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EPIGRAPH

Science may be likened to a mirror wherein the images of the mysteries of outer
phenomena are reflected. It brings forth and exhibits to us in the arena of knowledge
all the product of the past. It links together past and present. The philosophical
conclusions of bygone centuries, the teachings of the Prophets and wisdom of former
sages are crystallized and reproduced in the scientific advancement of today. Science
is the discoverer of the past. From its premises of past and present we deduce
conclusions as to the future. Science is the governor of nature and its mysteries, the
one agency by which man explores the institutions of material creation. All created
things are captives of nature and subject to its laws. They cannot transgress the control
of these laws in one detail or particular. The infinite starry worlds and heavenly bodies
are nature’s obedient subjects. The earth and its myriad organisms, all minerals, plants
and animals are thralls of its dominion. But man through the exercise of his scientific,
intellectual power can rise out of this condition, can modify, change and control nature
according to his own wishes and uses. Science, so to speak, is the breaker of the laws
of nature.

‘Abdu’l-Baha, The Promulgation of Universal Peace, US Baha'’i Publishing Trust, 1982

second edition
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BT ZYGOSITY IN MAIZE HYBRIDS

ABSTRACT - The effect of transgene zygosity has been addressed in various
plant species. Nevertheless, only in 2019 the effect of the number of Bt alleles in maize
was investigated. In this thesis, we used near-isogenic maize hybrids that were
hemizygous and homozygous for the Bt transgenes cry1Ab and vip3Aa20 to
investigate their impacts on 1) Bt protein concentration in leaves and detection of Bt
proteins in F2 kernels; 2) leaf-feeding injury of Spodoptera frugiperda in the field; 3)
efficiency in controlling field-collected S. frugiperda larvae in different instars feeding
on leaves and kernels; and 4) insect resistance management (IRM) strategies. We
assessed 1,920 plants to quantify Cry1Ab and Vip3Aa20 concentrations in the leaves;
performed 2,465 evaluations of leaf-feeding injury of S. frugiperda in four field
experiments; and assessed the survivorship of 3,526 larvae of different instars in leaf
and kernel bioassays. Our results showed that 1) Bt concentrations of homozygous
hybrids are around 1.5- to 3-fold higher than that of hemizygous versions in leaves,
and that kernels express Bt proteins when they originate from non-Bt silks fertilized by
Bt pollen and self-fertilized hemizygous plants; 2) Vip3Aa20 hybrids leaves were barely
scratched, while in Cry1Ab hybrids S. frugiperda leaf-injuries accounted for ~81% of
those found on the non-Bt version, likely due to the resistance of the field populations
of S. frugiperda to Cry1Ab; 3) on either vip3Aa20 zygosity, S. frugiperda larvae in
different instars were killed when fed with Vip3Aa20 leaves and kernels, while for
Cry1Ab survival rates of S. frugiperda were ~90% and 98% of the larval survival found
in leaves and kernels of the non-Bt version, respectively.

Keywords: Bacillus thuringiensis, fall armyworm, insect resistance management,
xenia, Zea mays L.



ZIGOSIDADE BT EM HiBRIDOS DE MILHO

RESUMO - O efeito da zigosidade de transgenes tem sido estudada em varias
espécies de plantas. Contudo, apenas em 2019 investigou-se o efeito do numero de
alelos Bt no milho. Nesta tese, usamos hibridos de milho isogénicos hemizigotos e
homozigotos para os transgenes Bt cry1Ab e vip3Aa20 a fim de investigar os seus
impactos em 1) concentragao de proteinas Bt nas folhas e a detecgao das proteinas
em graos F2; 2) injuria de Spodoptera frugiperda em folhas a nivel de campo; 3)
eficiéncia no controle de populagdes de campo de S. frugiperda em diferentes instares
qgue se alimentaram de folhas e graos; e 4) estratégias para o manejo de resisténcia
de insetos. Foram avaliadas 1.920 plantas para quantificar as concentragbes de
Cry1Ab e Vip3Aa20 nas folhas; realizadas 2.465 avaliagbes de injuria de S.
frugiperda em quatro experimentos de campo; e contabilizada a sobrevivéncia de
3.526 lagartas em diferentes instares em bioensaios de folhas e graos. Os resultados
mostraram que 1) concentragcbes de proteinas Bt em hibridos homozygous varia de
1,5 a 3 vezes a mais quando comparadas com versdes hemizigotas em folhas, e que
graos expressam proteinas Bt quando originados de estilos-estigmas nao Bt que
foram fertilizados por pdlen Bt, ou de autofecundacéo de plantas Bt hemizigotas; 2)
folhas de hibridos Vip3Aa20 quase nao foram danificadas, enquanto hibridos Cry1Ab
tiveram injurias de S. frugiperda que representaram ~81% daquelas encontradas na
versdao nao Bt, provavelmente pela resisténcia das populagdes de S. frugiperda a
Cry1Ab; 3) considerando vip3Aa20 em qualquer zigosidade, lagartas de S.
frugiperda em diferentes instares morreram quando alimentadas de folhas e gréos
Vip3AaZ20, enquanto para Cry1Ab, as taxas de sobrevivéncia de S. frugiperda foram
~90% e 98% da sobrevivéncia em folhas e graos da versao nao Bt, respectivamente.

Palavras-chave: Bacillus thuringiensis, lagarta-do-cartucho-do-milho, manejo de
resisténcia de inseto, xenia, Zea mays L.



CHAPTER 1 — General considerations

1. INTRODUCTION

On average 200 million hectares of transgenic crops are cultivated annually
(ISAAA, 2017). By the year 2000, transgenic plants were being commercialized in less
than 15 countries, and ten years later, more than 30 countries were adopting the
cultivation of genetically modified plants (ISAAA, 2017). Currently, 33 countries
approved the cultivation of Bacillus thuringiensis (Bt) maize with ~100 transgenic
events (ISAAA, 2017).

As concerns with pests increased with monoculture, genetically modified plants
with the insertion of Bt genes were launched to alleviate the damage caused by
lepidopteran and coleopteran pests (Tabashnik et al., 2013), and to reduce the use of
chemical insecticides (Naranjo, 2009; Lu et al., 2012). Due to high control efficiency
over a range of primary pests, Bt maize conveyed the impression of solving natural
pest infestation in agriculture (Jaffe, 2003), and began to be the main approach
adopted by farmers to control leaf-, ear-, and root-feeding pests (Hutchison et al., 2010;
Fernandez-Cornejo and Wechsler, 2012; Cullen et al., 2013). New Bt transgenes, with
new modes of action, were being launched and stacked with those that were already
in the market (Fatoretto et al., 2017). Nevertheless, with the increase of Bt maize use,
and lack of compliance with insect resistance management (IRM) strategies, reports
of field-evolved resistance of insect species to Bt proteins began to appear around the
world (Storer et al., 2010; Farias et al., 2014; Huang et al., 2014; Omoto et al., 2016).

As discussions on the subject gained momentum, the recommended
approaches to delay evolution of resistance were deeply investigated. Among the main
IRM strategies, those involving high-dose events and refuge approaches stood out
(Chilcutt and Tabashnik, 2004; Andow, 2008). However, most investigations did not
mention the number of Bt alleles in transgenic Bt loci, which influences Bt protein
concentration in the plant and gene flow from Bt to non-Bt maize plants (Yang et al.,
2014; Caprio et al., 2016; Eghrari et al., 2019).



Thus, this thesis uses near-isogenic versions of maize hybrids that are
hemizygous and homozygous for Bt traits to investigate the zygosity effects on 1) Bt
protein concentration in leaves; 2) detection of Bt proteins in kernels and xenia effects;
3) leaf-feeding injury of S. frugiperda in the field; 4) efficiency in controlling field-
collected S. frugiperda larvae in different instars feeding on leaves and kernels; and 5)

the impact on IRM strategies.

