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AbstractAU : Pleaseconfirmthatallheadinglevelsarerepresentedcorrectly:
The vegetative insecticidal protein Vip3Aa from Bacillus thuringiensis (Bt) has been pro-

duced by transgenic crops to counter pest resistance to the widely used crystalline (Cry)

insecticidal proteins from Bt. To proactively manage pest resistance, there is an urgent need

to better understand the genetic basis of resistance to Vip3Aa, which has been largely

unknown. We discovered that retrotransposon-mediated alternative splicing of a midgut-

specific chitin synthase gene was associated with 5,560-fold resistance to Vip3Aa in a labo-

ratory-selected strain of the fall armyworm, a globally important crop pest. The same muta-

tion in this gene was also detected in a field population. Knockout of this gene via CRISPR/

Cas9 caused high levels of resistance to Vip3Aa in fall armyworm and 2 other lepidopteran

pests. The insights provided by these results could help to advance monitoring and manage-

ment of pest resistance to Vip3Aa.

Introduction

Insecticidal proteins from the bacterium Bacillus thuringiensis (Bt) have been used widely in

pest control for nearly a century and have protected transgenic crops from insect damage

since 1996 [1]. In addition to direct protection from feeding damage, benefits of transgenic Bt

crops have included regional suppression or even eradication of pest populations, reduced

damage to non-transgenic crops, reduced use of chemical insecticides, and compatibility with

biological control by natural enemies [2–5]. However, planting of transgenic Bt crops includ-

ing cotton, maize, and soybean on a cumulative total of more than 1.5 billion hectares since
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1996 has selected intensely for pest adaptation [6]. At least 26 cases of practical resistance that

decrease the efficacy of transgenic crops producing crystalline (Cry) insecticidal proteins from

Bt have been documented in some populations of 11 pest species in 7 countries [6].

To counter resistance to Cry proteins, farmers have planted Bt crops that produce the vege-

tative insecticidal protein Vip3Aa simultaneously with one or more Cry proteins [7–9]. In the

bacteria, Vip proteins are produced in the vegetative stage [10]. Vip3Aa is especially useful

because of its efficacy against pests that are resistant to Cry proteins, which reflects its distinct

mode of action [10–15]. Moreover, practical resistance to Vip3Aa in the field has not been

reported yet. However, laboratory-selected resistance to Vip3A has been documented in sev-

eral pests [12,13,16–21] and early warnings of field-evolved resistance to Vip3Aa have been

reported for the major lepidopteran pests the corn earworm (Helicoverpa zea) and fall army-

worm (Spodoptera frugiperda) [8,9,22]. Knowledge of the genetic basis of pest resistance to Bt

proteins can be useful for monitoring and managing resistance in the field [23], but is lacking

and urgently needed for Vip3Aa.

Knowledge of the genetic basis of resistance to Vip3Aa is especially important for the inva-

sive pest S. frugiperda, which recently expanded its ancestral range in the Americas to include

Africa, Asia, and Australia [24]. Its high fecundity and migratory tendencies pose serious prob-

lems for agriculture in the newly colonized regions [25]. Also, it has rapidly evolved practical

resistance to Bt crops producing Cry proteins [9]. Previous studies have reported several pro-

teins that are putative receptors for Vip3Aa or otherwise affect susceptibility to Vip3Aa [26–

29]. However, we are not aware of evidence linking these proteins with resistance to Vip3Aa.

Also, some aspects of inheritance of resistance to Vip3Aa such as dominance have been stud-

ied in laboratory-selected strains [12,13,17,18,20,30], but the specific genes involved have not

been identified previously. Down-regulation of transcription factor SfMyb was associated with

resistance to Vip3Aa in the laboratory-selected DH-R strain of S. frugiperda, but the results

identified a set of candidate genes that might mediate the resistance rather than demonstrating

which genes are actually involved [31]. Also, the DH-R strain had only 206-fold resistance to

Vip3Aa [31], whereas some other strains had>1,000-fold resistance [12,20,32], for which no

specific genetic basis has been reported previously as far as we know.

Here, we report that in S. frugiperda, naturally occurring disruption of a midgut-specific

chitin synthase gene (SfCHS2) by a retrotransposon insertion was associated with 5,560-fold

resistance to Vip3Aa. The resistance allele with the retrotransposon insertion that was identi-

fied from a laboratory-selected strain also was detected in the field. Furthermore, knockout of

this gene via CRISPR/Cas9 in susceptible strains conferred high levels of resistance to Vip3Aa

in S. frugiperda and 2 other major lepidopteran pests (Spodoptera litura andMythimna separ-
ata). These results imply that the encoded chitin synthase protein plays an essential role in the

mode of action of Vip3Aa against at least 3 major pests.

Results

Selection for resistance to Vip3Aa, survival on maize, and lack of strong

cross-resistance

We established a Vip3Aa-resistant strain of S. frugiperda (Sfru_R3) from a susceptible strain

(SS, previously called DH-S [31]) that originated from insects collected in 2019 from non-Bt

maize in Ruili City, Dehong Prefecture of the Yunnan province in southwestern China. We

selected Sfru_R3 for 17 generations on diet treated with gradually increasing concentrations of

Vip3Aa (S1 Table), then compared strains based on the EC50, which is the concentration (μg

Vip3Aa per cm2 diet) causing 50% of larvae to die or not reach third instar after 7 days. The
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EC50 of Vip3Aa was 428 for Sfru_R3 versus 0.077 for SS, which yields a resistance ratio (RR) of

5560 for Sfru_R3 (calculated as the EC50 of Sfru_R3 divided by the EC50 of SS, Table 1).

On transgenic maize plants producing Vip3Aa, survival was higher for Sfru_R3 (23%) than

SS (0%, Fisher’s exact test, P = 10−16, S2 Table). On non-transgenic maize plants, survival also

was higher for Sfru_R3 (84%) than SS (61%, Fisher’s exact test, P = 10−7, S2 Table). For

Sfru_R3, survival on Vip3Aa maize relative to non-transgenic maize was 28% (S2 Table). Sur-

vival on transgenic maize producing Bt protein Cry1Ab did not differ significantly between

Sfru_R3 (3.7%) and SS (1.4%, Fisher’s exact test, P = 0.22, S2 Table). Results of diet bioassays

show that selection for 5,560-fold resistance to Vip3Aa in Sfru_R3 did not cause strong cross-

resistance to Cry1Ab (RR = 2.0), Cry1Ac (RR = 0.9), Cry1Fa (RR = 2.0), or Cry2Ab (RR = 1.8,

S3 Table).

Inheritance of Vip3Aa resistance

Inheritance of Vip3Aa resistance was autosomal, based on the similar EC50 for the F1 progeny

from the 2 reciprocal crosses between Sfru_R3 and SS (0.27 and 0.26 μg Vip3Aa per cm2 diet,

Table 1). We also measured the dominance parameter h, which varies from 0 for completely

recessive to 1 for completely dominant [33]. The dominance of resistance to Vip3Aa decreased

as concentration increased, with h = 0.61, 0.45, 0.065, and 0 at concentrations of 0.25, 0.5, 1,

and 2 μg Vip3Aa per cm2 diet, respectively (S4 Table). In bioassays at a concentration of 2 μg

Vip3Aa per cm2 diet, observed mortality did not differ significantly from the mortality

expected with resistance conferred by a single gene, either for progeny from backcrosses (F1 ×
Sfru_R3, Fisher’s exact test, P = 0.20; 53% observed versus 50% expected) or F2 progeny (F1 ×
F1, Fisher’s exact test, P = 0.39, 78% observed versus 75% expected, S5 Table).

Identification of a candidate gene linked with resistance to Vip3Aa

To identify the genomic region associated with Vip3Aa resistance in Sfru_R3, we conducted a

bulked segregant analysis (BSA) using genomic DNA from the parental moths from Sfru_R3

and SS and 2 groups of larvae from the F2 progeny of the cross between strains (S1 Fig). After

5 days, F2 larvae that developed to third instar on diet containing 4 μg Vip3Aa per cm2 diet

were scored as resistant (F2-R, n = 89) and those that did not develop to third instar on diet

containing 0.1 μg Vip3Aa per cm2 diet were scored as susceptible (F2-S, n = 75) (S1 Fig). The

Table 1. Responses to Vip3Aa of a susceptible strain (SS), resistant strain (Sfru_R3), and progeny from crosses.

Strain or cross na EC50 (95% CI)b Slope ± SE RR c

SS 144 0.077 (0.062–0.092) 4.7 ± 0.9 1.0

Sfru_R3 156 428 (312–617) 4.4 ± 1.1 5,560

F1a: Sfru_R3♀ × SS♂ 144 0.27 (0.23–0.32) 5.9 ± 1.1 3.5

F1b: Sfru_R3♂ × SS♀ 144 0.26 (0.14–0.55) 3.8 ± 0.6 3.4

F2 (F1 × F1)d 2,304 0.33 (0.20–0.94) 1.1 ± 0.1 4.3

Backcross (F1 × Sfru_R3)d 4,608 2.97 (1.04–9.52) 1.4 ± 0.1 38.6

a Number of neonates tested.
b Median effective concentration (EC50); concentration that caused 50% of neonates to die or fail to advance to the third instar in 7 days and its 95% CI in μg Vip3Aa per

cm2 diet.
c Resistance ratio: EC50 for a strain or progeny from a cross divided by the EC50 for SS.
d Results pooled from all possible crosses for F2 and F1 × Sfru_R3 backcross progeny, respectively.

CI, confidence interval; RR, resistance ratio; SS, susceptible strain.

https://doi.org/10.1371/journal.pbio.3002704.t001
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initial mapping identified a region from 6.56 to 10.92 Mb on chromosome 1 associated with

resistance to Vip3Aa, based on high values for the ΔSNP index (Fig 1A and 1B).

In fine-scale mapping with 8 genetic markers from 6.56 to 10.92 Mb on chromosome 1, the

markers at 8.17 and 8.62 Mb were tightly linked with resistance (Fig 1C). All F2-R larvae tested

were homozygous for the alleles derived from Sfru_R3. By contrast, for the other 6 genetic

markers, heterozygotes were detected in F2-R progeny and the percentage of heterozygotes

increased with the distance from 8.17 and 8.62 Mb.

Fig 1. AU : AbbreviationlistshavebeencompiledforthoseusedinFigs1to3andTable1:Pleaseverifythatallentriesarecorrect:Mapping Vip3Aa resistance in the S. frugiperda genome. (A) Manhattan plot from BSA showing a ΔSNP

index peak in chromosome 1 reflecting a high proportion of alleles associated with resistance to Vip3Aa. (B)

Chromosome 1 with ΔSNP index highest from 6.56 to 10.92 Mb (blue shading). The solid line indicates the LOESS

regression fitted ΔSNP index value. The dashed red line in (A) and (B) indicates the threshold for the top 1% of values

for the ΔSNP index. (C) Fine-scale mapping shows complete linkage with markers at 8.17 and 8.92 Mb. Only the last 4

digits are shown for the 8 markers from 6.56 to 10.92 Mb. The full name for each marker starts with LOC11827. (D)

Genes from 8.14 to 8.64 Mb including chitin synthase 2 (SfCHS2). The data underlying this figure can be found in S1

Data and https://doi.org/10.5281/zenodo.11395059. BSA, bulked segregant analysis; SNP, single-nucleotide

polymorphism.

https://doi.org/10.1371/journal.pbio.3002704.g001
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Of the 19 annotated genes from 8.17 to 8.64 Mb on chromosome 1, RNA-Seq of midguts of

fifth instar larvae showed relatively high transcription of 3: 3105, 3137, and 3449 (S6 Table, all

IDs start with LOC11827, only the last 4 digits are shown here). Structural analysis of the pre-

dicted proteins encoded by the 19 genes showed that only 3105 and 3138 were expected to pro-

duce proteins associated with the plasma membrane. The value of FPKM (fragments per

kilobase of transcript per million mapped reads) was 400 times higher for 3105 (111.97) than

3138 (0.28) (S6 Table). Taken together, the RNA-seq and predicted protein structure analyses

identified 3105 as the primary candidate gene.

