TRANSGENIC PLANTS AND INSECTS

Survival and Development of Spodoptera frugiperda and
Chrysodeixis includens (Lepidoptera: Noctuidae) on Bt
Cotton and Implications for Resistance Management
Strategies in Brazil

RODRIGO J. SORGATTO,' ODERLEI BERNARDL' axp CELSO OMOTO ?

Environ. Entomol. 44(1): 186-192 (2015); DOI: 10.1093/ee/nvu018

ABSTRACT 1In Brazil, Spodoptera frugiperda (]. E. Smith) and Chrysodeixis includens (Walker) are
important cotton pests and target of control of Bollgard II (CrylAc/Cry2Ab2) and WideStrike (CrylAc/
Cryl1F) cotton technologies. To subsidize an insect resistance management program, we conducted labo-
ratory studies to evaluate the toxicity of these Bt cotton plants throughout larval development of S. frugi-
perda and C. includens. In bioassays with leaf disc, the efficacy of both Bt cotton plants against neonates
was >80% for S. frugiperda and 100% for C. includens. However, S. frugiperda larvae that survived on
Bt cotton had >76% of growth inhibition and stunting. In bioassays with S. frugiperda and C. includens
larvae fed on non-Bt near-isoline during different time period (from 3 to 18d) and then transferred to
Bollgard II or WideStrike leaves showed that larval susceptibility decreased as larval age increased. For
Bollgard II cotton, in all S. frugiperda instars, there were larvae that reached the pupal and adult stages.
In contrast, on WideStrike cotton, a few larvae in fifth and sixth instar completed the biological cycle.
For C. includens, some larvae in sixth instar originated adults in both Bt cotton plants. In conclusion,
Bollgard II and WideStrike cotton technologies showed high efficacy against neonates of S. frugiperda
and C. includens. However, the mortality of these species decreases as larval age increase, allowing insect

survival in a possible seed mixture environment and favoring the resistance evolution.
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Introduction

Spodoptera frugiperda (J. E. Smith, 1797) and Chryso-
deixis includens (Walker, 1857) (Lepidoptera: Noctui-
dae) are important defoliating pests of cotton
(Gossypium hirsutum L.) (Luttrell and Mink 1999, Jost
and Pitre 2002, Santos 2011). In Brazil, these pests
occur in crops throughout the year due to favorable
weather conditions and the intensification of crop
production system. On cotton, S. frugiperda causes de-
foliation and also attacks the reproductive structures
(Ali and Luttrell 1990, Luttrell and Mink 1999). C.
includens is a defoliating larva of crescent importance
in cotton because this crop is usually cultivated after
soybean, from where moths disperse to cause high
infestations (Santos 2011).

S. frugiperda and C. includens are currently con-
trolled with synthetic insecticides (Diez-Rodriguez and
Omoto 2001, Oliveira et al. 2010). However, the control
with insecticides is hard because larvae is less exposed
to the spray owing to its habit of remaining sheltered
under the cotton canopy, especially after the closed
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canopy (Santos 2011). Another control strategy is the
use of transgenic cotton that express insecticidal proteins
from Bacillus thuringiensis Berliner (Bt), which shows
broad-spectrum control of lepidopteran pests, especially
plants that express two Bt proteins (Greenberg et al.
2010, Akin et al. 2011). Among transgenic cotton plants,
Bollgard II (CrylAc/Cry2Ab2) and WideStrike (CrylAc/
CrylF) technologies demonstrate effective control of
S. frugiperda and C. includens in several studies in the
United States (Stewart et al. 2001, Adamczyk et al.
2008, Siebert et al. 2008, Sivasupramaniam et al. 2008,
Tindall et al. 2009, Greenberg et al. 2010, Akin et al.
2011). However, in Brazil the susceptibility of these
target pests to these cotton plants is unknown.

To understand the susceptibility of these target pests
to Bollgard II and WideStrike cotton is necessary to
subsidize an insect resistance management (IRM) pro-
grams. In this context, the main strategies include the
cultivation of refuge areas with non-Bt plants (Gould
1998, Tabashnik et al. 2009). In Brazil, there is a ten-
dency to use a seed mixed of Bt and non-Bt plants for
spatially arrangement of refuge. A positive aspect of
seed mix is that appropriate amount of a suitable refuge
variety is planted in each Bt field and also distributes
refuge plants relatively uniformly within Bt fields (Car-
roll 2012). However, a difficulty in adopting the seed
mix is the need to assume that inheritance of resistance
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is recessive and that larval mobility of target insects is
negligible (Mallet and Porter 1992, Tabashnik 1994,
Andow 2008). A recessive inheritance of resistance was
recently reported for S. frugiperda to CrylF maize in
Brazil (Farias et al. 2014). There is no report of resis-
tance of C. includens to Bt proteins.

