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Abstract

BACKGROUND: The invasive fall armyworm, Spodoptera frugiperda (J.E. Smith), has caused serious corn yield losses and
increased the frequency of insecticide spraying on corn in Africa and Asia. Drawing lessons from the use of Bt corn to manage
fall armyworm in the Americas, China released a certificate for the genetically modified corn event DBN3601T pyramidally
expressing Cry1Ab and Vip3Aa19 for industrialization in 2021. Performance of the DBN3601T event against invasive fall army-
worm in China was evaluated by plant tissue-based bioassays and field trials during 2019–2021.

RESULTS: In the bioassays, tissues and organs of DBN3601T corn differed significantly in lethality to fall armyworm neonates in
the order: leaf > husk > tassel and kernel > silk. In field trials, compared with non-Bt corn, DBN3601T corn greatly suppressed
fall armywormpopulations and damage; larval density, damage incidence, and leaf damage scores for DBN3601T cornwere sig-
nificantly lower than for non-Bt corn at different vegetative stages, and efficacy against larval populations during the 3 years
ranged from 95.24% to 98.30%.

CONCLUSION: A laboratory bioassay and 3-year field trials confirmed that DBN3601T corn greatly suppressed fall armyworm
populations and has high potential as a control of this invasive pest, making it a key tactic for integrated management of fall
armyworm in China.
© 2022 Society of Chemical Industry.
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1 INTRODUCTION
Fall armyworm, Spodoptera frugiperda (J. E. Smith), native to trop-
ical and subtropical regions of the American continents, has
caused enormous agricultural losses worldwide.1,2 Its highly
polyphagous nature (feeding on more than 350 host plants),3

high fecundity (nearly 1500 eggs per female),4 resistance to
numerous classes of synthetic insecticides,4 and remarkable
migratory ability (flying approximately 1600 kmwithin 30 h under
a suitable atmosphere, and with a self-powered flight speed of
2.73 km h−1 measured by laboratory flight mill)5,6 have enabled
it to become a global super pest of more than 80 crops including
corn, sorghum, sugarcane, wheat, soybean, cotton.3,4,7,8 Fall army-
worm was first detected Africa in 2016, having likely arrived in
cargo,9,10 beginning the invasion and spread of fall armyworm
to Africa, Asia and Australia.4,11–16 Fall armyworm larvae not only
feed on most parts of the corn plant during all growth stages,
directly reducing yields,9,13 but also lead to serious fungal ear
rot and high levels of mycotoxins causing serious health problems
for humans and animals.17,18 In Brazil, fall armyworm has reduced
corn yields by 34% at a cost of nearly US $400million per year.19 In
sub-Saharan Africa, fall armyworm infestations have caused mean
annual yield losses of 21%–53% with an estimated annual

economic loss of US $2.5 to 6.2 billion in 2017.7 In China, potential
economic loss of corn production caused by fall armyworm with-
out any preventive controls has been estimated at US $5.6 to 48.8
billion by the random model @RISK in 2019.20,21 Chemical pesti-
cides as part of integrated pest management strategies have
become the most important method to control fall armyworm
infestation in China.8 Historically in the Americas, before the
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commercial planting of Bt corn, traditional synthetic insecticides,
such as carbamate, organophosphorus, and pyrethroid were the
mainmethods of control for fall armyworm, which has now devel-
oped resistance to 36 insecticides with seven different modes of
action.22 Fall armyworm populations in Puerto Rico have devel-
oped 14-fold resistance to spinosad and 160-fold resistance to
chlorantraniliprole.23 The Chinese government have adopted an
integrated pest management strategy mainly based on chemical
control, monitoring, and an early-warning system for emergency
control of fall armyworm.8 As expected, owing to the develop-
ment of pesticide resistance, smallholders have had to increase
the frequency of pesticide spraying and switch to novel pesticides
with new insecticidal mechanisms, such as chlorantraniliprole and
spinetoram. Hence, the economic cost of pesticide spraying for
corn rose from $81 ha−1 in 2018 to $276 ha−1 in 2020.24

Commercial cultivation of genetically modified (GM) corn with
insect-resistant traits has become themost widely used and effec-
tive technical method of fall armyworm management in the
Americas.25,26 The USA and Canada approved the commercial
use of GM corn in 1996, and the planting area reached
6.09 × 107 ha in 2019, accounting for 32% of the total acreage
planted with GM crops.26 In 1995 and 1996, the first GM corn
events Bt176, MON810, and Bt11, which express the Cry1Ab pro-
tein, were successively approved for commercial cultivation in the
USA and Canada, and provided effective control of lepidopteran
pests such as European corn borer (Ostrinia nubilalis) and south-
western corn borer (Diatraea grandiosella).25,27–30 However, effi-
cacy against fall armyworm in field trials was inadequate.31,32

