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ABSTRACT
Vip3Aa is an insecticidal protein that can effectively control certain lepidopteran pests and has 
been used widely in biological control. However, the mechanism of action of Vip3Aa is unclear. In 
the present study, we showed that Vip3Aa could cause autophagy in Sf9 cells, which was 
confirmed by the increased numbers of GFP-Atg8 puncta, the appearance of autophagic vacuoles, 
and an elevated Atg8-II protein level. Moreover, we found that the AMPK-mTOR-ULK1 pathway is 
involved in Vip3Aa-induced autophagy, which might be associated with the destruction of ATP 
homeostasis in Vip3Aa-treated cells. Both the elevated p62 level and the increased numbers of 
GFP-RFP-Atg8 yellow fluorescent spots demonstrated that autophagy in Sf9 cells was inhibited at 
24 h after Vip3Aa treatment. With the prolongation of Vip3Aa treatment time, this inhibition 
became more serious and led to autophagosome accumulation. Genetic knockdown of ATG5 or 
the use of the autophagy inhibitor 3-MA further increased the sensitivity of Sf9 cells to Vip3Aa. 
Overexpression of ATG5 reduced the cell mortality of Vip3Aa-treated cells. In summary, the results 
revealed that autophagy induced by Vip3Aa has a pro-survival role, which might be related to the 
development of insect resistance.
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Introduction

Bacillus thuringiensis (Bt) is a microorganism widely 
used in biological control. Genetically engineered 
crops expressing Bt protein have been grown commer-
cially for more than two decades to control pests on 
corn, cotton, and soybean [1]. Bt crops not only control 
target pests effectively, but also are environmentally 
friendly and economically beneficial, such as reducing 
the use of chemical pesticides and crop yield losses 
[2–4]. Bt insecticidal proteins fall into two broad cate-
gories: Insecticidal crystal proteins (ICPs) and 
Vegetative insecticidal proteins (VIPs). Although 
industrial preparations of ICPs were used in biological 
pesticides earlier, most ICPs are not effective in con-
trolling certain agronomically significant lepidopteran, 
such as Spodoptera frugiperda and Helicoverpa zea. 
VIPs have a good control effect on certain lepidopteran 
pests, and differ from ICPs in their structure, as well as 
their brush border membrane vesicle binding sites 
[5,6]. These characteristics of VIPs expand the insecti-
cidal spectrum, and the use of VIPs also delays the 
insect resistance caused by widespread use of ICPs. 

Therefore, VIPs are known as the second generation 
of insecticidal proteins.

According to their amino acid homology, VIPs are 
divided into four categories: Vip1, Vip2, Vip3, and 
Vip4. No insects have been identified to sensitive to 
Vip4; therefore, the other three types of Vip toxins can 
be divided into two groups according to their mode of 
action and the object of control: One group comprises 
binary toxin composed of two elements: Vip1 and 
Vip2. This binary toxin has strong insecticidal activity 
against the crucial agricultural insect, Diabrotica virgi-
fera, but has no obvious insecticidal activity against 
lepidopteran insects [7]. The other is Vip3 toxins, 
which have no sequence similarity with Vip1 or Vip2, 
and can effectively control Lepidopteran pests, such as 
S. frugiperda.

Currently, most of the reports concerning the mode 
of action of Vip3 have focused on the Vip3Aa sub-
family. According to these studies, two possible 
mechanisms of Vip3Aa are proposed: Cell death 
caused by pore formation and apoptotic cell death. 
Studies have reported that Vip3Aa can form stable 
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ion channels in midgut epithelial cells to achieve its 
insecticidal effects [5]. When the pH is between 5.0 
and 8.0, a current signal could be detected, suggesting 
that the pore forming ability of Vip3Aa could be regu-
lated by pH [8]. Vip3Aa was reported to cause 
S. frugiperda Sf9 cell apoptosis by activating caspase 
[9]. Hernandez-Martinez et al. performed transcrip-
tome analyses and discovered that Vip3 causes midgut 
epithelial cell apoptosis in Spodoptera exigua larvae 
[10]. As regards cell apoptosis mechanisms, our pre-
vious studies showed that Vip3Aa destroyed the stabi-
lity of the lysosome membrane, leading to lysosomal 
pH increase and mitochondrial pathway activa-
tion [9,11].

