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Abstract

BACKGROUND: Plant bugs (Lygus spp.) and thrips (Thrips spp.) are two of the most economically important insect pest groups
impacting cotton production in the USA today, but are not controlled by current transgenic cotton varieties. Thus, seed or
foliar-applied chemical insecticides are typically required to protect cotton from these pest groups. Currently, these pests
are resistant to several insecticides, resulting in fewer options for economically viable management. Previous publications
documented the efficacy of transgenic cotton event MON 88702 against plant bugs and thrips in limited laboratory and field
studies. Here, we report results from multi-location and multi-year field studies demonstrating efficacy provided by MON 88702
against various levels of these pests.

RESULTS: MON 88702 provided a significant reduction in numbers of Lygus nymphs and subsequent yield advantage. MON
88702 also had fewer thrips and minimal injury. The level of control demonstrated by this transgenic trait was significantly better
compared with its non-transgenic near-isoline, DP393, receiving insecticides at current commercial rates.

CONCLUSION: The level of efficacy demonstrated here suggests that MON 88702, when incorporated into existing IPM programs,
could become a valuable additional tool for management of Lygus and thrips in cotton agroecosystems experiencing challenges
of resistance to existing chemical control strategies.
© 2018 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
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1 INTRODUCTION
Bollgard® cotton (Gossypium hirsutum L.), which expresses the
insecticidal Cry1Ac protein from Bacillus thuringiensis (Bt) (Berliner)
targeting certain lepidopteran pests, was first introduced in the
USA in 1996. Since then, additional transgenic traits targeting
specific coleopteran and lepidopteran pests have been introduced
in other major crops, including maize (Zea mays L.) and soybean
(Glycine max L). Currently there are an estimated 78.8M ha of
transgenic crops cultivated worldwide.1 Numerous benefits of
transgenic crops have been documented, including the reduction
in use of chemical insecticides2,3 and increased biological control
activity of natural enemies of crop pests.4–6

Cultivation of Bt-cotton coupled with successful eradication of
boll weevil (Anthonomus grandis Boheman) in the USA have con-
tributed to appreciably fewer insecticide applications, but plant
bugs (Hemiptera: Miridae) and thrips (Thysanoptera: Thripidae)
have emerged as pests of significant importance.7–11 The primary
plant bug species present in cotton fields include tarnished plant
bug (Lygus lineolaris Palisot de Beauvois), western tarnished plant
bug (L. hesperus Knight), cotton fleahopper (Pseudatomoscelis
seriatus Reuter), clouded plant bug (Neurocolpus nubilus Say), and
multiple species of stink bugs (Hemiptera: Pentatomidae). Among
these, L. lineolaris comprises up to 94% of the plant bugs sampled
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in the midsouthern region12 whereas the western USA is dom-
inated by L. hesperus.13 In recent years, the Lygus complex has
been the top-ranked pest complex of cotton in the USA, requiring
three spray applications per acre, which was the highest among
all insect pests.11 In 2015, Lygus caused the greatest crop losses
among all cotton insect pests (238 507 lost bales), with 42% of cot-
ton acres across the US Cotton Belt infested with Lygus. In the mid-
southern region, which includes parts of Tennessee, Mississippi,
Louisiana, Arkansas, and Missouri, 100% of the cotton acres were
infested with Lygus, leading to an average cost of $42.28 per acre
for five insecticidal sprays. The most severe losses were in the Delta
region, where Lygus cost an average of $64.68 per acre to treat
with six insecticide applications.11 In some areas, growers have
spent up to $100 per acre in foliar applications to achieve ade-
quate Lygus control.14 Most recently, increasing Lygus pressure has
also been observed in the southeastern region. In North Carolina,
Lygus-treated acres increased from 5% in 2009 to nearly 50% in
2015.

After the Lygus complex, thrips are the second most important
pest of cotton in terms of economic losses.11 Multiple species
of thrips infest seedling cotton in the USA, including tobacco
thrips (Frankliniella fusca Hinds), flower thrips (F. tritici Fitch), west-
ern flower thrips (F. occidentalis Pergande), onion thrips (Thrips
tabaci Lindeman), and soybean thrips (Neohydatothrips variabilis
Beach).15 In extreme cases, thrips infestations can result in 30–50%
of lint losses.10 Insecticide applications at planting, including
seed treatments or in-furrow granular or liquid sprays, have been
widely adopted options for thrips control. Under heavier pressure,
seed treatments can fail and foliar sprays are required to protect
cotton.16,17 In 2015, 81% of acres were infested with thrips across
the Cotton Belt in the USA suffering an estimated loss of 147 602
bales. In the midsouthern USA, 88% of cotton acres were infested
with thrips at an average treatment cost of $3.72 per acre. The
Delta region was affected the most, with 100% of cotton acres
infested and costing on average $6.48 per acre to growers for
treatment.11

