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Abstract

BACKGROUND: Insects cannot synthesize sterols and must acquire them from food. The mechanisms underlying how insects
uptake dietary sterols are largely unknown except that NPC1b, an integral membrane protein, has been shown to be respon-
sible for dietary cholesterol uptake inDrosophila melanogaster. However, whether NPC1b orthologs in other insect species, par-
ticularly the economically important pests, function similarly remains to be determined.

RESULTS: In this study, we characterized the function of NPC1b in Helicoverpa armigera, a global pest that causes severe yield
losses tomany important crops. Limiting dietary cholesterol uptake to insects significantly inhibited food ingestion and weight
gain. Compared to the wild-type H. armigera, the CRISPR/Cas9-edited NPC1bmutant larvae were incapable of getting adequate
cholesterol and died in their early life stage. Gene expression profile and in situ hybridization analyses indicated thatNPC1bwas
mainly expressed in themidgut where dietary cholesterol was absorbed. Expression ofNPC1bwas also correlatedwith the feed-
ing life stages and was especially upregulated during early larval instars. Protein-ligand docking and sequence similarity ana-
lyses further demonstrated that NPC1b proteins of lepidopteran insects shared a relatively conserved cholesterol binding
region, NPC1b_NTD, which, however, was highly divergent from bees-derived sequences.

CONCLUSION: NPC1b was crucial for dietary cholesterol uptake and growth of H. armigera, and therefore could serve as an
insecticide target for the development of a novel pest-management approach to control this economically significant insect
pest with little off-target effect on bees and sterol-autotrophic animals.
© 2020 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
The cotton bollworm, Helicoverpa armigera, is an important agri-
cultural pest that mainly attacks reproductive organs of econom-
ically important crops such as cotton, tomato, legume, sorghum,
maize, and fruit trees.1,2 This species is one of the most widely dis-
tributed insect pests and causes substantial yield losses in Africa,
Asia, Australia, and Europe. Recently, H. armigera was reported
to be expanding its range in South and North America.3 The suc-
cessful management of this pest heavily relies on pesticides and
transgenic crops expressing toxins from the bacterium Bacillus
thuringiensis. However, with the escalating resistance evolved by
insects and the increasing environmental concerns fromoveruse, par-
ticularly the negative impacts on non-target organisms, people are
continuously losing the control power over this pest.4–6 It is hence
in an urgent need to discover environment-friendly agents that effi-
ciently act on novel molecular targets of insects with high specificity.
Cholesterol and its derivatives are essential for all eukaryotes as

both a vital structural component of cellular membrane and a pre-
cursor to important biomolecules.7,8 However, unlike mammals,
insects and other arthropods cannot synthesize sterols de novo,9

and thus typically obtain them from food. Previous studies have
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demonstrated that interfering with dietary cholesterol usage
delays insect growth and increases insect mortality.10–19

The uptake of cholesterol in animals requires thesemolecules to
move across intestinal epithelium to reach various internal tissues.
This absorbing process includes two steps: (i) dietary cholesterol
transportation through the apical membrane of enterocytes into
cells, and (ii) intracellular cholesterol trafficking through the cyto-
plasm to the basal membrane where cholesterol is loaded into
lipophorin.8 Sterol carrier protein-2 (SCP-2), a soluble protein
abundant in enterocyte cytoplasm, has been shown to play an
important role in the second step.13,20–22 Inhibitors targeting
SCP-2 significantly restricted dietary cholesterol trafficking, and
showed high toxicity to insect pests and low toxicity to mammals
that can synthesize their own cholesterol.14–16,18,22 Comparably,
Niemann–Pick Type C1 L1 (NPC1L1) protein was found to function
in the first step of the cholesterol absorbing process in mammals,
through mediating the transportation of dietary cholesterol from
gut lumen into enterocytes across the apical membrane of
cells.23,24 In parallel, the NPC1L1 ortholog identified in
D. melanogaster, named NPC1b, was also shown to be essential
for dietary cholesterol uptake.25 These orthologous proteins,
NPC1L1 and NPC1b, are both integral membrane proteins and
typically comprise three domains, the N-terminal domain (NTD),
the sterol sensing domain (SSD), and the Patched domain, among
which NTD specifically binds cholesterol tomediate its transporta-
tion.26,27 Given the structural and functional conservation shared
by the D. melanogaster NPC1b and mammal NPC1L1 proteins, it
is reasonable to hypothesize that employing NPC1b orthologs
for cholesterol uptake is a conserved mechanism among insects,
despite that some insect species may lack this gene and have
evolved other mechanisms as substitutes.27

To test this hypothesis and to discover a novel insecticide target,
we here investigated the molecular and functional characteristics
of NPC1b in H. armigera. Results indicated that the temporal and
spatial expression of NPC1b was linked to dietary sterol uptake.
Loss-of-function mutation of NPC1b in H. armigera generated by
the CRISPR/Cas9 genome editing technology disrupted insect
growth and resulted in lethality. In addition, we found that the
cholesterol-binding domain, NTD, of NPC1b was conserved in cat-
erpillar species but was divergent from the NTD domain in bees.
This work, to our knowledge, represents the second example to
reveal the indispensable role that NPC1b plays in cholesterol
uptake in insects and will shed light on the development of novel
pest management strategies.

