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ABSTRACT

Processes acting at the level of the mitochondria have been suggested
to affect the thermal limits of organisms. To determine whether changes
in mitochondrial properties could underlie shifts in thermal limits,
we examined how mitochondrial properties are affected by thermal
acclimation in the eurythermal Kkillifish, Fundulus heteroclitus — a
species with substantial plasticity in whole-organism thermal limits. We
hypothesized that thermal acclimation would result in functional
changes in the mitochondria that could result in trade-offs in function
during acute thermal shifts. We measured the mitochondrial respiration
rate (Voz) through multiple complexes of the electron transport system
following thermal acclimation (to 5, 15, 33°C) and assessed
maintenance of mitochondrial membrane potential (Ap) and rates of
reactive oxygen species (ROS) production as an estimate of costs.
Acclimation to 5°C resulted in a modest compensation of mitochondrial
respiration at low temperatures, but these mitochondria were able to
maintain Ap with acute exposure to high temperatures, and ROS
production did not differ between acclimation groups, suggesting that
these increases in mitochondrial capacity do not alter mitochondrial
thermal sensitivity. Acclimation to 33°C suppressed mitochondrial
respiration as a result of effects on NADH dehydrogenase (complex ).
These high-temperature acclimated fish nonetheless maintained levels
of Ap and ROS production similar to those of the other acclimation
groups. This work demonstrates that killifish mitochondria can
successfully acclimate to a wide range of temperatures without
incurring major functional trade-offs during acute thermal shifts
and that high-temperature acclimation results in a suppression of
metabolism, consistent with patterns observed at the organismal level.

KEY WORDS: Mitochondria, Thermal acclimation, ROS, Proton leak
kinetics, Killifish, Ectotherm

INTRODUCTION

Environmental temperature imposes clear limitations on the
geographic distribution of ectotherms because of the effects of
temperature on the rates of biochemical reactions (Hochachka and
Somero, 2002), which constrains whole-animal aerobic performance
at thermal extremes. Indeed, aerobic scope (the difference between
maximum and resting metabolic rate) has been demonstrated to
decrease at the edge of species’ thermal ranges (Eliason et al., 2011;
Healy and Schulte, 2012; Portner and Farrell, 2008) implicating
aerobic metabolism in establishing thermal limits. Improving
understanding of the physiological and biochemical mechanisms
that link temperature changes, aerobic scope, and organismal thermal
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performance is thus critical to providing predictive power over
species’ responses to global climate change.

Thermal performance curves of aerobic metabolism, a temperature-
sensitive process that is crucial for maintaining eukaryotic energetic
balance, can shift following thermal acclimation (Angilletta, 2009;
Schulte et al., 2011). Although thermal acclimation may improve
performance at the acclimation temperature, it can also cause a
decrease in performance at temperatures that were not stressful prior to
acclimation (e.g. a decrease in aerobic capacity at high temperatures
following low-temperature acclimation). Changes such as these
represent a ‘cost of acclimation’. Identifying mechanisms that
underlie these costs may provide insights into the factors that
influence whole-animal thermal tolerance.

Due to its role in aerobic metabolism and energy balance,
mitochondria are a likely site of processes influencing whole-
organism thermal limits (Iftikar and Hickey, 2013; Portner, 2001),
and thermal acclimation has been shown to alter mitochondrial
properties in ways that may help to maintain aerobic scope. For
example, previous studies have demonstrated low-temperature
acclimation effects on mitochondrial enzyme function (Fangue
et al., 2009; Kraffe et al., 2007), inner mitochondrial membrane
(IMM) composition (for review see: Guderley, 2004; Grim et al.,
2010; Kraffe et al., 2007), and mitochondrial volume density (Dhillon
and Schulte, 2011; Egginton and Johnston, 1984; for review see:
O’Brien, 2011). Although beneficial at the acclimation temperature,
changes in mitochondrial physiology associated with thermal
acclimation may result in dysfunction during acute thermal shifts (to
previously unstressful temperatures), which may be a potential
mechanism underlying shifts in thermal limits. For example, increased
inner mitochondrial membrane fluidity during low temperature
acclimation is thought to help maintain mitochondrial output at low
temperatures by increasing the frequency of enzyme interactions
and substrate diffusion rates (Hazel, 1995). An acute increase in
temperature under these conditions, however, may result in membrane
destabilization and a loss of the driving force to synthesize ATP
(proton motive force, Ap; comprising a mitochondrial membrane
potential, A¥,,, and [H"] gradient). These effects represent a cost of
low-temperature acclimation.

Acute high-temperature shifts, in contrast, are thought to increase
mitochondrial function, resulting in deleterious consequences such
as unsustainable O, consumption, and increased production of
reactive oxygen species (ROS) (Abele et al., 2002). Acclimation to
high temperatures therefore ought to result in a suppression
of mitochondrial function to limit these effects. Thus, suppression
of metabolism with acclimation to high temperature could be
interpreted as a benefit of acclimation. Although there are relatively
few studies examining this phenomenon, some groups have
demonstrated that high-temperature acclimation results in a
decrease in mitochondrial membrane fatty acid saturation and a
decrease in respiration rate (Guderley and Johnston, 1996; Khan
et al., 2014; Strobel et al., 2013).
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List of symbols and abbreviations
a temperature-dependent coefficient

CCP carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone
Gl critical thermal maximum

CTin critical thermal minimum

DMSO dimethyl sulfoxide

EGTA ethylene glycol tetraacetic acid

ETS electron transport system

FRL free radical leak

IMM inner mitochondrial membrane

k rate constant

K partition coefficient

OCLTT oxygen and capacity limited thermal tolerance hypothesis
PDH pyruvate dehydrogenase

Q1o temperature coefficient

R universal gas constant

RCR respiratory control ratio

ROS reactive oxygen species

Ta ambient temperature

Ve aeam acclimation temperature

Ueezr assay temperature
TPP* tetraphenylphosphonium ion
Vext volume outside mitochondria

