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ORIGINAL ARTICLE

Metabolomics reveals the key role of oxygen metabolism
in heat susceptibility of an alpine-dwelling ghost moth,
Thitarodes xiaojinensis (Lepidoptera: Hepialidae)
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Abstract Ghost moths inhabiting the alpine meadows of the Tibetan Plateau are cold-
adapted stenothermal organisms that are susceptible to heat (dead within 7 days at
27 °C exposure). Exploring the metabolic basis of their heat susceptibility would ex-
tend our understanding of the thermal biology of alpine-dwelling invertebrates. Here, gas
chromatography–mass spectrometry-based metabolomics was combined with physiolog-
ical and transcriptional approaches to determine the metabolic mechanisms of heat sus-
ceptibility in Thitarodes xiaojinensis larvae. The metabolomics results showed that 27 °C
heat stress impaired the Krebs cycle and lipolysis in T. xiaojinensis larvae, as demonstrated
by the accumulation of intermediary metabolites. In addition, carbohydrate reserves were
highly and exclusively consumed, and an anaerobic product, lactate, accumulated. This
evidence suggested a strong reliance on glycolysis to anaerobically generate energy. The
respiration rate and enzymatic activity test results indicated a deficiency in O2 metabolism;
in addition, the Krebs cycle capacity was not decreased, and the metabolic flux through
aerobic pathways was limited. These findings were further supported by the occurrence
of hypoxia symptoms in midgut mitochondria (vacuolation and swelling) and increased
transcription of hypoxia-induced factor 1-α. Overall, heat stress caused O2 limitation and
depressed the overall intensity of aerobic metabolism in ghost moths, and less efficient
anaerobic glycolysis was activated to sustain their energy supply. As carbohydrates were de-
pleted, the energy supply became deficient. Our study presents a comprehensive metabolic
explanation for the heat susceptibility of ghost moths and reveals the relationship between
O2 metabolism and heat susceptibility in these larvae.
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Introduction

The ghost moth (Lepidoptera: Hepialidae) is a flag species
of the Tibetan Plateau. It is a cold-adapted stenothermal
insect found at altitudes of 3600–5200 m (Jin et al., 2010;
Tu et al., 2011). The larvae primarily inhabit the soil
layer 50–200 mm below the surface, where the tempera-
ture fluctuates between –5 and 15 °C throughout the year.
Up to 3–5 years are needed to complete larval stage de-
velopment in the wild (Wang et al., 2006). Despite their

C© 2018 Institute of Zoology, Chinese Academy of Sciences
695

http://orcid.org/0000-0003-4504-806X


696 W. Zhu et al.

adaptability to cold environments, ghost moths have lim-
ited endurance at higher temperatures. The optimum tem-
perature for larvae is 12–16 °C (Chen et al., 2002; Liu
et al., 2007; Zhu et al., 2009). When the ambient temper-
ature exceeds 17–18 °C, larvae cannot sustain long-term
development and die before pupating (Yang et al., 1996;
Liu et al., 2007; Tu et al., 2011). Furthermore, tempera-
tures of 20–27 °C can lead to serious mortality within a
few days (Zhang et al., 1988; Wang et al., 2014), and once
the ambient temperature exceeds 30 °C, the larvae enter
a state of superexcitation and die within tens of minutes
(Yang et al., 1996; Tu et al., 2011). This heat suscepti-
bility makes ghost moths vulnerable to climate warming,
which has significantly affected the Tibetan Plateau in re-
cent decades. In addition, ghost moths are obligate hosts
of Ophiocordyceps sinensis (Berk.), an entomopathogenic
fungus, and after parasitism occurs, the fruiting body of
this fungus, together with the host mummy corpse, consti-
tutes a precious traditional Chinese medicine called Chi-
nese Cordyceps (Sung et al., 2007). Heat susceptibility
lengthens the ghost moth life cycle and increases the costs
of artificial culture of Chinese Cordyceps. Therefore, de-
termining how heat stress harms ghost moths may help
to protect this species in its natural habitat and improve
the artificial culture of Chinese Cordyceps. Exploring the
thermal biology of alpine-dwelling invertebrates is also
of interest. However, because of the difficulty in rearing
this insect in the laboratory, physiological and molecular
studies on ghost moths are limited, particularly in terms
of their heat intolerance mechanisms.

For poikilothermal species, environmental tempera-
tures higher than their upper optimum values are perceived
as heat/thermal stress, which impedes normal biological
processes and causes intolerance at different organiza-
tional levels (Cossins & Bowler, 1987; Pörtner et al.,
2001; Pörtner, 2002; Dell et al., 2011). The mechanism of
heat intolerance may be complicated and vary with stress
degree; however, this mechanism will always be closely
related to the disruption of metabolic homeostasis (Li
et al., 2014; Zhang et al., 2015), which can provide clues
to how these heat-sensitive biological processes work. For
example, heat stress induces the abnormal accumulation
of succinate and α-ketoglutarate in the spider crab (Maja
squinado) (Frederich & Pörtner, 2000) and midge (Bel-
gica antarctica) (Michaud et al., 2008), respectively, and
leads to anaerobic metabolism in the stonefly (Dinocras
cephalotes) (Verberk et al., 2013). These findings sug-
gest that perturbations in aerobic metabolism likely play
important roles in heat-induced intolerance in arthropods.
These clues have significance for further investigations
of the mechanisms of heat tolerance and may help to
uncover the genes responsible for thermal adaptation.