2 MATERIALS AND METHODS
2.1 Experimental animals
Helicoverpa armigera pupae were purchased from Keyun Industry
Co., Ltd (Jiyuan, Henan, China). The newly emerged adults were
allowed to mate and produce eggs. The rearing conditions were
set as 27 °C/25 °C [light/dark (L/D)] with a 16 h L/8 h D
photoperiod.

2.2 Insect performance on different concentrations of
dietary cholesterol
An artificial diet developed for Helicoverpa zea was used and this
diet contained trace level of sterols unless sterols are manually
added.28,29 Helicoverpa armigera hatchlings were reared on the
diet containing cholesterol at a concentration of 1 mg/g, which
resembles typical sterol content in plant tissues.12 Upon molting
into 4th instar, the insects were weighted (initial weight) and then

randomly transferred onto one of the five diets which contained
0, 0.25 mg/g, 0.5 mg/g, 1 mg/g, and 2mg/g of cholesterol, respec-
tively. Thirty larvae were used for each treatment. Wet diet blocks
were weighed prior to insect feeding and replaced every other
day. Removed blocks were dried at 50 °C to constant mass and
then weighed. To estimate the initial dry mass, wet mass and
dry mass of five blocks were individually measured and a regres-
sion equation was generated to determine the water content of
wet diets. Food consumed by each insect was calculated as the
food dry mass change before and after being fed. After feeding
for 5 days, the larvae were weighed (final weight) and food con-
sumption was calculated. The relative growth rate (RGR) was indi-
vidually determined by the formula: RGR = [loge(final weight/
initial weight)]/number of days.30

2.3 Generation of NPC1b mutant using CRISPR/Cas9
Helicoverpa armigera NPC1b gene was previously identified,27 and
the genomic DNA was verified by Sanger sequencing (Supporting
Information, Fig. S1, Table S1). We used long deletion knockout
strategies to generate insect mutants through the co-injection
of two guide-RNAs (sgRNAs) which target a 334-bp fragment of
NPC1b (Fig. S2).31 The specificity of sgRNA sequence was exam-
ined against H. armigera genome using the CRISPR/Cas system
(Cas9/gRNA) off-targeter (CasOT, http://casot.cbi.pku.edu.cn),
and the off-target sites with relatively high risk of mutations were
experimentally evaluated.32

To synthesize H. armigera NPC1b sgRNAs, we initially generated
their DNA templates using the GeneArt™ Precision gRNA Synthe-
sis Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to
the manufacturerʼs instruction. The DNA templates were then
purified with the QIAquick PCR purification kit (QIAGEN, Hiden,
Germany) and used to synthesize the sgRNAs with GeneArt™ Pre-
cision gRNA Synthesis Kit (Thermo Fisher Scientific). The sgRNAs
were stored at −80 °C for further use.
Eggs laid within 2 h were fixed onto a microscope slide (24 mm,

50 mm) using a double-sided adhesive tape. Amixture containing
two sgRNAs (100 ng/μL for each) and Cas9 protein (125 ng/μL,
TrueCut Cas9 Protein v2, Thermo Fisher Scientific, Shanghai,
China) was injected into each embryo using PV820 Pneumatic
PicoPump (World Precision Instruments Inc., New Haven, CT,
USA) equipped with Sutter Instrument 0.58 mm fire-polished
glass capillary needles (Sutter BF-100-58-10). Eggs injected with
Cas9 protein alone were used as control. Hatchling (G0 genera-
tion) from these injected eggs were used for performance assay
and cholesterol quantification.

