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Abstract: High carbon dioxide concentrations can effectively control most storage pests. To estimate
the toxicity effect of high concentrations of CO2, four different concentrations of CO2 (25% CO2,
50% CO2, 75% CO2, and 95% CO2) were used to treat Tribolium castaneum, and the biochemical
(carbohydrate content and gene expression level) and physiological (mortality, pupation, eclosion
rate, and weight) features of insects submitted to different treatments with CO2 were evaluated.
The T. castaneum mortality rate was 50% in approximately 2 days when exposed to a treatment
with 95% CO2. When the CO2 concentration exceeded 75%, the pupation rate and eclosion rate of
T. castaneum seriously declined. Higher than 25% CO2 concentrations resulted in a lower weight and
shrunken body size of T. castaneum. It was further found that different CO2 concentration treatments
all influenced the levels of the three carbohydrate contents in T. castaneum. In addition, according
to the detection of trehalose metabolism pathway-related genes, T. castaneum mainly responds to
stress factors via high expression of TPS, TRE1-2, and TRE1-3. Our results enrich the evaluation of
the toxicity effect of CO2 treatment on grain storage pests, providing a basis for further improving
the method of regulating grain storage to control insect pests.

Keywords: Tribolium castaneum; high CO2 regulation treatment; endogenous metabolism; trehalose
metabolism; insulin signaling pathway

1. Introduction

Red flour beetle, Tribolium castaneum (Herbst), belonging to the order Coleoptera, is a
worldwide grain storage pest [1,2] with a high population growth potential [3]. It feeds
on the germ and endosperm of grain kernels and causes damage by contaminating grains
through body parts and feces. Once infestation levels are high, its glands secrete a fluid that
produces a musty odor carcinogen, benzoquinone, making the grain unfit for consump-
tion [4,5]. Pest control strategies for grain storage rely heavily on fumigation, insecticide
spraying, or other chemical treatments, and insecticide-impregnated anoxic multilayer bags
are a new and promising method for the low-cost and safe-sealed storage of grains [6–9].
In addition, nonchemical pest control methods, including low storage temperatures and
entomopathogenic fungi, can also prevent the development of stored product pests [10,11].
However, this insect has already shown capacities for developing insecticide resistance,
even to the entomopathogenic fungus Beauveria bassiana (Balsamo) [11–15]. Therefore,
the development of more specific and less environmentally harmful control methods is
particularly urgent to tackle this widespread insect pest.
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Ambient atmosphere consists of approximately 79% N2, 20–21% O2, and 0.04% CO2 [16],
normal O2 concentration can maintain a level sufficient for insect development, whereas
an environment in which the oxygen or carbon dioxide concentration in an ecosystem is
lower or higher than the atmospheric concentration is defined as a hypoxic (low O2) or
hypercapnic (high CO2) environment. Low-oxygen technology with high concentrations
of CO2 and N2 has been applied for many years in the management of grain storage
pests [17,18]. This method stores grain in an airtight environment, changing the ratio of
gas components in the grain pile by natural or artificial means to achieve conditions of low
oxygen, high nitrogen, or high carbon dioxide, inhibiting the respiration of grain pests and
microorganisms and the intensity of their metabolic activities, creating an unfavorable en-
vironment for the growth of insects and microorganisms, which is beneficial in promoting
safe grain storage. Removing oxygen or adding, N2 or CO2 can produce an environment
of lower oxygen concentration, in which insects tend to reduce energy consumption by
regulating their metabolic rate to cope with the unfavorable environment, whereby the
lack of oxygen inevitably leads to inhibition of aerobic respiration and insufficient energy
supply, resulting in increased cellular function and even death [19]. With the increase in
hypoxia stress, insects adopt different coping or response strategies: (1) under low hypoxia,
insects respond by tracheal dilation, reduced feeding, pseudo-death, or even escape [20,21];
(2) under moderate hypoxia, the respiratory metabolism rate of insects is increased, the
tracheal cells are increased, and the hypoxia-inducible factor (HIF) transcription regulation
system is directly activated in response [19,22,23]; and (3) under high levels of hypoxia,
insects regulate energy pathways, such as gluconeogenesis, to reduce energy expendi-
ture [24]. Increased metabolites are mainly carbohydrates, amino acids, and organic acids
because of hypoxia, while free fatty acids are decreased [25].

