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Abstract

BACKGROUND: The pyramided genetically modified maize (Zea mays [L.]) event MON 95379, expressing the Cry1B.868 and
Cry1Da_7 proteins, was designed to protect against larval feeding damage by the fall armyworm, Spodoptera frugiperda
(FAW). Here, we conducted laboratory, greenhouse, and field studies to assess the dose and field efficacy of MON 95379 against
FAW and inform the development of insect resistance management plans.

RESULTS: The Cry1B.868 and Cry1Da_7 proteins were active against susceptible FAW neonates in diet-incorporation bioassays:
median lethal concentration [LCs,] (95% Cl) = 62.8 (42.6-87.6) ng/ml diet for Cry1B.868 and 9.4 (5.3-18.6) ng/ml diet for
Cry1Da_7. In laboratory leaf disc bioassays, MON 95379 maize and experimental maize lines expressing the individual compo-
nents were effective in controlling susceptible FAW. In whole-plant assays, MON 95379 controlled FAW resistant to the
Cry1A.105 and Cry2Ab2 proteins. Likewise, under field conditions, MON 95379 maize expressing Cry1B.868 and Cry1Da_7
was highly effective at protecting plants against the larval feeding of FAW.

CONCLUSIONS: The expression of Cry1B.868 and Cry1Da_7 in MON 95379 consistently protected maize plants against larval
feeding by FAW and represents an alternative to manage trait resistance issues in South America.

© 2021 Bayer Crop Science-US. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical
Industry.

Supporting information may be found in the online version of this article.
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1 INTRODUCTION reproductive capacity, multivoltinism (multiple generations per
year) and polyphagy?*' of FAW all contribute to its status as a
major global pest of maize.>”'"'31> FAW causes extensive injury
in the maize whorl as well as eventual direct damage to the ear,
resulting in yield reductions ranging from 21% to 73%.'®"” In
addition, late FAW instars can behave as cutworms leading to

The fall armyworm, Spodoptera frugiperda (FAW), is an insect
indigenous to the western hemisphere’ that has long been con-
sidered a pest of maize and other economically important crops.
FAW is a migratory and highly polyphagous pest species** that
does not have the ability to enter diapause, an inactive state that
allows insects to survive prolonged periods of unfavorable condi-  severe reduction in seedling stand and counts.'®
tions such as extreme cold or drought.”* In warm-winter areas

such as Central and South America, FAW is considered the primary
maize pest>® whereas in the United States, due to the absence of

a diapause trait, this pest species must migrate northward annu- * Correspondence to: S Martinelli, Bayer US Crop Science, 700 Chesterfield Pkwy
aIIy to re-infest temperate cropping areas.7'8 Overwintering W, Chesterfield, MO 63017, USA. E-mail: samuel.martinelli@bayer.com
regions in the southern portions of Florida and Texas, extending a Bayer Crop Science, Santa Cruz das Palmeiras, Brazil

into Mexico, are assumed to be the source of practically all FAW

infestations in the United States and Canada.” In recent years, this b Plant Biotechnology, Bayer Crop Science US, Chesterfield, MO, USA

species has achieved the status of a global pest after the docu-
mentation of the presence and damage of FAW in maize plants
across the eastern hemisphere (e.g., Africa and Asia).””'* The high d Bayer Crop Science, Sdo Paulo, Brazil
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Synthetic insecticides have been the traditional primary control
tactic used to manage FAW in maize and other crops in South
America. However, the movement of FAW larvae into the maize
whorl typically limits the efficacy of synthetic insecticides by mak-
ing it difficult for the sprayed active ingredients to reach the
insects.'® Moreover, the efficacy of systemic insecticides
(e.g., seed treatments) is limited against FAW, and therefore may
not be sufficient to delay or reduce foliar sprays to prevent dam-
age by FAW.?® Furthermore, resistance to several distinct classes
of insecticides has been documented in Brazil 2'~%*

