took the average of 1.5 min of
stable CO, production to represent RMR. Flight metabolic rate was
measured when the cover was removed, and the butterfly was
stimulated to fly by gently shaking the chamber each time the
butterfly attempted to land. The stimulation continued for 7 min,
after which the chamber was covered again. We used standard
respirometry equations (Lighton, 2008), and converted CO, and O,
concentrations to metabolic rate expressed in millilitres per hour.
We used peak metabolic rate, the highest rate of CO, production and
O, consumption, to represent flight capacity. Peak metabolic rate
was typically recorded during the first minutes of the flight trial.
We calculated RQ by dividing peak CO, production rate by O,
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consumption rate from the same time point. As the respirometry
setup was optimised for flight measurements, we do not report O,
consumption rate and RQ for RMR.

We aimed at a balanced age distribution among the treatment
groups, although this was challenging because of the limited
material and the number of individuals that could be processed each
day. The meants.d. ages for the groups were: uninfected, fed
5.8+1.1 days; uninfected, food deprived 6.6+1.1 days; infected, fed
6.0+2 days; and infected, food deprived 6.7+2.9 days. After
measurement, the butterflies were weighed, and individuals in the
feeding treatment were given honey water solution, food-deprived
individuals were given water, and all butterflies were placed in
individual glassine envelopes and stored at room temperature
overnight. The next day, butterflies were killed and used for
mitochondrial assays.

Isolation of mitochondria

We first decapitated the individual with scissors, then quickly
separated the body parts, and weighed the thorax without the legs
and wings. Half of the thorax was placed in 10 ml of mitochondrial
isolation solution [100 mmol 1=! KCI, 40 mmol I=' Tris HCI,
10 mmol 17! Tris base, 1 mmol 1! MgSO,, 0.1 mmol 1! EDTA,
0.2 mmol I=! ATP and 0.15% (w/v) free fatty acid bovine serum
albumin (BSA)] and was minced with scissors, after which we
removed remnants of the exoskeleton. We homogenised the muscle
tissue with a VirTis homogeniser for 5s. We then added trypsin
(5 mg g~! of muscle) and repeatedly mixed the solution for 7 min
and, finally, added isolation solution (10 ml) to terminate the
reaction. The solution was then centrifuged at 500 g for 10 min,
transferred through a cheesecloth filter into a new centrifuge tube
and centrifuged at 3500 g for 10 min. The supernatant was
discarded, and we resuspended the mitochondrial pellet in
isolation solution (10 ml) and centrifuged the sample for a second
time at 3500 g for 10 min. The supernatant was again discarded, and
the mitochondrial pellet was resuspended in isolation solution, as
above, but with no BSA (10 ml), and the sample was centrifuged for
a third time at 3500 g for 10 min. The final mitochondrial pellet was
resuspended in mannitol/sucrose solution (220 mmol 1! mannitol,
70 mmol 17! sucrose, 10 mmol 1! Tris HCl and 1 mmol I-! EGTA)
with a Dounce homogeniser.

Mitochondrial respiration

Mitochondrial respiration was measured polarographically
(Oxytherm, Hansatech Instruments, Norfolk, UK) following
procedures (with minor modifications) described by Hyatt et al.
(2017). Isolated mitochondria (20 ul) were incubated in a final
volume of 1ml of respiration buffer (100 mmoll~! KCI,
50 mmol 1=! Mops, 10 mmol 1=' KH,PO,, 20 mmol 1=! glucose,
10 mmol 17! MgCl,, 1 mmol 1! EGTA and 0.2% fatty acid free
BSA, pH 7.0; adapted from Wanders et al., 1984) at 37°C with
continuous stirring. The measurement temperature corresponds to
the upper end of the range of thoracic temperatures measured in
monarchs under field conditions (Masters et al., 1988). We used the
complex I substrates 2 mmol 17! malate, 10 mmol 1=! glutamate and
2 mmol 17! pyruvate (final concentrations). We measured state 3
respiration (maximal respiration) after adding 5.0 ul of 50 mmol 17!
solution of ADP to the chamber, and state 4 (basal) respiration was
recorded following the phosphorylation of the added ADP as
described by Estabrook (1967). State 3 and state 4 respiration were
normalised to total protein content that was measured by the
Bradford assay (Bradford, 1976). We calculated the respiratory
control ratio (RCR) by dividing state 3 by state 4.

