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ABSTRACT

The relationship between whole-organism growth and me-
tabolism is generally assumed to be positive and causative;
higher metabolic rates support higher growth rates. In Man-
duca sexta, existing data demonstrate a deviation from this
simple prediction: at supraoptimal temperatures for larval
growth, metabolic rate keeps increasing while growth rate is
decreasing. This mismatch presumably reflects the rising “cost
of maintenance” with temperature. Precisely what constitutes
this cost is not clear, but we suspect the efficiency with which
mitochondria harness oxygen and organic substrates into cel-
lular energy (ATP) is key. We tested this by integrating existing
data on M. sexta growth and metabolism with new data on
mitochondrial bioenergetics across the temperature range 14°-
42°C. Across this range, our measure of mitochondrial effi-
ciency closely paralleled larval growth rates. At supraoptimal
temperatures for growth, mitochondrial efficiency was reduced,
which could explain the mismatch between growth and me-
tabolism observed at the whole-organism level.

Keywords: energy balance, temperature, mitochondria, insect,
Manduca, OXPHOS, LEAK, energy transduction, cost of main-
tenance.
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Introduction

Ecological distributions and abundance are largely determined
by the ability of organisms to attain positive energy balance
(Dunham et al. 1989; Hall et al. 1992). For populations to
persist, organisms must take in sufficient energy to pay the “cost
of maintenance,” with enough energy leftover to do the “work”
that fuels somatic and reproductive growth. In ectotherms (i.e.,
most organisms), energy balance is largely dependent on body
temperature, which relies primarily on environmental tem-
perature (Dunham etal. 1989). A central concept in the study of
thermal biology is the temperature performance curve (TPC;
Huey and Stevens 1979; Angilleta 2009). TPCs for ectotherm
growth have been estimated for many species and are char-
acteristically asymmetric (Angilletta 2009). They typically rise
gradually from a lower thermal limit to an optimum temper-
ature at which growth rate is maximized and then drop rapidly
toward an upper thermal limit. While the link between growth
and metabolism is generally assumed to be positive and caus-
ative (i.e., higher metabolic rates support higher growth rates),
surprisingly little is understood about the precise nature of this
relationship (Glazier 2015; Salin et al. 2015).

Work by Kingsolver and Woods (1997) on Manduca sexta
(Lepidoptera: Sphingidae) caterpillars illustrates our lack of
understanding of the precise nature of the growth-metabolism
relationship. Data from this study are replotted in figure 1a and
reveal that past the optimum at 34°C where growth is de-
creasing, metabolic rate is still increasing. TPCs for growth and
metabolic rate in a second caterpillar species, Lymantria dispar
(Lepidoptera: Erebidae), show the same pattern (Agosta et al,,
unpublished data). Together, these studies indicate a mismatch
between growth and metabolism over the temperature range
experienced in nature: at supraoptimal temperatures, growth
rates decrease while metabolic rates increase. Presumably, this
occurs because of the rising energetic cost of sustaining met-
abolic activity, with decreased energy available for growth.
Precisely what constitutes this rising cost of maintenance is not
entirely clear but is key to understanding ecological energetics
and, therefore, distributions and abundance (Dunham et al.
1989; Hall et al. 1992).

Costs of maintenance in ectotherms are generally attributed
to the energetic costs of fueling vital cellular functions (Jobling
1993). In insects with little capacity for anaerobic metabo-
lism (Chamberlin 2004), cellular functions depend almost en-
tirely on ATP supplied by the mitochondrial oxidative phos-
phorylation (OXPHOS) system. Although the mechanisms of
temperature-induced physiological costs are likely multifaceted
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(e.g., ATP-dependent changes in gene expression, upregulation
of protein repair mechanisms; Somero 2011), it seems clear that
the efficiency with which the mitochondria convert consumed
oxygen into ATP plays a major role. This mitochondrial effi-
ciency hypothesis (MEH) rests on two well-established obser-
vations: (i) the coupling efficiency between oxygen consumption
and ATP production in mitochondria (the respiratory control
ratio [RCR]) is temperature dependent (Weinstein and Somero
1998; Hardewig et al. 1999; Martinez et al. 2013, 2016) and
(ii) non-ATP-producing respiration (LEAK) represents a signif-
icant fraction of the cost of maintaining an organism and dra-
matically increases at supraoptimal temperatures in ectotherms
(Hardewig et al. 1999; Abele et al. 2002; Chamberlin 2004; Mar-
tinez et al. 2013). Thus, the MEH hypothesizes that reduced mito-
chondrial energy transduction efficiency, due to increased proton-
leak respiration, is a key mechanism driving whole-organism
performance. This reduction in efficiency therefore may contrib-
ute to the observed mismatch between growth and metabolic
rates at elevated temperatures seen in M. sexta (fig. 1a).

