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Abstract

In insects and other ectotherms, cold temperatures cause a coma resulting from loss of neuromuscular function,
during which ionic and metabolic homeostasis are progressively lost. Cold adaptation improves homeostasis
during cold exposure, but the ultimate targets of selection are still an open question. Cold acclimation and adap-
tation remodels mitochondrial metabolism in insects, suggesting that acrobic energy production during cold ex-
posure could be a target of selection. Here, we test the hypothesis that cold adaptation improves the ability to
maintain rates of aerobic energy production during cold exposure by using *'P NMR on live flies. Using lines of
Drosophila melanogaster artificially selected for fast and slow recovery from a cold coma, we show that cold
exposure does not lower ATP levels and that cold adaptation does not alter aecrobic ATP production during cold
exposure. Cold-hardy and cold-susceptible lines both experienced a brief transition to anaerobic metabolism
during cooling, but this was rapidly reversed during cold exposure, suggesting that oxidative phosphorylation
was sufficient to meet energy demands below the critical thermal minimum, even in cold-susceptible flies. We
thus reject the hypothesis that performance under mild low temperatures is set by aerobic ATP supply limita-
tions in D. melanogaster, excluding oxygen and capacity limitation as a weak link in energy supply. This work
suggests that the modulations to mitochondrial metabolism resulting from cold acclimation or adaptation may
arise from selection on a biosynthetic product(s) of those pathways rather than selection on ATP supply during
cold exposure.
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Extreme low temperatures determine poleward range
limits of many animals and plants (Overgaard et al.
2014; Williams et al. 2015), and mitigation of extreme
low temperatures is facilitating poleward range shifts
(Crozier 2004). However, what constitutes an “extreme”
differs markedly between organisms, making it chal-
lenging to link projected changes in climate to organ-
ismal responses. An understanding of the functional
mechanisms underlying responses to climate extremes is
essential to predicting impacts of climate change on ani-
mal distributions, and can aid in identifying precise con-
ditions under which populations will be most challenged
under predicted climate changes (Portner 2001; Huey
et al. 2012; Williams et al. 2017). Functional under-
standing is equally important to identifying the gener-
ality or lack thereof of specific mechanisms underlying
loss of organismal function (Somero 2010). Pinpointing
“weak links” in energy supply and demand chains could
shed light on conditions that will have adverse effects
on a wide range of organisms.

At temperatures below the lower thermal limit for co-
ordinated movement (CT,,,), insects enter a cold-in-
duced coma (chill coma) resulting from loss of neuro-
muscular function, a state that is reversible upon the
return of permissive temperatures (Overgaard & Mac-
Millan 2017). While in chill coma, insects suffer a pro-
gressive loss of osmotic and ionic homeostasis that
eventually leads to chill injury and death (Overgaard
& MacMillan 2017). The time to recover coordinated
movement after chill coma (chill coma recovery time)
is a common metric of insect cold hardiness, and chill
coma recovery time is directly related to the degree of
osmotic and ionic disequilibrium incurred during cold.
Cold acclimation, acclimatization and adaptation reduce
the chill coma recovery time, but the ultimate cellular
and biochemical targets of selection are unknown. In
this study, we test the hypothesis that the ability to sup-
ply ATP aerobically during cold exposure is improved
as a consequence of cold adaptation.

Variation in chill coma recovery time is associated
with alterations to membrane composition, improved io-
no-regulation and osmo-regulation, and protection or re-
pair of macromolecular stability (Kostal 2010; MacMil-
lan & Sinclair 2011; Overgaard & MacMillan 2017).
All of these processes require energy in the form of ATP
and building blocks in the form of proteins, carbohy-
drates and amino acids. Recovery from chill coma is
energetically expensive, causing the metabolic rate to
approximately double in a cricket species during 2-h re-
covery from a prolonged cold exposure, and energetic