Complex activity

Microplate spectrophotometric enzymatic assays using isolated
mitochondria were performed using the protocols (with minor
modifications) described by Trounce et al. (1996). Because of
limited tissue material and working with a novel study system, only
the activity of complexes III and IV was successfully quantified for
all individuals.

Briefly, complex III activity (EC 1.10.2.2) was obtained (30°C)
by recording the reduction of cytochrome ¢ at 550 nm catalysed by
the presence of reduced decylubiquinone. The reaction mixture
(250 ul) contained 250 mmol 17! sucrose, 1 mmol1~' EDTA,
50 mmol 17! Tris HC1 (pH 7.4), 50 pmol 17! cytochrome ¢ and
2 mmol 17! KCN, and the reaction was initiated by adding 1.4 pl of
reduced decylubiquinone (10 mmol 1-!) to each well.

Briefly, complex IV activity (EC 1.9.3.1) was obtained (~22°C)
by recording the oxidation of reduced cytochrome c at 550 nm. The
reaction mixture (200 pl) contained 10 mmol I=! potassium
phosphate buffer (pH 7.4), 20 umol 17! reduced cytochrome c
and 0.025% lauryl maltoside, and the reaction was initiated by
adding mitochondria to each well.

Complex IIT and IV activity was normalised to citrate synthase
activity (EC 4.1.3.7) that was obtained (30°C) by monitoring the
reduction of 5,5’-dithiobis (2-nitrobenzoic acid) (DTNB) at 412 nm.
The reaction mixture (250 ul) contained 125 mmol 1! Tris HCI
(pH 8.0), 0.3 mmol 17! acetyl-CoA and 1 mmol "' DTNB. The
reaction was initiated by adding 5 pl of oxaloacetate (50 mmol 171)
to each well.

Confirmation of infection success

We quantified the spore load of infected females based on the
abdomen. The abdomen was placed in a 5 ml scintillation vial, and
vortexed at maximum speed with a Vortex Genie. We counted
parasite spores on a haemocytometer slide and calculated the
original number of spores in the 5 ml vial.

Statistical analysis

ANCOVA was used to examine the effects of food deprivation,
infection and their interaction on morphology, mitochondrial
respiration and whole-animal metabolic rate. We took into
account the effect of body mass on metabolic rate by adding body
mass as a covariate in models on whole-animal metabolic rate and
mitochondrial respiration rate. This statistical approach is preferred
over dividing metabolic rate by body mass (mass-specific metabolic
rate), which does not remove the effect of body mass as metabolic
rate does not scale linearly with body mass (Lighton, 2008). In
analyses examining the relationship between mitochondrial
respiration rate and whole-animal metabolic rate, we accounted
for variation in body mass by using mass-independent metabolic
rate, i.e. the residuals extracted from a linear regression between
metabolic rate and body mass. Mass-independent metabolic rate can
be positive (data point lies above the regression line) or negative
(data point lies below the regression line). All statistical analyses
were done with SAS 9.3 and SAS Studio using Proc Mixed with an
alpha level of 0.05.