Here we provide an initial test of the hypothesis that mito-
chondrial efficiency is a key mechanism driving whole-organism
growth efficiency. Specifically, we build on the study of M. sexta
by Kingsolver and Woods (1997) by testing the prediction that
thermal reactions norms for mitochondrial efficiency are closely
correlated with thermal reaction norms for caterpillar growth
and can explain mismatched growth and metabolic rates at
supraoptimal temperatures.

Material and Methods
Chemicals

All chemicals for respiration measurements were purchased
from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Fair
Lawn, NJ). Water for solution preparation was purified with a
Milli-Q Reagent Water System (Billerica, MA) to an electrical
resistance of 18 mfQ.

Study System

All mitochondrial respiration measurements were conducted
with fifth-instar Manduca sexta specimens obtained commer-
cially from Carolina Biological (Burlington, NC). This laboratory
strain has been under constant rearing temperature (26.7°C) and
an artificial diet (Carolina Biological). On arrival, all specimens
were maintained at 27°C and 24-h illumination and fed an
identical diet until further assayed.

Isolation of Mitochondria

Mitochondria from M. sexta caterpillars were obtained by em-
ploying a method modified from Harlankar (1986), Keeley (1973),
and Martinez et al. (2013). Briefly, caterpillars were dissected,
digestive tubes were removed, and the remaining tissue was
separated from the cuticle using an ice-cold spatula. Fresh (~2.0 g
of wet tissue per sample) tissue was minced in an ice-cold petri
dish containing 1 mL of mitochondrial isolation medium (IM;

250 mM sucrose, 2 mM ethyleneglycol-bis(3-aminoethyl ether) N,
N'-tetraacetic acid [EGTA], 3.4 mM morpholinopropane sulfonic
acid [MOPS], 0.5% fatty acid free bovine serum albumin [BSA],
pH = 7.4,20°C, 293 mmol kg™') and then homogenized in 5 mL
of IM using an ice-cold Dounce homogenizer (Kontes, Vineland,
NJ) and seven passes with a loose-fitting pestle followed by two
passes with a tight-fitting pestle. Homogenate was centrifuged at
650 g for 10 min at 4°C to remove cellular debris and undisrupted
tissue. The supernatant was collected and again centrifuged at
9,600 g for 15 min at 4°C to sediment the mitochondrial fraction.
Pellets were washed with IM, resuspended, and recollected by
centrifugation at 9,600 g for 15 min at 4°C two consecutive times.
The final pellet was suspended in 250 uL of IM and stored on ice
for 1 h before being assayed.
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Figure 1. Integrative analysis of the thermal sensitivity of mitochondrial
efficiency, metabolic activity, and growth of Manduca sexta caterpillars.
a, Metabolic activity (squares) and growth (triangles) of fifth-instar M.
sexta, previously reported by Kingsolver and Woods (1997). Also shown
are the mitochondrial respiratory control ratios (RCRs; circles) measured
in this study (n = 3 = SEM). b, Mitochondrial leak respiration (LEAK)
and oxidative phosphorylation (OXPHOS) as a function of temperature
(n = 3 = SEM). Significant differences within OXPHOS (one-way
ANOVA, P = 0.003) and within LEAK (one-way ANOVA, P = 0.014) asa
function of temperature are indicated by different letters (Tukey HSD
posttests).
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Mitochondrial Respiration

To assess the thermal sensitivity of mitochondria, high-
resolution respirometry systems were employed. These systems
comprise two 2.0-mL water-jacketed respirometric chambers
(DW-1, Hansatech Instruments, Norfolk, England) and Clark-
type polarographic oxygen electrodes (C-1, Hansatech Instru-
ments). Respirometer chambers were calibrated at the assay tem-
perature in the presence of 500 uL of respiration medium (RM)
prepared according to Keeley (1973), consisting of 250 mM su-
crose, 0.3% w/v BSA, 15 mM KCl, 5 mM MgCl,, 0.1 mM EGTA,
25mM K,PO,,and 50 mM MOPS (pH = 7.4,20°C, 449 mmolkg ™).