Subsequently, the commercial cultivation of TC1507 corn expres-
sing Cry1F toxin, approved in the USA in 2001, provided excellent
control against fall armyworm.33 The efficacy of MIR162 corn
expressing the novel Bt toxin Vip3A against fall armyworm was
above 99%.34 To expand the insecticidal spectrum in Bt corn
and delay the evolution of resistance to Cry1A and Cry1F, multiple
genes were stacked to generate insect-resistant corn that was
planted in the USA. At present, most commercial Bt corn events
have multiple pyramided Bt genes or modified Bt genes, such as
MON89034 (expressing Cry1A.105/Cry2Ab2), Bt11 × MIR162
(Cry1Ab + Vip3A), MON89034 × TC1507 (Cry1A.105/Cry2Ab2
+ Cry1F).25,35–37 In the USA and Canada, pyramided genes with
cry1, cry3, and vip3A in corn control not only various lepidopteran
caterpillars, but also coleopteran beetles.38–40 After invading
South Africa in 2017, fall armyworm was listed as a target pest
of MON810, MON89034 in 2018.41

Corn is the primary grain crop grown in China and is mainly
used as food, feed, and an industrial raw material. In 2021 in
China, 4.33 × 108 ha were planted with corn; the total yield was
2.73 × 108 tons, and 2.84 × 107 tons were imported (National
Bureau of Statistics of China, https://data.stats.gov.cn/). Frequent
infestations with native pests, such as Helicoverpa armigera,
Mythimna separata, O. furnacalis, S. litura, and Agrotis ipsilon, have
been reported to cause 10%–20% yield loss annually,42 and the
invasion of fall armyworm poses a further challenge to pest man-
agement in China.8,37,42 To improve crop yield and quality, Chi-
nese researchers and companies have developed varieties of
GM corn resistant to several target pests. Up to March 2021, the
Chinese government had issued seven safety certificates for GM
corn events including Ruifeng125 (Cry1AB + Cry2Aj), DBN9858
(with glufosinate and glyphosate herbicide tolerance), DBN9936
(Cry1Ab), DBN9501 (Vip3A), DBN3601T (Cry1Ab + Vip3Aa19),
ND207 (Cry1Ab + Cry2Ab), and Ruifeng8 (Cry1Ab + Cry2Ab) to
promote the industrialization of GM corn (http://www.moa.gov.

cn/ztzl/zjyqwgz/). Although not yet commercialized, GM transfor-
mants with sufficient insecticidal efficacy against major native
pests have been developed in China, but their field efficacy has
not been assessed against fall armyworm. We thus tested the effi-
cacy of DBN3601T corn against fall armyworm in a laboratory bio-
assay and field trials to advance the development of GM corn for
the management of fall armyworm populations in China.

2 MATERIALS AND METHODS
2.1 Bt corn and non-Bt near-isogenic corn
DBN3601T hybrid corn pyramidally expressing Cry1Ab and
Vip3Aa19, which are active against lepidopteran pests, and hybrid
non-Bt near-isogenic corn “Wugu 3861” (2019), “Dongdan 6531”
(2020), and “Luodan566” (2021) were provided by Beijing DaBei-
Nong Biotechnology Co. Ltd.

2.2 Bioassays using plant tissues
The fall armyworm population used in the bioassay was collected
from a corn field (101°3903.7200 N; 22°40053.1900 E) in Jiangcheng
County, Pu'er City, Yunnan Province in January 2019 and reared
on artificial diet (100 g corn flour, 40 g soybean flour, 50 g wheat
bran, 30 g yeast, 30 g white sugar, 3 g sorbic acid, 40 g casein,
22 g agar, 3.5 g ascorbic acid, 0.15 g vitamin B complex, 1000 ml
water) in a controlled environment at 25 ± 1°C, 75% ± 5% rela-
tive humidity, and a 16:8 h light/dark photoperiod. Different plant
tissues at various growth stages (based on the code in Abendroth
et al.43)—V5 leaves, VT leaves, VT tassel (closed, 5 cm long), R1
leaves, R1 silks (unpollinated, 5 cm long), R2 husks, R2 kernels—
were cut from DBN3601T and non-Bt corn plants from a field trial
and taken immediately to the laboratory for bioassay against fall
armyworm neonates. One type of corn tissue was placed in a
transparent plastic box (diameter 10 cm, height 6 cm) containing
moistened cotton to delay tissue dehydration; on the same day,
40 newly hatched (within 1 day) larvae were placed on the tissues
using a brush. Three boxes were set up for each tissue type, with
three pieces of the tissue in each box (seven tissues per trial ×
three boxes per tissue type × three pieces per box). Dead and sur-
viving larvae in each treatment were counted daily for 5 days after
the start of the infestation. Larvae were regarded as dead if they
did not move when touched lightly with a brush. The acceptable
background mortality was 20%. Fresh corn tissues of the same
variety and growth stage in the field trial were collected to supply
the larvae with fresh, healthy samples daily.

