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Simple Summary 

Insect-resistant transgenic crops expressing Cry and Vip3Aa insecticidal proteins from the bacterium 
Bacillus thuringiensis help farmers protect yields from pests while reducing reliance on chemical 
pesticides. The Vip3Aa protein has been especially useful against caterpillar pests that damage crops 
like corn and cotton, especially after documented cases of resistance to Cry proteins in these pests. 
However, there are growing concerns because some insects are starting to survive exposure to 
Vip3Aa, underscoring the risk of resistance emergence and the urgent need to understand the 
mechanisms, inheritance, and spread of resistance. A critical review of available information on 
Vip3Aa resistance is timely and essential, as it informs resistance management strategies and guides 
future research efforts in insect resistance management. The goal of this review is to provide a clear 
understanding of what is known so far about resistance to Vip3Aa and what gaps remain in our 
knowledge.  

Abstract 

The vegetative insecticidal protein Vip3Aa from Bacillus thuringiensis (Bt) has become a key plant-
incorporated protectant (PIP) in transgenic crops targeting lepidopteran pests, particularly as 
resistance increasingly compromises the efficacy of Cry protein PIPs. More than a decade after its 
commercial deployment, Vip3Aa performance remains efficacious but increasingly vulnerable. Field 
screens have detected unexpectedly high baseline frequencies of Vip3Aa resistance alleles and have 
produced highly resistant strains in several major pests, including Helicoverpa spp., Spodoptera spp., 
and Mythimna separata. Although structure-function experiments and studies on resistance to Vip3Aa 
have identified altered midgut processing and impaired receptor binding as candidate resistance 
mechanisms, the underlying genetic determinants remain poorly understood. Moreover, resistance 
to Vip3Aa appears to diverge from canonical Cry protein resistance pathways, underscoring the need 
for dedicated mechanistic studies. This review critically examines the available experimental 
evidence on Vip3Aa resistance mechanisms, highlighting major knowledge gaps and proposing 
research priorities to inform resistance monitoring and extend the durability of Vip3Aa-based pest 
control. 
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1. Introduction 

The entomopathogenic bacterium Bacillus thuringiensis (Bt) produces diverse insecticidal 
proteins that are classified based on both amino acid sequence identity and structural similarity [1]. 
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Most known Bt insecticidal proteins belong to the Cry toxin family and are produced during the 
sporulation phase of the bacterium and stored in parasporal crystals, while members of the vegetative 
insecticidal protein (Vip) family are produced and secreted during the vegetative phase of growth 
[2]. Sprayable mixtures of Bt spores and proteins have been used for pest control for more than 80 
years, but the largest impact of Bt proteins in agriculture is through their expression in transgenic 
plants as plant-incorporated protectants (PIPs). Transgenic plants expressing Cry and Vip3Aa 
insecticidal protein genes, generically called “Bt crops”, are planted in more than 101 million hectares 
globally [3] for effective pest control, increased yields, and reduced mycotoxin contamination [4–6]. 
Since Cry and Vip3Aa PIPs have distinct modes of action [7], they are ideal candidates for co-
expression through gene pyramiding to hinder the evolution of resistance [2,8], currently the most 
serious threat to the sustainability of Bt crops. 

Field failures have already been documented for selected Cry PIPs in some locations [9], 
increasing reliance and, as a consequence, selection pressure for the evolution of resistance to Vip3Aa. 
For instance, practical resistance to Cry1A PIPs in populations of the corn earworm (Helicoverpa zea) 
in the U.S. [10,11] makes Vip3A the only remaining PIP effective against this pest [12]. While there 
are no published reports of field-evolved practical resistance in the U.S., there are some early 
indications of reduced efficacy of Vip3Aa PIPs against H. zea [13]. Similarly, populations of the fall 
armyworm (Spodoptera frugiperda) have evolved practical resistance to multiple Cry PIPs [9], and 
unofficial reports of reduced efficacy of Vip3Aa PIPs are emerging in Brazil [14]. These reports 
suggest that field resistance to Vip3Aa PIPs may be looming, at a time when information on resistance 
genes and mechanisms that may lead to field failures is scarce.  

