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Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a key enzyme in

glycolysis, is commonly used as an internal reference gene in humans, mice,

and insects. However, the function of GAPDH in insect development, especially

in metamorphosis, has not been reported. In the present study, Helicoverpa

armigera and Spodoptera frugiperda ovarian cell lines (Sf9 cells) were used as

materials to study the function and molecular mechanism of GAPDH in larval

metamorphosis. The results showed thatHaGAPDHwasmore closely related to

GAPDH of S. frugiperda and Spodoptera litura. The transcript peaks of

HaGAPDH in sixth instar larvae were 6L-3 (epidermal and midgut) and 6L-1

(fat body) days, and 20E and methoprene significantly upregulated the

transcripts of HaGAPDH of larvae in qRT-PCR. HaGAPDH–GFP–His was

specifically localized in mitochondria in Sf9 cells. Knockdown of HaGAPDH

by RNA interference (RNAi) in sixth instar larvae resulted in weight loss,

increased mortality, and decreases in the pupation rate and emergence

rates. HaGAPDH is directly bound to soluble trehalase (HaTreh1) physically

and under 20E treatment in yeast two-hybrid, coimmunoprecipitation, and

colocalization experiments. In addition, knockdown ofHaGAPDH increased the

Treh1 activity, which in turn decreased the trehalose content but increased the

glucose content in larvae. Therefore, these data demonstrated that GAPDH

controlled the glucose content within the normal range to ensure glucose

metabolism and metamorphosis by directly binding with HaTreh1.
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1 Introduction

The best-known function of glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) is serving as the housekeeping gene.

GAPDH is widely used as an internal reference in real-time PCR

and Western blot (Chapman and Waldenstrom, 2015; Nie et al.,

2017). In fact, GAPDH catalyzes glyceraldehyde-3-phosphate to

1,3-bisphosphoglycerate (1,3-BPG), the first reaction that

consumes some energy in glucose after several steps without

energy production in glycolysis (Yang et al., 2018). Therefore, the

multifunctional enzyme GAPDH acts as the key enzyme in

glycolysis and the center of glucose metabolism (Kornberg

et al., 2018).

In humans, GAPDH has been shown to be involved in a

variety of pathologies, such as diabetes (Yego and Mohr 2010)

and several types of cancer (Zhou et al., 2008; Colell et al.,

2009). For instance, Müller cells are a crucial component of

the retinal tissue and maintain the blood–retinal barrier, and

diabetes usually caused the loss of Müller cells. In the diabetic

retina of rats, nuclear accumulation of GAPDH caused the loss

of Müller cells (Kusner et al., 2004). GAPDH is also

considered a new potential therapeutic target for cardiac

disease states characterized by oxidative stress. Knockdown

of GAPDH by siRNA in the H9C2 cardiomyoblasts decreased

oxidant stress and cell apoptosis, enhanced autophagy in

rotenone-induced H9C2 cells, increased antioxidant

pathways, and preserved cell energy (Liang et al., 2015).

Colony-stimulating factor 1 (CSF1), a macrophage

cytokine, is strongly correlated with poor prognosis in

ovarian cancer patients. Also, serum CSF-1 was used as a

sensitive tumor marker, its elevated levels heralding disease

recurrence or progression. In the human ovarian surface

epithelial cell line, GAPDH stabilized the transcript and

enhanced CSF1 protein levels by binding to CSF1 mRNA.

The half-lives of CSF-1 mRNA were decreased by 50% in the

presence of GAPDH siRNA (Zhou et al., 2008).