Fig. 1 Thermal tolerance assessments at 27 °C. (A) Typical
intolerance symptoms after long-term exposure at 27 °C. (B)
The time curve of the occurrence rate of intolerance symptoms at
27 °C. Each point represents the mean percentages (the mean ±
standard error [SE]) of the larvae that demonstrated intolerance
symptoms from two replicate groups of larvae (n = 12 and 10).

Metabolomics, which is the identification and quanti-
tation of the whole set of metabolites in a cell, tissue or
biofluid, provides a powerful tool to systematically inves-
tigate metabolic responses to an environmental stimulus
(Bundy et al., 2009). With its potential to provide new
hypotheses, metabolomics is particularly suitable for ar-
eas of research that are rarely studied, such as the heat
susceptibility of ghost moths.

In this study, the metabolomes of larval Thitarodes xi-
aojinensis, a species of ghost moth, treated at 15 °C (op-
timum), 27 °C for a short time, and 27 °C for a long time
were compared. The temperature of 27 °C was chosen
to induce heat stress for several reasons. First, short-term
(less than 24 h) exposure at 27 °C is always reversible
and does not induce mortality (Fig. 1), while prolonged
exposure (66–96 h) induces obvious intolerance symp-
toms and leads to widespread mortality. The metabolic
changes during the transition from a temporary tolerant
state to an intolerant state may better reveal the mecha-
nisms of heat susceptibility, and this relatively short treat-
ment duration avoids unexpected outcomes by long-term
treatments (i.e., growth, development or molting). Second,
27 °C is the optimum temperature for many other caterpil-
lar species; thus, these results should facilitate compara-
tive analyses of interspecies physiology. Third, increasing
the rearing temperature of the ghost moth would greatly
shorten the life history of the ghost moth and reduce
the cost of artificial culture of Chinese Cordyceps. We
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wondered whether there is any possibility to rear ghost
moths at room temperature, typically 27 °C, in our labo-
ratory. Therefore, metabolomics, together with physiolog-
ical and molecular approaches, was performed at 27 °C to
explore the metabolic mechanisms of heat susceptibility in
T. xiaojinensis larvae.

Materials and methods

Insect rearing and experimental treatment

T. xiaojinensis pupae were collected from Xiaojin,
Sichuan, China. The colony was maintained in a 15 °C
(optimum temperature) cold room in Beijing (101.8 kPa,
21% O2). Eighth-instar larvae were used for all experi-
ments. An environmental temperature of 27 °C was cho-
sen to induce heat stress based on preliminary experi-
ments. Intolerance symptoms include a tarnished cuticle
and decreased responsiveness to external stimulus and
eventually lead to irreversible death (Fig. 1). For the ther-
mal treatment, the larvae were randomly divided into
three groups: (1) short-term stress, exposed to 27 °C for
24 h; (2) long-term stress, exposed to 27 °C for 66 to
96 h until the intolerance phenomena appeared (decreased
responsiveness to external stimulus); and a (3) control
group, maintained at 15 °C for 24 h. After being ex-
posed to the temperature regimes, the larvae were imme-
diately used in subsequent experiments or for material
preparation.

Measurement of the respiration rate

The Sable System (Las Vegas, NV, USA) was used to
measure the respiration rate (Zhu et al., 2016). This sys-
tem includes a SS-3 subsampler unit, MFC-2 gas mixers
and mass flow controller, RM8 gas flow multiplexer, CA-
10A CO2 analyzer, FC-10A O2 analyzer, ExpeData and
UI-2 package. For each test, a larva was placed into a
respirometry cuvette at 15 °C or 27 °C. After the sys-
tem was stable, measurements were collected in a closed-
circuit model with gas flow of 228–236 mL/min. Vari-
ations in CO2 and O2 were recorded on two real-time
curves. All replicates were tested for 10 min. Each ther-
mal treatment consisted of 8–10 larvae.

The respiration rate was represented by the CO2 produc-
tion rate and the O2 consumption rate and was calculated
as follows:

Respiration = Slope × Pressure × Volume

Temperature × Weight × R × 100000
,

where the respiration rate, CO2 production rate, and O2

consumption rate are given in mol/s/g; the slope of CO2

production or O2 consumption was read from ExpeData;
the pressure (i.e., the air pressure in the closed-circuit
system) was 101.9 kPa; the volume (i.e., the volume of
the closed-circuit system) was 140 mL; the temperature
of the closed-circuit system is given in K; and R is the
ideal gas constant.

The Q10 coefficient of the CO2 production rate or O2

consumption rate was calculated using the following for-
mula:

Q10 =
(

R2

R1

)( 10
T2−T1 )

,

where Q10 is the factor by which the reaction rate increases
when the temperature is raised by ten degrees, T1 and T2
are temperatures (K or °C), R1 is the measured metabolic
rate at temperature T1 (where T1 < T2), and R2 is the
measured metabolic rate at T2 (where T2 > T1).

The respiratory quotient (RQ) was calculated by divid-
ing the CO2 production rate by the O2 consumption rate.