The emerging resistance issues to key chemistries in Lygus and
thrips are rendering insecticides as a less sustainable manage-
ment option for these pests. For example, F. fusca is developing
resistance to the neonicotinoid insecticides,18 the most com-
monly used materials for control of thrips in the mid-south and
southeast, and susceptibility of L. lineolaris to pyrethroids19 and
acephate20 has reduced, especially in the mid-south. Thus, there
is an increasing need for new technologies to be incorporated
into integrated pest management (IPM) systems for these impor-
tant pests of cotton. Historically, efficacy of Bt proteins against
hemipterans such as Lygus has been elusive. One hypothesis
supporting limited Bt protein activity was thought to be due to
extra-oral digestion enabled by proteolytic enzymes released
during hemipteran feeding.21 This hypothesis was later debunked
by Brandt et al.22 when they demonstrated that Bt crystal proteins,
Cry1Ac and Cry2Ab, could be proteolytically processed in the
L. hesperus digestive system while remaining intact; however,
efficacy was not observed in this study.22 Later, a 35 KDs Bt crystal
protein belonging to the 𝛽 pore-forming family of bacterial toxins
and designated Cry51Aa2 (Accession GU570697)23 was reported
to negatively affect the survival and development of L. hesperus in
diet bioassays; however, the first transgenic cotton plants express-
ing this protein did not provide significant protection from Lygus
feeding.24 Optimization of this protein informed in part by protein
crystallography and modelling to identify limited amino-acid
substitutions led to multiple variants with increased insecticidal

activity against both L. hesperus and L. lineolaris.25 Previously,
one transgenic event expressing Cry51Aa2.834_16, designated
MON 88702, was documented to show protection against Lygus
and thrips in limited laboratory and field studies.25,26 Here, we
demonstrate results from additional field studies in develop-
ing this first-ever transgenic trait targeting Lygus spp. and thrips
(mainly Frankliniella spp.) and discuss its potential fit and projected
benefits as a new component of IPM in cotton agroecosystems.

2 MATERIALS AND METHODS
2.1 Efficacy trials with Lygus spp.
2.1.1 Field trials without Lygus-active insecticide sprays
These trials were conducted over three years from 2012 to 2014
in the midsouthern (Stoneville, MS, Marianna, AR, Lonoke, AR,
Winnsboro, LA) and southeastern (Rocky Mount, NC) regions
for L. lineolaris, and in the southwestern (Maricopa, AZ, Five
Points, CA) regions of the USA for L. hesperus. MON 88702 event
in DP393 varietal background (henceforth MON 88702) and its
non-transgenic near-isoline variety DP393, with similar agro-
nomic properties (henceforth DP393), seeds were treated with
Acceleron® (containing fungicides, the insecticide imidacloprid,
and the nematacide thiodicarb) and planted in eight 9.14 m long
rows with 96.5 cm row spacing. At each location, entries were
replicated four times in a randomized complete block design.
Standard local agronomic practices excluding insecticidal sprays
to control hemipteran insects were adopted. Lepidopteran pests,
when present, were managed following established recommen-
dations in the area with insecticides in the diamide class that are
not known to have activity against Lygus. Insect sampling was
initiated when the majority of plants had at least three squaring
nodes, with subsequent samplings at 7- to 10-day intervals for a
total of six to eight samplings throughout the season.

2.1.2 Field trials with Lygus-active insecticide sprays
These trials were conducted in 2014 at Stoneville, MS, Marianna,
AR, Jackson, TN, Winnsboro, LA, and Belvidere, NC, for L. line-
olaris and in Maricopa, AZ, for L. hesperus. Seeds were treated
with Acceleron® and planted in 9.14 m long rows with 96.5 cm
row spacing. Trials were planted in a split plot design with un
replicated main plot (treatment blocks named No Spray, Spray by
Entry, and Spray by Negative). Sub-plots were eight rows of MON
88702 or DP393 with three replications in each treatment block.
In the No Spray block, no insecticide to control Lygus was applied
during the season. In the Spray by Entry block, insecticides were
applied to an individual entry when the average of three reps of
that particular entry reached conventional economic thresholds
[ET]) of 3 Lygus/1.5 m for L. lineolaris27 or 15 Lygus/100 sweeps
for L. hesperus.28 In the Spray by Negative block insecticides were
applied to the entire block when the average of three reps of
DP393 in that block reached conventional ET for Lygus. The num-
bers of insecticide sprays required and the class of insecticide
applied varied across locations because of varying Lygus pressure.
The insecticides applied belonged to different classes, including
neonicotinoids, sulfaximines, flonicamid, pyrethroids, or tank
mixes of sulfaximines and organophosphate, sulfaximines and
carbamate, pyrethroids and neonicotinoids, organophosphate,
and pyrethroids. In locations where multiple spray applications
were made, insecticides of these classes were rotated as Lygus
have developed resistance to some of these chemistries.20,29–31 All
insecticides were applied at rates recommended by the respective
state extension department.
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2.1.3 Sampling for L. lineolaris
A drop-cloth method27 was used to sample L. lineolaris that
employed placing a drop cloth (76 × 91 cm) between two rows of
cotton and vigorously shaking plants from both rows over the drop
cloth (1.5 row-m per sample). Lygus were recorded as numbers of
adults, large nymphs (fourth to fifth instar), and small nymphs (first
to third instar). Two samplings were conducted at two different
locations within the plot at each sampling time. The sampling was
swapped between rows 2 and 3 in the first week and rows 6 and 7
the following week. No insect data were collected from two central
rows (rows 4 and 5) as those were preserved for yield estimation.
The insect counts from both samples were averaged for that plot
as numbers per 1.5 row-m.

2.1.4 Sampling for L. hesperus
A sweep-net method28,32 was used to sample L. hesperus that
employed sweeping a net (38-cm diameter) through the top of the
canopy for 20 sweeps and then counting the number of insects.
From each plot, L. hesperus were recorded as adults, large nymphs
(fourth to fifth instar), and small nymphs (first to third instar). Two
runs of 10 sweeps each with a total of 20 sweeps were taken
per plot; one subsample from either row 2 and 3 and the other
from row 6 and 7, switching to the alternate row each week. The
field-collected samples were placed in pre-labeled paper bags and
brought back to the laboratory where insects were identified and
enumerated.