RESULTS

Morphology

There were no differences in pupal mass between infected and
uninfected females (F; ,6=0.07, P=0.79) (Table 1). Butterfly body
mass was strongly affected by the food deprivation treatment
(F127=27.9, P<0.0001). At the age of approximately 7 days, food
deprivation reduced body mass on average by 18% among
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Table 1. Summary table of morphological values

Fed Food deprived
Trait Uninfected Infected Uninfected Infected
Pupal mass (g) 1.31£0.10™ 1.33+£0.13" 1.381£0.21™ 1.331£0.19™
Adult body mass (g) 0.531+0.0612 0.498+0.075%P 0.438+0.093%P 0.408+0.073°
Abdomen mass (g) 0.232+0.055° 0.201+0.0472 0.122+0.032° 0.111£0.029°
Thorax mass (g) 0.213+0.0222 0.199+0.0143P 0.186+0.0342P 0.163+0.037°

Meanzs.d. values are shown. Superscript letters indicate significant differences among groups according to a post hoc Tukey’s test. Body mass was measured
after the measurement of metabolic rate at approximately 7 days of age. Thorax and abdomen mass were measured the following day. n=9 uninfected, fed
individuals; n=6 infected, fed individuals; n=9 uninfected, food-deprived individuals; and n=7 infected, food-deprived individuals.

uninfected females (Table 1). Infected, fed females weighed 6% less
than uninfected, fed females, whereas infected, food-deprived
females weighed 23% less than uninfected, fed females. There was a
non-significant trend towards lower body mass in infected females
compared with uninfected females (F;,7=3.59, P=0.07). The
interaction between food deprivation and infection was not
significant (F; ,7=0.06, P=0.80).

The decreases in body mass due to food deprivation were largely
explained by reduced abdomen mass. Among uninfected females,
food deprivation reduced abdomen mass on average by 47%
(Table 1). The abdomens of food-deprived, infected females
weighed 52% less than those of fed, uninfected females. The
abdomens of fed, infected females weighed 7% less than those of
fed, uninfected females. The overall effect of food deprivation was
highly significant (£} ,7=41.0, P<0.0001). The effect of infection
was not statistically significant (F,7,=1.90, P=0.18), and the
interaction between food deprivation and infection was also not
significant (F ,,=0.41, P=0.53).

Thorax mass decreased with food deprivation on average by 13%
among uninfected females (Table 1). Fed, infected females had
thoraces that were 7% lighter than those of fed, uninfected females.
Thorax mass was 23% lower in food-deprived, infected females
compared with fed, uninfected females. The effect of food deprivation
was statistically significant (/' ,7=8.83, P=0.006). Infection resulted
in a statistically non-significant trend towards lower thorax mass
(F127=3.05, P=0.09). The food deprivation by infection interaction
was not statistically significant (F, ,;=0.15, P=0.70).

Whole-animal RMR

RMR was positively affected by body mass (F 24=7.97, P=0.009)
(Fig. 1A). Food deprivation had a strong negative effect on RMR
(F124=50.4, P<0.0001) (Fig. 1B). Infection had no significant
effect on RMR (£ ,4=0.23, P=0.63), and there was no significant
food deprivation by infection interaction (£ 24=0.75, P=0.40).

Whole-animal flight metabolic rate
Peak CO, production rate was positively affected by body mass
(Fy26=5.56, P=0.03) (Fig. 1C). Food deprivation reduced peak
metabolic rate (/) ,6=28.2, P<0.0001), but there was no effect of
infection (F 56=0.04, P=0.84) (Fig. 1D). The interaction between food
deprivation and infection was not significant (< 54=1.43, P=0.24).

Peak O, consumption rate was positively affected by body mass
(F126=12.75, P=0.001). The effect of food deprivation was
significant (F} 56=12.49, P=0.002). There was no significant
effect of parasitic infection (£ ,6=0.0, P=0.95), and the food
deprivation by infection interaction was also non-significant
(F126=1.26, P=0.27).

The RQ differed significantly between flying females in the
control and food deprivation treatment (F,,=11.73, P=0.002).

The mean RQ for females in the control treatment was 0.73 and the
mean for food-deprived females was 0.64 (Fig. 1E,F). Infection had
no significant effect on RQ (F,,7=0.00, P=0.99), and the
interaction between food deprivation and infection was not
significant (F; 7=0.04, P=0.84).