Research studies on GAPDH in insects are less than those

of humans and mice. In insects, GAPDH is almost used as the

reference gene. GAPDH was the development stage reference

gene in Rhopalosiphum padi (Li et al., 2021), the tissue

reference gene in Lymantria dispar (Yin et al., 2020), the

reference gene in Apolygus lucorum for different sexes and

entomopathogen infection studies (Luo et al., 2020), and the

development profile study reference gene in Tuta absoluta

(Yan et al., 2021). In Helicoverpa armigera, GAPDH was used

as the reference gene for nuclear polyhedrosis viral infection

(Zhang et al., 2015). In insects, GAPDH has other functions in

addition to the reference gene. In Laodelphax striatellus,

GAPDH is involved in resistance to autophagy induced by

rice black-streaked dwarf virus (RBSDV) infection. RBSDV

interacts with LsGAPDH in vivo and in vitro. Knockdown of

LsGAPDH significantly reduces RBSDV infection-induced

autophagy. RBSDV promotes the phosphorylation of

AMPK and then leads to the phosphorylation and

translocation of GAPDH from the cytoplasm to the

nucleus, and phosphorylated GAPDH activates autophagy

to inhibit RBSDV infection (Wang et al., 2022). Bisphenol

S (BPS) is the industrial alternative to the endocrine disruptor

bisphenol A (BPA).

Glycolysis starts with glucose (Zhong et al., 2018). In insects,

trehalose is the blood sugar (Tatun N et al., 2008). The hydrolysis

of trehalose to glucose, which is catalyzed by trehalase (Treh), is

necessary for insect life activities. As the only known enzyme that

irreversibly decomposes trehalose into glucose, Treh has two

forms including soluble trehalase (soluble trehalase, Treh1) and

membrane-bound trehalase (membrane-bound trehalase,

Treh2), which are mainly classified by the transmembrane

structure at the C-terminus (Shukla et al., 2015). Treh1 is

crucial for insects. In the larvae midgut of Omphisa

fuscidentalis, the Treh1 activity accounts for most of the total

Treh activity, and 20-hydroxyecdysone (20E) increases

Treh1 transcripts and the enzymatic activity, thus ensuring

the normal development of the larvae (Tatun et al., 2008). In

Spodoptera exigua, dsTreh1-injected larvae had a 50% mortality

rate and molting failure (Chen et al., 2010). Knockdown of

NlTreh1 in N. lugens caused larval abnormities in molting and

wings (Tang et al., 2017). In Tribolium castaneum, RNAi of

Treh1a resulted in a mortality rate of up to 30% (Tang et al.,

2016). In Leptinotarsa decemlineata, RNAi of Treh1a induced a

mortality rate of up to 80% (Shi et al., 2016). In H. armigera,

knockdown of Treh1 in the larvae led to weight loss andmortality

increased. 20E enhanced the direct binding of HaTreh1 to

HaATPs-α and controlled the production of ATP, thus

affecting the growth and development of larvae (Chang et al.,

2022).

In our previous study, HaGAPDH was identified as a

HaTreh1-binding protein by a yeast two-hybrid (Y2H)

screening library experiment (Chang et al., 2022).

Considering the key roles of HaTreh1 in molting and

metamorphosis of H. armigera, HaGAPDH in glycolysis,

and HaTreh1 in glucose production, we proposed the

following questions, what is the relationship between these

two enzymes HaTreh1 and HaGAPDH? In addition to serving

as an internal reference gene in H. armigera larvae, does

GAPDH have other functions, and is it involved in larvae

metamorphosis similar to HaTreh1? To answer the

aforementioned scientific questions, quantitative real-time

PCR (qRT-PCR) was performed to study the expression

profile of HaGAPDH, RNA interference was used to explore

the function of HaGAPDH in larval metamorphosis, and Y2H

and coimmunoprecipitation (Co-IP) experiments were

performed to prove the interaction between HaGAPDH and

HaTreh1. We explored the function and mechanism of

HaGAPDH in larval metamorphosis and provided

experimental evidence and theoretical basis for targeting

GAPDH for pest control in the future.

Frontiers in Bioengineering and Biotechnology frontiersin.org02

Zhao et al. 10.3389/fbioe.2022.1042867

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1042867


2 Materials and methods

2.1 Materials

2.1.1 Insects
Helicoverpa armigera eggs were purchased from the Baiyun

Industrial Company (Baiyun, Jiyuan, China) and reared in a

laboratory using an artificial diet at 26°C, 75% humidity, and a

14L: 10D photoperiod (Zhao et al., 2005).

2.1.2 Cell culture
The Spodoptera frugiperda ovarian cell line (Sf9 cells) was

cultured at 28°C with the Sf-900 II serum-free medium, which

contains 10% fetal bovine serum (Gibco) and 0.5%

penicillin–streptomycin liquid (HyClone).