In addition, high CO2 concentrations may cause a decrease in pH in insects, caus-
ing damage to the membrane and cellular functions of insects. Meanwhile, a lower pH
can also denature enzymes, including antioxidant enzymes required for low-temperature
resistance, especially in the absence of additional heat shock proteins (HSPs) as chaper-
ones [16]. Furthermore, high concentrations of CO2 contribute to a decrease in NADPH,
which inhibits glutathione production [26]. NADPH and glutathione are involved in pre-
venting the toxicity of reactive oxygen species, while NADPH also facilitates cholesterol
synthesis, lipid synthesis, and fatty acid chain extension [27,28]. Moreover, high levels of
CO2 are commonly used as anesthetics for insect treatments. In Drosophila melanogaster
(Meigen) larvae with intact stomata, high CO2 caused cardiac arrest and blockage of the
synaptic transmission at the neuromuscular junction by reducing the number of glutamate
receptors [29].

These studies corroborate the fact that the efficiency of pest control can be improved by
elevating the CO2 concentration. However, only a few studies have focused on the influence
of hypoxia on the different developmental stages of T. castaneum [30–32]. In this research,
we investigated the toxicity of four different CO2 concentrations on the eighth-instar larvae
of T. castaneum, with the objective of providing a reference for further improvement of
air-regulated grain storage methods for pest control.

2. Materials and Methods
2.1. Insect Rearing

Tribolium castaneum (Herbst), originating from the Xingyi National Grain Reserve
Storage, was continuously bred in the laboratory on whole wheat flour containing 5% yeast
in an incubator at 29 ± 1 ◦C and 65% relative humidity, with a 0:24 LD photoperiod.

2.2. CO2 Treatments

Referring to Pan et al. [33], the 50 eighth-instar larvae (late instar) were placed in a
glass bottle before adding 0.05 g of whole wheat flour containing 5% yeast as feed. The
bottle was covered and sealed with a rubber plug before introducing a set concentration of
CO2 gas (Jingong Special Gas Co., Ltd., Hangzhou, China) through the gas mixer with a
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catheter, and then stopping the ventilation when the CO2 concentration ratio reached the
required level. CO2 concentrations were measured using a SKY2000-CO2-Q Carbon Dioxide
Detector (Yuante Technology, Shenzhen, China). The inlet and outlet of the glass bottle
were docked and placed in an artificial climate chamber at 65% ± 5% relative humidity
and 29 ± 1 ◦C temperature. Four different high CO2 concentrations were designed as the
treatment, while normal air was used as a control in this study. Air treatment for 48 h was
labeled as the CK group; 25% CO2 + 75% air treatment for 48 h was labeled as the TA group;
50% CO2 + 50% air treatment for 48 h was labeled as the TB group; 75% CO2 + 25% air
treatment for 48 h was labeled as the TC group; and 95% CO2 + 5% air treatment for 48 h
was labeled as the TD group. These treatments were repeated three times.

Mortality was recorded at 24 h intervals until all test insects became adults or died.
When the test insects underwent pupation or eclosion, the pupation rate and the eclosion
rate were recorded. According to the mortality statistics, the mortality rate was about 50%
at 5% air + 95% CO2 treatment for 48 h, which ensured the collection of insects collected;
hence, we chose these samples for follow-up experiments.