Mitochondrial respiration

Food deprivation reduced mitochondrial state 3 respiration
(maximum respiration rate) on average by 38% (F,c=13.1,
P=0.001). In contrast, there was no statistically significant effect
of infection (| 6=0.60, P=0.45), and the interaction between food
deprivation and infection was also not statistically significant
(F126=2.53, P=0.12) (Fig. 2A). The effect of body mass was not
statistically significant (F; 6=1.2, P=0.28).

State 4 (basal) respiration was not affected by food deprivation
(F126=0.91, P=0.35). Infection had no effect on state 4 respiration
(F126=0.18, P=0.89), and the interaction between food deprivation
and infection was not statistically significant (' ,¢=1.49, P=0.23)
(Fig. 2B). Body mass had a negative effect on state 4 respiration
(Fl,26=4-455 P=005)

The RCR was strongly reduced as a result of food deprivation
(F126=9.61, P=0.005). Infection had no statistically significant
effect on RCR (£ 6=0.06, P=0.81). The interaction between
food deprivation and infection was not significant (F 2¢=0.79,
P=0.38) (Fig. 2C). RCR was not affected by body mass (F; 6=2.15,
P=0.16).

Mitochondrial complex activity

Food deprivation reduced mitochondrial complex III activity
(F124=12.5, P=0.002). The effect of infection was not significant
(F124=1.02, P=0.32). There was no significant food deprivation by
infection interaction (F; 24=0.71, P=0.41) (Fig. 3A).

In contrast, mitochondrial complex IV activity increased with food
deprivation (F 4=5.66, P=0.03). There was no effect of infection
(F124=0.03, P=0.85) and the food deprivation by infection interaction
was non-significant (£ ,4=0.43, P=0.52) (Fig. 3B).

Correlation between mitochondrial respiration and whole-
animal metabolic rate
Mitochondrial state 3 respiration rate and mass-independent whole-
animal RMR showed a positive correlation (7=0.67) (Fig. 4A). A
linear regression model showed that state 3 respiration significantly
predicted mass-independent RMR (B=0.67, P<0.0001, *>=0.45). In
contrast, mitochondrial state 4 respiration rate and mass-independent
whole-animal RMR were not correlated (r=—0.04, P=0.82).
Mitochondrial state 3 respiration rate significantly predicted
mass-independent peak CO, production rate (8=0.46, P=0.009,
7?=0.215). The correlation coefficient » was 0.46 (Fig. 4B).
Mitochondrial state 3 respiration rate also significantly predicted
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Fig. 1. Whole-animal metabolic rate of monarch butterflies. (A) Whole-animal CO, production of butterflies in the four groups (uninfected, fed; uninfected, food
deprived; infected, fed; infected, food deprived) measured at rest. Body mass had a significant effect on resting metabolic rate (RMR). (B) Statistically adjusted
mass-independent RMR showing a significant decrease in whole-animal CO, production due to food deprivation. Infection had no effect on RMR. (C) Whole-
animal peak metabolic rate (MR). (D) Mass-independent peak MR, showing an effect of food deprivation, but no effect of infection. (E) The respiratory quotient
(RQ) differed significantly between fed and food-deprived females. (F) Examples of CO, production rate (light grey) and O, consumption rate (dark grey) data
in two uninfected females. The female with higher values was fed, the one with lower values was food deprived. Note that the data in this plot have not been
mass adjusted. The first 2 min represent RMR; after that, the individuals were stimulated to fly for exactly 7 min. Statistics from a linear regression model. For
statistics, see Results. n=9 uninfected, fed individuals; n=6 infected, fed individuals; n=9 uninfected, food-deprived individuals; and n=7 infected, food-deprived
individuals.
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Fig. 2. Mitochondrial respiration of monarch butterflies. (A) State 3
respiration (maximum rate) after the addition of metabolic substrates and ADP.
(B) State 4 respiration (basal rate) after the added ADP had been consumed.
Mitochondrial respiration did not differ between uninfected and infected
individuals. (C) The respiratory control ratio (RCR) differed between fed and
food-deprived individuals, but not between infected and uninfected individuals.
n=9 uninfected, fed individuals; n=6 infected, fed individuals; n=9 uninfected,
food-deprived individuals; and n=7 infected, food-deprived individuals.

