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Abstract

The objective of this work was to identify the effect of nitrogen rates on Bt transgenic resistance and damage
caused by Spodoptera frugiperda in corn plants at different developmental stages. The experimental design was a
randomized complete block in a 3x6 factorial arrangement, with three potassium rates (0, 80, and 160 kg ha! kg
of N) and six corn hybrids (20A55Hx, 30A77PW, AG1051, MG652PW, NS90VTPro2, and NS92VTPro), with
three replicates. The data were analyzed through the analysis of canonical variables. Nitrogen doses interfere
directly with the tolerance and resistance conferred by the Cry proteins of the plants in corn hybrids, altering the
control of the caterpillar Spodoptera frugiperda and possibly favoring the breakdown of resistance in low
availability. The corn hybrids showed divergent performance regarding proteins under low nitrogen availability (0
and 80 kg ha'!), and it was impossible to state which would be the most efficient protein. However, pyramiding
has greater control under the recommended dose (160 kg ha™!' of N), with damage in the opposite direction to the
transgenics.
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1. Introduction

Corn (Zea mays L.) is of great importance in the world agricultural scenario, with the United States being the
largest producer, followed by China and Brazil, with production around 383, 277, and 129 million tons, totaling
66% of the world production (United States Department of Agriculture [USDA], 2023). Brazil had an average
grain yield of 5,675 kg ha'! in the 2022/23 harvest, of which the Midwest region was responsible for 58% of
production. Also, the state of Goias stands out with a high yield, estimated at 6,767 kg ha™! for the 2023/24 harvest,
which denotes the importance of the crop (National Supply Company [CONAB], 2023). Thus, using higher quality
seeds and more technology inserted provides the producer greater security and financial support, indirectly
bringing production stability and lower costs with applications, mainly for pest control.

Among the main corn pests, the ones that cause the greatest direct and indirect damage are the caterpillars, as they
can limit the yield and profitability of the crop, which can activate the differential expression of genes when
attacked and alter the physiological behavior of the plants (Ye et al. 2022). Among the insects from the order
Lepidoptera, the fall armyworm (Spodoptera frugiperda JE Smith) is considered the main pest of corn in South
America, in addition to causing significant damage throughout the development stages of the plant by the use of
leaves, whorl, and ear in its feeding when present in larger populations (Fatoretto et al. 2017).

Among the factors that can affect resistance is plant nutrition. Nitrogen is of great importance in achieving high
yields and increasing the ability of plants to tolerate different abiotic and biotic stresses. According to Wang et al.
(2022), there is a dose that favors plant defenses, as the dose of 156.6 mg compared to 52.2 mg kg™ of N not only
increased the plant biomass but also induced the chemical contents of plant defense compounds, such as volatile
organics, against Spodoptera frugiperda despite higher consumption. However, increasing nitrogen fertilization
causes plants to invest more resources in growth than in defending herbivores, and if extrapolated to other
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population levels, it could provide a greater understanding of insect-plant interactions and develop optimized
management practices, benefiting the capacity and helping develop sustainable agricultural management strategies
(Ren et al. 2013).

Given this scenario, the insertion of transgenic events is one of the most important biotechnological alternatives
currently, so to overcome the challenges imposed in the control of this pest, corn hybrids that express insecticidal
proteins derived from the bacterium Bacillus thuringiensis (Bf) have been the most adopted technology all around
the world. Its use proved a viable and efficient alternative for controlling target insects without harming the
population of other important insects, such as predators (Xing et al. 2019). According to Khan et al. (2023), the
expression of the “Cry” protein, responsible for the insecticidal effect, can be altered according to the levels of
nutrients in the plant and the dose can favor the generation of resistant insects and even delay this condition.

Some of the proteins used to control lepidopteran insects, such as CrylAb and Vip3Aa (Niu et al. 2021) or CrylF
(Souza et al. 2018), are already presented as less efficient in control, in some specific regions of the world, in
addition, they can transmit this condition to their descendants. Due to the high adaptability of the target insects,
linked to the cultivation conditions and the Brazilian climate, there is a risk of resistance breaking in fewer cycles
than in other producing countries (Moscardini et al. 2020).

Therefore, research combining Bfs transgenic events, nitrogen fertilization, and insect-plant interaction is scarce.
Thus, this study aimed to identify the effect of nitrogen doses in transgenic corn hybrids with different Bts events
by analyzing the interrelation of damages and doses.

2. Method

Two experiments were conducted during the summer harvest of 2014/2015 and 2015/2016 at Universidade
Estadual de Goias in Ipameri - GO. The experimental site was located at 17°43'19" S, 48°09'35" W, and an altitude
of 773 m.

