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Abstract Since 2002, transgenic crops that produce
CrylAc and Cry2Ab toxins have been used in India
to control bollworms. From 2002 to 2009, Bt-cotton
effectively controlled the pink bollworm (PBW).
However, since 2009 numerous studies have reported
high survival of PBW on Bt-cotton expressing
CrylAc and Cry2Ab toxins, indicating reduced sus-
ceptibility to Cry toxins expressed in Bt-cotton. In the
current study, we attempted to estimate the frequency
of resistance alleles to CrylAc and Cry2Ab toxins in
a field collected population of pink bollworms from
Andhra Pradesh. Resistance allele frequency was esti-
mated using an F, screen methodology for the first
time after 17 years of Bt-cotton cultivation. Our study
finds that the allele frequency for CrylAc is 0.082
and for Cry2Ab is 0.054, with a detection probabil-
ity of greater than 97%. In our survey conducted in
2018-19 and 2019-20, we also noticed high survival
and damage by PBW on Bt-cotton expressing CrylAc
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and Cry2Ab. Our survey report reveals,>30% flower
damage, >90% green boll damage and>80% locule
damage by PBW on Bt-cotton expressing CrylAc and
Cry2Ab toxins.

Keywords Field-evolved resistance - Pink
bollworm - F, screen - Cry toxins - Bt resistance

Introduction

Pink bollworm (PBW), Pectinophora gossypiella
Saunders (Lepidopetra: Gelechiidae), one of the
world’s most important cotton pests, has been con-
trolled by transgenic cotton producing Bt toxins
in several countries for over a decade. Bt-cotton
expressing crylAc gene was introduced in 2002, and
in 2006 Bt-cotton pyramided with cry2Ab gene was
introduced in India for commercial cultivation. Bt-
cotton was mainly introduced to manage bollworms,
American bollworm, Helicoverpa armigera (Hub-
ner), pink bollworm, P. gossypeilla and spiny and
spotted bollworms, Erias spp. Since the introduc-
tion of Bt-cotton in India, it has successfully man-
aged the bollworm complex, providing higher yields
of high-quality lint, reduced insecticidal sprays,
and higher cost benefits (Choudhary & Gaur, 2015;
Ramasundaram et al., 2014). On the other hand, the
evolution of resistance to Cry toxins expressed in Bt-
cotton may impede its performance and deprive farm-
ers of its benefits (Matten & Reynolds, 2003). The
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Genetic Engineering Appraisal Committee (GEAC)
mandated a high dose with 5% structured refuge as
insect resistance management (IRM) plan in India
to delay the evolution of resistance in target insect
pests. The effectiveness of the high dose/refuge strat-
egy depends on several key assumptions (Bourguet
et al., 2003). One of these assumptions requires Bt
resistance frequencies in target insect populations to
be rare (e.g.,<0.001) (Andow & Alstad, 1998). Sev-
eral studies have been conducted across the globe that
measured the frequency of resistance alleles to Cry
toxins in target pests (Andow & Alstad, 1998; Huang
et al., 2007; Mahon et al., 2007). Estimating the fre-
quency of resistance alleles to Cry toxins expressed in
GM crops in target pests has helped to detect, meas-
ure, and monitor the evolution of resistance in field
populations. Several techniques have been proposed
to detect and measure resistance in field populations
(Huang, 2006). Among the several methods, the F,
screen has been adopted in the present study due to its
sensitivity and accuracy in detecting resistance alleles
(Andow & Alstad, 1998). We estimated resistance
allele frequency in PBW collected in South India.

Materials and methods
Field survey

A comprehensive survey was conducted in the Gun-
tur, Prakasam and Kurnool districts of Andhra
Pradesh during 2018-19 and 2019-20 on the inci-
dence of PBW. In three districts, 12 major Bt-cotton
growing mandals were selected for the survey. A sur-
vey was initiated during flower initiation stage (45-50
Days after sowing (DAS) and continued till the end of
the crop (170 DAS) capturing important crop growth
stages. Samples were collected at every 15 days inter-
val from each field to assess the PBW damage. In
each mandal, five villages were selected, from each
village five fields were surveyed for assessing PBW
damage. Green bolls were collected from the farm-
ers’ fields and brought to the laboratory for estimating
boll and locule damage.

Rosette flowers were counted on five randomly
selected plants per field and expressed as rosette flow-
ers (%). Similarly, five bolls per plant were randomly
picked to estimate locule and boll damage, and 300
green bolls were sampled from each Mandal and
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brought to the laboratory. The percent damage was
expressed as damaged bolls or locules to total bolls or
locules observed.

Field collection and rearing

For F, screen studies, PBW larvae were sampled from
various Bt-cotton fields in the Guntur, Prakasam,
and Kurnool districts of Andhra Pradesh in 2019-20
(Fig. 1). Sampling was carried out in Bt-cotton fields
as non-Bt-cotton fields were scarce. Bolls were ran-
domly gathered at a rate of one boll per plant and up
to 125-175 per hectare. Collected bolls were brought
to the laboratory for extracting PBW larvae. After
dissecting the bolls, live larvae were placed onto 24
well trays (1 larva/well) containing an artificial feed.
All PBW larvae were grown on an artificial diet as
stated in (Kranthi, 2005) and kept in the insect growth
chamber at 27 °C+1 °C and 75% RH until pupation.
Only one larva per boll was transferred to the diet to
avoid screening several larvae of a single female.