For these reasons, genetically modified (GM) plants expressing
insecticidal proteins from the bacteria Bacillus thuringiensis (Bt)
have become well accepted by growers for FAW control in South
America.”>™%® A recurrent challenge threatening the long-term
durability of Bt crops is their high adoption rate coupled with high
selection pressure on target insects and low compliance with non-
Bt structured refuge recommendations.?®3° The assumption is
that rare homozygous resistant insects that survive on Bt plants
will mate with the relatively abundant homozygous susceptible
insects in refuges. Providing that inheritance of resistance is reces-
sive, the resulting heterozygous offspring will not survive on high-
dose Bt crops, substantially delaying the evolution of resistance.
This dynamic is often called the “high dose-refuge” strategy.?
The use of Bt maize plants with less-than-ideal IRM fit (e.g., less-
than-high-dose technologies, and components of Bt pyramids
with cross-resistance to other Bt proteins in the landscape) com-
bined with low compliance with structured refuge recommenda-
tions seems to be a common theme across the resistance cases
documented in FAW in Latin America.>'? FAW has developed
field resistance to Cry1F in Puerto Rico,** Brazil,*'* the United
States®>>® and Argentina,®” and to Cry1Ab maize in Brazil >® Mod-
erate levels of cross-resistance between Cry1F and Cry1A.105 and
less-than-high-dose activity of Cry2Ab2 against FAW likely were
key causes of resistance to a Bt maize technology expressing
Cry1A.105 and Cry2Ab2.3%%? Vip3Aa20 is currently the most effec-
tive mode of action against FAW in the field in Brazil and Argen-
tina. However, researchers were able to isolate a Vip3Aa20
resistance allele from a natural field population of the pest, indi-
cating the potential for relatively rapid evolution of resistance in
FAW under scenarios of low refuge compliance.*®*! These circum-
stances indicate the need to identify new insecticidal modes of
action and deploy them rapidly as pyramids with suitable refuge
strategies to sustain the benefits of Bt maize to growers in South
America.*?

There are several proteins from the Cry1B, Cry1Cand Cry1D sub-
classes of Bt protein that are toxic to FAW.*® Thus, it may be pos-
sible to use different Cry1 protein subclasses in transgenic crops
to overcome existing field resistance to certain Cry1 subclasses.
Insect-protected maize MON 95379 was developed to produce
the insecticidal proteins Cry1B.868 and Cry1Da_7, which protect
against feeding damage caused by targeted pest Lepidoptera.
Cry1B.868 is a chimeric protein comprised of domains | and Il from
Cry1Be (Bt), domain Il from Cry1Ca (Bt subsp. aizawai) and
the C-terminal protoxin domain from Cry1Ab (Bt subsp. kurstaki).
Cry1Da_7 is a modified Cry1Da protein derived from Bacillus thur-
ingiensis (Bt subsp. aizawai). The activity of Cry1B.868 and
Cry1Da_7 against FAW was documented by Wang et al.** Results
from resistant insect bioassays, disabled insecticidal protein
bioassays,*> and cell-based assays using insect cells expressing
individual receptors demonstrated that the receptor utilization
of the newly modified Cry1Da_7 and Cry1B.868 proteins in FAW
were distinct from each other and from commercially available

Bt proteins such as Cry1F, Cry1A.105, Cry2Ab, and Vip3A. Accord-
ing to their results, the Cry1Da_7 and Cry1B.868 proteins when
pyramided together should provide practical durability to MON
95379 in the field against this economically important pest.**
Here, we present the first in planta evaluations of MON 95379, a
new GM maize pyramid of Cry1B.868 and Cry1Da_7 designed to
protect against FAW larval feeding damage.

