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ABSTRACT

Among conflicting theories of aging, both the oxidative stress hypothesis and rate of
living theory have been strongly supported for decades. Here, we seek to illustrate that these two
schools of thought may work in conjunction, with the oxidative stress hypothesis providing the
biochemical basis for the rate of living theory. Within a lowland butterfly metapopulation, we
observed the differences in the global lipid composition (lipidome) between individuals that were
rested, subjected to prolonged flight, and injected with an oxidative stress-causing agent.
Between these treatments we found nonrandom discrepancies in the abundance of various
specific lipids that serve as biomarkers for oxidative damage. The flight performance of
individuals with specific Sdhd alleles, a polymorphism previously documented as having an
association with tracheal development, oxygen conductance, and colonization success, was
observed, with those containing the M allele boasting the highest flight metabolic rates, as well
as the most elevated abundances in those lipids associated with oxidative damage. These
findings suggest that the observed decline in flight performance (i.e. aging) is highly correlated
with those lipids related to oxidative damage, illustrating how the two main theories of aging
may work in conjunction. Further, our results prompt future research into how the Sdhd
polymorphism influences the flight strategy of Glanville fritillaries (Melitaea cinxia) in relation
to acute and chronic oxidative stress, shaping individual behavior and metapopulation dynamics.
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Chapter 1
Introduction
Despite modern advances in science and technology, the exact mechanics of the aging
process are yet unresolved. Among several emergent and conflicting theories of aging [1-5],
support for both the rate of living theory and the oxidative stress hypothesis has persisted for
decades [6-17]. Here, we investigate the possibility of a relationship between these two ideas
through lipid profiling following oxidative stress.
Two postulates define the rate of living theory: (i) the life span of an individual is
dependent upon the rate its energy is utilized (metabolic rate), as well as (ii) the amount of
energy consumed during its adult life [18]. Similarly, the oxidative stress hypothesis (originally
dubbed the free radical hypothesis [19]) proposes that reactive oxygen species (ROS) stimulate
molecular oxidative damage, consequently catalyzing aging, characterized by the degradation of
physiological function. These two schools of thought are closely linked by the principle that
oxidative stress may provide the biochemical basis for the rate of living theory: aerobic cells
generate ROS [20] and thus increased energy expenditure may be correlated with the magnitude
of potential damage caused by these compounds.
When metabolic rate is sustained at a high level over a prolonged period of time, there is
the possibility that the oxygen supply carried to cells will not be sufficient to comply with the
increased demand, leading to ischemia [21]. In oxygen-deprived cells, cellular respiration slows,
leading to rapid and irreparable damage, as the cell’s natural defense against the creation of ROS
is overcome [22]. To cease injury, oxygen-carrying blood must be quickly reestablished to the
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ischemic area; however, this reestablishment itself can cause further damage in the phenomenon
termed “ischemia reperfusion injury” (IRI) [21,23]. Through the reintroduction of blood to
compromised ischemic areas, IRI has the potential to not only heighten local damage but to
cause systemic injury, as well [24, 25].
Among the many effects of IRI are the generation of ROS, mitochondrial dysfunction and
swelling, lipid peroxidation, and cell membrane damage [23], making it an acute illustration of
aging based on the rate of living theory and oxidative stress hypothesis in conjunction. In a 2013
study by Marden and colleagues investigating genetic variation in tracheal development and
oxygen conductance to flight muscle cells in Glanville fritillary (Melitaea cinxia) butterflies, it
was found that mitochondrial swelling was more severe in those individuals which utilized their
flight muscles more in relation to the oxygen supplied to them [26]. As mitochondria are a
source of free radicals during reperfusion, they are likely targets for consequent lipid
peroxidation [27,28]. We hypothesized that the increased mitochondrial swelling observed in
Glanville fritillaries may indicate reperfusion and its consequent disruption of the mitochondrial
membrane, occurring due to forced flight and therefore augmented metabolic rate.
Peroxidation products such as these and other lipid biomarkers have been identified
across a variety of taxa, including both humans and insects [29]. This is made possible through
the rapidly growing field of lipidomics, in which modern lipid extraction and mass spectrometry
techniques are used together to identify and characterize nearly the entire spectrum of cellular
lipids, many of which play a critical role in biological function [30]. As the field of lipidomics
continues its growth, novel lipid profiles are rapidly discovered in both model [29,31-33] and
non-model species [34], increasing the reach and potential of targeting lipids for investigation
across multiple disciplines.
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In this study, we examined a lowland butterfly, the Glanville fritillary (Melitaea cinxia).
This species has become a model system for metapopulation dynamics [35], processes that are
influenced strongly by the dispersal and colonization of small habitat patches in a heterogeneous
landscape. For Glanville fritillaries, only dry meadows with rock outcrops support the larval
host plant, causing flight distance for dispersal between suitable habitats to be quite variable[36].
Ecological genomic studies have shown that genetic variation affecting flight metabolic rate is
associated with large variation in dispersal in the field, and differential representation and
success of different genotypes in newly colonized patches and patches of different size [37-40].
One of these genetic polymorphisms comprises alleles in a regulatory region of the
Kreb’s cycle gene succinate dehydrogenase d (Sdhd), which physiological studies revealed
encodes one of the four subunits of the enzyme succinate dehydrogenase (SDH; 41). Specifically
in Glanville fritillaries, it was found that one Sdhd allele in particular coded for reduced SDH
activity, increased tracheal development, and better flight metabolic performance [26].
Conversely, in butterflies with less tracheal development, flight metabolic performance declined
sharply over time and swollen and disrupted mitochondria were observed within insect flight
muscles.
Here, we extend that physiological characterization by determining how short bouts of
forced flight affect the global lipid profile of Glanville fritillaries with regard to their Sdhd
genotype and flight performance. Through the application of three separate treatments
prompting a resting metabolic rate, forced flight, and chemically-induced oxidative stress, we
investigated the lipid profile of each individual and, as a result, were able to identify potential
products of lipid peroxidation in a species not yet examined through a lipidomic lens. In this
way, we were able to speculate on the influence of oxidative stress, ROS, and IRI on observed
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differences in flight performance and elevated metabolic rate between physiologically distinct
individuals.
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Chapter 2
Materials and Methods