In principle, any alteration in the multi-step mode of action of Vip3Aa could potentially result 
in resistance. The most widely accepted model (Figure 1) includes proteolytic processing, interactions 
with chitin and receptors on the midgut brush border membrane, insertion into the cell membrane to 
form a pore, and cell death by osmotic shock [15]. 

 
Figure 1. Diagram of the Vip3Aa mode of action. The Vip3Aa protoxin is produced by B. thuringiensis as a soluble 
tetramer, which after ingestion by a susceptible insect undergoes processing by gut proteases. This process 
triggers the unfurling of a needle-like projection in the toxin structure. The Vip3Aa toxin must then interact with 
chitin and traverse the peritrophic matrix to reach receptors on the surface of midgut cells. The needle-like 
projection of the toxin then inserts into the cell membrane forming a pore that leads to cell lysis by osmotic shock. 
There is evidence from insect cell cultures that Vip3Aa toxin is endocytosed and induces cell death by apoptosis. 
The Vip3Aa protoxin (entry: 6TFJ) and activated toxin (entry: 6TFK) structures shown were obtained from the 
Worldwide Protein Data Bank (https://www.wwpdb.org/). 
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Both Cry and Vip3Aa proteins are pore-forming toxins, yet they recognize distinct midgut 
binding sites [16], explaining their lack of cross-resistance [17]. In this review, we critically examine 
the available evidence on resistance to the Vip3Aa toxin, organized according to the sequential steps 
in its mode of action. 

2. Altered Protoxin Processing 

Upon ingestion, the Vip3Aa protoxin requires processing by serine proteases in the midgut 
fluids of the host, although this step is sufficient for toxicity, as the protoxin is also processed by gut 
fluids from non-susceptible insects [18]. The protoxin form (~89-kDa) forms a pyramid-shaped 
tetramer in solution that includes five distinct domains (I to V), with Domains I and II having α-
helical structures and domains III-V being mostly composed of β-sheets [19]. Processing by cationic 
chymotrypsin and anionic trypsin in the host gut fluids [20] renders a toxin form consisting of two 
fragments that remain associated: a ~22-kDa fragment from domain I, and the rest of the protein (~66-
kDa). This processing also results in a conformational shift of the protoxin into the toxin tetramer, 
with domains I forming an extended needle structure expected to insert into the target cell membrane 
[19].  

Initial evidence suggested that processing of Vip3Aa protoxin to toxin is necessary for 
insecticidal activity [21], and that differences in processing efficacy may help explain distinct 
susceptibility to Vip3Aa among closely related species [22]. However, several studies with cultured 
Sf9 cells detected Vip3Aa protoxin internalization associated with apoptosis, suggesting that 
processing was not needed for cytotoxicity [23–26]. In contrast, more recent results from studies using 
Sf9 cells and midgut brush border membrane vesicle (BBMV) proteins from Spodoptera spp. 
demonstrate that while both Vip3Aa protoxin and toxin can interact with the BBMV and cultured Sf9 
cells, protoxin binding is mostly non-specific and does not result in Sf9 cell lysis [27]. This discrepancy 
in the activity of Vip3Aa protoxin may be explained by the presence of small amounts of 
contaminating Vip3Aa toxin within the protoxin samples tested. In fact, the purification of pure Bt 
protoxins is difficult, as the bacterium produces endogenous serine proteases to initiate processing 
before exposure to host gut fluids. Unfortunately, in most of the published studies, the purity of the 
Vip3Aa protoxin samples used has not been documented.   