2 MATERIALS AND METHODS

2.1 Susceptibility of FAW to Cry1B.868 and Cry1Da_7 in
diet-incorporation bioassays

Bt-produced Cry1B.868 protein at 2.5 mg/ml and Cry1Da_7 pro-
tein at 3.3 mg/ml were received frozen from the Protein Technol-
ogy Team (Regulatory Science, Bayer Crop Science US). The
Cry1B.868 protein was dissolved in a buffer solution containing
20 mm CAPS (pH 11.5), 10 mm dithiothreitol, 240 mm NaCl and
1 mm benzamidine. The Cry1Da_7 protein was dissolved in a
buffer containing 25 mm sodium carbonate, pH 10.5. When not
in use, the test substances were stored in a freezer at —80°C or
on dry ice. FAW eggs were obtained from a Bayer Crop Science
insect rearing facility. This susceptible S. frugiperda strain was
established in 2007 and has been maintained on artificial diet
without any exposure to Bt proteins. By the time of the experi-
ments presented here, this strain had been in the laboratory for
approximately 114-116 generations without infusion of wild
genes. FAW eggs were incubated within environmental chambers
with at target temperature of 10°C and 27°C, 60% relative humid-
ity (RH), and a 14:10 h light/dark photoperiod to obtain the
desired hatch time. The functional activity of the Cry1B.868 and
Cry1Da_7 proteins was measured in 7-day diet-incorporation bio-
assays. Treatments were prepared by mixing 4 ml of dosing solu-
tion that contained Cry1B.868 or Cry1Da_7 protein at appropriate
concentrations with 16 ml of lepidopteran diet (Southland) to
achieve a final volume of 20 ml. The concentrations of Cry1B.868
used in the bioassay ranged from 0.01 to 5 pg/ml of artificial diet
for the estimation of the effective concentration (EC) values, and
from 10 to 160 pg/ml of artificial diet for the estimation of median
lethal concentration (LC) values. The concentrations of Cry1Da_7
used in the bioassay ranged from 0.01 to 80 pg/ml of artificial diet
for the estimation of the EC values, and from 0.32 to 80 pug/ml of
artificial diet for the estimation of LC values. The prepared artificial
diet was kept in a water bath to allow it to cool. The temperature
of the artificial diet was measured and the Cry1B.868 or
Cry1Da_7 dosing solutions were added when it reached below
46°C. Each dosing solution was thoroughly mixed in a tube con-
taining artificial diet by vortexing. The bioassays consisted of a
geometric series of protein dilutions, an untreated control and
a buffer control. The treated diet mixture was dispensed in
1-ml aliquots into 16 wells per treatment level in a 128-well tray.
Each well was infested with a single FAW larva, totaling 16 FAW
neonates per concentration of Cry1B.868 or Cry1Da_7. Bioassay
trays were incubated at a target temperature of 27°C, 60% RH,
and a 14:10 h light/dark photoperiod for 7 days after infestation.
The number of insects infested, the number of surviving insects,
and the combined mass of the surviving insects were recorded
after the 7-day incubation period (assay termination). The
concentration-response relationships for mortality and growth
inhibition of surviving FAW larvae were analyzed using Probit
analysis (PROC PROBIT) and a three-parameter logistic regres-
sion (PROC NLMIXED), respectively, in SAS.*® Results from the
concentration-response bioassays were used to estimate EC
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and LC values and their associated 95% confidence intervals
(95% CI).

2.2 Efficacy of MON 95379, Cry1B.868 and Cry1Da_7
against FAW in leaf disc bioassays

Leaf discs of MON 95379 (containing the Cry1B.868 and Cry1Da_7
proteins), two experimental lines containing the single Bt pro-
teins, namely Cry1B.868 (Cry1B.868_single) and Cry1Da_7
(Cry1Da_7_single), and a near-isogenic negative check were
taken from plants grown in a Bayer Crop Science greenhouse
at Chesterfield, MO, USA. Both experimental lines
(Cry1B.868_single and Cry1Da_7_single) express levels of their
respective Bt protein comparable with those in the MON 95379
event (see Results). The presence of the Bt genes of interest,
cry1B.868 or cry1Da_7,in these Bt maize lines was verified by poly-
merase chain reaction (PCR) assays. Leaf tissue was harvested
when all plants reached the V8 growth stage and then stored in
a freezer at -80°C. The content of Cry1B.868 and Cry1Da_7 in
the leaf tissue of these maize line was analyzed by enzyme-linked
immunosorbent assay (ELISA) at Bayer Crop Science laboratories
(Chesterfield, MO, USA). A pool of leaves from each maize line
was frozen, milled, lyophilized and stored at —80°C prior to analy-
sis. On the ELISA plate, each biological replicate was analyzed as a
technical quadruplicate (i.e., 384-well plates).

The same maize lines tested for expression of Cry1B.868 and
Cry1Da_7 were used in leaf disc bioassays at a Bayer Crop Sci-
ence Brazil facility in Santa Cruz das Palmeiras, Sdo Paulo, Brazil.
All maize lines tested were in the same genetic background,
minimizing possible confounding effects in the bioassays. When
maize plants reached the V4-V5 stage, the newest completely
expanded leaves were removed from the greenhouse-grown
plants. Leaf discs measuring 2.2 cm in diameter were cut using
a metallic cutter and placed on a non-gelled mixture of water
and agar at 2.0% (1 ml/well) in 12-well acrylic plates (Costar®,
Maizeing). Leaf discs were separated from the water-agar layer
using a filter paper disc. One neonate larva (less than 24 h old)
was placed in each well of the plate using a fine brush. Plates
were sealed with plastic film and incubated in an environmental
chamber (25 + 1°C, 60% + 10% RH, 14:10 h light/dark photope-
riod). The experimental design was completely randomized with
ten replicates per treatment, for a total of 120 neonates of the
S. frugiperda susceptible strain tested on each maize event. This
susceptible S. frugiperda strain was established by sampling lar-
vae from non-Bt maize plants in Conchal, Sdo Paulo, Brazil in
2014. This susceptible strain has been maintained on artificial
diet without any exposure to Bt proteins. By the time of the
experiments presented here, this strain had been in the labora-
tory for approximately 50 generations without infusion of wild
genes. Larval mortality, instar, and growth inhibition relative to
the control were recorded at 5 days after leaf disc infestation
(assay termination). Data were subjected to analysis of variance
(ANOVA), and treatment averages were compared by the Tukey
test (P < 0.05), using JMP software (JMP®, v. 12; SAS Institute
Inc.).*’