Autophagy affects cell survival by maintaining cell 
biological functions and removing protein aggregates 
and damaged organelles. Moreover, several autophagy- 
related proteins are also involved in exogenous apop-
tosis pathways, and there is a complex cross-regulation 
network between autophagy and apoptosis. Autophagy 
directly or indirectly regulates endogenous mitochon-
drial pathways. For example, Beclin-1 and Atg4D can 
be cleaved by caspase protease, while Atg5 can be 
cleaved by calpain-1 and calpain-2 [12]. These lytic 
events not only inhibit autophagy, but also enhance 
cell apoptosis. Bcl-2, which can interact with Beclin-1, 
is the central regulator of autophagy and apoptosis. 
Caspase-8 inhibits the interaction between the proteins 
c-FLIP and Atg3, thereby preventing the interaction 
between Atg3 and LC3, thus inhibiting autophagy 
[12]. FADD and Atg5 can directly inhibit cell apoptosis 
instead of autophagy. Reactive oxygen species (ROS), 
comprising common cellular stressors, could induce 
apoptosis. Interestingly, Scherz-Shouval et al. found 
that ROS are essential for autophagy [13]. Therefore, 
we aimed to study whether Vip3Aa could induce 
autophagy in Sf9 cells.

Autophagy includes two processes: autophagosomes 
formation and autophagosomes degradation. 
Autophagy not only removes misfolded proteins, but 
also degrades damaged mitochondria or lysosomes to 
regulate cell apoptosis [14]. In our previous study, we 
confirmed that Vip3Aa reduced the lysosomal mem-
brane stability in Sf9 cells. Lysosomes are the key orga-
nelles for autophagy circulation; therefore, we also 
aimed to investigate whether autophagy is involved in 
cell death induced by Vip3Aa.

In the present study, we investigated whether autop-
hagy is related to Vip3Aa-induced cytotoxicity. We 
found that Vip3Aa can induce autophagy through the 
AMPK-mTOR-ULK1 pathway in Sf9 cells. Moreover, 
autophagy could antagonize the virulence of Vip3Aa. 
The results proved guiding significance and application 

value to make full use of Vip3Aa, by improving its 
virulence and delaying insect resistance.

Materials and methods

Insect cell culture, antibodies and reagents

Spodoptera frugiperda ovarian Sf9 cells were cultivated 
as described in our previous study [11]. Phosphatase 
Inhibitor Cocktail (#5870), RIPA buffer (#9806S), and 
antibodies against AMPK (#2532), phosphorylated (p)- 
AMPK (Thr172) (#2535), TSC2 (#4308), and p-TSC2 
(Ser1387) (#5584) were obtained from Cell Signaling 
Technology (Beverly, MA, USA). Antibodies against 
Atg5 (#A19677), Beclin1 (#A7353), p62 (#A7758), 
LC3-I/II (#A15591), mTOR (#A2445), p-mTOR 
(Ser2448) (#AP0115), ULK1 (#A8529), p-ULK1 
(Ser555) (#AP0760), p-ULK1 (Ser757) (#AP0736), 
p70S6K (A2190), p-p70S6K (Thr389) (#AP0564), and 
β-actin (#AC004), and horseradish peroxidase (HRP)- 
conjugated Goat Anti-Mouse IgG (H + L) (#AS003), 
and HRP-conjugated Goat Anti-Mouse IgG (H + L) 
(#AS014) were purchased from ABclonal (Wuhan, 
China). Cellfectin® II Reagent and PLUS™ Reagent 
were obtained from Invitrogen (Carlsbad, CA, USA). 
3-MA, Rapamycin, and Chloroquine were purchased 
from Selleck (Houston, TX, USA).

The above antibodies were selected in this study 
because the mammalian proteins they recognize have 
a certain homology with the corresponding proteins in 
Spodoptera frugiperda, and the corresponding antigens 
share common linear epitopes (see the supplementary 
information). Moreover, in preliminary experiments, 
using these antibodies, specific protein bands with the 
expected size had been detected in Sf9 cells.

Vector construction and Vip3Aa purification

cDNA of Sf9 cells was used as the template for 
S. frugiperda ATG8 amplification. The fusion genes, 
GFP-ATG8 and RFP-GFP-ATG8, were inserted into 
the multi-cloning sites of pIZT/V5-His using pEASY®- 
Uni Seamless Cloning and Assembly Kits (TransGen 
Biotech, Beijing, China), respectively.

The plasmids, which were used to silence 
S. frugiperda ATG5, were constructed as described by 
Katsuma et al. [15]. Briefly, the fragments of 
S. frugiperda ATG5 (dsRNA1-U and dsRNA1-D) were 
separately amplified from cDNA of Sf9 cells using the 
primer pair ATG5i1-Up-F/ATG5i1-Up-R and ATG5i1- 
Do-F/ATG5i1-Do-R, respectively. The dsRNA1-U and 
dsRNA1-D were inserted into KpnI–AgeI digested plas-
mid pIZT/V5-His using a pEASY®-Uni Seamless 
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Cloning and Assembly Kit, creating the recombinant 
plasmid pIZT-ATG5i1. The primer pairs ATG5i2-Up 
-F/ATG5i2-Up-R and ATG5i2-Do-F/ATG5i2-Do-R 
were used to construct the recombinant plasmid pIZT- 
ATG5i2. Primers used in vector construction are listed 
in the (Table 1). The purification of Vip3Aa was per-
formed as described previously [11]. The finally con-
centration of Vip3Aa used to treat Sf9 cells in this study 
was 40 μg/mL.