2. LITERATURE REVIEW

2.1. Generating hybrids of different Bt zygosity

Transgenic maize hybrids could be either hemizygous or homozygous for the
transgene (Guadagnuolo et al., 2006; Burkness et al., 2011; Caprio et al., 2016;
Eghrari et al., 2019). Currently, only hemizygous Bt hybrids are produced (Eghrari et
al., 2019; Carriere et al., 2020). The term hemizygous characterizes the presence of
one transgenic allele in the transgenic locus of transformed plants (James et al., 2002;
Guadagnuolo et al., 2006; Sridevi et al., 2006; Hood et al., 2012). In other words,
hemizygous transgenic loci do not carry an alternative allelic version for the exogenous
gene, i.e. transgene, in the genome of the transformed species (Guadagnuolo et al.,
2006). In fact, hemizygous locus has a distinct meaning from heterozygous, which the
latter is a locus that possesses allelic variants (Roessler et al., 2019).

With the advent of transgenic events in agriculture, the effects of transgene
zygosity have been studied regarding biomass conversion for biofuel production (Hood
et al., 2012), relative fitness of wild maize relatives (Guadagnuolo et al., 2006) and
even for the production of therapeutic proteins (Law et al., 2006). Although zygosity in
Bt maize has been addressed before (Chilcutt and Tabashnik, 2004; Chilcutt et al.,
2007; Burkness et al., 2011; Yang et al., 2014; Caprio et al., 2016), its effects started
to be investigated in leaves of maize plants only in 2019 (Eghrari et al., 2019; Carriere
et al., 2020).

To produce near-isogenic maize hybrids with different Bt zygosity, Bt and non-
Bt near-isogenic versions of the parental inbred lines are necessary (Sridevi et al.,
2006; Hood et al., 2012; Hood and Requesens, 2016). Figure 1 shows that hemizygous

Bt hybrids are generated by crossing a homozygous Bt inbred line with a non-Bt inbred



line, while the near-isogenic homozygous version is produced by crossing two
homozygous transgenic inbred lines. To obtain near-isogenic inbred lines that are
transgenic, Bt traits are introgressed to the elite inbred lines by five-seven cycles of
backcrossing through classical breeding (Hood and Requesens, 2016) or two-three
cycles when molecular marker assisted selection is utilized (Ribaut and Ragot, 2007).
This is a laborious, time- and money-consuming process that encumber breeding
programs (Morris et al., 2003; Chen and Ow, 2017). However, new approaches, such
as CRISPR-Cas9, could facilitate trait stacking by precisely inserting new traits in near
positions in the genome (Gao et al., 2020). Besides the cumbersomeness of
incorporating transgenes into elite inbred lines, transgene silencing when the locus is
in homozygosis (James et al., 2002) and seed piracy, involving transgene stacking of
trait combinations that are not commercially approved, could be some of the reasons

why breeding companies do not produce homozygous hybrids for the transgenes.

IL1 IL2 IL1 IL2 IL1 L2
Parental 20 \~
arenta \/
inbred lines '\ # A Vﬁ X \ 4 X
% A% A%
%’ ﬁf ﬁp
Bt Bt - Bt Bt Bt Bt s s
N
F1 hybrids
Bt - Bt Bt wie
Hemizygous Homozygous Non-Bt

Figure 1. Crossing design to generate near-isogenic hemizygous, homozygous, and
non-Bt maize hybrids. IL1, inbred line 1. IL2, inbred line 2. Bt, presence of the
Bt allele. -, absence of the Bt allele. Bt -, Bt-hemizygous. Bt Bt, Bt-
homozygous. - -, non-Bt.

In the production fields of Bt-hemizygous maize hybrid seed, one of the parental

inbred lines is non-Bt and the other is Bt-homozygous (Eghrari et al., 2019). Because



hybrid seed production fields are composed of lines of transgenic and non-transgenic
plants, management practices of the crop are adopted according to the traits that the
genotypes possess. For instance, non-Bt plants are not protected against lepidopteran
pests like Bt lines are (Hutchison et al., 2010; Kiesselbach et al., 2019). Thereby, the
benefits that transgenic events dispose for plants could be useless regarding the non-
application of insecticides on a field of hybrid seed production, because the non-Bt line

might needs be protected against key pests that are controlled by Bt traits.

2.2. Bt zygosity effects on maize leaves

It has been found that increasing the allelic dosage of transgenes in their
respective loci, from hemizygous to homozygous, increases the transgene’s product
concentration (Caligari et al., 1993; James et al., 2002; Eghrari et al., 2019). That
increase could be up to four times when the transgene is in a homozygous state (Hood
et al., 2012; Hood and Requesens, 2016). In addition, choosing the right hybrid
background could also increase transgenic proteins concentrations (Hood et al., 2012;
Trtikova et al., 2015), however previous results did not show differences between
Cry1Ab concentrations in different genetic backgrounds (Lohn et al., 2020). Moreover,
an increase in allelic dose in a determined locus is different than increasing the number
of transgene copies, i.e., insertions, in the genome (Hobbs et al., 1990; Gao and
Nielsen, 2013). Complex segregation patterns (Travella et al., 2005), unstable
transgene expression (Dai et al., 2001; Travella et al., 2005), transgene silencing
(James et al., 2002; Travella et al., 2005), and cumbersomeness in obtaining the final
product (Lowe et al., 2009) are some disadvantages of having multiple copies of a
transgene compared to a single copy in the genome of targeted species.

In maize leaves, quantification of transgenes’ products, such as Bt proteins,
have been extensively performed (Badea et al., 2010; Bernardi et al., 2015; Trtikova
et al., 2015), albeit few of those investigations considered the effects of Bt zygosity on
the resulting proteins concentrations in maize leaves. The pioneer study of Eghrari et
al. (2019) assessed the effects of hemizygous and homozygous Bt traits expressing
the proteins Cry1F, Cry1A.105, and Cry2Ab2 in the pyramided event
TC1507xMON89034xNK603. Shortly after that, the response of zygosity was

evaluated on pyramided and singular Bt11 and MIR162 events, expressing the



proteins Cry1Ab and Vip3AaZ20, respectively (data not published). The fold-change of
homozygous hybrids over their hemizygous near-isogenic versions shows the increase
of Bt proteins concentrations (Figure 2). Cry1Ab and Cry1F had a fold-change below
2, while Cry1A.105, Cry2Ab2, and Vip3Aa20 doubled their expression when their

genes are in a homozygous state (Figure 2).

2.3. Xenia and Bt zygosity effects on kernels

Xenia in a broad sense is the immediate effect of non-maternal pollen on the
formation and development of kernels (Kiesselbach, 1960; Poelman, 1986). The effect
of foreign pollen on the formation of maize kernels has been studied to discover
bottlenecks related to the increase of grain production and kernel quality (Feil et al.,
2003; Munsch et al., 2010; Kahriman et al., 2017). Techniques employing
cytoplasmatic male sterile (CMS) hybrids fertilized by a distinct pool of hybrids, known
as plus-hybrid system, showed to be promising by increasing productivity up to 20%
(Weingartner et al., 2002; Munsch et al., 2010).

1
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Figure 2. Fold-change (mean = SE) of Bt proteins expressed in homozygous maize
leaves relative to their near-isogenic hemizygous versions. HO, homozygous.
Cry1F, Cry1A.105, and Cry2Ab2 concentrations were extracted from Eghrari
et al. 2019, and Cry1Ab and Vip3Aa20 concentrations are available in first
article of this thesis.



However, with the advent of transgenic plants, xenia effects began to be better
explored regarding the effects of transgenic pollen on adjacent non-transgenic crops
and wild relatives (Gathmann et al., 2006; Guadagnuolo et al., 2006). Some studies,
notwithstanding, explored xenia using synonyms like gene flow (Chilcutt and
Tabashnik, 2004), cross-pollination (Kang et al., 2012), transgenic pollen
contamination (Yang et al., 2017), and outcrossing (Dively et al., 2020) .