Vint mitochondrial matrix volume

VHzoz rate of H,0, production (ROS production rate)
Vo, respiration rate

Ap proton motive force

AY ., mitochondrial membrane potential

Eurythermal ectotherms are ideal models in which to test the role of
the mitochondria in thermal acclimation because their broad thermal
tolerance likely occurs through recruitment of detectable changes in
physiology (Guderley and St. Pierre, 2002). Indeed, studies of
mitochondrial thermal acclimation that focus on climate change
often use stenothermal species, making eurythermal responses a
crucial point of comparison. The Atlantic killifish (Fundulus
heteroclitus) typifies this eurythermal physiology. These fish can be
acclimated to temperatures from ~2°C up to ~35°C and can tolerate an
even wider thermal range in acute challenges (with critical thermal
temperatures: CTyi,, —1°C and CTyax, 41°C). Their acute thermal
limits are also highly plastic, shifting by more than 10°C when these
fish are acclimated to different temperatures (Fangue et al., 2006).
There are some data to suggest that warm acclimation (25°C) of F.
heteroclitus may be associated with a trade-off in mitochondrial
function because liver mitochondrial respiration from warm-
acclimated groups is sustained at high Ty, (up to 37°C), but is
significantly depressed compared with lower T,.climation groups (5 and
15°C) when assayed at low temperatures (5°C; Fangue et al., 2009).
Similarly, low-temperature (5°C) acclimation also causes an apparent
trade-off because respiratory control ratios (RCRs, an approximation of
mitochondrial coupling) in low-temperature acclimated fish decline at
high T,y (37°C), precluding assessment of mitochondrial respiration
(Fangue et al., 2009). What remains unclear from these data is the
specificity of the changes, because mitochondria were only provided
with an electron transport system (ETS) complex I-linked substrate
(pyruvate), whereas work in goldfish (Carrassius auratus), indicates
that thermal acclimation responses may be recruited through other ETS
components, such as complex IT (Dos Santos et al., 2013). In addition,
the effects of acclimation on mitochondrial membrane potential and
ROS production have not been assessed in F. heteroclitus, and thus the
mechanisms underlying this apparent trade-off remain unknown.

In this study, we assessed the effects of thermal acclimation on
respiration of F. heteroclitus liver mitochondria, maintenance of AW,,,,
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kinetics of proton leak and ROS production when respiration is fuelled
with different substrates. We addressed the following objectives: (1) to
assess the degree to which thermal acclimation (4 weeks at 5, 15, and
33°C) alters mitochondrial capacity; (2) to determine whether
these modifications are specific to individual components of the
mitochondrial apparatus (i.e. pyruvate dehydrogenase, ETS complex
I, and complex II); and (3) to determine whether these changes in
capacity incur a trade-off that causes costs to function during acute
thermal shifts (i.e. loss of Ap, and increased ROS production rate). In
so doing, we provide an assessment of the role of mitochondria in the
maintenance of whole-animal thermal performance and shifts in
thermal tolerance following acclimation.

RESULTS

Whole-animal characteristics

Acclimation to 33°C resulted in a reduction of all measured whole-
animal characteristics, when compared with both 5 and 15°C
acclimations. Whole-animal mass was greater for both the 5°C
(6.29+0.29 g) and 15°C acclimation (6.13+0.24 g) groups when
compared with the 33°C (5.04+0.19 g) group (one-way ANOVA,
Pcclimation<0.0001, N=103-105). A slightly different pattern was
observed with wet liver mass (one-way ANOVA, P,.climation<0.0001,
N=103-105) where 15°C acclimation (0.26+0.01 g) resulted in a
marginally greater mass than the 5°C acclimation (0.22+0.01 g) which
was double that observed in the 33°C group (0.144+0.01 g). A similar
pattern was observed for pooled liver mitochondrial protein
concentration (suspended in 800 ul buffer, one-way ANOVA,
Pocelimation<0.0001, N=14-15). Again, both the 5°C (13.07+
1.25 mg ml~!) and 15°C (13.124+0.98 mg ml~!) acclimation groups
had greater protein concentration when compared with the 33°C
(7.00£0.71 mg ml~") acclimation.

Mitochondrial respiration rate and membrane potential (ETS
complexes | and Il)

We assessed the effect of thermal acclimation and acute changes in
assay temperature on liver mitochondrial respiration rate and
mitochondrial membrane potential fuelled through ETS complex I
and complex II. Increased assay temperature resulted in an increase
in glutamate+malate-fuelled (ETS complex I) state 3 (ADP-
phosphorylating) respiration rate (Vo,; Fig. 1A; linear mixed-
effect model, P,,,<0.0001) and there was a significant effect of
acclimation temperature on respiration (linear mixed-effect model,
Picclimation<0.0001); however, there was also a significant
interaction between acclimation group and assay temperature
(linear mixed-effect model, Piyeraction=0.0231). Following
acclimation to 33°C, liver mitochondrial respiration in the
presence of glutamate+malate decreased up to 75% (Tyss0y=5-37°C)
when compared with mitochondria from fish acclimated to either 5
or 15°C and the effects of acute temperature shift were also less
pronounced in mitochondria from the 33°C acclimated group.

As was the case for flux through ETS complex I, increases in
assay temperature increased succinate-fuelled (complex II) state 3
respiration for all acclimation groups (Fig. 1B; linear mixed-effect
model, Pysay<0.0001). Again, significant interaction and acclimation
effects were detected (linear mixed-effect model, Pjyeraction=0.035,
Pacelimation<0.0001). Acclimation to 33°C resulted in lower respiration
rates at acute temperature shifts from 5 to 37°C; however, this
reduction (up to 40%) was only detected in post hoc tests when
compared with fish acclimated to 5°C.

Acclimation effects on succinate-fuelled state 4 (non ADP-
phosphorylating) respiration rates differed from those measured
under state 3 conditions (Fig. 1C). Increasing assay temperature
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Fig. 1. Effects of acclimation and assay temperature on respiration rate and maximum membrane potential of liver mitochondria in the killifish

Fundulus heteroclitus. Killifish were acclimated to 5, 15 or 33°C and mitochondrial parameters were measured in tandem over a range of assay temperatures.
Mitochondria were provided complex | (A,D; glutamate+malate)- or complex Il (B,C,E,F; succinate)-linked substrates and respiration rate was measured under
state 3 (A,B,D,E) or state 4 (C,F) conditions. Assay temperature effects are indicated by P-value within each panel. Letters above each assay temperature indicate
a significant difference between acclimations within an assay temperature (A, 5°C#15°C; B, 5°C#33°C; C, 15°C+#33°C). Asterisks denote the P-value of each

acclimation effect (*P<0.05, **P<0.01). Data are meansts.e.m. (N=8-9).

increased succinate-fuelled leak respiration (linear mixed-effect
model, P,4,y<0.0001). Similar to succinate-fuelled state 3
respiration, both interaction and acclimation effects were statistically
significant  (linear mixed-effect model,  Piyemetion=0.-0258,
Picclimation<0.0001). In this case, acclimation to 5°C resulted in
higher leak respiration rates (7yssay=35 and 37°C) when compared
with both 15 and 33°C acclimation groups.