costs increase with the duration of cold exposure (Mac-
Millan et al. 2012b). The mitochondria are the hub of
cellular energy generation and biosynthesis, suggest-
ing that failure of the mitochondrial electron transport
chain to meet ATP demands during cold exposure and
recovery at low temperature could compromise both en-
ergy and substrate availability, thus limiting the ability
to maintain homeostasis and becoming a target of selec-
tion during cold adaptation. Cold acclimation improves
mitochondrial function in the cold in Drosophila mela-
nogaster Meigen, 1830 (Colinet et al. 2017). Similar-
ly, lines selected for fast chill coma recovery time have
evolved elevated rates of respiratory gas exchange, bio-
synthesis and substrate oxidation at warm temperatures,
and depressed rates during cold exposure, leading to
greater plasticity of aerobic metabolism (Williams ef al.
2016a,b). However, several studies have suggested that
ATP levels do not drop during mild non-lethal cold ex-
posure in insects, and in some cases increase (Pullin &
Bale 1988; Pullin ez al. 1990; Colinet 2011; MacMil-
lan et al. 2012a). Physiological acclimation to cold and
treatments that improve survival do not impact ATP lev-
els in the cold, further suggesting that ATP supply is not
limited in the cold (Kostal et al. 2004; Colinet 2011).
However, no studies have tested for alterations to ATP
homeostasis in the cold as a result of cold adaptation.

High-energy phosphorus-containing molecules in-
cluding ATP are the primary energy currency of the cell.
In aerobic organisms, ATP is chiefly supplied through
oxidative phosphorylation in the electron-transport
chain. During periods of high ATP demand or oxygen
limitation, ATP concentrations can be buffered using
phosphate transfer from the phosphagen pool, compris-
ing creatine phosphate in vertebrates and arginine phos-
phate in many invertebrates, including insects (Ellington
2001; Nation 2008). This prevents ATP concentration
from falling for a period of time, until the phosphagen
pool becomes depleted. A failure of oxidative phosphor-
ylation to meet the energetic needs of the cells can, thus,
be detected by a decrease in the phosphagen pool and
increase in inorganic phosphate. Levels of ATP, phos-
phagens and inorganic phosphate can be estimated us-
ing *'P nuclear magnetic resonance (NMR) spectrosco-
py and used to reconstruct the energetic status of cells or
whole organisms (O’Neill & Richards 1980). This sen-
sitive and non-invasive technique has previously been
applied in live insects and amphibians to illustrate a de-
cline in ATP and corresponding loss of energetic homeo-
stasis during severe cold exposure and freezing (Pul-
lin et al. 1990; Coulson et al. 1992; Layne & Kennedy
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2002).

The main goal of this study was to assess whether
the ability to maintain energy status during cold expo-
sure and recovery was altered by cold-hardiness adapta-
tion in lines of D. melanogaster artificially selected for
fast and slow recovery from chill coma. We dynamical-
ly monitored phosphorus homeostasis using *'P-NMR
during the course of cold exposure and recovery in
cold-hardy versus cold-susceptible flies. If modulation
of ATP supply during cold exposure and recovery un-
derlies variation in chill coma recovery time, we pre-
dict that cold-hardy compared to cold-susceptible flies
will maintain ATP homeostasis better during cold ex-
posure and recovery, and will experience less of a tran-
sition to anaerobic metabolism (indicated by a transfer
of phosphorus from phosphoarginine to inorganic phos-
phate). Alternatively, the metabolic remodeling that we
have documented in D. melanogaster (Williams et al.
2014, 2016a,b) could primarily serve to increase meta-
bolic turnover during cold exposure and recovery, with-
out impacting energy state.

MATERIALS AND METHODS

Nuclear magnetic resonance experiments

Inbred lines of D. melanogaster flies originating from
a mid-latitude population and selected for fast or slow
recovery from chill coma were reared as previously de-
scribed (Williams et al. 2014; Gerken et al. 2016). On
day 3 of adulthood, mated females were sorted under
light CO, anesthesia, and allowed to recover for 2 days.
All experiments were carried out in the Advanced Mag-
netic Resonance and Spectroscopy facility (AMRIS) at
the University of Florida, on a Bruker Avance 111 600
MHz spectrometer with a 5-mm Broadband probe oper-
ating at 242.89 MHz for *'P. Sixty live flies were aspirat-
ed into a 5-mm NMR tube (Wilmad LabGlass, Vineland,
NJ, USA), held in place with deuterium oxide-matched
susceptibility plugs (Doty susceptibility plugs, Wilmad
LabGlass), and lowered into the temperature-controlled
probe. We were not able to add a standard (e.g. methy-
lene diphosphoric acid), because the solvents were tox-
ic to the flies. We experimented with using concentric
tubes to allow a standard to surround the flies without
touching them, but evaporation precluded this arrange-
ment. Therefore, we are not able to perform absolute
quantitation, but instead normalize to total phosphorus
and compare the relative size of the resonances. There
was no difference in total phosphorus content between
cold-hardy and cold-susceptible flies (ANOVA, F| 5 =

Energy balance in cold-adapted flies

0.183, P=0.675).