2.1.3 Compound
Ecdysterone was purchased from the Solarbio Company

(Solarbio, Beijing, China) and dissolved with DMSO.

Methoprene was purchased from the MedChemExpress

Company (MCE, Princeton, United States) and dissolved

with DMSO.

3. Methods

3.1 Bioinformatic analysis

The open reading frame (ORF) of HaGAPDH

(LOC110377691) was amplified by specific primers (Table 1)

and sequenced by the Tsingke Biotechnology Company (Tsingke,

Beijing, China). The phylogenetic tree was constructed by the

neighbor-joining (NJ) method with MEGA 11.0 software.

3.2 Quantitative real-time PCR (qRT-PCR)

The TRIzol method and HiScript III RT SuperMix for qPCR

(+gDNA wiper) (R323–01, Vazyme) were used to get the total

RNA and cDNA, respectively. Then, qRT-PCR was performed by

using the ChamQ Universal SYBR qPCR Master Mix (Q711-02-

03) (Vazyme) and a real-time qPCR instrument (Eppendorf).

There were 10 μl 2 × ChamQ Universal SYBR qPCRMaster Mix,

0.4 μl forward primer, 0.4 μl reverse primer, 1 μl cDNA template,

and 8.2 μl ddH2O in the qRT-PCR system. The reaction program

was as follows: 95°C (5 min), followed by 40 cycles of 95°C (15 s)

and 60°C (20 s). Two reference genes Ha18s (AB620126.1,

product size 230 bp, PCR efficiency: 0.97) and Ha-β-Actin

(EU527017.1, product size 144 bp, PCR efficiency: 0.979) were

selected to normalize the expression of HaGAPDH. The PCR

efficiency of HaGAPDH primers is 1.07 (product size 204 bp).

Then, three larvae were collected as a single sample, and three

biological replicates and three technical replicates were

performed for each experiment. The Student’s t-test or Tukey

test was used to compare the significant differences.

3.3 Hormone treatment

The sixth instar larvae about 2 h after molting were selected,

and there were six larvae in each group. The control group was

injected with 5 μl DMSO (diluted to 1:10,000 with 1 × PBS) per

TABLE 1 Primers used in the article.

Primer Sequence (5’-3’) Usage

HaGAPDH-CDS-F ATGTCCAAAATCGGTATCAAC CDS clone

HaGAPDH-CDS-R TTAATCCTTGGTCTGGATGTA CDS clone

HaGAPDH-qPCR-F AAGCCCGCTACTTACGATGC Specific expression analysis

HaGAPDH-qPCR-R GTTGGAGTAGCCGAACTCGT Specific expression analysis

Ha18S-qPCR-F GCATCTTTCAAATGTCTGC Specific expression analysis

Ha18S-qPCR-R TACTCATTCCGATTACGAG Specific expression analysis

Ha-β-actin-qPCR-F CCTGGTATTGCTGACCGTATGC Specific expression analysis

Ha-β-actin-qPCR-R CTGTTGGAAGGTGGAGAGGGAA Specific expression analysis

HaGAPDH-Ri-F GCGTAATACGACTCACTATAGGGTTCAAGGGCTCCGTTGACAT dsRNA synthesis

HaGAPDH-Ri-R GCGTAATACGACTCACTATAGGGGTTCAGAGCGGGAATGACCT dsRNA synthesis

GFP-Ri-F GATCACTAATACGACTCACTATAGGGAGACACAAGTTCAGCGTGTCCG dsRNA synthesis

GFP-Ri-R GATCACTAATACGACTCACTATAGGGAGAGTTCACCTTGATGCCGTTC dsRNA synthesis

HaGAPDH-GFP-SacI-F GCATCGTTAACACGTCAAGAGCTC ATGTCCAAAATCGGTATCAAC Overexpression in Sf9 cells

HaGAPDH-GFP-Bgl Ⅱ-R CTGCAGGCGCGCCGAGATCTGATCCTTGGTCTGGATGTA Overexpression in Sf9 cells

HaGAPDH-pGADT7-Sfi I-F TATAGGCCATTACGGCCATGTCCAAAATCGGTATCAAC Y2H

HaGAPDH-pGADT7-Sfi I-R ATATGGCCGAGGCGGCCATCCTTGGTCTGGATGTA Y2H
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larvae, and the experimental group was injected with 5 μl 20E

(1.2 μg) or 5 μl methoprene (0.5 μg) per larvae. Then, the

epidermis and fat body were collected at 0, 1, 3, and 6 h after

hormone injection. The experiments were performed in three

biological replicates.