Locus 3105 encodes a chitin synthase (CHS), which is a membrane-integral glycosyl-trans-

ferase that catalyzes chitin biosynthesis by transferring GlcNAc from UDP-GlcNAc to a grow-

ing chitin chain [34,35]. Locus 3105 and adjacent 3150 are SfCHS2 and SfCHS1, respectively (S2

Fig, previously also called SfCHSB and SfCHSA, respectively [36]). RNA-seq showed that FPKM

in the larval midgut was 90 times higher for SfCHS2 than SfCHS1 (S6 Table), confirming our

focus on SfCHS2 as the primary candidate gene. The SfCHS2 gene we sequenced contains an

open reading frame of 4,572 bp encoding a protein of 1,524 amino acids with a predicted molec-

ular mass of 174 kDa (GenBank OR669301). The SfCHS2 protein is a class B chitin synthase

[36–38]. Class B chitin synthases occur in gut epithelial cells and produce chitin for the peri-

trophic matrix, which is important for digestion and protection from pathogens [34,35,39–42].

A retrotransposon insertion associated with reduced abundance of wild-

type SfCHS2 transcripts

Results from Sanger sequencing of the full-length genomic sequences of SfCHS2 from Sfru_R3

and SS amplified by PCR revealed a 6,427-bp insertion between exon 21 and intron 21 in

Sfru_R3 (Fig 2A). BLAST results demonstrated that the insert is a long terminal repeat (LTR)

retrotransposon, which we name Yaoer (幺蛾, which means wicked thing). Yaoer is composed

of 2 LTRs (LTRa and LTRb) at the 50 and 30 terminal and a protein encoding sequence that

contains the aspartate proteases (AP), reverse transcriptase (RT), ribonuclease H (RNase H),

and integrase (INT) domains (Fig 2B). The insertion point was identified as a target site dupli-

cation (TSD) of GAAGG immediately upstream of LTRa and downstream of LTRb (S3 Fig).

The CHS2 protein encoded by the disrupted sequence containing Yaoer is expected to have a

truncated C-terminal lumenal domain called C7 (S4 Fig).

Although Yaoer is inserted between exons 21 and 22 in Sfru_R3, the original 50 splice site of

intron 21 is intact and downstream from Yaoer (S3 Fig). Thus, Yaoer and intron 21 could be

spliced out. To determine whether this occurs, we examined the transcripts of SfCHS2 from

Sfru_R3 using primers at exons 21 and 22. Results from gel electrophoresis and Sanger

sequencing show that Sfru_R3 produced wild-type transcripts without Yaoer and mutant tran-

scripts with Yaoer (S5 Fig). Mutant transcripts with intron 21 and Yaoer were also detected in

Sfru_R3 (S5 Fig). Results from ISO-seq of SfCHS2 confirm that Sfru_R3 produced wild-type

transcripts without Yaoer and mutant transcripts with Yaoer (S5 Fig). Total SfCHS2 transcript

abundance did not differ between SS (1.0 ± 0.2) and Sfru_R3 (1.8 ± 0.3, t test, t = 2.2, df = 6,

P = 0.07, Fig 2E). However, wild-type SfCHS2 transcripts were 12 times more abundant in SS

(1.0 ± 0.16) than Sfru_R3 (0.08 ± 0.02, t test, t = 5.6, df = 6, P = 0.001, Fig 2H).

Vip3Aa resistance genetically linked with Yaoer insertion and mutant

SfCHS2 transcripts

Analogous to our screening of F2 larvae described above, we screened F7 larvae from the cross

between Sfru_R3 and SS to generate 2 groups: F7-R (resistant) and F7-S (susceptible). For this

experiment, >10,000 F7 neonates were exposed to diet containing 24 μg Vip3Aa per cm2 and
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2,400 larvae were exposed to diet containing 0.1 μg Vip3Aa per cm2 diet. After 5 days, the 214

largest survivors from the diet with a high concentration of Vip3Aa formed the F7-R group

and the 109 smallest survivors from the diet with a low concentration of Vip3Aa diet formed

the F7-S group. Homozygosity for the Yaoer insertion occurred in all 214 F7-R larvae and none

of the 109 F7-S larvae, demonstrating tight genetic linkage between this insertion and resis-

tance to Vip3Aa (Fisher’s exact test, P = 10−88).

Results from RT-qPCR analysis of SfCHS2 transcripts from F7 larvae show strong genetic

linkage between resistance and the percentage of mutant transcripts. For F7-S larvae, mutant

transcripts were absent as indicated by the slightly but not significantly higher abundance for

wild-type transcripts (1.2 ± 0.2) than total transcripts (0.95 ± 0.14, t test, t = 0.82, df = 30,

P = 0.42). Conversely, for F7-R larvae, abundance was 5 times higher for total transcripts

(0.56 ± 0.04) than wild-type transcripts (0.11 ± 0.01, t test, t = 11, df = 30, P< 0.0001), which

indicates 80% of transcripts were mutant.

CRISPR/Cas9-mediated knockout of CHS2 confers resistance to Vip3Aa in

3 lepidopteran pests

Using CRISPR/Cas9, we discovered that knocking out the CHS2 gene with a double sgRNA

strategy conferred high levels of resistance to Vip3Aa in 3 strains of S. frugiperda
(SfCHS2-KO-A, SfCHS2-KO-B, and SfCHS2-KO-C) and 1 strain each of the major

Fig 2. Retrotransposon insertion associated with resistance to Vip3Aa and reduced abundance of wild-type SfCHS2 transcripts. (A) Exon 21 to 22 of SfCHS2 in

the SS (susceptible) and Sfru_R3 (Vip3Aa-resistant) strains showing the LTR retrotransposon (Yaoer) insertion. (B) Yaoer with LTR regions at the 50 and 30 termini

and the intervening region encoding AP, RT, ribonuclease H (RNase H), and integrase (INT). (C) SfCHS2 genotype of F7 Vip3Aa-susceptible (F7-S) and resistant

(F7-R) larvae determined using gDNA from individual larvae and primers shown in (A). The e21-F/e22-R primers flanking intron 21 produced a strong band

indicating wild-type from all 16 F7-S larvae and no F7-R larvae. The positive control primers (e21-F/e21-R) in exon 21 produced a strong band in all F7-S and F7-R

larvae. The molecular weight marker containing DNA with length of 100, 250, 500, 750, 1,000, and 2,000 bp was used for agarose gel electrophoresis analysis. (D)

Primers for analyzing relative transcript abundance of SfCHS2 via RT-qPCR. Primers SfCHS2-q-F1/R1 in exons 20 and 21 evaluated total transcript abundance of

SfCHS2 in SS versus Sfru_R3 (E) and individuals from F7-S (F) versus F7-R (G). Primers SfCHS2-q-F2/R2 flanking intron 21 evaluated wild-type transcript

abundance of SfCHS2 in SS versus Sfru_R3 (H) and individuals from F7-S (I) versus F7-R (J). Transcript abundance of SfCHS2 in Sfru_R3 and individuals from F7-S

and F7-R was normalized to the fold value of 2-ΔCt relative to SS. Bars for SS and Sfu_R3 in (E) and (H) show mean relative transcript abundance ± SEM. Based on t
tests, NS in (E) indicates no significant difference between strains in total transcript abundance and ** in (H) indicates SS greater than Sfu_R3 (P< 0.01, see text for

details). The data underlying this figure can be found in S2 Data. AP, aspartate protease; LTR, long terminal repeat; RT, reverse transcriptase; SS, susceptible strain.

https://doi.org/10.1371/journal.pbio.3002704.g002

PLOS BIOLOGY chitin synthase disruption & Vip3Aa resistance

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002704 July 2, 2024 6 / 23

https://doi.org/10.1371/journal.pbio.3002704.g002
https://doi.org/10.1371/journal.pbio.3002704


lepidopteran pests S. litura (SlCHS2-KO) andM. separata (MsCHS2-KO) (Fig 3 and S7

Table). For SfCHS2-KO-A, we generated a 1,002-bp deletion between exons 4 and 5 (Fig 3A).

The altered sequence is predicted to yield a truncated protein consisting of only the initial 247

amino acids of SfCHS2. The truncated sequences in SfCHS2-KO-B and SfCHS2-KO-C encode

only the first 86 and 89 amino acids of CHS2, respectively (S6 Fig). Relative to SS, all 3 S. frugi-
perda knockout strains had a Vip3Aa RR>12,000 (S7 Table). In addition, the progeny of

reciprocal crosses between Sfru_R3 and SfCHS2-KO-A were highly resistant to Vip3Aa (Fig

3B), which confirms that the recessive mutation conferring resistance to Vip3Aa affected the

Fig 3. Knockout of SfCHS2 via CRISPR/Cas9 confers resistance to Vip3Aa in S. frugiperda. (A) CRISPR/Cas9-mediated double sgRNA system

and various types of mutations in G1 larvae identified through sequencing of individual PCR clones. Deleted bases are indicated as red dashes and

inserted bases are indicated as red letters. The CRISPR target sites and the number of deleted and inserted bases (+, insertion;–, deletion) are

shown. The chromatogram shows the sequence of the mutant isolated from a homozygous knockout larva in G2. (B) Log Vip3Aa concentration–

response curves for SS, SfCHS2-KO-A, and the progeny of reciprocal crosses between SfCHS2-KO-A and Sfru_R3. (C) SfCHS2-KO-A did not

show strong cross-resistance to Cry1Ab or Cry1Fa. The EC50 did not differ significantly between strains for Cry1Ab (SfCHS2-KO-A: 3.2 [95%

CI = 2.0–6.8] versus SS: 1.5 [1.0–2.1]; RR = 2.1) or Cry1Fa (SfCHS2-KO-A: 0.016 [0.013–0.019] versus SS: 0.019 [0.014–0.024], RR = 0.8), n = 168

larvae tested in each of the 4 bioassays. The data underlying this figure can be found in S3 Data and S9 Data. SlCHS2-KO of S. litura and

MsCHS2-KO ofM. separata had deletions of 207 bp between exons 3 and 4 and 366 bp between exons 4 and 5, respectively (S7 Fig). Relative to

their parent susceptible strains, the Vip3Aa RRs were>100,000 for SlCHS2-KO and>1,330 for MsCHS2-KO (S8 Table). CI, confidence interval;

RR, resistance ratio; SS, susceptible strain.

https://doi.org/10.1371/journal.pbio.3002704.g003
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same locus (SfCHS2) in both strains. Like Sfru_R3, SfCHS2-KO-A did not show strong cross-

resistance to Cry1Ab or Cry1Fa (Fig 3C).