Regarding Bt events, studies mostly focused on the entomological aspect, with
their goals more directed to the impact of Bt pollen on insect resistance management
strategies (Yang et al., 2014, 2017; Caprio et al., 2016). Likewise, entomological
studies also assessed the effects of Bt pollen on target (Burkness et al., 2011, 2015)
and non-target insects (Li et al., 2008; Perry et al., 2010), barely focusing on Bt pollen
effects in each tissue of the kernel during its formation (Caprio et al., 2016).
Consequently, zygosity of Bt traits had been considered indirectly in maize kernel
studies (Chilcutt and Tabashnik, 2004; Burkness et al., 2011; Yang et al., 2014, 2017).
To our knowledge, only in 2020 a study mentioning zygosity on Bt kernels was
published (Carriere et al., 2020). As to Bt pollen effects on maize kernels, they have
been described as gene flow (Chilcutt and Tabashnik, 2004) and cross-pollination
(Yang et al., 2020).

Exploring the cytology, genetics, physiology, and anatomy of maize kernels
helps clarify the relationship of zygosity and xenia effects caused by Bt pollen.
Clarifying such concepts is important in order that the understanding of segregation of
Bt traits in kernels be not limited to what occur in the embryo (Chilcutt and Tabashnik,
2004; Chilcutt et al., 2007; Burkness et al., 2011; Yang et al., 2014; Carriére et al.,
2020).

Thereupon, maize kernels are composed of three main tissues: embryo,
endosperm, and pericarp. Embryo and endosperm are filial tissues, resulted from
paternal and maternal components, whereas pericarp is exclusively of maternal origin.
Kernel development begins when a pollen grain germinates on an ear silk, thereby
developing the pollen tube. Each pollen tube bears two sperms, one fertilizing the egg,
syngamy (2n), and the other fertilizing the polar nuclei of the embryo sac, triple fusion
(3n), constituting the embryo and endosperm, respectively (Sprague, 1931;

Kiesselbach, 1960). Despite that, in exceptional cases, embryo and endosperm could



be genetically distinct by two reasons: egg and polar nuclei of the same embryo sac
present different genetic constitution and are fused by genetic identical sperms, or
genetically equal egg and polar nuclei fuse with sperms with distinct genotypes
(Sprague, 1931).

Bt zygosity effects on Bt protein concentrations in maize kernels have not been
evaluated yet. Nevertheless, knowledge of the maize genotypes’ Bt zygosity and the
use of crossing designs could indicate the relative levels of Bt expression (Carriére et
al., 2020). For instance, as Bt concentrations increased in maize leaves when doubling
Bt zygosity in the plant (Eghrari et al., 2019), Bt zygosity on the tissues of the kernel
could also contribute to differential Bt expressions in the kernel, since the proportion
of embryo, endosperm, and pericarp in the kernel is 0.7, 86.4, and 12.9%, respectively,
14 days after fertilization (Kiesselbach, 1960), and 11, 82, and 6%, respectively, at
physiological maturity (Tollenaar and Dwyer, 1999; Garcia-Lara et al., 2019). In figure
3, we present examples of distinctive zygosity in the embryo, endosperm, and pericarp
of maize kernels of F1 hybrids according to different crossing designs.

For instance, a selfed hemizygous for Bt hybrid (Bt-HE) has a segregation of
1:2:1 of homozygous, hemizygous, and non-Bt for the embryo of the kernel,
respectively. Regarding the endosperm, a 3n tissue, the segregation would also be
1:2:1 for three Bt alleles, one or two Bt alleles, and no Bt allele, respectively. The
genotype of the endosperm with one or two Bt alleles depends on the genotype of the
polar nuclei and the sperm. If the polar nuclei (2n, BtBt) are fertilized by a non-Bt pollen
(n, -), then the genotype of the endosperm is BtBt-, i.e., with two Bt alleles. Conversely,
if the non-Bt polar nuclei (2n, --) are fertilized by a Bt pollen (n, Bt), the genotype of the
endosperm presents only one Bt allele, that is, Bt--. As for the pericarp, its genotype
has the same genetic configuration of its maternal plant, that is, the F1 hybrid. For
instance, in refuge plants the genotype of the F2 kernels pericarp is non-Bt, regardless
of the genotype of the pollen that fertilized the silks. Whereas in Bt maize hybrids, the
genotype of the pericarp is hemizygous for the Bt trait, because it has the same genetic
configuration of the F1 hybrid, which is, in general, hemizygous for the Bt trait, i.e., Bt-
(Chilcutt and Tabashnik, 2004; Caprio et al., 2016; Eghrari et al., 2019; Carriére et al.,
2020) (Figure 3A).



Differential Bt allelic dosage is also present in reciprocal crosses between Bt-
HE and non-Bt hybrids. The presence or absence of one Bt allele in the endosperm or
pericarp’s genotype could also contribute to different levels of Bt protein expression
(Carriere et al., 2020). For instance, a non-Bt maize fertilized by Bt-HE hybrids have a
1:1 segregation of Bt and non-Bt kernels. As for the 50% Bt ones, they carry one Bt
allele in the embryo and one in the endosperm, and no Bt allele in the pericarp. In the
reciprocal cross, the segregation ratio is going to be the same, 1:1, only when embryo
and endosperm are considered, because the pericarp has the same genotype as the
plant that generated it. On these terms, maternal effects increase Bt dosage in the
kernel likely increasing Bt expression, since kernels with Bt endosperm present two
alleles and the pericarp also contains the transgene (Figure 3B and 3C). Similar results
with reciprocal crosses of Bt and non-Bt maize hybrids showed higher mortality of
Ostrinia nubilalis and Helicoverpa zea on kernels of Bt-hemizygous maize pollinated
by non-Bt maize (Burkness et al., 2011), indicating the influence of the maternal effect
on the endosperm and pericarp.

If Bt homozygous hybrids would be deployed, although F2 kernels would
segregate for other traits, they would not segregate for the Bt trait. In other words,
kernels would be homozygous for the embryo, endosperm, and pericarp (Figure 3D).
In a cross of non-Bt and Bt-HO hybrids, with the latter as pollen donor, F2 embryos
would be hemizygous for the Bt trait, endosperm would have only one Bt allele, and
pericarp would be non-Bt (Figure 3E). In the reciprocal cross, the embryo will present
the same Bt allelic dosage, whereas endosperm and pericarp will have, each one, two
Bt alleles (Figure 3F).
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Figure 3. Bt allele segregation on kernels of F1 maize hybrids in six designs: self-
fertilized hemizygous for Bt (A); reciprocal crosses of non-Bt with Bt-HE (B
and C); self-fertilized Bt-homozygous hybrid (D); and reciprocal crosses of
non-Bt with Bt-HO (E and F). Bt allele is represented by the term “Bf’. Q, self-
fertilized. HE, hemizygous. HO, homozygous.

2.4. Bt zygosity effects on refuge strategies

Compliance with refuge strategies is crucial to extend the effectiveness of Bt
maize on targeted Lepidopteran pests (Andow, 2008; Huang et al., 2011). Two main
refuge strategies are used to delay the evolution of resistance to Bt proteins: structured

refuge and seed mixture (Carroll et al., 2012; Dively et al., 2020). The choice of the
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best refuge strategy should consider its impacts on leaf- and ear-feeding pests (Onstad
et al., 2011; Caprio et al., 2016; Yang et al., 2017).

On reproductive tissues, Bt transgenes segregate and non-Bt kernels could
express Bt traits if fertilized by Bt pollen, i.e., the genotype depends on the genotype
of the female and male gametes (Huang et al., 2014; Caprio et al., 2016; Oyediran et
al., 2016; Carriére et al., 2020). Therefore, for ear-feeding pests, contamination of
refuge ears could contribute to increase dominance of resistance to Bt traits (Yang et
al., 2017). If the farmers would prefer to use seed mixture instead of structured refuge,
they might have to increase the percentage of non-Bt plants in their field (Yang et al.,
2020).