Collection
Our sample consisted of wild-caught adult Glanville fritillary (Melitaea cinxia)
butterflies, collected at the beginning of the flying season outside Tavertet, Viladrau, and Rupit,
Catalunya (Spain). All individuals appeared to have recently emerged as adults (i.e. fresh colors
and scales; no substantial wing wear). They were housed inside mesh cages in a cool, shaded
area where they did not fly and were fed a honey water solution twice daily.

Treatment
After one day of rest following capture, butterflies were subjected to a flight test. Each
individual was stimulated to fly as continuously as possible over a three-minute period in a 1L
jar. Within the jar, CO2-free air was passed at 0.95 L min-1 and either a normoxic or mildly
hypoxic (14% oxygen-over-nitrogen mix) environment was maintained over the course of the
flight. The order of normoxia or hypoxia first was randomized, with the second flight held the
following day in the alternative gas concentration. These data were first analyzed using a crossover analysis [42] in which butterfly was treated as a random factor, with day, gas, and day*gas
as factors. We then included Sdhd genotype in the model as an additional factor and also
analyzed the data separately for each gas treatment while accounting for history (order of gas
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treatments). Immediately following the second flight, each individual was flash frozen in liquid
nitrogen.
A second group of randomly chosen butterflies did not undergo flight tests, but rather
were rested for 44 hours in cool shade (no flying). Six of these individuals had 2uL of insect
saline containing 30mM paraquat injected into the lateral thorax, and 4 hours later they were
flash frozen. The remaining individuals were rested in cool, shaded cages and flash frozen after
the two-day period. After freezing, all butterflies were maintained in liquid nitrogen during
transfer and in storage.

Lipidomics Preparation
Taken from the liquid nitrogen storage, butterflies were immediately placed on dry ice for
dissection. To investigate how lipid composition varied with treatment and genotype, samples
were homogenized and prepared for lipidomics processing using an established protocol for
sample quality optimization [43]. First, the thorax was sliced into two halves using a sagittal
section along the dorsal-longitudinal axis. The anterior half of one of these sections (i.e. ~25% of
the thorax) was used for lipid analyses. This tissue was weighed to the nearest 0.1mg, placed in
a round-bottomed 2ml Eppendorf Safe-Lock microcentrifuge tube and homogenized to a dry
powder with a steel bead for 45 seconds at 20Hz on a Retsch MM301 mixer mill in pre-chilled
hardware (-20°C) located in a cold room maintained at 5°C. To this still-frozen powder, 2ml of
cold 3:3:2 isopropanol:acetonitrile:water solution containing 1 uM chloropropamide (an internal
standard) was added, after which the mixtures were homogenized again for 2 minutes at 20Hz on
the mixer mill.