2.3 Efficacy of MON 95379 against a MON

89034-resistant FAW strain

A FAW strain (MON 89034-R) resistant to MON 89034 maize (con-
taining the Cry1A.105 and Cry2Ab2 proteins) was laboratory-
selected from a field population sampled in Casa Branca, Sao
Paulo, Brazil. Insects were sampled on MON 89034 maize plants
in 2016 and the F, screen technique*® was used to identify FAW

larvae carrying alleles conferring resistance to MON 89034 maize.
Since the original selection on MON 89034, every generation of
this strain has been reared on MON 89034 leaf tissue to maintain
the selection pressure for Cry1A.105 and Cry2Ab2 resistance. In
leaf disc tests, the survivorship of insects from this RR strain on
MON 89034 and plants expressing Cry1A.105 and Cry2Ab2 indi-
vidually was: 758 £5.6% on MON 89034; 76.6 +55% on
Cry1A.105; 74.2 £ 6.5% on Cry2Ab2; and 80.8 + 4.3% on non-Bt
maize in 5-day leaf disk assays. F, neonates were screened on leaf
tissues of MON 89034 maize excised from greenhouse-grown
plants at V4-Vg3%4°

Greenhouse (whole-plant) trials were performed to evaluate
survival of the resistant FAW strain on MON 95379, MON
89034, and non-Bt maize (near-isoline). Plants in the greenhouse
were cultivated in 4-L plastic pots following a completely ran-
domized experimental design. At the V5 growth stage, plants
were artificially infested with 3 second-instar MON 89034-R
FAW (less than 24 h old; four plants/entry) using a paintbrush.
To minimize the influence of larval movement between plants,
there was approximately 1-m between the 4-L plastic pots. At
9 days after infestation, the incidence of FAW larvae was deter-
mined by dissecting the maize plants, counting the number of
live FAW larvae, and visually sorting them into the following size
categories: medium (between 2 mm and 1.5 cm) and large
(more than 1.5 cm). Leaf damage was scored using a scale of
0-9 (Davis scale).’® Means were compared by LSMeans contrasts
(¢ = 0.05) for survival, number of larvae in each size class, and
leaf damage using JMP software (JMP®, v. 12).* To test the
hypothesis that MON 95379 is protected against FAW, the first
contrast compared survival of second-instar MON 89034-R FAW
on MON 95379 maize with its survival on non-Bt maize. The sec-
ond contrast compared survival of second-instar MON 89034-R
FAW on MON 89034 maize with its survival on non-Bt maize.
The third contrast compared survival of second-instar MON
89034-R FAW on MON 89034 maize with its survival on MON
95379 maize. Contrasts 4, 5 and 6 compared the number of large
larvae on non-Bt and MON 89034, non-Bt and MON 95379, and
MON 89034 and MON 95379, respectively. Contrasts 7, 8 and
9 compared leaf feeding damage on MON 95379 and non-Bt
maize, MON 89034 and non-Bt maize, and MON 95379 and
MON 89034 maize, respectively.

2.4 Efficacy of MON 95379 maize against FAW in

naturally infested field trials

The efficacy of MON 95379 was evaluated under natural FAW
infestations in Brazil. The field trials were conducted at the follow-
ing Bayer Crop Science research sites in Brazil: Ndo-Me-Toque, RS;
Rolandia, PR; Santa Cruz das Palmeiras, SP; Cachoeira Dourada,
MG; Sorriso, MT and Luis Eduardo Magalhaes, BA. The field trials
were planted from September to November in the 2019 season
(spanning 2018/2019) and the 2020 season (spanning
2019/2020). There were a total of six and four entries were in
the original experimental designs in the 2019 and 2020 seasons,
respectively; however, here we present only data comparing
MON 95379, MON 89034 x MON 88017 and non-Bt maize (near-
isoline). MON 89034 produces the Bt-derived proteins Cry1A.105
and Cry2Ab2, which are active against lepidopteran pests. MON
88017 maize has been genetically modified to express a modified
cry3Bb1 gene from Bt subsp. kumamotoensis. This gene encodes
the protein Cry3Bb1 that protects maize plants against feeding
damage by corn rootworm larvae (Diabrotica spp.). The experi-
mental design had randomized blocks with four replicates per
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FIGURE 1. Concentration-response curves for growth inhibition (A) and mortality (B) with Cry1B.868 (black squares) and Cry1Da_7 (black circles) against