Yaoer insertion in SfCHS2 detected in a field-collected individual from

China

Screening of the gDNA sequences of 540 S. frugiperda previously obtained from the field or

laboratory in Africa, Asia, North America, and South America [43,44] detected the Yaoer

insertion in 1 individual collected from the field in Jiangmen City, in the Guangdong province

of southeastern China in 2020 (ID: GDJM14, S8 and S9 Figs and S9 Table). In this individual,

the upstream and downstream insertion sites were covered by 4 and 6 reads, respectively, and

no reads covered the junction between exon 21 and intron 21 (S9 Fig). By contrast, reads from

the other 539 samples covered the exon 21-intron 21 junction site and neither insertion site

(S9 Fig).

Discussion

The results here from BSA, fine-scale mapping, and genetic linkage analyses show that

5,560-fold resistance to Vip3Aa in the laboratory-selected Sfru_R3 strain of S. frugiperda rela-

tive to its unselected parent strain SS is associated with a naturally occurring mutation disrupt-

ing the chitin synthase gene SfCHS2. This mutation entails insertion of a transposable element,

the LTR retrotransposon Yaoer, and reduced abundance of wild-type transcripts of SfCHS2,

whereas previous findings show that transposable elements can cause resistance to Cry toxins

[45–50], the results here are the first to identify this mechanism in resistance to Vip3Aa.

Knocking out the CHS2 gene via CRISPR/Cas9 caused high levels of resistance to Vip3Aa

in 3 strains of S. frugiperda and 1 strain each of 2 other major lepidopteran pests, S. litura and

M. separata. These results imply that the CHS2 protein is essential for susceptibility to Vip3Aa

in at least 3 lepidopteran species representing 2 tribes in the family Noctuidae. These findings

also suggest that CHS2 might be important in susceptibility to Vip3Aa in other noctuids as

well as more broadly in Lepidoptera.

The role of CHS2 proteins in mediating susceptibility to Vip3Aa remains to be determined.

The finding that resistance to Vip3Aa in Sfru_R3 is associated with truncation of the C-termi-

nal domain of SfCHS2 (C7) suggests that this domain plays a key role in susceptibility to

Vip3Aa. Additional work is needed to test the hypothesis that mutations affecting CHS2

reduce binding of Vip3Aa in the larval midgut. This hypothesis is plausible because such

reduced binding is the most common and most potent mechanism of insect resistance to Bt

toxins [51]. For the Sfru_R3 strain analyzed here, the lack of strong cross-resistance to

Cry1Ab, Cry1Ac, Cry1Fa, and Cry2Ab proteins associated with resistance to Vip3Aa is consis-

tent with a target-specific mechanism rather a more general mechanism that alters processing

or penetration of a wide spectrum of insecticidal Bt proteins. The recessive inheritance of resis-

tance at a relatively high concentration of Vip3Aa (2 μg Vip3Aa per cm2 diet) is also consistent

with reduced binding of Vip3Aa as the mechanism of resistance [52]. Resistance to Vip3Aa

was associated with reduced binding of Vip3Aa in the larval midgut forH. zea [53], but not in

some other cases [10,54,55].

If future work supports the hypothesis that disruption of SfCHS2 is associated with reduced

binding of Vip3Aa to midgut target sites, it will be useful to determine if CHS2 binds Vip3Aa

or if it facilitates binding of Vip3Aa to one or more other receptors on the larval midgut mem-

brane. Similar to some receptors for Cry proteins, CHS2 is a membrane-bound protein that

contains multiple transmembrane domains and is highly expressed in the midgut. In addition,
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like some Cry protein receptors, CHS2 occurs on the midgut brush border membranes and

apical ends of microvilli in the lepidopteran Manduca sexta [39].

We found the Yaoer retrotransposon in the SfCHS2 gene in the SfRu_R3 strain that was

derived from the SS strain that originated in Ruili City in southwestern China and in a field-col-

lected individual from Jiangmen City in southeastern China, 1,500 km from Ruili City. These

results suggest that if S. frugiperda is exposed extensively to Vip3Aa in China, the Yaoer inser-

tion might be important in field-evolved resistance there. However, we did not find Yaoer in

SfCHS2 in 539 of the 540 S. frugiperda we screened, with the total sample consisting of 158 indi-

viduals from the field in China and 382 individuals from the field and laboratory in other coun-

tries in Asia, Africa, and the Americas. Moreover, we did not detect Yaoer or reduced wild-type

transcript abundance of SfCHS2 in the laboratory-selected DH-R strain of S. frugiperda, which

had 206-fold resistance to Vip3Aa and also was derived from the SS strain [31].

It is striking that the genetic basis of resistance differs between the 2 Vip3Aa-resistant

strains derived by laboratory selection from the SS strain, which was started with approxi-

mately 100 S. frugiperda collected from field in 2019 [31]. This suggests that each of the 2 sub-

sets of the SS strain selected in the laboratory with Vip3Aa to obtain a resistant strain

contained one of the 2 different resistance alleles identified but not the other. Thus, field-

evolved resistance to Vip3Aa in this pest, which would arise from selection of a much larger

and more genetically diverse population than the SS strain, could entail a diverse genetic basis

of resistance as seen with resistance to Cry1Ac inHelicoverpa armigera [56]. Accordingly,

resistance to Vip3Aa in a single population might be conferred by mutations affecting one

gene in some individuals and mutations affecting other genes in other individuals.

Our finding of one individual homozygous for the Yaoer insertion and no heterozygotes in

the 158 field-collected insects screened from China yields an estimated frequency of 0.00633 for

this mutation in China. Based on this estimate, the probability of at least 1 copy of the Yaoer

insertion in the approximately 100 field-sampled individuals from China used to start the SS

strain is approximately 0.72 (1 –[1–0.00633]200). Thus, it is likely that at least 1 copy of the

Yaoer insertion occurred in the field-collected individuals that started the SS strain, even though

we cannot exclude the possibility that this mutation arose in the SS strain after it was established

in the lab. The initial slow response of Sfru_R3 to selection with Vip3Aa followed by an expo-

nential increase in the resistance ratio (S1 Table) is similar to the general pattern expected for

the response to selection conferred by a recessive resistance allele that is rare initially [57].

Related work with 5 laboratory-selected strains ofH. zea from the southern US highly resis-

tant to Vip3Aa also shows variation among strains in the genetic basis of resistance [58].

Although the specific genes conferring resistance to Vip3Aa were not identified, interstrain

complementation tests revealed 3 distinct genetic loci involved, with 1 locus implicated in 2

strains derived from the same field collection, a second locus implicated in 2 other strains

from field collections in different states, and the third locus involved in just 1 strain [58].

One of the factors determining which resistance alleles are most likely to contribute to

field-evolved resistance is whether they cause fitness costs in the absence of Bt proteins [59],

which is especially important in governing the frequency of resistance alleles before pest popu-

lations are exposed extensively to a particular Bt protein. Disruption of the normal function of

class B chitin synthases, such as SfCHS2, could cause fitness costs because these enzymes pro-

duce chitin for the peritrophic matrix, which is important for digestion and protection from

pathogens [34,35,41,42]. Unexpectedly, survival on non-Bt maize was 1.4-fold higher for the

Vip3Aa-resistant strain Sfru_R3 than its parent susceptible strain SS, implying a fitness benefit

for this trait rather than a cost was associated with resistance to Vip3Aa. The presence of some

wild-type SfCHS2 transcripts may reduce fitness costs in Sfru_R3. Also, the truncation of only

the C-terminal domain encoded by mutant transcripts in Sfru_R3 might enable partial
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functioning of SfCHS2. Nonetheless, we cannot exclude the possibility of fitness costs associ-

ated with resistance to Vip3Aa affecting development rate or other life history traits that were

not evaluated here.

In Sfru_R3, total transcript abundance of SfCHS2 was not reduced relative to SS, which dif-

fers from some previous studies where RNAi was used to decrease total CHS2 transcript abun-

dance [36,37,59]. RNAi suppression of SfCHS2 (referred to as SfCHSB) by feeding bacteria

producing dsRNA to second instar larvae reduced growth and survival to adulthood [36],

whereas injecting third instar larvae with dsRNA produced some abnormal phenotypes but

did not decrease survival after 24 or 48 h [37]. Although susceptibility to Cry1Ac did not differ

between Sfru_R3 and SS in our study, Kim and colleagues [60] found that RNAi suppression

of SeCHS2 in Spodoptera exigua increased susceptibility to Cry1Ac and Cry1Ca. They did not

evaluate the potential impact on susceptibility to Vip3Aa.

In conclusion, the results here demonstrate that CHS2 is essential for susceptibility to

Vip3Aa in 3 major lepidopteran pests. These findings and the identification in a field-collected

individual of the Yaoer retrotransposon insertion in SfCHS2, which is associated with resis-

tance to Vip3Aa in the Sfru_R3 strain, have the potential to improve monitoring and manage-

ment of resistance to Vip3Aa. It will be intriguing to determine if high levels of resistance to

Vip3Aa in other pests and laboratory-selected strains of S. frugiperda not studied here are asso-

ciated with insertion of Yaoer or other mutations disrupting CHS2. More extensive screening

for mutations disrupting CHS2 in field-collected samples of S. frugiperda could also be useful,

particularly in regions where transgenic crops producing Vip3a have been grown intensively

for several years. Considered together with related work, the results here suggest that although

the genetic basis of field-evolved resistance to Vip3Aa could be diverse, further investigation of

mutations disrupting CHS2 could be particularly useful for sustaining the efficacy of Vip3Aa

against pests.

Materials and methods

Insect strains

The susceptible strain SS (previously called DH-S [31]) of S. frugiperdawas started from insects

collected in 2019 from non-Bt maize fields in Ruili City, Dehong Prefecture, Yunnan Province,

China (24˚08047@N, 97˚82033@E). Approximately, 100 field-collected individuals were reared to

pupae on non-Bt corn in the laboratory to start the strain [31]. SS was maintained in the labo-

ratory without exposure to Bt toxins. The Vip3Aa-resistant strain, Sfru_R3, was developed

from SS by selection on diet with Vip3Aa incorporated (see below). SS was the parent strain

for the 3 mutant strains generated by CRISPR/Cas9 with the CHS2 gene knocked out:

SfCHS2-KO-A, SfCHS2-KO-B, and SfCHS2-KO-C. Susceptible strains of S. litura (Sl-SS) and

M. separata (Ms-SS) were started with larvae collected in 2017 from non-Bt maize near Beijing

in 2017. SI-SS and Ms-SS were the parent strains for the mutant strains SlCHS2-KO and

MsCHS2-KO, respectively.

Toxin preparation and bioassay

The Vip3Aa protoxin used in all insect bioassays was purchased from Beijing Genralpest Bio-

tech Research Co., Ltd. (www.genralpest.com), Beijing, China. For brevity, we refer to Vip3Aa

protoxin as Vip3Aa. It was produced by the BL21 strain of Escherichia coli. Vip3Aa protein

from cell lysates was purified on a HiTrap Chelating HP column (GE Healthcare, Freiburg,

Germany) and was examined for purity by sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE) analysis. The Vip3Aa protein in the crude cell lysate was quantified by
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densitometry of the stained band (approximately 88 kDa) on the SDS-PAGE gel. The crude

cell lysate was stored at −80˚C until used for bioassays.