We constructed a nutation curve at 25 °C to find the
correct 90° pulse angle, by sequentially increasing the
pulse width and identifying the null at 180°. We mea-
sured T, relaxation times at 0, 8.3, 16.7 and 25 °C on
fly metabolites using an inversion recovery experiment
with a T IR pulse sequence and the following parame-
ters: 0.0524 s acquisition, 16.5 ps (90°) pulse width at
33W, 2048 data points per free induction decay, 8 dum-
my scans, and 14 delay times varying from 0.1 to 5.0 s.

We performed an Ernst angle experiment to deter-
mine the optimal experimental parameters to maximize
signal to noise within the constraints of our desired to-
tal experiment time (15 min, chosen to allow sufficient
temporal resolution over the course of cold exposure
and recovery). The delay time that optimized signal to
noise at that sampling interval did not allow resonances
to fully relax between pulses, which can lead to errors
in quantitation if target resonances differ in T, relax-
ation times because the magnetization does not return to
equilibrium between pulses. We therefore conducted a
series of experiments to correct for this effect and vali-
date our results. Once the optimal pulse width and delay
times had been determined, we carried out experiments
at each of the 4 experimental temperatures (0, 8.3, 16.8
and 25 °C), wherein we collected spectra under experi-
mental (short delay) conditions (described below), and
then immediately afterwards conducted an experiment
with identical parameters except with a 7-s delay (equal
to 5 x T, for the resonance with the longest T, relax-
ation time) to allow complete relaxation (and, thus, ac-
curate quantitation) of each resonance. The total exper-
iment time for the completely relaxed experiment was
30 min. Processed data (processing described in next
section) were normalized to total phosphorus, and then
each peak was integrated to compare peak integrals be-
tween long-delay and short-delay conditions.

Experiment 1: Short delay acquisition

Experiment 1 was designed for high temporal reso-
lution, but entails some inaccuracies in quantitation. We
used 4-5 replicate pools of 60 flies from each line (2
cold-hardy and 2 cold-susceptible). Flies were aspirat-
ed into 5-mm NMR tubes as described above and low-
ered into a temperature-controlled probe at 25 °C. We
collected *'P spectra on the live flies using the follow-
ing parameters: 0.0319-s acquisition, 45° pulse (8.25
us at 33W), 1248 data points per free induction de-
cay, 4 dummy scans, 10 240 scans and 0.02-s relaxation
delay. Each experiment took 14.5 min. After a spec-
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trum was collected at 25 °C, we ramped the tempera-
tures rapidly down to 0 °C in 8.3 °C increments, collect-
ing a spectrum at each thermal increment during cooling
(Fig. 1a). We collected 13 spectra at 0 °C (summing to 3
h 8 min cold exposure), then rewarmed in 8.3 °C incre-
ments, again collecting a spectrum at each thermal in-
crement during rewarming (Fig. 1a). We performed a
control experiment with 1 additional pool of 60 flies that
were kept in a sealed 1-mL tube at 25 °C for 21 h during
which time spectra were continuously collected as de-
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Figure 1 Experimental design and example *'P spectra of live
Drosophila melanogaster during cold exposure (Experiment
1). a) Temperatures were lowered from 25 to 0 °C in 8.3 °C in-
crements, with *'P spectra (15 min/spectrum) taken at each in-
crement. Each horizontal line portion represents one spectrum,
unless otherwise noted. Spectra were collected continuous-
ly during a 3 h cold exposure at 0 °C and 3.75 h recovery at
25 °C. b) Annotated spectrum showing the four resolved res-
onances: Peak 1: sugar phosphates, phospholipids, inorganic
phosphate; Peak 2: phosphoarginine, yATP, and BADP; Peak 3:
oATP and aADP; Peak 4: BATP. ¢) Spectra collected through-
out experiment for the same sample (group of flies) from panel
B. Time 0 is at the bottom. The cold exposure at 0 °C is marked
with a black bar on the left, recovery at 25 °C with a grey bar,
and regions over which peaks were integrated are marked with
vertical lines.

scribed above, to test the sensitivity of the instrument to
detect ATP declines during a prolonged hypoxic period.

Experiment 2: Long delay acquisition

Experiment 2 has less temporal resolution than Ex-
periment 1, but more accurate quantitation. All proce-
dures were the same as Experiment 1, with the follow-
ing modifications: 0.0509-s acquisition, 90° pulse (16.5
us at 33 W), 1990 data points per free induction decay,
1 dummy scan, 256 scans and 7-s relaxation delay (5 x
longest T,). Total experiment time was 30 min. We used
3 replicate pools of 60 flies from each line (2 cold-hardy
and 2 cold-susceptible). We took 1 spectrum at 25 °C,
immediately lowered the temperature to 0 °C and col-
lected 6 spectra (3-h cold exposure), then rewarmed to
25 °C and took 1 spectrum.