Spodoptera frugiperda in 7-day diet incorporation bioassays.

treatment. The plot size of each treatment during the 2019 season
trials was 32 m? (8 m length x 4 m width) with eight rows and a
row spacing of 0.5 m. The useful area of each treatment during
the 2020 season trials was 15 m? (5 m length x 3 m width) with
six rows and a row spacing of 0.5 m. Larval incidence and leaf
damage (Davis scale) were monitored approximately every
7 days. Three evaluations were performed: between V3 and V4,
between V5 and V6, and between V8 and V9. The incidence of
FAW larvae was determined by dissecting the maize plants,
counting the number of live FAW larvae and visually sorting them
into the following size categories: small (2 mm or less) versus
medium and large (more than 2 mm). During each evaluation
(V3 and V4, V5 and V6, and V8 and V9) of larval incidence and
damage, 15 plants in sequence per row, at each time point, were
randomly evaluated in a single row per plot. Leaf damage was
scored using the Davis 0-9 scale.”® Plants evaluated were in the
center of each row, and their location was prescribed in the proto-
col. Means were compared by LSMeans contrasts (a = 0.05) for
survival, size of larvae, and damage using JMP software (JMP®,
version 12).%

3 RESULTS

3.1 Susceptibility of FAW to Cry1B.868 and Cry1Da_7 in
diet-incorporation bioassays

Both the Cry1B.868 and Cry1Da_7 proteins demonstrated a
concentration-dependent relationship with FAW growth inhibi-
tion (Figure 1A) and mortality (Figure 1B), but the slopes of the
dose-response curve for growth inhibition and mortality were
significantly different between Cry1B.868 and CrylDa_7.
The ECsy (95% Cl) value was 0.15 (0.12-0.19) pg/ml diet for
Cry1B.868 and 0.096 (0.087-0.10) pg/ml diet for CryiDa_7
(Table 1). The ECyg (95% Cl) value was 0.58 (0.33-0.82) pg/ml diet
for Cry1B.868 and 0.26 (0.21-0.31) pg/ml diet for Cry1Da_7
(Table 1). The ECsq and ECqq values indicate that the proteins
had similar growth inhibition activity against FAW. However, the
Cry1Da_7 protein showed higher activity based on mortality than
the Cry1B.868 protein (Figure 1B). The LCsq (95% Cl) value was
9.4 (5.3-18.6) pg/ml diet for Cry1Da_7, compared with 62.8 (46.2—-
87.6) pg/ml diet for Cry1B.868. The LCyo (95% CI) value was
2258 (84.1-1241) pg/ml diet for Cry1Da_7, compared with
179.3 (119.9-390.6) pg/ml diet for Cry1B.868 (Table 2).

proteins incorporated into artificial diet

TABLE 1. Concentration-growth inhibition response (EC pg/ml diet)* of Spodoptera frugiperda neonates exposed to the Cry1B.868 and Cry1Da_7

Protein nP ECso and 95% CI (pg/ml diet) ECgo and 95% CI (pg/ml diet) Slope + SE
Cry1B.868 13 (204) 0.15 (0.12-0.19) 0.58 (0.33-0.82) 1.7 +0.2
Cry1Da_7 10 (158) 0.096 (0.086-0.10) 0.26 (0.21-0.31) 22+0.2

@ ECs = effective concentration of Cry1B.868 and Cry1Da_7 (ng/ml diet) required to cause 50% growth inhibition in the observation period of 7 days.
Similarly, ECqo is the effective concentration of Cry1B.868 and Cry1Da_7 required for 90% growth inhibition.

b Number of groups of insects weighed, with total number of insects in parentheses. Additional concentrations were used to estimate the EC resulting
in a larger number of insects tested relative to the determination of the LC values.

incorporated into artificial diet

TABLE 2. Concentration-mortality response (LC pg/ml diet)? of Spodoptera frugiperda neonates exposed to the Cry1B.868 and Cry1Da_7 proteins

Protein n® LCso and 95% Cl (pg/ml diet) LCo0 and 95% Cl (ng/ml diet) Slope + SE df* 2
Cry1B.868 128 62.8 (46.2-87.6) 179 (119.9-390.6) 28 +0.5 13 16
Cry1Da_7 189 8.3 (4.5-16.7) 225.8 (84.1-1241) 09+ 0.1 12 12.8

P Number of insects tested.
 Degrees of freedom.