Refuge plants in a seed mixture refuge would be surrounded by Bt plants and
would had their non-Bt silks fertilized by Bt pollen (Oyediran et al., 2016; Dively et al.,
2020), which will eventually express Bt proteins (Burkness et al., 2011). In a seed
mixture scenario, non-Bt plants could not be considered a real refuge for ear-feeding
pests, and therefore adopting structured refuge is more efficient to delay insect

resistance evolution to Bt proteins (Huang et al., 2014; Yang et al., 2017, 2020).

2.5. Spodoptera frugiperda as a model to study Bt zygosity in maize

Fall armyworm, Spodoptera frugiperda, is one of most dreaded pests in the
maize crop and its damage could impact maize production if integrated pest
management strategies are not employed (Baudron et al., 2019; Santos et al., 2020).
S. frugiperda is mainly a pest that feeds on the maize whorl (Sisay et al., 2019; Santos
et al., 2020), but it can also feed on silks, ears, tassels, and seedlings (Pannuti et al.,
2016; Reay-Jones et al., 2016). S. frugiperda recent spread around the world has
worried farmers and the scientific community (Li et al., 2020; Nboyine et al., 2020).
Although transgenics were apparently the solution to control insects and protect maize
production, S. frugiperda populations in the American continents evolved resistance to
the some Bt proteins (Farias et al., 2014; Huang et al., 2014; Omoto et al., 2016)

Due to S. frugiperda abundance in a multitude of environments and rearing
facility, studies have been using S. frugiperda as a model to better understand the
behavior of lepidopteran pests in maize Bt crops (Yang et al., 2017; Zhu et al., 2020).

These investigations encompass the insect’'s movement in the field (Pannuti et al.,
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2016; Malaquias et al., 2020), preference of oviposition (Gongalves et al., 2020),
effectiveness of refuge strategies (Yang et al., 2017), resistance characterization to
the Bt proteins available in the market (Amaral et al., 2020), and the effect of Bt
zygosity on S. frugiperda mortality in leaves (Eghrari et al., 2019) and kernels (Carriére
et al., 2020).
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ABSTRACT

Historically, Bt maize hybrids have been produced with the Bt alleles in a hemizygous
state. Homozygous Bt transgenes increase the expression of Bt proteins in plants;
however, recent studies have only briefly explored the zygosity of Bt transgenes in
maize hybrids and its effects on the control of lepidopteran pests. In this study we
investigated whether an additional allelic dose of the single Bt events Bt11 and
MIR162, and a pyramided version (Bt11 + MIR162 + GA21) would impact Bt protein
expression in leaves and increase the control of fall armyworm, Spodoptera frugiperda,
in leaves and grains of near-isogenic maize hybrids. Our results revealed that
homozygous Bt hybrids had higher Cry1Ab and Vip3Aa20 protein concentrations than
their hemizygous versions in leaves. However higher concentrations of Bt proteins in
homozygous versions did not increase the control of S. frugiperda. Hybrids expressing
Cry1Ab, hemizygous and homozygous for the transgene, had similar mortality on S.
frugiperda that fed on leaves and grains as the non-Bt near-isogenic version, likely due
to resistance of the pest to Cry1Ab. High susceptibility to Vip3Aa20 caused all larvae
to die on hemizygous and homozygous MIR162 leaves. Also, larvae that survived on
Vip3Aa20 grains did not gain weight after four days of feeding, regardless of the Bt
zygosity of Vip3Aa20-expressing grains. Additional implications of Bt zygosity in maize

hybrids on insect resistance management strategies are discussed.

Keywords: Bt protein quantification; Bt pyramiding; fall armyworm; high-dose event;

kernel; Zea mays.



24

KEY MESSAGE

¢ Homozygous Bt11 and MIR162 events, either singular or pyramided, increased the
expression of Cry1Ab and Vip3Aa20 proteins in maize leaves.

e The Bt11 event in hemizzygous or homozygous state was not efficient in
controlling field populations of S. frugiperda, likely due to their resistance to
Cry1Ab.

¢ Regardless of MIR162’s zygosity and pyramiding with Bt11, the presence of
Vip3Aa20 controlled all S. frugiperda larvae on leaves and kernels, likely because

of their high susceptibility to Vip3Aa20.
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1. INTRODUCTION

The main pest of maize in the Americas, fall armyworm, Spodoptera frugiperda
(J.E. Smith) (Lepidoptera: Noctuidae), has been detected in new territories, such as
African and Asian countries (Botha et al. 2019; Li et al. 2020), and, therefore, increased
the concern of farmers and scientists worldwide (Silver 2019; Amaral et al. 2020).
Maize is the most important cereal crop in the world (FAO 2018), and the use of Bt
proteins is key to safeguarding its production (Hutchison et al. 2010; Storer et al. 2012;
Amaral et al. 2020). Before the transgenics era, S. frugiperda was mainly controlled
using chemical insecticides (Young 1979; Yu 1991), which can cause mortality of
beneficial insects (Tavares et al. 2010) and contaminate the soil (Silva et al. 2019).

Although Bt maize plays a leading role in S. frugiperda control in the Americas,
this technology is not available in every country (ISAAA 2019). Furthermore, field-
evolved resistance of S. frugiperda to Cry1 proteins has been reported in countries
such as Puerto Rico (Storer et al. 2010), United States (Huang et al. 2014), and Brazil
(Farias et al. 2014; Omoto et al. 2016); however, Vip3Aa20 still controls S. frugiperda
efficiently (Amaral et al. 2020). Therefore, deployment of insect resistance
management (IRM) strategies is necessary to ensure that Bt proteins continue to be
effective in controlling S. frugiperda (Tabashnik et al. 2013). Additionally, the evolution
of S. frugiperda resistance to Bt proteins accelerates with non-compliance of the refuge
strategy (Carriére et al. 2016), inaccurate use of Bt proteins that do not meet the high-
dose event criterion (Andow 2008), occurrence of initial high resistant alleles frequency
in the field (Farias et al. 2016), and the continued use of single Bt events (lves et al.

2011; Santos-Amaya et al. 2015).



26

Zygosity of Bt transgenes in maize hybrids has been recently and only briefly
explored (Caprio et al. 2015; Eghrari et al. 2019; Carriére et al. 2020). Predominantly,
Bt maize hybrids are hemizygous for their Bt genes (Law et al. 2006; Burkness et al.
2010; Caprio et al. 2015; Eghrari et al. 2019; Carriére et al. 2020) in countries where
transgenic maize crops are grown. However, it is possible to produce homozygous
transgenic hybrids (Law et al. 2006; Hood et al. 2012; Eghrari et al. 2019). The
production of homozygous Bt hybrids requires the introgression of Bt genes not only
to one parental inbred line, but both (Howard and Hood 2014).

Transgenes in homozygosis usually increase the expression of their protein
products in the plant (Caligari et al. 1993; James et al. 2002; Clough et al. 2006; Hood
et al. 2012; Howard and Hood 2014). In Bt hybrids, expression of the proteins Cry1F,
Cry1A.105, and Cry2Ab2 increased 56%, 114%, and 146%, respectively, with
correspondingly increase in S. frugiperda control both in the field and laboratory
conditions (Eghrari et al. 2019). To our knowledge, Bt zygosity has been scarcely
mentioned regarding refuge strategies, Bt gene flow, proportion of Bt and non-Bt
kernels in maize ears, and insect mortality in maize kernels (Carriére et al. 2020). All
these issues are very important to consider and have implications on IRM. Thus, this
study aimed to assess the implications of Bt zygosity on Vip3Aa20 and Cry1Ab
expressions in maize and its effect on S. frugiperda control. Additionally, we discuss

some of the implications of Bt zygosity on insect resistance management strategies.
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2, MATERIALS AND METHODS
21. Genetic material

The genetic material comprised seven isogenic versions of the Status
(Syngenta Seeds, Sao Paulo, Brazil) hybrid: conventional (non-Bt); hemizygous (HE)
and homozygous (HO) versions of the Bt11 event, expressing Cry1Ab (Bt11-HE and
Bt11-HO, respectively); HE and HO versions of the event MIR162, which express
Vip3Aa20 (Vip-HE and Vip-HO, respectively); and HE and HO versions of the
pyramided event Bt11 x MIR162 x GA21, expressing the Bt proteins Cry1Ab and

Vip3Aa20 (Vip3-HE and Vip3-HO, respectively).