2.3 Field trials
In Yunnan Province, the main area in China with annual infesta-
tions of fall armyworm, three field trials (JC-2019, September to
November 2019; JC-2020, January to April 2020; JC-2021,
November 2020 to March 2021) were set up at Jiangcheng Exper-
imental Station, Chinese Academy of Agricultural Sciences
(JC station, 22°41013.1300N, 101°38040.6300E) in Jiangcheng County.
A further field trial (LC-2019, August to November 2019) was
undertaken at Lancang Experimental Station, Institute of Plant
Protection, Chinese Academy of Agricultural Sciences
(LC station, 22°30024.6400N, 99°53022.2900E) in Lancang County. A
randomized block design with three replicates per treatment
was adopted in all field trials. The plot size for each treatment
was 200m2 (10 m × 20 m), and each plot was set with a 1.5-m iso-
lated path. The planting density was about 52 000 plants ha−1

with a row spacing of 60 cm and a plant spacing of 32 cm. Stan-
dard agronomic practices were used, but no insecticides were
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applied to ensure natural fall armyworm infestation. Monthly pre-
cipitation at the study sites (Jiangcheng County and Lancang
County) from 2019 to 2021 was collected from the National Oce-
anic and Atmospheric Administration (https://www.ncei.noaa.
gov/maps/daily/) (Fig. 1). Field trial metrics, such as eggmass den-
sity (EMD), larval density (LD), instar proportion, plant damage
incidence, and leaf damage score (based on a severity score sug-
gested by CIMMYT4), were assessed using a W-type five-point
sampling method (20 plants per point) every 7–10 days, and the
number of egg masses, number of larvae of each instar, and leaf
damage score for each plant was recorded by screening the
leaves, whorl, tassel, and ear. Plant damage incidence was
screened by checking the whole corn plant, especially leaf and
whorl at the V stage, silk, and kernels on the ear tip at the R stage.
Fall armyworm larval development was assessed according to a
description of the morphology1,4 (Table 1). To estimate differ-
ences in EMD between DBN3601T and non-Bt corn, the fold-
change (FC) in EMD was calculated as (EMDDBN3601T + 1) /
(EMDnon-Bt + 1). Ear damage incidence of husk, silk, and kernel
was assessed for 20 plants in JC-2021 using a three-point sam-
pling method. Taking into account differences in the population
density of fall armyworm neonates caused by female oviposition
bias for Bt corn in this study, the weighted efficacy of DBN3601T
corn against fall armyworm larvae at each stage was calculated as:

Weighted efficacy %ð Þ= FC×LDNon−Bt−LDDBN3601T

FC×LDNon−Bt
×100

2.4 Statistical analyses
The corrected mortality of fall armyworm neonates on the differ-
ent tissues was analyzed using an analysis of variance (ANOVA)
and Kruskal–Wallis nonparametric test with Duncan's multiple
comparisons. Data from field trials were analyzed with an ANOVA
and Kruskal–Wallis nonparametric test with Duncan's multiple
comparisons to test for significant differences in fall armyworm
variables (EMD, LD) and damage variables (leaf damage score,
damage incidence) at each corn growth stage for DBN3601T
and non-Bt corn, respectively. A two-sample t-test and Mann–
Whitney U-test were used to test the significance of fall army-
worm variables (EMD, LD) and damage variables (leaf damage
score, damage incidence) between DBN3601T and non-Bt corn

at each growth stage in the field trials. All statistical analyses were
performed with SAS 9.4 (SAS Institute).

3 RESULTS
3.1 Bioassay of DBN3601T tissues against fall armyworm
neonates
The ANOVA and Kruskal–Wallis test indicated that the corrected
mortality of fall armyworm neonates feeding on different tissues
of DBN3601T corn differed significantly among the treatment
durations (day 1, F6, 20 = 13.48, p < 0.0001; day 2, F6,20 = 59.22,
p < 0.0001; day 3, H = 19.40, df = 6, p = 0.0035; day
4, H = 19.38, df = 6, p = 0.0036; day 5, H = 19.51, df = 6,
p = 0.0034). Corrected mortalities of fall armyworm neonates
feeding on leaves at stages V5, VT, or R1 were significantly higher
than on other tissues from day 1 to day 3, and mortality on these
three tissues was always above 60% on day 1 (respectably, V5 leaf,
76.67% ± 7.95%; VT leaf, 68.64% ± 6.62%; R1 leaf, 64.91%
± 9.28%) and 100% on day 3 (Fig. 2). Husk yielded a significantly
higher corrected mortality against neonates compared with ker-
nel, tassel, or silk from day 3 to day 4, and reached 100% by day
4 (Fig. 2). The corrected mortality on silk on day 5 was 41.67%
± 4.17%, which was significantly lower than that on kernel
(73.96% ± 8.14%) and tassel (86.30% ± 4.94%) (Fig. 2). Overall,
the corrected mortality of the neonates differed significantly
among the various tissues of DBN3601T corn, with the tissues in
increasing order of lethality: V5 leaf, VT leaf, R1 leaf> husk> tassel
or kernel > silk.

3.2 Field differences in EMD and LD of fall armyworm on
Bt- and non-Bt corn plants
Generally, the EMD of fall armyworm on DBN3601T and non-Bt
corn differed for oviposition behavior in different locations and
years. At JC station, corn was heavily infested with fall armyworm,
especially in JC-2019 (26.00 ± 2.31 egg masses per 100 plants at
V5 on DBN3601T, and 8.33 ± 0.88 egg masses per 100 plants on
non-Bt corn; Figure 3A). The t-test results for EMD at each whorl
stage showed that fall armyworm had an oviposition bias for
DBN3601T corn following natural infestation in the three field tri-
als at JC station, but not in LC-2019. At JC station, the EMD of fall
armyworm on DBN3601T corn was significantly higher than on
non-Bt corn at V5 (t = 7.15, P = 0.0020), V8 (t = 8.84, p = 0.0009),
V9 (t = 5.38, p = 0.0058), and V11(t = 6.12, p = 0.0036) in 2019;