3.4 Subcellular localization

3.4.1 Subcellular localization of HaGAPDH
The ORF (without stop codon) sequence of HaGAPDH was

ligated into the GFP-pIEx vector to constructHaGAPDH-GFP-pIEx

using specific primers (Table 1). Then, the HaGAPDH-GFP-pIEx

plasmid was transfected into the Sf9 cells using the FuGENE HD

Transfection Reagent (4 μl of the Transfection Reagent per 1 μg

plasmid) (Promega, E2311) referred to the previous description

(Blochlinger andDiggelmann, 1984). The Sf9 cells transfected with a

GFP-pIEx plasmid were used as control. After 24 h, the

LSM710 laser confocal microscope (Zeiss) was used to observe

the green fluorescence and take pictures.

3.4.2 The mitochondrial localization
The Sf9 cells that transfected with the HaGAPDH-GFP-pIEx

plasmid for 24 h were incubated with Mito-Tracker Red

CMXRos (C1049B, Beyotime, 50 nM) at 37°C for 15 min.

Then, fluorescence images were photographed using an

LSM710 laser confocal microscope (Zeiss).

3.4.3 Colocalization
The HaGAPDH-GFP-pIEx and HaTreh1-RFP-pIEx

plasmids were co-transfected into Sf9 cells. About 48 h later,

the green and red fluorescence were observed and photographed

using an LSM710 laser confocal microscope (Zeiss).

3.5 RNA interference

The DNA templates for dsHaGAPDH (507 bp) and

dsGFP (MN623123, 420 bp, the control) synthesis were

amplified by PCR using specific primers containing the

T7 promoter core sequence (Table 1). Subsequently,

dsRNA was synthesized using the MEGAscript RNAi kit

(Thermo Fisher Scientific), and the quality of dsRNA was

detected using a BioPhotometer (Eppendorf) and by agarose

electrophoresis. The sixth instar larvae about 2 h after

molting were selected, and there were 30 larvae in each

group. The control group was injected with 5 μg dsGFP

per larvae, and the experimental group was injected with

5 μg dsHaGAPDH. After 24 h, the abovementioned injection

was repeated one time. The larval weights were recorded at 0,

24, 48, 72, 96, and 144 h after dsRNA injection, and the

mortality rate, pupation rate, and emergence rate were also

recorded. These experiments were performed in three

biological replicates. The Student’s t-test was used to

compare the significant differences.

FIGURE 1
Bioinformatic analysis of theHaGAPDH sequence. (A)ORF sequence and the amino acid sequence ofHaGAPDH. (B) Phylogenetic tree analysis
of GAPDH. The tree was constructed by MEGA 11.0 software.
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3.6 Yeast two-hybrid

The HaGAPDH-pGADT7 and HaTreh1-pGBKT7 plasmids

were constructed using specific primers (Table 1). Then,

HaGAPDH-pGADT7 and HaTreh1-pGBKT7 were co-

transformed into the AH109 yeast competent cells, according

to the methods described previously (Wang et al., 2020), and

then, the yeast was spread on the SD-TL, SD-THL, SD-THLA,

and SD-TLHA + x-α- gal plates. The aforementioned plates were

cultured at 37°C for 3 days. The AH109 cells that co-transformed

pGBKT7-P53 and pGADT7-LargeT were the positive control,

and the AH109 cells that co-transformed pGBKT7-laminC and

pGADT7-LargeT were the negative control.

3.7 Coimmunoprecipitation

The HaGAPDH-GFP-pIEx and HaTreh1-RFP-pIEx

plasmids were co-transfected into Sf9 cells (4 μg each

plasmid for 7.2 × 106 cells). After 24 h, the cells were

treated with 20E (1 μM) for 3 h. Then, the cells were

collected on ice using the radio immunoprecipitation assay

(RIPA) lysis buffer. A part of the solution was taken out as the

input, and the remaining solution was used to purify GFP-

tagged proteins by using the GFP-tag IP/Co-IP Kit (Bio

LinkedIn). Finally, the protein samples were subjected to

Western blot experiments.