2.4 Dissection and tissue collection
Head, epidermis and whole alimentary canal were dissected from
2-day-old 5th instar H. armigera in ice-cold phosphate-buffered
saline (PBS) buffer (Beyotime, Haimen, China). The whole canal
was separated into foregut (FG), the first-half midgut (MG1), the
second-half midgut (MG2), Malpighian tubes (MT), and hindgut
(HG) (Fig. S3(A)). All tissues were kept in RNA Stabilization Reagent
(Qiagen, Hiden, Germany) until RNA extraction. Each biological
replicate comprised material from two larvae for epidermis, four
larvae for each part of the whole canal (except for Malpighian
tubules which were from ten larvae) or ten larvae for head, and
six biological replicates were prepared for each type of tissue.
To investigate the response of NPC1b to dietary cholesterol con-

centrations, five diets with different cholesterol concentrations,
i.e. 0, 0.25 mg/g, 0.5 mg/g, 1 mg/g and 2 mg/g, were prepared.
Helicoverpa armigera hatchlings were reared on the 1 mg/g diet
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and then randomly assigned to each of these five diets upon
reaching the 3rd instar. The guts were dissected from 2-day-old
3rd instar insects to quantify the gene expression. Eight biological
replicates were collected for each treatment and each replicate
comprised two guts.
To investigate the sites for sterol absorption, 2-day-old 5th

instar insects were used. The whole alimentary canal connecting
head capsule and anus was quickly dissected on ice with food res-
idue in gut lumen removed. The whole gut was cut into four sec-
tions (FG, MG1, MG2, and HG) as described earlier and Malpighian
tubules were removed. These tissues were subjected to gas chro-
matography mass spectrometry (GC-MS) analysis and four indi-
vidual larvae were used. The relative cholesterol content in the
four sections of a gut from one same individual insect was calcu-
lated relative to the section with highest cholesterol content (set
as 100%).
To investigate gene expression at different life stages, two

experiments were conducted. In one experiment, the insects were
fed with the diet containing 1 mg/g of cholesterol and relative
expression in eight life stages, e.g. 4-day-old eggs, hatchlings
unfed for 6 h (i.e. no food was given), hatchlings fed on the diet
for 6 h, 2-day-old larvae of 2nd, 3rd, 4th and 5th instars, and
4-day-old pupae were collected respectively for gene expression
quantification. Eight biological replicates were prepared. In the
other experiment, we used the diets containing different concen-
trations of cholesterol (0.5 mg/g, 1 mg/g, and 2 mg/g) to feed the
insects and five different stages, e.g. 4-day-old eggs, hatchlings
unfed for 6 h, hatchlings fed on the diet for 6 h, 2-day-old larvae
of 5th instars, and 4-day-old pupae were collected. Four biological
replicates were prepared.

2.5 Nucleic acid extraction and cDNA preparation
Total RNA was extracted using the M5 Universal RNA Mini Kit
(Mei5 Biotechnology, Beijing, China) and genomic DNA was
digested following manufacturerʼs protocols. Approximately
1 μg RNA was used to prepare cDNA by the PrimeScript™ RT
reagent kit with gDNA Eraser (TaKaRa, Dalian, China) according
to the manufacturerʼs protocol.
Extraction of insect genomic DNAwas performed using the Uni-

versal DNA Mini Kit (Mei5 Biotechnology). Quantity and purity of
extracted DNA were examined with a NanoDrop™ 2000 (Thermo
Fisher Scientific, San Jose, CA, USA).

2.6 PCR primers and gene sequence verification
Primers used for polymerase chain reaction (PCR) analyses, includ-
ing regular and quantitative, are listed in Table S1. DNA sequences
of PCR products were validated by Sanger sequencing (TSINGKE,
Beijing, China) when necessary.

2.7 Cholesterol quantification
We used a previously described protocol for cholesterol quantifi-
cation.11,33 Briefly, insect samples were freeze-dried and total ste-
rols (free sterols and sterol esters) were extracted using a mixed
solvent of chloroform and methanol. Cholestane was added into
each sample as the internal standard. Subsequently, water was
added, and the lower layer (chloroform part) was removed and
concentrated. Cholesterol esters were hydrolyzed by incubating
with 70%methanol [5% potassium hydroxide (KOH) w/v] and ste-
rols were then extracted by hexane. The hexane solution was
washed with 50% methanol/water to remove any basic residues.
Sterols were derivatized to trimethylsilyl ether (TMS), and then
identified and quantified by GC-MS using a Thermo trace 1310

GC coupled with an ISQ MS detector (Thermo Fisher Scientific)
maintaining Agilent DB-17 column (Agilent Technologies, Palo
Alto, CA, USA).