The randomized block design with three replications was used. The treatments were arranged in a 6 x 3 factorial
scheme (six corn hybrids and three nitrogen doses). Each experimental unit was composed of two rows, 3 m long,
spaced 0.5 m apart (3 m?).

The following corn hybrids and their respective Bts events were evaluated: 20A55Hx — “A” (Cry1F), 30A77PW
“B” (CrylA.105/Cry2Ab2/CrylF), AG1051 — “C” (conventional — control), MG652PW - “D”

(CrylA.105/Cry2 Ab2/CrylF), NS9OVTPro2 — “E” (CrylA.105/Cry2Ab2/CP4-EPSPS) and NS92VTPro — “F”

(Cry1A.105/Cry2Ab2). The following nitrogen doses were evaluated: 0, 80, and 160 kg ha™! of N.

One plowing and two harrowing operations were conducted to prepare the area. The fertilization was performed
according with soil analysis (Table 1) and an expected grain yield of 8 tons ha™!. In the sowing fertilization, only
the doses of nitrogen (urea) varied, being 0, 80, and 160 kg ha! of N, plus 120 kg ha'! of P,Os and 90 kg of ha'! of
KCl, 20% being applied, at sowing, and 80%, in topdressing, at the Vi stage, distributed manually, next to the
sowing furrow.

Sowing was conducted manually in November, distributing five seeds per meter, with subsequent thinning at the
V; stage, obtaining a final stand of 55,000 plants per hectare. At the V4 stage, weed was controlled with benzoyl
cyclohexanedione at 240 ml ha™!, applied with a knapsack sprayer, and manual weeding in the subsequent months.
The control of the caterpillars was performed only in the conventional corn hybrids with flubendiamide at a dose
of 150 ml ha™!, at the Vs stage, after monitoring, and only once.

Visual estimates were made for each plot, using a score ranging from 0 to 9, to assess the damage of S. frugiperda
to the corn whorl and leaves. The scale was adapted by Davis et al. (1992) for estimates of damage at different
stages, 30 (DAMG30), 70 (DAMG70), and 110 (DAMG110) days after sowing (DAS). In each evaluation, three
plants were used randomly and considered as the average of the plot. At 70 days after sowing, photosynthetic rates
were evaluated using a chlorophyll meter model CFL 1030 in five plants per plot, after measurements, transformed
on average per plot, called leaf chlorophyll index (LCI), in FALKER units.

Harvesting was performed when the ears reached the point of physiological maturation, with humidity around 30%,
in which all the ears of the plots were harvested manually. Subsequently, ear diameter (DIAMETER) was evaluated,
obtained from the average of five ears taken randomly. With the aid of a graduated caliper, the average was assigned
to the plot in millimeters. Ear length (LENGH), with the aid of a graduated ruler, the length of five ears taken at
random was measured, with the arithmetic mean attributed to the plot in centimeters.

Also, the percentage of ears without damage (PEWD) was evaluated from the count of ears without injuries caused
by caterpillars, based on the total number of ears of the plot, later transformed into a percentage, calculated the
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presence or absence of damage in the ear. Grain yield (YIELD) was obtained from the grain mass, in kg, resulting
from the threshing of the total ears of each plot; the values obtained were corrected for 13% moisture, later
transformed to kg ha! and, then, the 1000-grain weight (1000W), which one thousand grains were separated at
random from each plot, weighing was carried out and then corrected to 13% moisture, in grams.

The univariate analysis of variance was performed,and the significance of the F-test was verified, followed by the
multivariate analysis of variance, in which the set of evaluated variables was grouped according to their
characteristics and in coordinate axes (biplot) through the analysis of canonical discriminant variables (Hair Jr. et
al., 2005). The results of these analyzes were represented in graphs, together with the ellipses (95% confidence)
for the treatments, which inferred about the equality of the treatments from the superposition of their confidence
ellipses, using the R software (R Core Team, 2022) and the candisc package (Friendly & Fox, 2021).