Single pair family lines

All the field-collected larvae were maintained by
location for establishing single pair family lines. Fifth
instar larvae were sexed based on the visual marking
on the dorsal side of the seventh or eighth abdominal
segment. Larvae having a pair of dark-colored testes
were separated as males, while larvae without such
markings were separated as females (Ramya et al.,
2020). Sexed larvae were reared separately to pupa-
tion on an artificial diet. Healthy, well-developed
pupae were isolated and kept for adult emergence in
plastic containers (1 L). Newly emerged male and
female moths (<12 h) belonging to the same loca-
tion were paired in a plastic jar (1 L) for mating and
oviposition. A tiny twig with cotton squares and a
few leaves immersed in a 2% agar solution was sup-
plied as the substratum for egg laying for adults. The
absorbent cotton dipped in honey solution (50 ml
honey+50 g sucrose+2 g methyl para-hydroxy
benzoate in 1000 ml) was provided as an adult feed.
Mating pairs were kept in incubation chambers and
checked at regular intervals (2 d) for egg laying and
hatching. Hatched neonates were transferred onto an
artificial diet using a fine brush.
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Fig. 1 Pink bollworm larvae collected from different Bt-cotton growing regions of Andhra Pradesh

F, generation

Neonates (F,;) that hatched were maintained by the
family line and reared up to pupation. The visual
marks indicated in previous sections were used to
sex late instar larvae. Pupae were isolated, washed
with 2% sodium hypochlorite, and kept in plastic
jars for adult emergence (1L). The sib-mating of F,;
moths was accomplished by releasing at least five
male and female moths into 5-L plastic jars. 15+0.34
(Mean+SEM) sib-mating pairs were produced on
average per family line. 2-3 sib-mating jars per fam-
ily line was maintained for production of F, neonates.

F, generation and screening

Neonates that hatched from sib-mating pairs
were considered as the F, generation. F, neonates
hatched on a single day from different sib-mating
pairs within the family line were combined. The

F, neonates were reared for two days on an artifi-
cial diet, and on third-day, larvae were exposed to
a diet containing a discriminating dose of Cry tox-
ins. CrylAc and Cry2Ab toxins were provided by
Central Institute for Cotton Research (CICR), Nag-
pur India. CrylAc was obtained as MVP II (Pseu-
domonas encapsulated CrylAc 19.7%) formulation
containing 1 ml of 2% MVP II+1 ml of 1X PBS
and Cry2Ab as lyophilized corn leaf powder con-
taining 6 mg Cry2Ab toxin per gram. Two different
diets were prepared with CrylAc toxin and Cry2Ab
toxin for screening. Discriminating dose of CrylAc
and Cry2Ab (Fabrick et al., 2014, 2015; Mohan
et al., 2016; Reynolds, 2006; Tabashnik et al., 2005,
2006, 2012, 2013) were used to screen the F, popu-
lation for resistance alleles (Andow et al., 1998;
Blanco et al., 2008; Kukanur et al., 2018; Mahon
et al., 2007). An artificial diet was prepared and
allowed to cool. When the temperature was around
40-45 °C, MVP 1I containing CrylAc toxin was
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added to get the concentration of 10 pg/ml of diet.
Similarly, the Cry2Ab toxin diet was also prepared
by mixing the required quantity of corn leaf pow-
der to get the concentration of 10 pg/ml of diet. The
toxin diet was poured into 24-well multi-cavity trays
that contained approximately 1 ml of toxin diet and
allowed to cool and solidify. F, neonates were trans-
ferred at one larva per cell, sealed with a parafilm
sheet to avoid larvae escape. All the diet assays
trays were transferred to an incubator maintained
at 27+1 °C and 70+5% RH. Larvae were scored
based on the survival and developmental (>L5)
stages on the 21* day after treatment as described
by (Tabashnik et al., 2005). If the treated F, larvae
survived and reached L, or later stages by the 21%
day, such lines were considered positive for carry-
ing resistance alleles. All the surviving F, larvae
after the 22" day were transferred to a normal diet
and reared to pupation for further reconfirmation for
carrying resistance allele in the F; generation.

Resistance confirmation

Neonates of single-pair family lines that survived and
completed larval development after treatment with
CrylAc and Cry2Ab toxins were suspected of carry-
ing resistance alleles. Therefore, in the F; generation,
surviving family lines were retested with discriminat-
ing doses of CrylAc and Cry2Ab to see if they car-
ried resistance alleles at discriminating dose of 10 pg/
ml of diet. This procedure was followed to eliminate
the false positives from the diet assay. If the larvae
survived and reached the third instar by the 21% day,
they were considered as true positive for carrying
resistant alleles. Those lines were considered false
positive if treated F; larvae recorded 100 percent
mortality or took more than 22 days to reach the third
instar.

Statistical analysis

Resistance allele frequencies (E[pR]) for CrylAc and
Cry2Ab and the likelihood of missing a resistance
allele existing in a line (Py,) were estimated using the
equations provided by (Andow & Alstad, 1998) and
(Stodola & Andow, 2004). All the calculations were
performed in R-program (R Core Team, 2021).
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Results

Survey to assess the damage caused by PBW on
Bt-cotton

Survey conducted in three major Bt-cotton grow-
ing districts of Andhra Pradesh to assess the PBW
incidence showed a higher incidence of PBW on
flowers, green bolls and locules. The PBW dam-
age ranged from 4.25% to 92.50% in two years study
(2018-19—2019-20). PBW incidence was noticed
from 45-50 days after sowing of the crop and con-
tinued till the end of the crop (till 170 days). A lower
incidence of PBW was noticed at the flowering stage
and incidence increased as crop stage advanced. Dur-
ing 2018-19, per cent damage on flowers ranged
from 4.25—31.50%, lowest at 60 DAS and highest
at 120 DAS. Among the regions, highest incidence
was noticed in Guntur followed by Prakasam and
Kurnool. Similar trend was noticed during 2019-20
per cent damage on flowers ranged from 4.75% to
37.75%. Lowest damage was noticed at 60 DAS and
highest damage was recorded during 120 DAS. High-
est damage was noticed in Guntur region followed by
Kurnool and Prakasam.

PBW damage on green bolls was noticed from
75 DAS in all the regions and was noticed upto 135
DAS. Per cent boll damage ranged from 13.75% to
92.50%, lowest damage was noticed at 75 DAS and
gradually increased at 135 DAS. During 2018-19,
Prakasam recorded highest green boll damage
(89.50%) followed by Kurnool and Guntur. Similarly,
during 2019-20 lowest boll damage was noticed at 75
DAS in Gutnur region and highest damage (92.50%)
was noticed in Prakasam district (Table 1).