2.1.5 Seedcotton yield
The two center rows (i.e. rows 4 and 5) were machine-harvested
at the end of the growing season to estimate yield. Resulting
seedcotton weights were first extrapolated to estimate pounds per
acre and then converted to kg ha−1.

2.2 Efficacy trials with thrips
Thrips trials were conducted in 2015 at 13 field sites located in Vir-
ginia (2), South Carolina (1), Georgia (1), Tennessee (2), Mississippi
(4), Louisiana (2), and Arkansas (1). Two trials each (one early
and one late planting date) were planted at locations in Suffolk VA,
Jackson, TN, and Stoneville, MS. MON 88702 and DP393 with and
without insecticide seed treatment and/or foliar insecticide
spray application were tested in a randomized complete block
design with four replications at each location. Seeds were treated
at commercial rates with either Acceleron (containing fungicides,
the insecticide imidacloprid, and the nematacide thiodicarb) or
Acceleron without insecticide seed treatment (containing fungi-
cides and the nematacide thiodicarb only). Planting dates varied
among locations in early to mid-May, and agronomic practices
were followed per standard recommendations for growing cotton
in that area. For plots receiving foliar insecticide spray, a foliar
application of Orthene (acephate @ 280 g ha−1 except at South
Carolina location, where Radiant (spinetoram) @ 140 g ha−1)
was applied at the 1–2 true leaf stage after the first evaluation.
Because thrips have a high reproductive rate and can quickly
increase numbers on a suitable host, evaluation of injury and sam-
pling for immatures were performed twice (1–2 and 3–4 true leaf
stages) during this critical period for proper trait evaluation. Thrips
injury was assessed using an injury rating scale of 0–5 where 0
is no damage, 1 is showing detectable visible injury to plant, 2 is
showing minor injury (slight crinkling and/or silvery appearance)
to the terminal bud and leaves, 3 is showing moderate injury
(considerable crinkling and/or silvery appearance) to the terminal

bud and leaves, 4 is showing severe injury (extensive crinkling
and/or silvery appearance) to the terminal bud and leaves with
some dead plants and aborted terminal buds, and 5 is showing
severe stunting, reduced leaf area, terminal bud abortion of most
plants, and plant death. Injury ratings were a composite of the
overall appearance of plots based on individual plant appearance.

2.2.1 Quantification and thrips species composition determination
Thrips were also collected at the 1–2 and 3–4 true leaf stages from
each location. Five or ten randomly selected plants from each plot
were cut or pulled from the ground and placed into a glass or
plastic jar (0.95 L) containing 50–70% ethyl or isopropyl alcohol.
Jars were brought back to the laboratory and thrips were rinsed
from the plants and/or jars onto filter paper. Numbers of immature
and adult thrips were counted for each plot using dissecting
microscopes. Adult thrips collected at each date of rating were
identified to species level,33 and percentage population of each
species for each location determined.

2.3 Statistical analyses
Lygus populations were categorized as relative to the Cooperative
Extension suggested ET for applying insecticide in each respective
region. In the midsouthern and southeastern regions, the ET is 3
Lygus (any stage)/1.5 row-m using the drop-cloth method. In the
Western region, the ET for L. hesperus is 15 total Lygus (including
4–8 nymphs)/100 sweeps using the sweep-net method. At each
location populations were categorized as low, medium, or high
pressure. Low pressure was characterized as Lygus counts being
below the ET throughout the season. Medium pressure was char-
acterized as Lygus counts being equal to or greater than one times
the ET but less than three times the ET at any given time during the
season. High pressure was characterized as counts being equal to
or greater than three times the ET at any time during the growing
season. Only the total numbers of nymphs (sum of small and large
nymphs) present at the time of sampling and seedcotton yield
were considered for efficacy evaluation. Total nymph numbers at
each sampling time and yield were pooled across similar pres-
sure categories and analyzed. Yield data were converted to kg ha−1

before analyses. The effect of transgenic trait (presence or absence)
and insecticide spray (presence or absence and interaction of trait
and spray in Lygus-active insecticide trials) on total nymph num-
bers and yield were evaluated using a generalized linear mixed
model (PROC GLIMMIX34). Where the interaction between trait and
spray was significant, the effect of the trait was analyzed separately
within each spray regime in insecticide spray trials. Means were
estimated using the LSMEANS statement and adjusted according
to Tukey’s HSD test (𝛼 = 0.05).34

Due to variation of natural thrips pressure at different field sites,
locations were categorized as low-, medium-, or high-pressure
sites. Low, medium, and high natural thrips pressure was defined
based on the greatest injury rating score recorded in any repli-
cation of the non-transgenic DP393 variety at that location. Low
thrips pressure corresponded to an injury rating < 2, medium
pressure corresponded to injury rating of ≥2 but <4, and high
pressure corresponded to an injury rating of ≥4. Thrips injury rat-
ings and immature thrips counts were used for efficacy evaluation.
Each of these parameters were analyzed separately for each time
point across high- and medium-pressure locations. There were no
low-pressure locations. The effects of transgenic trait (MON 88702
presence or absence), seed treatment (presence or absence), foliar
spray (presence or absence), and all possible interactions were
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Figure 1. Lygus lineolaris nymph counts and seedcotton yield in trials with no Lygus-active insecticides at Stoneville, MS, Marianna, AR, Lonoke, AR,
Winnsboro, LA, and Rocky Mount, NC, during 2012–2014. Means followed by different letters within each pressure category are significantly different
from each other at P < 0.05 (LSMEANS test). Data shown as mean ± SEM. Standard errors for nymphs are for total numbers of nymphs.

evaluated for statistical significance using PROC GLIMMIX. Means
were estimated using the LSMEANS statement and adjusted
according to Tukey’s HSD test (𝛼 = 0.05).34 Lygus spp. and thrips
adults were excluded from analyses as they are mobile and their
presence in a plot at time of sampling did not confirm their devel-
opment on that plant and could confound assessment of efficacy.