Diet overlay bioassays were conducted to assess responses to Vip3Aa. Diet was poured into

24-well plates and different concentrations of Vip3Aa applied to the surface and allowed to

dry. First instar larvae were transferred to the wells. After 7 days, the number responding was

scored as dead larvae plus live first and second instar larvae. We used probit analysis with SPSS

18.0 to calculate EC50, which is the concentration (μg Vip3Aa per cm2 diet) causing 50% of lar-

vae to die or not reach third instar after 7 days and its 95% confidence interval (CI). EC50 val-

ues with non-overlapping 95% CIs were considered significantly different. Resistance ratios

were calculated by dividing the EC50 of a strain or progeny from a cross by the EC50 of SS, the

Vip3Aa-susceptible strain.

Selection of resistance to Vip3Aa in S. frugiperda
For the first selection to establish Sfru_R3, we exposed more than 10,000 first instar larvae

from SS to diet containing 2.22 μg Vip3Aa per g, which was the EC95 of SS. Five days later,

about 400 larvae that developed to third instar were transferred to untreated diet and reared to

adults. From the second generation onward, larvae remained on Vip3Aa-treated diet for the

entire larval period. After each bout of selection, individuals that survived to adulthood on

treated diet mated to produce the next generation. The concentration of Vip3Aa was gradually

increased to 24 μg Vip3Aa per g diet in generation 16 (S1 Table).

Bioassays on Bt and non-Bt maize plants

We conducted bioassays with maize (Zea mays) plants in a greenhouse at the Chinese Acad-

emy of Agricultural Sciences in Beijing. Seeds were obtained from the DBN Group (Beijing)

for maize producing Vip3Aa (DBN9501), Cry1Ab (DBN9936), or Cry1Ab + Vip3Aa

(DBN9936 × DBN9501), and non-Bt maize (Nonghua106). Maize was grown with 5 plants per

pot in a greenhouse at about 26˚C. Previous results showed that the Vip3Aa concentration in

leaves (in μg Vip3Aa per g freeze-dried leaf powder) was 5.1 for DBN9501, 6.8 for DBN9936 X

DBN9501, and 0.0 for DBN9936 and Nonghua [61]. We transferred first instar larvae to maize

when the plants were about 30 cm high and had 4 leaves and 1 shoot. We measured survival

until adult eclosion. For each type of maize and each insect strain (Sfru_R3 and SS), we con-

ducted 3 replicates with 72 larvae per replicate (n = 216 larvae for each combination of maize

and insect strain). Measurements were taken from distinct samples; the same sample was not

measured repeatedly.

Inheritance of resistance to Vip3Aa

Larval response (%) in the diet bioassays was calculated as = 100% × (number of dead larvae

+ number of surviving first instar larvae) divided by the total number of larvae tested. Larval

response at each Vip3Aa protein concentration was corrected based on the mortality observed

on the untreated control diet using Abbott’s method. Probit analysis was used to estimate the

EC50 and 95% CI as above. In addition, larval responses at 2 μg Vip3Aa per cm2 diet were

analyzed.

At each of 4 concentrations (0.25, 0.5, 1, and 2 μg Vip3Aa per cm2 diet), we evaluated the

dominance of resistance (h), which ranges from 0 (completely recessive resistance) to 1

(completely dominant resistance) [33]. We calculated h as (Z—X) divided by (Y—X), where X,

Y, and Z are the survival (1 –response) of larvae from SS, Sfru_R3, and F1 progeny from the

cross between SS and Sfru_R3. Because the EC50 did not differ significantly between the
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progeny from the 2 reciprocal F1 crosses, we pooled the data from the 2 sets of progeny to cal-

culate h.

To analyze inheritance of Vip3Aa resistance in Sfru_R3, we used bioassays with Vip3Aa to

test larvae from the following crosses (a) F1: F1a = Sfru_R3♂ × SS♀ and F1b = Sfru_R3♀ × SS♂;

(b) F2: F2a = F1a × F1a and F2b = F1b × F1b; and (c) backcrosses: BCR1 = F1a♂ × Sfru_R3♀,

BCR2 = F1a♀ × Sfru_R3♂, BCR3 = F1b♂ × Sfru_R3♀, and BCR4 = F1b♀ × Sfru_R3♂.

We tested the hypothesis that resistance is controlled by 1 locus with 2 alleles: S (suscepti-

ble) and R (resistant). If so, the backcross between RS and RR will produce progeny that are

50% RR and 50% RS, the backcross between RS and SS will produce progeny that are 50% SS

and 50% RS, and the F2 are expected to consist of 25% RR, 50% RS, and 25% SS. With

completely recessive resistance (which occurred at 2 μg Vip3Aa per cm2 diet, S4 Table), only

RR are expected to survive, yielding expected survival of 50% for the backcross larvae and 25%

for the F2.

Whole-genome sequencing (WGS)-based bulked segregant analysis (BSA)

For resistance mapping, a single pair cross (male Sfru_R3 × female SS) was conducted to gen-

erate F1 progeny. The head and thorax of the male and female (F0) were snap-frozen in liquid

nitrogen and stored at −80˚C. The F1 progeny were raised on a toxin-free diet and mated to

produce F2 progeny; 480 F2 neonates were placed on a high Vip3Aa diet (4.0 μg/cm2) and 480

F2 neonates were placed on a low Vip3Aa diet (0.1 μg/cm2) for 5 days. F2 progeny on the high

Vip3Aa diet that molted to the third instar after 5 days (n = 89) were classified as resistant (F2-

R). F2 progeny on the low Vip3Aa diet that had not yet molted to the third instar after 5 days

(n = 98) were classified as susceptible (F2-S). These 2 groups were reared to the fifth instar on

untreated diet. Each larva was snap-frozen and stored at −80˚C. DNA was isolated separately

from Sfru_R3, SS, F2-R (n = 50) and F2-S (n = 50) samples. Equal amounts of DNA from each

individual F2-S larva were mixed, resulting in a bulked (pooled) DNA sample representing the

F2-S group; the F2-R group was pooled in a similar manner. The DNA samples were sent to

Biomarker (Beijing, China) for whole-genome sequencing on the Illumina NovaSeq 6000 plat-

form. The requested sequence coverage for parents and F2 progeny were 20× and 100×,

respectively.

The raw reads were filtered by using trimmomatic [62], then clean reads were mapped onto

the most recent S. frugiperda reference genome at GenBank (AGI-APGP_CSIRO_Sfru_2.0,

GCF_023101765.2) using Burrows–Wheeler aligner (BWA) [63]. Then, GATK (v 4.4.0.0) [64]

was used to perform variant calling, including single-nucleotide polymorphisms (SNPs) and

indels. We filtered out SNP sites that showed (a) read support less than 4; (b) no genotype dif-

ference between the F0 susceptible (SS) and F0 resistant male (Sfru_R3); or (c) genotypes of F2

that did not originate from the F0. For each remaining SNP locus, we calculated ΔSNP as the

frequency of alleles originating from the Sfru_R3 male F0 minus the frequency of alleles from

SS. Thus, ΔSNP ranged from 0 to 1, with 1 indicating the maximum association with resistance

to Vip3Aa. We calculated the ΔSNP index as the mean ΔSNP for each 1 kb window. Code for

the BSA analysis is at https://doi.org/10.5281/zenodo.11395059 or https://github.com/luming-

zou/Yaoer-BSA.

Fine-scale mapping

For fine-scale mapping of Vip3Aa resistance, 50 F1 progeny of a SS female × Sfru_R3 male

cross were intercrossed to form the F2; 50 F2 progeny were intercrossed to form the F3, and so

on for 7 generations. Neonates from the F7 generation were divided into 2 groups: >10,000

larvae on high Vip3Aa diet (24.0 μg/cm2) and 2,400 larvae on low Vip3Aa diet (0.1 μg/cm2) for
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5 days. The 214 largest survivors on the high Vip3Aa diet formed the F7-R group and the 109

slowest-growing survivors on the low Vip3Aa diet formed the F7-S group. Both groups were

reared to the fifth instar on toxin-free diet. The genomic DNA of 157 third instar F7-R larvae

and the original parents was isolated individually using the DNeasy Blood & Tissue Kit (Qia-

gen, Germany). The midguts of F7-R (n = 16) and F7-S (n = 16) were homogenized and stored

in TRIzol reagent (Invitrogen, Carlsbad, United States of America) at −20˚C for RNA

isolation.

Based on the genome sequence and homozygous SNPs differentiating SS and Sfru_R3, we

designed genetic markers in the exons of 8 evenly spaced genes in the candidate genomic

region. Specific primers (S10 Table) for the 8 SNP markers were designed and used to investi-

gate the genotypes of 157 F7-R individuals by PCR amplification and sequencing. Denoting

SNP alleles from Sfru_R3 as r and those from SS as s, the numbers of rr or ss homozygotes and

rs heterozygotes for each locus marker were recorded.

RNA sequencing (RNA-Seq)

The midguts of fifth instar larvae were collected, rapidly frozen in liquid nitrogen, and stored

at −80˚C. Total RNA was extracted using the TRIzol reagent according to the manufacturer’s

instructions. The RNA was sent to BerryGenomics (Beijing, China) for library construction

and sequencing. Raw sequence reads were assessed for quality using FastQC. Trimming of

adapter sequences and low-quality bases was performed using trimmomatic. The processed

reads were aligned to the S. frugiperda reference genome (GenBank Accession

GCF_023101765.2) using HISAT2. StringTie was employed to assemble transcripts and quan-

tify gene expression levels. StringTie-generated GTF files containing transcript information

were processed to create gene-level FPKM tables.

Genomic DNA isolation, RNA extraction, cDNA synthesis, and RT-qPCR

analysis

The gDNA of single fourth instar larvae was isolated for detection using the AxyPrep Multi-

source Genomic DNA Miniprep Kit (Axygen, New York, USA) according to the manufactur-

er’s specifications. PCR reactions were performed in a S1000 Thermal Cycler (Bio-Rad) using

the 2×Taq Plus Master Mix II (Vazyme, Nanjing, China) as follows: initial denaturation 95˚C

for 3 min, followed by 35 cycles of 95˚C for 15 s, 55˚C for 15 s, and 72˚C for 30 s, and a final

extension of 5 min at 72˚C.

Total RNA was extracted from S. frugiperdamidgut tissues using TRIzol reagent (Invitro-

gen) following the manufacturer’s instructions, and 1 μg total RNA was used to synthesize the

first-strand cDNA using the Revert Aid First Strand cDNA Synthesis Kit (Thermo Fisher Sci-

entific, Waltham, Massachusetts, USA). The relative expression levels of targeted genes were

quantified by RT-qPCR with AceQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing,

China) in a Bio-Rad CFX Connect Real-Time System (Bio-Rad, USA). The reaction was per-

formed in a final volume of 10 μl containing 5 μl of 2×AceQ Universal SYBR qPCR Master

Mix, 1 μl of cDNA and 0.5 μl of each primer (10 μm). The reaction conditions were as follows:

initial denaturation at 95˚C for 2 min, followed by 40 cycles at 95˚C for 5 s and 60˚C for 30 s.