Per cent locules damage was assessed from the
field collected samples. Per cent locule damage by
PBW ranged from 4.25% to 80.00% during 2018-19
and 4.50% to 82.75% during 2019-20. Lowest dam-
age was noticed at 75 DAS and highest damage was
noticed at 135 DAS during both the years. Among
the regions, Kurnool recorded highest locule damage
during 2018-19 and 2019-20 followed by Guntur and
Prakasam (Table 1).

Development of the F, population

The Table 2 provides information on the larvae col-
lected, the single pair family lines established, the
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development of the family lines up to the F; genera-
tion, the family lines exposed to screening, and the
F, screen survival rates. Three locations in Andhra
Pradesh yielded 3375 field-collected larvae, from
which 683 family lines were formed. 153 family lines
(22.4%) out of the 683 family lines produced viable
eggs and finished the F; generation. Only 66 (43.13%)
of the 153 lines produced F, populations, allowing
us to examine the resistance alleles for CrylAc and
Cry2Ab. For each family line that met the require-
ments of the F, screen of > 10 females and males con-
tributing to the F, population, a total of 21.00 0.37
F, males and 25.97 0.39 F, females were obtained in
the F, generation. The F, population from sib-mat-
ing F, pairs was sufficient for screening. A total of
11,455 F, neonates were tested on a diet containing
a discriminating dose of CrylAc toxin, and 11,355 F,
neonates were tested on a diet containing a discrimi-
nating dose of Cry2Ab toxin. Sixty F, larvae of each
single pair family line were transferred to a normal
diet for calculating control morality (u). An average
of 173.56+12.66 and 172.05+12.77 F, larvae per
family line were subjected to F, screen for CrylAc
and Cry2Ab toxin diet assays respectively. Many of
the lines were lost during P, and F, generation due
to failure in mating, mating that resulted in nonvi-
able eggs or eggs that failed to hatch, larvae died due
to unknown reasons, larvae that failed to pupate and
adult that failed to emerge from pupae.

Screening for CrylAc resistance

F, neonates from each family line were transferred
onto a toxin diet containing CrylAc toxin for screen-
ing resistance alleles. Out of 66 family lines subjected
to the screen, F, neonates of 20 family lines showed
no survival on 21% d after treatment. Among the 20
family lines, four lines (G-130, 152, 186, 196) from
Guntur, one line (P-100) from Prakasam, and six
lines (K-49, 60, 77, 84, 101, 107) from Kurnool had
survivals (<4 larvae) on 21% day, but larvae did not
reach L, stage and died after 25" d. F, larvae of the
remaining 46 (69.70%) family lines survived, reached
the L; stage by 21 d, and were suspected of carry-
ing resistance alleles for CrylAc toxin. F, larvae on a
normal diet (toxin free) showed 12.4% mortality and
were used for calculating Py,. To rule out the false
positives in the F, screen, surviving larvae were trans-
ferred to a normal diet on 22" d and progressed to F;
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generation for reconfirmation. F; neonates obtained
from sib-mated F, pairs were subjected to a toxin diet
containing discriminating doses of CrylAc. Out of
the 46 surviving family lines, larvae of 26 lines died
in later instars or in the pupal stage, or adults did not
lay viable eggs, hence could not re-test for carrying
resistance alleles. In comparison, F; progenies of 20
family lines yielded sufficient larvae and were sub-
jected to reconfirmation. F; larvae of all the 20 family
lines survived the reconfirmation test and were con-
sidered true positives (Table 3).

Screening for Cry2Ab resistance

F, neonates of 66 family lines were also evaluated for
Cry2Ab resistance alleles. Out of 66 family lines, neo-
nates of 21 family lines showed no survival on a diet
containing a discriminating dose of Cry2Ab toxin on
21% d after treatment. Out of 21 family lines, F, larvae
of 3 family lines (G-130, 186, 190) from Guntur, five
family lines (P-67, 100, 145, 176, 186) from Prakasam,
and six family lines (K-49, 52, 65, 77, 102, 103) from
Kurnool showed survivals (<4 larvae) on 21 d but
died after 25" d. F, larvae of 45 (68.18%) family lines
survived the screen and reached the L, stage on 22"
d. All the neonates of surviving family lines were sub-
jected to reconfirmation for Cry2Ab resistance in the
F; generation. F, larvae of each family line maintained
on a normal diet (toxin free) showed 11.2% mortality
(W. Many of the surviving family lines did not reach
the F; generation. Out of 45 surviving family lines,
progenies of 32 family lines died due to reasons men-
tioned in an earlier section, and only neonates of 13
family lines produced sufficient F; population for the
reconfirmation test. Progenies of all the 13 family lines
survived the reconfirmation test and were scored as
true positives (Table 3).

Resistance allele frequency

As family lines were established from field-collected
larvae, we considered the single pair as two-parent
family lines where both male and female originated
from the field-collected population. A total of 264
alleles were screened for CrylAc and Cry2Ab resist-
ance in the field-collected pink bollworm population.
A total of 20 and 13 family lines were reconfirmed as
true positives in F; generation for carrying CrylAc
and Cry2Ab resistance alleles, respectively. F, larvae
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Table 3 The FZ and F3 District Family CrylAc Cry2Ab Pyo
survival rate and Py, of
family lines F, survivalrate  Fjsurvivalrate  F, survival rate  F; survival rate

(%) (%) (%) (%)