7

The homogenized samples were shaken at 4˚C on a multi-therm shaker (Benchmark
Scientific H5000-HC Multi-Therm Shaker) for 20 minutes. Solids were removed by
centrifugation at 12000 x G for 20 minutes on an Eppendorf 5402 Refrigerated Centrifuge (4˚C),
then the supernatant was transferred to clean, labeled 2ml Eppendorf tubes and stored in the 4˚C
refrigerator until further processing. Protein pellets from the homogenized samples were stored
in the -80˚C freezer.
At the Metabolomics Core Facility in the Huck Institutes of Life Sciences (University
Park, PA) supernatants were dried in a vacuum centrifuge at room temperature, then dissolved in
300uL 50:50 acetonitrile:water solution. 5uL of sample were transferred to autosampler vials;
tubes were crimped and stored in the facility’s 4˚C refrigerator.

Lipidomics Processing
We next used liquid chromatography-mass spectrometry (LC-MS) analysis to create a
lipid profile for each individual, utilizing the methodologies previously employed for
investigating lipid composition within insect tissues [44]. Samples (5uL) were run using the
HPLC-QTOFMS (Shimadzu Prominence 20-UFLC XR and AB Sciex 5600 TripleTOF) platform
equipped with a Waters Acquity CSH C18 column (150 mm × 2.1 mm with a particle size of
1.7 μm; Waters Corporation, Milford, MA, USA). The composition of mobile phase A was 60%
acetonitrile and 40% water with 10 mM ammonium formate and 0.1% formic acid. Mobile
phase B consisted of 90% isopropanol and 10% acetonitrile with 10 mM ammonium formate and
0.1% formic acid. Flow rate and temperature were maintained at 0.225 ml/min and 55 °C,
respectively. Positive and negative ion electrospray ionization mass spectra were acquired over
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the mass range 100-1200 Da in IDA (Information Dependent Acquisition) mode, but for the
scope of this experiment only the positive ionization data were analyzed. The LC-MS traces
were aligned together using MarkerView (AB Sciex) software and analyzed for monoisotopic
ions with a column retention time between 1 and 20 minutes.

Genotyping
Each individual was also genotyped for an indel polymorphism in succinate
dehydrogenase D (Sdhd), previously associated with variation in hypoxia-inducible factor (HIF)
signaling, tracheal development, and oxygen conductance to the flight muscles in Glanville
fritillaries [26]. Total RNA was extracted using Trizol reagent (Life Technologies) from
individual flash frozen heads, followed by RNA column purification (RNAeasy, Qiagen) and
cDNA synthesis with T7-(dT)24 primers. Fluorescently labeled primers were used to PCR
amplify a portion of the 3-UTR containing the indel from cDNA. Fragment analysis was used to
associate size of labeled amplicons with the indel allele (deletion [D], mini deletion [M],
insertion [I], or extra deletion [E]).

