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Abstract: Resistance monitoring in the Asian corn borer, Ostrinia furnacalis, is necessary to accom-
modate the commercial introduction and stewardship of Bt maize in China. The susceptibility of
56 O. furnacalis field populations, collected between 2015 and 2021 from the corn belt regions of
China, to Cry1Ab and Cry1F toxins was determined. Neonate larvae (within 12 h after hatching)
were placed on the surface of semi-artificial agar-free diet incorporating a series of concentrations
of purified toxins, and mortality was evaluated after 7d. The median lethal concentration (LC50)
values of Cry1Ab and Cry1F were 0.05 to 0.37 µg/g (protein/diet) and 0.10 to 1.22 µg/g, respectively.
Although interpopulation variation in susceptibility to the toxins was observed, the magnitude of the
differences was 5.8-fold and 8.3-fold for Cry1Ab and Cry1F, respectively. These results suggested that
the observed susceptibility differences reflect natural geographical variation in response and not vari-
ation caused by prior exposure to selection pressures. Therefore, the O. furnacalis populations were
apparently still susceptible to Cry1Ab and Cry1F across their range within China. The monitoring
data established here will serve as a comparative reference for early warning signs of field-evolved
resistance after the cultivation of Bt maize in China.

Keywords: Ostrinia furnacalis; Bt toxins; monitoring; susceptibility

Key Contribution: The susceptibility of the Asian corn borer to activated Cry1Ab and Cry1F
expressed by transgenic corn has been determined annually from 2015 to 2021 for populations
across major corn-growing regions of China. Based on the LC50 values, it appears likely that the
Asian corn borer remains susceptible to the two toxins.

1. Introduction

Crops genetically modified to express insecticidal proteins encoded by genes from
the bacterium Bacillus thuringiensis (i.e., Bt) for the control of important lepidopteran pests
(such as Ostrinia nubilalis, Spodoptera frugiperda, and Helicoverpa zea) have been widely
planted all over the world since first commercialized in 1996 [1]. In 2021, the area planted
to insect-resistant Bt crops, alone or stacked with other traits such as herbicide tolerance
or drought tolerance, exceeded more than 100 million ha in over 20 countries distributed
across six continents [1]. Benefits associated with the adoption of Bt crops include pest
suppression, increased or stabilized yields, decreased application of chemical insecticides
that were more harmful to the environment, no adverse effect on beneficial insects, and, in
the case of Bt corn, reduced the incidence of toxic fungal compounds by reducing insect
damage that made the corn more susceptible to the fungi [2–5].

However, some of the economic and environmental benefits of Bt crops would be
limited by the evolution of Bt resistance within the target pest populations, particularly

Toxins 2023, 15, 137. https://doi.org/10.3390/toxins15020137 https://www.mdpi.com/journal/toxins

https://doi.org/10.3390/toxins15020137
https://doi.org/10.3390/toxins15020137
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/toxins
https://www.mdpi.com
https://orcid.org/0000-0002-6678-9986
https://orcid.org/0000-0002-2208-3738
https://orcid.org/0000-0001-6866-440X
https://orcid.org/0000-0001-5959-1042
https://doi.org/10.3390/toxins15020137
https://www.mdpi.com/journal/toxins
https://www.mdpi.com/article/10.3390/toxins15020137?type=check_update&version=2


Toxins 2023, 15, 137 2 of 11

with respect to the earlier commercialized single-trait products. In fact, field-evolved
practical resistance, which has reduced the number of Bt toxins in transgenic crops that are
effective against some major pests to two, one, or none, to Bt corn, has been documented
in several species, including Busseola fusca and S. frugiperda in cry1Ab corn, S. frugiperda
and Striacosta albicosta in cry1F corn, and Diatraea saccharalis in cry1A.105 corn [6–10]. As
the field-resistant populations reduce their susceptibility to the Bt proteins produced by Bt
crops, it is necessary to alter the current pest management practices. In order to make up
for the loss of efficacy of Bt traits, farmers may increase their use of chemical insecticides
that are more harmful to the environment and non-target organisms and ultimately alter
cultivation systems, which may increase farm economic costs and break the sustainability
of the farming system [11]. Therefore, developing and implementing science-based insect
resistance management strategies is necessary to manage the resistance of target insect pests
to Bt crops and preserve the long-term effectiveness of Bt crops. Besides, insect resistance
management strategies have been an essential component of development and a regulatory
requirement for registration of Bt events [12].

The insect resistance management strategies for Bt crops are dependent on the develop-
ment of effective resistance monitoring programs that are able to detect early warning signs
at an early stage, which will offer valuable information to trigger alternative management
decisions in a timely manner [13]. The development of appropriate bioassay methods
and the establishment of the baseline susceptibility among field populations across the
geographic range of the target species are the initial steps in developing such a monitor-
ing program. With this information, the potential changes in population susceptibility to
specific Bt toxins can be identified [13]. Data generated through resistance monitoring
also allows registrants, agribusinesses, risk assessors, and regulators to assess whether
the current resistance management tactics manage Bt resistance in the target insect pest
populations adequately and efficiently [11]. Moreover, the refuge requirement is the critical
factor contributing to the success of the refuge-high dose strategy, and resistance monitor-
ing activities are also tailored to collect information on the presentation of refuges in non-Bt
host plants, Bt crop cultivation levels, and applied pest management practices [11]. The
monitoring data can also be used to select a diagnostic or discriminating dose that can kill
99% of susceptible individuals for resistance monitoring. A diagnostic dose bioassay offers
the advantage of being more efficient for detecting low frequencies of resistance alleles, as
all individuals are tested at an appropriate dose and none are wasted. Additionally, this
method allows for the screening of a great number of individuals and is less labor-intensive
than traditional concentration-mortality testing [14–16].