2.2. Field experiment design

Four experiments were carried out in four growing seasons, as follows: two in
Jaboticabal, SP, Brazil (first and second seasons of 2017/2018; sowing dates:
DEC/04/2017 and JAN/23/2018; coordinates 21°14’'53"S 48°17°08"W ) and two in
Lavras, MG, Brazil (first season of 2017/2018 and first season of 2018/2019; sowing
dates: DEC/16/2017 and NOV/14/2018, respectively; coordinates 21°13’40”S
44°58’38”W ). Plots of each experiment consisted of two 5-m rows in length spaced
0.5 m apart, with 15 plants per row, corresponding to a population of 60,000 plants ha-
. The design was a randomized complete block with four replicates. The field plots
were utilized for leaf sampling aiming at absolute Bt protein quantification (section 2.3),
field evaluation of leaf injury caused by S. frugiperda larvae (section 2.4), and sampling

for leaf tissue bioassays (2.5).
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2.3. Quantification of Cry1Ab and Vip3Aa20 proteins in the leaf

Leaf collection was performed at both V4/V5 and V8/V9 growth stages
(Magalhaes and Duraes 2006) in the first and second growing seasons of 2017/2018
in Jaboticabal. In Lavras, leaves were collected at the V5/V6 and V9/V10 growth
stages, in the first growing seasons of 2017/2018 and 2018/2019. Each replicate was
comprised of 10 plants of each hybrid version. Four leaf discs (0.8 cm diameter) were
sampled from each maize whorl and pooled for quantification. Each experiment had
four replicates, totaling 40 quantifications per hybrid in each growth stage. Leaf
samples were kept in -80°C and lyophilized before quantification. A total of 1920
samples were analyzed: six hybrids, 10 plants per replicate, four replicates per season,
two growth stages per season, and four growing seasons. The presence of Cry1Ab
and Vip3Aa20 proteins were assessed in all transgenic hybrids except in the non-Bt
version.

Samples were prepared by adding steel beads to the 96-well blocks containing
lyophilized tissue. The samples were ground using a Kleco grinder (Visalia, CA, USA)
followed by adding 0.5 ml phosphate buffer saline containing 0.05% Tween-20 (PBST)
and mixing well. The blocks were centrifuged at 3500 x g for 5 min. Total soluble protein
(TSP) of each sample extract supernatant was measured using the Pierce BCA Protein
Assay (Thermo Scientific, Rockford, IL). The extract supernatants were diluted in
ELISA diluent (PBS containing 1% BSA and 0.05% Tween-20) for subsequent testing
in the ELISA.

To determine the expression levels of Cry1Ab and Vip3A, quantitative ELISA
was performed using a duplex method to measure the amounts of Cry1Ab and Vip3A

proteins in the same sample at the same time. High-binding 96-well plates (Nunc
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Maxisorp) were coated with 2 ug/ml rabbit anti-Cry1Ab plus 2 ug/ml goat anti-VIP3A in
25 mM borate, 75 mM NaCl, pH 8.5 and incubated at 4°C overnight (100 pl/well). Plates
were washed three times with phosphate buffer saline pH 7.3 (PBS) containing 0.05%
Tween-20 (PBST). Samples or standards in ELISA diluent (PBST containing 1%
bovine serum albumin) were added to the plate (100 ul/well), incubated for 1 h at room
temperature (RT) with shaking, and washed five times. One hundred pl/well of 0.5
pMg/mL HRP-rabbit anti-VIP3A, 5 ug/mL biotin-sheep anti-Cry1Ab, and 0.2 pg/mL
streptavidin-AP (Jackson ImmunoResearch Labs, West Grove, PA) in ELISA diluent
was added to the plate, incubated for 1 h at RT/shaking, and washed as before.
Substrate p-nitrophenyl phosphate (SurModics, Eden Prairie, MN) was added (100
ul/well) and allowed to develop for 30 min at room temperature. Absorbance was
measured at 405 nm using a microplate reader (BioTek Powerwave XS2, Winooski,
VT) for quantifying Cry1Ab. The plate was washed as before. Substrate
tetramethylbenzidine (SurModics, Eden Prairie, MN) was added (100 pl/well) and
allowed to develop for 30 min at room temperature with shaking. The reaction was
stopped using 1 N HCI (100 pl/well). Absorbance was measured at 450 nm for
detecting Vip3A. The standard curve used a four-parameter curve fit to plot the
concentrations versus the absorbance. To normalize for extraction efficiency, the
concentration of the analyte (Cry1Ab or Vip3A) was divided by the concentration of the

total soluble protein (TSP).

2.4. Field evaluation of S. frugiperda leaf injury
Leaf injury by S. frugiperda larvae in the field was assessed following a modified

0-9 injury score scale (Davis et al. 1992), in which the lowest score represents no injury



30

and the highest score refers to destruction of the maize whorl. In Jaboticabal, each plot
consisted of 16 plants assessed at the V4/V5 and V8/V9 growth stages, while in Lavras
each plot consisted of 12 plants assessed at the V5/V6 and V9/V10 growth stages.
The experiments were designed in randomized complete block with four replications.
Evaluations of S. frugiperda injury, under natural infestation, took place in three

growing seasons, being two in Jaboticabal and one in Lavras (first season 2017/2018).

2.5. Leaf tissue bioassays

Bioassays were conducted during the first and second growing seasons of
2017/2018 in Jaboticabal using V4/V5 and V8/V9 maize leaf tissues. In Lavras, the
bioassays were installed at the V5/V6 and V9/V10 growth stages in the first season of
2017/2018. Leaves were collected from the hybrids in the field, stored in styrofoam
boxes with ice at the bottom and taken to the laboratory. Leaf tissues were washed in
0.5% sodium hypochlorite solution, rinsed in tap water, and dried with paper towels.

Natural populations of S. frugiperda from each site were used for the bioassays.
Nearly 15 egg masses in each site were collected from the border maize plants of the
field experiments. The egg masses were allowed to hatch in laboratory condition and
neonates were fed on artificial diet (Kasten et al. 1978) until pupation. After emergence,
adults were kept in Polyvinyl chloride (PVC) cages (10 cm diameter x 25 cm high)
covered with voile fabric for mating. The inner wall of the cages was covered with white
paper sheet as substrate for oviposition. F1 generation of neonates was used in the
leaf tissue bioassay.
Replicates of the bioassays consisted of 12 individualized S. frugiperda neonates (<

24-h old) in Petri dishes with a piece (~5 x 3 cm) of maize leaf placed over a sheet of
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paper towel moistened with distilled water. The design was a randomized complete
block with five replications, and all Petri dishes were kept in ambient controlled room
(25%£1°C, 60+10% RH, 12L:12D). Larval survival and weight were determined after
seven days of feeding. Larvae were considered dead when they did not move after a
delicate poke with a fine paintbrush. Weight of surviving larvae was assessed with the
aid of an analytical scale (E02140, Ohaus Corporation, Parsippany, USA).

2.6. R3-grain bioassays

Separate plots of maize hybrids in the field were used for R3-grain bioassays.
Each plot consisted of a 5-m row with 15 plants, spaced at 0.5 m. During the first
growing season of 2018/2019, each maize hybrid was selfed to avoid pollen
contamination of the ears and to simulate a F1 hybrid maize field. The main ear of each
plant was protected with a plastic bag (10 x 20 cm x 0.6 mm) before silking, and tassels
were covered with paper bags (17.5 x 38 cm) on the first day of anthesis. On the
second day of anthesis, pollination took place by removing the plastic bag protecting
each ear and using the paper bag covering the tassel of the same plant to self-fertilize
it. Approximately 18-day-old ears in the R3 growth stage were harvested.