3 RESULTS
3.1 Lygus efficacy trials without Lygus-active insecticide
sprays
3.1.1 Efficacy against L. lineolaris at low-pressure locations
Two locations (Winnsboro, LA in 2012 and Lonoke, AR in 2014) met
the criteria of low Lygus pressure. Across these locations, differ-
ences for nymph counts or seedcotton yield were not statistically
significant between MON 88702 and DP393 (Fig. 1).

3.1.2 Efficacy against L. lineolaris at medium-pressure locations
Five locations (Lonoke, AR in 2012, Marianna, AR and Winns-
boro, LA in 2013, and Marianna, AR and Winnsboro, LA in 2014)
met the criteria of medium Lygus pressure. Across these loca-
tions, a 1.6-fold (39%) reduction in total nymph counts was
recorded on MON 88702 compared with DP393 (F = 12.37; d.f. = 1,
4; P = 0.025). The trait also had a significant effect on seedcotton
yield (F = 28.82; d.f. = 1, 4; P = 0.006) with a 1.3-fold (780 kg ha−1;
33%) increase in yield from MON 88702 compared with DP393
(Fig. 1).

3.1.3 Efficacy against L. lineolaris at high-pressure locations
Five locations (Stoneville, MS, Marianna, AR in 2012, Stoneville, MS
in 2013, Stoneville, MS, and Rocky Mount, NC in 2014) met the cri-
teria of high Lygus pressure. The greatest differences between

MON 88702 and DP393 were recorded at these high-pressure loca-
tions. The trait had a significant effect on total nymph counts
(F = 15.88; d.f. = 1, 4; P = 0.016), where 1.6-fold (39%) fewer Lygus
nymphs were recorded on MON 88702. Yield was also signifi-
cantly affected by the trait in these locations (F = 85.51; d.f. = 1, 4;
P = 0.016), with MON 88702 yielding 1.8-fold (1176 kg ha−1; 77%)
higher than DP393 (Fig. 1).

3.1.4 Efficacy against L. hesperus at low-pressure locations
One location (Maricopa, AZ in 2013) met the criteria of low Lygus
pressure. Under these conditions, differences for nymph counts or
seedcotton yield were not significant between MON 88702 and
DP393 (Fig. 2).

3.1.5 Efficacy against L. hesperus at medium-pressure locations
Three locations (Maricopa, AZ in 2012, and Five Points, CA in 2012
and 2013) met the criteria of medium Lygus pressure. Total nymph
counts were not significantly affected by the trait across these
locations, but yield was significantly affected by trait (F = 28.02;
d.f. = 1, 2; P = 0.0339), with 1.3-fold (998 kg ha−1; 34%) higher yield
from MON 88702 compared with DP393 (Fig. 2).

3.2 Lygus efficacy trials with Lygus-active insecticide sprays
3.2.1 Efficacy against L. lineolaris at medium-pressure locations
One location (Winnsboro, LA) met the criteria of medium Lygus
pressure (Fig. 3). Interaction between trait and insecticide spray
had a significant effect on total nymph counts (F = 5.25; d.f. = 2,
12; P = 0.023) but trait did not show a significant effect in the
Spray by Entry and Spray by Negative blocks when each spray
regime was analyzed separately. Interaction of trait and spray did

wileyonlinelibrary.com/journal/ps © 2018 The Authors. Pest Manag Sci 2019; 75: 867–877
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Figure 2. Lygus hesperus nymph counts and seedcotton yield in trials with no Lygus-active insecticides at Maricopa, AZ and Five Points, CA, during
2012–2014. Means followed by different letters within each pressure category are significantly different from each other at P < 0.05 (LSMEANS test). Data
shown as mean ± SEM. Standard errors for nymphs are for total numbers of nymphs.

Figure 3. Lygus lineolaris nymph counts and seedcotton yield in trials with Lygus-active insecticides at Stoneville, MS, Marianna, AR, Jackson, TN, Winnsboro,
LA, and Belvidere, NC, during 2014 (numbers in parentheses next to MON 88702 and DP393 indicate the numbers of insecticide applications). Means
followed by different letters within each pressure category are significantly different from each other at P < 0.05 (LSMEANS test). Data shown as mean ± SEM.
Standard errors for nymphs are for total numbers of nymphs.

not show a significant effect on yield, but a significant increase in
yield by spraying with insecticide (F = 10.80; d.f. = 2, 4; P = 0.024)
and presence of trait (F = 6.95; d.f. = 1, 6; P = 0.039) was recorded.

In the No Spray block, a 2.5-fold (60%) reduction in total nymph
counts was recorded on MON 88702 compared with DP393; how-
ever, the yield advantage of MON 88702 was not significant in this
block. In the Spray by Entry block, two sprays were applied on
MON 88702 whereas DP393 required three sprays. An average of

3.0 spray applications were made on MON 88702 and DP393 in the
Spray by Negative block. Significant differences were not detected
for either total nymph counts or yield between MON 88702 and
DP393 in these blocks (Fig. 3).