Guntur G-3 0.60 0.67 0.30 0.47 0.000194
G-7 0.83 0.83 0.57 0.33 0.006246
G9 0.80 0.67 0.37 0.00 6.63x1070°
G-12 0.40 0.00 0.33 0.00 0.00158
G-25 0.47 0.50 0.70 0.17 0.000861
G-49 0.87 0.57 0.47 0.17 2.58x107%
G-50 0.77 0.47 0.63 0.17 0.000314
G-60 0.63 0.33 0.40 0.13 0.000236
G-65 0.53 0.43 0.20 0.33 0.000114
G-79 0.10 0.00 0.17 0.00 0.000298
G-84 0.13 0.00 0.13 0.00 0.00076
G-101 0.17 0.00 0.33 0.00 0.000833
G-108 0.00 0.00 0.00 0.00 0.000573
G-130 0.00 0.00 0.00 0.00 0.005906
G-152 0.00 0.00 0.17 0.00 0.000247
G-153 0.00 0.00 0.17 0.00 0.125255
G-186 0.00 0.00 0.00 0.00 0.00149
G-190 0.00 0.00 0.00 0.00 0.000143
G-196 0.00 0.00 0.17 0.00 0.001008
G-203 0.10 0.00 0.13 0.00 0.000687
G-212 0.00 0.00 0.17 0.00 0.001128

Prakasam P-1 0.33 0.37 0.23 0.00 4.91x107%
P-10 0.20 0.40 0.13 0.00 8.97x10°%
P-12 0.33 0.33 0.33 0.17 0.000321
P-17 0.40 0.00 0.33 0.00 0.00913
P-18 0.40 0.00 0.17 0.00 0.014871
P-21 0.53 0.00 0.23 0.00 0.015359
P-29 0.13 0.13 0.30 0.47 0.000146
P-31 0.37 0.03 0.10 0.00 0.000143
P-50 0.57 0.10 0.53 0.67 3.28x10°%
P-56 0.13 0.00 0.13 0.00 0.007262
P-60 0.20 0.00 0.07 0.00 0.003244
P-67 0.17 0.00 0.00 0.00 0.007031
P-91 0.23 0.00 0.17 0.00 0.015359
P-100 0.00 0.00 0.00 0.00 0.00849
P-107 0.30 0.00 0.17 0.00 0.012697
P-111 0.13 0.00 0.13 0.00 0.007748
P-145 0.17 0.00 0.00 0.00 0.031505
P-146 0.33 0.00 0.00 0.00 0.022259
P-176 0.27 0.00 0.00 0.00 0.009522
P-186 0.13 0.00 0.00 0.00 0.031505
P-200 0.37 0.00 0.00 0.00 0.027003
P-212 0.20 0.00 0.00 0.00 0.130479
P-230 0.23 0.00 0.13 0.00 0.019511
P-280 0.13 0.00 0.13 0.00 0.010006
P-286 0.33 0.00 0.33 0.00 0.013764
P-288 0.13 0.00 0.13 0.00 0.006605
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Table 3 (continued)

Cry2Ab Py

o

F, survival rate

Fjsurvivalrate  F, survivalrate  F; survival rate

(%) (%) (%)

District Family CrylAc
(%)
Kurnool K-5 0.10
K-15 0.17
K-21 0.37
K-39 0.00
K-40 0.53
K-42 0.47
K-44 0.47
K-49 0.00
K-52 0.17
K-60 0.00
K-65 0.57
K-77 0.00
K-84 0.00
K-101 0.00
K-102 0.00
K-103 0.00
K-107 0.00
K-146 0.00
K-152 0.00

0.47 0.33 0.00 0.000452
0.27 0.30 0.00 0.000578
0.07 0.53 0.40 0.000334
0.00 0.17 0.00 0.028242
0.33 0.63 0.50 0.000338
0.00 0.37 0.00 0.025949
0.63 0.33 0.80 0.000924
0.00 0.00 0.00 0.060831
0.00 0.00 0.00 0.02054

0.00 0.00 0.00 0.500015
0.70 0.00 0.00 0.001112
0.00 0.00 0.00 0.031172
0.00 0.33 0.00 0.051573
0.00 0.00 0.00 0.067329
0.00 0.00 0.00 0.019006
0.00 0.00 0.00 0.026815
0.00 0.10 0.00 0.009522
0.00 0.20 0.00 0.055145
0.00 0.00 0.00 0.012853

of 36 family lines against CrylAc and 21 family lines
against Cry2Ab toxin had a very high survival rate
(>0.25), possibly indicating more than one R allele
in the surviving family lines (Table 3).

The frequency of CrylAc resistance alleles in
PBW collected from Andhra Pradesh was estimated
to be 0.082 with 95% CI of 0.051-0.105, and the fre-
quency of Cry2Ab resistance alleles was estimated to
be 0.054 with 95% CI of 0.029-0.077 (Table 4).

We document a high level of prevalence of CrylAc
and Cry2Ab resistance alleles in the field population
collected from Andhra Pradesh. There was a<3%
probability of missing a resistance allele in 66 lines
screened for CrylAc and Cry2Ab. The experiment-
wise detection probability was >97%.