To determine whether thermally acclimated mitochondria are
able to maintain Ap (measured as AW¥,,,, see Materials and methods
for rationale) following acute thermal shifts (potentially
representing a cost of acclimation), we measured AY,, in tandem
with previously described respiration rates (Fig. 1D—F). Acute
increases in temperature significantly decreased mitochondrial
membrane potential when respiring maximally (state 3) fuelled
either through complex I (Fig. 1D; linear mixed-effect model,
Passay=6.22X10_4) or complex II (Fig. 1E; linear mixed-effect
model, Pys,,=0.0305), but not during leak respiration fuelled
through complex II (Fig. 1F; state 4). There was a significant effect
of acclimation on membrane potential, but only for succinate-
fuelled respiration measured under state 3 and 4 conditions
(Fig. 1E,F; linear mixed-effect model, Ppcclimation state3=0.0092;

Pycctimation statea=0.0075).  Post  hoc  analyses revealed that
acclimation to 33°C decreased membrane potential, but only
under maximum leak conditions (i.e. succinate-fuelled state 4)
measured at high assay temperatures (7,ss0y=35 and 37°C). No
additional significant main effects or interactions were detected.

Complex I- and pyruvate dehydrogenase-linked state 3 and 4
mitochondrial respiration
It is possible that the observed suppression of ETS complex I

mitochondrial respiration could be dependent on the source of

electrons (e.g. flux initiated by substrates entering the tricarboxylic
acid cycle at different points). To assess this possibility, we
measured state 3 and 4 respiration rates fuelled by glutamate and
compared them with respiration rates fuelled with pyruvate (with
malate to support the tricarboxylic acid cycle in each case).
Glutamate enters the mitochondrion in exchange for aspartate and is
converted by glutamate dehydrogenase into o-ketoglutarate for
entry into the tricarboxylic acid cycle, whereas pyruvate enters the
mitochondrion via a monocarboxylate transporter and is converted
by the pyruvate dehydrogenase complex to acetyl CoA prior to entry
into the tricarboxylic acid cycle (Halestrap, 2012).
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Increased assay temperature significantly increased state 3
respiration rates fuelled with both glutamatetmalate (Fig. 2A;
linear mixed-effect model, Ppss,y<0.0001) and pyruvate+malate
(Fig. 2C; linear mixed-effect model, Pygs,y<0.0001). Acclimation
effects on respiration fuelled by glutamate+malate (linear mixed-
effect model, Pjcclimation<0.0001) and pyruvatetmalate (linear
mixed-effect model, Pocclimaion<0.0001) were identical, such
that acclimation to 33°C resulted in lower respiration rates (for all
Tiassay) compared with both 5 and 15°C groups. These lower
temperature acclimation groups did not differ from each other,
except at T,4ay=5°C. Significant interaction effects between
acclimation and assay temperature on state 3 respiration were
detected for both glutamate+malate (linear mixed-effect model,
Pinteraction<0.0001) and pyruvate+malate (linear mixed-effect
model, Piyteraction<0.0001).

State 4 (leak) respiration fuelled by glutamate+malate (Fig. 2B)
and pyruvatetmalate (Fig. 2D) also behaved similarly. Leak
respiration rates fuelled by glutamatet+malate (linear mixed-effect
model, Pyg,y<0.0001) and pyruvate malate (linear mixed-effect
model, Pygsay<0.0001) increased with increasing Tygsay. Significant
acclimation effects were detected for both glutamate+malate (linear
mixed-effect model, P,cclimation<0.0001) and pyruvate+malate
(linear mixed-effect model, P,cclimation<0.0001). No significant
interaction effects were detected. Post hoc analyses revealed that
acclimation to 5°C increased leak respiration compared with 33°C
for both substrates. Acclimation to 15°C increased leak respiration
compared with 33°C; however, this only occurred at T4, =15°C
when fuelled with glutamatet+malate.

Respiratory control ratio

We calculated RCRs to estimate changes in mitochondrial
coupling following thermal acclimation and changes in assay
temperature. RCR resulting from flux through ETS complex
IT (Fig. 3A) was significantly affected by assay temperature
(linear mixed-effect model, P,q,,<0.0001), with no significant
effect of acclimation temperature. However, there was a
significant interaction effect (linear mixed-effect model,
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Pinteraction=0.0298), such that RCR was highest in the 5°C and
33°C acclimation groups assayed at their respective acclimation
temperatures, although these differences were not detected in
post hoc tests.

In contrast, RCR resulting from flux through ETS complex I
exhibited an entirely different pattern. We detected a significant
assay temperature effect for both glutamatetmalate (Fig. 3B,
linear mixed-effect model, Pi,,y<0.0001) and pyruvate+malate
(Fig. 3C, linear mixed-effect model, P,c,e<0.0001). In addition,
glutamate+malate (linear mixed-effect model, P,cclimation<0.0001,
Pinteraction=0.0298) and pyruvatet+malate (linear mixed-effect
model, Picclimation<0.0001, Picraction=3.97%1073) RCRs were
subject to significant acclimation and interaction effects. RCRs
calculated from fish acclimated to 33°C were lower compared with
other acclimation groups for the majority of assayed temperatures.
This effect is driven by the lower state 3 respiration rates in this
group. Differences in RCR between the 5 and 15°C acclimation
groups were dependent on Ty, such that 5°C acclimated fish
exhibited higher RCRs at lower T, and 15°C acclimated fish
surpassed the 5°C group at higher Ty