3.2.2 Efficacy against L. lineolaris at high-pressure locations
Four locations (Belvidere, NC, Jackson, TN, Marianna, AR,
and Stoneville, MS) met the criteria of high Lygus pressure.

Pest Manag Sci 2019; 75: 867–877 © 2018 The Authors. wileyonlinelibrary.com/journal/ps
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Figure 4. Lygus hesperus nymph counts and seedcotton yield in trial with Lygus-active insecticides at Maricopa, AZ, during 2014 (numbers in parentheses
next to MON 88702 and DP393 indicate the numbers of insecticide applications). Means followed by different letters are significantly different from each
other at P < 0.05 (LSMEANS test). Data shown as mean ± SEM. Standard errors for nymphs are for total numbers of nymphs.

Across these locations, interaction between trait and insecticide
spray had a significant effect on total nymph counts (F = 9.08;
d.f. = 2, 6; P = 0.015) but trait did not show a significant effect
in the Spray by Entry and Spray by Negative blocks when each
spray regime was analyzed separately. Yield analyses also showed
significant effects of trait and spray interaction (F = 6.31; d.f. = 2,
6; P = 0.033) (Fig. 3). Trait also showed a significant effect on yield
in the Spray by Negative block (F = 12.41; d.f. = 1, 3; P = 0.039)
but not in the Spray by Entry block when each spray regime was
analyzed separately.

In the No Spray block, a 1.9-fold (48%) reduction in total nymph
counts was recorded on MON 88702 compared with DP393. A
2.1-fold (1550 kg ha−1; 115%) yield advantage was also recorded
for MON 88702 in this block. In the Spray by Entry block, MON
88702 received 2.8 sprays with a 1.6-fold (38%) reduction in total
nymph counts compared with DP393, which received 3.3 sprays.
A 1.3-fold (749 kg ha−1; 29%) yield advantage was recorded for
MON 88702 in this block. In the Spray by Negative block, where an
average of 3.3 sprays was applied on both MON 88702 and DP393,
a 1.8-fold (43%) reduction in total nymph counts and a 1.3-fold
(882 kg ha−1; 30%) yield advantage were recorded for MON 88702.
MON 88702 had as few nymphs in the No Spray block as DP393 had
in blocks where it received 3.3 spray applications for Lygus control.
Also, the yield of MON 88702 in the No Spray block was as high as
DP393 receiving 3.3 sprays (Fig. 3).

3.2.3 Efficacy against L. hesperus at medium-pressure location
Maricopa, AZ was a medium-pressure location (Fig. 4). The inter-
action between trait and spray did not have a significant effect on
total nymph counts and yield at this location. Only trait showed
a significant effect on total nymph counts (F = 8.58; d.f. = 1, 8;
P = 0.019) and yield (F = 8.36; d.f. = 1, 6; P = 0.028).

In the No Spray block, a 1.7-fold (40%) reduction in total nymph
counts was recorded for MON 88702 compared with DP393; how-
ever, the yield advantage of MON 88702 was not significant in
this block. In the Spray by Entry and Spray by Negative blocks,
both MON 88702 and DP393 received one insecticide application
each and significant differences were not detected for either total
nymph counts or yield between MON 88702 and DP393 in these
blocks (Fig. 4).

3.3 Thrips efficacy trials
3.3.1 Efficacy against thrips at medium-pressure locations
Five locations (Blackville, SC, Sidon, MS, St Joseph, LA, and both
early and late planted trials at Stoneville, MS) met the criteria
of medium thrips pressure (Fig. 5). At the 1–2 leaf stage, trait
showed a significant effect on thrips injury (F = 21.53; d.f. = 1, 4;
P = 0.009). The presence of seed treatment did not show addi-
tional reduction in injury on DP393 or MON 88702 when there
was low pressure during the first rating (Fig. 5(A)). Counts of imma-
ture thrips were also affected by the trait (F = 11.96; d.f. = 1, 4;
P = 0.026). DP393 without seed treatment had the highest thrips
counts and MON 88702 with seed treatment had the lowest thrips
counts. In the presence of seed treatment, numbers were reduced
significantly on DP393 compared with DP393 without seed treat-
ment. Thrips numbers were very low on MON 88702 with and with-
out insecticide seed treatment (Fig. 5(B)).

By the 3–4 leaf stage, injury increased to medium-pressure
levels on DP393, whereas there was no increase in injury on MON
88702 (Fig. 5(C)). Three-way interactions of trait, seed treatment,
and foliar spray were not significant. Two-way interactions of trait
and seed treatment showed significant effect on thrips injury
(F = 17.24; d.f. = 1, 4; P = 0.014). DP393 without seed treatment
or foliar spray had the greatest injury while MON 88702 in the

wileyonlinelibrary.com/journal/ps © 2018 The Authors. Pest Manag Sci 2019; 75: 867–877
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.