A melting curve analysis was performed after the amplifications to determine the Tm of the

amplicons as a quality check. The glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH)

was used as an internal control. Primers were GAPDH_F: 50-CGG TGT CTT CAC AAC CA
C AG-30 and GAPDH_R: 50-TTG ACA CCA ACG ACG AAC AT-30. For quantitative anal-

ysis of total transcripts of SfCHS2, the primers were SfCHS2-q-F1: 50-TGT TCG TGC TCG
TCA TCT TC-30 and SfCHS2-q-R1: 50-ACC GAT AGG TTC CAG CGT TA-30. For
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quantitative analysis of wild-type transcripts of SfCHS2, the primers were SfCHS2-q-F2: 50-
GCC ATG TTG TTC CAT CGC CT-30 and SfCHS2-q-R2: 50-AGT CGT CGG TGT TCA
GAC GT-30. Quantitative analysis of gene expression was calculated using the 2-ΔCt or 2−ΔΔCt

method. Primer locations are depicted in Fig 2D. PCR conditions were initial denaturation

95˚C for 3 min, followed by 35 cycles of 95˚C for 15 s, 55˚C for 15 s, and 72˚C for 30 s.

Sanger sequencing of the SfCHS2 genomic sequence in SS and Sfru_R3

For genomic sequencing of SfCHS2 in SS and Sfru_R3, a total of 17 pairs of primers (S10

Table) across the 50 UTR and CDS region of SfCHS2 were designed on the basis of the genomic

sequence of SfCHS2 from the reference genome assembly (AGI-APGP_CSIRO_Sfru_2.0,

GCF_023101765.2). The PCR products were directly Sanger sequenced (Sangon Biotech Co.,

Ltd., Shanghai, China). To assure the accuracy of the full-length genomic sequence of SfCHS2,

primers for the overlapping region with a range of 100 to 500 bp between each 2 adjacent PCR

products were designed. All the primers for amplification of SfCHS2 genomic sequence were

designed based on the exon sequence. The length of all the PCR products ranged from 770 to

1,550 bp. The gDNA from SS and Sfru_R3 were isolated as described above. PCR reactions

were performed in a S1000 Thermal Cycler (Bio-Rad) using the 2×Taq Plus Master Mix II

(Vazyme, Nanjing, China) as follows: initial denaturation 95˚C for 3 min, followed by 35 cycles

of 95˚C for 15 s, 55˚C for 15 s, and 72˚C for 30 to 60 s, and a final extension of 5 min at 72˚C.

For the amplification of the genomic sequence across intron 21 of SfCHS2 in Sfru_R3, the

extension time was lengthened to 3, 5, and 10 min, since no PCR products were obtained for

Sfru_R3 under a shorter extension time. The PCR products (approximately 7 kb) between

exon 21 and exon 22 from Sfru_R3 were also directly Sanger sequenced as described above.

Detection of SfCHS2 transcripts via PCR and Isoform-sequencing (ISO-seq)

For PCR detection, specific primers (S10 Table) were designed to detect the transcripts in SS

and Sfru_R3. The total RNA of midgut tissue from individual larvae were isolated and used to

synthesize cDNA as described above. PCR reactions were performed as described above.

For Iso-Seq, the total RNA of midguts from fifth instar larvae of SS and Sfru_R3 were iso-

lated and sent to BerryGenomics (Beijing, China) for library construction and sequencing. For

each sample, 200 ng of total RNA was input for cDNA synthesis and amplification using NEB

Next Single Cell/Low Input cDNA Synthesis & Amplification Module (New England BioLabs

Inc., Ipswich, Massachusetts, USA) following the manufacturer’s standard protocol. A total of

13 PCR cycles were used to generate sufficient quantities of cDNA for PacBio Iso-Seq library

preparations. SMRTbell Iso-Seq libraries was constructed using Express Template Prep 2.0

(Pacific Biosciences, Menlo Park, California, USA) by following the manufacturer’s Iso-Seq

Express Template Preparation protocol. The SS and Sfru-R3 Iso-Seq libraries were run on a

single sequel system SMRT Cell using sequencing chemistry 3.0 with 4-h pre-extension and

20-h movie time. Raw reads were processed into circular consensus sequence (CCS) reads as

per the manufacturer’s standard pipeline (SMRT Link version 8.1). The Pacific Biosciences

toolkit (https://github.com/PacificBiosciences/pbbioconda) was utilized for Iso-Seq data anal-

ysis. Initially, raw reads underwent primer removal using lima (v2.7.1) and subsequent refine-

ment involving polyA removal using isoseq3. Following this preprocessing, the clean reads

underwent clustering via isoseq3 cluster to generate transcriptional sequences. The isoforms of

SfCHS2 were then extracted using NCBI-BLAST (v2.11.0) and aligned to the reference

sequence using Minimap2 (v2.26) [65].

PLOS BIOLOGY chitin synthase disruption & Vip3Aa resistance

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002704 July 2, 2024 14 / 23

https://github.com/PacificBiosciences/pbbioconda
https://doi.org/10.1371/journal.pbio.3002704


Genetic linkage analysis

To test the association between retrotransposon insertion in SfCHS2 and Vip3Aa resistance,

we firstly investigated the genotype of SfCHS2 in F7-R (n = 16) and F7-S group (n = 16) using a

pair of specific primers (e21-F: 50-GCC ATG TTG TTC CAT CGC CT-30/e22-R: 50-AGT
CGT CGG TGT TCA GAC GT-30) which across the 21st intron and was predicted to amplify

a 467 bp fragment of wild-type SfCHS2 under the following condition: initial denaturation

95˚C for 3 min, followed by 35 cycles of 95˚C for 15 s, 55˚C for 15 s, and 72˚C for 30 s. Paral-

lelly, a pair of specific primers (e21-F: 50-ACC CAA GAC TAC TTA ACG CT-30/e21-R: 50-
TTT GGT GGT GGA CAG CAG AT-30) in exon 21 were used as the positive control. To fur-

ther test the genetic association between resistance to Vip3Aa and reduced wild-type tran-

scripts of SfCHS2, a pair of specific primers (SfCHS2-q-F2/R2) flanking the intron 21 were

designed to evaluate the wild-type transcripts of SfCHS2 in SS, Sfru_R3, F7-S, and F7-R. A pair

of primers (SfCHS2-q-F1/R1) at exons 20 and 21 was designed to evaluate the relative abun-

dance of total transcripts of SfCHS2 in SS, Sfru_R3, F7-S, and F7-R. The reaction conditions

for RT-qPCR were as mentioned above. The abundance of SfCHS2 transcripts in Sfru_R3 and

individuals from F7-S and F7-R were normalized to the fold value of 2-ΔCt relative to SS.

CRISPR/Cas9 knockouts

The CRISPR/Cas9 system was used to create deletions in the SfCHS2 gene from the SS strain.

Briefly, 3 single-guide RNAs (sgRNA3, sgRNA5, and sgRNA6) were designed using the

sgRNAcas9 (V3.0) software (www.biootools.com/software). The template DNA was made

with PCR-based fusion of 2 oligonucleotides with the T7 promoter (Target F: 50-TAA TAC

GAC TCA CTA TAG + the target sequence; Target R: 50-TTC TAG CTC TAA AAC + the tar-

get sequence reverse complement). The target sequences plus PAMs were as follows: sgRNA3

targeting exon 3: sf-chs-sgR3+PAM = 50-GGA TCT GCG GTT GTG TCT AA GGG-30;
sgRNA5 targeting exon 5: sf-chs-sgR5+PAM = 50-GTC GTC TGG CCT CTG CTA AA
AGG-30, and sgRNA6 targeting exon 6: sf-chs-sgR6+PAM = 50-AGA CTC GTT ACT ACA
CAC AG AGG-30. For S. litura, the target sequences plus PAMs were sgRNA3 targeting exon

3: Slit_v3-sgR3+PAM = 50-GGA TCG GCG GTT GTG TCT AA GGG-30 and sgRNA4 tar-

geting exon 4: Slit_v3-sgR+PAM = 50-AGA GCG TGT GAC ATG GCT GT GGG-30. ForM.

separata, the target sequences plus PAMs were sgRNA4 targeting exon 4: Msep_v3-sgR4

+PAM = 50-GCG TAT TGG TTT CTC TCG GC GGG-30 and sgRNA5 targeting exon 5:

Msep_v3-sgR5+PAM = 50-CCA TTG CAA AAT CTC CGC GA GGG-3’. In vitro tran-

scription was performed with the GeneArt Precision gRNA Synthesis Kit (Thermo Fisher Sci-

entific, Waltham, Massachusetts, USA) according to the manufacturer’s instructions. The

Cas9 protein (GeneArt Platinum Cas9 Nuclease) was purchased from Thermo Fisher

Scientific.

For embryo collection and microinjection, freshly laid eggs (within 2 h after oviposition)

were immersed in 1% sodium hypochlorite solution for 10 s and washed off from the oviposi-

tion gauze, and finally rinsed with distilled water. The eggs were placed on a microscope slide

and fixed with double-sided adhesive tape. About 2 nL of a mixture of sgRNAs (250 ng/μl) and

Cas9 protein (150 ng/μl) was injected into individual eggs using the Nanoject III (Drummond

Scientific, Broomall, Pennsylvania, USA). The microinjection was completed within 2 h.

Genomic DNA was isolated from a hind leg of G0 adults prior to mating. Primer pairs used

to detect specific deletions were as follows: sf-chs-F1 50-AGC TCA AGA GGC AAA AGG
AT-30 in exon 3 and sf-chs-R1 50-AGC TAA TTG AGT GGC TCC CT-30 in intron 5 for

SfCHS2-KO-B; sf-chs-F2 50-GCC TTC GTA GTA GAC ACC CT-30 in exon 5 and sf-chs-

R2 50-CAT GAA CTT TGT AGA AGC GCT C-30 in exon 6 for SfCHS2-KO-A; and sf-chs-
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F1 50-AGC TCA AGA GGC AAA AGG AT-30 in exon 3 and sf-chs-R2 50-CAT GAA CTT
TGT AGA AGC GCT C-30 in exon 6 for SfCHS2-KO-C. For S. litura, the primer pairs used

to detect deletions for SlCHS2-KO were Slit_v3-F1 50-AGG ATG GAA TCT GTT CCG AG-
30 in exon 3 and Slit_v3-R1 50-TTG CAA AAA CGT AGG CTT CG-30 in exon 4. Subse-

quently, PCR products of the region surrounding the target sites were sequenced to determine

the exact mutation types in the G0. Selected G0 mutants were crossed to SS to generate G1

progeny. Ultimately, 13 homozygotes with SfCHS2 deletions were mated to establish a homo-

zygous SfCHS2 knockout strain designated SfCHS2-KO-A.

Detection of resistance allele of SfCHS2 with Yaoer insertion in the

laboratory and field population of S. frugiperda
To identify the Yaoer insertion in the laboratory and field population of S. frugiperda, the

WGS reads from 540 samples collected globally (S9 Table) were aligned with insertion site

sequences. These sequences consist of 600 bp, representing 300 bp extensions in each direction

from the insertion sites. The alignment was performed using BWA. Insertion sites covered by

more than 3 reads were classified as positive insertions.
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S1 Fig. Sample preparation strategy for bulked segregant analysis (BSA). For resistance

mapping, a single-pair cross was conducted between a male moth from the Sfru_R3 colony

and a female moth from the SS colony to generate F1 progeny. The F1 progeny were raised on

a normal diet, resulting in the production of F2 progeny. A total of 960 neonate larvae (480 for

both selections) from the F2 generation were subjected to 2 different diets: a high Vip3Aa diet

(4.0 μg/cm2) and a low Vip3Aa diet (0.1 μg/cm2) for a duration of 5 days. In the case of high

Vip3Aa concentration, the individuals that developed into the third instar after 5 days of expo-

sure were classified as resistant to Vip3Aa (F2-R) (n = 89). Conversely, for the low Vip3Aa

concentration, the individuals that were still<third instar were considered susceptible to

Vip3Aa (F2-S) (n = 75). Following this classification, both the resistant and susceptible larvae

from F2 generation were transferred to a normal diet until they reached the fifth instar stage.

