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Abstract

Background: Insecticidal proteins from the Bacillus thuringiensis (Bt) marks the genetically modified cotton crop
that was commercialized in India in March 2002 for the control of lepidopteron bollworms. Despite organized initial
control, the pink bollworm (PBW), Pectinophora gossypiella (Saunders), adapted itself to cry toxins resulted in field
control failures in 2016 and 2017. The present study was designed to understand the survival and development of
PBW populations differing in susceptibility to Cry toxins on Bt and non-Bt plants.

Results: For assessment of infestation, populations were collected from different cotton growing states. Per cent
infestation of flowers and green bolls in the study areas were in the range of 3.09-29.26 and 36-91.20% for flowers
and green bolls, respectively. Among different locations highest magnitude of resistance to Cry1Ac (371.8-fold) and
Cry2Ab (4214.3-fold) was spotted in late season populations of Rajkot collected from bolls. Further, in order to
confirm field level resistance of surviving larvae on high and low concentrations of Cry toxins, larvae were pooled
and subjected to boll bioassays. Results revealed that, none of the larvae from susceptible populations survived on
BGII bolls. Although, the same populations showed a survival of 38 and 32%, which led to 80% locule damage on
non-Bt cotton. Maximum survival (32%) and locule damage (70%) was observed for Maharashtra (F-H) Cry2Ab and
Gujarat (B-H) Cry2Ab populations recorded 36% survival and 70% mortality, respectively, on BGIl cotton and 58.33%
survival and 60% locule damage on non-Bt cotton, respectively. Populations derived from survivals on low
concentrations produced the lowest survival and locule damage on Bt cotton. Maximum number of mines on
epicarp (24 mines/boll) was recorded by susceptible population on NBt cotton. Green bolls of Bt and NBt cotton
did not differ in the number of mines.

Conclusion: It was concluded that none of the larvae from susceptible populations survived on BGlII bolls.
Although, the same populations showed a survival of 38 and 32%, which led to 80% locule damage on non-Bt
cotton
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Background
In cotton cultivation, bollworms are the major menace
causing maximum yield losses since more than three de-
cades. The pink bollworm (PBW), Pectinophora gossy-
piella (Saunders), is one of the key pests of cotton which
damages the seeds and fiber thereby causing economic
losses. Breakthrough came with introduction of Bt cot-
ton that marked the first genetically modified crop com-
mercialized in India, in March 2002. Subsequently,
transgenic hybrids were developed by Maharashtra
Hybrid Seed Company Limited using MON 531levent
carrying Bt gene, CrylAc. This gene offered protection
against bollworm complex in cotton. Thereafter,
Bollgard-II (Bt-cotton) was introduced in 2006, which
contained stacked genes, CrylAc and Cry2Ab. The
introduction of Bt cotton in India, the infestation levels
of PBW, was under control. In 2010, PBW resistance to
CrylAc was confirmed in four districts of Gujarat
(Dhurua and Gujar 2011) the genetically based decreases
in susceptibility of field populations of PBW to Bt toxins
CrylAc and Cry2Ab. Studies conducted clearly indicated
that the PBW developed resistance to cry toxins two de-
ployed in BollgardII (Kranthi 2015; Naik et al. 2018). La-
boratory selected strains in the USA survive on Bt
cotton up to 3100-fold resistance to CrylAc (Tabashnik
et al. 2008) and also 240-fold resistance to Cry2Ab
(Tabashnik et al. 2009). After 12 years of commercial
use in the USA, there are still no documented cases of
resistance in Bollgard to any of three target pests (Moar
and Anilkumar 2007). The development of resistance
was accelerated in P. gossypiella against the Bt-toxins in
the long duration Bt-cotton hybrids that supported pro-
longed multiplication of multiple cycles of the pest. In-
crease in infestation of PBW in Bt cotton in recent years
at several locations needs a thorough investigation to
sustain the viability of transgenic technology for cotton
crop protection.