Asian corn borer (ACB), O. furnacalis (Guenée) (Lepidoptera: Crambidae), is one
of the most destructive pests of corn in China, Japan, and countries of Southeast Asia,
including Vietnam and the Philippines, as well as Australasia and the Pacific [17]. It can
cause considerable yield losses that have been previously reported to be in the range of
10% to 80% and pose a major threat to food security [18,19]. In the Philippines, single trait
event MON810 (expressing Cry1Ab protein) commercialization started in 2003, following
the strict regulations set by the Department of Agriculture for biotech cultivation approved
and signed in 2002 [19]. In 2015, the Ministry of Natural Resources and Environment
approved Syngenta’s Bt11 (expressing Cry1Ab protein) corn for commercial cultivation
in Vietnam [20]. In China, multiple Bt insect-resistant lines, including DBN9936 (cry1Ab),
DBN9501 (cry1Ab), Ruifeng125 (cry1Ab and cry2Aj), have received biosafety certificates
authorized by the Ministry of Agriculture and Rural Affairs of the People’s Republic of
China since 2019 (http://www.moa.gov.cn/ztzl/zjyqwgz/spxx/201912/P02020012158
8032-501444.pdf, accessed on 2 December 2019). Laboratory bioassays and field trials
indicated that the three transgenic Bt maize events were highly toxic to ACB and could
provide season-long protection against ACB [21,22]. And now, the central government
is truly ready for large-scale commercialization of this genetically engineered (GE) crop.
Besides, these GE crops were already illegally cultivated in the major corn-growing areas
of China.

http://www.moa.gov.cn/ztzl/zjyqwgz/spxx/201912/P020200121588032-501444.pdf
http://www.moa.gov.cn/ztzl/zjyqwgz/spxx/201912/P020200121588032-501444.pdf
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The objective of the current study was to monitor the susceptibility of O. furnacalis to
purified Cry1Ab and Cry1F collected from geographically distinct sites across the North
Spring Corn Region and Huang-Huai-Hai (Yellow, Huai, and Hai River) Summer Corn
Regions, which make up about 75% of the total corn planting area [23]. The susceptibility
data established here will serve as a baseline for future resistance monitoring work and may
provide information that will allow the development of a diagnostic or discriminating dose
that will kill 99% of susceptible individuals that would be more efficient in the detection of
resistant populations after the cultivation of Bt maize in China.

2. Results

The susceptibility of neonate Asian corn borer larvae to purified Cry1Ab and Cry1F
toxins for the laboratory population and field populations are presented in Tables S1 and S2,
and Figure 1. The LC50 values of Cry1Ab ranged from 0.05 µg/g (protein/diet) (2019,
Nongan) to 0.37 µg/g (2017, Dezhou), and the LC95 values ranged from 0.46 µg/g (2015,
Songyuan) to 6.62 µg/g (2017, Dezhou). LC50 and LC95 values of Cry1F ranged from
0.10 µg/g (2016, Songyuan) to 1.22 µg/g (2015, Xinxiang) and from 0.55 µg/g (2019,
Gongzhuling) to 12.62 µg/g (2015, Gongzhuling). As changes in the source of toxins
can significantly impact the LC50 and LC95 values, we used the resistance ratio (RR) to
track the resistance of ACB in fields. Based on the RR, the differences between the most
tolerant and the most susceptible populations were 5.8-fold and 8.3-fold for Cry 1Ab and
Cry1F at the LC50 level, respectively. Based on the criterion of non-overlap of 95% fiducial
limits in LC50s, significant differences in susceptibility were detected among some of the
populations involved.

The monitoring results for the corn ecological regions North Spring Corn Region and
Huang-Huai-Hai Summer Corn Region are presented in Figure 2. The susceptibility of
Cry1Ab to field populations of O. furnacalis collected from the North Spring Corn Region
and expressed as LC50 values ranged from 0.12 µg/g (2019) to 0.25 µg/g (2021). When
expressed as LC95, values ranged from 1.53 µg/g (2015) to 3.42 µg/g (2017). LC50 and
LC95 values of Cry1F ranged from 0.17 µg/g (2016) to 0.65 µg/g (2015) and from 1.79 µg/g
(2019) to 6.71 µg/g (2020). For populations collected from the Huang-Huai-Hai Summer
Corn Region, LC50 and LC95 values of Cry1Ab ranged from 0.12 µg/g (2020) to 0.27 µg/g
(2017) and from 1.59 µg/g (2020) to 4.55 µg/g (2017), respectively; LC50 and LC95 values
of Cry1F ranged from 0.17 µg/g (2016) to 0.61 µg/g (2018) and from 2.84 µg/g (2020) to
6.08 µg/g, respectively. In general, the LC50 values of the Huang-Huai-Hai Summer Corn
Region field populations were greater than those of the North Spring Corn Region.
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Figure 1. Susceptibility of O. furnacalis neonate larvae to Cry1Ab and Cry1F toxins for the laboratory
population and field populations collected in major corn-growing regions from 2015–2021. (a) LC50

values of Cry1Ab to the laboratory population and field populations; (b) LC95 values of Cry1Ab to the
laboratory population and field populations; (c) LC50 values of Cry1F to the laboratory population
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represents one year’s monitoring result.
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3. Discussion