Figure 1. Monthly rainfall precipitation of JC station and LC station from 2019 to 2021.
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at V8 (t = 3.67, p = 0.0213), V10 (t = 4.01, p = 0.0160), and V12
(t = 2.91, p = 0.0438) in 2020; and at V8 (t = 3.48, p = 0.0254), V9
(t = 3.16, p = 0.0341), and V14 (t = 2.83, p = 0.0474) in 2021
(Fig. 3A,C,D). However, EMD did not differ between the two corn
types at V3 (t = −0.53, p = 0.6213) in 2019; at V3 (t = 0.27,
p = 0.8025) and V5 (t = 1.58, p = 0.1890) in 2020; or at V3
(t = −0.50, p = 0.6433), V5 (t = 0.32, p = 0.7676), V7 (t = 1.58,
p = 0.1890), and V11 (t = 2.21, p = 0.0913) in 2021 (Fig. 3A,C,D).
At LC station, fall armyworm infestation was relatively low in
2019. The highest density of fall armyworm egg masses was
1.67 ± 0.88 at V3, and the Mann–Whitney U-test showed no sig-
nificant difference between DBN3601T and non-Bt corn at any
stage in 2019 (Fig. 3B). The fold-change in EMD showed a signifi-
cant difference between various growth stages in the field trials in
2019 (F4, 14= 3.81, p= 0.0391), 2020 (F4, 10= 4.28, p= 0.0283), and

2021 (F6, 20 = 4.03, p = 0.0149) at JC station (Fig. 3A,C,D). The high-
est fold-change in egg masses by year at the JC station was 3.66
± 0.63 in JC-2019 (Fig. 3A), 3.42 ± 0.82 in JC-2020 (Fig. 3C), and
3.17 ± 0.60 in JC-2021 (Fig. 3D). The fold-change in EMD showed
no significant difference among all growth stages in LC-2019
(Kruskal–Wallis test: H = 3.7969, df = 11, p = 0.9755) (Fig. 3B).
The results of the t-test and Mann–Whitney U-test showed that

the fall armyworm LD at each growth stage on non-Bt corn was
significantly higher than on DBN3601T corn in all field trials
(Fig. 4A–D). LD at each growth stage on non-Bt corn differed sig-
nificantly among the field trials in different years at JC station
(2019, F8, 26 = 116.52, P < 0.0001; 2020, F7, 23 = 15.62,
p < 0.0001; 2021, F11, 35 = 21.28, p < 0.0001) (Fig. 4A,C,D), but
not at LC station in 2019 (F12, 38 = 0.91, p = 0.5462) (Fig. 4B). For
LD of fall armyworm on non-Bt corn, the most serious infestation

Table 1. Morphological description of fall armyworm larval instars for assessment of larvae population density and instar structure in the field trials

Larval
instar

Head capsule
width range (mm)

Body length
range (mm)

White inverted ‘Y’
on the face

White stripes
on the head Description of mainmorphological characteristics of head and body

First ≤ 0.4 ≤ 1.7 No No Black head; body whitish before feeding and greenish white
afterwards, cylindrical, no other color markings.

Second (0.4, 0.5] (1.7, 3.5] No No Amber head; body pale whitish with a tinge of brown on the
dorsum, the dorsal and subdorsal white lines faintly outlined.

Third (0.5, 0.8] (3.5, 6.4] Yes No Amber head; body light brown on the dorsum, greenish on the
venter, dorsal and subdorsal white lines plainly visible.

Fourth (0.8, 1.3] (6.4,10] Yes Yes Reddish-brown head; body dark brown on the dorsum, with pale
venter and subventer; the subventer mottled with pale brown;
dorsal and subdorsal white lines conspicuous.

Fifth (1.3, 2.0] (10,17.2] Yes Yes Dark brown head, ocular area amber, mottled with patches of white
on entire epicranium; body grayish brown on the dorsum, venter
and subventer greenish, the latter mottled with pink;
suprastigmatal band dark brown, almost black; substigmatal
band pale whitish, filled in with pale reddish-brown mottling.

Sixth (2.0, 2.6] (17.2, 34.2] Yes Yes Reddish-brown head mottled with patches of white; body grayish
brown on the dorsum, greenish on the venter and subventer, the
latter being mottled with reddish-brown; dorsal and subdorsal
white lines conspicuous.

Figure 2. Corrected mortality of Spodoptera frugiperda neonate that fed on different tissues of DBN3601T corn (expressing Cry1Ab and Vip3Aa19) for
different durations. Error bars represent SE. Different lowercase letters above error bars for the same treatment time indicate a significant difference in
mortality among tissues by Duncan's multiple range test at the 0.05 level.
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Figure 3. Egg mass density and fold-change in egg mass density for Spodoptera frugiperda in different growth stages of DBN3601T corn (expressing
Cry1Ab and Vip3Aa19) and non-Bt corn. Field trial (A,B) in 2019 at (A) JC station from September to November and (B) at LC station from August to
November, and (C, D) in 2020–2021 at JC station (C) from January to April 2020 and (D) from December 2020 to March 2021. Error bars represent
SE. The asterisk represents a significant difference in egg mass density between DBN3601T corn and non-Bt corn in a two-sample t-test at the 0.05 level.
Different lowercase letters above the error bars indicate a significant difference in the fold-change in egg mass density among the different stages
(Duncan's multiple range test, 0.05 level).