3.8 Endogenous substance content
measurement

The sixth instar larvae about 2 h after molting were selected, and

there were six larvae in each group. The control group was injected

with 5 μg dsGFP per head, and the experimental group was injected

with 5 μg dsHaGAPDH, and then, themidguts were collected at 24 h

after dsRNA injection. Then, the soluble trehalase activity, trehalose

content, and glucose content were measured according to the

instructions of the trehalase activity assay kit (A150-1-1, Nanjing

Jiancheng), trehalose content assay kit (G0552W, Grace), and

glucose content assay kit (G0504W, Grace), respectively. Three

biological replicates were performed, and each biological replicate

included three technical replicates. The Student’s t-test was used to

compare the significant differences.

4 Results

4.1 Bioinformatic analysis of theHaGAPDH
sequence

The length of HaGAPDH ORF is 525 bp and encodes

174 amino acid residues (Figure 1A). Phylogenetic analysis of

HaGAPDH sequences in 30 species of insects, including

Lepidoptera, Hemiptera, Diptera, and Coleoptera, showed that

theHaGAPDH sequence ofH. armigera was more closely related

FIGURE 2
Expression profile of HaGAPDH. (A–C) Transcript analyses of HaGAPDH in the epidermis (A), midgut (B), and fat body (C) from 5L-M to 6L-
5 days by qRT-PCR. 5L-M: the molting stage of the fifth instar larvae, 6L-1: the first day of the sixth instar larvae, (D) and (E) the transcript changes of
HaGAPDH in the epidermis (D) and fat body (E) under the 20E treatment. Larvae were treated with 1.2 μg 20E (5 μl) or DMSO (5 μl) for 1, 3, and 6 h (F)
and (G) the transcript changes ofHaGAPDH in the epidermis (F) and fat body (G) under methoprene treatment. Larvae were treated with 0.5 μg
methoprene (5 μl) or DMSO (5 μl) for 1, 3, and 6 h. Ha18s and β-actin were used as the reference genes. The error bars indicated the mean ± s.d. of
three independent biological experiments and three technical repetitions. Different letters indicate significant differences at the p < 0.05 level using
the Tukey test.
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to those of Spodoptera frugiperda and Spodoptera litura

(Figure 1B).

4.2 The expression profile of HaGAPDH

To study the function of HaGAPDH in larval development, its

expression patternwas analyzedfirst. The results of qRT-PCR showed

that HaGAPDH was expressed in all three tissues, namely, the

epidermis, midgut, and fat body (Figures 2A–C). Also, during the

period from themolting stage of thefifth instar (5L-M) to thefifth day

of the sixth instar (6L-5), the transcript peaks ofHaGAPDHwere 6L-

3 days in the epidermis (Figure 2A), 6L-1 and 6L-3 days in themidgut

(Figure 2B), and 6L-1 day in the fat body (Figure 2C), respectively.

Furthermore, the hormone treatment experimental data showed that

both 20E and methoprene upregulated the transcript levels of

HaGAPDH in the epidermis and fat body (Figures 2D–G).

4.3 HaGAPDH localized in mitochondria

To explore the organelle in which HaGAPDH works, the

subcellular localization ofHaGAPDH in the Sf9 cells was studied.

Compared to the GFP control that localized both in the

cytoplasm and nucleus, the green fluorescence of the

HaGAPDH-GFP protein was distributed in the cytoplasm

(Figure 3A). The Western blot also proved the successful

expression of GFP and HaGAPDH-GFP proteins in Sf9 cells

(Figure 3B). Further mitochondrial staining experiments proved

that the green fluorescence of the HaGAPDH-GFP protein

specifically overlapped with the red fluorescence of

mitochondria, which suggested the mitochondrial distribution

of HaGAPDH-GFP (Figure 3C).