The present study was designed to understand the sur-
vival and development of PBW populations differing in
susceptibility to Cry toxins on Bt and non-Bt plants.

Methods

Sample collections of pink bollworm

Fields were sampled during 2017-2018 for PBW collec-
tion to quantify field infestation. Rosette flowers
(infested flowers) and green bolls were collected from
nine districts comprising four main cotton growing
states in India viz, Andhra Pradesh, Telangana, Mahar-
astra, and Gujarat. For this, unbiased random sampling
was performed by selecting, on an average, five Bt cotton
fields in a district. Damaged flowers were quantified by
the ratio of the number of rosette flowers out of 25
flowers in 90 days old crop. Whereas, green boll damage
indices was made by dissecting 25 bolls to record
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observations on the parameters viz., number of exit
holes, mines on epicarp, surviving larvae (small white or
large pink ones), and per cent locule damage. A total
150-200 green bolls (1 boll plant™) were collected in a
hectare on a 120-140 days old crop. Bolls from non-Bt
cotton fields were also sampled wherever possible. These
collected samples were dissected for larval recovery and
multiplied by rearing on semi synthetic diet for further
studies.

Susceptibility of pink bollworm to Cry1Ac and Cry2Ab
Few selected populations from flowers and bolls were
subjected to bioassays using 21-day diet-incorporation
assay as described (Muralimohan et al. 2009; Naik et al.
2018) by addition of stock solutions made from a freeze-
dried commercial formulation of MVP II° (cell-cap®
Mycogen, USA) and lyophilized transgenic Bt-corn leaf
powder with 6.8 mg/g Cry2Ab protein. For diagnostic,
assays concentration used were CrylAc (10 ppm, 1 ppm,
0.1 ppm, 0.01 ppm, and control) where in Cry 2Ab (5
ppm, 1 ppm, 0.1 ppm, 0.01 ppm, and control). The mul-
tiple celled trays which contain approximately =z 1 g of
the diet used in which freshly hatched neonate larvae
were released at one larva per cell and the cells were
sealed with a perforated transparent film. The trays were
kept at 27 + 1 °C, RH 60-65% under photoperiod of 9 h
light and 15 h dark conditions. For every concentration,
a total number of 16 larvae were released. Larvae that
survived for at least the 4th instar after 21 days of feed-
ing were considered as alive. Mortality corrections were
calculated by Abbott’s formula (Abbott 1925).
Concentration-mortality regressions were calculated by
probit analysis (Finney 1971).

Resistant and susceptible strains

Field populations recovered from flowers and green bolls
were reared separately on semi-synthetic diet and in F;
generation, 1-day-old neonates were exposed to log con-
centration probit assay with CrylAc and Cry2Ab toxins.
Strains of each district from different fields that tolerated
the highest concentration of toxins and survival at the
end of 21 days were maintained by pooling larvae. Pool-
ing was done to overcome insufficient cultures for con-
tinuing the study. The pooled populations were reared
on diet with Bt cotton seed powder to sustain selection
pressure. However, for the development of susceptible
strain, larvae were reared continuously in laboratory for
more than seven generations without any exposure to
toxins. Laboratory susceptible strain of PBW is available
at resistant monitoring laboratory (Insectary). Neonates
in Fy-resistant and susceptible strains were used for boll
bioassays using 20-day-old green bolls on Bt and non-Bt
plants in the field condition.
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On-plant boll bioassays

Further confirmation of resistance in PBW to crylAc
and Cry2Ab at diagnostic concentrations was performed
by boll bioassays for the pooled resistant and laboratory
susceptible populations by using Bt and non-Bt bolls on
plant. The BGII hybrid and non-Bt cultivar Suraj were
sown in an area of 13.2 x 30 m at a spacing of 60 x 60
cm and 60 x 10 cm for BGII hybrid and non-Bt respect-
ively on the experimental farm. All the recommended
agronomical practices were followed to raise the crop
under rainfed condition. Resistant cultures from differ-
ent locations and lab susceptible culture in the first in-
star were carefully released on Bt as well as non-Bt
cotton bolls (1 boll/plant, a total of 5 bolls for each
strain that was tagged on previous day) using a fine
camel hair brush with 10 neonates/boll of resistant or
susceptible cultures, respectively. The infested boll was
covered with a butter paper bag whose mouth was prop-
erly sealed to avoid the escape of neonates from infested
boll. After 21 days, the bagged bolls were collected and
brought to the laboratory for observing PBW damage in-
dices viz., number of mines on epicarp boll™!, per cent
larval survival, and per cent locule damage boll™.