2.8 Quantitative real-time PCR (qRT-PCR) analysis
Each quantitative real-time PCR (qRT-PCR) reaction was con-
ducted using a mixture of 10 μL real-time PCR super mix (Mei5
Biotechnology), 1 μL primer mix (5 μmol/L each primer), 2 μL
cDNA and 7 μL doubly distilled water in QuantStudio 3 real-time
PCR system (Thermo Fisher Scientific), and template-free samples
were used as negative control. The PCR reaction was as follows:
95 °C for 1 min, and 40 cycles of 95 °C for 15 s, 60 °C for 15 s
and 72 °C for 15 s. The denaturing step was added with 0.5 °C
for 1 s from 65 °C to 95 °C to confirm single gene-specific peak.
Two reference genes, RPL13 (AY846882.1) and glyceraldehyde-
3-phosphatededydrogenase (JF417983.1), were used to normal-
ize gene expression across the different samples analyzed,34 and
a standard curve for each pair of primers was obtained to estimate
primer efficiency. Three technical replicates were prepared for
each biological sample.

2.9 Fluorescence in situ hybridization (FISH) of
NPC1b mRNA
Guts dissected from 2-day-old 5th instar larvae were fixed in 4%
(w/v) paraformaldehyde solution (Servicebio, Wuhan, China) at
4 °C, embedded in paraffin, and longitudinally sliced into 5 μm
sagittal sections. After being incubated for 2 h at 62 °C, the sec-
tions were deparaffinized with xylene, rehydrated with gradient
ethanol, and then boiled for 10 min for full antigen retrieval. Sec-
tions were then treated with 20 μg/mL proteinase K for 25 min at
37 °C, rinsed in 0.5 M PBS buffer, and incubated for 1 h at 37 °C.
These pre-treated sections were then hybridized overnight with
antisense DIG-dUTP-labeled H. armigera NPC1b RNA probes
(503–540 nt) at 37 °C and those prepared without probes were
used as control. All sections were washed in saline sodium citrate
buffer, blocked in 1% bovine serum albumin (BSA) buffer for
30 min at room temperature, and incubated with 100-time
diluted anti-mouse Alexa Fluor 488 (Jackson ImmunoResearch
Laboratories, Inc.,West Grove, Pennsylvania, USA) for 50 min at
37 °C. Nuclei were stained with DAPI. The images were captured
under Nikon 80i fluorescence microscope (Nikon Corporation,
Tokyo, Japan).

2.10 NPC1b_NTD domain modeling and docking with
cholesterol
Helicoverpa armigera NPC1b_NTD domain was predicted using
the NPC1b protein sequence to search against the Pfam database
(https://pfam.xfam.org/). An in silico model of H. armigera
NPC1_NTD was constructed using human NPC1_NTD (PDB acces-
sion number: 3gkj) as template model in SWISS-MODEL (https://
swissmodel.expasy.org/). The ligand–protein docking analysis
was performed in Autodock v4.2 with AutoDockTools v1.5.6.35

Cholesterol three-dimensional (3D) structure was downloaded
from PubChem (https://pubchem.ncbi.nlm.nih.gov/) and docked
to NPC1b_NTD using the Lamarckian genetic algorithm. The x, y,
z coordinates of the center of the grid box around the protein
were specified as 85, 83, and 92, respectively. The number of grid
points was 40 × 40 × 50 with the grid point spacing as 0.375 Å. A
total of 20 genetic algorithm runs were considered in each case
with an initial population of 300 individuals and amaximum num-
ber of 5 000 000 energy evaluations. The resulting configurations
that have less than or equal to 0.5 Å root mean square deviation
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were clustered together and ranked by the energy. The best
ligand–receptor orientation from the docked structures was cho-
sen based on the lowest energy and the information in the dock-
ing orientation between 3gkj (NPC1_N) and its ligand. Docking
complex was visualized in Discovery Studio 2017 R2 Client
(Accelrys Software, Inc., San Diego, CA, USA).

2.11 Data analysis
R Version 3.61 was used to conduct survival analysis to compare
the survival rate between the control and NPC1b mutants. Two
sample comparison was performed using unpaired t-test. Analysis
of variance (ANOVA) was used when multiple treatments were
compared, followed by Tukeyʼs post hoc test for pair-wise com-
parisons across all treatments. These analyses were conducted
in SPSS 21 (SPSS Inc, Chicago, IL, USA).

3 RESULTS
3.1 Dietary sterol availability significantly effects insect
performance
In this study, we initially performed a bioassay to assess the effect
of sterol on H. armigera growth and development. Through feed-
ing the 4th instar larvae with a variety of cholesterol concentra-
tions, we observed that food intake and the RGR of the insects
reduced with the decreasing amount of cholesterol added in
the food (Fig. 1). Insects ingested significantly less amount of food
(Fig. 1(A)) and grew slower (Fig. 1(B)) when sterol concentration
reduced from 2.0 mg/g to 0mg/g. For example, the larvae feeding
on sterol-free diet only consumed 29% of food and the RGR was
about half as those feeding on 0.25 mg/g of cholesterol, indicat-
ing that dietary sterol acquirement is very important to
H. armigera larval growth and development.