Gas chromatography-mass spectrometry (GC-MS)-based
metabolomics

The methods described by Zhu et al. (2016) were
followed for the sample preparation, derivatization and
chromatographic analysis, and Agilent 6890N-5973N
(Agilent Technologies Inc., Santa Clara, CA, USA) GC-
MS was used for metabolites separation and detection.
Each hemolymph sample was prepared from 10 μL of
hemolymph, and each fat body sample weighed 30 mg
(wet weight). Each thermal treatment consisted of 9–
12 larvae. The identification of metabolites followed the
guidelines recommended by the Chemical Analysis Work-
ing Group (CAWG) (Sumner et al., 2007) (Table S1).
Metabolites were quantified, according to Behrends et al.
(2011), and the area of the internal standard (heptade-
canoic acid) was used for data normalization.

Determination of glycogen

The extraction and quantification of the glycogen in fat
bodies primarily followed the methods of Carroll et al.
(1956). Fat body tissue was weighed and dispersed in
200 μL of Ringer’s solution. Then, 400 μL of 10%
trichloroacetic acid (TCA) (W/V) was added and fully
homogenized with the grinder. After centrifugation at
1000 × g for 15 min, 200 μL of supernatant was trans-
ferred into a new tube with 800 μL of 95% ethanol and
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allowed to rest overnight. After centrifugation at 1000 x g
for 15 min, the precipitate was dissolved in 50 μL of
water to form the glycogen solution. The reaction system
included 5 μL of glycogen solution, 85 μL of water and
400 μL of 0.2% anthrone in 80% sulfuric acid. After in-
cubation at 95 °C for 15 min and cooling at room temper-
ature, the optical density (OD) at 626 nm of the mixtures
was determined. Soluble starch (0.02% w/v) was used to
generate a standard curve.

Determination of enzyme activity in fat bodies

The methods used to prepare the crude enzyme and de-
termine the isocitrate dehydrogenase (IDH) and succinate
dehydrogenase (SDH) activity were previously described
by Zhu et al. (2016). The enzymatic activity of IDH was
defined as the increment of the OD value at 340 nm per
minute per milligram of protein (OD/min/mg, at room
temperature). The enzyme activity of SDH was defined
as the decrement of the OD value at 600 nm per minute per
milligram of protein (OD/min/mg, at room temperature).

The total lipase/esterase activity in the fat body was
determined using the method described by van Asperen
(1962), with some modifications, based on our pilot ex-
periments. The reaction system included 2 μL of diluted
enzyme sample and 100 μL of 0.3 mmol/L α-naphthyl
acetate (α-NA, in 0.02-mol/L phosphate-buffered saline
[PBS] pH 7.4). After reaction at 27 °C for 15 min, 20 μL
of a color-developing agent (0.01 g of fast blue B salt
dye, 0.5 mL of PBS [pH 7.4, 0.02 mol/L] and 2.5 mL of
10% sodium dodecyl sulfate) was added to end the re-
action. The OD value (at 600 nm) was recorded using a
microplate reader.

Transcription variation in genes related to energy
metabolism

Total RNA from the fat bodies of T. xiaojinensis larvae
was isolated using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). The reverse transcription procedure followed
the protocol of the SuperRT cDNA Kit (CWBIO, Beijing,
China). The sequences of the referred genes were obtained
by querying the T. xiaojinensis larvae RNA-seq database
(Meng et al., 2015) with known functional counterparts
of Homo sapiens (obtained from GenBank; the accession
numbers, together with the information of primers and
cDNA sequence, are detailed in Table S2).

A real-time polymerase chain reaction (PCR) system
was constructed with the UltraSYBR Mixture (with ROX)
(CWBIO), and the reaction was performed on a Mx3000P
(Stratagene, LA Jolla, CA, USA) with the following tem-

perature program: 95 °C for 10 min; 40 cycles of 95 °C
for 15 s and 60 °C for 60 s; and a final melting cycle of
95 °C for 60 s, 55 °C for 30 s, and 95 °C for 30 s.

The semi-quantitative PCR system included 5 μL of
10× buffer, 45 μL of H2O, 1 μL of deoxynucleotide
triphosphate, 1 μL of F-primer, 1 μL of R-primer and 1
μL of Taq (TransGen Biotech, Beijing, China). The tem-
perature program was set as follows: 95 °C for 3 min,
varied cycles of 95 °C for 30 s, and varied annealing tem-
perature for 30 s (optimization is detailed in Table S2).
Before assessing the target genes, the cDNA concentra-
tions across samples were adjusted to the same level using
internal control genes. Agarose gels were imaged with the
Gel Logic 200 Imaging System (Kodak, Eastman Kodak
Company, Rochester, NY, USA) and further quantitated
with ImageJ software (Kodak, Eastman Kodak Company,
Rochester, NY, USA).

Transmission electron microscopy (TEM)

To determine whether mitochondria, the powerhouse
for aerobic breathing, was disrupted by heat stress, the
midgut mitochondria of short-term stressed larvae versus
control larvae were visualized using a JEM-1230 TEM,
according to Zhu et al. (2016).

Statistical analysis

Basic statistical analyses were performed using IBM
SPSS v21.0 (IBM, Armonk, NY, USA). In detail, the
effect of heat exposure on the content of glycogen was
analyzed by analysis of covariance (ANCOVA), with
the wet weight of the fat body tissue as a covariant.
Analyses of other differences between groups were con-
ducted using independent samples t-tests or one-way
analysis of variance (ANOVA) followed by the Student-
Newman-Keuls post hoc test. Relevant graphs were cre-
ated using GraphPad Prism 5 (GraphPad, San Diego, CA,
USA).