Results

Flower and green boll infestation by early and late
populations of PBW

The survey for PBW in Bt cotton was carried out in
2017-2018 season, in addition to previous surveys
(2010-2014 in India) to understand the level of infest-
ation and status of breakdown of resistance to cry toxins.
The infestation of early populations on flowers in 71
fields (Table 1) was in the range of 3.09 to 29.26%. Simi-
larly, the per cent damage by late populations in 46
fields in Andhra Pradesh, Telangana, Maharashtra, and
Gujarat was 36 to 90% variable. The highest per cent
damage (91.20%) was observed in Adilabad (Telangana)
(south India). In Prakasam District of Andhra Pradesh,
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the damage was 83% across 4 locations. Similarly, in
Maharashtra and Gujarat, damage was in the range of
56.60 to 79 and 36 to 90%, respectively. The larval in-
festation on flowers was much lower than the infestation
on bolls. Infestation on flowers across the four states
ranged from 3.6 to 29.26%.

Concentration response in diet incorporation bioassays
for Cry1Ac and Cry2Ab

The initial resistance level in an early and late popula-
tions used in boll bioassay studies indicated (Table 2)
the highest LCs, value of 1.859 ug ml™* for late popula-
tions of Rajkot and the corresponding resistance ratio
was 371.8-fold increase in CrylAc resistance. Resistance
for CrylAc in early populations ranged from 1.4 to 26.4-
fold increase in resistance ratio, which was considerably
less than the late populations derived from bolls. Like-
wise, the resistance for Cry2Ab was also the highest in
late populations of Rajkot with LCs, 12.643 pg ml™" and
resistance ratio of 4214.33. Similar, to the early popula-
tions of Jalna which showed maximum resistance with
LCs value of 1.892 pg ml™" and 630.67-fold increases in
resistance. Remaining early populations documented re-
sistance ratios in the range of 18.67- to 67.67-folds and
LCso value between 0.056 and 0.203 pg ml ™}, the LCs,
values for bioassays conducted with F; progeny of early
season populations of PBW from Rajkot, Junagadh,
Amreli, Jalna, Wardha, and Yavatmal ranged from 0.007
to 0.132 pg/g of diet to CrylAc, while resistance ratio
was the highest at 26.4. The LCs, for CrylAc to late sea-
son population 371.8 pg/g of diet.

Boll bioassays

The larvae that survived at high and low concentrations
of log concentration probit assay for CrylAc and separ-
ately for Cry2Ab were pooled in F; generation and re-
sistance was sustained by adding Bt cotton seed powder
at 4 g per 70 ml diet. Further confirmation of resistance

Table 1 Infestation of Pectinophora gossypiella on flowers and green bolls of Bacillus thuringiensis cotton in India

States District Pink bollworm damage indices
Flower infestation (%) Green boll infestation (%)
Andhra Pradesh Prakasham 29.26 (6) 83 (4)
Telangana Adilabad 9.15 (18) 91.20 (5)
Maharastra Wardha 18.05 (7) -
Yavatmal 791 (7) 56.6 (19)
Jalna 1348 (5) 79 (4)
Guijarat Rajkot 6.63 (5) 60 (3)
Junagadh 3.09 (6) 69.60 (5)
Amreli 36 (7) 90 (2)
Vadodara 3.36 (10) 36 (4)