Proton leak kinetics

We measured the kinetics of proton leak over varying membrane
potentials in order to provide insight into the maintenance of Ap under
conditions considered to be more physiologically relevant (compared
with rates at AW, max measured previously). To compare across
acclimation temperatures, proton leak kinetics were analyzed for
each mitochondrial preparation and the kinetic parameter k (the rate
constant) was extracted. Regardless of assay temperature, no
significant differences in k across acclimation groups were detected

(Fig. 4A, Tuy=5°C, one-way ANOVA, Pccimaion=0.742,
ksoc=0.0044+5.6x1073,  ky50c=0.0156%8.1x107>,  k33:¢=0.0069+
136x107%;  Fig. 4B, T,=15°C, one-way ANOVA,

Prcctimation=0.723, ksoc=0.0401£1.59x1072, ky50c=0.0227+6.2x1073,
k33c=0.037542.45%107%; Fig. 4C, Tosay=33°C, one-way ANOVA,
Pcclimation=0.774, ksoc=0.0638+1.41x1072, k150¢=0.0570+
1.11x1072, k33.c=0.0498+1.55x1072).
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Fig. 3. Effects of acclimation and assay temperature on the respiratory
control ratio (the ratio of state 3 and 4 respiration) of killifish
mitochondria. Mitochondria were provided succinate (A), glutamate+malate
(B) or pyruvate+malate (C). Assay temperature effects are indicated by
P-value within each panel. Letters above each assay temperature indicate

a significant difference between acclimations within an assay temperature
(A, 5°C#15°C; B, 5°C+#33°C; C, 15°C+#33°C). Asterisks indicate the P-value of
each acclimation effect (*P<0.05, **P<0.01). Data are meansts.e.m. (N=7-9).

Reactive oxygen species production

We estimated mitochondrial ROS production rate as H,O, production
(Vi,0,) in order to assess deleterious extra-mitochondrial effects
resulting from changes in proton leak. Basal and maximum ROS
production rates behaved similarly, and increases in assay temperature
significantly increased production for all acclimation groups (Fig. 5A,
B, linear mixed-effect model, Pycyte, basar<0.0001, Pocyte, max<0.0001).
No significant interaction or acclimation effects were detected. Free
radical leak (FRL; V0, corrected for mitochondrial oxygen
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® 15°C acclimated
A 33°C acclimated
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1.0
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Fig. 4. Killifish liver mitochondrial proton leak kinetics assayed over a
range of temperatures following acclimation to 5, 15 or 33°C. Proton leak
assayed at 5°C (A), 15°C (B) and 33°C (C). Kinetics were measured by titrating
saturating state 4 respiration (with succinate as the substrate) with additions
of malonate (seven additions). P-values for comparisons among acclimation
groups of equation parameters (k) are indicated in each panel. Data are
meanszts.e.m. (N=7-9).

consumption) was also affected by acute assay temperature
(Fig. 5C, linear mixed-effect model, P,c=5.97x1073), with a trend
towards increased FRL at 5°C, although this was not detected by post
hoc tests. No significant interaction or acclimation effects on FRL
were detected.

DISCUSSION

In this study, we assessed the mechanisms and costs of mitochondrial
thermal acclimation in the eurythermal Atlantic killifish F.
heteroclitus. Low-temperature acclimation resulted in a modest
compensation of respiration that was not specific to any one ETS
complex. In contrast, high-temperature acclimation induced a large
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Fig. 5. Liver mitochondrial H,0, (i.e. reactive oxygen species) production
rate and free radical leak of killifish following thermal acclimation. Basal
\'/HZO2 (A), maximum \'/HZO2 (B) and free radical leak (C). Assay temperature
effects are indicated by P-value within each panel. Data are meansts.e.m.
(N=7-9).

suppression of respiration, which was associated almost exclusively
with substrates that supply electrons to ETS complex 1. Of particular
interest was our finding that these large changes in mitochondrial
function occurred without a loss of AW, or increased extra-
mitochondrial ROS production, despite the fact that low-
temperature acclimation resulted in greater declines in RCR at high
temperatures and high-temperature acclimation resulted in declines in
RCR at low temperature relative to the other acclimation groups.

Modest compensation following low-temperature
acclimation

Low-temperature compensation of mitochondrial respiration
has been demonstrated in several ectothermic species (Dos Santos
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et al.,, 2013; Kraffe et al., 2007; Fangue et al., 2009). These
increases in functional capacity are thought to play a role in
maintaining ATP homeostasis (reviewed by O’Brien, 2011).
We observe similar effects, but the magnitude of compensation
between F. heteroclitus acclimated to 5 and 15°C is small compared
with patterns in other species, and respiration only differed
significantly at low assay temperatures (Fig. 1A—C and Fig. 2).
For example, Q¢ calculated from 5°C acclimation fish between
Tassay=> and 15°C was 4.46 for pyruvate+malate-fuelled state 3
respiration (Fig. 2C) but 3.66 when compared between 5 and 15°C
acclimated fish assayed at their respective acclimation temperatures,
demonstrating a Precht type III (i.e. partial) compensation of
respiration (Precht, 1958). These data are in agreement with
previous observations of killifish liver mitochondrial respiration,
demonstrating a limited low-temperature acclimation response
(Fangue et al., 2009).

The relatively limited cold-compensation of respiration that we
observed in F. heteroclitus compared with patterns in other species
(St.-Pierre et al., 1998) suggests that the wide thermal breadth and
substantial plasticity in the whole-organism thermal tolerance of
F. heteroclitus is not associated with exceptional plasticity in
mitochondrial function. It is important to note, however, that the
apparent discrepancy between our results and previous studies in
other eurythermal species such as goldfish (Dos Santos et al.,
2013) may be driven by experimental design. For example, if we
had compared mitochondrial respiration only between our two
extreme acclimation groups (i.e. 5 and 33°C) we would have
concluded that there is a large cold-compensation effect, similar
to that observed in other studies (e.g. Dos Santos et al., 2013).
Indeed, studies of mitochondrial thermal acclimation often utilize
a two-point (low versus high temperature) comparison. This
design, however, has the potential to confound interpretation of
the low-temperature acclimation response, if there is a suppressive
effect of warm acclimation. While we do not discount the
compensatory changes observed in previous studies of cold
acclimation, caution in interpreting the magnitude of these effects
is warranted. As a consequence, we recommend including
intermediate acclimation treatments in order to avoid these
potentially confounding effects.