873

Bt cotton controls plant bugs and thrips www.soci.org

Figure 5. Ratings of cotton injury from thrips (A,C) and counts of immature thrips (B,D) across five medium-pressure locations in Blackville, SC, Sidon, MS,
St Joseph, LA, and Stoneville, MS, during 2015. Means followed by different letters in each graph are significantly different from each other at P < 0.05
(LSMEANS test). Data shown as mean ± SEM.

presence of foliar spray had the least injury. The presence of
seed treatment, foliar spray, or both significantly reduced injury
on DP393, whereas injury on MON 88702 even without these
additional treatments remained as low as DP393 that received
both seed treatment and foliar spray (Fig. 5(C)). No two-way or
three-way interaction affected immature counts. Counts of imma-
ture thrips were highly variable on DP393 across locations, and
analysis did not detect significant differences across treatments
or treatment combinations; however, numerical differences were
obvious, with the highest on DP393 without seed treatment or
foliar spray and the lowest on MON 88702 in the presence of
seed treatment. A trend for reduction in counts on both DP393
and MON 88702 was recorded in the presence of seed treatment
and/or foliar spray (Fig. 5(D)).

3.3.2 Efficacy against thrips at high-pressure locations
Eight locations (Starkville, MS, Tifton, GA, Winnsboro, LA, Marianna,
AR, and both early and late planted trials at Jackson, TN and Suffolk,
VA) met the criteria of high thrips pressure (Fig. 6). At the 1–2
leaf stage, trait and seed treatment interaction showed significant
effect on thrips injury (F = 12.25; d.f. = 1, 7; P = 0.009). The greatest
injury was recorded on DP393 without seed treatment and the
least on MON 88702 with seed treatment (Fig. 6(A)). The presence
of seed treatment benefited both DP393 and MON 88702, as injury
was significantly reduced on both in its presence. MON 88702
without seed treatment had significantly lower injury than DP393
with seed treatment (Fig. 6(A)). Abundance of immature thrips
was affected by trait at the 1–2 leaf stage (F = 6.15; d.f. = 1, 7;

P = 0.042). DP393 without seed treatment had the highest counts
of immature thrips and MON 88702 with a seed treatment had the
lowest counts (Fig. 6(B)). There was a trend for lower thrips counts
on both DP393 and MON 88702 in the presence of seed treatment.
MON 88702 without seed treatment had thrips counts as low as
DP393 with seed treatment (Fig. 6(B)).

By the 3–4 leaf stage, injury on DP393 had increased, but
no increase in injury was recorded on MON 88702 (Fig. 6(C)).
Three-way interactions of trait, seed treatment, and foliar
spray were not significant. Injury was significantly affected by
two-way interaction of trait and seed treatment (F = 9.47; d.f. = 1,
7; P = 0.0178) and trait and foliar spray (F = 9.58; d.f. = 1, 7;
P = 0.0174). DP393 without seed treatment or foliar spray had the
greatest injury, and MON 88702 in the presence of seed treatment
plus foliar spray had the least injury recorded (Fig. 6(C)). DP393
benefited from the presence of seed treatment, the foliar spray, or
both, and a trend for lower injury was also recorded for MON 88702
with these additional treatments. Under this high pressure, MON
88702 without seed treatment or foliar spray had significantly
lower injury than DP393 receiving both seed treatment and foliar
spray (Fig. 6(C)). No two-way or three-way interaction affected
immature counts. Counts of immature thrips were significantly
affected by trait (F = 7.01; d.f. = 1, 7; P = 0.0330) at the 3–4 leaf
stage. MON 88702 without seed treatment and foliar spray had
as few thrips as DP393 with both seed treatment and foliar spray
(Fig. 6(D)). Application of foliar spray on MON 88702 showed
a trend for a decrease in counts, but counts were significantly
reduced when seed treatment or a combination of seed treatment
plus foliar spray were present (Fig. 6(D)).
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Figure 6. Ratings of cotton injury from thrips (A,C) and counts of immature thrips (B,D) across eight high-pressure locations in Starkville, MS, Tifton, GA,
Winnsboro, LA, Marianna, AR, Jackson, TN, and Suffolk, VA, during 2015. Means followed by different letters in each graph are significantly different from
each other at P < 0.05 (LSMEANS test). Data shown as mean ± SEM.

3.3.3 Thrips species composition in 2015 thrips trials
In most locations with medium pressure of thrips, more F. fusca
were present than other species, except for first collections at St
Joseph, LA (dominated by F. occidentalis), and both collections
at Blackville, SC (dominated by F. tritici). Across four locations
with medium pressure of thrips on first collection, a total of 160
adults were identified, and F. tritici was the most abundant species,
followed by F. fusca and F. occidentalis. For the second collection,
a total of 216 adults were identified, which were dominated by F.
fusca followed by F. tritici and F. occidentalis (Table 1).

At eight locations with high pressure of thrips, F. fusca was
always the most abundant species. Across these locations, 758 and
1394 adults were identified from the first and second collections,
respectively. The most abundant species was F. fusca followed by
F. tritici at both collection times (Table 1).

4 DISCUSSION
These studies describe field efficacy of a Bt protein against two
important insect pest complexes of cotton, Lygus spp. and mainly
Frankliniella spp., that are not the targets for current commercial
transgenic traits. These studies were conducted across the Cot-
ton Belt of the USA at sites representing varying degrees of nat-
ural insect pressure, and with or without insecticide treatments to
demonstrate the potential fit of this new trait in current manage-
ment strategies.