Larvae in the TD treatment were collected with the objective of assaying carbohydrate
content, enzyme activity, and gene expression levels. A total of 20 larvae were used for
carbohydrate content and enzyme activity determination, and 10 larvae were collected
to detect gene expression levels with three biological replicates. Furthermore, 20 larvae
were collected for weighing, and 5 larvae were randomly collected from each of three
replicates for phenotype photographing. If the test larvae were removed from the treated
environment for 5 h and did not move after stimulation with a bristle brush, they were
considered dead.

2.3. RNA Extraction and cDNA Synthesis

Total RNA was extracted using the TRIzol (Invitrogen, Carlsbad, CA, USA) method
with RNase-free imported Eppendorf tubes (EP tubes) and tips, following the manu-
facturer’s instructions. The integrity of the extracted total RNA was determined using
1% agarose gel electrophoresis, and the concentration and purity of the RNA were deter-
mined using a NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). Purified RNA was kept in a −80 ◦C refrigerator for subsequent experiments.

First-strand complementary DNA (cDNA) synthesis was performed using the Prime-
Script® RT reagent kit using a gDNA Eraser (Takara, Kyoto, Japan) following the manufac-
turer’s instructions, and the product was stored at −20 ◦C.

2.4. Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)

Primer 5 software was used to design qPCR primers according to the known coding
sequences of genes related to the trehalose metabolism pathway and insulin metabolism
pathway of T. castaneum. The RPL13a gene [34] of T. castaneum was selected as the internal
reference gene (Table 1) and synthesized by Hangzhou Shangya Biotechnology Co., Ltd.
After qRT-PCR amplification, the dissolution curve was plotted to ensure the specificity of
each primer. The expression of relevant genes was detected using SYBR Green Master Mix
(SYBR Green Premix Ex Taq, Takara, Japan) in a Bio-Rad CFX96™ Real-Time PCR Detection
System (Bio-Rad Laboratories Inc., Hercules, CA, USA). Each PCR was performed in a
volume of 10 µL with 1 µL of cDNA, 0.4 µL (10 µM) of each primer, 3.2 µL of ultrapure
water, and 5 µL of SYBR buffer.
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Table 1. Primers used for RT-qPCR.

Gene Name GenBank Number Forward Primer (5′-3′) Reverse Primer (5′-3′) Length (bp)

QTcRPL13a [34] XM_969211 ACCATATGACCGCAGGAAAC GGAAACCTTGTTACGACTT
QTcTre1-1 XM_968798 AACGACTCGCAATGGCTGG CGGAGGCGTAGTGGAATAGAG 127
QTcTre1-2 XM 968883 GTGCCCAATGGGTTTATCG CAACCACAACACTTCCTTCG 261
QTcTre1-3 XM_968859 CCTCTCATTCGTCACAAGCG AAGCGTTTGATTTCTTTGCG 205
QTcTre1-4 XM_968826 ACGGTGCCCGCATCTACTA GTGTAGGTGGTCCCGTTCTTG 187
QTcTre2 EFA11183 CTCAGCCTGGCCCTTAGTTG GGAGTCCTCGTAGATGCGTT 120
QTcTPS XM_970683 CGATTCGTACTACAACGGCTGC GTGGTGTAGCATTGCCAGTGC 105
QtcInR1 KF922648.1 CGGCCGTCTAACACTTACGT GCAGGGTCATACACTTCGGC 601
QtcInR2 KF922649.1 GGGCTGCAAACAGTTGTGTT AAGTGCCGTTCAGCATCGTC 287
QTcIlp1 EFA02918.1 TTACGTCTGGTCTTCACCGCACAT TGGTTGGGTTTGGATTCGGAGAGT 97
QTcIlp2 EFA02796.2 TGGCCGGAATACACACTTGTAGGA TCTTCTTCCGCAGTAGACCGCTTT 152
QTcIlp3 EEZ99258.2 AAAGTCTGCTTCACCTTGCTCCTC AATAGCGCACAGTTCGGTGAGAGT 143
QTcIlp4 KYB29166.1 TCGGAGAAGCGACCAAAGCTACAA TCTGAAGTGATAGAAGCGCCAGCA 131

The reaction conditions were as follows: preincubation at 95 ◦C for 2 min, 39 cycles
at 95 ◦C for 5 s and annealing at 59 ◦C for 30 s, and heat treatment at 65–95 ◦C. The data
obtained were analyzed using the 2−∆∆CT method [35].