It is essential to determine the sensitivity of the target insects to Bt toxins before the
commercial release of transgenic maize that expresses Bt toxins, and monitoring data is
a necessary component of resistance management strategies. In the present study, the
susceptibility of ACB field populations collected from different provinces and regions to
the Bt toxins Cry1Ab and Cry1F was monitored between 2015 and 2021. These data will
serve as a comparative reference for early detection of field-evolved resistance after the
deployment of Bt maize in China.

Based on the concentration-mortality responses, the highest RRs for Cry1Ab and
Cry1F were 1.4 (0.9–2.1) (Dezhou, 2017) and 1.3 (0.9–1.9) (Xinxiang, 2015) at the LC50 level,
respectively. The two field populations were less sensitive to Cry1Ab and Cry1F compared
to other populations, probably because the Bt cotton planting area in these two regions
occupied a relatively large proportion of this area. Cotton is another host plant for ACB,
and transgenic cotton that expresses Bt toxins likely selected the insect intensively for
resistance. The RR, typically calculated as the LC50 for a resistant population divided by
the LC50 for a susceptible population, reflected the magnitude of resistance. Tabashnik
et al. [24] define RR values ≥ 10 as the development of insect resistance to insecticides.
Therefore, the field populations in this study appeared susceptible to the toxins because
none of them reached that level. All the tested populations showed different susceptibilities
to Cry1 toxins but were still within the range of natural tolerance. And the reported
difference in susceptibility may be due to natural variation among the geographically
distinct populations and agroecological conditions [25]. In general, some field populations
were more susceptible than the reference colony under long-term rearing in the laboratory.
These dissimilarities were possibly related to fitness.

As ACB is one of the most destructive insect pests of corn throughout Asia and
Southeast Asia, the baseline susceptibility of different geographic populations of ACB to
Cry1Ab or Cry1A.105 has been estimated in several countries, including China, Vietnam,
and the Philippines [19,20,25,26]. In 2005, the baseline susceptibility to Cry1Ab of ACB
from the corn belt across the northeast and east-central parts of China was first reported [25].
Geographically distinct ACB populations were highly susceptible to Cry1Ab in China and
Vietnam, and the Cry1Ab resistance allele frequency was as low as 0.0048 in China [20,26].
In the Philippines, MON89034, a pyramided transgenic corn event expressing Cry1A.105
and Cry2Ab2 that were highly effective against ACB, was approved for commercial use in
2010. The interpopulation variation in susceptibility to Cry1A.105 and Cry2Ab2 among
populations have been reported to be <10-fold [19].

Although Bt corn is illegally planted in the North Spring Corn Region, the field
populations are still highly susceptible to Cry1Ab and Cry1F. This is partly because the
plantation area is limited. On the one hand, as the most abundant crop, non-Bt corn that
is planted near, adjacent to, or within the Bt corn fields can supply natural refuges for
ACB. Rare resistant individuals emerging from Bt corn fields will mate with the relatively
abundant susceptible pests that thrive in non-Bt refuges. If the resistance is recessive,
the resulting heterozygous offspring will die on Bt maize and thus delay the evolution
of resistance [27].

Without exposure to any Bt pesticides and Bt proteins, in general, many factors may
contribute to the interpopulation variations, such as the parental populations’ vigor, the
generation tested, agronomic hosts, the nutritional status of the egg, and the ecological
environment [28–30]. Interpopulation variations in susceptibility to Bt toxins may also be
related to corn-growing areas. For example, LC50 values of the field populations from the
Huang-Huai-Hai Summer Corn Region were greater than those of other regions [25,26]. The
incidence of biomortality factors, especially the natural infestation by Bt of the ACB, was
prevalent in this region. Also, cultivation of transgenic cotton may indirectly contribute
to the decreased susceptibility to Cry1Ab and Cry1F in ACB in the Huang-Huai-Hai
Summer Corn Region. Differences between preparations associated with different ways
of purification, trypsin activation or formulation all seemed to have significant effects on
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toxicity [31–34]. There is no evidence to that Bt susceptibility is linked to pheromone race
and voltinism ecotype [25].