4.1 MON 88702 provides Lygus protection
Significant reductions in Lygus numbers due to MON 88702 have
previously been documented in cage studies with high densities
of Lygus,25,26 but yield data were not recorded in those studies.
Populations of Lygus during the season are considered significant
factors affecting yield;35 however, not all life stages of Lygus are
equally damaging. Like stink bugs,36 larger Lygus nymphs are con-
sidered more damaging to cotton than small nymphs.37 Therefore,
we differentiated Lygus nymphs into small (first to third instar) and
large (fourth to fifth instar) in these studies. MON 88702 always had
fewer large nymphs than the DP393 negative control (Figs 1–4),
but high counts of small nymphs were also recorded on MON
88702. This result was expected, as the insecticidal Bt proteins usu-
ally require a longer interval than the conventional insecticides to
cause lethal effects.38 It is highly probable that most of the small
nymphs recovered in these trials were not actively feeding at the
time of sampling and were not impacting yield negatively. Also,
continued oviposition by immigrating adults likely contributed to
the abundance of smaller nymphs on MON 88702. Overall, the
Lygus counts and yield data reported here, although in small-plot
test scenarios, show a proportional advantage of this Bt trait. MON
88702 demonstrated the highest reduction in counts of L. line-
olaris and yield advantages (77% and 115%; Figs 1 and 3) over
DP393 under high pressure. With L. lineolaris counts decreasing to
medium pressure levels, the yield advantage over DP393 was also
lowered (33%, 21%) and it further decreased to 7% under low pres-
sure (Figs 1 and 3). For L. hesperus, high pressure was not achieved
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Table 1. Thrips species composition in cotton at various trial locations (Suffolk, VA, Tifton, GA, Blackville, SC, Winnsboro, LA, St Joseph, LA, Starkville,
MS, Sidon, MS, Stoneville, MS, Jackson, TN, Marianna, AR) in 2015

Species composition (%)

Thrips Pressure # locations Collection stage Total adults F. fusca F. tritici F. occidentalis N. variabilis Other thrips

Medium 5 1–2 leaf 160 28.12 40.00 21.88 10.00 0.00
5 3–4 leaf 216 59.72 18.52 11.11 10.19 0.46

High 8 1–2 leaf 758 77.70 13.59 5.54 2.90 0.26
8 3–4 leaf 1394 80.27 11.91 5.67 1.72 0.43

at either location but MON 88702 demonstrated yield advantages
(34%, 23% under medium pressure and 12% under low pressure;
Figs 2 and 4).

4.2 MON 88702 can supplement existing insecticide-based
management strategies for Lygus
Currently, insecticide sprays are the primary management tactic
for Lygus, and often multiple applications throughout the season
are required. Sometimes, especially under high Lygus pressure in
the midsouthern USA, even weekly insecticide applications do
not provide adequate control.35 Lygus have developed insecticide
resistance to multiple classes of insecticides20 and managing Lygus
with a rotation of chemistries is becoming a challenge. In the Spray
by Entry block in the insecticide trials, a spray regime was followed
that would normally be practiced by many growers following the
conventional thresholds established in their areas. Though Lygus
numbers reached above conventional threshold on MON 88702,
it required fewer sprays and produced higher yields, especially
under high pressure from L. lineolaris. Significant interactions
between spray and trait indicated that MON 88702 also benefited
from insecticide sprays, as indicated by yield responses in the
Spray by Entry and Spray by Negative blocks. Interestingly, the
yield of MON 88702 without any spray treatments (No Spray block)
was comparable to when it received 2.8 sprays (Spray by Entry
block) and to DP393 receiving 3.3 spray applications (Spray by
Entry and Spray by Negative blocks), suggesting a reduced need
for insecticides and thus potential adjustments of spray threshold
recommendations for MON 88702. The same was true for trials
under medium pressures, where MON 88702 with 2 sprays (Spray
by Entry block) compared well with 3 sprays on DP393. Though
application of 2 or 3 sprays on MON 88702 significantly increased
yield, seedcotton yield of MON 88702 without sprays was com-
parable to DP393 receiving 3 sprays (Fig. 3). Trends for increased
yield were also recorded for L. hesperus, though data were limited,
with only one location under medium pressure (Fig. 4).

4.3 MON 88702 provides thrips protection
Cotton maturity is impacted by several factors, including plant-
ing date, varietal maturity, nitrogen rate, irrigation management,
and early season pest management of which thrips are the most
important.14 Unlike other regional pests of cotton, thrips are a
widespread annual pest throughout much of the Cotton Belt in
the USA.11 There are several species of thrips infesting cotton,
and among them F. fusca is the most abundant species at most
southern locations as documented in this and previous studies.39,40

Damage to cotton is caused by direct feeding of adult and larval
thrips. Adult thrips disperse into cotton as wild hosts near cotton
fields start senescing. The mere presence of an adult on a cotton
plant does not necessarily suggest the need for treatment. The

best indicators of a need for thrips control in the midsouthern and
southeastern regions are the presence of immature thrips along
with injury symptoms on newly emerging leaves up to the first fifth
true leaf.10 Usually, signs of plant injury and at least one immature
thrips per plant are thresholds for thrips treatment in most south-
ern cotton-growing states.10 Our research focused on these two
parameters during the most critical period in cotton plant phenol-
ogy for susceptibility to thrips. We recorded a marked increase in
both injury and/or immature numbers on DP393 from the 1–2 to
the 3–4 true leaf stages, indicating continued build-up of thrips
populations in our trial fields (Figs 5 and 6). However, plots with
MON 88702 were nearly free of injury symptoms, suggesting thrips
protection by the trait.