Each replicate of the bioassays consisted of 12 third/fourth-instar S. frugiperda
larvae, collected in Jaboticabal maize fields during the same year and previously
reared on artificial diet (Kasten Jr. et al. 1978) for one generation, with five R3-stage
kernels placed on a dry sheet of paper towel in a Petri dish. Each kernel was carefully
detached from the maize ear to avoid rupture of the pericarp. Each larva was weighed
right before being released in the dish.

Two bioassays were conducted in Jaboticabal in randomized complete block

with five replicates (n = 60). In the first bioassay, three corn ears were used: one for
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the first replicate, the second for replicates two and three, and the third for replicates
four and five. In the second bioassay, five ears were available, and kernels of each ear
represented a replicate. Survival and weight of surviving larvae were recorded after

four days of feeding (25°C + 1, 60 £ 10% RH, 12L:12D).

2.7. Statistical analysis

ANOVA was performed and followed by LSD tests to compare mean
concentrations of Cry1Ab and Vip3AaZ20 proteins in leaves, and means of leaf injury of
S. frugiperda in the field among the near-isogenic hybrids within each season and
growth stage. Data of larval survival for the leaf-tissue and R3-grain bioassays were
submitted to a binomial generalized linear model followed by analysis of deviance to
identify the simplest and more complete binomial model. Confidence intervals (95%)
were estimated based on the fitted binomial generalized linear model and used to
compare the means of larval survival on each hybrid version within each bioassay.
Mean weight of surviving larvae on each near-isogenic version was compared using
LSD tests to show weight gain at the end of each bioassay. Statistical analysis was

performed in R software (R Core Team 2019).

3. RESULTS
3.1. Quantification of Cry1Ab and Vip3Aa20 in the leaf
3.1.1. Cry1Ab quantification
Cry1Ab concentrations between HE and HO for Bt11 did not differ in the first
season (2017/2018) at the Jaboticabal site at the V4 growth stage. Cry1Ab

concentrations were also not different between the HE and HO versions of the
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pyramided Vip3 near-isogenic hybrid. Among pyramided and single event near-
isogenic hybrids, Cry1Ab expression was higher in Vip3-HO than in Bt11-HE plants at
the V4 growth stage (f3, 12 = 2.179, P < 0.05). At V8 growth stage, Vip3-HO had higher
Cry1Ab concentrations than the other near-isogenic versions (t3 12 = 2.179, P < 0.05)
(Fig. 1a). Expression of Cry1Ab at V8 was 3.87-fold higher than at V4 for Bt11-HE (i,
6= 5.959, P <0.001), 2.47 for Vip3-HE (t1, 6= 5.959, P < 0.001), and 3.00 for Vip3-HO
(t1, 6= 5.959, P < 0.001), but did not differ for Bt11-HO.

Similarly to the first season in Jaboticabal, Cry1Ab of Bt11-HE and Bt11-HO did
not differ in the second season (2018) at V4. The Vip3-HO version had higher Cry1Ab
concentrations, 1.53-fold, than its HE version (f3 12 = 3.054, P < 0.01). At V8,
concentrations of Cry1Ab were higher in the HO versions of Bt11 and Vip3 when
compared to their HE versions (t3 12 = 3.054, P < 0.01). Vip3-HO expressed more
Cry1Ab than the other near-isogenic versions (t3 12= 3.054, P < 0.01) (Fig. 1b). The
HE and HO versions of Bt11 hybrids expressed greater Cry1Ab protein concentrations
at V8 relative to V4 stage, 1.66- and 1.88-fold, respectively (t1, 6 = 5.959, P < 0.001).
The same trend was observed for Vip3 hybrids, with the HE version expressing 1.64-
fold (t1, 6= 3.707, P < 0.01) and the HO version 2.22-fold (t1, 6= 5.959, P < 0.001) at V8
relative to V4 stage.

In the 2017/2018 season in Lavras, Bt11-HO had higher concentrations of
Cry1Ab than Bt11-HE at V5 (t3 12= 3.054, P < 0.01). At V9, Vip3-HO expressed higher
Cry1Ab concentrations than Vip3-HE, Bt11-HO, and Bt11-HE at V5 and V9 (t3 12 =
3.054, P < 0.01) (Fig. 1c). Protein expressions were higher at V5 than at V9 (1, 6 =

2.447, P < 0.05).
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In the following season in Lavras (2018/2019), Cry1Ab concentrations of Bt11-HO
were higher than Bt11-HE at V5 and V9 (t3 12= 2.179, P < 0.05). For Vip3 versions,
Cry1Ab concentrations did not differ from HE and HO versions at V5 and V9. However,
Vip3-HO Cry1Ab concentrations were higher than the HE and HO Bt11 versions at V5
(t3 12=2.179, P < 0.05), and higher than Bt11-HE at V9 (3, 12= 3.054, P < 0.01) (Fig.
1d). Only Bt11-HO expressed more Cry1Ab at V9 than at V5 (t1, 6= 3.054, P < 0.01).
The concentrations of Cry1Ab did not differ between V5 and V9 for the other near-
isogenic hybrids.

3.1.2. Vip3Aa20 quantification

In the first season in Jaboticabal at V4, Vip-HO had higher Vip3Aa20
concentrations in the leaves than Vip-HE (t3 12=4.318, P < 0.001), while the pyramided
Vip3-HE and Vip3-HO versions did not differ. At V8, Vip3-HO expressed more
Vip3Aa20, 4.14-fold, than its HE version (t3 12=4.318, P < 0.001). Additionally, at V4
Vip-HO had higher Vip3Aa20 concentrations than any other near-isogenic version (3
12 = 4.318, P < 0.001), while at V8 Vip3-HO was the version that had the highest
Vip3Aa20 concentration (t3 12 = 4.318, P < 0.001) (Fig. 2a). Comparing Vip3Aa20
concentrations of each version at V4 and V8, all near-isogenic hybrids expressed more
protein at V8 (t1, 6= 5.959, P < 0.001), ranging from 3.94- to 15.63-fold.

In the second season in Jaboticabal, Vip-HO did not differ from Vip-HE, but
Vip3-HO expressed higher Vip3Aa20 concentrations than Vip3-HE and the other Vip
near-isogenic hybrids at V4 (t3 12=3.054, P < 0.01). At V8 stage, the concentration of
Vip3Aa20 in Vip-HO and Vip3-HO was 3.58- and 5.22-fold higher than their respective
HE versions (t3 12= 3.054, P < 0.01) (Fig. 2b). Except for Vip3-HE, V8-stage plants

expressed more Vip3Aa20 than V4-stage plants (t1, s = 3.054, P < 0.01).
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In both seasons at Lavras, Vip-HO and Vip3-HO had higher concentrations than their
HE versions at V5 and V9 (t3 12= 3.054, P < 0.01). On average, Vip-HO and Vip3-HO
expressions were 2.21- and 1.98-fold higher than Vip-HE and Vip3-HO, respectively
(Fig. 2c). In 2017/2018, Vip3Aa20 concentrations were higher at V5 in Vip-HE and
Vip3-HO than at V9 (t1, 6= 2.447, P < 0.05), while they did not differ for Vip-HO and
Vip3-HE. In 2018/2019, all hybrid versions expressed more Vip3Aa20 at V9 (2.78-fold

higher on average) than at V5 (t1, 6= 3.054, P < 0.01).

3.2. Evaluation of S. frugiperda leaf injury

In Jaboticabal during the first season, there was no significant difference in
injury scores between the HO and HE versions of the hybrids Bt11, Vip, and Vip3 at
V4. The non-Bt hybrid showed higher injury scores due to S. frugiperda herbivory than
the transgenic hybrids (fs, 27=2.831, P < 0.01), with 5.50 £+ 0.33 mean injury score, and
Bt11 versions had higher injury scores than hybrids expressing Vip3Aa20 (fs 21=2.831,
P <0.01) (Fig. 3a). At the V8 stage, HO and HE hybrids of single and pyramided events
did not differ for S. frugiperda injury. The non-Bt hybrid did not differ from the HO and
HE versions of Bt11, although non-Bt and Bt11 versions had higher injury than
Vip3Aa20-expressing hybrids (ts 21 = 2.831, P < 0.01) (Fig. 3b).