Figure 4. Larval densities of Spodoptera frugiperda at different growth stages of DBN3601T corn (expressing Cry1Ab and Vip3Aa19) and non-Bt corn in
field trials in different locations and years: (A) JC station from September to November 2019; (B) LC station from August to November 2019; JC station in
(C) January to April 2020 and (D) December 2020 to March 2021. Asterisk represents a significant difference in the number of larvae between DBN3601T
corn and non-Bt corn at different stages (two-sample t-test or Mann–Whitney U-test, 0.05 level). Different lowercase letters above the error bars indicate a
significant difference in the number of larvae at different stages of the same variety (one-way ANOVA for 2019 and 2020 at JC station; Kruskal–Wallis test
for 2019 at LC station and 2021 at JC station) in Duncan's multiple range test at the 0.05 level.
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occurred in JC-2019, and LD reached 473.00 ± 24.19 per
100 plants at stage V11 and 435.00 ± 19.47 per 100 plants at V5
(Fig. 4A). In JC-2020, the highest LD was 225.33 ± 39.57 per
100 plants at R2 (Fig. 4C). In JC-2021, the highest LD was 132.00
± 13.23 per 100 plants at V9 (Fig. 4D). In LC-2019, the natural infes-
tation of fall armyworm was slight, with a highest LD of only 23.33
± 13.38 at V8 (Fig. 4B). On DBN3601T corn, the density of surviving
fall armyworm larvae was extremely low in all field trials, and the
highest LD values were 45.00 ± 4.36 (V5), 42.00 ± 10.97 (R2),
17.00 ± 14.04 (R3) and 4.00 ± 1.15 (VT) per 100 plants in JC-2019
(Fig. 4A), JC-2020 (Figure 4C), JC-2021 (Fig. 4D) and LC-2019
(Fig. 4B). By instar structure of the fall armyworm larval population
on DBN3601T corn, younger instars (first to third) accounted for
100% of larvae at V3–V8, VT, and R2 in JC-2019 (Fig. 5A), V5–V10
in JC-2020 (Fig. 5C), and V3–V5 and R3–R6 in JC-2021(Fig. 5E). On
DBN3601T corn, fourth-instar larvae accounted 11.95% ± 6.47%
at V8, 6.86% ± 3.43% at V9, 13.69% ± 8.268% at V11, and 2.56%
± 2.56% at R1 in JC-2019 (Fig. 5A), and also 11.43% ± 5.95% at
V12, 14.81% ± 9.80% at VT, 10.33% ± 2.27% at R1, and 14.36
± 5.01% at R2 in JC-2020 (Fig. 5C). In JC-2021, fourth-instar larvae
were only screened at R3 (3.03% ± 3.03%) (Fig. 5E) on DBN3601T
corn. There was only one fifth-instar larva screened by field survey,
which accounted for 0.55% ± 0.55% at R2 stage on DBN3601T corn
in JC-2020 (Fig. 5D), and no sixth-instar larvae was screened on
DBN3601T corn in all field trials. However, the proportion of older
larvae (fourth to sixth instar) on non-Bt corn fluctuated with the
growth of corn in each field trial at the JC station (maximumpropor-
tion, 86.32% at V14 in JC-2019, 78.99% at R1 in JC-2020, 86.88% at
R1 in JC-2021) (Fig. 5B,D,F).

3.3 Differences in damage on Bt- and non-Bt corn plants
Generally, leaf damage scores for non-Bt corn at various stages dif-
fered significantly in each of the field trials: JC-2019 (F5, 17= 134.43,
p < 0.0001), JC-2020 (F4, 14 = 108.03, p < 0.0001), and JC-2021 (F6,
20 = 19.42, p < 0.0001). During the initial period of fall armyworm
infestation, leaf damage scores on non-Bt corn in three field trials
at the JC station were below level 2 (JC-2019, 1.26 ± 0.03; JC-
20201.11 ± 0.01; JC-2021, 1.56 ± 0.08) (Fig. 6A–C). The highest leaf
damage score of non-Bt corn reached 8.82 ± 0.4 in JC-2019 (V14),
5.44 ± 0.33 in JC-2020 (V12), and 5.27 ± 0.58 in JC-2021 (V14)
(Fig. 6A–C). ANOVA indicated that the leaf damage score of
DBN3601T corn in JC-2019 and JC-2020 also differed significantly
among different growth stages (2019, F5, 17 = 108.03, p = 0.0004;
2020, F4, 14 = 6.62, p = 0.0072), but not in JC-2021 (F6, 20 = 11.18,
p = 0.3726). All leaf damage scores were extremely low (no more
than level 2) (Fig. 6A–C). The two-sample t-test showed that the leaf
damage score for DBN3601T corn was significantly lower than for
non-Bt corn at the same growth stage (Fig. 6A–C).
Plant damage incidence for non-Bt corn differed significantly

among the different stages in each field trial at JC station (JC-
2019, H = 21.00, df = 8, p = 0.0071; JC-2020, F7, 20 = 47.82,
p = 0.0071; JC-2021, F11, 35 = 3.58, p = 0.0044) (Fig. 7A,C,D), but
not at LC station in 2019 (H = 14.43, df = 12, p = 0.2189)
(Fig. 7B). At JC station, the highest plant damage incidence was
100% (V5-R2) in JC-2019, 99.00% (R2) in JC-2020 and 82.33%
(V9) in JC-2021 (Fig. 7A,C,D). At LC station, the highest plant dam-
age incidence was only 17.33% at VT (Fig. 7B). On DBN3601T corn,
plant damaged incidence differed significantly among the various
stages in all field trials (JC-2019, F8,26 = 9.43, p < 0.0001; JC-2020,