4.4 Knockdown of HaGAPDH caused the
larval development defect

RNAi was employed to specifically analyze the function of

HaGAPDH in larval development. Compared with the dsGFP

control, after the knockdown of HaGAPDH, the growth and

development of dsHaGAPDH-injected larvae were abnormal

(Figures 4A,B). In the dsHaGAPDH-injected group, the larval

body weights were markedly reduced at 48, 72, 96, and 144 h after

dsRNA injection (Figure 4C), and the final mortality rate was

significantly increased (Figure 4D). In addition, the pupation rate

FIGURE 3
Mitochondrial localization of HaGAPDH. (A) Subcellular localization of HaGAPDH-GFP-His in Sf9 cells using an LSM710 confocal microscope.
GFP-His was the control. The merger was the overlap of the green and bright fluorescence. (B) Expression of GFP-His (37 kD) and HaGAPDH-GFP-
His (74 kD) in Sf9 cells by Western blot. M: protein marker. (C) HaGAPDH–GFP–His merged with mitochondria. The pictures were taken by using an
LSM710microscope.HaGAPDH–GFP–His overexpression cells were dyedwithMito-Tracker (50 nM) for 15 min. Themerger was the overlap of
the green fluorescence, Mito-Tracker red, and bright.
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and emergence rate of the experimental group were both

significantly decreased (Figures 4E,F). The aforementioned

data suggested the necessary role of HaGAPDH in larval

development and metamorphosis.

4.5 HaGAPDH directly bound with
HaTreh1

To further analyze the functional mechanism of HaGAPDH,

a series of experiments were performed to identify the binding

protein of HaGAPDH. HaGAPDH was proven as the

HaTreh1 binding protein in the previous Y2H library

screening. Therefore, the Y2H point-to-point experiment was

performed. Also, the results showed that the growth of yeast co-

transfected with pGADT7-HaGAPDH and pGBKT7-HaTreh1

was consistent with that of the positive control pGADT7-LargeT

+ pGBKT7-P53 and was opposite to that of the negative control

pGADT7-LargeT + pGBKT7-laminC (Figure 5A), indicating the

direct binding of HaGAPDH and HaTreh1. The Co-IP

experiment data proved the direct binding of HaGAPDH and

HaTreh1 both in the control and under the 20E treatment

(Figure 5B). The fluorescence photographs showed that the

red fluorescence of HaTreh1-RFP overlapped the green

fluorescence of HaGAPDH-GFP, thus showing yellow

fluorescence (Figure 5C), which suggested the colocalization of

HaGAPDH and HaTreh1. Accordingly, we inferred that

HaGAPDH is directly bound with HaTreh1.

4.6 Knockdown ofHaGAPDH changed the
Treh1 activity and glucose content

Considering the binding of HaGAPDH and HaTreh1, the

corresponding endogenous sugar contents in larvae were

measured. After the knockdown of HaGAPDH by RNAi, the

enzymatic activity of HaTreh1 in the midgut was significantly

increased by contrast with the dsGFP control (Figure 6A), and

the trehalose content decreased but glucose increased

correspondingly (Figures 6B,C).

5 Discussion

Glucose is the main source of energy for insect life. Therefore,

GAPDH, a key enzyme in glycolysis, plays a crucial role in

insects. In the present study, we proved that HaGAPDH plays an

important role in maintaining the growth and promoting normal

metamorphosis of H. armigera larvae. The transcript level of

HaGAPDH was upregulated by 20E, and the knockdown of

HaGAPDH by RNAi resulted in decreased larval weight,

increased mortality, reduced pupation rate, and emergence

FIGURE 4
Effects on the sixth instar larvae after knockdown ofHaGAPDH (A) and (B) the knockdown phenotypes (A) and efficiency (B) ofHaGAPDH on the
sixth instar larvae. The larvae were injected with 5 μg dsHaGAPDH or dsGFP (the control); then, photographs were taken at different timepoints, and
midguts were collected for qRT-PCR at 24 h. β-actin was used as the reference gene. Error bars indicated the mean ± s.d. of three independent
biological experiments and three technical repetitions. ***p < 0.001; Student’s t-test. (C) Larval weight changes after being injected with dsRNA
for 24, 48, 72, 96, 120, and 144 h. There were 30 larvae in each group, and three independent biological experiments were performed. Each dot
represented a repetition, and the error bars indicated mean ± SE. *p < 0.05, **p < 0.01, and ***p < 0.001; Student’s t-test. (D–F) Statistical analyses of
the death rate (D), pupation rate (E), and emergence rate (F) after dsRNA injection. There were 30 larvae in each group. The error bars indicated the
mean ± s.d. of three independent biological experiments. **p < 0.01 and ***p < 0.001; Student’s t-test.
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rate. GAPDH controlled the Treh1 activity and glucose content

of larvae by directly binding to HaTreh1. Our results revealed the

critical function and molecular mechanism of GAPDH in larval

metamorphosis.