At each measurement temperature (18°-42°C), the background
signal was recorded before mitochondrial injection. For each run,
10 pL of purified mitochondria (0.07-0.10 mg of mitochondrial
protein) was injected into the respirometer chamber containing
500 uL of RM. Electron transport via complexes I, II, and glycerol-
3-phosphate dehydrogenase (GPDH) to the ETS was assayed
concurrently in each run. The respiration not associated with
ATP production and broadly defined in this study as oxygen
consumption associated with proton conductance, proton slip,
and cation cycling at saturating substrate concentrations (LEAK)
was initiated by adding 2 mM malate (M), 10 mM glutamate (G),
5 mM pyruvate (P), and 10 mM proline, which supplies electrons
to complex I via production of NADH by mitochondrial dehy-
drogenases. Convergent electron entry to the ubiquinone pool via
FADH, was initiated by the addition of 10 mM succinate, and
electron entry via GPDH was initiated by adding 10 mM sn-glycerol-
3-phosphate. To engage OXPHOS, 2 mM ADP was added to
the chamber. The proportion of the total respiration coupled to
OXPHOS (termed the RCR) was calculated by diving OXPHOS
rates by the LEAK rates. Mitochondrial protein was quantified
using a Coomassie Plus Reagent Assay (Thermo Scientific, Rock-
ford, IL).

Statistical Analysis

Significant differences within respiratory states OXPHOS and
LEAK as a function of temperature were determined using a
one-way ANOVA, in conjunction with Tukey HSD posttests
(Sigmaplot 12).

Results and Discussion

As predicted by the MEH, mitochondrial energy transduction
efficiency, calculated here as the RCR, was found to parallel
growth rate as a function of temperature in Manduca sexta cat-
erpillars (fig. 1a). As temperature increased from 18°C to the
previously documented optimal temperature for growth of 34°C,
LEAK rates increased from 27.9 + 6.9 to 50.7 = 12.7 nmol O,
min~' mg protein~' (fig. 1). In parallel, OXPHOS rates increased
from 60.2 + 9.4 nmol O, min "' mg protein ' at 18°Cto 141.5 *+
19.0 nmol O, min~' mg protein™" at 34°C. However, at supra-
optimal temperatures between 34° and 42°C, OXPHOS rates
plateaued while LEAK rates continued to increase from 50.7 *+
12.7 nmol O, min™' mg protein ™' at 34°Cto 73.6 * 1.1 nmol O,
min~' mg protein~' at 42°C. As a result, RCRs at supraoptimal

temperatures decreased (fig. 1b). Nevertheless, despite a rapid
increase in LEAK rates at elevated temperatures, mitochondrial
respiration coupled to ATP production was observed throughout
the temperature range.

Our results combined with the prior results of Kingsolver and
Woods (1997) provide a direct link between cellular-level and
whole-organism-level energetics and performance in M. sexta.
The data in figure 1a are consistent with the idea that the “cost of
maintenance” across a temperature range is at least partly driven
by the efficiency with which the mitochondria convert oxygen
consumed by the whole organism into ATP, resulting in de-
creased biomass accumulation at supraoptimal temperatures de-
spite increased metabolic rates. During life-history stages geared
toward the rapid accumulation of biomass (e.g., the larval stages
of many species), even small reductions in the efficiency of mi-
tochondrial energy transduction could have large impacts on
performance. Scaling up, this thermal dependence of whole-
organism performance on mitochondrial efficiency may play a
significant role in determining the dynamics of ecological dis-
tributions and abundance, including responses to climate change.

Despite the close similarity between growth and mito-
chondrial efficiency observed in our study (fig. 1a), there are
some caveats with the in vitro approach we took to measure
mitochondrial energetics that should be noted. Mitochondrial
respiration in vivo is under complex metabolic regulation based
on ATP demand and cellular substrate availability. Our in vitro
measure of the RCR overestimates the amount of LEAK res-
piration operative in the animal since coupling efficiency will
vary with ATP demand. Therefore, depending on the metabolic
constraints of the animal, mitochondrial oxygen consumption
will normally occur in an intermediate respiratory state, some-
where between OXPHOS and LEAK rates. Thus, the RCRs we
measured in vitro yield an approximation of the worst-case sce-
nario of LEAK-dependent reductions in ATP production effi-
ciency with increasing temperatures in vivo. Nevertheless, our data
show that changes in RCRs at temperatures above 35°C were
driven byan increase in LEAK respiration and not by reductions in
the OXPHOS activity. This increase in proton conductance of the
inner mitochondrial membrane at elevated temperatures reduces
RCR values, decreases cellular ATP yield per substrate consumed,
and may negatively impact growth performance.