@ LCso = concentration of Cry1B.868 and Cry1Da_7 (ug/ml diet) required to cause 50% mortality in the observation period of 7 days. Similarly, LCo is
the concentration of Cry1B.868 and Cry1Da_7 required for 90% mortality.
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TABLE 3. Cry1B.868 and Cry1Da_7 protein levels in leaf tissue of
MON 95379, Cry1B.868_single, Cry1Da_7_single, and non-Bt maize

Protein Entry Mean concentration (pg/g fw)>°

Cry1B.868 MON 95379 86
Cry1B.868_single 81
Cry1Da_7_single <LOQ
Non-Bt <LOQ

Cry1Da_7 MON 95379 17
Cry1B.868_single <LOQ
Cry1Da_7_single 47
Non-Bt <LOQ

LOQ, limit of quantitation.

@ Protein levels are expressed as the mean (ug) per gram (g) of tissue
on a fresh weight (fw) basis.

b Plants were grown in a controlled environment. Leaf tissue was har-
vested when all plants reached the V8 growth stage and then stored
at —-80°C in a freezer.

3.2 Efficacy of MON 95379, Cry1B.868 and Cry1Da_7
against FAW in leaf disc bioassays

Expression of Cry1B.868 protein in greenhouse-grown MON 95379
and in the experimental line Cry1B.868_single was 86 and 81 g/g
fw, respectively, whereas expression of Cry1Da_7 in MON 95379
and in the Cry1Da_7_single was 17 and 4.7 pg/g fw, respectively
(Table 3). Seeds from the assayed plants were used to produce
the plant material utilized in the leaf disc bioassays. In the leaf disc

bioassays, survivorship of FAW neonates on all Bt maize materials
was significantly lower than on non-Bt maize (F = 539.03,
df = 3,36; P < 0.0001) (Table 4). No FAW larvae survived on MON
95379 or on Cry1B.868_single leaf discs 5 days after infestation;
however, one larva of 120 tested (0.8%) survived on Cry1Da_7_sin-
gle (Table 4). The surviving larva exhibited significant growth inhibi-
tion indicated by weight reduction and instar relative to larvae
developing on non-Bt [approximately 67% weight reduction and
at an earlier instar (L2) than most larvae on non-Bt maize (87.2%
at L3)] (Table 4). The higher LCqy of Cry1Da_7 compared with
Cry1B.868 coupled with low expression of Cry1Da_7 in the Cry1-
Da_7_single may explain this surviving larva.

3.3 Efficacy of MON 97379 against a MON 89034-R FAW
strain

MON 95379 showed high efficacy against second-instar larvae of
the MON 89034-R FAW strain (Contrast 1, t ratio = 4.92, df = 4,39;
P < 0.0001), and there was no survival at 9 days after infestation
(Table 5). There was no difference between MON 89034 and non-
Bt for survivorship (Contrast 2, t ratio = 0.82, df = 4,39; P = 0.42).
There was a significant difference between survivorship on MON
89034 and MON 95379 (Contrast 3, t ratio = 4.1, df = 4,39;
P < 0.0002). There was no difference among treatments in the
number of medium-size larvae and for Contrast 4 between the
number of large larvae on non-Bt and MON 89034 (Contrast 4, t
ratio = 0.91, df = 4,39; P = 0.37), but there were significant differ-
ences between non-Bt and MON 95379 (Contrast 5, t ratio = 4.55,
df = 4,39; P < 0.0001) and between MON 89034 and MON 95379

TABLE 4. Survival of susceptible Spodoptera frugiperda neonates on leaf discs of MON 95379, Cry1B.868_single, Cry1Da_7_single and non-Bt maize

after 5 days

Larval stage of survivors®
Entry n Survival (%) L1 L2 L3 Weight (mg)b
MON 95379 120 00+00b n.a. na. n.a. n.a.
Cry1B.868_single 120 00+00b na. na. na. na.
Cry1Da_7_single 120 08+08b 0.0 100.0 0.0 1.7¢
Non-Bt 120 89.1+37a 0.0+ 0.0 123 + 3.1 87.2 + 3.1 52+05

n.a., not applicable.

? Values represent means + SE. A separate ANOVA (Tukey test, P < 0.05) was conducted for treatments within survival column (means followed by the
same letter in that column are not significantly different).

P Mean weight of survivors.

¢ Data from one survivor.

TABLE 5. Survival, size of surviving larvae and damage caused by MON 89034-resistant Spodoptera frugiperda on MON 95379, MON 89034 and non-
Bt maize plants after 9 days

Size of surviving larvae®

Entry Survival (%) Medium*® Large® Foliar damage®
Non-Bt 50.00 + 9.62 0.25 +0.25 1.25 +0.25 8.75 + 0.25
MON 89034 41.67 + 833 0.25 +0.25 1.00 + 0.41 6.50 + 0.65
MON 95379 00.00 + 0.00 0.00 + 0.00 0.00 + 0.00 1.00 + 0.00

@ Values represent mean number of larvae per plant + SE.