(DOCX)

S2 Fig. Insect chitin synthases. Neighbor-joining tree of Class A and Class B chitin synthases

of insects. Class A enzymes make chitin for the exosekeleton; Class B enzymes make chitin for

the peritrophic matrix. Both catalyze reversible elongation of the chitin chain (n to n+1) by

addition of GlcNAc donated by UDP-GlcNAc: UDP-N-acetyl-D-glucosamine + [1,4-(N-ace-

tyl-beta-D-glucosaminyl)]nÐ UDP + [1,4-(N-acetyl-beta-D-glucosaminyl)]n+1. Aedes
aegypti: AaCHS1 = XP_021704891.1, AaCHS2 = XP_001651163.1. Drosophila melanogaster:
DmCHS1 = AAG22215.3 (krotzkopf verkehrt), DmCHS2 = AAF51798.2.Manduca sexta:

MsCHS1 = AAL38051.2, MsCHS2 = AAX20091.1. Tribolium castaneum:

TcCHS1 = NP_001034491.1, TcCHS2 = NP_001034492.1. Spodoptera frugiperda:

SfCHS1 = XP_050552783.1, SfCHS2 XP_050552796.1. Spodoptera litura:

SlCHS1 = XP_022820392.1, SlCHS2 XP_050552796.1. The data underlying this figure can be

found in S4 Data.

(DOCX)

S3 Fig. Insertion site of LTR retrotransposon Yaoer and alternative splicing of SfCHS2.

(A) By comparison to the wild-type sequence, it is possible to deduce the target site duplication

(TSD) typically created by transposable element insertion, which is GAAGG in this case. This

represents the last 4 bases of exon 21 and the first base of intron 21. (B) In the inserted allele,

the LTRa immediately follows the first GAAGG, and since the first base of the LTRa is a T, a

GT corresponding to the 50-GU donor site of the pre-mRNA is created immediately after exon

21. The second GAAGG occurs immediately after the second LTR. (C) In accordance with the

splicing rules, the entire insert could be spliced out, restoring the wild-type coding sequence

(starting with the first G remaining from intron 21, through LTRa, Yaoer, LTRb and to the

end of wild-type intron 22 with its 30-AG acceptor site). (D) However, the inserted allele has

the target site duplication GAAGG immediately after the second LTR, immediately preceding

the T which is the second base of the wild-type intron 21. This restores the original 50 donor

splice site of intron 21. Therefore, if just the original intron 21 were spliced out, removing its

30-AG acceptor site, this could block further splicing of the LTR retrotransposon from the pre-

mRNA. In that case, read-through from exon 21 in the mature mRNA would encounter an in-

frame stop codon in LTRa, leading to translation of a truncated protein of 1,355 residues,

where the last 12 residues (VSILFTLLIYLL*) are encoded by the LTR. (E) Alternatively, splic-

ing out just the entire Yaoer element, if possible, would result in another truncated protein

ending in VS* due to read-through from exon 21 to intron 21.
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S4 Fig. Predicted structures of wild-type and mutant SfCHS2 proteins. (A) Wild-type pro-

tein. (B) Mutant protein in Sfru_R3 alternatively spliced because of the Yaoer retrotransposon

insertion. The C-terminal lumenal domain (C7) is truncated. (C) Knockouts generated by

CRISPR/Cas9. The domain structure and numbers of residues in transmembrane domains

and intervening loops were predicted using Phobius (https://phobius.sbc.su.se/). Transmem-

brane domains are numbered in red.

(DOCX)

S5 Fig. Transcripts of SfCHS2 in SS and Sfru_R3. (A) SfCHS2 transcript detection via PCR

and Sanger sequencing. Both wild-type and mutant SfCHS2 transcripts with Yaoer were

detected in Sfru_R3. Furthermore, the transcripts including both Yaoer and intron 21 were

detected in Sfru_R3 by amplification products generated by primer pairs of 11F7/ Nei R5 and

Nei F2/11 R4. (B) SfCHS2 transcripts detection via Iso-Seq. In SS, multiple SfCHS2 transcripts

without Yaoer were detected. In contrast, both SfCHS2 transcripts with and without Yaoer

were detected in Sfru_R3. In addition, the transcripts of SfCHS2 that would have spliced out

the Yaoer element while including the intron21 were undetected in Sfru_R3. The data underly-

ing this figure can be found in S1 Raw Images.

(DOCX)

S6 Fig. Knockouts of SfCHS2. (A) SfCHS2-KO-B. (B) SfCHS2-KO-C. CRISPR/Cas9-me-

diated double sgRNA system and various types of mutations in G1 larvae identified through

sequencing of individual PCR clones. Deleted bases are indicated as red dashes, and inserted

bases are indicated as red letters. The CRISPR target sites and the number of deleted and

inserted bases (+, insertion;–, deletion) are shown. The chromatogram shows the sequence of

the mutant isolated from a homozygous knockout larva in G2.

(DOCX)

S7 Fig. Knockouts of CHS2. (A) Spodoptera litura. (B) Mythimna separata. CRISPR/Cas9--

mediated double sgRNA system and various types of mutations in G1 larvae identified through

sequencing of individual PCR clones. Deleted bases are indicated as red dashes, and inserted

bases are indicated as red letters. The CRISPR target sites and the number of deleted and

inserted bases (+, insertion;–, deletion) are shown. The chromatogram shows the sequence of

the mutant isolated from a homozygous knockout larva in G2.

(DOCX)

S8 Fig. Locations of field and laboratory populations of S. frugiperda screened for the

Yaoer insertion in SfCHS2. A total of 540 S. frugiperda individuals collected from the field or

laboratory were re-sequenced and mapped with the junctions of exon 21 or intron 21 and the

Yaoer insertion (S9 Fig). One individual collected from the field of China in 2020 showed posi-

tive mapping. The red star shows the site for the positive mapping individual. The black circles

show all other collection sites. See S9 Table for details of each sample.

(DOCX)

S9 Fig. Detection of the Yaoer retrotransposon in SfCHS2 in an individual collected from

the field in China during 2020. (A) Read coverage in the sample with the Yaoer insertion. (B)

Read coverage in a wild-type sample. The insertion site sequences are depicted as colored bars.

The reads from R2 are shown as gray horizontal bars and from R1 as horizontal white bars.

Colored vertical bars within reads indicate variants.

(DOCX)

S1 Data. Genome-wide mean ΔSNP index for each 1 kb window.
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S2 Data. Total and wild-type transcripts of SfCHS2 in SS, Sfru_R3, F7-S, and F7-R individ-

ual larvae.
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S3 Data. Response of SfCHS2-KO and F1 progeny of cross with Sfru_R3 to Vip3Aa toxin

and cross-resistance to other Bt toxins.
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S4 Data. Alignment file for CHS2 tree.
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S1 Raw Images. Original, uncropped, and minimally adjusted images of all blots and gels

reported in the article.

(PDF)

Author Contributions

Data curation: Zhenxing Liu, Chongyu Liao, Luming Zou, Lei Zhang, David G. Heckel.

Formal analysis: Zhenxing Liu, Chongyu Liao, Luming Zou, Minghui Jin, Bruce E. Tabashnik,

David G. Heckel.

Funding acquisition: Minghui Jin, Kongming Wu, Yutao Xiao.

Investigation: Zhenxing Liu, Chongyu Liao, Yinxue Shan, Hui Yao, Zhuangzhuang Liu,

Na Wang, Anjing Li, Kaiyu Liu.

Project administration: Kongming Wu, Yutao Xiao.

Resources: Yinxue Shan, Hui Yao, Lei Zhang.

Supervision: Kongming Wu.

Visualization: Zhenxing Liu, Chongyu Liao, Luming Zou, David G. Heckel.

Writing – original draft: Chongyu Liao.

Writing – review & editing: Yudong Quan, Peng Wang, Bruce E. Tabashnik,

David G. Heckel.

PLOS BIOLOGY chitin synthase disruption & Vip3Aa resistance

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002704 July 2, 2024 19 / 23

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002704.s021
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002704.s022
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002704.s023
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002704.s024
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002704.s025
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002704.s026
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002704.s027
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002704.s028
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002704.s029
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002704.s030
https://doi.org/10.1371/journal.pbio.3002704


References
1. Sanahuja G, Banakar R, Twyman RM, Capell T, Christou P. Bacillus thuringiensis: a century of

research, development and commercial applications. Plant Biotechnol J. 2011; 9(3):283–300. https://

doi.org/10.1111/j.1467-7652.2011.00595.x PMID: 21375687

2. Hutchison WD, Burkness EC, Mitchell PD, Moon RD, Leslie TW, Fleischer SJ, et al. Areawide suppres-

sion of European corn borer with Bt maize reaps savings to non-Bt maize growers. Science. 2010; 330

(6001):222–225. https://doi.org/10.1126/science.1190242 PMID: 20929774

3. Dively GP, Venugopal PD, Bean D, Whalen J, Holmstrom K, Kuhar TP, et al. Regional pest suppression

associated with widespread Bt maize adoption benefits vegetable growers. Proc Natl Acad Sci U S A.

2018; 115(13):3320–3325. https://doi.org/10.1073/pnas.1720692115 PMID: 29531049

4. Tabashnik BE, Liesner LR, Ellsworth PC, Unnithan GC, Fabrick JA, Naranjo SE, et al. Transgenic cot-

ton and sterile insect releases synergize eradication of pink bollworm a century after it invaded the

United States. Proc Natl Acad Sci U S A. 2021; 118(1). https://doi.org/10.1073/pnas.2019115118

PMID: 33443170

5. Romeis J, Naranjo SE, Meissle M, Shelton AM. Genetically engineered crops help support conservation

biological control. Biol Control. 2019; 130:136–154.

6. Tabashnik BE, Carriere Y, Wu Y, Fabrick JA. Global perspectives on field-evolved resistance to trans-

genic Bt crops: a special collection. J Econ Entomol. 2023; 116(2):269–274. https://doi.org/10.1093/jee/

toad054 PMID: 37018465

7. Yang F, Kerns DL, Little N, Brown SA, Stewart SD, Catchot AL, et al. Practical resistance to Cry toxins

and efficacy of Vip3Aa in Bt cotton against Helicoverpa zea. Pest Manag Sci. 2022; 78(12):5234–5242.

https://doi.org/10.1002/ps.7142 PMID: 36053801

8. Yang F, Kerns DL, Little NS, Santiago Gonzalez JC, Tabashnik BE. Early warning of resistance to Bt

toxin Vip3Aa in Helicoverpa zea. Toxins. 2021; 13(9). https://doi.org/10.3390/toxins13090618 PMID:

34564622

9. Tabashnik BE, Fabrick JA, Carriere Y. Global patterns of insect resistance to transgenic Bt crops: the

first 25 years. J Econ Entomol. 2023; 116(2):297–309. https://doi.org/10.1093/jee/toac183 PMID:

36610076

10. Chakroun M, Banyuls N, Bel Y, Escriche B, Ferre J. Bacterial vegetative insecticidal proteins (Vip) from

entomopathogenic bacteria. Microbiol Mol Biol Rev. 2016; 80(2):329–350. https://doi.org/10.1128/

MMBR.00060-15 PMID: 26935135

11. Lee MK, Walters FS, Hart H, Palekar N, Chen JS. The mode of action of the Bacillus thuringiensis vege-

tative insecticidal protein Vip3A differs from that of Cry1Ab delta-endotoxin. Appl Environ Microbiol.