Note: Infestation of flowers and green bolls by field populations; the same populations which were survived on toxins log concentration probit assays was pooled
in F; and boll bioassays was performed in field for further confirmation of resistance; figures in parenthesis are number of fields sampledss
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Table 2 Susceptibility of Pectinophora gossypiella to Cry1Ac and Cry2Ab

Locations Hg/g of diet Slope + SE Resistance

LCso 95% fiducial limits ratio

Cry1Ac
Susceptible; 4 0.005 0.0003-0.02 0465 0.157 1
Rajkot (F) 0.018 0.00003-0.13 0422 £ 0.176 36
Junagadh (F) 0.132 0.01-049 0.839 + 0.274 264
Amreli (F) 0.016 0.0006-0.065 0.681 + 0.228 32
Jalna (F) 0.028 0.0003-0.154 0.599 + 0.236 56
Wardha (F) 0.007 0.00008-0.025 1.031 + 0437 14
Yavatmal (F) 0.017 0.0005-0.074 0.706 + 0.244 34
Rajkot (B) 1.859 0.257-68.3 0424 +0.173 3718

Cry2Ab
Susceptible; 4 0.003 0.0001-0.013 0.766 0.239 1
Adilabad (F) 0.086 0.009-0.312 0.624 + 0.221 28,67
Prakasham (F) 0.056 0.001-0.258 0535+ 0214 18.67
Wardha (F) 0.203 0.028-1.043 0571 £0.215 67.67
Yavatmal (F) 0.062 0.014-0.177 0.864 + 0.256 20.67
Jalna (F) 1.892 0.399-192.42 0.522 + 0224 630.67
Rajkot (B) 12.643 2.06-34502 0446 + 0.188 421433

Note: F populations from rosette flowers, B populations from bolls

in these survivals was verified by performing boll bio-
assay for their laboratory resistance and susceptibility on
BGII hybrid and non-Bt cotton bolls in open field condi-
tions to understand their survival and ability to cause
boll damage. Number of mines on epicarp of bolls (Fig.
1), observed for of susceptible larvae (Fi4; generation),
was 0.80 and 2.40 mines per boll on Bt and non-Bt,

respectively. On the other hand, resistant populations of
Mabharastra (F-L) CrylAc made a maximum number of
mines on epicarp (240 mines/ BGII boll). However,
number of mines in other populations did not differ
much for Bt and non-Bt cotton. Results presented in
Table 3 revealed that not single larvae of the susceptible
population survived on BGII cotton bolls that expresses
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sample means, and error bars are the standard error of the mean

Fig. 1 Number of mines on epicarp damaged by susceptible and resistant strains of Pectinophora gossypiella to Cry toxins. Bar heights represent
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Table 3 Survival of resistant and susceptible neonates of Pectinophora gossypiella on cotton bolls

Strains BG Il [mean + SE(M)]

NBt [mean + SE(M)]

Larval survival
(%)

Locule damage (%)

Larval survival
(%)

Locule damage (%)

Susceptible Fi44 0.00 £ 0.00 0.00 £ 0.00 38374 80 + 5.00
South India (F-H) Cry2Ab 24 + 400 30 +5.00 24 + 400 3167 + 486
Maharastra (F-H) Cry2Ab 32 +£490 70 £12.25 36 + 4.00 5833 +5.27
Gujarat (F-L) Cry1Ac 28 +4.90 45 + 500 24 + 400 45 £ 5.00
Gujarat (B-H) Cry2Ab 36 £748 70 £ 5.00 32+£490 60 +6.12
Maharastra (F-L) CryT1Ac 24+ 400 35+6.12 28 + 490 56.67 =890
Guijarat (B-L) Cry1Ac 20 £ 632 29 £ 534 32 +490 68.00 + 10.56

F populations from rosette flowers; boll bioassays were performed to confirm the survival of resistant and susceptible populations on Bt and non-Bt cotton in
open field. B populations from bolls; H survivals on high concentration, L survivals on low concentration, SE standard error