2.5. Determination of Carbohydrate Content and Enzyme Activity

Referring to the method of Zhang et al. [36], 15 individual samples after treatment
were placed in an Eppendorf tube (EP tube); 200 µL of PBS was added, and the samples
were fully ground with a grinding rod and then homogenized using an ultrasonic crusher.
Next 800 µL of PBS was added after crushing, and the samples were centrifuged at 4 ◦C
for 20 min at 1000× g. Then 350 µL of supernatant was ultracentrifuged at 4 ◦C for 1 h at
20,800× g. The supernatant after ultracentrifugation was used for the determination of
protein content, glucose concentration, and soluble trehalase enzyme activity, while the
precipitate was suspended in PBS for the determination of protein, glucose concentration,
and membrane-bound trehalase enzyme activity. The glycogen, glucose, soluble trehalose,
and membrane-bound trehalose levels were determined using a glucose (GO) Assay Kit
(Sigma-Aldrich, Sy. Louis, MO, USA) and measured at an absorbance of 540 nm. A BCA
Protein Assay Kit (Beyotime, China) was used to determine the protein concentration
and was measured at an absorbance of 562 nm. The anthrone method was used to detect
trehalose content and was measured at an absorbance of 630 nm.

2.6. Statistical Analyses

The obtained data were analyzed for significant differences using IBM SPSS Statistics
20 data analysis software. Least significant difference (LSD) tests in one-way analysis of
variance (ANOVA) were used to compare the differences among more than two samples
(different letters indicate significant differences between values, i.e., p < 0.05), while Stu-
dent’s t-test was used to compare the differences between two groups (* p < 0.05, ** p < 0.01).
Finally, the analyzed data were presented in graphical form using Sigma Plot 10.0 software
and Excel, where all bars represent the mean ± SE (standard error).

3. Results
3.1. Mortality, Pupation Rate, and Eclosion Rate of T. castaneum under Different CO2 Concentrations

The mortality rate of T. castaneum tended to increase after different high concentrations
of CO2 treatment compared to the CK group, with 75% CO2 reaching 50% lethality at about
2.5 days and 95% CO2 reaching 50% lethality at about 2 days (Figure 1A). Approximately
100% lethality was achieved after treatment with 50%, 75%, and 95% CO2 for 14 days,
5 days, and 4 days, respectively (Figure 1A). We found that neither 75% nor 95% CO2
resulted in successful pupation of T. castaneum larvae, whereas about 13.7% of T. castaneum
larvae could pupate successfully after 50% CO2 treatment (Figure 1B), but almost all of these
pupae failed to fledge successfully (Figure 1C). After treatment with 25% CO2, 78.9% of the
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larvae successfully pupated (Figure 1B), but only about 63.3% of the larvae successfully
underwent eclosion (Figure 1C).
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Figure 1. (A) Mortality rate, (B) pupation rate, and (C) eclosion rate of T. castaneum treated with different
concentrations of carbon dioxide, represented by CK, TA, TB, TC, and TD. CK, treated with air; TA, treated
with 25% CO2 + 75% air; TB, treated with 50% CO2 + 50% air; TC, treated with 75% CO2 + 25% air; TD,
treated with 95% CO2 + 5% air. The same is true below. Pupation rate = (pupae number/eighth-instar
larval number)× 100%. Eclosion rate = (number of adults/pupal number)× 100%. Red * represented
the time of 50% mortality rate in 95% CO2.