2003; 69(8):4648–4657. https://doi.org/10.1128/AEM.69.8.4648-4657.2003 PMID: 12902253

12. Pickett BR, Gulzar A, Ferre J, Wright DJ. Bacillus thuringiensis Vip3Aa toxin resistance in Heliothis vir-

escens (Lepidoptera: Noctuidae). Appl Environ Microbiol. 2017; 83(9). https://doi.org/10.1128/AEM.

03506-16 PMID: 28213547

13. Yang F, Morsello S, Head GP, Sansone C, Huang F, Gilreath RT, et al. F(2) screen, inheritance and

cross-resistance of field-derived Vip3A resistance in Spodoptera frugiperda (Lepidoptera: Noctuidae)

collected from Louisiana, USA. Pest Manag Sci. 2018; 74(8):1769–1778. https://doi.org/10.1002/ps.

4805 PMID: 29193722

14. Tabashnik BE, Carrière Y. Evaluating cross-resistance between Vip and Cry toxins of Bacillus thurin-

giensis. J Econ Entomol. 2020; 113:553–561. https://doi.org/10.1093/jee/toz308 PMID: 31821498

15. United States Environmental Protection Agency. Biopesticide rgistration action document: Bacillus thur-

ingiensis Vip3Aa20 insecticidal protein and the genetic material necessary for its production via ele-

ments of vector PNOV1300 in event MIR162 maize (OECD Unique Identifier: SYN-IR162-4). 2009.

16. Gulzar A, Pickett B, Sayyed AH, Wright DJ. Effect of temperature on the fitness of a Vip3A resistant

population of Heliothis virescens (Lepidoptera: Noctuidae). J Econ Entomol. 2012; 105(3):964–970.

https://doi.org/10.1603/ec11110 PMID: 22812137

17. Yang F, Santiago Gonzalez JC, Sword GA, Kerns DL. Genetic basis of resistance to the Vip3Aa Bt pro-

tein in Helicoverpa zea. Pest Manag Sci. 2021; 77(3):1530–1535. https://doi.org/10.1002/ps.6176

PMID: 33201547

18. Yang F, Gonzalez JCS, Little N, Reisig D, Payne G, Dos Santos RF, et al. First documentation of major

Vip3Aa resistance alleles in field populations of Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae) in

Texas, USA. Sci Rep. 2020; 10(1):5867. https://doi.org/10.1038/s41598-020-62748-8 PMID: 32246037

19. Chen X, Head GP, Price P, Kerns DL, Rice ME, Huang F, et al. Fitness costs of Vip3A resistance in

Spodoptera frugiperda on different hosts. Pest Manag Sci. 2019; 75(4):1074–1080. https://doi.org/10.

1002/ps.5218 PMID: 30242959

PLOS BIOLOGY chitin synthase disruption & Vip3Aa resistance

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002704 July 2, 2024 20 / 23

https://doi.org/10.1111/j.1467-7652.2011.00595.x
https://doi.org/10.1111/j.1467-7652.2011.00595.x
http://www.ncbi.nlm.nih.gov/pubmed/21375687
https://doi.org/10.1126/science.1190242
http://www.ncbi.nlm.nih.gov/pubmed/20929774
https://doi.org/10.1073/pnas.1720692115
http://www.ncbi.nlm.nih.gov/pubmed/29531049
https://doi.org/10.1073/pnas.2019115118
http://www.ncbi.nlm.nih.gov/pubmed/33443170
https://doi.org/10.1093/jee/toad054
https://doi.org/10.1093/jee/toad054
http://www.ncbi.nlm.nih.gov/pubmed/37018465
https://doi.org/10.1002/ps.7142
http://www.ncbi.nlm.nih.gov/pubmed/36053801
https://doi.org/10.3390/toxins13090618
http://www.ncbi.nlm.nih.gov/pubmed/34564622
https://doi.org/10.1093/jee/toac183
http://www.ncbi.nlm.nih.gov/pubmed/36610076
https://doi.org/10.1128/MMBR.00060-15
https://doi.org/10.1128/MMBR.00060-15
http://www.ncbi.nlm.nih.gov/pubmed/26935135
https://doi.org/10.1128/AEM.69.8.4648-4657.2003
http://www.ncbi.nlm.nih.gov/pubmed/12902253
https://doi.org/10.1128/AEM.03506-16
https://doi.org/10.1128/AEM.03506-16
http://www.ncbi.nlm.nih.gov/pubmed/28213547
https://doi.org/10.1002/ps.4805
https://doi.org/10.1002/ps.4805
http://www.ncbi.nlm.nih.gov/pubmed/29193722
https://doi.org/10.1093/jee/toz308
http://www.ncbi.nlm.nih.gov/pubmed/31821498
https://doi.org/10.1603/ec11110
http://www.ncbi.nlm.nih.gov/pubmed/22812137
https://doi.org/10.1002/ps.6176
http://www.ncbi.nlm.nih.gov/pubmed/33201547
https://doi.org/10.1038/s41598-020-62748-8
http://www.ncbi.nlm.nih.gov/pubmed/32246037
https://doi.org/10.1002/ps.5218
https://doi.org/10.1002/ps.5218
http://www.ncbi.nlm.nih.gov/pubmed/30242959
https://doi.org/10.1371/journal.pbio.3002704


20. Bernardi O, Bernardi D, Horikoshi RJ, Okuma DM, Miraldo LL, Fatoretto J, et al. Selection and charac-

terization of resistance to the Vip3Aa20 protein from Bacillus thuringiensis in Spodoptera frugiperda.

Pest Manag Sci. 2016; 72(9):1794–1802. https://doi.org/10.1002/ps.4223 PMID: 26733182

21. Mahon RJ, Downes SJ, James B. Vip3A resistance alleles exist at high levels in Australian targets

before release of cotton expressing this toxin. PLoS ONE. 2012; 7:e39192. https://doi.org/10.1371/

journal.pone.0039192 PMID: 22761737

22. Amaral FSA, Guidolin AS, Salmeron E, Kanno RH, Padovez FEO, Fatoretto JC, et al. Geographical dis-

tribution of Vip3Aa20 resistance allele frequencies in Spodoptera frugiperda (Lepidoptera: Noctuidae)

populations in Brazil. Pest Manag Sci. 2020; 76(1):169–178. https://doi.org/10.1002/ps.5490 PMID:

31106516

23. Jurat-Fuentes JL, Heckel DG, Ferre J. Mechanisms of resistance to insecticidal proteins from Bacillus

thuringiensis. Annu Rev Entomol. 2021; 66:121–140. https://doi.org/10.1146/annurev-ento-052620-

073348 PMID: 33417820

24. Tay WT, Meagher RL Jr, Czepak C, Groot AT. Spodoptera frugiperda: ecology, evolution, and manage-

ment options of an invasive species. Annu Rev Entomol. 2023; 68:299–317. https://doi.org/10.1146/

annurev-ento-120220-102548 PMID: 36198399

25. Kenis M, Benelli G, Biondi A, Calatayud PA, Day R, Desneux N, et al. Invasiveness, biology, ecology,

and management of the fall armyworm, Spodoptera frugiperda. Entomol Gen. 2023; 43:187–241.

26. Hou X, Han L, An B, Cai J. Autophagy induced by Vip3Aa has a pro-survival role in Spodoptera frugi-

perda Sf9 cells. Virulence. 2021; 12(1):509–519. https://doi.org/10.1080/21505594.2021.1878747

PMID: 33509041

27. Jiang K, Hou XY, Tan TT, Cao ZL, Mei SQ, Yan B, et al. Scavenger receptor-C acts as a receptor for

Bacillus thuringiensis vegetative insecticidal protein Vip3Aa and mediates the internalization of Vip3Aa

via endocytosis. PLoS Pathog. 2018; 14(10). https://doi.org/10.1371/journal.ppat.1007347 PMID:

30286203

28. Jiang K, Hou X, Han L, Tan T, Cao Z, Cai J. Fibroblast growth factor receptor, a novel receptor for vege-

tative insecticidal protein Vip3Aa. Toxins. 2018; 10(12). https://doi.org/10.3390/toxins10120546 PMID:

30567360

29. Singh G, Sachdev B, Sharma N, Seth R, Bhatnagar RK. Interaction of Bacillus thuringiensis vegetative

insecticidal protein with ribosomal S2 protein triggers larvicidal activity in Spodoptera frugiperda. Appl

Environ Microbiol. 2010; 76(21):7202–7209. https://doi.org/10.1128/AEM.01552-10 PMID: 20833785

30. Carrière Y, Degain B, Unnithan GC, Tabashnik BE. Inheritance and fitness cost of laboratory-selected

resistance to Vip3Aa in Helicoverpa zea (Lepidoptera: Noctuidae). J Econ Entomol. 2023; 116

(5):1804–1811. https://doi.org/10.1093/jee/toad145 PMID: 37555261

31. Jin M, Shan Y, Peng Y, Wang W, Zhang H, Liu K, et al. Downregulation of a transcription factor associ-

ated with resistance to Bt toxin Vip3Aa in the invasive fall armyworm. Proc Natl Acad Sci U S A. 2023;

120(44):e2306932120. https://doi.org/10.1073/pnas.2306932120 PMID: 37874855

32. Wen Z, Conville J, Matthews P, Hootman T, Himes J, Wong S, et al. More than 10 years after commer-

cialization, Vip3A-expressing MIR162 remains highly efficacious in controlling major Lepidopteran

maize pests: laboratory resistance selection versus field reality. Pestic Biochem Physiol. 2023;

192:105385.

33. Liu Y, Tabashnik BE. Inheritance of resistance to the Bacillus thuringiensis toxin Cry1C in the diamond-

back moth. Appl Environ Microbiol. 1997; 63(6):2218–2223. https://doi.org/10.1128/aem.63.6.2218-

2223.1997 PMID: 16535623

34. Merzendorfer H. Insect chitin synthases: a review. J Comp Physiol B. 2006; 176(1):1–15. https://doi.

org/10.1007/s00360-005-0005-3 PMID: 16075270

35. Yu A, Beck M, Merzendorfer H, Yang Q. Advances in understanding insect chitin biosynthesis. Insect

Biochem Mol Biol. 2024; 164:104058. https://doi.org/10.1016/j.ibmb.2023.104058 PMID: 38072083

36. Liu XY, Wang SS, Yu YY, Cheng YS, Hu CX, Zhou M, et al. Effects of inhibiting the expression of chitin

synthase gene on the metabolism of trehalose and chitin in Spodoptera frugiperda larvae. Agriculture.

2022; 12(12).

37. Wan XS, Shi MR, Xu J, Liu JH, Ye H. Interference efficiency and effects of bacterium-mediated RNAi in

the fall armyworm (Lepidoptera: Noctuidae). J Insect Sci. 2021; 21(5). https://doi.org/10.1093/jisesa/

ieab073 PMID: 34581410

38. Bolognesi R, Arakane Y, Muthukrishnan S, Kramer KJ, Terra WR, Ferreira C. Sequences of cDNAs

and expression of genes encoding chitin synthase and chitinase in the midgut of Spodoptera frugiperda.