5.1 Glyceraldehyde-3-phosphate
dehydrogenase is crucial for larval
development and metamorphosis

GAPDH has been considered the housekeeping gene in

various species including humans, mice, and insects

(Chapman and Waldenstrom, 2015; Nie et al., 2017).

However, studies in humans have showed that the mRNA

level of GAPDH in different tissues is different. The mRNA

expression of GAPDH in the skeletal muscle was the highest in

72 human tissues, and GAPDH had a high expression trend in

the high-energy-requirement tissues (Barber et al., 2005). In

the present study, our results also proved that the transcript

level peaks of HaGAPDH were attained in 6L-3 days in the

larval epidermis and midgut, the period with high energy

consumption (Figure 2). However, the transcripts of

HaGAPDH in the fat body declined from 6L-1 and were

the lowest from 6L-3 to 6L-5 days, with the pre-pupation

period and huge energy demand (Figure 2). Since the fat body

is the tissue that biosynthesizes trehalose and stores glycogen,

the HaGAPDH expression pattern is reasonable for glycogen

storage in the fat body. The transcript peaks of HaGAPDH in

the epidermis and midgut appeared at 6L-3 (Figure 2) when

the 20E titers increased in H. armigera larvae (Kang et al.,

2019). The 20E treatment upregulated the transcripts of

HaGAPDH (Figure 2), which is consistent with its

expression peak at 6L-3 (Figure 2). It also suggested the

potential role of HaGAPDH in larval metamorphosis. 20E

is a steroid hormone (Dubrovsky, 2005), and our results are

consistent with the fact that the steroid hormone estradiol

increased GAPDH transcripts in the endometrium of

ovariectomized ewes (Ing and Zhang, 2004). In addition,

we also found that methoprene, an important hormone

regulating larval growth and metamorphosis (Dubrovsky,

2005), also upregulated the transcripts of HaGAPDH

(Figure 2). This dynamically regulated expression pattern

of GAPDH is similar to the studies in other species (Jacob

et al., 2013. In human ovarian cell lines HOSE6-3 and

HOSE17-1, the GAPDH transcript is highly dynamic (Chao

et al., 1990; Graven et al., 1994; Polati et al., 2012; Jacob et al.,

2013). Northern blot results in monolayers of human WI-38/

va13 cells, several cancer cells, and monkey cos-1 cells

FIGURE 5
HaGAPDH bound to HaTreh1. (A) Y2H demonstrated the direct binding of BD-HaTreh1 and AD-HaGAPDH. AD-LargeT + BD-P53 was the
positive control, and AD-LargeT + BD-laminC was the negative control. (B) Co-IP experiment proved the interaction between HaTreh1–RFP–His
(103 kD) and HaGAPDH–GFP–His (74 kD) under the 20E treatment in Sf9 cells. M: protein marker. (C) Colocalization of HaTreh1–RFP–His and
HaGAPDH–GFP–His in Sf9 cells by using the LSM710 microscope. The merger was the overlap of red and green fluorescence. The arrow
indicates the overlapped yellow color.
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revealed that GAPDH transcripts were upregulated by the

calcium ionophore A23187 (Chao et al., 1990). The GAPDH

mRNA levels were increased under hypoxia treatment in

ovine endothelial cells (Graven et al., 1994). In mouse bone

marrow macrophages, GAPDH expression was upregulated

by ferric ammonium citrate (Polati et al., 2012).