3.2. Changes in Body Weight and Morphological Features of T. castaneum under Different
Concentrations of CO2

As shown in Figure 2, compared to the CK group, after 48 h of treatment with differ-
ent high CO2 levels, the body weight of T. castaneum decreased significantly in all cases
(Figure 2A) in a concentration-dependent manner (Figure 2B).
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Figure 2. (A) Body weight and (B) morphological changes in T. castaneum treated with different
concentrations of high carbon dioxide. A total of 20 larvae were collected for weighing, and 5 larvae
were randomly collected for phenotype photographing. Weighting was repeated three times. A
one-way analysis of variance (ANOVA) was performed to test for statistical significance. Dates
are presented as the means ± SE; different letters indicate significant differences between values
(p < 0.05).

3.3. Changes in Carbohydrate Content and Enzymatic Activity in T. castaneum under Different
Concentrations of CO2

After different high CO2 treatments, the trehalose content in T. castaneum did not show
significant changes, except for a significant decrease after 75% CO2 treatment compared
to the CK group (Figure 3A). While glycogen increased after 50% CO2 treatment and
showed a significant decrease after 95% CO2 treatment, no significant changes occurred
at the remaining high CO2 concentrations (Figure 3B). In addition, the glucose content
did not change significantly after 50% CO2 treatment but showed extremely significant
reductions at all other high CO2 treatments (Figure 3C). The membrane-bound trehalase
activity increased significantly after all four different high CO2 treatments (Figure 4B),
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while the soluble trehalase activity increased significantly after exposure to 50% CO2 and
75% CO2 treatments, with no significant changes at the other concentrations (Figure 4A).
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Figure 3. Changes in the three carbohydrates in T. castaneum treated with different CO2 concentrations,
represented by CK, TA, TB, TC, and TD. (A) trehalose content; (B) glycogen content; (C) glucose
content. CK, treated with air for 48 h; TA, treated with 25% CO2 + 75% air for 48 h; TB, treated
with 50% CO2 + 50% air for 48 h; TC, treated with 75% CO2 + 25% air for 48 h; TD, treated with
95% CO2 + 5% air for 48 h. * p < 0.05, ** p < 0.01, according to Student’s t-test.
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Figure 4. Changes in the trehalase activity of T. castaneum treated with different concentrations of high
carbon dioxide represented CK, TA, TB, TC, and TD. (A) soluble trehalase activity; (B) membrane-
bound trehalase activity. CK, treated with air for 48 h; TA, treated with 25% CO2 + 75% air for 48 h;
TB, treated with 50% CO2 + 50% air for 48 h; TC, treated with 75% CO2 + 25% air for 48 h; TD, treated
with 95% CO2 + 5% air for 48 h. * p < 0.05, ** p < 0.01, according to Student’s t-test.

3.4. Expression of Trehalose Metabolism Pathway Genes in T. castaneum under Different CO2
Concentrations

Compared with the control group, TPS, TRE1-2, and TRE1-3 displayed significantly
higher levels of expression after 48 h of CO2 treatment (Figure 5A,C,D). In contrast, the
expression of TRE1-1 was significantly increased under 25% CO2 treatment but decreased
under 75% CO2 and 95% CO2 treatment (Figure 5B). TRE1-4 expression was significantly
decreased under all CO2 concentrations except for the 95% CO2 treatment (Figure 5E). In
contrast to CK, TRE2 expression was significantly decreased under 25% CO2 and 50% CO2
treatment, while its expression was significantly increased under 95% CO2 treatment
(Figure 5F).
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Figure 5. Relative expression levels of key genes in the trehalose metabolic pathway ((A) TcTPS;
(B) TcTRE1-1; (C) TcTRE1-2; (D) TcTRE1-3; (E) TcTRE1-4; (F) TcTRE2) in T. castaneum treated with
different concentrations of carbon dioxide for 48 h, represented by CK, TA, TB, TC, and TD. CK, treated
with air for 48 h; TA, treated with 25% CO2 + 75% air for 48 h; TB, treated with 50% CO2 + 50% air
for 48 h; TC, treated with 75% CO2 + 25% air for 48 h; TD, treated with 95% CO2 + 5% air for 48 h.
TPS, trehalose-6-phosphate synthase; TRE1, soluble trehalase, including TRE1-1, TRE1-2, TRE1-3 and
TRE1-4; TRE2, membrane-bound trehalases. * p < 0.05, ** p < 0.01, according to Student’s t-test.