Lipidomics Data Processing
From LC-MS, 22,515 peaks were generated for each focal butterfly in positive ionization
mode. From those data, we analyzed the 3,485 monoisotopic peaks with retention times between
1 and 20 minutes for which at least one butterfly had a non-zero reading. These peaks were
normalized first by the chloropropamide standard, correcting for machine drift over the course of
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the numerous samples run. Peak abundance was also normalized by wet tissue mass (g) to yield
a measure of lipid abundance per amount of tissue sampled from each individual.
We used Metaboanalyst 3.0 software (www.metaboanalyst.ca) to examine the dataset in
its entirety and determine whether there was a clear difference in free lipid composition between
treatments. Within this program, we used a mass tolerance of 0.250 (m/z) and retention time
tolerance of 5 seconds. Peak abundance was log transformed for comparison and filtered based
on interquartile range (IQR).
We wrote a custom analysis script (Igor 6.0; Wavemetrics) that performed a series of
Wilcoxon tests (the non-parametric equivalent of a T-test) comparing mean log-transformed
(value + 1, to retain zero values) normalized monoisotopic peak heights between the rested and
paraquat-injected butterflies. The purpose of this script was to identify a set of lipid species
likely created by the paraquat treatment, which is well known to create oxidative damage in
living tissue [45]. We wrote similar custom scripts in which the log-transformed lipid peak
height (abundance) data were regressed against the ratio of day 2 to day 1 peak metabolic rate in
the flight tests.
Preliminary exploration of these data indicated that a large number of lipid species had
strong inverse correlations with the ratio of day 2/day 1 performance, but that two individuals
had large increases in their day 2 metabolic performance unrelated to their lipid profiles. These
two outliers may have been stunned at the time of capture in the field and performed poorly on
day 1, but recovered by day 2. The correlation between many lipids and the day 2/day 1 ratio of
flight metabolic rate in the remaining 28 individuals was very consistent and robust, suggesting
that exclusion of the two outliers was justified and required in order to observe the major features
of the data relating lipid profiles to the temporal trend in performance variation.
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We used these separate results for the association between particular lipid abundances
and i) paraquat treatment, and ii) day 1/day 2 peak FMR, to test the hypothesis that lipids
indicative of paraquat-induced oxidative damage are more abundant in butterflies that had
greater declines in flight performance. We performed additional analyses to determine if the
overlap in lipid species associated with both paraquat and declining peak FMR were likely a
collection of random false positives from thousands of tests. Rather than using a Bonferroni [46]
approach, which doesn't identify which of the lowest P-value cases are false positives, we instead
compared the lowest P-value results from one experiment with those from a second independent
experiment. In addition, we examined the distribution of P-values in both experiments and
performed a Fisher's exact test on the p-values that were significant in both experiments.

Generating Fragment Spectra
When processing our samples using lipidomics, the data was acquired in Information
Dependent Acquisition (IDA) mode. In this mode, abundant lipid species triggered an automatic
survey scan for which up to 20 MS/MS product ion spectra were acquired before the next survey
scan began. Because the lipids of most interest to us exist in low abundance within our samples,
they were not abundant enough to trigger an automatic survey scan in IDA.
In an effort to identify these lipids, samples were prepared again for lipidomics using
those six individuals for which our top 13 lipids of interest proved most abundant. These
samples were prepared using exactly the same methodologies described in Lipidomics
Preparation, above, with the complementary anterior section of the thorax used. Samples were
processed using the same LC-MS parameters as before, but this time we included the MS/MS
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scan in the duty cycle so that even our lipids of interest would generate fragment spectra. These
data were further explored using LipidView to isolate secondary spectra for these lipid species.
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Chapter 3
Results

Sdhd Genotype Associations with Flight Metabolic Rate
When butterflies were flown in a normoxic atmosphere, total CO2 emitted during the
three minutes of flying did not vary significantly with the order of normoxia or hypoxia
atmospheric gas treatment, body mass, or gender. Butterflies carrying one or more copies of the
Sdhd M allele, shown previously to be associated with greater tracheal elaboration in the flight
muscles [26], had greater total CO2 emission in normoxia (about 30% higher; P=0.02). Peak
FMR in normoxia did not vary significantly with any of those factors. In the mildly hypoxic
atmosphere (14% O2), total CO2 emitted was about 33% higher when the hypoxia flight was
performed first (P=0.008), declined with increasing body mass (P=0.05), and fell just above the
threshold for significance as higher in butterflies carrying the Sdhd M allele (P=0.06). Peak
FMR in hypoxia showed much the same associations, varying significantly with treatment order
(P=0.01), body mass (P=0.02), Sdhd M allele (P=0.04) and was borderline higher in females
(P=0.07). Overall, total CO2 and peak FMR were greatly affected by gas treatment and the
presence of an Sdhd M allele, but not the day flown, the interaction between day and gas
treatment, or gender (Table 1).
Flown butterflies varied in their ability to achieve a comparable peak flight metabolic rate
on two consecutive days. Some individuals increased in peak FMR by as much as 70% on the
second day, whereas others achieved less than half their day 1 peak FMR on the second day.
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There was no significant tendency to increase or decrease in performance over consecutive
days, as the mean ratio of day 2/day 1 peak FMR did not differ from 1 (P=0.58).
Table 1. Factors associated with flight metabolic rate (FMR) on consecutive days in (random order)
normoxia (21% O2) and hypoxia (14% O2). Sample size = 13 females, 17 males. These are the same data
reported for Spain butterflies in Marden et al., 2013. I present these data again here because I helped
collect these data and my research compared metabolic rates of these butterflies with lipid composition of
their flight muscles after the second flight (see below).