In the current study, the susceptibility evaluation involved complete dose-response
tests requiring a series of doses that produce 10–100% mortality. Such techniques are not ef-
ficient for detecting frequencies of resistance as low as 0.005, but they are enough to monitor
resistance that has reached high levels [35]. An alternative to traditional concentration-
response tests involves the use of diagnostic or discriminating doses, which offer the
advantage of being more efficient at detecting low frequencies of resistance and requiring
much less time [14]. When diagnostic concentrations were used to monitor resistance
to Cry1 toxins, despite some survival in the discriminating dose, it did not indicate that
resistance to Cry1 was found. Resistance was defined as ‘a phenotype of an individual
that can survive on the transgenic insecticidal plant from egg to adult and produce viable
offspring’, that is, survivors that were able to complete one life cycle on Bt corn would be
designated resistant to Cry protein. The individuals that survive at the diagnostic concentra-
tion must be subjected to additional tests to (1) determine if resistance was inherited among
individuals that survived at the diagnostic concentration; (2) quantify the magnitude of
resistance; (3) determine survival by exposing survivors to Bt plants or Bt plant tissues; and
(4) estimate the frequency of resistance alleles among field populations [24,32]. Populations
collected in Minnesota exhibited significantly high survival at the discriminating concen-
tration. However, the resistant colony did not survive when reared on vegetative-stage
plant tissues. Compared with the susceptible control strain, the resistant colony showed
increased survival and reduced growth rates on reproductive plant tissues such as pollen
and silks. Variation in Bt protein expression levels in different tissues during vegetative
and reproductive development stages may account for such survival in reproductive-stage
plants [32]. In an effort to further increase the sensitivity and precision of the monitor-
ing program, it is necessary to select for resistance to Bt toxins in a laboratory colony
of target insect pests, as the resistant strains can provide invaluable tools for resistance
monitoring [32].

The commercialization of Bt corn has been approved for testing in pilot experiments by
the Chinese government. Once largely commercialized, various tactics must be employed in
an attempt to prevent or delay the development of insect resistance, including a monitoring
program, the promotion of refuge areas, the introduction of pyramided Bt crops, the
application of Integrated Pest Management practices, and also proactive engagement
with growers, agribusinesses, and regulators. However, pyramided Bt crops producing
Cry1Ab and Cry1F should be avoided, as Cry1Ab and Cry1F can recognize the same
receptor protein in ACB midguts [36]. The asymmetrical cross-resistance in ACB between
Cry1Ab and Cry1F has been reported [37]. Resistance to the pyramids will evolve faster
because one of the toxins in the pyramid acts as a stepping stone for resistance. As the
major host plant and the most abundant “natural refuges”, corn is a major factor that
contributes to the maintenance of cotton bollworm, H. armigera, susceptibility to Cry1Ac
protein (produced by the first generation of Bt cotton) since Bt cotton was commercialized
in 1997 in China. Once Bt maize is commercialized on a large scale, a key refuge for cotton
bollworm will be lost, and resistance to Bt cotton may evolve more rapidly. Undoubtedly,
the replacement of the first Bt cotton varieties producing Cry1A with the second generation
Bt cotton producing two or more Bt toxins that belong to either the Cry protein family or
the vegetative insecticidal protein family could be more durable and lead to substantial
delays in the resistance evolution of H. armigera in China.

4. Conclusions

The present study was carried out to monitor for changes in susceptibility to active
Cry1Ab and Cry1F in field populations of O. furnacalis that were collected from the North
Spring Corn Region and the Huang-Huai-Hai Summer Corn Region. Although the suscep-
tibilities among the populations were different, the field populations were still susceptible
to Cry1Ab and Cry1F. Besides, the low geographical differences in the susceptibility to
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Cry1Ab and Cry1F among populations were attributed to natural variations and were
not related to prior exposure to selection pressures. The determination of susceptibility to
the Bt toxins in field populations of the target insect pest is important prior to the wide
cultivation of Bt maize, and our research is the first step in the establishment of an effective
monitoring programme and highly effective insect resistance management for O. furnacalis
in China.

5. Materials and Methods
5.1. Field Collections and Laboratory Rearing of O. furnacalis

A total of 56 geographical populations of ACB were collected from seven provinces
and regions, including Heilongjiang, Jilin, Liaoning, Inner Mongolia, Shandong, Henan,
and Anhui, across the North Spring Corn Region and the Huang-Huai-Hai Summer Corn
Region (Figure 3 and Table 1). The sampling locations for collecting ACB had very little
use of commercial Bt products in corn. Hence, all monitoring data were tested prior to the
widespread cultivation of Bt maize varieties, and any potential selection for Bt resistance
alleles was rare. At least 100 individuals of fourth to fifth instar larvae were collected by
dissecting damaged maize plants at each sampling location and placed individually in
tubes containing fresh plant tissue. After being taken to the laboratory, the larvae were
reared to the pupal stage on an artificial diet using standardized rearing techniques [38].
Diapausing fifth instar larvae collected in the autumn were treated with Fangjiangfen (a
kind of mild fungicide that is used for body surface treatment of bollworm) to reduce the
possible infection of pathogens, especially Beauveria bassiana (Bals.) and Bt. The treated
larvae were then placed individually into 5-mL tubes (one hole was made in each tube to
keep the air circulating) with a piece of plicated paper as a hidden habitat and a piece of
wet cotton to supply drinking water [25]. All treated larvae from the same location were
packed in a bag and placed outside for 1 to 3 months to terminate diapause, which enabled
the larvae to enter post-diapause development and pupate in synchrony [25]. In the next
spring, the treated larvae were transferred to 24-well plates with solidified agar. Each well
was infected with one larva and a piece of a wet cotton ball (sprayed with water every
three days) to supply drinking water. They were then incubated at 27 ± 1 ◦C, 60–70% RH,
and a photoperiod of LD 16:8 h to allow pupation. As the pupation of larvae terminating
diapause sometimes did not synchronize very well, one, two, or more generations were
necessary to provide a sufficient number of individuals for bioassay.
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Table 1. Sampling information for the Asian corn borer field populations during 2015–2021.