CrylAc and Cry2Ab. Whereas, the same population
survived up to 38% and indicated 80% locule damage
on non-Bt cotton bolls. The highest survival of 36%
on BGII bolls was accounted in the Gujarat (B-H)
Cry2Ab population, followed by Maharashtra (F-H)
Cry2Ab (32 %). The populations of Gujarat derived
from bolls and that survived at low concentration
clearly showed the difference by showing low survival
on BGII cotton bolls. Whereas, the highest survival of
resistant population on non-Bt cotton was observed
in Maharashtra (F-H) Cry2Ab which was 36%. The
per cent locule damage in green bolls infested by re-
sistant populations seems to be the highest for the
population of Maharashtra (F-H) Cry2Ab and Gujarat
(B-H) Cry2Ab to the extent of 70%, but the same
populations caused low locule damage of 58.33 and
60.00%, respectively, in non-Bt cotton. However, the
populations derived from survivals on low concentra-
tions produced low locule damage to the magnitude
of 29.00 to 45.00% on Bt cotton. All strains larvae
surviving high and low toxins concentrations, repre-
sentative of geographical location recorded larval sur-
vival ranging from 20 to 36% and locule damage of
29-70% on BGII green bolls. On non-Bt green bolls,
larval survival ranged from 24 to 36% and locule
damage ranged from 31 to 68%. The susceptible
strains recorded larval survival and locule damage of
zero per cent on BGII green bolls and 38 and 80% on
non-Bt green bolls. The larvae that survived both
high and low concentrations of the crylAc and
Cry2Ab toxin in the F; generation sourced from
flower or bolls caused mines on the epicarp and sur-
vived on bolls and caused locule damage as seen in
boll bioassays on BGII and non-Bt. The lab suscep-
tible strain causes mines, damages locules, and sur-
vives on non-Bt bolls while they caused 2.4 mines on
the boll epicarp, 80% locule damage, and 38% larval
survival on non-Bt bolls.