Our observation of modest low-temperature acclimation effects
on mitochondrial respiration compared with mitochondria from
fish acclimated at intermediate temperatures indicates that if
maintenance of ATP balance is to be achieved, mechanisms other
than increases in functional capacity (on a per mitochondrion
protein basis) must be recruited. Altering mitochondrial structure
and quantity can increase capacity in tandem with changes in
mitochondrial biochemical function (Guderley and St-Pierre, 2002).
Potential mechanisms might include increases in mitochondrial
volume density and cristae surface area. Indeed, these changes
have been demonstrated in killifish following low-temperature
acclimation (Dhillon and Schulte, 2011). Together, our results
demonstrate that increases in mitochondrial function following
low-temperature acclimation do occur; however, the contribution of
these changes to maintaining ATP balance may be small in
comparison to changes in mitochondrial quantity and structure.
Alternatively, at low temperatures, F. heteroclitus may exploit a
strategy of only partial compensation, taking advantage of the
metabolic suppression caused by low temperatures to reduce
metabolic demand in the winter when food resources could be
limited. This hypothesis is consistent with the observed suppression
of whole-organism metabolic rates in response to cold acclimation
in this species (Healy and Schulte, 2012).
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Suppression of mitochondrial respiration during warm
acclimation
Although we observed modest low-temperature compensation
of mitochondrial respiration, high-temperature acclimation (33°C)
resulted in a clear reduction of mitochondrial function (Figs 1
and 2). This response was not observed when Kkillifish were
acclimated to 25°C (Fangue et al., 2009). At the whole-animal
level, acclimation to 25 and 33°C induces different responses, and
aerobic scope is maintained only at the lower of these temperatures
(Healy and Schulte, 2012). This suggests that acclimation to 33°C is
stressful for killifish. Indeed, chronic exposure to a marginally
higher ambient temperature (7,=36.4°C) has been shown to induce
mortality in killifish, with a significant loss of total muscle lipids
and liver glycogen occurring at Tycclimation=29°C (Fangue et al.,
2006, 2008). Our data demonstrating reductions in whole animal
and liver mass following high-temperature acclimation supports this
conclusion. Given that 33°C acclimated fish exhibit these changes
while still being fed to satiation may be indicative of entrance into a
state of negative energy balance or induction of hypometabolism.
The suppression of mitochondrial capacity we observed occurred
with substrates that supply electrons to ETS complex I (Figs 1 and
2). Low rates of respiration through complex I were observed with
both of the substrates provided (i.e. pyruvate+malate or glutamate
+malate; Fig. 2), indicating that transport and decarboxylation
of pyruvate (by pyruvate dehydrogenase) are not major points of
modification. This observation is similar to the acute low-
temperature response in the rainbow trout (Blier and Guderley,
1993). This suggests a possible reduction in total oxidative
phosphorylation capacity following high-temperature acclimation.
Indeed, complex I and complex Il raw oxygen consumption
rates and AW, do not differ greatly (Fig. 1A,B; Ti4,~15°C),
suggesting a fairly equal contribution to total mitochondrial flux. As
a large multi-subunit protein complex that contributes heavily to
mitochondrial Ap, complex I is a logical candidate for modification
during thermal acclimation (Efremov et al., 2010). Indeed,
differences in complex I activity have been suggested to play a
role in adaptive differences in thermal tolerance among killifish
species and sub-populations (Loftus and Crawford, 2013).
Alternatively, it is possible that modifications in the activity of
one or more tricarboxlyic acid cycle enzymes (although not of
succinate dehydrogenase) could account for these observations.
Our observation of decreased mitochondrial flux following high-
temperature acclimation may be a consequence of entrance into a
state of negative energy balance, which may induce
hypometabolism. At the whole-animal level, acclimation to high
temperatures induces a slight reduction in routine metabolism in
killifish, which may be indicative of suppressed metabolism (Healy
and Schulte, 2012). Hypometabolism induced by fasting and short
photophase in Mus musculus and Phodopus sungorus suppresses
complex I-linked but not complex II-linked mitochondrial
respiration (Brown and Staples, 2011). A similar observation has
been made in liver mitochondria from fasted CD1 mice and is
thought to occur because of a reduction in supercomplexing
between complexes I and III, and increased fatty acid oxidation
(Lapuente-Brun et al., 2013). Similarly, the observed alterations in
the contribution of complex I to total ETS flux in killifish may occur
as a result of increased utilization of lipid stores, as demonstrated in
fasted Oncorhynchus mykiss (Morash and McClelland, 2011).
Collectively, our data reveal mitochondrial mechanisms that may be
used to alleviate high-temperature-induced mismatches between
whole-animal metabolic demand and consumption (Lemoine and
Burkepile, 2012; Iles, 2014).

Thermal acclimation does not result in large dysfunction of
coupling, Ap or ROS production

To investigate whether acclimation-induced changes in respiration
were associated with mitochondrial dysfunction (e.g. uncoupling),
we compared RCR (the ratio of mitochondrial ADP-
phosphorylating respiration to leak respiration) among acclimation
treatments (Fig. 3). We observed a decrease in RCR for all
acclimation treatments at high assay temperatures (Fig. 3).
Reductions in mitochondrial function at high temperatures have
been proposed to limit whole-animal thermal tolerance. Indeed, a
reduction in cardiac mitochondrial ATP-synthesizing capacity is
known to occur at temperatures just below those that induce heart
failure in Notolabrus celidotus (Iftikar and Hickey, 2013).

When RCR was calculated with respiration fueled through
complex II, it declined more sharply when assayed at 5°C in the
33°C acclimated fish compared with other acclimation groups
(Fig. 3A). Conversely, RCR from 5°C acclimated fish decreased
marginally at high 7,y As a result, a higher RCR was observed
with 5°C and 33°C acclimated fish at their respective assay
temperatures, which may be indicative of beneficial acclimation.
However, these differences were small and were not detected in post
hoc analyses. When fuelled through complex I (Fig. 3B,C), RCR for
33°C acclimated fish was lower than that of the other acclimation
groups. Although low RCR is often interpreted as increased
uncoupling, the lower RCR in 33°C acclimated fish is driven
primarily by suppression of ADP-phosphorylating respiration (state
3; Fig. 2A,C) and not increased leak respiration (state 4; Fig. 2B,D),
emphasizing an important caveat of interpreting RCR discussed by
Gnaiger (2012).