Data processing and analysis

Data preprocessing was performed using TopSpin 3.2
(Bruker BioSpin, Rheinstetten, Germany). All down-
stream analyses were performed in R version 3.4.1 (R
Core Team 2016). We Fourier-transformed the raw
free induction decay into 2048 real data points follow-
ing application of an exponential window function with
100 Hz line broadening, manually phased, and base-
line corrected the spectra. For Experiment 1, pre-pro-
cessed Bruker spectra were imported into R using the
BATMAN package (Hao et al. 2012). Our intention was
to use the package for peak deconvolution and quantita-
tion so that we could estimate ATP, ADP and AMP sep-
arately, but due to inadequate reference spectra we were
not able to deconvolute the overlapping peaks. We nor-
malized each spectrum to total phosphorus to control for
differences in the mass of flies in the radio-frequency
coil. For each individual sample of flies in Experiment 1,
we subtracted spectra of 1 time point from spectra taken
at a subsequent time point, generating difference spec-
tra that we used to visualize changes in metabolites be-
tween time points. We concentrated on the following
differences: (1) beginning of cold exposure — control
spectrum (Cooling); (2) end of cold — beginning of cold
(Cold); (3) beginning of recovery — end of cold (Re-
warming); and (4) end of recovery — end of cold (Re-
covery). We averaged the difference spectra within cold
hardiness level (hardy and susceptible flies, 2 replicate
lines with N = 4 pools of 60 flies/line), and calculat-
ed 95% confidence intervals. We integrated areas under
each peak by summing all intensities across the range
of chemical shifts encompassing each peak (marked in
Fig. 1c), effectively collapsing each spectrum into a sin-
gle value for each of 4 peaks for statistical analysis. Pre-
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liminary data quality checking was performed according
to Zuur et al. (2010). We analyzed each time period sep-
arately (Cooling, Cold, Rewarming and Recovery as de-
scribed above) using general linear mixed models fitted
using the Ime4 package (Bates ef al. 2011) with P-val-
ues obtained using degrees of freedom obtained by Sat-
terthwaite approximation in ImerTest (Kuznetsova et al.
2015). General models included fixed effects of time
(continuous covariate) and cold hardiness (categorical:
cold-hardy or cold-susceptible) and their interaction, as
well as a random effect of sample nested in replicate se-
lection line. Our general modeling approach was to start
with maximal models containing all terms, and to sim-
plify stepwise using the criteria that the simplified mod-
el should be retained if a likelihood ratio test showed a
P-value >0.05, indicating no significant loss of infor-
mation, until the minimal adequate model was reached
(Crawley 2007). We checked for violations of model as-
sumptions by plotting fitted values against residuals.

For Experiment 2, integrations of peak regions 1-4
were done manually using standard TopSpin 3.2 integra-
tion routines and the peak integrals imported into R for
analysis. We summed the 4 peaks for each spectrum and
normalized to total phosphorus to account for differenc-
es in mass of flies across samples. We analyzed effects
of cold exposure and cold adaptation on the response of
each peak to cold using the analysis framework previ-
ously described for Experiment 1.

RESULTS

Validation of nuclear magnetic resonance

procedures

The 90° pulse width was 16.5 ps at 33 W. We ob-
tained spectra with approximately 1000-Hz line widths
that showed 4 distinct peaks, similar to spectra collect-
ed for other insect species (Fig. 1b) (Storey et al. 1984;
Pullin et al. 1990; Coulson et al. 1992). Resonances
were assigned with reference to previous studies: peak
1: sugar phosphates, inorganic phosphate, phosphomon-
oesters or diesters including membrane lipids; peak 2:
phosphoarginine, yATP and BADP; Peak 3: aATP and
aADP; peak 4: BATP (O’Neill & Richards 1980; Gard
et al. 1985; Giblin et al. 1986; Storey et al. 1984; Cer-
dan & Seelig 1990; Pullin ef al. 1990; Wegener et al.
1991). Peak 4 (BATP) provides the most unambigu-
ous quantitation of ATP because it does not overlap
with other resonances. A decrease in peak 2 (containing
phosphoarginine) relative to peak 1 (containing inorgan-

Energy balance in cold-adapted flies

ic phosphate) indicates that oxidative phosphorylation
has become insufficient to meet ATP demands. During
the control experiment during which flies were kept at
25 °C for 21 h, ATP and phosphoarginine declined while
inorganic phosphate increased, showing that we have
the power to detect biologically significant changes in
energetic status (Fig. S1). Fifty percent of flies died af-
ter the 21-h exposure to 25 °C, presumably due to dele-
terious effects of hypoxia on energy balance.