Observation of the ultrastructure of Sf9 cells

Alexander et al. has described the observation of autop-
hagy by Transmission electron microscopy (TEM) [16]. 
Briefly, after treatment with Vip3Aa (40 μg/mL) for 12, 
24, 36, and 48 h, the cells were fixed overnight in 2% 
paraformaldehyde and 3% glutaraldehyde. After that, 
the cells were exposed to 1% osmic acid at 25°C for 
1–1.5 h. Then, the cell samples were evaporated in 
a series of ethanol solutions (30%, 50%, 70%, and 
90%), soaked, and embedded in EPON812. The cells 
were then sectioned at 60 nm thickness using an ultra-
microtome. Ultrathin sections were counterstained 
with lead citrate and uranyl acetate. Finally, the sections 
were observed using TEM (JEOL-1200EX; JEOL USA, 
Inc., Peabody, MA, USA).

Total protein extraction and western blotting 
analysis

Total protein extraction was operated as described in 
our previous study [11]. Briefly, the Sf9 cells were lysed 
in 400 μL RIPA buffer with protease and phosphatase 
inhibitors, and the cell lysate was set on ice for 
15–20 min and centrifuged at 4°C, 14,000 × g for 
15 min. Finally, the supernatant containing the total 
protein extraction was used for western blotting 
analysis.

The proteins were separated by 7.5% or 12% or 15% 
sodium dodecyl sulfate polyacrylamide gel electrophor-
esis (SDS-PAGE) and transferred onto polyvinylidene 
fluoride (PVDF) membranes. After blocking with 5% 
bovine serum albumin (BSA) or skim milk, the mem-
branes were incubated with primary antibodies at 4°C 
for 12–16 h. Primary antibodies were anti-AMPK 
(1:500), anti-p-AMPK (Thr172) (1:300), TSC2 (1:500), 
p-TSC2 (Ser1387) (1:300), Atg5 (1:1000), Beclin1 
(1:500), p62 (1:1000), LC3-I/II (1:500), mTOR (1:500), 
p-mTOR (Ser2448) (1:300), ULK1 (#A8529), p-ULK1 
(Ser555) (1:300), p-ULK1 (Ser757) (1:300), p70S6K 
(1:500), p-p70S6K (Thr389) (1:200), and anti-β-actin 
(1:500). Then, the membranes were incubated with 
secondary antibodies at 25°C for 1–2 h. Finally, 
Immobilon Western Chemiluminescent HRP 
Substrate (Millipore, Milan, Italy) was used to detect 
the results.

Insect cell transfection

Insect cell transfection have been reported before [9]. 
Recombinant plasmids for RNA interference or over-
expression were transfected into Sf9 cells via Cellfectin® 
II Reagent and PLUS™ Reagent. Briefly, Sf9 cells 
(5 × 105 cells/mL) were seeded into 25 cm2 flasks for 
48 h. The transfection mixture was consist of recombi-
nant plasmid (2 μg), Cellfectin® II Reagent (8 μL), and 
PLUS™ Reagent (5 μL).

After washing three times with phosphate-buffered 
saline (PBS), the transfection mixture supplemented 
with 3 mL Grace’s insect medium was gently added 
into the 25 cm2 flask. After 12 h, the transfection 
mixture was replaced by Sf-900 II SFM medium sup-
plemented with 6% heat-inactivated FBS. The cells were 
cultured for another 48 h. Thereafter, the selection 
medium containing 300–500 μg/mL Zeocin was used 
to culture the cells for 2–3 weeks at 28°C. Finally, we 
observed the cells under a fluorescent microscope and 
examined the expression level of ATG5 by quantitative 
real-time reverse transcription PCR (qRT-PCR) 
analysis.