Another aspect that should be considered in the seed
mixture strategy is the larval mobility. The larval mobility
of S. frugiperda on cotton occurs on the plant and be-
tween plants and increases throughout larval develop-
ment (Ali et al. 1990). For C. includens, the larval
mobility on cotton is unknown; however, it is widely ac-
cepted that larvae are mobile. The larval mobility can ex-
posed the target pests to subdoses of Bt proteins through
initial feeding on the Bt plant and subsequent feeding on
the non-Bt plant, not ingesting a sufficient amount of
toxin to cause mortality and vice versa (Andow 2008). In
addition, several studies report that susceptibility of tar-
get pests to Bt proteins decreases throughout larval de-
velopment (Ashfaq et al. 2001, Li et al. 2006, Armstrong
et al. 2011). Based on this, to subsidize an IRM program
and understand the value of Bollgard IT and WideStrike
cotton technologies for IPM in Brazil, we evaluated the
toxicity of these Bt cotton plants throughout larval devel-
opment of S. frugiperda and C. includens.

Materials and Methods

Populations. S. frugiperda population was collected
from a non-Bt corn area in Rio Verde, Goids, Brazil, in
2011 (17° 4753” S and 50° 51'41” W). C. includens
population was collected from a soybean area in Pauli-
nia, Sdo Paulo, Brazil (22° 45°40” S and 47° 09°15” W).
Both populations were kept in the laboratory for >4 yr
free of selective pressures to insecticides or Bt proteins.
Both populations were considered as our susceptible
reference in our studies. The species were reared on
artificial diet proposed by Greene et al. (1976) at a
temperature 25+ 1°C, 70+ 10% relative humidity,
and a photoperiod of 14:10 (L:D).

Cotton Plants. The following cotton plants were
used: Bollgard II (Event MON 15985, Monsanto do
Brazil Ltd.), that express CrylAc/Cry2Ab2 proteins,
WideStrike (Cultivar MXB-13 event 281-24-236/3006-
210-23, Dow AgroSciences Industrial Ltd.) with CrylAc/
CrylF proteins; and the respective non-Bt near-isolines
DeltaOpal and PhytoGen PSC 355. Cotton plants were
cultivated in a greenhouse in 12-liter plastic pots (four
plants per pot) with two parts of soil and one part of
plant substrate, during the summer of the 2012 season.

Leaf-Disc Bioassays. Bioassays with leaf-disc of
Bollgard II and WideStrike cotton were conducted in
the following sampling times: squaring, 14 d after squar-
ing, flowering, 14 d after flowering, and 28 d after flow-
ering. For the bioassays, fully expanded leaves from the
upper third of the plants were used. In the laboratory,
leaf discs (2.4 ¢cm in diameter) were cut using a metallic
cuter and placed on a gelled mixture of agar—water at
2.5% (1ml per well) in 12-well acrylic plates (Corning
Incorporated, Corning, NY). The leaf discs were sepa-
rated from the agar—water layer by a filter paper disc.
Later, one S. frugiperda or C. includens neonate (<24h
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old) was infested into each well using a fine brush. Plas-
tic film and the plate cover were used for sealing. The
plates were placed in a climatic chamber at temperature
27+ 1°C, 60 £ 10% relative humidity, and a photoper-
iod of 14:10 (L:D). The experimental design was com-
pletely randomized with 10 replicates per treatment or
species, being each replicate formed by 12 neonates. In
bioassays with S. frugiperda, the leaf disc was replaced
every 3d, and the final evaluation was performed on
the ninth day, when the mortality, weight, and instar of
surviving larvae were recorded. For C. includens, the
mortality was recorded 5d after leaf-disc infestation.
For both species, larvae showing no movement and lar-
vae shorter than 2.0 mm were considered dead. Mortal-
ity data on Bollgard II and WideStrike leaf-disc were
corrected based on the respective non-Bt near-isoline
(Abbott 1925). To determine the growth inhibition, the
surviving larvae in each replicate were weighed, and the
percentage of growth inhibition calculated from the
mean weight of larvae fed on non-Bt near-isoline. Stunt-
ing consisted of dead larvae plus survivors that did not
reach the third instar. Mortality, growth inhibition, and
stunting data on Bollgard II and WideStrike cotton
were compared with respective non-Bt near-isoline by
Mann-Whitney test (P < 0.05; PROC NPARIWAY, SAS
Institute 2000, Cary, NC).