Province Field Population Map No. Region

Heilongjiang Qiqihar 1 NSCR
Heilongjiang Zhaodong 2 NSCR
Heilongjiang Harbin 3 NSCR

Jilin Songyuan 4 NSCR
Jilin Nongan 5 NSCR
Jilin Gongzhuling 6 NSCR

Inner Mongolia Tongliao 7 NSCR
Liaoning Tieling 8 NSCR
Liaoning Dalian 9 NSCR

Shandong Dezhou 10 HHHSCR
Henan Xinxiang 11 HHHSCR
Henan Zhengzhou 12 HHHSCR
Henan Luoyang 13 HHHSCR
Anhui Hefei 14 HHHSCR

NSCR: North Spring Corn Region; HHHSCR: Huang-Huai-Hai Summer Corn Region.

Adults captured in light traps or sweep nets were transferred to mating cages and
covered with waxed paper to provide a substrate for egg laying. Cotton soaked in a solution
of 10% honey in water was placed in the mating cages as a food source. Egg masses were
collected daily or every two days and allowed to hatch. Neonates hatched from these egg
masses were used for subsequent bioassays or used to initiate the next generation if the
number was not sufficient for subsequent bioassays. All populations were placed in a
27 ± 1 ◦C environment with a photoperiod of 16:8 h (L:D) and 80% RH.

The susceptible strain originated from 88 pairs of virgin female and male adults
derived from 948 diapause larvae that were collected from corn fields in Shaanxi Province,
China, in 2010, where Bt corn was not grown. Their offspring were established as a standard
laboratory susceptible strain and were kept alive using artificial diet devoid of Bt protein
or pesticides, as well as the rearing techniques described by Song et al. [38].

5.2. Bt Toxins

Trypsin-activated Cry1Ab and Cry1F toxins (98% purified crystal proteins) were
produced by Marianne P. Carey, Case Western Reserve University, State of Ohio, USA. To
prepare the required concentrations, a 50 mM Na2CO3, pH = 10 buffer solution was used
to solubilize these toxins. All samples were analyzed for purity by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and the concentrations were determined
using bovine serum albumin (BSA) as a standard. All toxins were stored at −80 ◦C until use.

5.3. Bioassays

Diet-incorporation bioassays were used to assess the susceptibility of the field popula-
tions to Cry1Ab and Cry1F as described by He et al. [25]. Briefly, 10 g of freshly prepared
agar-free semi-artificial diet, which was based on soybean flour, corn flour, yeast powder,
and sugar, was dispensed into each well of one 48-well bioassay tray (Corning, each well
1.6 mL). An active neonate larva (within 12 h after hatching) was picked up with a soft
brush (Penicilli size: L0.9 cm × W0.15 cm, Maries, Shanghai, China) and placed in a well.
Bioassay plates were then sealed with a membrane (Cat# 3M-9733, Minnesota Mining and
Manufacturing Company, Saint Paul, MN, USA) and placed in a controlled environment
as described above. Mortality was determined after 7 days, with mortality recorded as
larvae that failed to respond to gentle contact with a fine brush or weighed < 0.1 mg.
Bioassays were independently repeated two or three times with a total of 96 or 144 larvae
per concentration. The control treatment was with only distilled water, and the maximum
accepted mortality in the control was less than 10%.
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5.4. Data Analysis

Concentration responses of different populations to the two toxins were analyzed by
probit regression using Polo Plus V1.0 (LeOra Software Company, Petaluma, CA, USA). The
number of larvae tested (n), LC50 (lethal concentration for 50% of test organisms) with 95%
fiducial limits (FL), LC95 with 95% FL, slope with standard errors (Slope ± SE), chi-squared
(χ2), and resistance ratios (RR) with 95% confidence intervals (CI) were recorded. The RR is
the toxin concentration (LC50) that kills 50% of the insects tested for a field-derived strain
divided by the LC50 for a conspecific susceptible strain. Two LC50 values were significantly
different only if their 95% fiducial limits did not overlap [39].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins15020137/s1, Table S1: Toxicity of Cry1Ab against Ostrinia
furnacalis field populations in 2015–2021; Table S2: Toxicity of Cry1F against Ostrinia furnacalis field
populations in 2015–2021.