Table 1. Primers used in the present study.
Primers Primer Sequence

pIZT-A8 
-F

GCATGGACGAGCTGTACAAGATGAAATTCCAATATAAAGAAG

pIZT-A8 
-R

AATGGTGATGGTGATGATGATTAATAATATCCATAAACATTTTCATC

pIZT- 
GFP-F

TCGAATTTAAAGCTTGGTACATGGTGAGCAAGGGCGAGGAGCTG

pIZT- 
GFP-R

CTTCTTTATATTGGAATTTCATCTTGTACAGCTCGTCCATGC

pIZT- 
RFP-F

AACACGTCAAGAGCTCGCGGATGCAGGCCTCTGCAGTCGAC

pIZT- 
RFP-R

TCGCCCTTGCTCACCATGTCACTAGTCTTGTACAGCTCGTCC

pIZT-A5 
-F

TCGAATTTAAAGCTTGGTACATGGCTAATGATCGAGAGGTT

pIZT-A5 
-R

AATGGTGATGGTGATGATGATTAAAAGACACACATATGAAGGA

ATG5i1- 
Up-F

TCGAATTTAAAGCTTGGTACGAAATAATGGAAATACAACAAC

ATG5i1- 
Up-R

GTGGTTGGATTATAATGGGGACGTCTTCTGGGAACTTAGT

ATG5i1- 
Do-F

TAAGTTCCCAGAAGACGTCCCCATTATAATCCAACCACAT

ATG5i1- 
Do-R

AATGGTGATGGTGATGATGAGAAATAATGGAAATACAACAAC

ATG5i2- 
Up-F

TCGAATTTAAAGCTTGGTACGCCCCTCAAATGGCACTACC

ATG5i2- 
Up-R

TTACAAAATGACAAATTCGCTAACAAGGCGCTGACTGCAT

ATG5i2- 
Do-F

GCAGTCAGCGCCTTGTTAGCGAATTTGTCATTTTGTAAAC

ATG5i2- 
Do-R

AATGGTGATGGTGATGATGAGCCCCTCAAATGGCACTACC
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Intracellular ATP content detection

ATPlite 1step Luminescence Assay (PerkinElmer, 
Boston, MA, USA) was used to analyze the intracellular 
ATP content. The steps for this analysis were as follows. 
The cell suspension (2.5 × 104 cells) was added into 
a 96-well white plate and cultivated 12–16 h at 28°C. 
The cells were treated with Vip3Aa for 6, 12, 24, 36, 48, 
and 60 h, respectively. Dialysis buffer was used as 
a control. First, we produced the ATP test liquid by 
mixing ATPLite buffer and substrate powder. After 
washing the 96-well plate with PBS three times, the 
cell lysate and the ATP test liquid were added to the 96- 
well plate in turn. Then, the 96-well plate was placed on 
a horizontal shaker to mix the ATP reaction system. 
The luminosity intensity was tested by 
a multifunctional microplate reader (PerkinElmer, 
Boston, MA, USA).

ATG5 expression level analysis

ATG5 expression level was quantitative tested by qRT- 
PCR. The primers used in detecting the expression of 
ATG5 are listed in (Table 2). cDNA was synthesized 
with the PrimescriptTM RT reagent kit with gDNA 
Eraser (Takara, Dalian, China). Quantitative detection 
of ATG5 expression level was determined with a SYBR® 
Premix Ex Taq™ (Takara) using primer pairs Sf-A5-RT 
-F/Sf-A5-RT-R in an Applied Biosystems 7900HT Real- 
Time PCR System (Applied Biosystems, Carlsbad, CA, 
USA). GAPDH was used as a standardized control by 
the 2−ΔΔCt method.

Sf9 cell viability analysis

Sf9 cell viability was operated as described in our pre-
vious study [11]. Briefly, the cell suspension (2.5 × 104 

cells) was added into a 96-well plate and cultivated 
12–16 h at 28°C. The old medium was replaced with 
a new medium containing Vip3Aa (40 μg/mL) and the 
cells were cultured for another 24 h or 48 h. Finally, the 
cell viability was tested according to the instructions of 
CCK-8 counting Kit (Dojindo, Kumamoto, Japan).

Statistical analysis

The significance was tested by one-way analysis of 
variance using Student’s t test. If the p-value was ≤ 
0.05, the results were considered significant.

Results

Vip3Aa induces autophagy in Sf9 cells

Jiang et al. and Hernández-Martinez et al. successfully 
demonstrated that Vip3Aa induced apoptosis in insect 
cells [9]. In view of the crosstalk between apoptosis and 
autophagy, we continued to investigate whether autop-
hagy was actived during Vip3Aa treatment in Sf9 cells.

In the present study, we first explored whether 
Vip3Aa was able to induce autophagy in Sf9 cells 
using GFP-Atg8 punctation and TEM. The results 
(Figure 1a) showed that Vip3Aa caused Sf9 cells to 
accumulate GFP-Atg8 puncta at 6 h. GFP-Atg8 puncta 
were also detected in Vip3Aa-treated cells from 12 h to 
48 h. As shown in (Figure 1b), the ultrastructural fea-
tures of autophagy were obvious after Vip3Aa treat-
ment. In addition, Vip3Aa increased the number of 
autophagic vesicles. Taken together, these findings 
confrmed that Vip3Aa induces autophagy in Sf9 cells.