3. Results and Discussion

It was verified that the condition for interpreting the data through the analysis of canonical variables was reached
since it was possible in a relatively small number of variables, explaining most of the variability of the original
data. It was observed that there was significance in the univariate and multivariate analysis (p<0.001) and also that
the first two canonical variables explained 60.2 and 27% of the total variance between hybrids in the 2014/15 and
2015/16 harvests, respectively (Figure 1A and 1B). It was also detected that the average variation explained by
each canonical variable at the dose of 80 and 160 kg ha™! were 90 and 6.5% and 68.1 and 14.2% of the total variance
for the harvests (Figure 2 and 3).
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Figure 1. Analysis of canonical variables by the dispersion of corn (Zea mays) hybrids, without the application of
nitrogen (0 kg ha™! N), in the 2014/2015 (A) and 2015/2016 (B) harvests. The evaluated hybrids and respective
proteins between parenthesis were: A - 20A55Hx (Cry1F); B - 30A77PW (Cry1A.105/Cry2Ab2/Cry1F); C -
AG1051 (conventional, without Cry proteins, used as the control); D - MG652PW
(CrylA.105/Cry2Ab2/Cry1F); E - NS90VTPro2 (Cryl1A.105/Cry2 Ab2/CP4-EPSPS); and F - NS92VTPro
(Cry1A.105/Cry2Ab2), in the variables DAMG30 - damage at 30 days after sowing; DAMG70 - damage at 70
days after sowing; DAMGI110 - damage at 110 days after sowing; LCI - leaf chlorophyll index; DIAMETER -
ear diameter; LENGH - Ear length; 1000W - 1,000-grain weight; PEWD - percentage of ears without damage
and YIELD - Grain yield.

It was observed that during the 2014/15 harvest, there was a greater discrepancy between the observed values, as
an example, the rainfall was higher compared to the 2015/16 harvest, however, poorly distributed between the crop
cycle and, as an aggravating factor, water deficit occurred at the beginning of the reproductive stage. According to
Noia Junior & Sentelhas (2019), the complex interaction of precipitation, solar radiation, air temperature, and other
meteorological parameters, in addition to the interaction of the genotype with the environment, make it challenging
to determine the best sowing date in soybean succession in different Brazilian producing regions, mainly due to
problems caused by the effects of El Nifio or La Nifia. This influence of precipitation and temperature fluctuation
was also verified by Faria et al. (2023), when evaluating effect of potassium rates on Bt transgenic resistance and
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damage caused by Spodoptera frugiperda in corn plants at different developmental stages eand detected that it can
alter the performance of hybrids and favor herboria by weakening the plant.

In the 2014/15 harvest, there were two stresses combined, water deficit and nutritional stress, which had varying
impacts on yield (Figure 1A). Damage after 110 days has greater importance on the plants than damage after 30
days, with low influence at 70 days: with length and lower pest index on the ear, with higher photosynthetic rate,
the variables most correlated with yield, in 2014/15 harvest. In the later harvest, the diameter had greater
importance along with the length of the ear, which the damages influenced in a similar way, as well as the
photosynthetic rate.This change in the rainfall regime, such as floods, droughts, and summers, limits grain yield,
depending on the stage, also its duration, and interferes with the damage caused by S. frugiperda and the
photosynthetic rate. In the future, extreme weather and/or its oscillations are already expected and should
contribute directly and indirectly to the damage caused by pests, such as the greater use of chemical pesticides,
difficulty in adjusting integrated management and mitigation strategies, as a consequence due to pressure and the
frequent weakness of the plant under different stresses and with greater oscillations in photosynthesis (Olatinwo
& Hoogenboom 2014).

The NS90VTPro2 (CrylA.105/Cry2Ab2) hybrid showed the highest resistance at different stages and possibly the
highest tolerance in both harvests. However, the hybrids with the highest profitability were 30A77PW and
MG652PW in the 2014/15 harvest (Figure 1A), which has the expression of three proteins and, for the 2015/16
harvest (Figure 1B), the hybrids 20A55Hx and NS90VTPro2, with one and two events, however, even under
conditions of biotic stress combined with abiotic, the hybrids showed effective control against the herbivory of the
caterpillar S. frugiperda.