P Larvae >2 mm and <1.5 cm.

¢ Larvae >1.5 cm.

9 Values represent mean damage per plant + SE. Davis scale of 0 (no visible damage) to 9 (whorl and furl leaves almost destroyed) was used to assess
maize leaf injury.
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FIGURE 2. Mean Spodoptera frugiperda leaf damage (Davis scale) on MON 95379, MON 89034 x MON 88017 and non-Bt maize in 2019 natural pressure
field trials. *Statistically significant differences (LSMeans contrast, P < 0.05) between MON 95379, MON 89034 x MON 88017 and non-Bt maize at the indi-
cated maize phenological stage in the 2019 season. Error bars represent standard error. Dashed lines represent negligible FAW pressure, and high pres-

sure/insecticide action threshold.

for number of large larvae (Contrast 6, t ratio = 3.64, df = 4,39;
P < 0.0008). MON 95379 demonstrated high efficacy against
second-instar resistant FAW, significantly reducing the leaf feeding
damage compared with non-Bt maize (Contrast 7, t ratio = 12.44,
df = 4,39; P <0.0001). There were also significant differences
among treatments for leaf damage on MON 89034 and non-Bt
maize (Contrast 8, t ratio = 3.61, df = 4,39; P < 0.0009) and on
MON 95379 and MON 89034 (Contrast 9, t ratio = 8.83, df = 4,39;
P < 0.0001) at 9 days after infestation (Table 5).

3.4 Efficacy of MON 95379 maize against FAW in

naturally infested field trials

In the assessment of the efficacy of MON 95379 maize under nat-
ural FAW infestations, a reduction in the foliar damage caused by
FAW relative to non-Bt maize plants was evident across locations
and years (Figures 2 and 3) despite the variable FAW pressure
among locations and maize development stages. FAW pressure
was categorized based on non-Bt leaf feeding injury and indi-
cated as either negligible (mean of 1 or less on the Davis scale)
or high (mean above 3 on the Davis scale) (Figures 2 and 3).
The threshold for insecticide applications to manage FAW in Bra-
zil is a mean Davis rating on non-Bt plants of 3 or more.'®?° In
both the 2019 and 2020 seasons, significantly less FAW damage
was observed on MON 95379 plants relative to non-Bt maize and
MON 89034 x MON 88017, particularly under high FAW pressure
(Figures 2 and 3). The mean damage due to FAW observed on

MON 95379 plants was consistently negligible (1 or less on the
Davis scale) even under high insect pressure (Figures 2 and 3).
The mean FAW damage observed on MON 89034 x MON
88017 plants was significantly different from the damage
observed on non-Bt maize plants at most locations (Figures 2
and 3). However, in some locations with high FAW pressure
(above 3 on the Davis scale) at some development stages of
the maize plants, there was no difference between the MON
89034 x MON 88017 and non-Bt treatments (Figures 2B,C and
3B,E). Likewise, the number of FAW larvae larger than 2 mm
was significantly lower on MON 95379 plants than on non-Bt
maize (Figures 4 and 5) and MON 89034 x MON 88017
(Figures 4B,C and 5A,B,E). For details on the results of statistical
analysis see Tables S1 and S2.

4 DISCUSSION

The results with the Cry1B.868 and Cry1Da_7 proteins incorpo-
rated into artificial diet demonstrated their high biological activity
against FAW neonates. Overall, the diet-incorporation bioassay
results indicated FAW to be more sensitive to Cry1Da_7 protein
than to Cry1B.868, except for the LCyq value which was greater
for Cry1Da_7 than for Cry1B.868. In general, LCyq is an important
metric in the context of the expected field performance of insec-
ticidal products like Bt proteins, but Bt proteins also cause suble-
thal effects such as growth inhibition.>' Therefore, using only LC
values as predictors of expected dose (i.e., killing power) of Bt
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FIGURE 3. Mean Spodoptera frugiperda leaf damage (Davis scale) on MON 95379, MON 89034 x MON 88017 and non-Bt maize in 2020 natural pressure field trials.
*Statistically significant differences (LSMeans contrast, P < 0.05) between MON 95379, MON 89034 x MON 88017 and non-Bt maize at the indicated maize pheno-
logical stage in the 2020 season. Error bars represent standard error. Dashed lines represent negligible FAW pressure, and high pressure/insecticide action threshold.
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FIGURE 4. Mean number of Spodoptera frugiperda larvae (greater than 2 mm) on MON 95379, MON 89034 x MON 88017 and non-Bt maize in 2019 nat-
ural pressure field trials. *Statistically significant differences (LSMeans contrast, P < 0.05) between MON 95379, MON 89034 x MON 88017 and non-Bt
maize at the indicated maize phenological stage. Error bars represent standard error.
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FIGURE 5. Mean number of Spodoptera frugiperda larvae (greater than 2 mm) on MON 95379, MON 89034 x MON 88017 and non-Bt maize in 2020 nat-
ural pressure field trials. *Statistically significant differences (LSMeans contrast, P < 0.05) between MON 95379, MON 89034 x MON 88017 and non-Bt
maize at the indicated maize phenological stage. Error bars represent standard error.