Discussion

In 2002, Bt-cotton producing CrylAc toxin (BG)
was introduced to manage American bollworm
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(ABW), pink bollworm (PBW), and spotted boll-
worm (SBW). In 2010, Monsanto India limited
ascertained the breakdown of BG resistance in the
PBW population collected from four districts of
Gujarat. In 2015, the Central Institute for Cotton
Research (CICR) survey reported higher infesta-
tion and survival of PBW on BG-II cotton in popu-
lations collected from certain parts of Gujarat. The
studies reported about 40-80% boll damage, and
the results of resistance monitoring showed that
PBW had developed resistance to CrylAc, Cry2Ab,
and CrylAc+Cry2Ab toxins. In 2015-2016, simi-
lar reports of higher infestation and survival of
PBW on BG-II cotton were reported from Andhra
Pradesh, Telangana, Karnataka, and Maharash-
tra (Mohan, 2017). A field survey conducted in
2018 also reported very high flower and boll dam-
age by PBW in Andhra Pradesh. The infestation
levels of 29.62% on flowers and 83% boll damage
were recorded on BG-II cotton (Naik et al., 2021;
Raju et al., 2021). In our survey conducted dur-
ing 2018-19 and 2019-2020, shows high survival
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of PBW larvae on Bt-cotton squares and bolls. We
found out that 98% PBW larvae survived on BG-II
cotton collected from farmer’s field. Thus, the sur-
vival of PBW on BG-II cotton in many parts of
the country indicates the evolution of resistance
to CrylAc and Cry2Ab expressed in BG-II cotton
(Kranthi, 2016; Mohan, 2017). Resistance monitor-
ing of Bt-cotton is considered to be an essential pre-
requisite for resistance management of target pests
of Bt-cotton. Since the introduction of Bt-cotton,
resistance to Cry toxins has been monitored in the
target pests by CICR, Nagpur. However, none of the
prior investigations attempted precisely estimate
resistance allele frequency. In the present study, for
the first time we attempted to estimate the frequency
of CrylAc and Cry2Ab resistance alleles in PBW
collected from various Bt-cotton growing regions
of Andhra Pradesh. The present study results reveal
a high frequency of CrylAc and Cry2Ab resist-
ance alleles in the PBW population collected from
various districts of Andhra Pradesh. The results
show decreased pink bollworm susceptibility to
CrylAc and Cry2Ab toxin expressed in BG-II cot-
ton. We estimated the allele frequency to be 0.082
with a 95% CI of 0.051- 0.105 for CrylAc and the
frequency of Cry2Ab resistance alleles to be 0.054
with a 95% CI of 0.029-0.077 based on the discrim-
inating dose assay. On the CrylAc toxin diet assay,
46 lines survived the F, screen. Of those, 20 lines
were reconfirmed as true positives in the F; gener-
ation. The remaining 26 lines that survived the F,
screen were lost in the F; generation. Similarly, on
the Cry2Ab toxin diet assay, 45 lines survived at
F, generation, and only 13 lines were reconfirmed
as true positives. The remaining 32 lines were lost
in the F; generation. All the lines that survived the
F, screen but could not reach the F; generation for
reconfirmation may also carry resistance alleles for
CrylAc and Cry2Ab toxins. Hence, we consider our
estimate to be robust and conservative as we have
considered only lines that were reconfirmed in the

Table 4 Frequency of CrylAc and Cry2Ab resistance alleles
after F; reconfirmation test

Toxin Allele frequency Lower CI  Upper CI Py,

CrylAc 0.082 0.051 0.105
Cry2Ab  0.054 0.029 0.077

97.78%
97.78%

F; test in calculating allele frequency. However, con-
sidering the entire surviving lines in the F, screen as
true positives, the estimated allele frequency will be
0.184 with a 95% CI of 0.1443-0.086 for CrylAc
and 0.180 with a 95% CI of 0.1404-0.01954. Thus,
warranting the evolution of resistance in the field
population and indicating a decrease of pest suscep-
tibility to Bt-cotton expressing CrylAc and Cry2Ab
toxins. The results of the present study corroborate
with field conditions, wherein a heavy incidence
of PBW on Bt-cotton was noticed during the study
period, a survey was conducted before conducting
F, screen analysis. We recorded >90% boll damage
in the fields surveyed during 2018-19 and 2019-20.
Our estimates also corroborate with reports of Kran-
thi, 2016; Mohan, 2017; Naik et al., 2021, wherein,
field evolved resistance to CrylAc and Cry2Ab was
reported. Naik et al. (2021) reported the highest
magnitude of 371.8-fold resistance to CrylAc and
4214.3-fold resistance to Cry2Ab in the field popula-
tion. The difference in allele frequency to Cry toxins
might be due to their difference in duration of expo-
sure, Bt-cotton expressing crylAc was introduced
in 2002 while BG-II cotton expressing crylAc and
cry2Ab was introduced later in 2006. Earlier intro-
duction of Bt-cotton with a single toxin and large-
scale adoption of Bt-cotton might have selected the
population against CrylAc toxin. Further long-term
exposure to CrylAc toxin might have resulted in
higher allele frequency compared Cry2Ab. Moreo-
ver, the allele frequency to Cry toxins is independ-
ent of each other, as CrylAc and Cry2Ab resistant
genes are independently segregated (Gould, 1998).
The evolution of resistance in target pests to insec-
ticides and Cry toxins is inevitable. However, with the
proper implementation of management strategies, the
evolution of resistance in target pests can be delayed.
Monitoring studies have established that the refuge
strategy has helped to delay the evolution of resist-
ance in target pests to Bt-cotton (Cerda & Wright,
2004; Gould, 1998). In many instances, field evolved
resistance has been reported in many target pests of
Bt-crops that have been grown without following
proper insect resistance management strategies. The
field evolved resistance to Bt crops has been reported
in bollworm, Helicoverpa zea (Boddie) to CrylAc in
cotton in the USA in 2003 (Luttrell et al., 2004), fall
armyworm, Spodoptera frugiperda (Smith) to CrylF
in corn in Puerto Rico in 2006 (Matten et al., 2008),
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stem borer Busseloa fusca (Fuller) to CrylAb in corn
in South Africa in 2006 (van Rensburg, 2007). The
two key conditions that govern the long-term effec-
tiveness of Bt-crops are the availability of sufficient
refuge and the expression of high dose of toxins in
Bt-crops (Gryspeirt & Grégoire, 2012). Many rea-
sons may be attributed to the failure of the Bt tech-
nology in India (Kranthi, 2016). The major factors
that contributed to the failure of Bt-cotton are a)
Non-compliance with refuge by farmers; almost all
the farmers do not sow the non-Bt-cotton seeds pro-
vided with Bt-cotton seeds; b) large and unconven-
tional areas were brought under Bt-cotton cultiva-
tion with scant regard to scientific practices, which
might have hastened the process of selection. Since
the introduction of Bt-cotton in India, the area under
Bt-cotton has rapidly increased. Around 99% of the
cotton area is under Bt-cotton, and around one per-
cent is under other kinds of cotton (G. arborium and
G. barbadense). In 2019, Bt-cotton was cultivated
on 11 m ha. This large-scale cultivation of Bt-cotton
might have exerted high selection pressure on target
pests. ¢) The quality of seeds supplied with Bt-cot-
ton seeds was not suitable as a refuge (Kranthi et al.,
2017). d) The genetic analysis of resistance in PBW
to CrylAc revealed that resistance is a recessive trait
and a monogenic mode of inheritance. The progenies
between the survivals of homozygous recessive indi-
viduals will yield maximum survival. e) Compared to
the American bollworm, H. armigera is polyphagous
in nature and has many other hosts that act as natural
refuges. These natural refuges act as a pool reservoir
for susceptible alleles and aid in diluting resistance
alleles to the toxins of Bt-cotton. In the case of PBW,
which is monophagous or feeds on limited hosts,
entirely depends on the primary host (Cotton) for its
growth and development. Thus, lack of refuge and
large-scale cultivation of Bt-cotton expressing Cry
toxins has triggered an arms race between the PBW
and Bt-cotton, resulting in faster resistance evolution
than other bollworms. f) In India, Bt-cotton is avail-
able as a hybrid with a variable expression of Cry
toxins. The Cry toxins expression in Bt-cotton var-
ies with age, plant parts, and season (Kranthi et al.,
2005; Olsen et al., 2005). Thus, exposing the larvae
to sublethal doses aids in the faster build-up of resist-
ance. g) Other agronomic practices have also been
selected for resistance to PBW, like the cultivation of
Bt-cotton beyond its period, i.e., 180 days with extra