Figure 5. Instar structure of Spodoptera frugiperda larval population on DBN3601T corn (expressing Cry1Ab and Vip3Aa19) and non-Bt corn at different
growth stages in field trials: (A) DBN3601T corn in field trial at JC station in 2019; (B) non-Bt corn at JC station in 2019; (C) DBN3601T corn at JC station in
2020; (D) non-Bt corn at JC station in 2020; (E) DBN3601T corn at JC station in 2021; (F) non-Bt corn at JC station in 2021.
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F7, 20 = 24.81, p < 0.0001; JC-2021, F11, 35 = 17.94, p < 0.0001; LC-
2019, H = 23.08, df = 11, P = 0.0025). The highest plant damage
incidence in each field trial was 65.33% at R2 (JC-2019), 55.67%
at R2 (JC-2020), 41.53% at R6 (JC-2021), and 7.33% at VT (LC-
2019) (Fig. 7A–D). The two-sample t-test and Mann–Whitney U-
test indicated that the plant damage incidence for non-Bt corn
was significantly higher than for DBN3601T corn at the same
growth stage, except for stages R6 (JC-2021), V8 (LC-2019), and
V12 (LC-2019).
A one-way ANOVA of the damage incidence on the three ear

tissues in JC-2021 at stage R4 indicated that the damage
incidence differed significantly among silk, husk, and kernel for
DBN3601T corn (F2, 44 = 115.15, p < 0.0001) and for non-Bt corn
(F2, 44 = 116.67, p < 0.0001) (Fig. 8). Among the non-Bt ear tissues,
silk had the highest incidence of damage (63.11% ± 6.54%), fol-
lowed by kernel (48.89% ± 1.60%) and husk (7.56% ± 2.47%).
The susceptibility of the different ear tissues of DBN3601T was

similar (silk, 39.00% ± 3.72%; kernel, 17.78% ± 3.79%; husk,
1.78% ± 0.44%), but the damage incidence on each tissue of
DBN3601T corn was significantly lower than those of non-Bt
corn (Fig. 8).

3.4 Efficacy of DBN3601T event corn against fall
armyworm during 2019–2021
Overall the weighted efficacy of DBN3601T event corn against fall
armyworm was 95.24% ± 0.37% in JC-2019, 97.11% ± 0.83% in
JC-2020, 97.71% ± 1.69% in JC-2021 and 98.16% ± 1.17% in LC-
2019 (Fig. 9E). Results of the Kruskal–Wallis test showed that the
weighted efficacy for each growth stage differed significantly in
each field trial (JC-2019, H = 21.08, df = 8, p = 0.0069; JC-2020,
H = 18.77, df = 7, p = 0.0009; JC-2021, H = 25.05, df = 11,
p = 0.0009; LC-2019, H = 26.23, df = 12, p = 0.0099). The weighted
efficacy of each stage from V3 to VT was above 96% and was sig-
nificantly higher than that of R1 and R2 in JC-2019 and JC-2020
(Fig. 9A,C), but not in JC-2021 (Fig. 9D). The weighted efficacy of
most growth stages in LC-2019 and JC-2021 reached 100%,
except for V12, V15, and VT in LC-2019, and V3, V5, R3, and R6 in
JC-2021 (Fig. 9B,D). In JC-2021, the weighted efficacy values at
stages R3 and R6 were significantly lower than at other stages.

4 DISCUSSION
The bioassay results indicated that DBN3601T corn leaves at dif-
ferent growth stages achieved 100% corrected mortality against
fall armyworm neonates by day 3, were significantly more lethal
than the husk, tassel, silk, and kernel, which is consistent with a
previous study,44 and were higher than DBN9936 corn.45 Signifi-
cant differences in corrected mortality among different tissues
of DBN3601T corn in this study showed that the concentration
of Bt toxins might differ among tissues and growth stages, as
found in DBN9936 (Cry1Ab),45 MON810 (Cry1Ab),46 MON88017
(Cry3Bb1),47 and MIR162 (Vip3Aa20).48 In our study, we took into
account only larvae that were dead within 5 days without testing
the weight of surviving larvae, which is considered part of scoring
mortality in Bt toxins.49 Overall, the lethality against fall army-
worm neonates was ranked as follows: leaf > husk > tassel and
kernel > silk.
DBN3601T corn effectively suppressed the occurrence of fall