Survival and Development of S. frugiperda and
C. includens on Bt Cotton. Bioassays were begun
when cotton plants reached flowering, when fully
expanded leaves were removed from the upper third of
plants. Larvae were fed with tissues of non-Bt near-iso-
line, and then transferred to Bollgard II or WideStrike
cotton at different time points (T): 3, 6, 9, 12, 15, and
18d (time point T3 to T18) or fed on non-Bt near-iso-
line (TC) or Bt cotton (TO) for their entire larval
period. The larvae was placed on insect-rearing cups
(100ml) containing a 10ml of a mixture of agar—water
(2.5%) and a filter paper. Each treatment was formed
by 50 neonate larvae (10 replicates of five larvae). Lar-
vae were transferred to the next treatment (T) and
fresh tissue provided every 3d, when the larval survival
was evaluated and head capsule widths for 10 previ-
ously identified larvae was measured. This procedure
was performed until pupation or complete mortality.
After pupation, the pupae were placed in glass tubes
(8.5cm in length by 2.5cm in diameter) containing fil-
ter paper that was moistened with distillated water
every 2d until emergence. The bioassays was con-
ducted in a climatic chamber at temperature 25 + 1°C,
60 = 10% relative humidity, and a photoperiod of 14:10
(L:D) h. The survival rate throughout larval develop-
ment, duration, and viability of the larval period, pupae
weight (at 24h old) and emergence rate were eval-
uated. The data were compared by Mann—Whitney
test (P<0.05) between two treatments and by
Kruskal-Wallis test (P <0.05) to more than two treat-
ments (PROC NPARIWAY, SAS Institute 2000).

Results

Leaf-Disc Bioassays. Neonates of S. frugiperda
exposed to Bollgard II leaves that express
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different sampling times. There were significant differences between Bt cotton and respective non-Bt near-isoline in all
sampling times (Mann—Whitney test, P < 0.05). DAS, days after squaring; DAF, days after flowering,

CrylAc/Cry2Ab2 insecticidal proteins had a significant
high mortality, ranging from 81 to 100% (in all sam-
pling times, P < 0.0001; Fig. 1A). In contrast, on non-
Bt near-isoline, the mortality was <14%. Although,
some S. frugiperda larvae survived on Bollgard II cot-
ton, they had a significant growth inhibition, ranging
from 82 to 93%. Only one sampling time of Bollgard II
cotton (14 d after squaring), ~7% of larvae reached the
third instar. At the same time, >69% of larvae fed on
non-Bt near-isoline reached the third instar. For C.
includens, complete mortality was detected on Bollgard
II cotton in all sampling times. On non-Bt near-isoline,
the mortality was <21% (Fig. 1B).

On WideStrike cotton that expresses CrylAc/CrylF
insecticidal proteins, there were a high mortality of .
frugiperda neonates, ranging from 96 to 100% (in all
sampling times, P < 0.0001; Fig. 1A). On non-Bt near-
isoline, the mortality was <21%. The S. frugiperda lar-
vae survivors on WideStrike cotton showed higher
growth inhibition (>76%), and <2% reach the third

instar. On non-Bt near-isoline, >70% of larvae reached
the third instar. In addition, WideStrike cotton showed
complete mortality of C. includens neonates in all sam-
pling times (Fig. 1B). In contrast, on non-Bt near-iso-
line the mortality was <19%.

Survival and Development of S. frugiperda and
C. includens on Bt Cotton. There were significant
differences in the survival of S. frugiperda ( %> = 54.06;
df=7; P<0.0001) and C. includens (U= 155.00;
z=23.99; P <0.0001) throughout larval development on
leaves of Bollgard II cotton. At 30d, when the final
evaluation was performed, from 8 to 22% of larvae up
to fourth instar survived when fed only on Bollgard II
cotton (TO) or when transferred to Bt cotton at 3, 6,
and 9d (T3-T9; Table 1). The surviving larvae on
Bollgard II cotton in these time points showed larval
period ranged from 32 to 35d, which represent a sig-
nificant increase of 5 to 10d when compared with lar-
vae, fed only on non-Bt near-isoline (TC). In addition,
larval viability and emergence on Bollgard II' cotton
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Table 1. Percentage of S. frugiperda survival on Bollgard II cotton throughout larval development