Insect Biochem Mol Biol. 2005; 35(11):1249–1259. https://doi.org/10.1016/j.ibmb.2005.06.006 PMID:

16203206

PLOS BIOLOGY chitin synthase disruption & Vip3Aa resistance

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002704 July 2, 2024 21 / 23

https://doi.org/10.1002/ps.4223
http://www.ncbi.nlm.nih.gov/pubmed/26733182
https://doi.org/10.1371/journal.pone.0039192
https://doi.org/10.1371/journal.pone.0039192
http://www.ncbi.nlm.nih.gov/pubmed/22761737
https://doi.org/10.1002/ps.5490
http://www.ncbi.nlm.nih.gov/pubmed/31106516
https://doi.org/10.1146/annurev-ento-052620-073348
https://doi.org/10.1146/annurev-ento-052620-073348
http://www.ncbi.nlm.nih.gov/pubmed/33417820
https://doi.org/10.1146/annurev-ento-120220-102548
https://doi.org/10.1146/annurev-ento-120220-102548
http://www.ncbi.nlm.nih.gov/pubmed/36198399
https://doi.org/10.1080/21505594.2021.1878747
http://www.ncbi.nlm.nih.gov/pubmed/33509041
https://doi.org/10.1371/journal.ppat.1007347
http://www.ncbi.nlm.nih.gov/pubmed/30286203
https://doi.org/10.3390/toxins10120546
http://www.ncbi.nlm.nih.gov/pubmed/30567360
https://doi.org/10.1128/AEM.01552-10
http://www.ncbi.nlm.nih.gov/pubmed/20833785
https://doi.org/10.1093/jee/toad145
http://www.ncbi.nlm.nih.gov/pubmed/37555261
https://doi.org/10.1073/pnas.2306932120
http://www.ncbi.nlm.nih.gov/pubmed/37874855
https://doi.org/10.1128/aem.63.6.2218-2223.1997
https://doi.org/10.1128/aem.63.6.2218-2223.1997
http://www.ncbi.nlm.nih.gov/pubmed/16535623
https://doi.org/10.1007/s00360-005-0005-3
https://doi.org/10.1007/s00360-005-0005-3
http://www.ncbi.nlm.nih.gov/pubmed/16075270
https://doi.org/10.1016/j.ibmb.2023.104058
http://www.ncbi.nlm.nih.gov/pubmed/38072083
https://doi.org/10.1093/jisesa/ieab073
https://doi.org/10.1093/jisesa/ieab073
http://www.ncbi.nlm.nih.gov/pubmed/34581410
https://doi.org/10.1016/j.ibmb.2005.06.006
http://www.ncbi.nlm.nih.gov/pubmed/16203206
https://doi.org/10.1371/journal.pbio.3002704


39. Zimoch L, Merzendorfer H. Immunolocalization of chitin synthase in the tobacco hornworm. Cell Tissue

Res. 2002; 308(2):287–297. https://doi.org/10.1007/s00441-002-0546-7 PMID: 12037585

40. Broehan G, Zimoch L, Wessels A, Ertas B, Merzendorfer H. A chymotrypsin-like serine protease inter-

acts with the chitin synthase from the midgut of the tobacco hornworm. J Exp Biol. 2007; 210(Pt

20):3636–3643. https://doi.org/10.1242/jeb.008334 PMID: 17921165

41. Hegedus D, Erlandson M, Gillott C, Toprak U. New insights into peritrophic matrix synthesis, architec-

ture, and function. Annu Rev Entomol. 2009; 54:285–302. https://doi.org/10.1146/annurev.ento.54.

110807.090559 PMID: 19067633

42. Erlandson MA, Toprak U, Hegedus DD. Role of the peritrophic matrix in insect-pathogen interactions. J

Insect Physiol. 2019; 117:103894. https://doi.org/10.1016/j.jinsphys.2019.103894 PMID: 31175854

43. Zhang L, Li Z, Peng Y, Liang X, Wilson K, Chipabika G, et al. Global genomic signature reveals the evo-

lution of fall armyworm in the Eastern hemisphere. Mol Ecol. 2023; 32(20):5463–5478. https://doi.org/

10.1111/mec.17117 PMID: 37638537

44. Zhang L, Liu B, Zheng W, Liu C, Zhang D, Zhao S, et al. Genetic structure and insecticide resistance

characteristics of fall armyworm populations invading China. Mol Ecol Resour. 2020; 20(6):1682–1696.

https://doi.org/10.1111/1755-0998.13219 PMID: 32619331

45. Yang X, Chen W, Song X, Ma X, Cotto-Rivera RO, Kain W, et al. Mutation of ABC transporter ABCA2

confers resistance to Bt toxin Cry2Ab in Trichoplusia ni. Insect Biochem Mol Biol. 2019; 112:103209.

https://doi.org/10.1016/j.ibmb.2019.103209 PMID: 31422154

46. Wang L, Wang J, Ma Y, Wan P, Liu K, Cong S, et al. Transposon insertion causes cadherin mis-splicing

and confers resistance to Bt cotton in pink bollworm from China. Sci Rep. 2019; 9(1):7479. https://doi.

org/10.1038/s41598-019-43889-x PMID: 31097777

47. Fabrick JA, Mathew LG, Tabashnik BE, Li X. Insertion of an intact CR1 retrotransposon in a cadherin

gene linked with Bt resistance in the pink bollworm, Pectinophora gossypiella. Insect Mol Biol. 2011; 20

(5):651–665. https://doi.org/10.1111/j.1365-2583.2011.01095.x PMID: 21815956

48. Yang Y, Chen H, Wu Y, Yang Y, Wu S. Mutated cadherin alleles from a field population of Helicoverpa

armigera confer resistance to Bacillus thuringiensis toxin Cry1Ac. Appl Environ Microbiol. 2007; 73

(21):6939–6944. https://doi.org/10.1128/AEM.01703-07 PMID: 17827322

49. Gahan LJ, Gould F, Heckel DG. Identification of a gene associated with bit resistance in Heliothis vires-

cens. Science. 2001; 293(5531):857–860.

50. Guo Z, Guo L, Bai Y, Kang S, Sun D, Qin J, et al. Retrotransposon-mediated evolutionary rewiring of a

pathogen response orchestrates a resistance phenotype in an insect host. Proc Natl Acad Sci U S A.

2023; 120(14):e2300439120. https://doi.org/10.1073/pnas.2300439120 PMID: 36996102

51. Fabrick JA, Wu Y. Mechanisms and molecular genetics of insect resistance to insecticidal proteins from

Bacillus thuringiensis. In: Jurat-Fuentes JL, editor. Advances in Insect Physiology. Academic Press;

2023. p. 123–183.

52. Fabrick JA, Li X, Carriere Y, Tabashnik BE. Molecular genetic basis of lab- and field-selected Bt resistance

in pink bollworm. Insects. 2023; 14(2):201. https://doi.org/10.3390/insects14020201 PMID: 36835770

53. Kerns DD, Yang F, Kerns DL, Stewart SD, Jurat-Fuentes JL. Reduced toxin binding associated with

resistance to Vip3Aa in the corn earworm (Helicoverpa zea). Appl Environ Microbiol. 2023; 89(12):

e0164423. https://doi.org/10.1128/aem.01644-23 PMID: 38014960

54. Pinos D, Chakroun M, Millan-Leiva A, Jurat-Fuentes JL, Wright DJ, Hernandez-Martinez P, et al.

Reduced membrane-bound alkaline phosphatase does not affect binding of Vip3Aa in a Heliothis vires-

cens resistant colony. Toxins. 2020; 12(6). https://doi.org/10.3390/toxins12060409 PMID: 32575644

55. Quan Y, Yang J, Wang Y, Hernandez-Martinez P, Ferre J, He K. The rapid evolution of resistance to

Vip3Aa insecticidal protein in Mythimna separata (Walker) is not related to altered binding to midgut

receptors. Toxins. 2021; 13(5).

56. Zhang HN, Tian W, Zhao J, Jin L, Yang J, Liu CH, et al. Diverse genetic basis of field-evolved resistance

to Bt cotton in cotton bollworm from China. Proc Natl Acad Sci U S A. 2012; 109(26):10275–10280.

https://doi.org/10.1073/pnas.1200156109 PMID: 22689968

57. Tabashnik BE, Croft BA. Managing pesticide resistance in crop-arthropod complexes: interactions

between biological and operational factors. Environ Entomol. 1982; 11(6):1137–1144.

58. Yang F, Head GP, Kerns DD, Jurat-Fuentes JL, Santiago-Gonzalez JC, Kerns DL. Diverse genetic

basis of Vip3Aa resistance in five independent field-derived strains of Helicoverpa zea in the US. Pest

Manag Sci. 2024; 80(6):2796–2803. https://doi.org/10.1002/ps.7988 PMID: 38327120

59. Carrière Y, Tabashnik BE. Fitness costs and incomplete resistance associated with delayed evolution

of practical resistance to Bt crops. Insects. 2023; 14(3). https://doi.org/10.3390/insects14030214 PMID:

36975899

PLOS BIOLOGY chitin synthase disruption & Vip3Aa resistance

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002704 July 2, 2024 22 / 23

https://doi.org/10.1007/s00441-002-0546-7
http://www.ncbi.nlm.nih.gov/pubmed/12037585
https://doi.org/10.1242/jeb.008334
http://www.ncbi.nlm.nih.gov/pubmed/17921165
https://doi.org/10.1146/annurev.ento.54.110807.090559
https://doi.org/10.1146/annurev.ento.54.110807.090559
http://www.ncbi.nlm.nih.gov/pubmed/19067633
https://doi.org/10.1016/j.jinsphys.2019.103894
http://www.ncbi.nlm.nih.gov/pubmed/31175854
https://doi.org/10.1111/mec.17117
https://doi.org/10.1111/mec.17117
http://www.ncbi.nlm.nih.gov/pubmed/37638537
https://doi.org/10.1111/1755-0998.13219
http://www.ncbi.nlm.nih.gov/pubmed/32619331
https://doi.org/10.1016/j.ibmb.2019.103209
http://www.ncbi.nlm.nih.gov/pubmed/31422154
https://doi.org/10.1038/s41598-019-43889-x
https://doi.org/10.1038/s41598-019-43889-x
http://www.ncbi.nlm.nih.gov/pubmed/31097777
https://doi.org/10.1111/j.1365-2583.2011.01095.x
http://www.ncbi.nlm.nih.gov/pubmed/21815956
https://doi.org/10.1128/AEM.01703-07
http://www.ncbi.nlm.nih.gov/pubmed/17827322
https://doi.org/10.1073/pnas.2300439120
http://www.ncbi.nlm.nih.gov/pubmed/36996102
https://doi.org/10.3390/insects14020201
http://www.ncbi.nlm.nih.gov/pubmed/36835770
https://doi.org/10.1128/aem.01644-23
http://www.ncbi.nlm.nih.gov/pubmed/38014960
https://doi.org/10.3390/toxins12060409
http://www.ncbi.nlm.nih.gov/pubmed/32575644
https://doi.org/10.1073/pnas.1200156109
http://www.ncbi.nlm.nih.gov/pubmed/22689968
https://doi.org/10.1002/ps.7988
http://www.ncbi.nlm.nih.gov/pubmed/38327120
https://doi.org/10.3390/insects14030214
http://www.ncbi.nlm.nih.gov/pubmed/36975899
https://doi.org/10.1371/journal.pbio.3002704


60. Kim HS, Noh S, Park Y. Enhancement of Bacillus thuringiensis Cry1Ac and Cry1Ca toxicity against
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