Orthogonal partial least squares (OPLS) regression was
executed in Simca-P+11 (Umetrics AB, Umeå, Sweden).
In the OPLS model, metabolites were set as independent
factors (X values in the OPLS model), while the exposure
duration at 27 °C was set as the dependent factor (Y value
in the OPLS model). The “Scale type” was set as “Par” to
consider the contribution of the abundance of metabolites
to the models, with the other parameters remaining at their
default values.

Correlation networks were built to enrich and visu-
alize the variations in metabolic correlations resulting
from the treatments. For each treatment group, Pearson’s

C© 2018 Institute of Zoology, Chinese Academy of Sciences, 26, 695–710



Oxygen metabolism in heat stress of ghost moth 699

correlation coefficient and P-values of all metabolite
pairs were calculated. Then, the P-values in each treat-
ment group were adjusted with the Bonferroni cor-
rection. Metabolite pairs with the correlation coeffi-
cient and/or adjusted P-values meeting certain thresholds
(the same across treatment groups) were significantly
correlated. Significantly correlated metabolite pairs of
all the treatment groups were combined and loaded
into Cytoscape 3.2.1 (http://chianti.ucsd.edu/cytoscape-
3.2.1/) to construct networks. Correlated metabolites were
enriched to form sub-networks using the “yFiles Lay-
outs/Organic” layout in Cytoscape 3.2.1. Correlation net-
works were built in this study. For the network covering
all metabolites detected, the top 60 most significant cor-
relations (i.e., those with the largest Pearson’s correlation
coefficients) in each treatment group were chosen. This
threshold ensures that the same number of correlations
was chosen in all treatment groups and that the adjusted
P-values of all 180 correlations were less than 0.05. For
the network focusing on the tricarboxylic acid (TCA) cy-
cle, metabolite pairs without intermediates in the TCA
cycle were excluded before their P-values were adjusted,
and then, metabolite pairs with adjusted P-values less than
0.05 were chosen.

Results

Metabolic mode during heat stress

OPLS regression models were constructed between
metabolomics (independent variables) and heat expo-
sure duration (dependent variable) for both fat body and
hemolymph samples (Fig. 2A). In the score plots of both
models, the samples were well separated according to
the heat exposure duration along the first components
(Fig. 2A), suggesting that longer heat exposure times
induced successive and consistent variations in the
metabolic profiles in the fat body and hemolymph. In
the loading plots of both models, trehalose and lactate
demonstrated the largest negative and positive loading
scores, respectively (Fig. 2B), indicating that the vari-
ations in trehalose and lactate are the most prominent
characteristics of heat stress. When exposed to 27 °C,
trehalose decreased dramatically in both the hemolymph
and fat body, while lactate was massively accumulated,
reaching more than a dozen times the amount measured
in the long-term stressed group (Fig. 2C). Meanwhile,
fat body glycogen also decreased significantly after 24 h
of exposure at 27 °C (Fig. 2D). These results suggest
that heat stress drove carbohydrate mobilization and con-
sumption in an anaerobic manner. The transcriptional pro-

files of genes involved in glycometabolism supported the
metabolomics results. Short-term exposure upregulated
hexose kinase 1 (HK1) and pyruvate kinase (PK), while
pyruvate dehydrogenase kinase (PDK), a deactivator of
pyruvate dehydrogenase, was downregulated (Fig. 3A,B),
suggesting the robust catabolism of carbohydrates. Inter-
estingly, in contrast to the accumulation of lactate, the
downregulation of PDK indicated an intentional upregu-
lation of the aerobic metabolism of carbohydrates, sug-
gesting that the anaerobic metabolism of carbohydrates
at 27 °C was a passive outcome. In addition, the tran-
scription of Akt (RAC-alpha serine/threonine-protein ki-
nase) and forkhead box protein (foxo), two critical compo-
nents in the insulin-like signaling pathway in insects (Wu
& Brown, 2006), increased and decreased, respectively
(Fig. 3C). This pattern suggested that the activity of the
insulin-like pathway increased in stressed larvae, which
was consistent with the increased carbohydrate consump-
tion observed in short-term exposure larvae (Satake et al.,
1997). However, long-term exposure downregulated the
transcription of HK3 and glucose kinase (Fig. 3D), sug-
gesting reduced glycometabolism activity, which might
result from limited carbohydrate reserves.