Discussion

The present work was carried out to understand the sur-
vival of PBW on Bt and non-Bt cotton. The PBW sur-
vival was first reported in a small patch of Gujarat in
2010 after 8 years of introduction of Bt cotton in India
(Dhurua and Gujar 2011). Subsequent studies from
Monsanto in 2010 confirmed resistance in PBW to
CrylAc. The propensity of PBW to evolve resistance to
CrylAc has already been reported (Bartlett 1995;
Tabashnik et al. 2006). Minimum infestation of flowers
by early populations of PBW in present study is in ac-
cordance with the earlier reports (ICAR-CICR Annual
Report 2015-2016, 2016-2017). The larval recovery
from bolls or flowers in south and central India is more
or less similar (Naik et al. 2018). Similarly, the green boll
damage observed in present study was not very different
from that in south and central India. More or less simi-
lar findings were reported by the following researchers
(Mohan et al. 2016; Kranthi 2015; ICAR-CICR Annual
Report 2016-2017). The PBW infestation to Bollgard
continued in Gujarat, and many Bollgard fields in the
adjoining states of Maharashtra and Madhya Pradesh
showed high-level infestation by the pest (Mohan et al.
2016; Naik et al. 2017). The infestation of green bolls in
different districts of Maharashtra, Gujarat, and Andhra
Pradesh on different BGII hybrids ranged from 8 to 98,
64-72, and 35-96%, respectively (ICAR-CICR Annual
Report 2016-2017). Increase in locule damage in the
Raichur area of Karnataka from 44.8% during 2001-
2002 to 62.6% in 2004—2005 has been recorded by Patil
et al. (2007). Previous surveys conducted from 2012 to
2014 reported significantly high survival of PBW on
BGII. Previous studies conducted clearly showed that
PBW developed resistance for two cry toxins deployed
in Bollgard-II (Kranthi 2015; Naik et al. 2018). Toxicity
of Cry2Ab against neonates of P. gossypiella (LCsq 0.051
pug ml™h; MICs, 0028 pg ml™') that was non-
significantly different from CrylAc (Muralimohan et al.
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2009). Laboratory selected Cry2Ab PBW populations
caused up to 420-fold cross-resistance to CrylAc, as well
as 240-fold resistance to Cry2Ab (Tabashnik et al. 2009).
Resistance to the tune of 18,000- to 150,000-fold in-
crease was observed to Cry2Ab in strain Bt4-R2 after
only 2 generations of laboratory selection (Fabrick et al.
2015). In the present study, a huge increase in resistance
was observed in late season populations of PBW from
Rajkot to both CrylAc and Cry2Ab, when compared to
early population. The differences could be speculated to
be due to early population being weak and sensitive to
cry toxins compared to late populations. Earlier workers
have observed that normally expression intensities and
efficacy of PBW infestation observed high during early
growth stages and have shown declined in later crop
growth stages (Greenplate 1999; Kranthi et al. 2005b;
Olsen et al. 2005). Kranthi et al. (2005a) also reported a
gradual decline in the level of CrylAc at 110 days after
sowing with respect to the age of the plant. Results of
boll bioassays conducted in present study is concomitant
with results of previous study by Tabashnik et al. (2002)
in greenhouse bioassay. CrylAc resistant PBW strain
survived equally well on transgenic cotton with CrylAc
and on cotton without CrylAc. Survival on Bt cotton
relative to that on non-Bt cotton was 40% (3.1% on Bt
cotton with CrylAc versus 7.8% on non-Bt cotton)
(Tabashnik et al. 2002). However, resistant strain from
Gujarat (B-H) Cry2Ab in the present study survived and
damaged on Bt cotton bolls when compared to non-Bt
cotton. It might be due to the strain representing sur-
vival on Cry2Ab high concentrations and possess strong
resistance. Mutations in a gene encoding a cadherin pro-
tein that binds Bt toxin CrylAc are associated with
field-evolved resistance of PBW to CrylAc produced by
transgenic cotton in India (Fabrick et al. 2014). Release
on non-Bt cotton bolls hampered the survival and ability
to cause damage reveals fitness costs involved in the
strain that needs further examination. Increased resist-
ance to CrylAc might be due to favorable conditions, in-
volving the quality of cotton plants or other
environmental factors that may tend to reduce the dif-
ference in survival between non-Bt and Bt cotton with
CrylAc for resistant larvae (Tabashnik et al. 2002). Min-
ings on epicarp were similar on Bt and non-Bt cotton
bolls, and this is in accordance with Liu et al. (2002),
where they reported that mining was affected by boll age
and diameter, not due to Bt toxin in bolls. The results
clearly indicated PBW resistance to CrylAc and Cry2Ab
in India has already reached peaks. In order to sustain
cotton production, it was necessary to find efficient al-
ternatives to overcome this serious problem that needs
strict implementation of certain the simplest and most
potent management strategies such as taking up of
timely sowing and cultivated early maturing short-
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duration genotype to escape field infestation. All other
management strategies such as late season pyrethroids
spray, use of semio chemicals, pheromone traps, bio pes-
ticides, biological control, removal of cotton stalks im-
mediately after third picking of cotton the animal
grazing of harvested fields and destruction of ginneries
waste that need to be followed in a community-based
approach (Naik et al. 2018). Such strategies would be
helpful in breaking insect life cycle during off seasons.
The strategies developed can be replicated in other af-
fected cotton growing states to contain loss caused by
pink bollworm in collaboration with state agricultural
department, state agricultural universities, and other
stakeholders.

Conclusion

Results revealed that none of the larvae from susceptible
populations survived on BGII bolls. Populations derived
from survivals on low concentrations produced the low-
est survival and locule damage on Bt cotton. Maximum
number of mines on epicarp was recorded by susceptible
population on NBt cotton. Resistant strain from Gujarat
(B-H) Cry2Ab in the present study survived and dam-
aged Bt cotton bolls when compared to non-Bt cotton.
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