Author Contributions: Conceptualization, K.H.; methodology, K.H. and Y.W.; software, K.L. and
Y.Q.; formal analysis, Y.W. and Y.Q.; investigation, Y.W., W.Z., S.H., L.W. and X.C.; resources, Y.W.,
W.Z., S.H., L.W. and X.C.; writing—original draft preparation, Y.W.; writing—review and editing,
K.H.; project administration, Z.W.; funding acquisition, Z.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Agricultural Science and Technology Innovation Program
(ASTIP) of CAAS.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. ISAAA. Breaking Barriers with Breeding: A Primer on New Breeding Innovations for Food Security; ISAAA Brief No. 56; ISAAA: Ithaca,

NY, USA, 2021.
2. Yang, X.; Zhao, S.; Liu, B.; Gao, Y.; Hu, C.; Li, W.; Yang, Y.; Li, G.; Wang, L.; Yang, X.; et al. Bt maize can provide non-chemical pest

control and enhance food safety in China. Plant Biotechnol. J. 2023, 21, 391–404. [CrossRef] [PubMed]
3. Shelton, A.M.; Zhao, J.Z.; Roush, R.T. Economic, Ecological, Food Safety, and Social Consequences of the Deployment of Bt

Transgenic Plants. Annu. Rev. Èntomol. 2002, 47, 845–881. [CrossRef] [PubMed]
4. Lu, Y.; Wu, K.; Jiang, Y.; Guo, Y.; Desneux, N. Widespread adoption of Bt cotton and insecticide decrease promotes biocontrol

services. Nature 2012, 487, 362–365. [CrossRef] [PubMed]
5. Cattaneo, M.G.; Yafuso, C.; Schmidt, C.; Huang, C.Y.; Rahman, M.; Olson, C.; Ellers-Kirk, C.; Orr, B.J.; Marsh, S.E.; Antilla, L.; et al.

Farm-scale evaluation of transgenic cotton impacts on biodiversity, pesticide use, and yield. Proc. Natl. Acad. Sci. USA 2006, 16,
7571–7576. [CrossRef]

6. Van, R.J. First report of field resistance by the stem borer, Busseola fusca (Fuller) to Bt-transgenic maize. S. Afr. J. Plant Soil 2007, 24,
147–151.

7. Ostrem, J.S.; Pan, Z.; Flexner, J.L.; Owens, E.; Binning, R.; Higgins, L.S. Monitoring Susceptibility of Western Bean Cutworm
(Lepidoptera: Noctuidae) Field Populations to Bacillus thuringiensis Cry1F Protein. J. Econ. Èntomol. 2016, 109, 847–853. [CrossRef]

8. Omoto, C.; Bernardi, O.; Salmeron, E.; Sorgatto, R.J.; Dourado, P.M.; Crivellari, A.; Carvalho, R.A.; Willse, A.; Martinelli, S.; Head,
G.P. Field-evolved resistance to Cry1Ab maize by Spodoptera frugiperda in Brazil. Pest Manag. Sci. 2016, 72, 1727–1736. [CrossRef]

9. Farias, J.R.; Andow, D.A.; Horikoshi, R.J.; Sorgatto, R.J.; Fresia, P.; dos Santos, A.C.; Omoto, C. Field-evolved resistance to Cry1F
maize by Spodoptera frugiperda (Lepidoptera: Noctuidae) in Brazil. Crop. Prot. 2014, 64, 150–158. [CrossRef]

10. Blanco, C.; Chiaravalle, W.; Dalla-Rizza, M.; Farias, J.; García-Degano, M.; Gastaminza, G.; Mota-Sánchez, D.; Murúa, M.; Omoto,
C.; Pieralisi, B.; et al. Current situation of pests targeted by Bt crops in Latin America. Curr. Opin. Insect Sci. 2016, 15, 131–138.
[CrossRef]

11. Álvarez-Alfageme, F.; Devos, Y.; Camargo, A.M.; Arpaia, S.; Messéan, A. Managing resistance evolution to transgenic Bt maize in
corn borers in Spain. Crit. Rev. Biotechnol. 2022, 42, 201–219. [CrossRef]

12. ILSI [International Life Sciences Institute]. An Evaluation of Insect Resistance Management in Bt Field Corn: A Science-Based Framework
for Risk Assessment and Risk Management; ILSI Press: Washington, DC, USA, 1998; p. 78.

https://www.mdpi.com/article/10.3390/toxins15020137/s1
https://www.mdpi.com/article/10.3390/toxins15020137/s1
http://doi.org/10.1111/pbi.13960
http://www.ncbi.nlm.nih.gov/pubmed/36345605
http://doi.org/10.1146/annurev.ento.47.091201.145309
http://www.ncbi.nlm.nih.gov/pubmed/11729093
http://doi.org/10.1038/nature11153
http://www.ncbi.nlm.nih.gov/pubmed/22722864
http://doi.org/10.1073/pnas.0508312103
http://doi.org/10.1093/jee/tov383
http://doi.org/10.1002/ps.4201
http://doi.org/10.1016/j.cropro.2014.06.019
http://doi.org/10.1016/j.cois.2016.04.012
http://doi.org/10.1080/07388551.2021.1931018


Toxins 2023, 15, 137 10 of 11

13. Siegfried, B.D.; Vaughn, T.T.; Spencer, T. Baseline Susceptibility of Western Corn Rootworm (Coleoptera: Crysomelidae) to
Cry3Bb1 Bacillus thuringiensis Toxin. J. Econ. Èntomol. 2005, 98, 1320–1324. [CrossRef] [PubMed]

14. Halliday, W.R.; Burham, K.P. Choosing the optimal diagnostic dose for monitoring insecticide resistance. J. Econ. Entomol. 1990,
83, 1151–1159. [CrossRef]