While still a relatively low number of cases have been studied, slower protoxin processing 
relative to susceptible individuals (Figure 2) appears common in Vip3Aa-resistant larvae, with 
examples reported in strains of Spodoptera litura [28], Helicoverpa armigera [29], Chloridea (Heliothis) 
virescens [30], and S. frugiperda [31]. Direct evidence supporting the impact of reduced protoxin 
processing in resistance has been presented in S. frugiperda, where pre-processing of Vip3Aa protoxin 
with midgut fluids from susceptible insects significantly increased toxicity against resistant larvae 
[31]. This observation agrees with Vip3Aa protoxin being inactive and requiring processing to the 
toxin form for effective binding and toxicity [32]. One potential approach to overcome this 
mechanism is engineering the Vip3Aa protein to undergo formation of the toxin structure in solution 
without depending on processing by serine proteases. Such a mutant was developed by removing 
alpha helix 1 from Domain I of Vip3Aa [33], which bound to Vip3Aa receptors and had increased 
irreversible binding compared to the wild-type toxin [27]. However, this mutant had >16-fold lower 
activity against Spodoptera exigua larvae, underscoring the importance of helix 1 in Vip3Aa and 
supporting that the toxin structure is needed but not sufficient for toxicity. Another Vip3Aa protein 
variant carrying the M34L mutation inside helix α1 showed enhanced toxicity in S. exigua [33], but 
its structure in solution was not reported. 

Slower Vip3Aa processing in midgut fluids from resistant compared to susceptible larvae is 
associated with reduced expression of specific protease genes and total serine protease activity. 
Interestingly, reduced serine protease activity in Vip3Aa-resistant S. frugiperda did not affect the 
processing of Cry1F, supporting that distinct protease genes are involved in Vip3Aa and Cry 
processing. Supporting this hypothesis, resistance to Cry1C and Vip3Aa in S. litura was associated 
with reduced activity of distinct protease bands in zymograms [28]. Additionally, there was no cross-
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resistance to Cry proteins in larvae resistant to Vip3Aa with reduced protease activity and Vip3Aa 
processing [8]. Similarly, negligible cross-resistance between Vip3Aa and Cry toxins has been 
detected in other Bt-resistant larvae [17,34]. 

 

Figure 2. Diagram detailing resistance due to lack of Vip3Aa protoxin processing. The processing of Vip3Aa 
protoxin in susceptible insects (A) is interrupted in resistant insects (B), resulting in a lack of effective binding to 
receptors (i.e., conducive to insertion) on the midgut membrane. 

Evidence from transcriptomic analyses by HT-SuperSAGE in C. virescens [30] and RNA-Seq in 
S. frugiperda [31] also supports highly reduced expression of specific serine protease genes in Vip3Aa-
resistant larvae, with a concomitant over-expression of alternative serine protease genes. This 
compensatory response has been previously documented among lepidopteran larvae [35,36]. While 
this response probably does not affect Vip3Aa toxicity, it may impact the processing and activity of 
other insecticidal proteins. For instance, Vip3Aa-resistant S. frugiperda with altered Vip3Aa 
processing and reduced expression of serine protease genes [31] had increased susceptibility to Cry1F 
and Cry2Ae [8]. While not broadly tested, this negative cross-resistance may be contributing to mask 
resistance to Vip3Aa and extend the durability of current pyramided Vip3Aa and Cry traits in Bt 
crops. 

3. Interactions with the Peritrophic Matrix 

The Vip3Aa toxin interacts with chitin on the peritrophic matrix through domain V, and this 
uncharacterized interaction appears critical for toxicity [37]. Thus, a truncated protein containing 
Domains I to III of the Vip3Aa toxin is cytotoxic but inactive in vivo [37]. In agreement with the 
importance of chitin-Vip3Aa interactions for toxicity, a retrotransposon-mediated insertion in the 
chitin synthase-2 (CHS-2) gene resulted in reduced peritrophic matrix formation and very high levels 
of resistance to Vip3Aa in S. frugiperda [38]. Genetic knockout by CRISPR/Cas9 gene editing of CHS-
2 resulted in a more complete lack of peritrophic matrix and a similar resistance phenotype [39]. This 
observation has been replicated in other lepidopteran insect pest models [40]. Since CHS-2 does not 
serve as a Vip3Aa receptor when expressed in a heterologous system [38], the high levels of resistance 
from the altered CHS-2 are most probably related to the resulting reduced chitin presence.  