Changes in inner mitochondrial membrane (IMM) lipid
composition and mitochondrial enzyme activities during thermal
acclimation are thought to cause mitochondrial dysfunction during
acute thermal shifts: a mechanism proposed to cause shifts in thermal
optima (Guderley, 2004). We assessed state 4 (i.e. leak) respiration
and ability to maintain AW, as metrics of these costs. In principle,
significant reductions in AW, would reflect a pathological loss of
Ap, whereas high AY,, would be a consequence of uncontrolled
generation of Ap. We observed a consistent pattern of increased leak
respiration in 5°C acclimated fish at high 7,y (Figs 1C and 2B,D);
however, A¥,, does not decline under these conditions (Fig. 1F).
Under maximum state 3 conditions (ETS complex I- and complex
II-linked, Fig. 1D,E), AW,, did not differ among acclimation
treatments. The observation that AW, is sustained, particularly
given the large changes in complex I-linked ETS flux, may
demonstrate that the suppression of respiration is regulated and
does not incur a cost in terms of function. In contrast to state 3 flux,
AV, fuelled under state 4 conditions (complex II-linked) was lower
in 33°C acclimated fish, but only at high assay temperatures
(Tassay=35°C and 37°C, Fig. 1F). We initially predicted that acute
increases in temperature would cause a decline in AW, in low-
temperature acclimated fish because of a loss of coupling. Our results
are contrary to our initial prediction and are difficult to account for,
especially given that RCR and state 4 respiration (complex II-linked)
in 33°C acclimated fish do not differ from those at other acclimation
temperatures (Figs 1C and 3A). This decline in A¥,, may be
indicative of the onset of pathological function, but given that RCR
and state 4 respiration are nonetheless sustained at this temperature,
we would predict only limited loss of function.

Acute increases to high temperatures decreased maximum AW,
under state 3 conditions for all acclimation treatments (Fig. 1D,E).
This decline in AW, may be a result of increased mitochondrial
uncoupling. Given that RCRs also declined at high 7y, some
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level of mitochondrial uncoupling is likely to occur (Fig. 3).
Although it appears that high 7., does have an effect on
mitochondrial coupling, these responses are at best only slightly
modulated by thermal acclimation. Furthermore, AY,, under
maximum state 3 conditions (Fig. 1D) did not differ among
acclimation groups assessed with complex I-linked fuels, indicating
that if our observed declines in RCR were a result of increased
uncoupling they do not cause a dysfunction in maintaining Ap. As a
result, killifish seem to be able to maintain coupling across
acclimation treatments, but are still subject to loss of coupling
following acute increases in Tygqy-

To ensure that our observation of limited thermal acclimation
effects on AW, sensitivity was not an artifact of having measured
ETS flux under saturating conditions, we measured leak ETS flux
over a range of mV (proton leak kinetics; titrated state 4 respiration
and AY,, measured in tandem) through complex II (Fig. 4) and
observed no acclimation effect. This contrasts with the warm-
acclimation response in lugworms (A4renicola marina), which
respond with an increase in AW¥,,, (Keller et al., 2004). However, the
warm-acclimated lugworms were also in spawning, which makes it
difficult to disentangle life-history and thermal effects. Altogether,
our data are unique in that they are among the few direct assessments
of thermal acclimation effects on AW, and they clearly demonstrate
the ability of F. heteroclitus to maintain AW, over a wide thermal
range in spite of the profound changes in mitochondrial ETS flux
(particularly during warm acclimation).

We predicted increased ROS production as a consequence of
low-temperature acclimation, as it is thought to be associated with
pathological ETS flux during acute thermal shifts to high temperatures
(Guderley, 2004). Similar to our observations of AY,,, ROS
production rate and free radical leak through ETS complex II did
not differ among acclimation treatments (Fig. 5A,B). Indeed,
increases in assay temperature increased ROS production for all
acclimation groups, emphasizing the potentially stressful effects
of high ambient temperature. Although we did not observe a
significant effect of acclimation on ROS production, it is important
to acknowledge potential limitations of our methodology. By
estimating ROS production as extra-mitochondrial [H,O,] we
were unable to detect endo-mitochondrial ROS, because these
may be scavenged within the mitochondrion prior to detection.
Nonetheless, our measurements are informative for estimating
the potential for cytosolic damage. Indeed, our observation of no
change in ROS production is reflected in the fact that thermal
acclimation has little effect on lipid peroxidation rate and antioxidant
enzyme activities in killifish (Grim et al., 2010). Because we
measured ROS production as a result of succinate-fueled state 4
respiration (Which drives ROS production primarily through complex
III), we largely bypassed complex I, which can be an important
contributor to ROS production in vivo (Turrens and Boveris, 1980).
Given the causative link between increases in state 4 respiration and
ROS production, and our observed trends of decreased complex I-
linked state 4 respiration in 33°C acclimated fish (Fig. 2B,D), we
might predict decreased ROS production in this group. Nonetheless,
complex III has been shown to produce greater amounts of ROS
compared with complex I under similar assay conditions, and so our
observations have physiological importance (Chen et al., 2003).

Similar to our measurements of ROS production, free radical leak
(ROS production adjusted to mitochondrial O, consumption) did
not differ among acclimation treatments (Fig. 5C). Although a trend
of increased FRL at low assay temperatures was observed (with a
minimal effect size), this is likely to be driven by low respiration
rates rather than actual increases in ROS production. These data
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therefore provide additional support to our conclusion that
mitochondrial thermal acclimation does not result in large trade-
offs in mitochondrial function in killifish.