It was observed that with the increase in the N dose, there was a greater correlation between damage at 30 days
and a greater influence on yield, in addition to damage at 70 and 110 days, more correlated with injuries to the ears
in the 2014/15 harvest (Figure 2A). However, in the 2015/16 harvest, the yield was more influenced by damage at
110 days, and at 70 days, more correlated with damage to the ear, in addition to profitability being more linked to
the diameter and length of the ears and the 1000-grain weight (Figure 2B). It is noted that the 20A55Hx hybrid
showed greater damage when the stresses were combined, and that the situation is reversed when the stress is only
due to nitrogen. In addition, it became more visible that more proteins, due to increased nitrogen, generate greater
security and less attack by S. frugiperda.
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Figure 2. Analysis of canonical variables by the dispersion of corn (Zea mays) hybrids, with the application of
nitrogen (80 kg ha™! N), in the 2014/2015 (A) and 2015/2016 (B) harvests. The evaluated hybrids and respective
proteins between parenthesis were: A - 20A55Hx (Cry1F); B - 30A77PW (Cry1A.105/Cry2 Ab2/Cry1F); C -
AG1051 (conventional, without Cry proteins, used as the control); D - MG652PW
(CrylA.105/Cry2Ab2/Cry1F); E - NS90VTPro2 (Cryl1A.105/Cry2 Ab2/CP4-EPSPS); and F - NS92VTPro
(Cry1A.105/Cry2Ab2), in the variables DAMG30 - damage at 30 days after sowing; DAMG70 - damage at 70
days after sowing; DAMGI110 - damage at 110 days after sowing; LCI - leaf chlorophyll index; DIAMETER -
ear diameter; LENGH - Ear length; 1000W - 1,000-grain weight; PEWD - percentage of ears without damage
and YIELD - Grain yield.
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According to Chen et al. (2010), plant-herbivore interactions, along with N availability, can interfere with plant
quality from the nutritional perspective of the herbivore, and the nutritional effects can directly extend to natural
enemies, as they may not favor consumption. In this way, they can generate a condition similar to defense and
increase the number of insects. It was verified that with the increase of the doses, there was a greater attack, in
which the vectors were directed towards the hybrid AG1051 (control), with the increase of N, which also indicated
greater attractiveness or undesirable nutritional quality for the natural enemies, however, not observed for the
hybrids with the presence of proteins (Figure 1, 2, and 3). Jaramillo-Barrios et al. (2019) to establish the population
fluctuation of S. frugiperda during 2014 — 2016, in the hybrids 30F35R and 30F35HR (CrylF), reported that when
the plant is in the vegetative phase, there is a higher larval population, and, when it is not properly managed, it can
cause damages of up to 52% and 72% in hybrids, with and without Cry1F, respectively. The authors reported that
the behavior suggests measures should be established, such as refuge areas and strategies such as pest monitoring,
as the caterpillar can generate resistance to the CrylF endotoxin. It should be noted that due to the market time of
Hx technology present in the 20A55 corn hybrid, it is possible that there is a break in resistance or that it may be
broken in a few years, but there are still no confirmations. In addition, it was clear that the increase of the dose
from 80 to 160 kg of N ha™! positively changed the performance, based on the damage and directing it in the same
direction and less correlated with grain yield, with the opposite behavior of the hybrids with the presence of
proteins in the 2015/16 harvest (Figure 2B and 3B).

It was verified that the combined stress harmed yields and interfered with the damage caused, increasing the
intensity and that the presence of more proteins increases yield, which indicated that N is responsible for plant
maintenance and increased tolerance in combination with the Bzs events (Figure 1, 2, and 3). According to Resende
et al. (2019), the agronomic efficiency of hybrids concerning N is very divergent, with the stress being total (0 kg
ha!) or partial (80 kg ha!) , which is correlated with the technological level adopted by the producer, as well as
being highly influenced by the rainfall index presented during the cultivation period and also has combinations
with other nutrients such as phosphorus and potassium as well.

5 - B
MANOVA: & _| AL PR
MANOVA: / \
F- 1187 p=0.001 - 0.64- fief: §
F - 0.64; p<0.001 — +
DAMG110 "C‘}_," N
— A DAMG30 |
P~ 1 Wi — .
7T
g = ( *) | __w LENGH
;;: = :-\\_: e - _,73:‘/,1
H | (A4
5 S R 3 DAMGTO 4 LA E
s /" ¥ DIAMETER AT
] @:m‘n | V+)
e | DAMGTD MYz / b p
- x 1000w
DAMGI110
2 2
(=]
L=
: T T T T T T T T T T T T T T T
-30 2 10 4 10 20 20 20 15 10 5 0 5 10 15
Canl (72.79%)
Canl (63.5%)

Figure 3. Analysis of canonical variables by the dispersion of corn (Zea mays) hybrids, with the application of
nitrogen (80 kg ha™! N), in the 2014/2015 (A) and 2015/2016 (B) harvests. The evaluated hybrids and respective
proteins between parenthesis were: A - 20A55Hx (CrylF); B - 30A77PW (Cry1A.105/Cry2Ab2/Cry1F); C -
AG1051 (conventional, without Cry proteins, used as the control); D - MG652PW
(Cryl1A.105/Cry2Ab2/Cry1F); E - NS90VTPro2 (Cry1A.105/Cry2 Ab2/CP4-EPSPS); and F - NS92VTPro
(Cry1A.105/Cry2Ab2), in the variables DAMG30 - damage at 30 days after sowing; DAMG70 - damage at 70
days after sowing; DAMG110 - damage at 110 days after sowing; LCI - leaf chlorophyll index; DIAMETER -
ear diameter; LENGH - Ear length; 1000W - 1,000-grain weight; PEWD - percentage of ears without damage
and YIELD - Grain yield.