@ Springer

irrigation, which favors the multiplication of PBW
for the next season. Thus, other management options
should be integrated instead of entirely relying on the
refuge to manage pests effectively.

Acknowledgements The authors are highly thankful to the
Authorities of Acharya NG Ranga Agricultural University,
Lam, Andhra Pradesh, India, and the Central Institute for Cot-
ton Research (ICAR-CICR), Nagpur, India, for providing the
necessary facilities to conduct the research.

Author contribution GMYV & VCB - study conception and
design of the research, ARA — implementation and data col-
lection, KVS — data analysis and manuscript preparation. Ch.
C, PAK, and VSR- reviewed the manuscript, GMV — reviewed
and edited the manuscript. All the authors read and approved
the manuscript.

Data Availability The data that support the findings of this
study are available from the corresponding author, (GMVP),
upon request.

Declarations

Competing interests The authors declare no competing inter-
ests.

Ethics approval Not applicable.

Conflict of interests The authors declare that they have no
conflict of interest.

References

Andow, D. A., & Alstad, D. N. (1998). F2 Screen for Rare
Resistance Alleles. Journal of Economic Entomology,
91(3), 572-578. https://doi.org/10.1093/jee/91.3.572

Andow, D. A, Alstad, D. N., Pang, Y. H,, Bolin, P. C,, &
Hutchison, W. D. (1998). Using an F2 Screen to Search
for Resistance Alleles to Bacillus thuringiensis Toxin in
European Corn Borer (Lepidoptera: Crambidae). Journal
of Economic Entomology, 91(3), 579-584. https://doi.org/
10.1093/jee/91.3.579

Blanco, C. A., Perera, O. P, Gould, F., Sumerford, D. V.,
Hernandez, G., Abel, C. A., & Andow, D. A. (2008).
An empirical test of the F2 screen for detection of Bacil-
lus thuringiensis-resistance alleles in tobacco budworm
(Lepidoptera: Noctuidae). Journal of Economic Entomol-
ogy, 101(4), 1406-1414. https://doi.org/10.1603/0022-
0493(2008)101[1406:aetotf]2.0.co;2

Bourguet, D., Chaufaux, J., Séguin, M., Buisson, C., Hinton, J.
L., Stodola, T. J., et al. (2003). Frequency of alleles con-
ferring resistance to Bt maize in French and US corn belt
populations of the European corn borer, Ostrinia nubilalis.
TAG. Theoretical and applied genetics. Theoretische und


https://doi.org/10.1093/jee/91.3.572
https://doi.org/10.1093/jee/91.3.579
https://doi.org/10.1093/jee/91.3.579
https://doi.org/10.1603/0022-0493(2008)101[1406:aetotf]2.0.co;2
https://doi.org/10.1603/0022-0493(2008)101[1406:aetotf]2.0.co;2

Phytoparasitica

angewandte Genetik, 106(7), 1225-1233. https://doi.org/
10.1007/s00122-002-1172-1.

Cerda, H., & Wright, D. J. (2004). Modeling the spatial and tem-
poral location of refugia to manage resistance in Bt trans-
genic crops. Agriculture, Ecosystems & Environment, 102(2),
163—-174. https://doi.org/10.1016/j.agee.2003.08.004

Choudhary, B., & Gaur, K. (2015). Biotech Cotton in India,
2002 to 2014, 35. ISAAA Series of Biotech CropProfiles.
ISAAA: TIthaca, NY. https://www.isaaa.org/resources/
publications/biotech_crop_profiles/bt_cotton_in_india-a_
country_profile/download/bt_cotton_in_india-2002-2014.
pdf

Fabrick, J. A., Ponnuraj, J., Singh, A., Tanwar, R. K., Unnithan, G.
C.,, Yelich, A. ], et al. (2014). Alternative Splicing and Highly
Variable Cadherin Transcripts Associated with Field-Evolved
Resistance of Pink Bollworm to Bt Cotton in India. PLoS ONE,
9(5), €97900. https://doi.org/10.1371/journal .pone.0097900.