3.2 Helicoverpa armigera NPC1b is critical for insect
development and dietary cholesterol absorption
CRISPR/Cas9 was recently applied in lepidopteran species and we
here used the dual sgRNA-directed CRISPR-Cas9 system to delete
a long fragment in NPC1b gene from the H. armigera genome
(Fig. S2).1 In pilot experiments, we observed that approximately
58% of eggs injected by sgRNA/Cas9 hatched, which was slightly
higher than Cas9-injected eggs (43%) but there was no significant
difference (Fig. S4; t = 2.078, P = 0.11). We also observed that neo-
nates hatched from CRISPR/Cas9-injected eggs were unable to
molt to the 2nd instar, indicating that the editing effect of NPC1b
is larval lethal. Thus, we injected sgRNA/Cas9 into 750 eggs and
Cas9 into 640 eggs, respectively, to compare the genotypes and
phenotypes of G0 generation larvae. Out of these eggs,

433 (58%) hatched from the sgRNA/Cas9-injected eggs and
333 (52%) from Cas9-injected eggs, and randomly selected neo-
nates were used for the following experiments.
Equal number of neonates (n = 72) from both sgRNA/

Cas9-injected and Cas9-injected eggs were reared on 1 mg/g of
cholesterol. NPC1b mutants only survived for up to 10 days and
none of them molted to the 2nd instar, while the insects injected
with only Cas9 protein can reached the 4th instar within 10 days
(Fig. 2(A, B)). Similarly, NPC1b mutants cannot molt to the 2nd
instar andmore than 70% of the insects died within 10 days when
a regular diet was used (Fig. S6). Genomic DNAwas extracted from
each of 20 sgRNA/Cas9-injected neonates among which 17 indi-
viduals exhibited approximately 300-bp-long deletions in the
NPC1b gene examined by PCR amplification and agarose gel elec-
trophoresis (primers: jianceNPC1b-F and jianceNPC1b-R; Table S1)
and the other three were single-site mutations verified by Sanger
sequencing (Fig. S2(C, D)). Moreover, the larger PCR band from the
three random-selected individuals with the long fragment dele-
tion also contained one site editing (Fig. S2(E)). Two sites in
H. armigera genome containing only three mismatches to the
on-target sites (CasOT, http://casot.cbi.pku.edu.cn) were consid-
ered high risk of off-target site mutation,32 but we did not detect
any mutation in these two sites in the randomly selected individ-
uals (Fig. S5, Tables S1 and S2).
Cholesterol is a micro-nutrient and insects accumulate it mainly

for structural purposes with a tiny portion serving as signaling
molecules.8 To compare cholesterol contents between the
mutants and the control animals, we fed the mutants for 2 days
and the control for 6 h after hatching to allow them to reach sim-
ilar size (t = 0.52, P = 0.66), an indication that similar amount of
foodwas assimilated and converted into bodymass.36 Both larvae
were at the 1st instar. The genome-edited line contained signifi-
cantly less amount of cholesterol than the control animals
although the former were allowed to feed on the same diet for
a longer period (Fig. 2(C); t = 8.83, P < 0.0001). Moreover, the rel-
ative amount of cholesterol per dry mass in the mutant larvae was
only about half of that in the control animals (Fig. 2(D); t = 5.39,
P < 0.0001), indicating that loss-of-function mutation of NPC1b
severely impeded cholesterol uptake in the insects.

3.3 NPC1b expression was dramatically enriched in the
midgut and regulated by dietary cholesterol
concentrations
To profile NPC1b expression, different tissues were collected for
quantitative PCR analysis. Results indicated that NPC1b expression
was dramatically enriched in the midgut, especially the MG2, with
a significantly higher level than other tissues tested (Fig. 3(A)). No

Figure 1. Impact of sterol intake on H. armigera larval performance. The 4th instar larvae tended to ingest more food (A) and grow faster (B) with the
increasing dietary cholesterol concentrations. Data shown are mean ± standard error, and different letters indicate significant differences.
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significant difference was found between other tissues. Interest-
ingly, NPC1b expression tended to increase as the dietary choles-
terol concentration decreased and it was highest when the
insects fed on the diet containing no cholesterol (Fig. 3(B)).
To further visualize the localization of NPC1b transcripts in the

gut, longitudinal gut sections were hybridized in situwith an anti-
sense DIG-labeled NPC1b probe. Among the tissue collected, the
midgut region appeared to be bound strongly by the probe,
and the probe signal in HG was almost undetectable (Figs 3(C–H),
S3(B, C)). Additionally, signal in the anterior midgut was relatively
weaker than the other region of the midgut. In consistence with
NPC1b expression profile, cholesterol content was generally more
enriched in the midgut than the FG or the HG (Fig. 3(I)).