Time point” Feeding time % larval survival every 3d

% pupae” % adults”

on non-Bt (d)

0 3 6 9 12 15 18 21 24 2T 30

TC Al the time 100 92 8 84 8 82 8 76 74 72 72 66ab 64a
TO 0 100 44 18 12 12 10 10 10 10 10 8  4d 4d
T3 3 00 92 64 44 36 34 32 22 20 14 12 6d 6d
T6 6 00 9 88 78 62 60 54 46 40 28 22 10d 10d
T9 9 100 98 94 92 84 70 46 34 30 26 18 4d 4d
T12 12 00 91 89 89 s 83 70 61 53 4T 42 3de 34b
T15 15 00 94 94 9 90 8 75 63 61 53 53  4lbe 39ab
TIS 18 100 100 96 94 92 92 92 89 8 78 75 T 67a

“ Time point: TC, larvae fed only on non-Bt near-isoline; T0, larvae fed only on Bt cotton; and T3, T6, T9, T12, T15, T18, larvae fed during 3,
6,9, 12, 15, and 18d on non-Bt near-isoline and then transferred to Bt cotton. The italicized number shows the time and number of larvae that

were transferred to Bt cotton.

> Means followed by the same letter in a column are not significantly different by Kruskal-Wallis test (P < 0.05).

Table 2. Percentage of C. includens survival on Bollgard II cotton throughout larval development

Time point” Feeding time % survival every 3d % pupaeh % adults”
on non-Bt (d)
0 3 6 9 12 15 18
TC All the time 100 100 98 96 96 96 96 88a TTa
TO 0 100 0 - - - - - - -
T3 3 100 94 0 - - - - - -
T6 6 100 96 92 0 - - - — -
T9 9 100 96 90 86 18 0 - - -
T12 12 100 100 96 96 96 60 12 8b 8b

“ Time point: TC, larvae fed only on non-Bt near-isoline; T0, larvae fed only on Bt cotton; and T3, T6, T9, T12, larvae fed during 3, 6, 9, and
12 d on non-Bt near-isoline and then transferred to Bt cotton. The italicized number shows the time and number of larvae that were transferred

to Bt cotton.

» Means followed by same letter in a column are not significantly different by Mann—Whitney test (P < 0.05).

ranged from 4 to 10% (Table 1). After 12 and 15d on
non-Bt near-isoline (T12 and T15), there was a pre-
dominance of fifth instar, and >42% of larvae survived
when fed on Bollgard II cotton (Table 1). The larval
period of these survivors’ larvae ranged from 29 to
33d, and <40% of these larvae originated pupae and
adults. After 18d (T18) on non-Bt near-isoline, most of
S. frugiperda larvae were in sixth instar, and ~75% sur-
vived when fed on Bollgard II cotton. In these time
point, after 26d, 73 and 67% of larvae originated pupae
and adults, respectively (Table 1). The pupae weight
was significantly different among time points, ranging
from 111 to 182 mg,

For C. includens, there was no survival on Bollgard
IT cotton from neonates to fifth instar (TO-T9; Table 2).
Only larvae in sixth instar fed on non-Bt near-isoline
(T12), and then transferred to Bt cotton had 12% of
survival. The larval viability and emergence was 8%
(Table 2). In contrast, when fed only on non-Bt near-
isoline (TC), 88 and 77% of larvae originated pupae
and adults, respectively. Pupae weight of C. includens
on Bollgard II cotton (118 mg) was negatively affected
compared with those on non-Bt near-isoline (169 mg).

On WideStrike cotton, the survival of S. frugiperda
(=4329; df=7, P<0.0001) and C. includens
(U=149.00; z =3.36; P=0.0004) was also significantly
affected throughout larval development. When the final
evaluation was performed, S. frugiperda neonates fed
only on WideStrike cotton (T0) and larvae from first to

fifth instar transferred to Bt cotton at 3, 6, 9, 12, and
15d (T3-T15) showed <5% of survival (Table 3). With
the exception of 4% of larvae in fifth instar (T15), the
remaining surviving larvae in these time points did not
reach the pupae stage (Table 3). After 18d on non-Bt
near-isoline (T18), there was a predominance of sixth
instar, and when fed on WideStrike cotton, ~15% origi-
nated pupae and adults (Table 3). At the same time on
the non-Bt near-isoline (TC), 78 and 74% of larvae
pupated and originated adults, respectively. Pupae
weight was negatively affected only in those larvae fed
on WideStrike cotton at 15d (145 mg). In non-Bt near-
isoline, the pupae weight was ~180 mg.