Before examining biological responses to tempera-
ture, it was essential to determine and account for ther-
modynamic impacts on quantitation. T, relaxation times
were temperature-dependent and varied greatly among
resonances: values were longer for peak 1 compared to
peaks 2—4, and were longer at higher temperatures (Fig.
S2, ANCOVA: main effect of temperature, F, ;; = 8.16,
P = 0.0135; main effect of peak [best model had peaks
2—4 pooled, peak 1 separate], F, ;; = 66.03, P <0.0001).
This means that, for a given pulse delay, Peak 1 will re-
lax to a smaller degree than the other peaks, possibly
leading to underestimates of the peak integral. Indeed,
this was supported empirically, because when we inte-
grated peaks from spectra collected under short-delay
(Experiment 1) and long-delay (Experiment 2) condi-
tions (Table S1 and Fig. S3), it was apparent that under
short-delay conditions, peak 1 was underestimated rela-
tive to peaks 2—4 (likely because of the longer T, relax-
ation times for peak 1), and that the relative differences
between peak 1 and peaks 2—4 increased with increas-
ing temperature, due to lengthening T,s (Fig. S2). Peak
1 was underestimated relative to peaks 2—4 by 10.6% at
25 °C, dropping to 2.6% at 0 °C (Table S1), implying
that decreasing the temperature from 25 to 0 °C would
result in a relative increase in peak 1 of approximate-
ly 8% compared to peaks 2—4 (ATP). These thermody-
namic effects should be kept in mind while interpreting
the integrals from Experiment 1 (short delays, fine-scale
time-course), but do not affect Experiment 2 because of
the long relaxation times employed in that experiment.
We thus use the 2 complementary experiments in par-
allel: Experiment 1 gives us better signal to noise and
temporal resolution to test our core hypotheses about
differences between cold-hardy and susceptible flies,
and we use data from Experiment 2 to confirm that pat-
terns are not caused by signal truncation.

Effects of cold exposure on phosphorus
homeostasis

When flies were cooled from 25 to 0 °C, Peak 1 in-
creased relative to peaks 2—4 (Figs 2a & 3 and Fig. S3;
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peak x time, P < 0.0001 in both experiments, Table 1).
When peaks were analyzed separately to tease apart this
interaction, peaks 1 and 2 both changed significantly
over time in both experiments (P < 0.0001), reinforcing
that this is a true biological change. Peaks 3—4, repre-
senting ATP and ADP, decreased slightly and signifi-
cantly in Experiment 1 (Fig. 3, P < 0.0001), but the lack
of a comparable decrease in Experiment 2 (Fig. S4, P >
0.100) suggests that this is an experimental artifact re-
sulting from the differences in T1 relaxation times dis-
cussed above. Thus, ATP does not decrease during cool-
ing to 0 °C, but an increase in inorganic phosphate (peak
1) relative to phosphoarginine (peak 2) indicates that the
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Figure 2 Difference spectra illustrating average changes in
Drosophila melanogaster phosphorus metabolites during cold
exposure and recovery for hardy (pale blue 95% Cls and blue
line, N = 8) and susceptible flies (pink 95% ClIs and red line, N
=9). a) Immediate effects of cold exposure compared to pre-
cold state, b) accumulated effects of cold during the 3 hours
compared to state immediately after cooling, ¢) immediate ef-
fects of rewarming compared to state at the end of the cold ex-
posure, and d) state at the end of the experiment, after 3.75 h
recovery, compared to state immediately after rewarming. See
methods for details of calculation of means and confidence in-
tervals. Vertical lines mark regions that were integrated for
quantitation of 4 main peaks, as indicated in Fig. 1C. Where
confidence intervals overlap the horizontal line at 0, no change
was documented at that resonance between those time points.

phosphagen pool was used to buffer ATP concentrations.

During cooling, cold-hardy flies had lower levels
of peak 2 than cold-susceptible flies (cold hardiness x
peak, P < 0.001 in both experiments, Table 1, Fig. 3,
Fig. S4). There were no significant differences between
cold-hardy and cold—susceptible flies in peaks 1, 3 or 4
in either experiment, and, thus, no differences between
cold-hardy and cold-susceptible flies in maintenance of
phosphorus homeostasis during cooling (Fig. 2). The
lack of a standard and issues with signal truncation do
not affect comparisons among lines, as all samples were
affected equally by these issues.