3.4 NPC1b gene expression varied at different stages of
H. armigera
NPC1b expression was at the lowest in eggs and pupae, two non-
feeding stages (Fig. 4(A)). In contrast,NPC1b expressionwas signif-
icantly higher in nearly all fed larvae (except for the 4th instar)
than that in eggs and pupae. Moreover, NPC1b expression was
significantly upregulated in the fed than the non-fed 6-h-old 1st
instar larvae. The expression varied among different larval instars,
whichwas significantly upregulated to the highest level in the 2nd
instar among all stages tested and downregulated continuously in
the 3rd and the 4th instar. After expressing at the lowest level in
the 4th instar, NPC1b was upregulated again in the 5th instar.
We also tested the effect of dietary sterol concentration on

NPC1b expression in different stages while only included eggs,
the 1st instar unfed larvae, the 1st instar fed larvae, the 5th instar
larvae, and pupae (Fig. 4(B)). Similarly, NPC1b expression level was
the lowest in eggs and pupae. Larvae feeding on the diet

containing 0.5 mg/g of cholesterol exhibited the similar expres-
sion pattern as those feeding on 1 mg/g of cholesterol
(Table S3). In contrast, the expression in the larvae feeding on
2 mg/g of cholesterol was significantly downregulated compared
to those feeding on the lower concentrations of cholesterol
(i.e. 0.5 and 1 mg/g), in correlation with the earlier results that
insects tend to respond to dietary cholesterol concentrations,
depending on excessive or insufficient, by downregulating or
upregulating the expression of NPC1b.

3.5 Cholesterol-binding sites in NPC1b was conserved
among caterpillar species but very divergent from bees
To investigate the potential cholesterol-binding sites in NPC1b,
we conducted an in silico docking analysis. NTD is the domain
for cholesterol binding in NPC1 homologs, among which only
two, human NPC1_NTD (3gkj) and human NPC1L1_NTD (3qnt),
have been determined in crystal structures in their NTD
domains.37,38 Both proteins share approximately 30% identity to
H. armigeraNPC1b_NTD (Table S4), suggesting that they are equiv-
alent in serving as the template for modeling the 3D structure of
H. armigera NPC1b_NTD.39 We chose NPC1_NTD as the template
because it has a higher resolution (1.6 Å) and its crystallographic
structure of protein/cholesterol complex is experimentally verified.
The 3D structure prediction demonstrated that NPC1b_NTD is

composed of 13 ⊍-helices and five ⊎-sheets starting from residue
19 and extending to residue 268 (Figs 5(A), S7). Binding pocket
residue analysis revealed that ten amino acid residues in the
NTD domain are the putative cholesterol-interacting sites (Fig. 5
(B)). Half of these residues, i.e. Gln73, Phe98, Met105, Asn106
and Pro190, are conserved among lepidopteran species (Fig. 6).
Notably, Gln73, which is the closest residue to cholesterol

Figure 2. NPC1b gene is crucial for the growth and development of Helicoverpa armigera larvae and their cholesterol acquisition. Larval size (A), survival
rate (B), total cholesterol amount (C), and relative cholesterol amount (D) between the H. armigera NPC1b mutants (denoted as NPC1b) and the control
insects (denoted as CK) were compared. The NPC1bmutant line was generated using CRISP/Cas9 genome editing technology. In (A) and (B), hatchlings
of the mutant line and the control were fed on diet containing 1 mg/g of cholesterol. Larval survival rate (B; n = 72, and shown as Kaplan–Meier curves)
was significantly lower in the mutant line than the control determined by the log-rank test (χ2 = 98.1, P < 0.001). In (C) and (D), eight replicates, each con-
taining 15 individuals, were prepared for the mutant line and the control, respectively. Cholesterol amount in NPC1bmutants was significantly less than
that in the control (mean ± standard deviation; total cholesterol amount: t= 8.83, P < 0.0001; relative cholesterol amount: t= 5.39, P < 0.0001). *Indicates
the significant difference between two treatments.
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molecule (1.89 Å) and forms one hydrogen bond with the
hydroxyl of cholesterol, is conserved between human and
H. armigera orthologs (Fig. S8). Other residues were predicted to
interact with cholesterol within the range of 3.05 Å to 5.34 Å,
and are mostly hydrophobic except for Lys76 and Asn106, consis-
tent with the hydrophobicity of cholesterol. This is similar to the
hydrophobic characteristics of the binding pocket in human
NPC1_NTD and NPC1L1_NTD. Interestingly, the varied amino
acids at these sites tend to show similar polarity or hydrophobic-
ity, suggesting these key residues have been subject to purifying
selection. For example, Lys76 in H. armigera can be replaced by
Ser or Arg in other lepidopteran species, and the three amino
acids have similar polarity. The replacements of Ile102 by Val,