Peak FMR

Total CO2
Emitted

a. Basic cross-over analysis in which butterfly was a random factor (i.e. repeated measures on individuals drawn
randomly from a population) and we examine the effect of the two treatments and their interaction.

Source

Nparm

DF

DFDen

F Ratio

Prob > F

Day

1

1

28

0.11

0.74

Gas

1

1

28

4.23

0.049

Day*Gas

1

1

28

0.49

0.49

Day

1

1

28

1.31

0.26

Gas

1

1

28

2.03

0.17

Day*Gas

1

1

28

0.018

0.89

Peak FMR

Total CO2
Emitted

b. Basic cross-over also examining the effects of the presence or absence of the Sdhd M allele.

Source

Nparm

DF

DFDen

F Ratio

Prob > F

Day

1

1

28

0.11

0.74

Gas

1

1

28

4.23

0.049

Day*Gas

1

1

27

1.29

0.27

Sdhd M vs.
no M

1

1

27

5.50

0.027

Day

1

1

28

1.31

0.26

Gas

1

1

28

2.03

0.17

Day*Gas

1

1

27

0.22

0.64

Sdhd M vs.
no M

1

1

27

3.94

0.057
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Treatment Effects on Flight Muscle Lipidome
To test the hypothesis that global lipid composition in the flight muscles was affected by
the applied treatments (rested, paraquat-injected, flown in hypoxia first, flown in normoxia first),
we performed cluster analyses of the entire set of monoisotopic peaks. These analyses
(Metaboanalyst 3.0) are illustrated graphically by heatmaps (Figure 1). Individuals from the
different treatments generally grouped together, in groupings determined primarily by
approximately 25 lipid species. All rested individuals clustered together with two flown
individuals also present within their cluster, with low abundance in these 25 peaks (Figure 1a).
Butterflies from the paraquat-injected and flown treatments had a higher abundance of these
peaks and were intermixed in a cluster distinct from rested butterflies, but not consistently
distinguishable from each other.
When the two flown treatments (order of normoxia vs. hypoxia treatment) were
examined separately, they clustered into distinct groups, with the exception of one individual
(Figure 1b). Here again, about 25 lipid species were responsible for the differentiation. Among
those lipids, normoxia-first individuals sometimes showed a higher abundance, whereas, in other
cases, hypoxia-first butterflies were higher.
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Figure 1. The twenty-five lipid
species most different in
abundance between (a) individuals
of each treatment type (rested,
injected with paraquat, flown in
normoxia first, flown in hypoxia
first) and (b) only those
individuals subjected to flight
tests, both based on cluster
analyses.

A

B
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Flight Metabolic Rate and Oxidative Damage
To test the hypothesis that individual decreases in flight metabolic performance over
consecutive days were related to oxidative damage in flight muscle membranes, we used
regression analyses to compare the day 2/day 1 peak FMR with abundance of lipid species that
showed the most significant (lowest P value) increase in paraquat-treated butterflies compared to
rested butterflies. This hypothesis was strongly supported, as the day 2/day 1 ratio of peak FMR
decreased as the abundance of these lipids increased (Figure 2a. p=0.0008; 2b. p<0.0001). For
these same peaks, there was a marked difference in abundance between rested individuals and
those injected with paraquat; those rested consistently had a lower abundance (Wilcoxon
Ranked-Sum: 2a. p=0.0003; 2b. p=0.0090). These results were also observed when we used the
normalized mean abundance of the top thirteen most significant peaks for day 2/ day 1 peak
FMR, where each peak mean abundance was divided by the sample mean for that peak so that
peaks had equal weight (Figure 2c: linear regression p<0.0001; Wilcoxon Ranked-Sum:
p=0.0042).
Significant differences in lipid composition between treatments may represent real effects
or else false discovery given that we performed 3,485 tests. If these results are dominated by
false discovery, the frequency distribution of P-values would be approximately uniform,
however we found a very large over-abundance of small P-values, with 19.74% of these values
less than 0.05 (Figure 3a).
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A

B

C

Figure 2. Comparisons of the correlation between peak metabolic rate ratio from day 2 to day 1 against
peak abundance and box plots illustrating peak abundance between paraquat-injected and rested
individuals for peaks with m/z value and retention time (minutes) of (a) 836.6/9.6, (b) 200.1/2.0, and the
normalized mean abundance (c).