mass-independent peak O, consumption rate ($=0.40, P=0.03,
7?=0.161). The correlation coefficient was 0.40. State 4 respiration
rate was not correlated with peak CO, production rate (r=0.08,
P=0.67) or O, consumption rate (r=0.12, P=0.53).
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Fig. 3. Mitochondrial complex activity of monarch butterflies.

(A) Mitochondrial complex Ill activity decreased with food deprivation.

(B) Mitochondrial complex IV activity increased with food deprivation. n=9
uninfected, fed individuals; n=6 infected, fed individuals; n=9 uninfected, food-
deprived individuals; and n=7 infected, food-deprived individuals.

DISCUSSION

Organisms battle multiple stressors throughout their lives. We asked
whether food deprivation and parasitic infection have physiological
effects that could affect the performance of the monarch butterfly, a
species highly dependent on its capacity to fly long distances. We
found that food deprivation reduced body mass, flight muscle
mitochondrial maximum respiration, whole-animal RMR and peak
flight metabolic rate in the monarch. The RQ of fed females was
close to 0.7 which indicates that they used lipids as a flight fuel, as
expected for migratory butterflies. Yet, many food-deprived
females displayed a RQ below 0.7, which may suggest that they
were using alternative energy sources such as ketone bodies.
Limited access to food can thus impair flight capacity, which has a
strong negative impact on the capacity of volent animals to forage,
find mates and migrate (Southwood and Johnson, 1971). Also, food
deprivation affected the mitochondrial electron transport chain, as
food deprivation resulted in reduced mitochondrial complex III
activity, whereas complex IV activity increased. In contrast to food
deprivation, parasitic infection did not affect metabolism at the
mitochondrial or whole-animal level. Previous studies have found
effects of parasitic infection on monarch lean body mass and
distance flown in a flight mill (Altizer and Oberhauser, 1999;
Bradley and Altizer, 2005) as well as migration distance in the field
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Fig. 4. Correlation between mitochondrial respiration and whole-animal
metabolic rate of monarch butterflies. (A) Positive correlation between
protein mass-corrected mitochondrial state 3 respiration and mass-
independent RMR (CO, production) in monarch butterflies. (B) Positive
correlation between protein mass-corrected mitochondrial state 3 respiration
and mass-independent peak flight MR (CO, production). Mass-independent
whole-animal metabolic rate was obtained by extracting the residuals of linear
regressions between metabolic rate and body mass. n=9 uninfected, fed
individuals; n=6 infected, fed individuals; n=9 uninfected, food-deprived
individuals; and n=7 infected, food-deprived individuals.

(Altizer et al., 2015). Our results suggest that negative impacts of
infection on migration success in previous studies are caused by
insufficient energy reserves, possibly due to competition for the
same resources between the host and parasite (Pernas et al., 2018),
or structurally weaker flight muscles and wings (Davis and de
Roode, 2018), rather than direct negative effects of infection on
mitochondrial performance and metabolic flight capacity. We found
positive correlations between mitochondrial maximum respiration
and whole-animal RMR and peak metabolic rate, after accounting
for body mass, which suggests that variation in mitochondrial

performance may be linked to variation in animal performance and
fitness.