Vip3Aa induced autophagosome formation-related 
protein expression

Autophagy-related proteins (Atg) have been identified as 
the core machinery of autophagosome biogenesis. To 
explore the formation of autophagosomes during Vip3Aa 
treatment, we detected the protein levels of proteins 
related to autophagosoms formation, such as Atg5- 
Atg12, Beclin 1, and Atg8. In the process of autophagy, 
Atg8-I in the cytoplasm is converted into lipid-bound 
Atg8-II, which then accumulates on the membrane of 
autophagosomes. Therefore, the amount of Atg8-II corre-
lates positivelyd with the number of autophagosomes [17]. 
As illustrated in (Figure 1c and d), Atg8-II was detected 
after Vip3Aa treatment for 6 h. With prolonged Vip3Aa 
treatment time, the level of Atg8-II increased to varying 
degrees. Morever, we observed that the Atg5-Atg12 and 
Beclin1 levels also increased with prolonged treatment 
time. These results proved that autophagosomes were 
formed during the entire process of Vip3Aa treatment, 
and the number of autophagosomes increased with the 
prolongation of treatment.

Vip3Aa reduced ATP content in Sf9 cells

To investigate whether energy metabolism is related 
to the autophagy response during Vip3Aa treatment, 

Table 2. Primers used in the present study.
Primers Primer Sequence

Sf-RT-A5-F GTTCCCAGAAGACGTCCTAC
Sf-RT-A5-R GATTGTGGTCTTTCTTCTGC
Sf-GAPDH-F GTGCCCAGCAGAACATCAT
Sf-GAPDH-R GGAACACGGAAAGCCATAC
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we detected the ATP content in Sf9 cells using an 
ATPlite 1step Luminescence Assay. As shown in 
(Figure 2a), compared with that in the control 
group (0 h), Vip3Aa treatment reduced the ATP 
levels in Sf9 cells by varying degrees. When treated 
with Vip3Aa for 6 h, the ATP level in Sf9 cells was 
the lowest (57.5% of the control group). When trea-
ted for 24 h, the ATP content was slightly higher 
than that at 6 h, at 68.1% of the control group. After 
Vip3Aa treatment for 24 h, the ATP level showed 
a downward trend again. These results confirmed 

that cellular ATP was indeed decreased in Vip3Aa- 
treated cells. Thus, Vip3Aa treatment could cause 
energy stress in Sf9 cells.

Vip3Aa induces autophagy through the 
AMPK-MTOR-ULK1 pathway

Vip3Aa could induce the formation of autophago-
somes; therefore, we continued to explore the autop-
hagy signaling pathway. Vip3Aa reduced intracellular 
ATP levels, which might activate the protein kinase 

Figure 1. Vip3Aa induced autophagy in Sf9 cells. (a) Vip3Aa treatment induced the appearance Atg8 fluorescent spots in Sf9 cells. 
Scale bar, 20 μm. (b) Representative TEM photographs of autophagosome ultrastructures in Vip3Aa-treated Sf9 cells. N, nucleus. Nm, 
nuclear membrane (blue arrows). A, autophagosomes (red arrows). Scale bar, 1 μm. (c) The protein levels of autophagy-related 
proteins were detected using western blotting. (d) Relative densitometry analysis of Atg8-II/β-actin. Significant differences from the 
controls are shown as *p < 0.05, **p < 0.01, and ***p < 0.001.
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AMPK, a key regulator of autophagy, is modulated 
by energy metabolism [18]. Shang et al. revealed that 
AMPK can regulate mTOR negatively, which is con-
ducive to the formation of autophagosomes [19]. We 
aimed to determine whether AMPK and mTOR are 
involved in Vip3Aa-induced autophagy. First, we 
detected the phosphorylation of AMPK and mTOR. 
As shown in (Figure 2b), Vip3Aa increased the phos-
phorylation of AMPK at Thr172 in Sf9 cells, while the 
phosphorylation of mTOR at Ser2448 decreased 
significantly.

ULK1 and p70S6K are direct targets of mTOR. 
mTOR can inhibit ULK1 activity by phosphorylation 
of ULK1 at Ser757, and activates p70S6K by phos-
phorylation of p70S6K at Thr389. The levels of p--
ULK1757 and p-p70S6K also decreased with 

prolonged Vip3Aa treatment time (Figure 2b). 
These results indicated that Vip3Aa activated 
AMPK and inactivated mTOR.

Compound C, an AMPK specific inhibitor, was used 
to explore the effect of AMPK activation on mTOR 
activity and autophagosome formation. Compared 
with the Compound C untreated group, the activation 
of AMPK was significantly inhibited by Compound C, 
and this inhibition of AMPK also partially reduced the 
content of p-p70S6K and Atg8-II, especially when the 
cells were treated with Vip3Aa for 12 and 24 h (Figure 
2c and d). Inhibition of AMPK partially reversed the 
inhibition of mTOR and reduced the content of Atg8- 
II. These results suggested that Vip3Aa could induce 
autophagy by activating the AMPK-mTOR-ULK1 path-
way in Sf9 cells.