Fabrick, J. A., Unnithan, G. C., Yelich, A. J., DeGain, B., Masson,
L., Zhang, J., et al. (2015). Multi-Toxin Resistance Enables
Pink Bollworm Survival on Pyramided Bt Cotton. Scientific
Reports, 5, 16554. https://doi.org/10.1038/srep16554

Gould, F. (1998). Sustainability of transgenic insecticidal
cultivars: Integrating pest genetics and ecology. Annual
Review of Entomology, 43, 701-726. https://doi.org/10.
1146/annurev.ento.43.1.701

Gryspeirt, A., & Grégoire, J.-C. (2012). Effectiveness of the
high dose/refuge strategy for managing pest resistance
to Bacillus thuringiensis (Bt) plants expressing one or
two toxins. Toxins, 4(10), 810-835. https://doi.org/10.
3390/toxins4100810

Huang, F. (2006). Detection and monitoring of insect resist-
ance to transgenic Bt crops. Insect Science, 13(2), 73-84.
https://doi.org/10.1111/j.1744-7917.2006.00070.x

Huang, F., Leonard, B. R., & Andow, D. A. (2007). Sugarcane
borer (Lepidoptera: Crambidae) resistance to transgenic
Bacillus thuringiensis maize. Journal of Economic Ento-
mology, 100(1), 164-171. https://doi.org/10.1603/0022-
0493(2007)100[164:sblcrt]2.0.co;2

Kranthi, K. R. (2016). Pink Bollworm Strikes Bt-Cotton. Cot-
ton Statistics and News, 35, 12.

Kranthi, K. R. (2005). Insecticide Resistance Monitoring,
Mechanisms and Management. Central Institute for Cotton
Research.  https://cicr.org.in/pdf/IRM-Manual-KRK.pdf.
Accessed 15 Nov 2022.

Kranthi, K. R., Naidu, S., Dhawad, C. S., Tatwawadi, A., Mate, K.,
Patil, E., et al. (2005). Temporal and intra-plant variability of
CrylAc expression in Bt-cotton and its influence on the sur-
vival of the cotton bollworm, Helicoverpa armigera (Hiibner)
(Noctuidae: Lepidoptera). Current Science, 291-298.

Kranthi, S., Satija, U., Pusadkar, P., Rishi, K., Shastri, C. S.,
Ansari, S., et al. (2017). Non-Bt seeds provided by seed
companies in India-are they suitable as refuge for Bt-cot-
ton? Current Science, 112(10), 1992-1993.

Kukanur, V. S., Singh, T. V. K., & Kranthi, K. R. (2018). Fit-
ness costs of resistance to crylac toxin in Helicoverpa
armigera (Hiibner). Indian Journal of Entomology, 80(2),
460. https://doi.org/10.5958/0974-8172.2018.00090.1

Luttrell, R. G., Ali, L., Allen, K. C., Young, S. Y. I., Szalanski,
A., Williams, K., et al. (2004). Resistance to Bt in Arkan-
sas populations of cotton bollworm. Proceedings of the

Beltwide Cotton Conferences. http://hdl.handle.net/10113/
12012. Accessed 19 December 2022

Mahon, R. J.,, Km, O, S, D., & S, A. (2007). Frequency of alleles
conferring resistance to the Bt toxins CrylAc and Cry2Ab in
Australian populations of Helicoverpa armigera (Lepidoptera:
Noctuidae). Journal of economic entomology, 100(6). https://
doi.org/10.1603/0022-0493(2007)100[ 1844:foacrt]2.0.co;2.

Matten, S. R., Head, G. P., & Quemada, H. D. (2008). How
Governmental Regulation Can Help or Hinder the Inte-
gration of Bt Crops within IPM Programs. In J. Romeis,
A. M. Shelton, & G. G. Kennedy (Eds.), Integration of
Insect-Resistant Genetically Modified Crops within IPM
Programs (pp. 27-39). Springer Netherlands. https://doi.
org/10.1007/978-1-4020-8373-0_2.

Mohan, K. S. (2017). An area-wide approach to pink bollworm
management on Bt cotton in India — a dire necessity with
community participation. Current Science, 112(10), 2.

Mohan, K. S., Ravi, K. C., Suresh, P. J., Sumerford, D., &
Head, G. P. (2016). Field resistance to the Bacillus thur-
ingiensis protein CrylAc expressed in Bollgard(®) hybrid
cotton in pink bollworm, Pectinophora gossypiella (Saun-
ders), populations in India. Pest Management Science,
72(4), 738-746. https://doi.org/10.1002/ps.4047

Naik, V. C. B., Kb, S., Kranthi, S., Nagrare, V. S., Kumbhare,
S., Gokte-Narkhedkar, N., & Waghmare, V. N. (2021).
Pink bollworm, Pectinophora gossypiella (Saunders)
(Lepidoptera: Gelechiidae) survival on transgenic cotton
in India. Egyptian Journal of Biological Pest Control,
31(1), 40. https://doi.org/10.1186/s41938-021-00393-7

Olsen, K. M., Daly, J. C., Holt, H. E., & Finnegan, E. J. (2005).
Season-long variation in expression of CrylAc gene and
efficacy of Bacillus thuringiensis toxin in transgenic cot-
ton against Helicoverpa armigera (Lepidoptera: Noctuidae).
Journal of Economic Entomology, 98(3), 1007-1017.

R Core Team. (2021). R: A Language and Environment for
Statistical Computing. English. https://www.R-project.
org/. Accessed 20 Oct 2022.

Raju, A. A, Rao, G. M. V. P, Naik, V. C. B., Chiranjeevi, C. H.,
Patibanda, A. K., & Rao, V. S. (2021). Incidence of Pink
Bollworm Pectinophora gossypiella (Saunders) (Lepidoptera:
Gelechiidae) on Flowers (Rosette) of Bt Cotton in Andhra
Pradesh, India. Journal of Experimental Agriculture Interna-
tional, 90-97. https://doi.org/10.9734/jeai/2021/v43i330660.