It was found that, in the 2015/16 harvest, the relative chlorophyll content had little influence on yield and that it
possibly demonstrated stabilization of the photosynthetic rate in the different hybrids. In the same condition, the
diameter of the ears, in which the difference in grain yield, may be linked to the ear length (Figure 3). According
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to Wu et al. (2011), the more efficient use of N expresses a high genotypic and phenotypic correlation with grain
yield and the number of grains per ear, correlated with the length and diameter of the ear and grain weight,
confirming the results obtained. It is noteworthy that the chlorophyll index did not present a strong influence on
the variability of the hybrids, but with possible stabilization and increase even for the grain yield; thus, it did not
directly influence the primary components.

Waquil et al. (2013) found that the Bz corn hybrid that expresses only the Cryl A(b) protein reduces the damage
caused by S. frugiperda but requires monitoring for decision-making on the use of chemical control and that the
DKB 390 hybrid, with a pyramidal structure event that expresses CrylA.105 and Cry2Ab2 proteins, confers
greater protection against S. frugiperda and Diatraea saccharalis and dispenses chemical control, and those with
transgenics also present less damage to the ear. The 30A77PW hybrid has pyramiding with three cry proteins and,
however, did not perform better than those with only one or two but had greater control compared to the
conventional AG1051 (Figure 3B). Michelotto et al. (2011) also reported that damage at 40 days is not so harmful
with little variation, similar to the study, and that hybrids with transgenics only showed a difference in damage
after 80 days of germination, however, with the same technology and without pyramiding.

Storer et al. (2012) reported that there are already insects resistant to Cry1F and that tropical countries tend to be
more prone to the formation of populations that survive in high numbers and with a greater chance of breaking
resistance. However, a population will have more difficulty in breaking the resistance of hybrids that have more
than one technology, as individuals need to overcome the resistance of proteins present simultaneously and,
consequently, reproduce and increase the population for these alleles, in a specific way. According to the data from
the work, nitrogen has a fundamental role in maintaining the technology and reductions in doses must be planned
and monitored, thus, the technology will have greater viability and will increase the effectiveness of resistance to
caterpillar attacks for longer and will maintain the protein effective control.

Barcelos & Angeline (2018) studied the control of Spodoptera frugiperda using Bt technologies in corn and

concluded that Powercore (Cry 1A.105/Cry 2Ab2/Cry 1F), Viptera3 (IP3Aa20), and VT Pro (Cry 1A105/Cry2Ab2)
technologies were the most efficient in controlling S. frugiperda and without requiring insecticide applications,

demonstrating an effect linked to hybrid tolerance, correlated to other alleles. In this case, the AG1051 hybrid may

have greater tolerance because it is a double hybrid and possibly greater capacity to withstand attacks and less

variation in its performance, compared to single hybrids, with the presence of proteins and greater uniformity and

also vulnerability. According to Faria et al. (2023), at low levels of potassium, the effectiveness of corn hybrids

decreases in controlling Spodoptera frugiperda and the presence of more Cry proteins is not capable of preventing

attacks and is only efficient at the appropriate rate (90 kg ha™! KCI).

In Brazil, multiple Bt proteins are registered for the control of fall armyworm, whether in simple or pyramidal
combinations, Fatoretto et al (2017) described that the CrylAb protein was introduced in 2008 but showed
unexpected damage caused by fall armyworm after 3 years. Likewise, CrylF was introduced in 2009 and with
damage in 2012; even the pyramided ones, such as the one containing CrylA.105 and Cry2Ab2, which were
launched in 2010, already showed unexpected damage in the field in 2013. Despite indications of resistance breaks,
hybrids with the presence of proteins and with the appropriate dose showed effective control against S. frugiperda,
even under water deficit, in the 2014/15 harvest (Figure 1A, 2A and 3A). Pyramiding increases efficiency and
improves the ability of plants to withstand attacks, but the tolerance offered by the hybrid must also be taken into
account, as well as the population level of the pest.

4. Conclusion

Nitrogen doses interfere directly with the tolerance and also resistance conferred by the Cry proteins of the plants
in corn hybrids, decreasing the control of the caterpillar Spodoptera frugiperda and possibly favoring the increase
in damage at different stages of development.

Corn hybrids showed divergent performance in terms of proteins under low nitrogen availability (0 and 80 kg ha-
1, making it impossible to say which protein would be more efficient and pyramiding increases the caterpillar
control efficiency at the recommended dose (160 kg ha! of N), with damage in the opposite direction to transgenics.
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