Met164 by Leu or Ile, Leu188 by Ile or Met and Ala189 by Val also
occur, and these are hydrophobic ones.
Impact on bees is a major concern of developing new pest con-

trol agents.4 We found that the cholesterol-binding domain, NTD,
in bees was very divergent from that in caterpillars, and two
groups of proteins only shared 23–30% identity (Table S5). Impor-
tantly, none of the predicted binding sites in H. armigera is identi-
cal to the aligned amino acid residues in bees (Fig. 6).

4 DISCUSSION
Since the discovery of CRISPR/Cas (clustered regularly interspaced
short palindromic repeats/CRISPR-associated protein) technology,

Figure 3. Expression of Helicoverpa armigera NPC1b and localization of cholesterol enrichment in gut tissue. Different letters in (A) and (B) indicate sig-
nificant differences. (A) Relative expression of NPC1b (mean ± standard deviation) in different tissues of the 3rd instar larvae. Expression was normalized
to epidermis, and six biological replicates were used. EP, epidermis; HE, head; FG, foregut; MG1, the first half of midgut; MG2, the second half of midgut;
HG, hindgut; MT, Malpighian tubule. (B) Relative expression of NPC1b (mean ± standard error) in the midgut of the 3rd instar larvae fed with different
concentrations of cholesterol. Expression and statistical analyses were performed same as (A) except eight biological replicates were used here.
(C) DAPI-stained whole mount gut tissue. (D) DIG-dUTP-labeled NPC1b RNA probes (green) hybridized to gut tissue. (E) Overlaid image of (C) and (D).
Green signal was mainly detected in the midgut. (F), (G), and (H) are magnified display of the white rectangle areas in (C), (D), and (E), respectively.
(I) Relative cholesterol abundance in different gut sections of the 5th instar larvae. Each small panel illustrated the relative cholesterol content in the four
sections of a gut from one same individual insect, and four insects were used. Cholesterol abundance in each section was calculated relative to the one
with highest cholesterol content (set as 100%).
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its application was initially limited to the model species but has
now been largely expanded to non-model organisms.40–43 In Lep-
idoptera, this technology has been successfully used to edit the
genomes of several important pest species, for example,
H. armigera, Plutella xylostella and Spodoptera exigua, to identify
novel target genes for pest control and understand molecular
mechanisms of pesticide resistance.1,2,44–46 Moreover, it was dem-
onstrated to be a powerful tool in the analysis of editing effects on
target genes that would otherwise be lethal in homozygous
mutants.47 In this study, we used it generating a NPC1b mutant
line of H. armigera, to demonstrate the essential role that NPC1b
plays in dietary sterol uptake in insects.

Our results showed that NPC1b expression was dramatically
enriched in the midgut rather than in the FG and the HG, and this
segment-specific expression along the alimentary tract seems
common among animals. In D. melanogaster, NPC1b expression
was also observed to be confined in the midgut epithelium.25 In
mammals, NPC1L1, the NPC1b ortholog, is highly expressed in
the small intestine, a tissue that functions equivalently to insect
midgut, and very lowly in the colon,48 which is regulated by the
DNA methylation status of the promoter.49 In coincidence with
the tissue-specific expression of NPC1b, we observed that the
enrichment of cholesterol mainly occurred in the midgut of
H. armigera (Fig. 3(I)), and previous radioactive tracer feeding

Figure 4. Relative expression of NPC1b (mean ± standard error) at different Helicoverpa armigera life stages. (A) Relative expression in eight life stages,
each including eight biological replicates, of insects that were fed with the diet containing 1 mg/g of cholesterol. (B) Relative expression in five life stages,
each including four biological replicates, of insects that were fed with the diet containing 0.5, 1, and 2 mg/g of cholesterol, respectively. On x-axis, 1st
through 5th indicate different larval instars; 1st-a and 1st-b indicate 1st instar larvae unfed and fed, respectively.