Ramasundaram, P., Suresh, A., Samuel, J.,, & Wankhade, S.
(2014). Welfare Gains from Application of First Generation
Biotechnology in Indian Agriculture: The Case of Bt Cotton.
Agricultural Economics Research Review, 27(1), 73. https://
doi.org/10.5958/j.0974-0279.27.1.006

Ramya, R. S., Mohan, M., & Sunil, J. (2020). A simple method
for sexing live larvae of pink bollworm, Pectinophora gos-
sypiella (Lepidoptera: Gelechiidae). Animal Biology, 70(1),
97-100. https://doi.org/10.1163/15707563-20191136

Reynolds, A. H. (2006). Review of 2004 pink bollworm monitor-
ing data and revised monitoring protocol submitted by Mon-
santo for Bt cotton (Bollgard and Bollgard II). US EPA.

Stodola, T. J., & Andow, D. A. (2004). F2 screen variations and
associated statistics. Journal of Economic Entomology, 97(5),
1756-1764. https://doi.org/10.1603/0022-0493-97.5.1756

Tabashnik, B. E., Biggs, R. W., Fabrick, J. A., Gassmann,
A. J., Dennehy, T. J., Carricre, Y., & Morin, S. (2006).

@ Springer


https://doi.org/10.1007/s00122-002-1172-1
https://doi.org/10.1007/s00122-002-1172-1
https://doi.org/10.1016/j.agee.2003.08.004
https://www.isaaa.org/resources/publications/biotech_crop_profiles/bt_cotton_in_india-a_country_profile/download/bt_cotton_in_india-2002-2014.pdf
https://www.isaaa.org/resources/publications/biotech_crop_profiles/bt_cotton_in_india-a_country_profile/download/bt_cotton_in_india-2002-2014.pdf
https://www.isaaa.org/resources/publications/biotech_crop_profiles/bt_cotton_in_india-a_country_profile/download/bt_cotton_in_india-2002-2014.pdf
https://www.isaaa.org/resources/publications/biotech_crop_profiles/bt_cotton_in_india-a_country_profile/download/bt_cotton_in_india-2002-2014.pdf
https://doi.org/10.1371/journal.pone.0097900
https://doi.org/10.1038/srep16554
https://doi.org/10.1146/annurev.ento.43.1.701
https://doi.org/10.1146/annurev.ento.43.1.701
https://doi.org/10.3390/toxins4100810
https://doi.org/10.3390/toxins4100810
https://doi.org/10.1111/j.1744-7917.2006.00070.x
https://doi.org/10.1603/0022-0493(2007)100[164:sblcrt]2.0.co;2
https://doi.org/10.1603/0022-0493(2007)100[164:sblcrt]2.0.co;2
https://cicr.org.in/pdf/IRM-Manual-KRK.pdf
https://doi.org/10.5958/0974-8172.2018.00090.1
http://hdl.handle.net/10113/12012
http://hdl.handle.net/10113/12012
https://doi.org/10.1603/0022-0493(2007)100[1844:foacrt]2.0.co;2
https://doi.org/10.1603/0022-0493(2007)100[1844:foacrt]2.0.co;2
https://doi.org/10.1007/978-1-4020-8373-0_2
https://doi.org/10.1007/978-1-4020-8373-0_2
https://doi.org/10.1002/ps.4047
https://doi.org/10.1186/s41938-021-00393-7
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.9734/jeai/2021/v43i330660
https://doi.org/10.5958/j.0974-0279.27.1.006
https://doi.org/10.5958/j.0974-0279.27.1.006
https://doi.org/10.1163/15707563-20191136
https://doi.org/10.1603/0022-0493-97.5.1756

Phytoparasitica

High-level resistance to Bacillus thuringiensis toxin crylac
and cadherin genotype in pink bollworm. Journal of Eco-
nomic Entomology, 99(6), 2125-2131. https://doi.org/10.
1603/0022-0493-99.6.2125

Tabashnik, B. E., Dennehy, T. J., & Carricre, Y. (2005). Delayed
resistance to transgenic cotton in pink bollworm. Proceed-
ings of the National Academy of Sciences, 102(43), 15389—
15393. https://doi.org/10.1073/pnas.0507857102

Tabashnik, B. E., Fabrick, J. A., Unnithan, G. C., Yelich, A. J.,
Masson, L., Zhang, J., et al. (2013). Efficacy of genetically
modified Bt toxins alone and in combinations against pink
bollworm resistant to CrylAc and Cry2Ab. PloS One, 8(11),
€80496. https://doi.org/10.1371/journal.pone.0080496.

Tabashnik, B. E., Wu, K., & Wu, Y. (2012). Early detection of
field-evolved resistance to Bt cotton in China: Cotton boll-
worm and pink bollworm. Journal of Invertebrate Pathology,
110(3), 301-306. https://doi.org/10.1016/j.jip.2012.04.008

@ Springer

van Rensburg, J. B. J. (2007). First report of field resistance by
the stem borer, Busseola fusca (Fuller) to Bt-transgenic
maize. South African Journal of Plant and Soil, 24(3), 147—
151. https://doi.org/10.1080/02571862.2007.10634798

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.


https://doi.org/10.1603/0022-0493-99.6.2125
https://doi.org/10.1603/0022-0493-99.6.2125
https://doi.org/10.1073/pnas.0507857102
https://doi.org/10.1371/journal.pone.0080496
https://doi.org/10.1016/j.jip.2012.04.008
https://doi.org/10.1080/02571862.2007.10634798

	Frequency of Cry1Ac and Cry2Ab resistance alleles in pink bollworm, Pectinophora gossypiella Saunders from Andhra Pradesh, India
	Abstract 
	Introduction
	Materials and methods
	Field survey
	Field collection and rearing
	Single pair family lines
	F1 generation
	F2 generation and screening
	Resistance confirmation
	Statistical analysis

	Results
	Survey to assess the damage caused by PBW on Bt-cotton
	Development of the F2 population
	Screening for Cry1Ac resistance
	Screening for Cry2Ab resistance
	Resistance allele frequency

	Discussion
	Acknowledgements 
	References