armyworm in our field trials from 2019 to 2021 in Yunnan. EMD in
the three JC field trials indicated that fall armyworm had an obvious
oviposition bias for DBN3601T corn, but this was not seen not in LC-
2019 where the fall armyworm infestation was sparse, which is con-
sistent with previous findings.50–52 Oviposition bias for Bt corn can
be used as a death trap to protect other crops,52 but the negative
impact on insect resistance management (IRM) requires more
attention, especially if facing a heavy infestation.50,53 LD was signif-
icantly lower on DBN3601T corn than on non-Bt corn and most of
the surviving larvae on DBN3601T corn were young instars (first
to third). No survival of fifth- or sixth-instar larvae was screened
on DBN3601T corn, indicating extremely low survivability to com-
plete a full generation for fall armyworm. Both leaf damage score
and damage incidence for DBN3601T corn remained lower than
for non-Bt corn, and the leaf damage score for DBN3601T corn
was always below level 2 in all field trials, which is similar to pyra-
mided event Bt11 × MIR162 × GA21 (Cry1Ab and Vip3Aa20) in
Brazil.48 DBN3601T corn could be assessed as a highly resistant
germplasm against fall armyworm.4 At the R stage, high damage
incidence was shown by checking the silk and kernels on the ear

Figure 6. Leaf damage score caused by Spodoptera frugiperda larvae at
different growth stages of DBN3601T corn and non-Bt corn in field trials
at JC station in different years: (A) 2019, (B) 2020, (C) 2021. Error bars rep-
resent SE. The asterisk represents a significant difference in damage
between DBN3601T corn and non-Bt corn at that growth stage (two-
sample t-test or Mann–Whitney U-test at the 0.05 level). Different lower-
case letters above the error bars indicate a significant difference in dam-
age among different stages on DBN3601T corn and non-Bt corn
severally in a one-way analysis of variance with Duncan's multiple range
test at the 0.05 level.
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tip of DBN3601T corn in three field trials at JC station, which is the
field performance of the bioassay results.
Our previous study showed that the concentration of Cry1Ab

and Vip3A expressed in DBN3601T (DBN9936 × DBN9501 event)
corn leaves at stage V4 was 74.51 and 6.78 μg g−1 respectively,
and was significantly lower than that in Bt11 × MIR162 corn
(86.64 μg g−1 for Cry1Ab, 24.83 μg g−1 for Vip3Aa20),54 which
may be the key factor in the high survival LD and high plant dam-
age incidence in our field trials. Different expression of Bt toxins in

different corn ear tissues may be the reason for the high damage
incidence at the R stages like DBN9936,45 and is a serious risk for
IRM of fall armyworm. With multiple genes pyramided, DBN3601T
corn expressing Cry1Ab and Vip3Aa has two insecticidal modes of
action.55–57 DBN3601T corn showed high resistance against fall
armyworm at vegetative growth stages in three field trials (LC-
2019, JC-2020, and JC-2021), but seemingly provided inadequate
control when faced with heavy infestation in JC-2019, especially
at the R stages. Rapid invasion and colonization by fall armyworm,
and inadequate prevention and control by smallholders led to
high-pressure fall armyworm infestation in 2019. Rare drought in
spring and autumn occurred in Jiangcheng County in 2019
(Fig. 1), which aggravated the occurrence of fall armyworm and
led to heavy infestation. In addition, drought stress resulted in a
decrease in total water-soluble protein, protease, and peptidase
activities in transgenic crops (rice, cotton, and so on), which led
to a decrease in Bt protein expression.58,59 This is probably one
of the main reasons for the inadequate efficacy against fall army-
worm in JC-2019, and needs further assessment. Considering the
whole growth stage of corn in all field trials, the weighted efficacy
of DBN3601T corn against fall armyworm larvae was above 95%
and is the most direct performance of its resistance to the pest.
Commercial cultivation of Bt corn has been adopted as a pest

management strategy for decades globally, not only reducing
economic losses and pesticide usage, but also promoting biocon-
trol services and improving environmental benefits.26,60–64 The
long-term commercial cultivation of Bt corn has led to the evolu-
tion of Bt resistance in fall armyworm to Cry1F and Cry1Ab in the
Americas, and even Vip3A in Brazil.18,25,65–70 High pest pressure,
long-distance immigration, cross-resistance among Bt toxins,

Figure 7. Plant damage incidence of DBN3601T corn (expressing Cry1Ab and Vip3Aa19) and non-Bt corn damaged by Spodoptera frugiperda at different
stages in field trials at two locations and different years: (A) 2019 at JC station; (B) 2019 at LC station; (C) 2020 at JC station; (D) 2021 at JC station. Error bars
represent SE. The asterisk represents a significant difference in damage between DBN3601T corn and non-Bt corn at that growth stage (two-sample t-test
or Mann–Whitney U-test at the 0.05 level). Different lowercase letters above the error bars indicate a significant difference in damage among different
stages between DBN3601T corn and non-Bt corn (one-way analysis of variance with Duncan's multiple range test at the 0.05 level).