15. Farias, J.R.; Horikoshi, R.J.; Santos, A.C.; Omoto, C. Geographical and Temporal Variability in Susceptibility to Cry1F Toxin
from Bacillus thuringiensis in Spodoptera frugiperda (Lepidoptera: Noctuidae) Populations in Brazil. J. Econ. Èntomol. 2014, 107,
2182–2189. [CrossRef]

16. Marçon, P.C.R.G.; Siegfried, B.D.; Spencer, T.; Hutchison, W.D. Development of Diagnostic Concentrations for Monitoring Bacillus
thuringiensis Resistance in European Corn Borer (Lepidoptera: Crambidae). J. Econ. Èntomol. 2000, 93, 925–930. [CrossRef]
[PubMed]

17. Nafus, D.M.; Schreiner, I.H. Review of the biology and control of the Asian corn borer, Ostrinia furnacalis (Lep: Pyralidae). Int. J.
Pest Manag. 1991, 37, 41–56. [CrossRef]

18. Wang, Z.Y.; Lu, X.; He, K.L.; Zhou, D.R. Review of history, present situation and prospect of the Asian maize borer research in
China. J. Shenyang Agric. Univ. 2000, 31, 402–412.

19. Alcantara, E.; Atienza, M.M.; Camacho, L.; Parimi, S. Baseline susceptibility of Philippine Ostrinia furnacalis (Lepidoptera:
Crambidae) populations to insecticidal Cry1A.105 and Cry2Ab2 proteins and validation of candidate diagnostic concentration for
monitoring resistance. Biodiversitas 2021, 22, 956–960. [CrossRef]

20. Le, D.K.; Le, Q.K.; Tran, T.T.H.; Nguyen, D.V.; Dao, T.H.; Nguyen, T.T.; Truong, X.L.; Nguyen, Q.C.; Pham, H.P.; Phan, T.T.T.; et al.
Baseline susceptibility of Asian corn borer (Ostrinia furnacalis (Guenée)) populations in Vietnam to Cry1Ab insecticidal protein. J.
Asia Pac. Èntomol. 2019, 22, 493–498. [CrossRef]

21. Sun, D.D.; Quan, Y.D.; Wang, Y.Q.; Wang, Z.Y.; He, K.L. Resistance of transgenic Bt maize (Ruifeng125, DBN9936 &DBN9978) to
Asian corn borer. Plant Protect. 2021, 47, 206–211.

22. Chang, X.; Wang, W.; Shen, Z.C.; Ye, G.Y. Evaluation of transgenic cry1Ab/cry2Aj maize for its resistance to Ostrinia furnacalis.
Acta Phytophy. Sin. 2013, 40, 339–344.

23. Gujar, G.T.; Trisyono, Y.A.; Chen, M. Genetically Modified Crops in Asia Pacific; CSIRO Publishing: Melbourne, VIC, Australia, 2021;
pp. 107–118.

24. Tabashnik, B.E.; Mota-Sanchez, D.; Whalon, M.E.; Hollingworth, R.M.; Carrière, Y. Defining Terms for Proactive Management of
Resistance to Bt Crops and Pesticides. J. Econ. Èntomol. 2014, 107, 496–507. [CrossRef] [PubMed]

25. He, K.; Wang, Z.; Wen, L.; Bai, S.; Ma, X.; Yao, Z. Determination of baseline susceptibility to Cry1Ab protein for Asian corn borer
(Lep., Crambidae). J. Appl. Èntomol. 2005, 129, 407–412. [CrossRef]

26. Liu, X.; Liu, S.; Long, Y.; Wang, Y.; Zhao, W.; Shwe, S.M.; Wang, Z.; He, K.; Bai, S. Baseline Susceptibility and Resistance Allele
Frequency in Ostrinia furnacalis in Relation to Cry1Ab Toxins in China. Toxins 2022, 14, 255. [CrossRef] [PubMed]

27. Tabashnik, B.E.; Carrière, Y. Surge in insect resistance to transgenic crops and prospects for sustainability. Nat. Biotechnol. 2017,
35, 926–935. [CrossRef] [PubMed]

28. Gore, J.; Leonard, B.R.; Jones, R.H. Influence of Agronomic Hosts on the Susceptibility of Helicoverpa zea (Boddie) (Lepidoptera:
Noctuidae) to Genetically Engineered and Non-Engineered Cottons. Environ. Èntomol. 2003, 32, 103–110. [CrossRef]

29. Zhang, H.; Tian, W.; Zhao, J.; Jin, L.; Yang, J.; Liu, C.; Yang, Y.; Wu, S.; Wu, K.; Cui, J.; et al. Diverse genetic basis of field-evolved
resistance to Bt cotton in cotton bollworm from China. Proc. Natl. Acad. Sci. USA 2012, 109, 10275–10280. [CrossRef] [PubMed]

30. Deans, C.; Behmer, S.T.; Sword, G. The impact of nutrition on susceptibility to Cry endotoxins in Helicoverpa zea (Lepidoptera:
Noctuidae). In Proceedings of the Entomological Society of America Meeting 2014, Portland, OR, USA, 16–19 November 2014.