During cold exposure and rewarming, the effects of
cooling are gradually reversed (Fig. 2). There is no sta-
tistically significant effect of time on any of the individ-
ual peak integrals in Experiment 1 during cold exposure
(Table 1, Fig. 3). In contrast, in Experiment 2 the peaks
respond differently to cold (time x peak P = 0.014, Ta-
ble 1), with separate analysis of the peaks confirming
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Figure 3 Levels of *'P metabolites of cold-hardy (black) or
cold-susceptible (grey) Drosophila melanogaster during cold
exposure and recovery. Temperature is on the right axis (black
solid line). Symbols denote replicate experimental evolution
populations (circles = population 1, triangles = population 2).
a) Peak 1 — sugar phosphates, phospholipids, inorganic phos-
phate, b) Peak 2 — phosphoarginine, YATP, and ADP, c¢) Peak
3 — aATP and aADP, d) Peak 4 — BATP.
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Table 1 Effects of cooling (25 to 0 °C), cold exposure (3 h at 0 °C), warming (0 to 25 °C) and recovery (3.75 h at 25 °C) on phos-
phorus metabolites (peaks 1-4) of female Drosophila melanogaster artificially selected for cold hardiness or cold susceptibility

Terms in minimal Experiment 1 Terms in minimal adequate Experiment 2

adequate model F-value df P-value model F-value df P-value

Cooling

Cold hardiness 0.1 1 260 0.936 Cold hardiness 0.1 1 2 0.789

Time 0.3 1 260 0.604 Time 1.2 1 74 0280

Peak 482.4 3 260 <0.0001 Peak 310.4 3 74 <0.0001

Cold hardiness x peak  10.9 3 260 <0.0001 Cold hardiness x peak 6.1 3 74 0.001

Time x peak 70.0 3 260 <0.0001 Time x peak 22.7 3 74 <0.0001

Cold exposure

Cold hardiness 0 1 876 0.870 Cold hardiness 0 1 10 0934
Time 0.3 1 266 0.596

Peak 73108 3 876 <0.0001 Peak 596.5 3 266 <0.0001

Cold hardiness x peak  24.7 3 876 <0.0001 Cold hardiness x peak 20.4 3 266 <0.0001
Time x peak 3.6 3 266 0.014

Warming

Cold hardiness 0 1 260 0.977 Cold hardiness 1.9 1 10 0.201

Time 0 1 260 0.999 Time 0.1 1 74 0.706

Peak 9.8 3 260 <0.0001 Peak 15.2 3 74 <0.0001

Cold hardiness x peak 3.9 3 260 0.009 Cold hardiness x peak 7.5 3 74 <0.001

Time X peak 2.2 3 260 0.093 Time x peak 5.7 3 74 0.001

Recovery No recovery in Experiment 2

Cold hardiness 0 1 1004 0.950

Time 0 1 1004 0.878

Peak 204.2 3 1004  <0.0001

Cold hardiness x time 0 1 1004 0.903

Cold hardiness x peak 1.2 3 1004 0.305

Time X peak 3.6 3 1004 0.014

Cold hardiness x time x

peak 4.5 3 1004  0.004

Bold indicates terms that were significant in both experiments. Statistics are from general linear models.

that peak 1 decreased significantly (P = 0.018), while
peak 2 increased (P = 0.001, Fig. S4). This indicates that
the phosphagen pool was gradually replenished during
cold exposure. There were no changes in peaks 3—4 (and,
thus, ATP) during cold exposure. During cold exposure,

cold-hardy flies maintained lower levels of peak 2 than
cold-susceptible flies (cold hardiness x peak, P < 0.0001
in both experiments, Table 1, Fig. 3, Fig. S4). No oth-
er peaks differed between cold-hardy and cold-suscep-
tible flies during cold exposure. Upon rewarming, peak
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1 again decreases relative to peak 2 (peak X time, P <
0.1 in both experiments, Table 1, Fig. 2c, Fig. 3, Fig.
S4). Hardy flies continue to have lower levels of peak 2
in both experiments than do susceptible flies during re-
warming (cold hardiness x peak, P < 0.01, Table 1, Figs
2 and 3), with no differences in peaks 1, 3 or 4.