4.4 MON 88702 can supplement existing insecticide-based
management strategies for thrips
Currently, insecticide seed treatments are the most convenient
and adopted option for thrips control and are considered an inte-
gral component of cotton IPM programs across many regions
of the Cotton Belt. The neonicotinoid insecticides, such as thi-
amethoxam and imidacloprid, have been the primary seed treat-
ment tools for thrips control even with resistance to this class
of insecticide.18 When the incidence of thrips infestation is high,
and seed treatments do not provide sufficient control, grow-
ers usually apply at least one supplemental foliar spray. We also
included these standard practices in our studies reported here.
Though DP393 with insecticide seed treatment had fewer imma-
ture thrips at first sampling in locations with medium pressure,
this advantage did not translate into lower injury on DP393 (Fig. 5).
The benefit of insecticide seed treatment in terms of fewer imma-
tures and corresponding reduction in injury on both DP393 and
MON 88702 was more obvious at locations with high pressure
from thrips during the 1–2 true leaf stage (Fig. 6). By the 3–4 true
leaf stage, injury ratings and numbers of immatures on DP393
remained above conventional thresholds, despite receiving a foliar
spray application, but injury on MON 88702 remained minimal.
The addition of a seed treatment and a foliar spray on MON 88702
showed a trend for decreased numbers of thrips and injury, sug-
gesting this trait can also benefit from these additional treatments.
At locations with high pressure from thrips, immature thrips were
present on MON 88702 during the first sampling, and their num-
bers increased by the second sampling, but that did not result in
a corresponding increase in injury on MON 88702. These obser-
vations are not surprising as the immatures observed are most
likely the result of a continuous influx of adults into test fields,
deposition of eggs, and larval hatch. The lack of increase in cor-
responding injury strengthens our previous understanding that
transgenic traits take a relatively longer time to cause mortal-
ity, and those immatures are not likely to be causing feeding
injury.38

Pest Manag Sci 2019; 75: 867–877 © 2018 The Authors. wileyonlinelibrary.com/journal/ps
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.



876

www.soci.org W Akbar et al.

MON 88702 demonstrated less thrips injury when compared
with DP393 receiving the standard commercial insecticide treat-
ments. Under medium thrips pressure, DP393 required at least a
seed treatment or a combination of both seed treatment and foliar
spray to decrease injury to levels recorded on MON 88702 without
seed treatment or foliar spray. Under high pressure, even without
these additional treatments, MON 88702 exhibited significantly
lower injury than DP393 receiving both seed treatment and foliar
spray. These data support the notion that MON 88702 can become
a valuable management tool along with existing chemical-based
strategies during critical stages of cotton phenology, especially in
areas facing considerable thrips problems.

4.5 Potential impact of MON 88702 for cotton IPM
For much of the Cotton Belt, ensuring early maturity is key for eco-
nomic production of cotton as delays in maturity caused by thrips
and weather issues render young plants stressed and more
vulnerable to plant bugs and other pest problems for a longer
period, thus leading to increased yield losses. Because chem-
ical insecticides are currently the only option available, more
insecticide sprays are required to manage plant bugs in areas
with thrips problems. The early season protection demonstrated
by MON 88702 can help maintain normal healthy cotton devel-
opment, which ultimately could benefit protection from Lygus
spp. damage and further reduce the need for insecticides. Though
imidacloprid treatment of DP393 seed showed benefit at most
locations in our studies, resistance to this class of insecticides
is reported in these locations in F. fusca.18,41 Without addition
of newer seed treatments in current management options,
growers must resort to previously abandoned in-furrow sprays
of broad-spectrum insecticides or foliar insecticide use patterns,
both which can negatively affect beneficial insect species in cotton
agroecosystems.42

Though additional large-scale studies are warranted, the data
presented here suggest that the ET, a determinant for insecticide
application, could possibly change for both Lygus and thrips on
MON 88702 and further lessen the need for foliar sprays. This
reduction in use of chemical insecticides can preserve the biolog-
ical control activity of beneficial insects in cotton fields4,43–45 and
thus decrease the chances of secondary pest outbreaks, such as
spider mites, which have been shown to flare with more sprays.27

Because Bt-based traits have a different mode of action to chem-
ical insecticides, cross-resistance is not likely to occur46 and the
introduction of a trait accompanied by proper management will
be valuable in dealing with the incidence of resistance in these
pests. MON 88702 will be stacked with other transgenic traits
providing protection against lepidopteran pests and tolerance to
herbicides for implementing an effective system approach in cot-
ton IPM. Additional studies will determine strategies to manage
resistance to MON 88702 and other transgenic traits in all target
insect pests of the final stack product.

CONCLUSIONS
Using the criteria of season-long nymph counts and yield for Lygus,
and leaf injury and counts of immature thrips during the 1–4 true
leaf stages, a clear advantage of MON 88702, especially under
high infestation levels of these pests, was demonstrated. Counts of
Lygus (especially large nymphs) were lower on MON 88702, which
resulted in significant yield protection and advantages. Unsprayed
MON 88702 yielded as high as its non-transgenic near isoline

DP393 receiving multiple applications of insecticide sprays. Plots
of MON 88702 were also nearly free of thrips injury and below
conventional ET during the most critical time in cotton phenology.
Untreated MON 88702 outperformed non-transgenic DP393 that
received the commercial standard of seed treatment plus one
foliar spray targeting thrips. Such a level of efficacy suggests
that MON 88702, when incorporated into existing IPM programs,
could become an important tool for management of Lygus and
thrips in cotton agroecosystems, especially where the success of
IPM programs is becoming a challenge with existing chemical
control strategies. The development of a transgenic trait with
field-demonstrated efficacy for hemipteran and thysanopteran
pests of cotton is a breakthrough which can open avenues for
the development of such traits for similar pests in other cropping
systems as well.
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