31. Gujar, G.T.; Kalia, V.; Kumari, A.; Singh, B.P.; Mittal, A.; Nair, R.; Mohan, M. Helicoverpa armigera baseline susceptibility to Bacillus
thuringiensis Cry toxins and resistance management for Bt cotton in India. J. Invertebr. Pathol. 2007, 95, 214–219. [CrossRef]

32. Siegfried, B.D.; Spencer, T.; Crespo, A.L.; Storer, N.P.; Head, G.P.; Owens, E.D.; Guyer, D. Ten Years of Bt Resistance Monitoring in
the European Corn Borer: What We Know, What We Don’t Know, and What We Can Do Better. Am. Èntomol. 2007, 53, 208–214.
[CrossRef]

33. Chakroun, M.; Bel, Y.; Caccia, S.; Abdelkefi-Mesrati, L.; Escriche, B.; Ferré, J. Susceptibility of Spodoptera frugiperda and Sexigua to
Bacillus thuringiensis Vip3Aa insecticidal protein. J. Invertebr. Pathol. 2012, 110, 334–339. [CrossRef]

34. Lemes, A.R.N.; Davolos, C.C.; Legori, P.C.B.C.; Fernandes, O.; Ferré, J.; Lemos, M.V.F.; Desiderio, J.A. Synergism and Antagonism
between Bacillus thuringiensis Vip3A and Cry1 Proteins in Heliothis virescens, Diatraea saccharalis and Spodoptera frugiperda. PLoS
ONE 2014, 9, e107196. [CrossRef]

35. Burd, A.D.; Gould, F.J.; Bradley, R.; Vanduyn, J.W.; Moar, W.J. Estimated frequency of non-recessive Bt resistance genes in
bollworm, Helicoverpa zea (Bolddie) (Lepidoptera: Noctuidae) in eastern North Carolina. J. Econ. Entomol. 2003, 96, 137–142.
[CrossRef] [PubMed]

36. Tan, S.Y.; Cayabyab, B.F.; Alcantara, E.P.; Huang, F.; He, K.; Nickerson, K.W.; Siegfried, B.D. Comparative binding of Cry1Ab
and Cry1F Bacillus thuringiensis toxins to brush border membrane proteins from Ostrinia nubilalis, Ostrinia furnacalis and Diatraea
saccharalis (Lepidoptera: Crambidae) midgut tissue. J. Invertebr. Pathol. 2013, 114, 234–240. [CrossRef] [PubMed]

37. Wang, Y.; Quan, Y.; Yang, J.; Shu, C.; Wang, Z.; Zhang, J.; Gatehouse, A.M.R.; Tabashnik, B.E.; He, K. Evolution of Asian Corn
Borer Resistance to Bt Toxins Used Singly or in Pairs. Toxins 2019, 11, 461. [CrossRef] [PubMed]

http://doi.org/10.1603/0022-0493-98.4.1320
http://www.ncbi.nlm.nih.gov/pubmed/16156586
http://doi.org/10.1093/jee/83.4.1151
http://doi.org/10.1603/EC14190
http://doi.org/10.1603/0022-0493-93.3.925
http://www.ncbi.nlm.nih.gov/pubmed/10902351
http://doi.org/10.1080/09670879109371535
http://doi.org/10.13057/biodiv/d220251
http://doi.org/10.1016/j.aspen.2019.02.010
http://doi.org/10.1603/EC13458
http://www.ncbi.nlm.nih.gov/pubmed/24772527
http://doi.org/10.1111/j.1439-0418.2005.00989.x
http://doi.org/10.3390/toxins14040255
http://www.ncbi.nlm.nih.gov/pubmed/35448864
http://doi.org/10.1038/nbt.3974
http://www.ncbi.nlm.nih.gov/pubmed/29020006
http://doi.org/10.1603/0046-225x-32.1.103
http://doi.org/10.1073/pnas.1200156109
http://www.ncbi.nlm.nih.gov/pubmed/22689968
http://doi.org/10.1016/j.jip.2007.03.011
http://doi.org/10.1093/ae/53.4.208
http://doi.org/10.1016/j.jip.2012.03.021
http://doi.org/10.1371/journal.pone.0107196
http://doi.org/10.1603/0022-0493-96.1.137
http://www.ncbi.nlm.nih.gov/pubmed/12650356
http://doi.org/10.1016/j.jip.2013.08.007
http://www.ncbi.nlm.nih.gov/pubmed/23999243
http://doi.org/10.3390/toxins11080461
http://www.ncbi.nlm.nih.gov/pubmed/31390820


Toxins 2023, 15, 137 11 of 11

38. Song, Y.Y.; Zhou, D.R.; He, K.L. Studies on mass rearing of Asian corn borer: Development of a satisfactory non-agar semi-artificial
diet and its use. Acta Phytophyl. Sin. 1999, 26, 324–328.

39. Payton, M.E.; Greenstone, M.H.; Schenker, N. Overlapping confidence intervals or standard error intervals: What do they mean
in terms of statistical significance? J. Insect Sci. 2003, 3, 34. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1673/031.003.3401

	Introduction 
	Results 
	Discussion 
	Conclusions 
	Materials and Methods 
	Field Collections and Laboratory Rearing of O. furnacalis 
	Bt Toxins 
	Bioassays 
	Data Analysis 

	References