While knocking out CHS-2 results in high levels of resistance to Vip3Aa in all insects evaluated, 
it also incurs relevant fitness costs that would prevent this mutation from being naturally selected in 
agricultural settings [40]. Alleles affecting the expression of CHS-2 have already been detected in field 
S. frugiperda samples from China; the resulting phenotype differed from a CHS-2 gene knockout and 
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presented a reduced but not completely absent peritrophic matrix [38]. In contrast, CHS-2 expression 
or midgut chitin content was unaltered in Vip3a-resistant S. frugiperda from the U.S.A. [31]. Lack of 
involvement of CHS-2 alterations in Vip3Aa resistance is also supported by the lack of relevant fitness 
costs in resistant S. frugiperda from the U.S.A. [41]. Targeted DNA-based monitoring of this gene [42] 
to detect potential mutations leading to either downregulation or loss of function would provide 
more information on the relevance of CHS-2 alleles in field settings. 

4. Binding to Receptors in the Midgut 

The Vip3Aa toxin recognizes specific receptors on the insect midgut epithelium as a step 
required for subsequent pore formation [15], but not sufficient for toxicity, as binding was also 
detected in Vip3Aa-resistant strains of some species [29,43]. Commonly, binding is tested using in 
vitro binding experiments with labeled Vip3Aa toxin and midgut brush border membrane vesicles 
(BBMVs) from lepidopteran larvae [22,44–46]. Reduced binding to receptors in these tests is the most 
common mechanism of resistance observed for Cry toxins [47] and can potentially result in resistance 
against Vip3Aa (Figure 3). 

Reduced, but not absent, binding has only been experimentally observed in Vip3Aa-resistant 
strains of H. zea and S. frugiperda [31,48], although the specific mechanism or receptor/s involved are 
not known. To date, no receptor protein has been functionally validated in vivo as a Vip3Aa receptor. 
Experiments performed in cultured Sf9 cells identified multiple candidate receptors, including the 
ribosomal S2 (RBS-2) protein [49], scavenger receptor-c (SRC) [24], prohibitin-2 (PHB-2) [50], 
fibroblast growth factor receptor (FGFR) [51], and tenascin-like glycoprotein [52,53]. However, this 
identification of putative Vip3Aa receptors from cultured cells (i.e. Sf9) needs to be taken with 
caution, as so far they have not extended to in vivo conditions. For instance, S. frugiperda larvae with 
genetic knockouts of FGFR or SRC had unaltered susceptibility to Vip3Aa compared to reference 
susceptible strains [54]. Further research is needed to identify functional Vip3Aa receptors, which 
will advance the characterization of resistance due to binding alterations. 

 

Figure 3. A diagram describing resistance to Vip3Aa due to a lack of toxin binding. The Vip3Aa toxin must bind 
to receptor(s) on the midgut cell membrane to form pores and cause cell lysis by osmotic shock (A). In the 
resistant insect (B), the specific Vip3Aa receptor is either missing, mutated, or downregulated, resulting in 
reduced productive Vip3Aa binding (i.e., resulting in toxin insertion).  

5. Mechanism of Cytotoxicity 

There are presently two proposed post-binding mechanisms of Vip3Aa toxicity. The 
predominant model suggests that Vip3Aa toxin forms pores on the midgut epithelial membrane that 
cause cell death by osmotic shock [55–57]. The pore formation ability of Vip3Aa has been 
experimentally established in both in vitro and in vivo models [32,55,56]. Alternatively, studies with 
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cultured cell line models detected Vip3Aa internalization and apoptosis induction [23–26]. Apoptosis 
was also detected after treatment with a sublethal dosage of Vip3Aa in 4th instar S. exigua, but this 
was not observed with higher Vip3Aa concentrations [58]. One possible explanation for these 
disparate observations is that apoptosis may not be responsible for in vivo toxicity but instead 
represent a defensive response to eliminate Vip3Aa-affected midgut cells, as observed with Cry 
toxins [59]. Endocytosis of Vip3Aa in cultured cells was shown to involve the SRC and FGFR proteins 
[24,51], while interactions with RBS-2 seem critical for cytotoxicity [49].  