During 3.75 h of recovery at 25 °C, a resonance on
the right shoulder of peak 1 increases while the left
resonance of peak 1 decreases (Fig. 2d). These com-
pounds likely correspond to sugar phosphates and in-
organic phosphate, but we are not able to deconvolute
the complex peaks. Although no striking differences
were observed between cold-hardy and cold-suscepti-
ble flies during recovery in the difference spectra (Fig.
2d), analysis of peak integrals revealed some subtle dif-
ferences in phosphorus homeostasis during recovery
(cold hardiness x peak x time, P = 0.004, Table 1, Fig.
3). When analyzed separately, peak 1 (P < 0.001), peak
2 (P =10.001) and peak 4 (P = 0.031) all have signifi-
cant cold hardiness x time interaction terms. Peak 1 in-
creases during recovery in cold-hardy flies while stay-
ing constant in cold-susceptible flies, while peaks 2 and
4 decrease slightly in cold-hardy flies while staying con-
stant in -susceptible flies (Fig. 3). Peak 2 remains lower
in cold-susceptible compared to cold-hardy flies during
recovery. The magnitude of change in peak 4 (ATP) is
small relative to the variance, and both cold-hardy and
cold-susceptible flies overlap considerably, suggesting
that this change is not biologically relevant.

DISCUSSION

This is the first study to simultaneously examine the
impacts of cold exposure and cold adaptation on ATP
and phosphagen homeostasis in insects. Cold exposure
did not compromise ATP levels, even in cold-suscep-
tible flies. Flies transiently used the phosphagen pool
(phosphoarginine) to buffer ATP levels during cooling,
but replenished phosphagens during cold exposure, sug-
gesting that oxidative metabolism was sufficient to meet
ATP demand in the cold. Cold adaptation did not affect
the ability to maintain ATP supply during cold expo-
sure and recovery, nor the extent of reliance on anaero-
bic metabolism. It therefore appears that the variation in
the ability to maintain ATP supply is not associated with
genetic variation in chill coma recovery time in these
flies, and possibly other insects. This adds to growing
evidence that limitations to ATP supply do not set low-
er thermal limits in insects (Kostal et al. 2004; Colinet
2011; MacMillan et al. 2012a).

The oxygen and capacity limitation on thermal toler-
ance hypothesis states that organismal thermal limits for
metazoans are set by the inability to deliver oxygen suf-
ficient to supply oxidative metabolism, rather than cel-
lular level failures such as protein denaturation (Port-
ner 2001; Portner et al. 2017). Evidence supporting this
hypothesis is weak in air-breathing invertebrates (Ver-
berk et al. 2016), and the current study provides further
evidence against a universal role of oxygen and capac-
ity limitation in setting lower thermal limits. This sug-
gests that other physiological processes likely constrain
performance at low temperatures in insects (such as fail-
ure of protein function, ion homeostasis or membrane
function; Verberk et al. 2016; Overgaard & MacMillan
2017).

The use of the phosphagen pool to maintain ATP lev-
els during cooling, indicated by an increase in inorganic
phosphate relative to phosphoarginine, suggests that ox-
idative metabolism temporarily becomes unable to meet
ATP demands. There was no suggestion that reliance on
anaerobic metabolism during cold exposure differed be-
tween cold-hardy and cold-susceptible flies, providing
further evidence against oxygen and capacity limitations
on thermal tolerance. The temporary disruption to oxi-
dative metabolism likely occurs due to the effects of low
temperature on enzymatic reactions, including ATP syn-
thase (Somero et al. 2017). This pattern was reversed
during cold exposure, indicating that both cold-har-
dy and cold-susceptible flies were able to replenish the
phosphagen pool during cold exposure using ATP gen-
erated from oxidative phosphorylation, and that oxi-
dative phosphorylation was sufficient to meet energet-
ic demands during cold exposure. This rebalancing of
energy supply and demand may have occurred through
rapid modifications that enhance ATP supply, or reduce
ATP demand. Cold acclimation enhances mitochondrial
ATP synthesis in D. melanogaster (Colinet et al. 2017),
supporting the hypothesis that ATP supply may be rap-
idly upregulated to counter the suppressing effects of
cold exposure. This demonstrates that homeostasis can
be recovered during constant temperatures, even if they
are below the critical thermal minimum. More broad-
ly, an upregulation of aerobic metabolism is a common
response to cold adaptation and acclimatization (White
et al. 2012; Somero et al. 2017).