During the second season in Jaboticabal, leaf injury caused by S. frugiperda did
not differ between HO and HE versions of Bt11, Vip, and Vip3 hybrids at V4 and V8.
The non-Bt hybrid presented higher injury than the other hybrids but Bt11-HO at V4
and Bt11-HE at V8 (ts 271 = 2.831, P < 0.01) (Fig. 3c and 3d). Hybrids expressing

Vip3Aa20 did not present mean injury scores higher than 2 at V4 and 1 at V8.
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In Lavras at V5 and V9, mean injury scores did not differ between HO and HE
versions of the transgenic hybrids. Injury score on the non-Bt and Bt11-HE was higher
at V5 (s, 21= 2.080, P < 0.05) (Fig. 3e), and higher on Bt11-HE at V9 (s 21 = 3.819, P

< 0.001), when compared to plants expressing Vip3Aa20 (Fig. 3f).

3.3. Leaf tissue bioassays

In both V4 and V8 bioassays in both seasons at Jaboticabal, survival of S.
frugiperda larvae did not differ between HO and HE versions of any transgenic
versions. Larval survival on the non-Bt hybrid, Bt11-HE, and Bt11-HO did not differ in
the bioassays conducted in Jaboticabal during both seasons as well at V4 and V8, and
was above 60% (Fig 4a-4d). In Lavras, HE and HO versions did not differ for larval
survival at V5 and V9 (Fig. 4e and 4f). At V9, S. frugiperda larval survival in non-Bt
leaves was higher than in the Bt11 hybrids (95% CI) (Fig. 4f). Vip3Aa20-expressing
hybrids caused complete larval mortality of S. frugiperda in both sites, seasons and
growth-stages (Fig. 4).

The weight of surviving S. frugiperda larvae did not differ between Bt11-HE and
Bt11-HO at any bioassay (Fig. 5), except at V5 in Lavras when larvae fed with Bt11-
HE gained more weight than Bt11-HO (t,, 11=4.437, P < 0.001) (Fig. 5e). Also, weight
of larvae fed with the non-Bt version was higher than those fed with Bt11 hybrids in V5

Jaboticabal and V9 Lavras (f2, 11= 3.106, P < 0.01) (Fig. 5¢c and 5f).

3.4. RS3 grain bioassays
Survival of S. frugiperda third/fourth instars did not differ between HO and HE

versions of the Bt11 and Vip hybrids in the two R3-grain bioassays conducted in
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2018/2019 at Jaboticabal (Fig. 6a and 6b). For Vip3 hybrids, larval survival did not
differ in the first bioassay (Fig. 6a), however it was lower on HO selfed kernels (100%
mortality) than on HE kernels in the second bioassay (95% ClI) (Fig. 6b). Survivorship
did not differ between the non-Bt selfed kernels and Bt11 kernels. Selfed kernels of
Vip3Aa20-expressing hybrids had lower larval survival than Bt11 and non-Bt selfed
kernels in both bioassays (95% ClI).

The mean larval weight of surviving S. frugiperda did not differ between HO and
HE versions of the transgenic hybrids, except for the Vip3-HO treatment that had 100%
larval mortality in the second bioassay (fs 28 = 2.048, P < 0.05) (Fig. 6¢c and 6d).
Surviving larvae on kernels originated from Vip3Aa20-expressing hybrids did not gain
weight after four days and had less than 10 times the weight of larvae fed with kernels
from Bt11 versions and the non-Bt (ts, 2= 2.048, P < 0.05). The mean weight of larvae
fed with Bt11 versions and the non-Bt did not differ, except for the Bt11-HO treatment
that had lower larval weight than the non-Bt in the first bioassay (ts, 2s = 2.048, P <

0.05).

4. DISCUSSION

The additional allele of the Bt11 and MIR162 events increased the
concentrations of Cry1Ab and Vip3AaZ20 in the leaves, respectively. Despite that, more
expression of Cry1Ab and Vip3AaZ20 proteins in HO plants did not result in differences
in leaf injury or mortality of S. frugiperda in field and laboratory conditions. Thus,
contrary to our previous results with Bt pyramided (Cry1F + Cry1A.105 + Cry2Ab2)

maize hybrids (Eghrari et al. 2019), this study suggests that an increase in Bt zygosity
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may not contribute to higher control of S. frugiperda, likely due to S. frugiperda
resistance to Cry1Ab and high-susceptibility to Vip3AaZ20.

Although the expression of Cry1Ab increased ~1.5-fold in the HO version with
only the Bt11 event, it was neither sufficient to reduce injury of S. frugiperda in the field
experiments nor to increase mortality in the bioassays with leaves and grains.
Compared to the non-Bt version, HO and HE Bt11 hybrids showed similar leaf injury
in the field and survival rates in both the leaves and R3-grains under laboratory
conditions. Cry1Ab protein was the first Bt protein commercially released for maize
crop in Brazil targeting lepidopteran pests in the MON810 (CTNBio 2007) and Bt11
(CTNBIio 2008) maize events. However, the effectiveness against S. frugiperda has
decreased over the past years (Bernardi et al. 2015a), and therefore, the use of maize
hybrids expressing Cry1Ab is not an effective strategy for the control of this insect pest
(Omoto et al. 2016). Our results strongly suggest that the field populations of S.
frugiperda used in this study were resistant to Cry1Ab. New studies with susceptible
(SS) and heterozygous (RS) S. frugiperda fed with HO and HE Cry1Ab maize are
needed to indicate if zygosity would contribute to differences in larval mortality, like it
was reported for HO hybrids expressing Cry1F + Cry1A.105 + Cry2Ab2 (Eghrari et al.
2019).

MIR162 event expressing the Vip3Aa20 protein, regardless of the transgene’s
zygosity, allowed to maintain low levels of S. frugiperda field infestation resulting in
injury scores below 2 on average, with only superficial scrape injury of less than 1 cm
in length on the leaves. In addition, leaves of all evaluated MIR162 hybrids caused
total mortality of S. frugiperda neonates, which also stresses the efficacy of HE MIR162

hybrids in controlling S. frugiperda, even though they present lower Vip3Aa20 protein
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concentrations in the leaves when compared to HO versions. In contrast, results of the
R3-grains bioassays showed a rather high survival of third/fourth instars (30.00 %
2.80% for the first and 5.83 + 2.85% for the second bioassay). However, larvae that
were fed MIR162 R3-grains did not gain weight, and, therefore, the Vip3Aa20 protein
might have deterred the third/fourth-instar larvae from feeding on the grains because
of toxic effects and high susceptibility of the populations to Vip3AaZ20. In contrast, the
surviving larvae on Bt11 R3-grains gained at least 30 mg within four days of feeding,
which represent three times their initial weight and ~64% of the weight observed on
larvae fed on non-Bt grain.

Protein concentrations of transgenes in maize vary according to the season and
environment (Trtikova et al. 2015; Gutha et al. 2018), growth-stage (Nguyen and Jehle
2007; Székacs et al. 2010), tissues (CTNBio 2008; 2009), and zygosity (Eghrari et al.
2019; Carriere et al. 2020). We noticed that Cry1Ab expression always increased from
V4 to V8 in Jaboticabal, whereas in Lavras usually the concentration of Cry1Ab at V9
was lower than V5. Although we did not weighed our leaf samples, leaf thickness plays
an important role in increasing Bt protein content (Nguyen and Jehle 2007; Székacs et
al. 2010), our results are consistent with studies that show that Cry1Ab concentrations
peak after five weeks of cultivation, at V5/V6, and rapidly decline after V8 (Székacs et
al. 2010; Bernardi et al. 2015b). Regarding Vip3Aa20, we observerd an increase in
concentrations from V4 to V8 in Jaboticabal, and from V5 to V9 in Lavras. Our results
are consistent with higher concentrations of Vip3Aa20 at V6 than at V10 as reported
by Bernardi et al. (2015b).