An integrative explanation is that apoptosis and pore formation are not mutually exclusive and 
that their impact on toxicity may depend on Vip3Aa concentration. Lower relative Vip3Aa 
concentrations bound to receptors on the cell membrane may proceed to endocytosis and apoptosis 
to occur, while at higher Vip3Aa concentrations pore formation may saturate this process and disrupt 
the cell membrane hindering endocytosis. A similar integrative process was proposed for the pore 
formation and oncotic mechanisms in the Cry intoxication process [60]. Further research is needed to 
understand if both Vip3Aa pore formation and apoptotic mechanisms function simultaneously, their 
relative contribution to toxicity, and to identify the specific pathways involved in Vip3Aa-induced 
apoptosis.  

6. Other Critical Genes Involved in Resistance to Vip3Aa

Recently, a gene that is critical to Vip3Aa susceptibility in H. armigera and encodes an
uncharacterized protein (HaVipR1) has been identified [61]. This gene is not expressed in Sf9 cells, 
and its specific role in the Vip3Aa intoxication process remains unknown. Phylogenetic analysis 
indicates that HaVipR1 homologs are relatively conserved within Lepidoptera but distinct from other 
insects [61]. Knockout of the homologous gene in S. frugiperda also causes Vip3Aa resistance [62], 
experimentally supporting that VipR1 may be a common Vip3Aa resistance gene in Lepidoptera. 
Lepidopteran members of the VipR1 family contain two thyroglobulin domains and a calcium-
binding domain. While the specific role of HaVipR1 in resistance to Vip3Aa is so far unknown, the 
protein is predicted to be targeted to the extracellular space [61,63], suggesting that it may impact 
pre-binding steps in the mode of action. This is supported by the lack of Vip3Aa binding differences 
when comparing a strain of H. armigera with a disrupted HaVipR1 gene with a susceptible population 
[29]. Further research is needed to mechanistically describe resistance to Vip3Aa due to VipR1 
disruption.  

While membrane-bound alkaline phosphatase (ALP) in the midgut of lepidopteran insects does 
not bind Vip3Aa [52,53,64], a reduction in ALP expression was associated with resistance to Vip3Aa 
in C. virescens [64]. While the role of reduced ALP expression in resistance to Vip3Aa remains unclear, 
a similar phenotype has been described in Cry-resistant lepidopteran larvae [65–68], and may 
represent a compensatory mutation unrelated to the resistance mechanism. 

Reduced expression of the myeloblastosis transcription factor gene (SfMyb) was associated with 
resistance to Vip3Aa in a strain of S. frugiperda [69]. Among other genes, SfMyb impacts the expression 
of RBS-2 [49,69], which, according to data from cultured insect cells, can affect susceptibility to 
Vip3Aa [49]. Altered expression of serine protease genes regulated by SfMyb could also be involved 
in reduced processing and resistance to Vip3Aa in S. frugiperda [31]. Other genes that may be 
regulated by SfMyb and play a functional role in resistance to Vip3Aa need to be identified. 