The utilization of lipids as fuel was also influenced
by heat stress. Short-term exposure to 27 °C resulted
in the downregulated transcription of hormone-sensitive
lipase (HSL) and the total lipase/esterase activity in the
fat body (Fig. 4A–C), suggesting that lipid mobilization
was suppressed. Even so, the intermediates in lipid
catabolism, mainly monoacylglycerols (MAGs) and free
fatty acids (FFAs), were still increased in the hemolymph
(Fig. 4D), implying that the downstream catabolic
pathways of these metabolites were also suppressed. This
finding aligned with the carbohydrate-based metabolism
observed after short-term heat exposure. After long-term
exposure, these intermediates were further accumulated
in the hemolymph (Fig. 3D). This phenomenon was
accompanied by the accumulation of two ketogenesis
metabolites: 3-hydroxy-3-methyl-glutarate (HMG, a ke-
togenesis intermediate) and 3-hydroxybutyrate (3-HB, a
ketone body) (Fig. 3E–F), which were either not increased
or decreased in short-term exposure larvae. The accumu-
lation of ketone bodies in the circulatory system occurs in
organisms suffering from carbohydrate restriction (Laf-
fel, 1999) and suggests improved β-oxidation capacity
(Fukao et al., 2004). This finding was consistent with
the reduced glycometabolism observed in T. xiaojinensis
after long-term exposure and suggested a metabolic shift
from carbohydrates to lipids. However, this adjustment
did not effectively prevent the occurrence of intolerance
symptoms in the T. xiaojinensis larvae, implying that
the shortage of carbohydrates after long-term exposure
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Fig. 2 Comparative metabolomics analysis. (A) Scatterplots were based on the first two components: Control, keeping at 15 °C,
diamonds, n = 12; 27 °C short-term, exposed at 27 °C for 24 h, circles, n = 9–10; 27 °C long-term, exposed at 27 °C for 66–96 h,
triangles, n = 10. (B) Loading plots were based on the first two components. (C) Variations in trehalose and lactate (n = 9–12).
(D) Variation in fat body glycogen (n = 5). Each column represents the mean ± standard error; **P < 0.01.
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Fig. 3 Transcription of genes related to glycometabolism. (A)
Semi-quantitative polymerase chain reaction (PCR) demon-
strated that the transcription levels of the genes changed signif-
icantly after short term (24 h) exposure to 27 °C. HK1, hexose
kinase 1; PK, pyruvate kinase; PDK, pyruvate dehydrogenase ki-
nase; G3PDH, glyceraldehyde 3-phosphate dehydrogenase. (B)
Quantitative results of the previous semi-quantitative PCR, ac-
cording to ImageJ. (C) Transcriptional variation in genes in the
insulin pathway after short-term (24 h) exposure at 27 °C (n =
5, real-time PCR). (D) Genes significantly declined after long-
term (66–96 h) exposure to 27 °C. HK3, hexose kinase 3; GK,
glucose kinase; RPS3, ribosomal protein S3. Each column in B
and C represents the mean ± standard error. *P < 0.05, **P <

0.01.

was likely related to the transition to the intolerant
state.

Perturbation in aerobic metabolism during heat stress

In the fat bodies of long-term heat stressed larvae, all
TCA cycle intermediates, particularly those anterior to the
metabolic flow, such as citric acid, accumulated (Fig. 5A).
Metabolites derived directly from the TCA cycle, includ-
ing aspartate (L-Asp), glutamate (L-Glu) and α-hydroxy
glutaric acid, accumulated in the hemolymph (Fig. 5B).
In the fat body, α-hydroxy glutaric acid and aspartate
also accumulated at 27 °C (data not showed here). Quan-
titative variations in the long-term exposure group were
mapped onto an integrated network for energy metabolism
(Fig. 5C). In contrast to the reduced contents of glycol-
ysis substrates and intermediates, the products of glycol-
ysis and the intermediates in aerobic pathways, which
centered on the TCA cycle, were uniformly accumulated.
These results indicate that metabolic flow was blocked at
aerobic steps, especially those in the TCA cycle. The no-
table accumulation of L-Glu and α-hydroxy glutaric acid
highlighted α-ketoglutarate dehydrogenase (α-KGDH) as

a primary potential restriction site in the TCA cycle.
Pairwise correlation analysis of TCA cycle intermedi-
ates revealed patterns similar to those demonstrated by
our quantitative analysis (Fig. 6A). Significant correla-
tions between TCA cycle intermediates (α-ketoglutaric
acid vs citrate, acetic acid vs malate) were only found in
the control group, and in long-term stressed larvae, the
correlation between malate and fumarate disappeared.
This correlation has been reported as a conserved cor-
relation in healthy organisms (Morgenthal et al., 2006),
implying that equilibrium relationships among interme-
diates were disrupted at 27 °C. Meanwhile, significant
correlations between the TCA cycle intermediates and
other metabolites were enriched in the stressed groups.
Presented as star-type subnets, these pairwise correlations
enriched succinate and α-ketoglutaric acid in short-term
and long-term stressed groups, respectively. Consistent
with the quantitative data, this pattern suggested that the
primary blockage sites in the TCA cycle were likely to
be SDH and α-KGDH in the short-term and long-term
exposure groups, respectively.

The CO2 production rate and O2 consumption rate were
recorded when the T. xiaojinensis larvae were transferred
from 15 °C to 27 °C (Fig. 5D–E). After the ambient tem-
perature of the larvae was increased to 27 °C, the CO2

production rate increased (comparable to the level found
in Spodoptera litura larvae at 27 °C [i.e., their optimum
temperature]), with a Q10 of 1.67. In contrast, the O2 con-
sumption rate did not increase synchronously, with a Q10

of 1.05, resulting in an RQ value much higher than 1. In
principle, the oxidation of pure carbohydrate, protein and
fat results in RQ values of 1.0, 0.8–0.9 and 0.7, respec-
tively. An RQ value much higher than 1 suggested the
involvement of anaerobic respiration. After 24 h of expo-
sure, the CO2 production rate dropped significantly, which
was likely not a result of the heat-induced downregulation
or deactivation of relative enzymes, as suggested by the
similar enzyme activities of fat body IDH and SDH be-
tween the control and short-term stressed larvae at 27 °C
(Fig. 6B). Overall, these results suggested that the ca-
pacity to transform organic carbon into CO2 (mainly in
the TCA cycle) responds positively to rising temperatures
between 15 °C and 27 °C but O2 metabolism does not. Fur-
thermore, the decreased CO2 production after 24 h likely
resulted from the feedback inhibition of limited oxygen
consumption.