Figure 5. Predicted three-dimensioanl (3D)-structure of the Helicoverpa armigera NPC1b_NTD domain and its interaction with cholesterol. Cholesterol
molecule (green) and its terminal three-oxygen atom (red) are indicated. (A) Ribbon diagram of NPC1b_NTD binding cholesterol. The secondary struc-
tures of NPC1b_NTD, including ⊍-helices (purple), ⊎-sheets (orange), and loops (gray), are indicated. (B) NPC1b_NTD amino acid residues interacting with
cholesterol in the binding pocket. The five labeled residues are conserved among caterpillar species.
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studies on Manduca sexta larvae also indicated that dietary cho-
lesterol reached internal organs of the body mainly through the
midgut.50

Not only the spacious coincidence, but also the temporal link-
age of NPC1b expression and cholesterol utilization in insects,
suggest that H. armigera NPC1b functions in cholesterol uptake.
As an essential nutrient, cholesterol must be absorbed through
insectsʼ feeding, and we observed that H. armigera NPC1b was
only highly expressed in the feeding larval stages, but much low
in the non-feeding stages including eggs and pupae. The disrup-
tion of NPC1b had no effect on insect embryogenesis (Fig. S4),
indicating that NPC1b has no critical function during embryonic
development. More importantly, we revealed that the loss-of-
function mutation of H. armigera NPC1b led to the aberrant
growth and death of insects in their early larval stage, similar to
the cholesterol-deficient symptoms which were previously
reported in insects when dietary sterol supply was limited12,33 or
the uptake process was interrupted.14,16,18 Meanwhile, as
observed in Drosophila,25 we also demonstrated that the

cholesterol content in H. armigera NPC1bmutant was significantly
reduced, strongly supporting that NPC1b is indispensable for cho-
lesterol uptake in insects.
Given this correlation between NPC1b and cholesterol, whether

and how insects regulate the expression of NPC1b to facilitate or
hinder the acquirement of cholesterol from food becomes an
interesting subject. Compared to the unfed, the fed 1st instar cat-
erpillars supplied with cholesterol-containing diet increased their
NPC1b expression, suggesting that diet or cholesterol availability
might serve as an induction signal for NPC1b expression. NPC1b
expression in the wild-type insects feeding on a constant concen-
tration of cholesterol (1 mg/g) varied among larval instars, with
the level boosting in the 1st and 2nd instar, then dropping in
the 3rd and 4th instar, and boosting again in the 5th instar
(Fig. 4(A)), suggesting that the regulation of NPC1b expression
may not, or not simply, be determined by dietary cholesterol con-
centration. The high expression of NPC1b in the first two instars
implied that the young larvae may be in high demand of choles-
terol intake. The subsequent high cholesterol absorbing rate can

Figure 6. Amino acid sequence alignments of the NPC1b_NTD domain derived from human and insect species. Critical cholesterol-binding amino acid
residues were highlighted in dark gray, light gray, or boxed, depending on the degree of conservation shared by the species analyzed. Note that dark
gray-highlighted residues share conservation between human and lepidopteran insects, light gray-highlighted residues share conservation among lep-
idopteran insects, and boxed residues do not share conservation among lepidopteran insects. None of these residues share conservation between cat-
erpillars and bees.
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possibly lead to a peak cholesterol storage in the 2nd instar, which
can serve as a signal to reduce cholesterol intake through down-
regulating NPC1b expression in the 3rd and 4th instar. Conse-
quently, the decreasing expression of NPC1b in these ‘middle-
aged’ larvae resulted into low level of cholesterol storage in
insects, which, however, served as a boosting signal to upregulate
NPC1b expression in the 5th instar. We also observed that NPC1b
expression reduced significantly when insects were given twice
the amount of cholesterol (2 mg/g), likely because excessive sup-
ply led to sufficient cholesterol storage, which guided the down-
regulation of NPC1b expression even in the 1st instar (Fig. 4(B)).
The varyingNPC1b expression among different instars and among
different dietary cholesterol concentrations indicated that choles-
terol storing capability could be low in H. armigera larvae, similar
as demonstrated in M. sexta.48 Actually, the insects cannot grow
much with the significantly reduced food intake if they were
transferred onto the sterol-free diet from the diet containing
1 mg/g cholesterol (Fig. 1).
In summary, we provided a proof-of-principle study here to

demonstrate that NPC1b can be developed as a novel target for
the management of H. armigera and possibly other lepidopteran
pests. This conjecture is based on (i) that NPC1b is an essential
gene for insect survival and growth; (ii) that NPC1b expression
and its function being confined in the midgut makes this target
more accessible to inhibitors and other potential controlling
agents because insect midgut, unlike the FG and the HG, is not
protected by the cuticle;51 (iii) that NPC1b is mainly expressed in
the actively-feeding larval stage, in which the controlling agents
can be easily delivered to the target; and (iv) that H. armigera
NPC1b-targeting insecticides may have little off-target effect on
bees and sterol-autotrophic animals. This study laid a foundation
to further develop NPC1b-targeting pest management strategies
on H. armigera.
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