plants will tend to underestimate dose because LC values do not
account for larval growth inhibition.>>>3 EC values, which are esti-
mates based on measuring mass reduction of surviving larvae rel-
ative to those in an untreated control, are a very sensitive measure
of sublethal effects and can also be used as a predictor of total
generational mortality.>' A response criterion that integrates
growth inhibition as evidenced by molting inhibition (e.g., first-
instar larvae are considered dead) seems to more accurately char-
acterize the expected response of pest species to Bt plants than
do measurements based on mortality alone.>'***> In our study,
the ECsp.90 and LCspgo Vvalues estimated for Cry1B.868 and
Cry1Da_7 provided data on the potency of these Bt proteins
against FAW neonates.

We utilized leaf disc bioassays and a susceptible laboratory
strain of FAW to evaluate the dose (killing power) of Cry1B.868
and Cry1Da_7 when independently expressed and when com-
bined in MON 95379 maize plants. Our results indicated com-
plete mortality of FAW neonates on MON 95379 and
Cry1B.868_single leaf discs, and approximately 99% mortality
of the pest on Cry1Da_7_single leaf discs. These results are in
line with mathematical modeling indicating that the concentra-
tion of each insecticidal protein in a Bt pyramid must be suffi-
ciently high to kill at least 95% of susceptible individuals to
maximize the delaying of insect resistance.>® In whole-plant bio-
assays, MON 95379 completely controlled second-instar larvae
of MON 89034-R, a resistant FAW strain capable of surviving
and damaging MON 89034 plants expressing Cry1A.105 and
Cry2Ab2. This result validated the conclusion of Wang et al.**
that pyramiding the Cry1B.868 and Cry1Da_7 proteins will offer

an alternative to control FAW resistant to Cry1F, Cry1A.105 and
or Cry2Ab2 in South America.

Resistance to the Cry1F protein in FAW is well characterized,*'**7*8
and documented to be both frequent and widespread across Bra-
zil3% Because of partial cross-resistance between CrylF and
Cry1A.105°%* and the continued use of Bt maize technologies such
as MON 89034 with limited compliance with structure refuge recom-
mendations in Brazil, the ability of Bt maize pyramids based on these
proteins to protect plants against FAW damage was reduced.3%4%6162
A similar outcome is expected in other regions in South America
where FAW is the major maize lepidopteran pest and where
resistance to commercially available Bt maize technologies has
already been observed in FAW.3763%4 This chain of events con-
siderably reduces the choices that growers have to effectively
manage FAW. Based on the limited efficacy of currently avail-
able Bt technologies expressing Cry1F, Cry1A.105, and/or
Cry2Ab2 proteins to manage FAW, Vip3Aa20 is currently the
most effective mode of action against FAW in the field in Brazil
and Argentina.*®*' The expression of Cry1B.868 and Cry1Da_7
in MON 95379 consistently protected maize plants against lar-
val feeding of FAW over 2 years of field trials in locations in dif-
ferent geographic regions and environments across Brazil.
These field trials were conducted in 2019 (season 2018/2019)
and 2020 (season 2019/2020), and the sites represented most
of the locations with widespread resistance to CrylF
maize.3*%"%> Furthermore, MON 95379 was directly compared
with MON 89034 x MON 88017 in our field trials, and the results
indicate the higher level of efficacy of this technology against
natural FAW populations likely carrying resistance alleles to
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Cry1F, Cry1A.105, and/or Cry2Ab2. Overall, the results pre-
sented herein indicate that MON 95379 maize, expressing a
new generation of Bt traits, will be a highly effective additional
tool to manage FAW in Brazil. Based on the recent history of resis-
tance to Bt traits in FAW, it is extremely important that appropri-
ate resistance management practices are implemented in South
America if the benefits of MON 95379 and other effective FAW
management technologies are to be sustained.
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