Figure 2. Vip3Aa induces autophagy through the AMPK-mTOR-ULK1 pathway in Sf9 cells. (a) Effect of Vip3Aa on the ATP content in 
Sf9 cells. (b) The levels of key signal molecules in the AMPK-mTOR-ULK1 pathway were detected by western blotting. (c) Effect of 
Compound C on the AMPK-mTOR-ULK1 pathway of Vip3A treated Sf9 cells. (d) Relative densitometry analysis of Atg8/β-actin. 
Significant differences from the controls are shown as *p < 0.05, **p < 0.01, and ***p < 0.001.
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Vip3Aa affects the degradation of autophagosomes 
in Sf9 cells

In our previous work, we found that Vip3Aa increased 
the lysosomal pH in Sf9 cells [11]. Lysosomes are the 
degradation chambers of autophagosomes and are the 
key to autophagy circulation. Therefore, we speculated 
that Vip3Aa might affect the degradation of autopha-
gosomes. Consequently, we used the lysosomal inhibi-
tor chloroquine (CQ) to inhibit the fusion of 
autophagosomes and lysosomes, and detected the 
changes in Atg8-II protein levels. This Atg8-II turnover 
analysis method could estimate the amount of autop-
hagosomes degraded by lysosomes [20]. As shown in 
(Figure 3a and b), compared with Vip3Aa treatment 
alone for 24 h, the content of Atg8-II increased signifi-
cantly when the cells were treated with Vip3Aa and 
CQ, and the difference between them represented the 
lysosomal degraded autophagosomes. However, the 
amount of Atg8-II did not increase significantly when 
the treatment time prolonged to 48 h. These results 
showed Vip3Aa treatment might lead to impaired 
autophagosome clearance.

p62 is an autophagy specific substrate, which can be 
degraded during autophagy circulation. Our results 
(Figures 3c and d) showed the protein level of p62 

increased with the prolongation of Vip3Aa treatment 
time. These results further proved that Vip3Aa affected 
the degradation of autophagosomes in Sf9 cells. 
Namely, Vip3Aa impeded autophagy circulation.

To investigate autophagy flux in Sf9 cells treated with 
Vip3Aa for 24 h, we constructed cell line Sf-RGatg8, 
which expressed RFP-GFP-Atg8. In Sf-RGatg8 cells, 
red fluorescent protein (RFP) and green fluorescent 
protein (GFP) are connected in series. In the normal 
autophagy process, the acidic environment in the lyso-
some will cause quenching of GFP, and only red fluor-
escence will be detected. Conversely, if the 
autophagosome is not degraded in the lysosome, both 
RFP and GFP will remain, resulting in yellow fluores-
cence. As illustrated in (Figure 4), in rapamycin-treated 
Sf-RGatg8 cells, red fluorescence puncta increased, indi-
cating autophagy activation and autophagosome degra-
dation. CQ treatment resulted in an increase of yellow 
fluorescent spots, indicating that autophagosome degra-
dation was inhibited. The results for the Vip3Aa-treated 
group were similar to those of the CQ-treated group, 
except that a small number of red fluorescent spots were 
also seen in Vip3Aa-treated cells. These results indicated 
that autophagy degradation had begun to be inhibited in 
Vip3Aa-treated Sf9 cells after 24 h.

Figure 3. Vip3Aa can inhibit autophagic degradation in Sf9 cells. (a) The protein levels of Atg8-II/Atg8-I were detected by western 
blotting. (b) Relative densitometry analysis of Atg8-II/β-actin. (c) The protein levels of p62 were detected by western blotting. (d) 
Relative densitometry analysis of p62/β-actin. Cells were preincubated with CQ for 2 h. Significant differences from the controls are 
shown as *p < 0.05, **p < 0.01, and ***p < 0.001.
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Autophagy protects Sf9 cells exposed to Vip3Aa

To study the role of autophagy in the toxic effects of 
Vip3Aa, we constructed an insect cell line that was 
knocked down or overexpressed Atg5, a pivotal protein 
for autophagosome forming. The knockdown and over-
expression cell lines were named as Sf-atg5i1 and Sf-atg5, 
respectively (Figure 5a and b). As seen in (Figure 5c), 
when the cells was treated with Vip3Aa for 24 h, the 
survival rates of Sf9, Sf-atg5i1, and Sf-atg5 cells were 
66.7%, 57.4%, and 70.6%, respectively. When the action 
time was extended to 48 h, the survival rates of Sf9, Sf- 
atg5i1, and Sf-atg5 cells were 49.7%, 33.5%, and 66.4%, 
respectively. The cytotoxicity test indicated that when 
Atg5 was overexpressed, cell viability increased; and 
when Atg5 was knocked down, cell viability decreased. 
Moreover, the autophagy inhibitor 3-MA also increased 
the sensitivity of Sf9 cells to Vip3Aa (Figure 5d). These 
results indicated that autophagy plays a protective role in 
Sf9 cell death induced by Vip3Aa.