P-Value

P-Value
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Relative Abundance

Relative Abundance

Figure 3. The distribution of P-values generated by (a) the Least Squares Regression for the relationship
between peak metabolic rate ratio across both days of flight trials and peak abundance, as well as (b) the
Wilcoxon Ranked Sum test between treatment (paraquat-injected or rested) and peak abundance.

Similar to the results for the paraquat treatment, the distribution of P-values relating lipid
abundances to flight showed nonuniformity and an over-abundance of small P-values, with
15.23% <0.05 (Figure 3b). These results indicate a large overabundance of low P-value
associations with both the paraquat treatment and the flight phenotype, and therefore were not
likely to be strictly a collection of false positive associations. We then proceeded to look for
individual lipids that had significant association in both experiments (Figure 4), to test the
hypothesis that day-to-day decline in flight ability is associated with accumulation of lipids
known to be elevated by paraquat (i.e. putative markers of oxidative damage).
Identification of a number of lipid species abundances that vary with treatment or
phenotype in two independent experiments also carries the possibility of false positives. In other
words, if there is a 5% chance of false positive association in each experiment, what is the
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random probability of some of those being significantly associated in both experiments? To
examine this question, we used a Fisher’s Exact Test to determine the probability of peaks being
significant with both paraquat treatment and flight decline. Of 2160 peaks appropriate for
analysis by both tests, 517 were significantly (p<0.05) related to flight decline, 390 were
significantly elevated by paraquat treatment, and 139 were significantly associated with both.
There was a very small probability of this large an overlap occurring by chance (Fisher’s Exact
Test: p=0.0002). Furthermore, of the top 100 correlations between lipid abundances and the
ratio of day 2/day 1 peak FMR, 99 were negative (higher abundance in butterflies with greater
decline) whereas random false positives would yield close to an even mix of positive and
negative associations.

Figure 4. Hypothesis of overlap for individual lipids significantly elevated in paraquat-treated butterflies
and in butterflies with the largest decline in metabolic rate between day 1 and day 2.
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Flight Metabolic Rate and Sdhd on Lipid Profile
Along with a relationship between decline in flight metabolic rate and elevated lipids
known to be associated with oxidative damage, we also observed an interaction between this
phenomenon and the presence of the Sdhd M allele. While the abundance of our lipids of
interest, denoted by the normalized mean abundance, was higher dictated primarily by the day
2/day 1 peak FMR (P<0.0001), those individuals containing at least one M allele tended to have
a higher mean peaks value than no-M individuals with comparable flight decline (Figure 5;
P=0.0251).

Figure 5. The correlation between the normalized mean abundance for our peaks of interest and the day
2/day 1 peak FMR with regard to the presence or absence of the Sdhd M allele.
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Fragment Spectra for Lipids of Interest
The fragment composition of each of these target lipids was examined using the tandem
MS/MS capability of the instrument (LC-MS/MS; Figure 6). While most lipids species were still
too low in abundance to generate a clear spectrum, we were able to isolate quality spectra for
three lipids of interest.