Effects of food deprivation and infection on whole-animal
metabolic rate
Monarchs lost between 18% and 23% of their mass as a result of
food deprivation. The mass loss was strongest in the abdomen,
where the majority of the fat reserves are located, but thorax mass
was also reduced. To account for differences in body mass among
individuals, all measurements of whole-animal metabolic rate were
statistically corrected for body mass. Mass-independent RMR and
flight metabolic rate decreased with food deprivation, indicating
that individuals entered a state of low physiological activity and
reduced flight capacity. This result was consistent with findings in
other insects where food deprivation had a negative impact on flight
performance. For example, food deprivation led to shortened flight
distances in a flight mill in mosquitoes (Kaufmann and Briegel,
2004), and food-deprived Lycaena tityrus butterflies flew shorter
durations in a shaking test compared with fed controls (Reim et al.,
2019). In contrast, studies where butterflies have been subjected to
dietary restriction by 50% have shown that when sugar is available,
albeit in reduced quantities, butterflies tend to conserve their flight
metabolic rate and thus flight capacity (Niitepdld, 2019; Niitepdld
et al., 2014). Depending on life-history strategies, food-stressed
butterflies may rather compromise their fecundity than flight
capacity (Niitepold et al., 2014), which highlights the crucial role
flight has in the lives of butterflies and many other flying insects.

The average RQ for fed females was 0.73, suggesting that flight
was mostly fuelled by lipids and to a much smaller degree by
carbohydrates. Although simultaneous measurements of O,
consumption and CO, production of flying monarchs have been
lacking until the present study, it has been assumed that monarchs
rely on lipids during migration and overwintering based on the
dynamics of lipid stores (Alonso-Mejia et al., 1997; Brower et al.,
2006). Evidence also points to other migrant butterflies using lipids
to power flight (Dudley and Srygley, 2008), and lipids are the main
energy source for most overwintering insects (Sinclair et al., 2018).
Our direct measurements of RQ in flight confirm the important role
of lipids for monarch butterflies. Interestingly, food-deprived
females had a mean RQ of 0.64, lower than the RQ would be if
lipids were the only source of energy. RQ lower than 0.7 have been
recorded in several other insects (Arnqvist et al., 2017; Bosch et al.,
2010; DeVries et al., 2013), and may indicate the oxidation of
ketone bodies that have been formed from lipid stores (Matarese,
1997; Schutz and Ravussin, 1980). There is evidence of the
presence of acetoacetate and p-3-hydroxybutyrate in desert locusts
(Schistocerca gregaria) when exposed to flight or starvation when
fat body lipid reserves are being depleted (Bailey et al., 1972).
Although our understanding of ketosis in insects is highly limited, it
seems plausible that the food-deprived monarchs in this study
would have entered a state of ketosis as food-deprived individuals
did not receive any sugar during their adult life. Insects store
carbohydrates mainly as glycogen in the fat body (Arrese and
Soulages, 2010) and after approximately 7 days of food deprivation,
circulating trehalose levels and glucose stores may have been
strongly depleted. Food-deprived monarchs lost approximately 50%
of their abdomen mass, most probably as a result of consumption of
lipids in the fat body, suggesting a considerable reduction of energy
stores.

Monarchs infected by O. elektroscirrha have previously been
shown to fly shorter distances in a flight mill than uninfected
individuals (Bradley and Altizer, 2005). Field studies have shown
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that average parasite loads decrease as the distance from the
overwintering sites increases, suggesting that heavily infected
individuals do not fly far (Altizer et al., 2000, 2015; Bartel et al.,
2011; Majewska et al., 2022). Here, we found no significant
effect of infection on mitochondrial performance, RMR or flight
metabolic rate, which suggests that flight capacity was not directly
negatively affected by parasitic infection. As infection by
O. elektroscirrha has been shown to result in lower lean body
mass (Altizer and Oberhauser, 1999; Satterfield et al., 2013), the
reduced flight endurance found in previous studies on the effects of
infection could be a result of structural changes to flight muscles or
wings due to disrupted development (Davis and de Roode, 2018).
As our results clearly demonstrate that food deprivation had a
negative effect on flight metabolism, low energy stores could also be
a plausible mechanism for reduced flight endurance in infected
monarchs in poor condition.