Conclusions

This study provides a comprehensive assessment of the mechanisms
and costs associated with mitochondrial thermal acclimation in a
eurythermal teleost. Our data clearly demonstrate the wide range
over which killifish can modify mitochondrial activity in response
to thermal acclimation. A novel finding is that these changes were
largely associated with suppression of ETS flux through complex I
following acclimation to high temperatures and not flux through
complex II or pyruvate dehydrogenase (PDH). We propose that
these shifts in ETS flux may occur in part, as a result of entrance into
a state of negative energy balance at high temperatures. We
predicted that changes in mitochondrial function following thermal
acclimation would induce a loss of function during acute thermal
shifts, perhaps accounting for changes in whole-animal thermal
tolerance. Our metrics of dysfunction (loss of Ap, increased ROS
production) remained largely unaffected by acute thermal shifts,
although we observed modest effects on RCR. Thus these data
provide only limited support for a direct link between mitochondrial
plasticity and plasticity in whole-animal thermal tolerance. Instead,
our data demonstrate that killifish have a profound ability to
maintain mitochondrial function across large acute shifts in
temperature and may suggest a mechanism underlying the
eurythermal physiology of this species. Further investigations into
the thermal acclimation response of complex I, through studies on
pre and post-translational modifications as well as mechanistic
responses (e.g. IMM modification, kinetics of ETS flux), especially
in the heart, will prove invaluable to improving understanding of
physiological responses to changes in environmental temperature.

MATERIALS AND METHODS
Reagents
All reagents were obtained from Sigma-Aldrich (Oakville, ON).

Animals

Treatment of animals was completed in accordance with the University of
British Columbia animal care protocol #A01-0180. Adult northern killifish
(Fundulus heteroclitus macrolepidotus Walbaum 1792) were collected in
Odgen’s Pond estuary, Jimtown, NS (45°71'N; —61°90'W) during
September of 2013. Fish were housed at the University of British
Columbia Aquatics Facility in 190 litre tanks with biological filtration at
T,=20+2°C, 20 ppt salinity, and 12 h:12 h L:D photoperiod for 4 weeks
prior to experimental acclimation. Food (Tetrafin Max; Rolf C. Hagen Inc.,
Montreal, QC) was provided once daily to satiation. Following the holding
period, fish were randomly distributed into 114 litre acclimation tanks with
T,=5, 15 or 33°C and 12 h:12 h L:D photoperiod for 4 weeks prior to
sampling. We chose a high acclimation temperature of 33°C as opposed to
30°C because of the induction of breeding physiology at 30°C. Trends of
increased gonadosomatic index and spermatogenesis have been noted in the
killifish following acclimation to temperatures ranging from 20 to 25°C
(Healy and Schulte, 2012; Matthews, 1939). Acclimation to 33°C induces a
warm-acclimation response while avoiding these artifacts.

Isolation of liver mitochondria

Seven randomly selected killifish were pooled for each mitochondrial
sample. Killifish were killed (08:00 h PST) by cervical dislocation; liver
tissue (approximately 1 g total tissue) was excised and finely minced
(1 mm? pieces) in ice-cold homogenization buffer (250 mmol 17! sucrose,
50 mmol 1! KCI, 0.5 mmol 1" EGTA, 25 mmol 1~! KH,PO,, 10 mmol I~
HEPES, 1.5% BSA, pH=7.4 at 20°C). Liver pieces were homogenized
using five passes of a loose-fitting Teflon pestle and filtered through 1-ply
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cheesecloth. Homogenate was centrifuged at 600 g at 4°C for 10 min. The
fat layer was aspirated from the supernatant and filtered through 4-ply
cheesecloth. Defatted supernatant was centrifuged at 6000 g for 10 min at
4°C. The pellet was isolated, washed twice in homogenization buffer and
resuspended in 800 pl homogenization buffer (approximately 11 mg ml™"
protein). Mitochondria were kept on ice and used to measure respiration,
membrane potential, proton leak kinetics and ROS production. Protein
content was determined by the Bradford (1976) method with BSA
standards.

Mitochondrial respiration rate and proton motive force
Mitochondrial respiration rate (¥,) and proton motive force (Ap; estimated
as mitochondrial membrane potential, A¥,,) measurements were completed
using a high-resolution respirometry system (O2k MiPNetAnalyzer) and
tetraphenylphosphonium (TPP") selective electrodes (Oroboros Instruments;
Innsbruck, Austria). Oxygen electrodes were calibrated at each assay
temperature (7ss0y=5, 15, 33, 35, and 37°C) with air-saturated, and oxygen-
depleted (achieved with a yeast suspension) MiRO3 assay buffer (110 mmol 1!
sucrose, 0.5 mmol 1" EGTA, 3 mmol I MgCl,, 60 mmol 17! K-lactobionate,
20 mmol I™! taurine, 10 mmol 17! KH,PO,, 20 mmol 1! HEPES, 1% BSA,
pH=7.1 at 30°C; Gnaiger and Kuznetsov, 2002) using O, solubilities published
by Gniager and Forstner (1983).

Measurement of AW, and Voz through ETS complex I, and complex II
were completed using methodologies modified from Brand (1995). Through
preliminary experiments we determined that incubation of mitochondrial
preparations with nigericin (80 ngml™'; which eliminates the ApH
component of Ap, leaving only AW,,) had a large inhibitory effect on
mitochondrial respiration. Given that AW, is the major contributor to
mitochondrial Ap (discussed by Nicholls and Ferguson, 2013; Brown et al.,
2007), we decided to not use nigericin and approximated Ap using AW,,,.
Following air equilibration of 2 ml MiROS5 assay buffer to T4.y=5, 15, 33,
35, or 37°C, TPP"-selective clectrodes were introduced to the chamber
and calibrated with five additions of TPP" (the first 1 umol 1=' TPP*
addition was followed by four additions of 0.5 umol I=! TPP*, 3 umol I~
TPP" total). Liver mitochondrial protein (0.5 mg) was added to the
chamber followed by ADP (1 mmol I7!). Flux through complex I was
obtained through introduction of glutamate (10 mmol 1™") and malate
(2 mmol 171). Once state 3 (ADP-phosphorylating) and membrane potential
measurements were obtained, flux through complex I was inhibited with
rotentone (0.5 umol 17! in ethanol). Complex II was activated with the
addition of succinate (10 mmol I7"). State 4 (ADP non-phosphorylating)
respiration rates and membrane potential were approximated through
inhibition of the ATP synthase with oligomycin (2 ug ml™" dissolved in
ethanol). Carbonyl cyanide-p-trifluoro-methoxyphenylhydrazone (FCCP
1 umol 171, dissolved in ethanol) was added to uncouple the mitochondria
and assess electrode drift. TPP™ dilution and substrate-inhibitor effects on
TPP" measurements were corrected by measuring TPP" concentration
during a substrate-inhibitor protocol in the absence of mitochondria. RCR
(the ratio of state 3 and state 4 respiration rates) was calculated as a means of
estimating mitochondrial coupling.