7. Current Status of Field Resistance to Vip3Aa

Even before its commercial use, Vip3Aa resistance allele frequency in field populations of H.
armigera and Heliothis punctigera in Australia was higher than the initial optimal frequency (<0.00001) 
assumed for the high-dose/refuge resistance management strategy used for Bt crops [70]. This 
observation underscored the high risk for resistance evolution and the need for effective management 
approaches. Moreover, similar observations have been reported for other locations and insect pests. 
Between 2015 and 2017, the Vip3Aa resistance allele frequency for S. frugiperda in Brazil increased 
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from 0.0009 [71] to 0.0033 [72]. Estimates of the Vip3Aa resistance allele frequency for the same 
species in the U.S. ranged between 0.0048 and 0.0072 [73]. Estimates of resistance allele frequency for 
H. zea from F2 screens reach 0.0155 [74], and even higher estimates (0.115 to 0.032, depending on 
location) are observed in sentinel corn plots [2]. However, despite this higher-than-desirable 
frequency of resistance alleles, Vip3Aa events in Brazil [75] and the U.S. [2] remain effective in 
controlling target pest populations. This inconsistency may be explained by relevant fitness costs 
associated with resistance to Vip3Aa under field conditions, as detected under laboratory conditions 
[76,77]. In addition, negative cross-resistance to Cry toxins may hinder the evolution of resistance to 
Vip3Aa in pyramided events [8].  

Practical field-evolved resistance to Vip3Aa has yet to be reported, with available information 
on resistance deriving from laboratory selection of field-collected insects (Table 1). In most cases, 
resistance to Vip3Aa is monogenic and recessive, although polygenic resistance was described in 
strains of C. virescens [78], H. zea [76], and M. separata [79]. While monogenic resistance is autosomal, 
transmission of polygenic resistance to Vip3Aa has been shown to have maternal [79] and paternal 
[78] influences.  

One of the more puzzling aspects of Vip3Aa resistance is the lack of shared mechanisms or 
causative genes, even when considering the same pest species and strains derived from neighboring 
geographic areas. For instance, Vip3Aa-resistant strains of S. frugiperda from Louisiana and Texas had 
resistance linked to different loci [80]. Similarly, distinct Vip3Aa resistance loci were identified in two 
S. frugiperda strains generated from insects collected in the same Chinese province [38,69]. In H. zea, 
three different loci were involved in resistance to Vip3Aa in five different strains generated from F2 
screens of populations from Texas, Louisiana, and Mississippi [81]. One locus was shared between 
two strains from Stoneville (MS), and a second locus was unique to a strain from Winnsboro (LA). 
On the other hand, a third distinct resistance locus was shared by strains collected in Snook (TX) and 
Alexandria (LA) in the same year, suggesting dispersal of resistance between some H. zea 
populations. In 2021 and 2022, two separate resistant strains of M. separata were selected from insects 
collected in Jilin Province (China). While the specific locus involved in resistance in each strain is 
unknown, the strains showed distinct resistance evolution dynamics and ratios [43,79]. Taken 
together, reports of distinct resistance loci in closely located populations support the existence of 
multiple resistance loci in field populations. This diversity in resistance genes would be expected 
from a complex mode of action involving multiple critical steps, as seems to be the case for Vip3Aa 
[15]. However, this does not occur with Cry toxins, where reduced binding to ABC transporters or 
cadherins that serve as receptors is commonly found in cases of practical resistance [82]. Detailed 
mechanistic information and the identity of Vip3Aa receptors are needed to better explain the 
unusually high diversity in Vip3Aa resistance loci. Based on currently available experimental 
evidence from resistant strains, processing of Vip3Aa protoxin to toxin [31], and interactions with 
midgut chitin [38] and unidentified membrane receptors [48], appear critical steps for Vip3Aa 
intoxication. The identification of the specific genes involved in these steps will advance the 
development DNA-based monitoring for Vip3Aa resistance.  

Table 1. Characteristics of Vip3Aa resistance in strains of different lepidopteran species. RR = resistance ratio 
estimated as the lethal concentration killing 50% of larvae (LC50) in resistant to susceptible strains. CRR = Cross-
resistance ratio estimated as for RR for a toxin not used during selection. 