3.5. Gene Expression of Insulin Signaling Pathway Genes in T. castaneum under Different
Concentrations of CO2

The gene expression level of InR1 in T. castaneum was significantly increased under the
25% and 50% CO2 treatments at 48 h (Figure 6A). There was no significant response to InR2
under all treatments (Figure 6B). Ilp1 was significantly upregulated under 50% and 95% CO2
treatments, while Ilp2 was significantly upregulated under 25% CO2 treatment, and Ilp3
was significantly upregulated under 25% and 50% CO2 treatments, no significant changes
were observed at the remaining concentrations (Figure 6C–E). Additionally, Ilp4 expression
was significantly downregulated under the 25% and 50% CO2 treatments (Figure 6F).
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Figure 6. Relative expression levels of genes related to the insulin signaling pathway ((A) TcInR1;
(B) TcInR2; (C) TcIlp1; (D) TcIlp2; (E) TcIlp3; (F) TcIlp4) in T. castaneum after 48 h of treatment with
different concentrations of carbon dioxide, represented by CK, TA, TB, TC, and TD. CK, treated with
air for 48 h; TA, treated with 25% CO2 + 75% air for 48 h; TB, treated with 50% CO2 + 50% air for
48 h; TC, treated with 75% CO2 + 25% air for 48 h; TD, treated with 95% CO2 + 5% air for 48 h. InR,
insulin-like reporter gene, included InR1 and InR2; Ilp, insulin-like gene, including Ilp1, Ilp2, Ilp3, and
Ilp4. * p < 0.05, ** p < 0.01, according to Student’s t-test.

4. Discussion

Typically, an environment in which the oxygen concentration in an ecosystem is lower
than the atmospheric oxygen concentration (20.94%) is defined as a hypoxic environment.
Insects developing underwater, in high-altitude hypoxic areas, and in microenvironments
such as animals, grains, manure, carrion, and trees, as well as insect burrows that ex-
perience flooding and insects that escape predators into water, are exposed to hypoxic
stress [37]. Hypoxic stress affects insects differently; for example, as oxygen levels decrease,
the body size of insects decreases [38]. In Callosobruchus maculatus, older larvae could
endure CO2 treatment (18%) for a long time (20 days) before resuming their growth upon
rediscovering a normoxic environment [39]. In our study, we found a reduction in body
weight and body size under different high CO2 conditions (Figure 2); we suspect that this
is an adaptation to hypoxia/hypercarbia. Studies have reported that the adults, pupae, and
larvae of T. castaneum died after 1.2, 6.4, and 3.3 days of treatment with up to 99% CO2 [40],
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despite the larvae and pupae of most storage pests being resistant to high CO2 [1,41].
In this experiment, four different concentrations of CO2 were used to treat eighth-instar
T. castaneum, and the results showed that the 50% mortality time of 75% CO2 larvae of
T. castaneum was approximately 6 days, while that of 95% CO2-treated larvae was only
approximately 3 days, similar to the results of Husain et al. [35]. It was revealed that with
the increase in concentration, the mortality rate of T. castaneum increased gradually. The
larvae were unable to pupate successfully after treatment with more than 75% CO2, while
the pupae were unable to fledge after treatment with more than 50% CO2 (Figure 1). High
CO2 stress causes hypoxia, which directly limits the energy supply and causes free-radical
damage, leading to insect death [19,42]; this may be the reason for the high mortality rate
and dysgenopathy of T. castaneum (Figure 2).