Figure 8. Damage incidence of silk, husk, and kernel caused by Spodop-
tera frugiperda at stage R4 of DBN3601T corn and non-Bt corn in the field
trial of JC-2021. Error bars represent SE. The asterisk represents a signifi-
cant difference in damage of a tissue type between DBN3601T corn and
non-Bt corn (two-sample t-test at the 0.05 level). Different lowercase let-
ters above the error bars indicate a significant difference among the ear
tissue types for DBN3601T corn and non-Bt corn (one-way analysis of var-
iance with Duncan's multiple range test at the 0.05 level).
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multiple initial resistance alleles, usage of nonhigh-dose products,
and lack of/recessive fitness costs are the main reasons for Bt
resistance in fall armyworm40,71 More than 20 years’ experience
of planting Bt corn shows that establishing and implementing a
sound pest resistance management plan is indispensable to delay
the escalation of Bt resistance.71 A high-dose/refuge strategy has
been shown to be effective in mitigating the evolution of resis-
tance in fall armyworm in the USA.25,39,40 Our previous study
showed that the relative susceptibility indexes of fall armyworm
to Cry1Ab, Cry1Ac, Cry1F, Cry2Ab, and Vip3A proteins ranged
from 0.28 to 3.76 compared with a susceptible population in the
USA,42,72 and genetic characterization analysis also found no
reported Bt resistance mutation loci for the fall armyworm popu-
lation in China,73 which is favorable for fall armyworm manage-
ment using Bt corn. Given the performance of DBN3601T corn
against fall armyworm in field trials, it seems likely that DBN3601T
event corn provides inadequate control to meet the criteria of
high-dose (concentration causing mortality at least at the 25×
lethal concentration of 99% (LC99) level74). As a pyramided event,
DBN3601T corn did not kill all fall armyworm larvae on all tissues,
which will lead to a certain number of Cry1Ab- or Vip3A-resistant
survivals in the Bt area, especially at the R stage; the risk of Bt resis-
tance also increases. The function of refuge is to dilute the fre-
quency of resistance genes in natural populations based on
random mating between resistant and non-resistant

individuals.75,76 In practice, inadequate refuge is the main reason
for fall armyworm Bt resistance in Brazil.40,71 Although the pyra-
mid strategy significantly reduces refuge size,76 a large refuge
for DBN3601T corn should be considered based on an accurate
concentration and resistance gene frequency of Cry1Ab and
Vip3A. We believe that trapping resistant individual adults in the
Bt area using sex hormone/food attractants/light will be a key
approach in Bt resistance management of fall armyworm, and
the sterile insect technique, which also provides a new avenue
for target pest resistancemanagement, has been applied success-
fully in the USA.77

Studies have shown that the biological characteristics of the tar-
get pest, such as generation occurrence and migration habits,
exacerbate the diffusion and increase the frequency of Bt resis-
tance alleles.71,78–80 Fall armyworm has exhibited a north–south
migration in latitude8,16,37 and annual breeding with more than
seven theoretical generations at low latitude (subtropical–tropical
regions), such as Yunnan, Guangdong, Guangxi, and Hainan in
China,81,82 which poses a challenge to Bt resistance management
of fall armyworm in the future. Suggestions based on the perfor-
mance of DBN3601T corn and the actual occurrence of fall army-
worm are as follows. First, the susceptive baseline and
corresponding Bt resistance gene frequency of major Bt toxins,
such as Cry1Ab, Cry2Ab, Cry1Ac, and Vip3A, in China as a bench-
mark for Bt resistance monitoring should be established as soon

Figure 9. Weighted efficacies of DBN3601T corn against Spodoptera frugiperda larvae in field trials at two locations during 2019–2021: (A) 2019 at JC sta-
tion; (B) 2019 at LC station; (C) 2020 at JC station; (D) 2020–2021 at JC station. (E)Weighted efficacy of DBN3601T corn against S. frugiperda at V3-VT, VT-R or
all stages. Error bars represent SE.
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as possible. Second, a comprehensive and diverse IRM program
based on a high-dose/refuge and pyramid strategy is required,
supplemented by migratory population monitoring and inter-
cepting, sex hormone/food attractants and a light trapping strat-
egy, biological control techniques, agricultural control, and other
integrated pest management techniques in accordance with the
reality of conditions in China. At the same time, the scientific pop-
ularization and implementation of IRM by growers, especially
smallholders, should be strengthened, together with increasing
the supervision of seed quality (for example, purity) of seed pro-
duction enterprises. Third, there should be an increase in research
on the evolutionary mechanism of fall armyworm Bt resistance
and refuge design for major Bt corn events according to the plant-
ing patterns and cropland ecosystem in China, especially Vip3A
toxin-relevant events, and rapid accurate molecular detection
technology for the resistance gene in fall armyworm. Fourth, there
is a need for increased research and the development of a subse-
quent new generation of Bt maize products with novel toxin tar-
get sites, insecticidal mode of action, such as a pyramid Bt event
with no cross-resistance toxins, application of RNA interference
and gene editing in Bt corn. Last but not least, there should be
increased cooperation with border countries (Laos, Myanmar,
Vietnam, Thailand, and so on) in fall armyworm population
dynamics and Bt resistance monitoring and also with the Ameri-
cas (the USA, Brazil, Mexico, and so on) in research into Bt resis-
tance management.

5 CONCLUSION
This evaluation of the efficacy of DBN3601T corn against fall army-
worm using a laboratory bioassay and assessments of EMD and
LD, infestation levels and damage in the field confirmed that
DBN3601T corn could play an important role in fall armyworm
management in China based on comprehensive and
effective IRM.
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