Species Origin RR Inheritance CRR* Fitness cost Refs 

Chloridea virescens 
Field 

Mississippi 
2006 

2,040 Paternal influence 
Polygenic 

6.7 Cry1Ab 
1.0 Cry1Ac 

Reduced survival to 
adult, egg viability, 
and mating success 

[90] 

Helicoverpa 
armigera 

F2 screen 
Australia 
2009-2010 

>232 
Maternal influence 

Recessive  
Monogenic 

1.7 Cry1Ac 
0.3 Cry2Ab 

NA [42,63,7
0] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 July 2025 doi:10.20944/preprints202507.0932.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.0932.v1
http://creativecommons.org/licenses/by/4.0/


 8 of 15 

 

Helicoverpa 
punctigera 

F2 screen 
Australia 
2009-2010 

>215 
Autosomal 
Recessive 

Monogenic 

3.2 Cry1Ac 
1.7 Cry2Ab NA [70] 

Helicoverpa zea 
F2 screen 

Snook (TX) 
2019 

45,19
4 

Autosomal 
Recessive 

Monogenic 

0.2 
Cry1A.105 
1.6 Cry1Ac 
0.5 Cry2Ab 

NA [87] 

 

F2 screen 
Alexandria 

(LA) 
2019 

>909 
Autosomal 
Recessive 

Monogenic 
NA NA [81] 

F2 screen 
Winnsboro 

(LA) 
2020 

>909 
Autosomal 
Recessive 

Monogenic 
NA NA [81] 

 

F2 screen 
Stoneville 

(MS) 
2020 

>909 
Autosomal 
Recessive 

Monogenic 
NA NA [81] 

 

Lab selection 
Georgia 
(USA) 
2023 

267 Autosomal 
Recessive NA 

Resistance reduced 
in heterogeneous 
strains without 

selection 

[76] 

Spodoptera 
frugiperda 

F2 screen 
Brazil 
2016 

>3,20
0 

Autosomal 
Recessive 

Monogenic 

Survives 
Cry1Ab + 
Vip3Aa20 

corn 

Reduced fecundity, 
survival, and 

reproductive rate 
[71,77] 

 
F2 screen 

Rapides (LA) 
2016 

>632 
Autosomal 
Recessive 

Monogenic 

0.5 Cry1F 
1.4 Cry2Ab 
0.4 Cry2Ae 

Reduced pupal 
weight and longer 

pupal development 
[41,85] 

 
F2 screen 

Snook (TX) 
2018 

>395 
Autosomal 
Recessive 

Monogenic 

2.9 Cry2Ab 
1.9 Cry1F NA [80,86] 

 
Field 

Tifton, (GA) 
2012 

>9,80
0 NA NA 

Slower growth and 
lower pupation rate [75] 

 

Lab selection 
Yunan 
(China) 

2023 

5,562 
Autosomal 
Recessive 

Monogenic 

2.0 Cry1Ab 
0.9 Cry1Ac 
2.0 Cry1F 

1.8 Cry2Ab 

NA [38] 

 

Lab selection 
Yunan 
(China) 

2023 

206 
Autosomal 
Recessive 

 

1.2 Cry1Ab 
2.0 Cry1F 

1.6 Cry2Ab 
NA [69] 

Mythimna separata 
Lab selection 
Jilin (China) 

2021 

>3,06
1 

NA 2.8 Cry1Ab 
0.6 Cry1F 

NA [43] 

 
Lab selection 
Jilin (China) 

2022 
>634 

Maternal influence 
Incomplete 
dominant 
Polygenic 

NA 

Longer larval 
development, lower 
pupation rate, adult 

emergence, and 
reproductive rate  

[79] 

* Values rounded to one decimal place from the original in publications. 
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8. Conclusions and Prospects 

Widespread resistance to Cry proteins in major agricultural pests threatens the sustainability of 
Bt crops and their benefits [83], and heightens the pressure for the evolution of resistance to Vip3Aa 
traits. Negative cross-resistance with Cry proteins may be contributing to extending the field efficacy 
of Vip3Aa traits in pyramided Bt crops, although ongoing sentinel plot monitoring is detecting 
higher-than-expected plant damage and surviving larvae in some cases [2]. The increased risk of 
practical resistance to Vip3Aa underscores the urgency of identifying resistance genes to enhance 
monitoring and guide the design of more effective and sustainable Bt crops. However, currently 
available experimental evidence suggests disparity in resistance loci and mechanisms, even in the 
same pest species, indicating that Vip3Aa resistance is likely to be more diverse compared to 
resistance against Cry toxins [47].  