Discussion

Vip3Aa can control Lepidoptera pests such as 
S. frugiperda and Agrotis ypsilon effectively. It is 

believed widely that Vip3Aa used alone, or in combina-
tion with other insecticidal proteins, can induce effec-
tive biological control. Therefore, to maximize the 
insecticidal potential of Vip3Aa, it is necessary to 
study its induced cell death mechanism. Previously, 
we showed that Vip3Aa exerts its cytotoxic effects on 
Sf9 cells through the activation of caspase-9/-3, which 
causes mitochondrial dysfunction [9,11]. Recently, we 
further revealed that the instability of the lysosome 
membrane caused by Vip3Aa contributes to activating 
caspase cascades [11]. In the present study, we observed 
that Vip3Aa could induce autophagy in Sf9 cells, and 
that autophagy might be related to the development of 
insect cell resistance.

The main function of autophagy in most cell types is 
considered to be an adaptive response to starvation, 
and it can degrade proteins and organelles damaged 
by oxidative stress, maintaining cell homeostasis [12]. 
Thus, autophagy is essential for cell survival. This study 
proved that Vip3Aa can induce the formation of autop-
hagosomes. It was confirmed by observing cell ultra-
structure, GFP-Atg8 puncta and detecting changes in 
autophagy-related protein content.

In a previous study, we found that Vip3Aa could 
enter Sf9 cells through macropinocytosis-related endo-
cytosis, which is an energy-consuming process [21]. 
Moreover, we confirmed that Vip3Aa could induce 
mitochondrial dysfunction. We speculated that 
Vip3Aa might affect energy metabolism. As expected, 
we found that Vip3Aa caused a decrease in intracellular 
ATP levels and activated AMPK. mTOR is one of the 
key inhibitors of autophagy, which is positively regu-
lated by upstream signals (such as growth factors and 
amino acids) and negatively regulated by AMPK [22]. 
Combined with the use of Compound C, a specific 
AMPK inhibitor, we showed that AMPK activation 
could inhibit the activity of mTOR in Vip3Aa-treated 
Sf9 cells. In other words, Vip3Aa could activate autop-
hagy through the AMPK-mTOR pathway.

Autophagy begins in the ULK1/Atg1 complex and is 
evolutionarily conserved from yeast to mammals [23]. 
In mammals, mTOR inhibits ULK1 by phosphorylation 
of ULK1 at Ser757; however, AMPK can activate ULK1 
by phosphorylation of ULK1 at Ser555 [24]. In Sf9 cells, 
we found that Vip3Aa caused increased levels of ULK1 
phosphorylated at Ser555 in a time-dependent manner; 
but the level of ULK1 phosphorylated at Ser757 

decreased. This result also supported the view that 
Vip3Aa could activate AMPK and inactivate mTOR.

Autophagy is known to promote cell death or cell 
survival depending on the nature of the stimulus and 
the cellular environment [25]. To investigate the effect 
of Vip3Aa on autophagy, Atg8-II turnover analysis was 

Figure 4. Atg8 fluorescence results in Sf-RGatg8 cells. Sf-RGatg8 
cells were treated with CQ and Rapamycin for 24 h in. Scale bar, 
20 μm.
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used to detect autophagy flux. The results confirmed 
that autophagosome degradation was inhibited after 
Vip3Aa treatment for 48 h. We also found that the 
increase in Atg8-II caused by Vip3Aa was accompanied 
by increased of p62 levels after 12 h of treatment, which 
indicated that Vip3Aa might have begun to inhibit 
autophagy flux. The results of RFP-GFP-Atg8 fluores-
cent spot detection confirmed that autophagic flux was 
indeed blocked by Vip3Aa. Moreover, studies have 
shown that blocking the autophagosome degradation 
step might lead to the accumulation of enlarged and 
unstable autophagic vesicles [26]. In the present study, 
TEM observations revealed that large-diameter 
(approximately 2 μm) autophagic vesicles appeared in 
Sf9 cells after Vip3Aa treatment for 24 h (Figure 1b). 
This also confirmed that Vip3Aa impaired autophagy 
flux, leading to autophagosome accumulation. Our pre-
vious study found that when Sf9 cells were treated with 

Vip3Aa for 12 h, the stability of the lysosome began to 
be destroyed. Damaged lysosomes would lead to autop-
hagosome accumulation. Autophagy signals were 
detected at the early stage of Vip3Aa treatment (6 h), 
and we hypothesized that autophagy represented the 
response of Sf9 cells to Vip3Aa stress. However, 
Vip3Aa could inhibit this response by attacking 
lysosomes.