Figure 6. Tandem MS/MS spectrometry revealing the fragment composition for each of the peaks with
an m/z score in positive ion mode of a) 838..5, b) 836.5, and c) 200.1.
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Chapter 4
Discussion
Here, we show that the lipidome of flight muscles in a lowland butterfly changes
significantly following oxidative stress. Multiple lipid species proved significantly different
between those individuals rested and those subjected to oxidative stress, whether through
prolonged flight or paraquat injection. For those individuals flown, there was no obvious trend
for an increase or decrease in flight performance between day 1 and day 2; flight performance
did not consistently decrease on the second day due to a tired-out individual, nor was the
performance on the second day augmented due to acclimation and a full day of rest. Instead,
decline in flight performance was correlated with an elevation in those lipids associated with the
oxidative damage observed in flight muscles following a paraquat treatment, while rested
individuals had a very low abundance or completely lacked these lipids.
Various recent studies have identified strong biomarkers indicating oxidative stress [4749]. Here, we found that several lipids, quite low in abundance, are also indicative of oxidative
damage and may play a larger role than previously credited. The importance of characterizing
low-abundant lipid species in a heterogeneous lipidome as biomarkers for disease prediction,
detection, and monitoring progression has been shown [50], but unfortunately investigating less
abundant lipids makes the identification of each lipid quite difficult, especially in an insect
model with very little biomass. Further, although the lipidomics field is fast-growing, many lipid
species are still unidentified even in model species, for which the lipid database is growing
quickly [29,51]. It was challenging to generate secondary spectra and explore fragment
composition for these lipids in low abundance. However, though unable to identify them
majority of our lipids of interest within M. cinxia, we were able to compare them with the current
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literature, finding similarities between our lipids of interest and those identified in Drosophila
following oxidative damage [29].
Two lipids significant for oxidative stress and also correlated with metabolic rate (m/z
scores in positive ion mode of 836.5 and 838.5) did generate clear fragment spectra. From these
spectra and the current literature, we were able to speculate on the identity of these peaks,
determining that both are sodiated glycerol phosphatidylcholines (i.e. the true identities of these
molecules are [M+Na]+=836.5 and [M+Na]+=836.5, respectively). Notably, peaks at m/z 86,
m/z146, [M+Na-205], [M+Na-183] and [M+Na-59] are all indicative of this categorization
[52,53] and are likewise all present in the fragment spectra for both [M+Na]+=836.5 and
[M+Na]+=836.5 (Figure 6). Although the structures of the fatty acid tails on these lipids are
unclear, lipids of corresponding molecular masses and class were generated as models from the
LIPID MAPS database (www.lipidmaps.org). These models, shown in Figure 7, below,
illustrate the potential, non-sodiated structure of these two categorized lipids, with uncertainty
only present in the fatty acid tail structures. As the molecular mass of sodium is roughly 23 Da,
the molecular masses of the non-sodiated lipids are 815.5 and 813.5, respectively.