External TPP™ concentrations were used to calculate AW, using a
modified Nernst equation (Rottenberg, 1984).

AV — g lOg(([TPP*]ml/[TPP*]ﬁCC) — Vexternal — Ko mg protein)

Ve Mg protein + K/ mg protein
(1)

In Eqn 1, a is the temperature-dependent coefficient (a=R7/zF, where R is
the universal gas constant, 7' is the absolute temperature, z is the ion’s
valence and F is the Faraday constant), Veyemar 1S the volume outside the
mitochondria, Ki, and K|, are partition coefficients used to correct for
nonspecific internal and external binding of TPP", respectively, and vy, is
the mitochondrial matrix volume. Values for K’ (Rottenberg, 1984) and v,
(Halestrap, 1989) were set according to literature values from rat liver
mitochondria.

Although matrix volume has the potential to vary with temperature,
changes in this parameter result in negligible changes in membrane potential
in the presence of TPP" (Rottenberg, 1984). We calculate that a 50%

increase in v, results in a 1% change in the estimated membrane
potential of killifish mitochondria. Non-specific TPP™ binding to
dipalmitoylphosphatidylcholine liposomes has been shown to be
temperature sensitive (Demura et al., 1987). The effect this has on
isolated mitochondria is unknown, and while changes in K’ have a larger
effect on calculated values of membrane potential when compared with an
equivalent change of v, (5% vs 1%, respectively), this is within our
accepted range of error. We therefore assumed that nonspecific binding of
TPP" and matrix volume remained constant across our manipulations. This
assumption does not affect the analysis of differences in AY,, following
thermal acclimation because mitochondria from all acclimation groups were
assayed across the same range of temperatures.

Glutamate+malate and pyruvate+malate fuelled state 3 and 4
respiration rate

We assessed the effect of thermal acclimation on mitochondrial respiration
rate (state 3 and state 4), in the absence of TPP* when fuelled by pyruvate+
malate and glutamate+malate. Liver mitochondrial protein (0.3 mg)
was added to 2 ml of air-saturated (7T,ssy=5, 15, 33, 35 or 37°C) MiROS.
This was followed by an addition of saturating ADP (1 mmol I7").
State 3 respiration rates were obtained through the addition of glutamate
(10 mmol I7") and malate (2 mmol 171, allowing for electron flux through
complex I. State 4 respiration rates were approximated through the addition
of oligomycin (2 pg ml~" dissolved in ethanol). Pyruvate-fuelled state 3 and
4 respiration rates were obtained using the protocol described above with
pyruvate (5 mmol 17") used in place of glutamate.

Proton leak kinetics

Proton leak kinetics were assessed using methods similar to those described
above. Following air equilibration of 2 ml MiROS to Ts.y=5, 15, 33, 35 or
37°C, and calibration of the TPP" electrodes, isolated liver mitochondria
(0.5 mg) were added to the chamber. Rotenone (0.5 pmol 1! in ethanol) and
oligomycin (2 ug ml~" dissolved in ethanol) were added to the chamber to
inhibit flux through ETS complex I and the ATP synthase, respectively.
State 4 respiration was approximated by measuring state 2 respiration in the
presence of succinate (10 mmol 17"). State 2 respiration was subsequently
titrated with seven additions of malonate (0.5 mmol I=! each). After the
final titration step, mitochondria were uncoupled with FCCP (1 umol 17!,
dissolved in ethanol). Proton leak kinetic curves for each mitochondrial
preparation were fit to a two-parameter exponential growth equation using
GraphPad Prism 6 software (La Jolla, CA) and the kinetic parameter: & (the
rate constant) was used for statistical analysis.

ROS production rates

We estimated mitochondrial ROS production rates by measuring extra-
mitochondrial H,O, concentrations using a modified Amplex UltraRed
(Invitrogen; Burlington, ON) assay. Liver mitochondria (total of 0.3 mg of
mitochondrial protein) were incubated in 2 ml MiROS held at T, =5,
15, or 33°C. Mitochondrial ROS production was measured under state 4
conditions (i.e. in the absence of ADP) with saturating substrate. Basal
(succinate and rotenone, concentrations as described above) and maximum
(basal treatment in the presence of antimycin A; 2.5 umol 17!, dissolved in
ethanol) ROS production rates were corrected against background rates (no
substrates or inhibitors). Reactions were completed on a 96-well plate
using a one-to-one ratio of mitochondrial sample and Amplex UltraRed
working solution (horseradish peroxidase, 1 U activity per well; Amplex
UltraRed 100 pmol 17!, in DMSO; and sodium citrate 50 mmol 17},
pH=6.0 at 20°C). Standards were composed of diluted H,0,. Absorbance
(A=565 nm) was measured using a spectrophotometer (Spectramax 190;
Molecular Devices; Sunnyvale, CA). Linear regions of ROS production
rate curves (0—45 min, sampled every 5 min) were used for analyses. Free
radical leak (FRL) was calculated using the equation described by Barja
et al. (1994).

Statistical analyses

All data are presented as means+s.e.m., with a=0.05. Sample size for each
acclimation group is presented in relevant figures (where N=the number of
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pooled mitochondrial preparations from 7 fish each). Statistical analyses
were completed using R software (v3.0.2). We tested the effect of assay and
acclimation temperature on mitochondrial respiration rates, membrane
potential, RCR, FRL and ROS production rates using linear mixed-effect
models. When significant acclimation effects were detected, we performed a
one-way ANOVA within assay temperature. We applied P-values adjusted
for false discovery rate to one-way ANOVAs using the Benjamini—
Hochberg method (Thissen et al., 2002). Measurements of FRL, which are
expressed as a percentage, were arcsine transformed prior to statistical
analyses to ensure normality. Whole-animal characteristics and the rate
constants extracted from proton leak kinetic analyses were compared across
acclimation treatments within each assay temperature, using one-way
ANOVAs. Post hoc Tukey’s HSD analyses were conducted following the
detection of significant major effects.
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