Effects of food deprivation and infection on mitochondrial
performance

Mitochondrial activity varies greatly among tissues (Hullbert et al.,
2006; Salin et al., 2016), and responses to fasting may differ between
different tissue types (Monternier et al., 2015). Measurements on
mitochondrial function should therefore focus on tissue types that are
best suited for the study question. As flight is the main mode of
locomotion in many insects, and the majority of oxygen
consumption in flight occurs in the flight muscles (Suarez, 2000),
we focused on mitochondria isolated from flight muscle in this study.
Food deprivation significantly reduced mitochondrial maximum
respiration rate (state 3), whereas basal respiration did not change.
Food deprivation thus significantly reduced the RCR, indicating less
mitochondrial coupling and increased mitochondrial dysfunction
(Brand and Nicholls, 2011). Our result differs from effects of fasting
in birds that may be adapted to periods of food shortage. For
example, fasting king penguin (Aptenodytes patagonicus) chicks
showed a decrease in both state 3 and state 4 respiration in skeletal
muscle mitochondria, and no significant change in RCR (Monternier
etal., 2014). Long-term fasting in penguin chicks resulted in an even
greater reduction in mitochondrial respiration than short-term fasting
(Bourguignon et al., 2017). Fasted Muscovy ducklings (Cairina
moschata) have also been shown to exhibit lower state 3 and state 4
respiration with no effect on RCR (Monternier et al., 2015), although
when respiring on succinate, a reduction in RCR was observed
(Roussel et al., 2018).

To better understand changes in mitochondrial respiration, we
measured the activity of mitochondrial complexes III and IV of the
electron transport chain in the inner mitochondrial membrane,
which maintains the protonmotive force to power ATP synthesis. As
we were working with a novel study system and had limited amounts
of'tissue available, we had to focus on the two final complexes in the
electron transport chain, instead of all mitochondrial complexes.
Nevertheless, these two complexes, Il and IV, are of special interest
as complex III (along with complex I) is a major site of reactive
oxygen species (ROS) production in the mitochondrion (Bleier and
Drose, 2013), and complex 1V, as the last complex in the electron
transport chain, is responsible for the majority of oxygen
consumption in the mitochondrion. Complexes III and IV carry
out different functions, and, interestingly, these two complexes
appeared to respond in different ways to food deprivation: complex
IIT showed lower activity in food-deprived females, whereas the
activity of complex IV was higher. Reduced complex III activity
was in line with our finding of reduced mitochondrial state 3
respiration rate, which can be interpreted as a sign of mitochondrial

dysfunction. In rats (Rattus norvegicus) subjected to starvation, the
activity of all complexes decreased (with the exception of succinate
dehydrogenase, complex II) (Bhardwaj et al., 1998). In humans on a
low-calorie diet, genes related particularly to complex III were
downregulated in the adipose tissue (van der Kolk et al., 2021). In
contrast, in Drosophila melanogaster, dietary restriction led to a
marked increase in cytochrome ¢ oxidase (complex IV) activity in
pooled whole-animal samples (Zid et al., 2009). An increase in
complex IV activity due to starvation was also reported in the liver
of the gilthead sea bream fish (Sparus aurata) as indicated by
genetic upregulation of several subunits of cytochrome ¢ oxidase
(Silva-Marrero et al., 2017). Similar complex-specific changes have
also been found in the mitochondria of mice: cytochrome ¢ oxidase
activity increased in the liver tissue of fasted mice, whereas complex
II and citrate synthase activity did not change (Casas et al., 2000).
Increased complex IV activity could indicate compensation for
electron leak prior to complex IV in the electron transport chain. Our
measurements of RCR indicated lower mitochondrial coupling in
food-deprived monarchs, which may be linked to increased electron
leak, but elucidating the mechanisms behind the findings would
require further studies. Future studies on monarch butterflies should
also take advantage of the relatively large size of this insect and
include samples of fat body tissue in analyses of complex activity.
Overall, the literature on mitochondria is biased towards liver
mitochondria because the liver is a highly dynamic organ, and this
applies to the fat body as well. Starving insects deplete lipids stored
in the fat body (Smith and Appel, 1996), and as the fat body carries
out similar functions to the liver in vertebrates, including
mobilisation of stored energy substrates, mitochondria in the fat
body should therefore be expected to respond to food deprivation.