Oxygen deficit during heat stress

The mitochondria of the short-term stressed larval
midgut demonstrated obvious vacuolating and swelling
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Fig. 4 Influence of heat stress on lipid metabolism. (A) Hormone-sensitive lipase transcription was reduced in larvae exposed for
24 h (semi-quantitative polymerase chain reaction [PCR]). (B) Quantitative results of the semi-quantitative PCR obtained by ImageJ.
(C) Relative activity of total lipase/esterase in fat bodies (n = 5). (D) Heat map showing the variation in lipolysis intermediates under
heat stress. For each compound, different letters indicate a significant between-group difference (P < 0.05), as determined by the
Student-Newman-Keuls post hoc test after one-way analysis of variance; the values were scaled to 0–1 by dividing the maximum
value across samples. (E, F) Quantitative variation in intermediates related to the synthesis of ketone bodies (n = 9–12). Each column
represents the mean ± standard error. **P < 0.01, ***P < 0.001. HMG, 3-hydroxy-3-methyl-glutarate; 3-HB, 3-hydroxybutyrate.
27 °C short-term, exposed at 27 °C for 24 h; 27 °C long-term, exposed at 27 °C for 66–96 h.

(Fig. 7A–D), according to the TEM images; these find-
ings indicated an oxygen deficit and contributed to fur-
ther worsening of the oxygen deficit (Solenski et al.,
2002; Chang et al., 2009). In addition, hypoxia-induced
factor 1-α (HIF1-α) demonstrated 10-fold higher tran-
scription in the stressed larvae (Fig. 7E), and the tran-
scription of cytoglobin, which is responsible for cellu-
lar oxygen delivery, was also increased after short-term
exposure (Fig. 7F). The long-term stressed larvae also
had higher total reducing power in their hemolymphs
than the control larvae (data not shown here), indicat-
ing the accumulation of reduced products. These results
implied the existence of an oxygen deficit in the stressed
larvae.

Discussion

Metabolic explanation for the transition from a
transient-tolerant state to an intolerant state at 27 °C

Similar to previous studies of spider crabs (Frederich
& Pörtner, 2000), midges (Michaud et al., 2008) and
stoneflies (D. cephalotes) (Verberk et al., 2013), our study
of ghost moths also suggested that heat stress results in
insufficient aerobic metabolism, which is characterized
by the accumulation of TCA cycle intermediates. As
energy production from amino acids and lipids relies on
aerobic metabolism, to address the mismatch between
energy demands and insufficient aerobic metabolism
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Fig. 5 Influence of heat stress on aerobic pathways. (A) Accumulation of trichloroacetic acid (TCA) cycle intermediates (n = 9–12).
(B) Variation in metabolites directly deriving from the TCA cycle (n = 9–12). (C) Integrated metabolic network with colors representing
the quantitative changes after long-term (66–96 h) exposure at 27 °C. Each column represents the mean ± standard error (SE). (D, E)
Variation in the metabolic rates (CO2 production rate and O2 consumption rate), with exposure duration at 27 °C (n = 8–10). The interval
between the dashed lines in each plot indicates the 95% confidence interval of the corresponding metabolic rate of the Spodoptera litura
larvae at 27 °C. Each value represents the mean ± SE. 27 °C short-term, exposed at 27 °C for 24 h; 27 °C long-term, exposed at 27 °C
for 66–96 h.
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Fig. 6 The role of the trichloroacetic acid (TCA) cycle in metabolic disorder at 27 °C. (A) Correlation network focusing on the TCA
cycle. All correlations are significant at P < 0.05, after the Bonferroni correction. Metabolites in red, dark blue, purple and black colors
are involved in anaerobic metabolism, TCA cycle, glycometabolism and other metabolic pathways, respectively. (B) Activity of two
enzymes in the TCA cycle. IDH, isocitrate dehydrogenase, n = 6; SDH, succinate dehydrogenase, n = 6. Each column represents the
mean ± standard error. ns, differences are not significant at P < 0.05. 27 °C short-term, exposed at 27 °C for 24 h; 27 °C long-term,
exposed at 27 °C for 66–96 h.

capacity, anaerobic glycolysis becomes the primary
method through which the energy demands of organisms
can be met under such conditions, which is why trehalose
was rapidly consumed in stressed T. xiaojinensis larvae,
and massive quantities of lactate accumulated. Therefore,
the small amount of trehalose remaining is likely a critical
reason for the transition from the transient-tolerant state
to the intolerant state. When anaerobic glycolysis cannot
be maintained, the mobilization of other substrates is
likely promoted, as suggested by the accumulation of ke-
tone bodies in larvae exposed to long-term stress, which
indicated a carbohydrate deficit. However, with limited
O2 metabolism, the energy deficit would likely not be al-
leviated by this transition, and the metabolic homeostasis
is likely disrupted by accumulated substrates. In addition,
in stressed T. xiaojinensis larvae, limited O2 metabolism