To explore the relationship between autophagy and 
Sf9 cell death, we knocked down and overexpressed 
ATG5 in Sf9 cells. We found that decreased ATG5 
expression increased the sensitivity of Sf9 cells to 
Vip3Aa, while overexpression of ATG5 reduced the 
mortality of Vip3Aa-treated cells. These results indi-
cated that autophagy plays a protective role in Vip3Aa- 
treated cells. The effect of 3-MA on Vip3Aa-treated Sf9 
cells also confirmed the role of autophagy in protecting 
Sf9 cells.

Figure 5. Autophagosome accumulation induced by Vip3Aa plays a pro-survival role in Sf9 cells. (a) The mRNA expression levels of 
ATG5. (b) The protein level of Atg5-Atg12, as detected by western blotting. (c) Effect of Atg5 knockdown or overexpression on cell 
viability. (d) Effect of 3-MA on cell viability. Significant differences from the controls are indicated as *p < 0.05, **p < 0.01, and 
***p < 0.001.
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Autophagy attenuates the enhancement of death sig-
nals by degrading damaged organelles, such as 
damaged mitochondria and lysosomes, which are clo-
sely associated with cell death. Yu et al. showed that 
autophagy could be induced to limit the cell damage 
caused by the disrupted organelles [27]. Our previous 
study found that Vip3Aa caused damage to lysosomes 
and mitochondria. Furthermore, in the present study, 
damaged mitochondria and lysosomes could be seen in 
the autophagosomes (Figure 1b). Thus, we speculated 
that autophagy could degrade damaged organelles, 
delay the occurrence of cell death, and played an antag-
onistic role against Vip3Aa toxicity in the initial stage 
of Vip3Aa treatment (12 h). However, with extended 
treatment time, the damage caused by Vip3Aa to lyso-
somes would be aggravated. In turn, the damaged 
mitochondria would also act on the lysosome, attacking 
the membrane stability of the lysosome, and resulting 
in more damaged lysosomes. The occurrence of these 
events would further inhibit autophagy circulation. 
Therefore, this autophagic salvage response in Sf9 
cells might only operate under certain conditions.

Lysosomes are the only sites at which autophago-
somes are degraded [28]. Our results suggested that 
Vip3Aa attacks lysosomes and hinder autophagosome 
degradation [11]. As the Vip3Aa concentration 
increased, the number of damaged lysosomes increased. 
In addition, Sf9 cells will continue to activate the autop-
hagic salvage response under conditions of Vip3Aa 
pressure. These events will cause further autophago-
some accumulation, which might turn autophagy into 
a destructive process [29,30]. Moreover, increased 
autophagy signaling will also increase the burden of 
lysosomes, which would lead to lysosomal membrane 
permeabilization [31]. Thus, the destruction in the later 
stage of autophagy leads to the excessive accumulation 
of autophagic vacuoles. In this case, too many autop-
hagosomes might lead to cell death.

There are few reports on the mechanism of Vip3Aa 
resistance. Crickmore et al. proposed that the loss of 
receptor function caused by the intracellular response 
might be a potential mechanism of insecticidal toxin 
resistance [32]. Some studies tried to the explore lepi-
dopteran gut transcriptome to determine the resistance 
mechanism of Vip3Aa [33,34]. However, no conclusive 
results were obtained for the resistance mechanism of 
Vip3Aa. In the present study, we found that autophagy 
in Sf9 cells might be a rescue response to Vip3Aa stress 
and could antagonize the virulence of Vip3Aa. We 
speculated that this autophagic salvage response might 
play a role in insect resistance development.

Autophagy antagonizes the Sf9 cell death induced by 
Vip3Aa; however, the relationship between autophagy 

and Vip3Aa-induced Sf9 cell apoptosis remains 
unclear. In addition, when the concentration of 
Vip3Aa increased, lysosomal damage might be aggra-
vated, and the autophagosome accumulation induced 
by Vip3Aa might not be conducive to cell survival. 
Therefore, to explore the mechanism of Vip3Aa’s 
action in Sf9 cells more deeply, further research is 
required.

In conclusion, we found that Vip3Aa initiated 
autophagy through the AMPK-MTOR-ULK1 pathway 
in Sf9 cells. We also found that autophagy had an 
antagonistic effect on the Sf9 cytotoxicity induced by 
Vip3Aa. However, with extended treatment time, 
Vip3Aa could affect the degradation of autophago-
somes, leading to impaired autophagy flux. Our find-
ings provide a better understanding of Vip3Aa’s 
insecticidal mechanism, promoting future exploitation 
of its full insecticidal potential and techniques delay its 
induced resistance.
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