For C. includens, the larval survival throughout
development on WideStrike cotton was similar to
observed on Bollgard II cotton. Only larvae (sixth
instar) fed on non-Bt near-isoline for 12d (T12) and
then transferred to WideStrike cotton showed 39% sur-
vival (Table 4). The survivors larvae showed 16d of
larval period, being similar of those fed only on non-Bt
near-isoline. However, the larval viability and emer-
gence on WideStrike cotton was <27%. In contrast,
88% of larvae originated to pupae and adults when fed
on non-Bt near-isoline (TC; Table 4). Pupae weight of
C. includens on WideStrike cotton (132 mg) was signifi-
cantly lightest of those on non-Bt near-isoline (170 mg).
In summary, the toxicity of Bollgard II and WideStrike
cotton technologies against S. frugiperda and C. inclu-
dens decreased as larval age increased.
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Table 3. Percentage of S. frugiperda survival on WideStrike cotton throughout larval development

Time point” Feeding time % larval survival every 3d % pupae" % adults”

on non-Bt (d)

0 3 6 9 12 15 18 21 24 27 30

TC All the time 100 96 92 88 88 88 86 86 86 86 84 78a T4a
TO 0 100 8 6 4 4 4 4 4 4 4 4 - -
T3 3 100 90 22 14 10 10 8 8 6 6 4 -
T6 6 100 91 91 39 16 16 14 12 10 6 4 - -
T9 9 100 95 93 92 41 16 12 10 8 6 2 - -
T12 12 100 98 95 96 96 44 16 10 8 8 2 - -
T15 15 100 95 95 89 89 85 51 8 4 4 4 4b 2b
T18 18 100 95 95 92 92 91 91 60 21 21 15 15b 13b

“ Time point: TC, larvae fed only on non-Bt near-isoline; T0, larvae fed only on Bt cotton; and T3, T6, T9, T12, T15, T18, larvae fed during 3,
6,9, 12, 15, and 18d on non-Bt near-isoline and then transferred to Bt cotton. The italicized number shows the time and number of larvae that

were transferred to Bt cotton.

> Means followed by the same letter in a column are not significantly different by Kruskal-Wallis test (P < 0.05).

Table 4. Percentage of C. includens survival on WideStrike cotton throughout larval development

Time point” Feeding time % survival every 3d % pupae" % adults”
on non-Bt (d)
0 3 6 9 12 15 18

TC All the time 100 98 96 96 96 92 88 88a 88a

TO 0 100 0 - - - - - - -

T3 3 100 98 0 - - - - - -

T6 6 100 96 94 0 - - - - -

T9 9 100 100 98 98 58 0 - - -

T12 12 100 100 98 94 92 77 39 27b 21b

“ Time point: TC, larvae fed only on non-Bt near-isoline; T0, larvae fed only on Bt cotton; and T3, T6, T9, T12, larvae fed during 3, 6, 9, and
12 d on non-Bt near-isoline and then transferred to Bt cotton. The italicized number shows the time and number of larvae that were transferred

to Bt cotton.

> Means followed by the same letter in a column are not significantly different by Mann—Whitney test (P < 0.05).

Discussion

Transgenic cotton plants expressing CrylAc/Cry2Ab2
(Bollgard II) and CrylAc/CrylF (WideStrike) exhibited
relative high efficacy against neonates of S. frugiperda
and C. includens. The efficacy in our study was similar
to those reported in several studies in the United States
(Stewart et al. 2001, Adamczyk et al. 2008, Siebert et al.
2008, Tindall et al. 2009, Greenberg et al. 2010, Arm-
strong et al. 2011, Akin et al. 2011). However, the toxic-
ity of Bollgard IT and WideStrike cotton technologies
decreased as larval age increased. In particular, S. frugi-
perda showed relative lower susceptibility to these Bt
cotton plants than C. includens. On Bollgard II, all fall
armyworm larval instars originated to pupae and adults,
with a significant increase after the fourth instar. On
the other hand, on WideStrike few S. frugiperda larvae
in fifth and sixth instar completed the biological cycle.
For C. includens, some larvae in sixth instar originated
adults when exposed to both Bt cotton plants. Larvae in
sixth larval instar have little time to feed before the
occurrence of pupation; not ingesting a lethal dose of
Bt proteins, and these affected directly the mortality
rate. A decrease of susceptibility in later larval instars
was reported on CrylAc-cotton for Heliothis virescens
(F) (Jenkins et al. 1993), Helicoverpa zea (Boddie)
(Halcomb et al. 1996), Trichoplusia ni (Hiibner) (Li
et al. 2007), and C. includes (Ashfaq et al. 2001).
According to Adamezyk et al. (2008), WideStrike cotton
was more efficacious against fall armyworm than

Bollgard 1I, and no neonate’s larvae successfully
pupated on CrylAc¢/CrylF cotton plants.