The lethal effect of 95% CO2 concentration was significant, with a 50% mortality time
of approximately 2 days; accordingly, 95% CO2 treatment for 48 h was chosen for further
evaluation. Trehalose is the blood carbohydrate of insects and a stress metabolite whose
levels can vary with environmental conditions [43]. Trehalose can be used not only as an en-
ergy source but also as a chemical chaperone or metabolic regulator to protect insects from
stress [44,45]. Glycogen is an important metabolic and energy storage substance [40,41],
mainly synthesized and stored in the fat body, and it can be rapidly converted in trehalose
and glucose into other tissues when insects require energy [46]. In T. castaneum treated
with four different concentrations of CO2, we found that glucose decreased significantly
at 25% CO2, suggesting that glucose was fully utilized as a stressor to adapt to adver-
sity at this concentration (Figure 3B). T. castaneum may accumulate glycogen to deal with
adversity under 50% CO2, explaining its long tolerance time (17 days, Figure 1A). At
75% CO2 and 95% CO2, it is possible that glucose was fully called upon to cope with the
hypoxic/hypercarbic environment (Figure 3C). The trehalase activity assay showed that
soluble trehalase activity did not change significantly under hypoxia, whereas membrane-
bound trehalase activity showed a significant increase (Figure 4). Cheng et al. [39] suggested
that, in states of hypoxia/hypercarbia, CO2 may somehow encourage metabolic recovery
and promote the development of insects. Membrane-bound trehalase is mainly present in
muscle [47], suggesting the insect’s mechanism for coping with high CO2 stress. Further
examination of the expression of genes related to the trehalose metabolic pathway revealed
that TPS, TRE1-2, and TRE1-3 were significantly overexpressed. In Drosophila, overexpres-
sion of TPS was found to increase trehalose levels and tolerance to hypoxia [48]; hence, we
speculate that T. castaneum primarily responds to adversity through high expression of TPS,
TRE1-2, and TRE1-3.

The insulin signaling pathway is an evolutionarily conserved pathway in which multi-
ple insulin-like peptides (ILPs) bind to corresponding insulin receptors (InRs) to regulate
the physiological activities of different tissues and “cooperate” with other pathways to
regulate individual behavior, and it has an essential role in various physiological processes,
such as material metabolism, glucose metabolism, energy metabolism, growth, and devel-
opment, reproduction, and resistance in insects [49–51]. More importantly, insects have the
ability to regulate glucose and lipid metabolism through the PI3K/Akt pathway in response
to adverse environments, such as hypoxia [49]. Recent genome-wide resequencing and
transcriptional analysis of Tibetan and low-altitude locust populations revealed that the in-
sulin receptor inhibitor tyrosine protein phosphatase non-receptor type 1 (PTP1B), encoded
by PTPN1, contributes to the maintenance of homeostasis of carbohydrate and energy
metabolism under hypoxic conditions by regulating the activity of the insulin/insulin-like
growth peptide signaling pathway (IIS) in Tibetan locusts after mutation or loss of function.
A novel mechanism for the metabolic adaptation of insects to high-altitude hypoxia was
revealed [50]. Consequently, this study also examined the expression of genes related to
the insulin metabolic pathway in T. castaneum, and we found that the insulin receptor
and insulin-like peptide genes did not respond strongly under high CO2 conditions, but
did respond under 25% and 50% CO2 (Figure 6). We speculate that the insulin signaling
pathway primarily helps T. castaneum adapt to the adverse environment at lower CO2
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concentrations, while other signaling pathways may play a pivotal role at higher CO2
concentrations, which remains to be further explored.

In the current study, mortality increased with CO2 concentrations, and T. castaneum was
mainly adjusted to a high-CO2 environment via a reduction in body size or reducing energy
consumption by regulating trehalose metabolism. There were different stress metabolic
reactions under different CO2 concentrations. Under 25% and 50% CO2, T. castaneum
mainly responds to stress via the insulin signaling pathway, whereas under 75% and
95% CO2, T. castaneum may respond mainly to stress via the trehalose metabolism pathway.
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