In the lines of flies that were used in the current
study, cold-hardy compared to cold-susceptible flies
have higher metabolic rates and rates of glucose and
leucine oxidation before cold exposure, lower metabol-
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ic rates and rates of nutrient flux in the cold (and, thus,
greater metabolic suppression in the cold), and higher
metabolic rates and rates of nutrient flux during recov-
ery (Williams ef al. 2016a,b). This raises the question of
how we can see changes in metabolic flux (rates of ATP
production) that are not mirrored in changes in steady-
state ATP levels. ATP synthesis rates are controlled by
adenylate energy charge, and steady-state ATP levels are
homeostatically controlled by modulating glycolytic flux
and oxidative phosphorylation in the face of fluctuations
in ATP demand (Koebmann ef al. 2002). No change in
steady-state ATP concentrations shows that ATP produc-
tion and removal remained in balance during cold expo-
sure, but the lack of a change in the ATP concentration
does not imply that there was no change in flux. Flux
rates and steady-state metabolite levels are frequently
decoupled, and inferences about flux from steady-state
measurements should be treated with extreme caution.

The lack of fluctuations in ATP concentrations de-
spite differences in rates of catabolism and biosynthesis
thus suggest that the modulations to metabolic pathways
we observe as a product of selection on cold hardiness
likely came about as a function of selection on a bio-
synthetic product(s) of those pathways rather than due
to selection on energy balance per se. For example, our
previous work showed that cold-hardy flies synthesized
proline, an important cryoprotectant, more rapidly (Wil-
liams et al. 2016a), despite having lower steady-state
levels of proline (Williams et al. 2014). Faster synthe-
sis of molecules that function in cryoprotection or repair
could, thus, be a target of selection that would result in a
higher TCA cycle flux.

In conclusion, this work shows that ATP concentra-
tion is maintained in the cold in D. melanogaster with-
out extensive reliance on anaerobic metabolism, and
that genetically-based differences in chill coma recovery
times are not associated with marked differences in ad-
enylate homeostasis in the cold. This evidence, in com-
bination with previous work showing no decline in ATP
during cold exposure across deeply diverged insect lin-
eages, suggests that neither oxygen limitation nor mito-
chondrial failure cause cold coma in insects.

Data archiving

All data and analysis scripts are archived in UC
Berkeley DASH repository: Williams, Caroline (2018),
Data for Cold adaptation does not alter ATP homeostasis
during cold exposure in Drosophila melanogaster, Data-
ONE Dash, https://doi.org/10.15146/R32X0G).
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Table S1 Peak areas (as a percent of total phospho-
rus) for each of the 4 major peaks of the *'P spectra of
live Drosophila melanogaster, collected under short
(partially truncated) or long (fully relaxed) delay condi-
tions. For details of experimental parameters, see text.
Spectra are shown in Fig. S2.

Figure S1 °'P spectra of a pool of 50 live Drosoph-
ila melanogaster held in a nuclear magnetic resonance
(NMR) tube for 21 h at 25 °C. Peak integrals from Top-
spin software are annotated below each peak. Between
Time 0 and Time 21 h, ATP and phosphoarginine (P
Arg) decline, and inorganic phosphate (Pi) increases,
indicating that flies become hypoxic and transition to-
wards anaerobic metabolism, which is insufficient to
maintain ATP supply. Fifty percent of flies died after
this experiment.

Figure S2 T, (spin lattice) relaxation times as a func-
tion of temperature for the 4 distinct phosphorus reso-
nances measured on live Drosophila melanogaster: Peak
1, open circles; peak 2, closed circles; peak 3, squares;
peak 4, triangles. See Fig. 1 for peak assignments.

Figure S3 *'P spectra of live Drosophila melanogas-
ter collected under fully relaxed conditions (tau = 7 s,
black lines) compared to those collected using a short
delay (tau = 0.02 s, grey lines) over the range of tem-
peratures used for the experiments: (a) 0 °C, (b) 8.3 °C,
(c) 16.8 °C and (d) 25 °C. See Fig. 1 for peak assign-
ments.

Figure S4 Levels of *'P metabolites of cold-har-
dy (black) or susceptible (grey) Drosophila melanogas-
ter during cold exposure and recovery, collected under
fully relaxed conditions (delay = 5 x T,). Temperature
is on the right axis (black solid line). Symbols denote
replicate experimental evolution populations (circles =
population 1, triangles = population 2). (a) Peak 1: sug-
ar phosphates, phospholipids, inorganic phosphate. (b)
Peak 2: phosphoarginine, YATP and BADP. (c) Peak 3:
oATP and adADP. (d) Peak 4: BATP.
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