In general, survivors’ larvae of S. frugiperda and
C. includens on Bollgard II and WideStrike cotton had
a significantly increase in the larval period. This aspect
may play a role in IPM programs by increasing the
exposure on the plant to beneficial arthropods. In addi-
tion, S. frugiperda and C. includens survivors in these
Bt cotton plants originated pupae lightest of those on
non-Bt near-isoline. TIalcomb et al. (1996) also
reported reduced pupae weights when bollworm and
tobacco budworm were fed on CrylAc-cotton.

On Bollgard II cotton, the Cry2Ab2 expression in
terminal leaves is ~40-fold higher than CrylAc
(Greenplate et al. 2003), while that on WideStrike cot-
ton the expression of CrylF is up to 29-fold higher
than CrylAc (Siebert et al. 2009). This relative low
expression of CrylAc protein on Bollgard IT and Wide-
Strike cotton plants is because of the CrylAc-cotton
genotypes used to get these events, which already
showed low toxicity against S. frugiperda (Chitkowski
et al. 2003, Adamczyk and Gore 2004, Adamcezyk et al.
2008, Sivasupramaniam et al. 2008, Akin et al. 2011,
Armstrong et al. 2011) and C. includens (Ashfaq et al.
2001, Gore and Adamczyk 2004, Akin et al. 2011). In
contrast, CrylAc protein expressed on Bt soybean
(Intacta RR2 Pro) provides high efficacy against
soybean looper, but low toxicity for fall armyworm
(Bernardi et al. 2012, 2014). Therefore, the addition of
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Cry2Ab2 and CrylF proteins to CrylAc-cotton signifi-
cantly increased the control efficacy of S. frugiperda
and C. includens.

The survival and development of S. frugiperda and
C. includens on Bollgard II and WideStrike cotton
should be considered in IRM programs. From the
resistance management prespective, these Bt cotton
plants do not meet a basic assumption of the “pyramid
strategy;” high individual toxicity of each toxin against
same pest (Ives et al. 2011). Furthermore, the efficacy
of this strategy is reduced if Bt proteins present cross-
resistance. For CrylAc and Cry2Ab2, cross-resistance
was reported in some lepidopteran pests of cotton,
such as H. zea, H. virescens, and Pectinophora gossy-
piella (Saunders) (Brévault et al. 2013). In addition,
cross-resistance for CrylAc and CrylF was observed in
H. virescens and S. frugiperda (Gould et al. 1995, Her-
nandez-Rodriguez et al. 2013). These aspects can pro-
vide opportunity for heterozygous survival, and
consequently increase the probability of resistance
evolution.

The Brazilian cropping system is another aspect that
increases the potential risk for resistance evolution in
populations of S. frugiperda and C. includens. This
agricultural system is characterized for a successive and
intensive cultivation of corn, cotton, and soybean,
which express different Bt proteins, and exposes these
target pests to high selection pressure for resistance. In
this cropping system, S. frugiperda can complete up to
eight generations per year, two of them on cotton (Fitt
et al. 2006). For C. includens, the number of genera-
tions per year is unknown, but it is accepted that it is
more than five. Recently, a field-evolved resistance of
S. frugiperda to CrylF maize was documented in Bra-
zil (Farias et al 2014). The resistance of S. frugiperda
to CrylF maize could impair the efficacy of Bt cotton,
especially WideStrike, which expresses CrylAc/CrylF
proteins. For IRM, the use of large refuges areas is of
the strategies to delay or prevent the pest adaptation to
Bt plants (Andow et al. 2008).

In Brazil, because of the low adoption of structured
refuges, there the use “refuge in a bag,” which consists
of a seed mixture of Bt and non-Bt plants has been
considered as IRM strategy. However, we concluded
that the mortality of S. frugiperda and C. includens on
Bollgard II and WideStrike cotton technologies
decreases as larval age increase, allowing insect survival
in a possible seed mixture environment and favoring
the resistance evolution.
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