More importantly, further RNAi results proved the key role

of HaGAPDH in larval development and metamorphosis

(Figure 4). The larval phenotypes in the dsHaGAPDH-injected

larvae were similar to those of important genes in the 20E

pathway, such as the ecdysone receptor (EcR). Decreased EcR

transcripts by RNAi in Apolygus lucorum, Leptinotarsa

decemlineata, Nilaparvata lugens, and Tribolium castaneum

led to molting defects and larval death (Tan and Palli, 2008;

Wu et al., 2012; Tan et al., 2015; Xu et al., 2020). The transcript

peaks, the upregulated transcript level by 20E, the larval

metamorphosis defects after RNAi, and the previously

mentioned results all fully demonstrated that HaGAPDH

indeed plays an important role in larval metamorphosis. Our

study is the first report on the function of GAPDH in insect

metamorphosis.

5.2 Glyceraldehyde-3-phosphate
dehydrogenase controls the glucose
content in larvae by directly binding with
HaTreh1

In the present study, our data proved that HaGAPDH is

the mitochondria protein (Figure 3). This is the first evidence

on the mitochondrial localization of GAPDH in insects. There

are lots of reports about the sublocalization of GAPDH in

human and mouse cells. For instance, the non-tetrameric

forms of GAPDH localized in the nucleus of HeLa cells

(Arutyunova et al., 2003). In HEK293 cells, GAPDH

accumulated in the nucleus during apoptosis (Hara et al.,

2005). In rat insulinoma INS-1 cells, GAPDH primarily

showed cytoplasm localization (Park et al., 2009). The

mitochondria-localized HaGAPDH was similar to those of

PC12 cells and mice. Rotenone induces PC12 cell apoptosis

and the translocation to mitochondria of GAPDH (Huang

et al., 2009). GAPDH targets the mitochondria in the mouse

heart (Kohr et al., 2014).

For the first time, HaGAPDH was proven as the

HaTreh1 binding protein, and this binding also exists under

20E treatment (Figure 3). HaTreh1, a key enzyme for trehalose

hydrolysis, directly binds to HaATPs-α which controls ATP

production (Chang et al., 2022). HaGAPDH is another protein

that directly binds to HaTreh1 in the present study. In a

previous study, HaTreh1 has been reported to be working

in the mitochondria (Chang et al., 2022). Also, the

combination between HaGAPDH and HaTreh1 was

consistent with the mitochondrial localization of

HaGAPDH. There have been many studies on the binding

protein of GAPDH. In HEK293 cells, GAPDH bounds to

Sirtuin 1 (SIRT1), a nicotinamide adenine dinucleotide

(NAD+)-dependent protein deacetylase (Chang et al., 2022).

GAPDH was demonstrated as tubulin-binding protein

(Tisdale et al., 2009; Landino et al., 2014). Similarly,

GAPDH is also bound to actin (Waingeh et al., 2004). In

mouse cell lines, GAPDH interacts with lactoferrin (Chauhan

et al., 2015).

Interestingly, the knockdown of HaGAPDH increased the

HaTreh1 activity and glucose content but decreased the

trehalose content in larvae (Figure 6). Accordingly, we

inferred that the activity of HaTreh1 was inhibited after

interaction with HaGAPDH. The aforementioned data were

reasonable for the phenotypes of dsHaGAPDH-injected larvae

(Figure 4). After knockdown of the key enzyme in glycolysis

HaGAPDH, the interaction between GAPDH and Treh1 led to

an increase in the enzymatic activity of Treh1, thus

hydrolyzing more trehalose into glucose; however, the

dsHaGAPDH-injected larvae cannot use these sugar

sources; finally, the imbalance of glucose metabolism led to

FIGURE 6
HaGAPDH controlled the Treh1 activity and sugar contents. (A–C) Treh1 activity (A), trehalose content (B), and glucose content (C) in the
midguts after being injected with dsGFP (5 μg) or dsHaGAPDH (5 μg) for 24 h. Error bars indicated the mean ± s.d. of three independent biological
experiments and three technical repetitions. *p < 0.05, **p < 0.01, and ***p < 0.001; Student’s t-test.
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the death and pupation failure of larvae. From this, we

inferred that during the normal growth of larvae, GAPDH

ensures the glucose content is at a normal level by interacting

with Treh1 and controlling its enzymatic activity. This

regulation model can prevent larvae from being unable to

complete the process of sugar decomposition and energy

production for too much glucose and ensure the

development of larvae.
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