Correlation between mitochondrial respiration and
whole-animal metabolic rate

Linking mitochondrial variation to organismal performance is one
of the big challenges in the emerging fields of mitochondrial and
mitonuclear ecology (Ballard and Melvin, 2010; Heine and Hood,
2020; Hill, 2019; Koch et al., 2021). Our study allowed us to
measure metabolic rate in the same individuals at the mitochondrial
and whole-animal level, and to examine correlations between the
two levels. We found positive correlations between mitochondrial
maximum respiration rate (state 3) and resting metabolic rate
(r=0.67), and between state 3 respiration rate and peak flight
metabolic rate (r=0.46). These findings indicate that measurements
of mitochondrial performance have predictive power on whole-
animal metabolic performance. It is noteworthy that mitochondrial
state 4 respiration did not correlate with whole-animal metabolic
rate. Here, our results differ from those obtained on brown trout
(Salmo trutta) where state 4 respiration of mitochondria isolated
from liver tissue correlated with RMR (Salin et al., 2016). The use
of fat body tissue might have yielded different results in our study.
Nevertheless, whether variation in cell-level metabolism underpins
variation in whole-animal metabolic rate is not inevitable and
may be particularly difficult to demonstrate in interspecific studies
where the proportional sizes of different organs vary (Jimenez et al.,
2019). It is noteworthy that the RCRs expressed by monarchs in the
current study were relatively high, indicating a high level of
mitochondrial coupling, improving the tight connection between
mitochondrial respiration and whole-animal peak metabolic rate.
Our result agrees with studies that have found connections between
cellular metabolism and evolutionary life history strategies such as
the case of the slower pace of life in tropical birds compared with the
faster life histories of temperate birds (Jimenez et al., 2014). Taken
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together, our findings demonstrate that variation in mitochondrial
respiration can be linked to whole-animal performance, suggesting
that mitochondrial function forms the basis of the complex
physiological and biomechanical machinery that manifests as
organismal performance, a critical component of individual fitness.

The monarch butterfly has reached an iconic status as a result of
its unique, and now potentially endangered migration. Our work
shows that the monarch study system has ample potential for the
study of energetics all the way from the mitochondrial level to the
whole-animal level. The current study has also revealed a striking
gap in the literature on mitochondrial function, as very few studies
on insects exist. Future studies may further explore the many ways
mitochondria interact with their symbiont under changing
environmental conditions. Here, one potential question is the
connection between wing coloration and flight performance:
studies have found that monarchs with redder wings tend to fly
longer distances in the laboratory than individuals with less red
pigment (Davis et al., 2012), and migratory monarchs in the autumn
are redder than residents in the summer (Davis, 2009). Migration
distances of monarchs are correlated with the level of wing
melanisation, and in the case of males, also with the amount of
orange pigmentation in wings (Hanley et al., 2013). Mitochondrial
function may have a role to play in this relationship, too, in a similar
way to that in the house finch (Haemorhous mexicanus), where
condition-dependent carotenoid-based plumage colour has been
shown to correlate with mitochondrial function (Hill et al., 2019).
Given that the ommochrome-based wing colour in the monarch also
displays hints of condition dependency (Figon and Casas, 2019), it
would be interesting to evaluate the relationship between butterfly
colour and mitochondrial performance in future studies.
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