likely led to the accumulation of NADH/FADH2, the
reduced forms of NAD+/FAD+, resulting in feedback
inhibition of the TCA cycle, where NADH/FADH2 is
produced. Exhausting the carbohydrate supply and mobi-
lizing lipids would further aggravate this situation. This
speculation could explain why the accumulation of TCA
cycle intermediates and reducing power was observed
only in the long-term exposure group. Although the
direct causes of intolerance might include energy failure,
the disruption of acid-base equilibrium by accumulated
acids (i.e., lactate, L-Glu and hydroxyglutaric acid),
redox equilibrium, and oxidative damage (Wang et al.,
2015), energy failure should be the most important cause,
as an organism cannot always meet its demand for energy
through the less efficient anaerobic metabolism alone
(Pörtner, 2001, 2002; Pörtner et al., 2017). Therefore, we
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Fig. 7 Oxygen utilization was limited at 27 °C. (A) Mitochondria (m) in the midgut cells of control larvae. (B), (C) and (D), mitochondria
(m) in the midgut cells of larvae exposed at 27 °C for 24 h, where “v” indicates vacuoles in the mitochondria. (E) The transcription level
of hypoxia-induced factor 1-α (HIF1-α) subunit in Thitarodes xiaojinensis larvae (real-time polymerase chain reaction [PCR], n = 5).
Each column represents the mean ± standard error. (F) The transcriptional level of globin in T. xiaojinensis larvae (semi-quantitative
PCR). 27 °C short-term, exposed at 27 °C for 24 h.

speculate that a shortage of carbohydrates, the anaerobic
substrate, is the key event at the onset of the intolerant
state at the metabolic level in ghost moths.

Compared to the widely reported anaerobic metabolism
under cold stress (Boardman et al., 2016), heat stress-
induced anaerobic metabolism has been rarely reported
in terrestrial insects (see one case in Ju et al., 2014).
To better understand the thermal biology of terrestrial
insects, it is important to investigate whether the metabolic
shift from aerobic to anaerobic metabolism is a common
phenomenon.

Mechanisms of heat susceptibility in ghost moths

Our study suggested that the limited capacity of oxy-
gen metabolism, rather than its upstream pathway (i.e.,
the TCA cycle, beta-oxidation and glycolysis), constituted
the primary cause of susceptibility at 27 °C in T. xiaoji-
nensis larvae. Oxygen metabolism includes at least two
processes: oxygen transport and electron transport from
NADH/FADH2 to oxygen. The failure of both processes
likely resulted in the abnormal morphology of the mito-
chondria observed in heat-stressed T. xiaojinensis larvae.
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Regarding the capacity of the electron transport chain,
the thermal properties of related enzymes may impose
limitations on the heat tolerance of ghost moths. The
enzymes responsible for electron transport and mito-
chondrial complexes are core enzymes in aerobic energy
production and have been widely reported to play critical
roles in environmental adaptation (Scott et al., 2011;
Zhang et al., 2013). As the microenvironment temperature
of ghost moths is always lower than 16 °C, thermal re-
sponses that depend on the activity of certain enzymes to
temperatures exceeding 16 °C may be lost after long-term
adaptation. The narrower temperature ranges of these
enzymes may allow them to better respond to the wild en-
vironmental temperature fluctuations and more accurately
regulate energy production. Membrane stability might
also prevent ATP production at higher temperatures. The
mechanisms underlying heat tolerance might relate to
membrane properties and protein denaturation (Feder &
Hoffmann, 1999; Pörtner, 2001; Verberk et al., 2016).
Heat stress increased protein denaturation and membrane
leakage may also lead to lower aerobic metabolism. How-
ever, the working temperature of human mitochondria
has been reported to be as high as 50 °C, and the activity
of various respiratory chain enzymes was maximum at or
slightly above 50 °C. (Chrétien et al., 2018), which sug-
gests that the thermal tolerance of mitochondria is much
stronger than we expected, at least in humans. Importantly,
heat tolerant mitochondria in insects has been suggested
by Heinrich et al. (2017), as robust mitochondria
metabolism can be sustained at temperatures higher than
critical thermal maximums (CTmax). If this finding is the
same in an alpine insect, the thermodynamics of enzymes
in the electron transport chain, as well as the stability of
mitochondrial membrane, should no longer be considered
as initial limitations for their thermal tolerance.

Regarding oxygen transport, even if the high efficiency
of the open tracheal system in terrestrial insects can guar-
antee sufficient oxygen supplement at relatively high tem-
peratures, the intracellular transport of oxygen may be
limited. Clearly, intracellular globins exist in many in-
sects and may act as respiratory proteins to optimize oxy-
gen utilization under different ambient conditions, such
as hypoxia (Hankeln et al., 2002; Burmester & Hankeln,
2007; Gleixner et al., 2008). In addition to simple dif-
fusion, oxygen utilization in insect mitochondria may
depend on hemoglobin-mediated oxygen transport and
storage (Gleixner et al., 2008), which are particularly
important for species living under hypoxic conditions,
such as the back swimmer (Anisops deanei) (Wawrowski
et al., 2012). Existing research indicates that the increased
oxygen-binding affinity of mutated globin is an impor-
tant basis for adaptation to high-altitude areas in both

ectotherms and homotherms (Jessen et al., 1991; Storz
et al., 2007; Andersen et al., 2009). The oxygen-binding
affinity of globin in poikilothermic organisms is sensitive
to temperature change, particularly in those adapted to
cold conditions (Brix et al., 2004; Andersen et al., 2009),
and increasing the temperature leads to decreased oxygen
affinity (di Prisco et al., 1991). Therefore, for alpine-
dwelling ghost moths, it may be the respiratory proteins
that limited oxygen transport and then influenced oxy-
gen metabolism and heat intolerance. Although this study
showed the increased transcription of the globin gene in
stressed larvae, further studies are needed to support this
speculation.