Pyramided Bt crops producing multiple PIPs may select for resistance mechanisms that differ 
from laboratory selection with Vip3Aa alone. While receptor-related resistance mechanisms are 
typically expected for crops producing a single Bt protein [47], alterations in common steps in the 
mode of action of the pyramided PIPs would be expected to arise through selection with pyramided 
crops. Perhaps the most plausible mechanism affecting multiple PIPs would be an alteration of 
midgut proteases affecting protoxin processing. Since Vip3Aa resistance associated with altered 
processing does not affect susceptibility to Cry proteins [31], this mechanism is not plausible to evolve 
in pyramided crops. Other potential resistance mechanisms that could affect diverse Bt toxins could 
include toxin sequestration, increased excretion, increased detoxification, and behavioral changes. 
The emergence of resistance to pyramided PIPs would be more likely for regions where single-
protein Bt crops were not widely used or where no resistance to single toxins was reported.  

Another limitation in identifying field-relevant resistance mechanisms from laboratory studies 
is the dramatic difference in toxin concentration used for selection compared to the amount of toxin 
expressed in Bt crops. This is particularly true for traits considered as “low-dose” for a particular 
pest. For instance, Vip3Aa in Viptera MIR162 was described as a high-dose trait for S. frugiperda, and 
based on data in the registration package for this event, it contained approximately 180 μg of Vip3Aa 
per gram of leaf tissue [84].These Vip3Aa levels are much lower than the concentrations used in most 
studies to select for resistance in the laboratory [38,62,85–87], which contributes to selection of distinct 
mechanisms. Importantly, the Cry1Ab protein commonly pyramided with Vip3Aa exhibits low 
efficacy against S. frugiperda, suggesting that in this case a pyramid would effectively function as a 
single toxin event.  

New proteins with a unique mode of action would provide ideal candidates for pyramiding 
with Vip3Aa to delay resistance in target lepidopteran pests. The eCry1Gb.1Ig chimeric protein 
showing efficacy against strains of S. frugiperda that are resistant to Cry1F, Cry1A.105, Cry2Ab2, and 
Vip3Aa [88], represents an excellent candidate for pyramiding and extending the efficacy of Vip3Aa 
traits. Additionally, Cry1Da_7 and Cry1B.868 have been identified as ideal candidates for 
pyramiding due to their targeting of non-shared binding sites and toxicity against Vip3Aa- and 
Cry1F-resistant strains of S. frugiperda and H. zea [89] . 

 Our knowledge of the Vip3Aa mode of action remains limited at a time when selection of 
resistance to Vip3Aa PIPs is ongoing. For example, interactions of Vip3Aa with midgut chitin appear 
critical for susceptibility, yet nothing is known about how or when this interaction occurs and more 
importantly, why it dramatically impacts susceptibility. It could be that this interaction with chitin 
facilitates protoxin to toxin transition or protects the toxin from further processing. There are also no 
confirmed Vip3Aa midgut receptors and the role of Vip3Aa-induced apoptosis in larval mortality 
remains unclear. Clearly, further research at the molecular level is needed to improve our 
understanding of the Vip3Aa mode of action and use this information to improve resistance 
management. For instance, the identification of reliable resistance markers would allow deployment 
of highly sensitive and cost-effective DNA-based monitoring for more robust resistance 
management. Expanding our understanding of insect-Vip3Aa toxin interactions at the genomic and 
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proteomic levels will not only enhance resistance mitigation efforts but also guide the development 
of next-generation PIPs. 
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