A

B

Figure 7. Structures generated through the LIPID MAPS database for lipids of (a) m/z 815.5
and (b) m/z 813.5
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This type of lipid has a strong documented relationship with the platelet-activating factor
(PAF), an integral player in several pathological and physiological processes [54]. Above all,
PAF functions as an intra- and intercellular mediator in communication, present in the cell in low
concentrations under normal conditions. Under oxidative stress, however, high amounts of the
platelet-activating factor are released at the outset of reperfusion [54,55]. Therefore, the two
lipids identified here have a strong link to reperfusion injury, as their presence indicates the
triggering of the platelet-activating factor.
Based on the swollen and disrupted mitochondria previously observed following
oxidative stress in Glanville fritillaries [26], the other unidentified lipids of interest shown here
could be the peroxidized products of compromised mitochondrial membranes. In previous
studies, cardiolipin was identified as the main biological indicator of mitochondrial damage
[56,57]. Our peaks could be cardiolipin or cardiolipin byproducts, as we noted before that the
lipid database for nonmodel insects is very limited, and the fatty acid structure of cardiolipin
varies between taxa [58-60]. Furthermore, while cardiolipin is one of the major targets for
oxidative damage, other phospholipids are targeted later as damage continues after the initial
impact [58]. Thus, peroxidized cardiolipin may be present in our samples but other oxidation
products may have been more significantly different between our treatments.
Additionally, this discrepancy between peroxidation products early and later on following
oxidative damage may play a role in the differences between lipidomes observed here in those
butterflies flown first in hypoxia or normoxia. When individuals were flown in hypoxia first,
total CO2 emitted by each butterfly was higher in the reduced oxygen environment than in
normoxia, indicating that individuals are working harder and potentially leading to increased
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oxidative stress and consequent reperfusion. Those butterflies flown in normoxia-first, then,
would be flash frozen immediately following a rough flight in hypoxia and exhibit the immediate
effects of oxidative damage. On the other hand, those flown in hypoxia first would have more of
the peroxidation products found later following oxidative stress. Conversely, hypoxia-first
butterflies may have also already begun healing and therefore show less of the peroxidation
products (or compounds necessary for the healing process) than those frozen immediately
following a flight in hypoxia.
As predicted, the total CO2 emission during flight for butterflies containing the Sdhd M
allele was higher in both normoxic and hypoxic environments, and peak FMR was higher in
hypoxia. This was expected based on the observed greater tracheal development seen before in
these individuals [26] and their consequent augmented oxygen delivery. Unexpectedly,
however, it was also observed that this morph had higher levels of the lipids associated with
oxidative damage than other individuals experiencing the same amount of flight decline without
an Sdhd M allele. This suggests that these individuals may accumulate more damage at the same
level of decline as other butterflies due to faster reperfusion through their highly branched
tracheae. However, it has been observed previously in Glanville fritillaries that the most
oxidative damage appears to occur in those individuals containing at least one D allele [26]. As
such, it is also possible that M individuals that were strong fliers the first day and acquired a high
amount of damage have less of a decline in flight performance between the first and second day.
In this way, individuals containing the M allele would have higher damage than lesser fliers but
comparable decline ratios and a higher abundance of lipids associated with oxidative stress.
This anomaly lends further curiosity to the mechanisms that maintain intermediate allele
frequencies of the Sdhd polymorphism across wild Glanville fritillary metapopulations. While
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Marden et al. (2013) saw more advanced mitochondrial damage in D allele individuals, an
earlier study showed better flight performance in those with the D allele, but only when flown
for a single day and for those who also had a particular pgi allele, also highly associated with
flight performance, dispersal and longevity [38-40]. These flight tests lasted for ten minutes, as
compared to those with a duration of 3 minutes, conducted here. In a metapopulation with such
high local extinction and recolonization turnover across a heterogeneous landscape, strong flight
performance to access neighboring habitable patches is crucial.
Here, we have only examined the effects of short bouts of flight on each allele type. It is
possible that individuals carrying different Sdhd allele types have developed different flight
strategies (Figure 8) for the long distances between habitable patches as well as short forays in
search of food, allowing for this polymorphism to be maintained across the metapopulation. It
was previously determined that there is a large overrepresentation of the Sdhd D allele in newly
formed populations [37], suggesting that these individuals perform particularly well during
dispersal between patches. While discrepancies in flight behavior have not been documented in
the Glanville fritillary, the adoption of longer and straighter trajectories for flight between
habitable patches as compared to short foray loops has been studied in other butterfly models
[61].
Stimulating the butterflies within contained jars induces some degree of panic, causing
them to fly more quickly and more continuously than they may typically, and simulating an
inaccurate representation of one or both allele types’ flight strategy. D allele individuals, shown
to be especially prevalent in new colonies and thus seemingly more fit to disperse, are potentially
stronger fliers in terms of endurance (Figure 8a), while M allele individuals with more developed
tracheae can excel with short bouts of faster flight (Figure 8b). In this situation, M allele
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individuals would perform “better” in our shorter, more intense respirometry trials while D
allele individuals would be less suited to this type of flight, and therefore be subjected to worse
oxidative stress and consequently higher levels of mitochondrial damage, especially as
differences between biomarkers of acute and chronic oxidative stress have been documented
[62]. As it stands, it is unclear which allele type is truly at an advantage in terms of flight
performance, but the evidence shown here and previously documenting discrepancies between
successes in flight trials strongly supports the idea of colonizing D allele individuals possessing a
higher endurance suited for longer dispersal flights than M allele individuals, whose foraging
forays help maintain an establish colony. Due to the separate benefits of these flight strategies,
the Sdhd polymorphism would be maintained, as it has been observed, at intermediate allele

Flight Activity

frequencies.

A

Time

Flight Activity

B

Time
Figure 8. Illustration of potential flight strategies for (a) individuals containing the D Sdhd allele and (b)
those with M, where the gray boxes represent flight activity over time, the colored lines show relative
mitochondrial damage accumulation between the two morphs, and the dotted lines are standard across
both panels, indicating a level of damage associated with elevated mortality.
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Across all Sdhd genotypes, individuals with a higher decline in flight performance
accumulated more damage in their flight muscles, compromising physiological function (i.e.
aging), and lending support to the idea that the rate of living theory and oxidative stress
hypothesis work are two complementary and major aspects of the aging process. To further
explore this point, future studies must investigate the long-term effects of this type of damage
and the extent to which compromises the longevity of an individual. The lipids characterized
here as indicators of oxidative stress further emphasize the importance of low-abundance lipids
in the lipidome following injury.
Oxidized lipids are beneficial for use as biomarkers for oxidative stress, especially as
they have the capacity to be observed in vivo and noninvasively [63]. This is enormously useful,
as oxidative stress is not catalyzed only by aerobic activity, but also environmental pollution
[64,65], brain trauma [44,56], and several illnesses ranging from depression to Alzheimer’s
disease [48,50,58,66]. These biomarkers will facilitate the prediction, detection, and monitoring
of such afflictions and as such also aid in their prevention and eradication. The function of
oxidized lipids as biomarkers and their role in the aging process have far-reaching applications
stretching between the world of medicine and evolutionary ecology.
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