The incapacity of oxygen metabolism in heat-stressed
ghost moths raises an interesting question, whether ambi-
ent oxygen levels affect their thermal tolerance. This ques-
tion is addressed by the oxygen and capacity-limited ther-
mal tolerance (OCLTT) hypothesis, which suggests that
a mismatch between oxygen availability and metabolic
demands during heating constrains the thermal tolerance
of organisms (Pörtner, 2001, 2006; Pörtner & Peck, 2010;
Schröer et al., 2011; Pörtner et al., 2017). A frequently
used criterion for OCLTT is whether a positive correla-
tion exists between ambient oxygen levels and CTmax. In
recent years, the applicability of OCLTT was extended
from marine organisms to aquatic insects, embryos and
aquatic stages of terrestrial insects (Woods, 2004; Verberk
et al., 2013, 2016; Verberk & Bilton, 2015). However, it
is controversial whether oxygen availability is also a ther-
mal limitation in terrestrial insects with tracheal systems
(Klok et al., 2004; Stevens et al., 2010; Boardman &
Terblanche, 2015; Verberk et al., 2016), as no signifi-
cant correlation between oxygen levels and CTmax were
observed in most studied terrestrial insects. A correla-
tion between hypoxia tolerance and heat tolerance did
occur in Drosophila melanogaster in either oxygen par-
tial pressure less than half of typical atmospheric levels
(Lighton, 2007) or higher metabolically expensive flying
activities (Teague et al., 2017), suggesting that oxygen
limitation may explain heat stress in terrestrial insects
under certain circumstances. Is it possible for alpine hy-
poxia dwelling insects to fit in this hypothesis in a cer-
tain manner? This question is meaningful. Although no
direct evidence has been provided to support the appli-
cability of OCLTT in terrestrial insects, our results sug-
gested an association between oxygen metabolism and
heat susceptibility, which in some respects, is inconsis-
tent with the OCLTT hypothesis. As a shift from aer-
obic to anaerobic metabolism could support the energy
metabolism and basic motor ability for more than 24 h in
ghost moths, the temperature of anaerobic metabolism
onset should be lower than CTmax, at which point
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organisms lose their motor ability or normal respirometry
trace, based on CO2 release (Klok et al., 2004; Stevens
et al., 2010; Rizzo et al., 2015). This point may be signifi-
cant for the OCLTT tests based on an association between
CTmax and ambient oxygen levels, as such an association
may be masked by anaerobic metabolism. For example, a
significant decrement in CTmax may not be expected under
hypoxia if anaerobic metabolism is dominating and able to
compensate the reduced capacity of aerobic metabolism,
unless the reduction exceeds the compensation capacity
(i.e., extremely low oxygen pressure). A significant in-
crement in CTmax may not be expected under hyperoxia
if anaerobic metabolism is dominating at temperatures
around CTmax, as the gain in aerobic metabolism, facili-
tated by an increment in oxygen levels, may hardly offset
the exponentially increasing metabolic requirements with
temperature in organisms (i.e., terrestrial insects) in which
CTmax exceed 45 °C, which suggests that more details
at the metabolic level should be considered when con-
cluding against OCLTT through CTmax tests in terrestrial
insects.

It is necessary to test the influence of ambient oxy-
gen levels on heat tolerance of ghost moths in further
studies. Such testing may reveal the possibility of main-
taining ghost moth populations at higher temperatures.
Theoretically, it may provide more solid information to-
ward the OCLTT hypothesis in terrestrial insects living
in an alpine hypoxia environment. Furthermore, a posi-
tive answer may have significance in the field of resource
and ecological conservation because it would imply that
insects living at higher altitudes, where the oxygen con-
tent is lower, could be more sensitive to global warming.
Overall, our study suggested that the capacity for oxy-
gen metabolism is decreased at higher temperatures and
is responsible for the heat susceptibility of ghost moths.
These results provide clues and directions for further stud-
ies on the heat stress mechanism of this alpine insect and
the methods of making this insect better acclimated to
heat.

Conclusion

According to our results, limited capacity for oxygen
metabolism is the primary reason for the susceptibility of
T. xiaojinensis larvae to exposure to 27 °C and depressed
the overall intensity of aerobic metabolism, including the
TCA cycle and oxidation of fatty acids. Larvae met their
energetic needs using less efficient anaerobic glycolysis.
After the carbohydrate supply became limited, the condi-
tion of the larvae became more serious and potentially led
to the appearance of intolerance phenomena. Along with

this process, the homeostasis of pH and redox was likely
disrupted by the accumulation of metabolic intermedi-
ates or derivatives, which in combination with an energy
shortage, likely drove T. xiaojinensis larvae to intolerance
and then death. This study presented a comprehensive
metabolic explanation for the heat susceptibility of ghost
moths at a critical temperature (27 °C), narrowed the scope
of candidate genes responsible for heat intolerance in the
ghost moth, and identified candidate genes with the po-
tential for genetic manipulation to cultivate heat-tolerant
ghost moths.
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