Our results are in close agreement with previous studies on the
thermal performance of invertebrate mitochondria (Abele et al.
2002; Sokolova and Sokolov 2005; Cottin et al. 2012). These
studies confirm that proton leak is a temperature-sensitive pro-
cess by which the proton motive force is dissipated to sustain
a relatively stable membrane potential (Ay). Furthermore, as ex-
pected for mitochondria under phosphorylating conditions, Cham-
berlin (2004) found a lower membrane potential under OXPHOS
conditions compared to LEAK respiration in M. sexta but little
to no changes in the membrane potentials with changes in tem-
perature. In the investigated temperature range (15°-35°C), the
mitochondrial membrane potential for nonphosphorylating mito-
chondria remained close to 200 mV, while LEAK respiration in-
creased about sixfold. This evidence further suggests that proton
cycling may regulate membrane potential at supraoptimal tem-
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Figure 2. Conceptual framework of the mitochondrial efficiency hypothesis to explain mismatched growth and metabolism at supraoptimal
temperatures. Temperature-induced metabolic costs of maintenance in ectotherms are attributed to the energetic costs of fueling vital cellular
functions, all of which depend on ATP mostly supplied by mitochondria. However, little attention has been directed toward the thermal sensitivity of
the energy transduction efficiency of mitochondria, which dictates the proportion of carbon substrates and oxygen necessary to sustain a fixed ATP
supply, via the oxidative phosphorylation (OXPHOS) system. At supraoptimal temperatures, the respiratory control ratio (RCR) is reduced due to an
increase in mitochondrial leak respiration (LEAK), which contributes to the rising cost of maintenance. This concept is illustrated by a shift in the sizes
of arrows and text at supraoptimal temperatures. See text for further details. A color version of this figure is available online.

peratures and that proton leak likely acts as a safety valve that
reduces reactive oxygen species formation and diminishes the
risks of oxidative stress (Brand 2000). Independent of the mech-
anisms by which LEAK respiration is increased at elevated
temperatures, proton leak will utilize substrates without gen-
erating ATP, which otherwise could be allocated to somatic and
reproductive growth (fig. 2). Furthermore, food utilization, mea-
sured as methionine uptake plateaus and mass-specific con-
sumption rates, decreases above 38°C in M. sexta (Kingsolver and
Woods 1997). These effects may operate in parallel with the re-
duction in RCR and further reduce the growth rate of M. sexta
caterpillars at high temperatures.

Finally, we realize that the concept of aerobic limitations on
whole-organism performance at high temperatures is not novel.
The model of oxygen- and capacity-limited thermal tolerance
(OCLTT) advanced by Portner and colleagues (Portner 2002,
2010; Portner et al. 2005) posits that a mismatch between
oxygen delivery and demand limits aerobic scope at supra-
optimal temperatures, which reduces overall performance. As
body temperatures rise to the high end of the physiological
range, oxygen demand by cells becomes greater than the or-
ganisms’ ability to supply it. To compensate for reduced aerobic
scope, molecular adjustments are needed, including an in-
creased anaerobic metabolism. Experiments appear to support
the OCLTT as a general set of mechanisms behind sensitivities
to high temperatures in marine ectotherms (reviewed in Ver-
berk et al. 2016), which routinely operate in relatively low-
oxygen environments (i.e., water). However, in air-breathing
insects, there is little evidence that the OCLTT applies under
normoxia (reviewed in Verberk et al. 2016). Alternatively, or in

addition, our results suggest that the thermal sensitivity of
mitochondrial energy transduction efficiency plays a major role
in limiting organismal thermal performance (fig. 2), especially
in life stages whose primary function is growth (e.g., cater-
pillars). Although the evidence presented here is limited to a
laboratory strain of a single species, we suspect the model in
figure 2 is general and applies to many other species. We have
already observed a mismatch between growth rate and meta-
bolic rate at supraoptimal temperatures in another caterpillar
species (Lymantria dispar; Agosta et al., unpublished data) and
are currently testing the hypothesis that it can be explained, at
least in part, by mitochondrial efficiency.
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