The concept of high-dose event requires that a Bt plant produces sufficient Bt

protein concentration to kill more than 95% of the progeny originated between a
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resistant (RR) and a susceptible (SS) insect strain (Andow 2008; Tabashnik et al. 2009;
Huang et al. 2011). When high-dose Bt protein is associated with the refuge strategy,
resistance allele frequency and the dominance of the resistant trait is assumed to
remain low enough so that heterozygous individuals (RS) of a target pest will not be
able to pass their resistant alleles to the next generation (Huang et al. 2011). The
current investigation revealed that increasing Cry1Ab expression was inefficient to
control field populations of S. frugiperda. Furthermore, in leaf bioassays, the Bt11
events in either zygosity had similar performance as the non-Bt hybrid, indicating that
S. frugiperda populations from Jaboticabal and Lavras, which are located in different
states of Brazil, are resistant to Cry1Ab, as it was already reported in other regions of
the country (Omoto et al. 2016). To illustrate that, even though HO Bt11 hybrids
increased Cry1Ab expression, there was no increased mortality in the bioassays with
leaves and grains, nor reduced leaf injury in the field experiments. Nevertheless, it was
reported that Cry1F, Cry1A.105, and Cry2Ab2 concentrations increased ~1.5-, 2.0-,
and 2.5-fold, respectively, in HO hybrids relative to their near-isogenic versions, and,
as a result, S. frugiperda control increased 22% (Eghrari et al. 2019). Despite the
reported increase in Bt proteins expressions and S. frugiperda control using HO Bt
hybrids (Eghrari et al. 2019), it was not enough to comply with the high-dose strategy
requirements (Andow 2008). On the other hand, our results showed that Vip3Aa20
killed all neonate larvae after seven days. Although resistant (RR) and heterozygous
(RS) larvae of S. frugiperda were not considered in our bioassays, the results show
the effectiveness of Vip3AaZ20 in killing all evaluated larvae (n = 1440) from two field
populations, likely susceptible to Vip3Aa20, that survived approximately 76, 73, and

82% on leaves of near-isogenic Bt11-HE, Bt11-HO, and non-Bt hybrids, respectively.
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New studies are needed to observe the impacts on dominance of RS larvae fed with
HO Bt hybrids.

The methodology used in the R3-grain bioassay comprised self-pollination of
each F1 hybrid to simulate the F2 segregation in the kernels of an open-pollinated
maize hybrid field. When the methodology was designed, we were not concerned
about the different origin of the kernel tissues, but whether Bt R3-grains would express
sufficient concentrations of Bt proteins to kill S. frugiperda larvae. Contrary to what was
observed with larvae fed with Cry1Ab kernels, the concentration of Vip3Aa20 in the
grains was sufficient to kill all field third/fourth-instar S. frugiperda. Nevertheless, we
cannot infer that Vip3Aa20 expression in grains meets the requirements of a high-dose
protein because heterozygous resistant larvae (RS) were not considered here (Andow
2008), but resistance might be recessive because Vip3Aa20 kernels killed more than
99.9% of a likely susceptible populations (US EPA 1998; Tabashnik and Carriere
2017). Contrary to the 5- to 10-fold lower levels of Cry1Ab concentrations in grains
relative to leaves of Bt11 (CTNBio 2008), Vip3Aa20 grains present half of the highest
concentration found in the plant (CTNBio 2009). Additionally, since third/fourth-instar
S. frugiperda did not gain weight after four days, or died when feeding on Vip3Aa20
R3-grains, our results showed that Vip3Aa20 expression levels in the kernels efficiently
control S. frugiperda larvae at least up to forth instar.

Third/fourth-instar S. frugiperda larvae did not gain weight after being fed with
R3 kernels produced from self-pollinated HE and HO Vip3Aa20 hybrids. Since Bt traits
follow a mendelian segregation, it is expected a 75% Bt expression in the filial tissues,
embryo and endosperm, of the kernels of self-pollinated Bt HE plants (CTNBio 2008;

Long et al. 2012; Lohn et al. 2020). However, Bt expression is present in all F2 kernels



42

of a HE Bt hybrid, as the pericarp is a maternally produced tissue (Caprio et al. 2015;
Carriére et al. 2020). Consequently, since commercial hybrids are HE for the Bt
transgenes (Law et al. 2006; Burkness et al. 2010; Caprio et al. 2015; Eghrari et al.
2019), all their kernels will express Bt proteins because the pericarp has the same
genotype as the maternal plant, i.e., HE for the Bt trait (Carriere et al. 2020). The
pericarp of kernels originated from HO Bt hybrids will also be HO for the Bt transgene,
and might have higher Bt concentrations than HE pericarp, as there is a positive
correlation between Bt zygosity and Bt protein concentrations in maize (Eghrari et al.
2019), however there are no studies considering Bt protein expression in the pericarp.
Embryo and endosperm, which are both maternal and paternal tissues, are likely to
increase their Bt concentrations with the increase of Bt zygosity (Carriére et al. 2020).
Regardless of the zygosity of the embryo, endosperm, and pericarp, in this study there
was no difference in S. frugiperda mortality between HE and HO self-pollinated ears
for both Bt events.

As non-Bt plants pollinated by Bt pollen will generate Bt kernels (Chilcutt and
Tabashnik 2004; Yang et al. 2014; Carriére et al. 2016; Carriére et al. 2020) and half
of the pollen produced by HE Bt plants are Bt (Carriére et al. 2020), in a seed mixture
refuge scenario with HO Bt hybrids the percentage of non-Bt plants with Bt kernels
might be higher. Since all pollen generated by HO plants are Bt, Bt pollen
contamination of refuge plants could contribute to increase the dominance of
resistance of ear-feeding pests to Bt maize (Yang et al. 2017). We believe that further
studies of Bt zygosity with kernels will elucidate whether HO Bt versions of maize

hybrids constitute an important tool for S. frugiperda resistance management.
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The methodology applied in this research focused more on the effect of Bt
zygosity on Bt proteins concentrations in maize leaves; however, Bt zygosity in maize
hybrids could have implications before, during and after the crop season. Some of
these implications that can be further explored involve: 1) introgression of Bt traits in
both parental inbred lines to produce HO hybrids that could increase costs and
workload of a breeding program (Morris et al. 2003); 2) protection against lepidopteran
pests is likely to increase and insecticide use may decline in hybrid seed production
fields, once both parental inbred lines are introgressed with Bt traits; 3) novel designs
of refuge strategies could be defined for ear-feeding pests considering cross-
pollination between Bt and non-Bt plants (Yang et al. 2020), mosaic of Bt and non-Bt
kernels in maize ears (Chilcutt and Tabashnik 2004; Yang et al. 2014; Carriére et al.
2016), number of Bt alleles in kernel tissues (Carriére et al. 2020), and segregation of
single and pyramided Bt traits on F2 kernels (Yang et al. 2014); 4) farmers saving
grains of the F2 generation of HO hybrids since all seeds inherit the Bt traits; and 5)
risk of increasing seed piracy, e.g., creation of new Bt combinations that might not be

approved for cultivation, feed, and food.
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FIGURE LEGENDS

Fig. 1 Concentration (means + SE) of Cry1Ab in leaves of maize hybrids at V4 and
V8 growth stages in the first (A) and second (B) seasons of 2017/2018 in
Jaboticabal, Brazil, and at V5 and V9 growth stages in the first season of 2017/2018
(C) and first season of 2018/2019 (D) in Lavras, Brazil. Bars topped with the same
letters are not significantly different by t-test (Figure A and D: p < 0.05; Figures B and
C: p <0.01). Means of each growth stage (V4, V5, V8, or V9) were compared
separately by t-tests. Seven isogenic versions of the Status maize hybrid: Non-Bt
(Conventional version); Bt11 (expressing Cry1Ab) hemizygous (HE); Bt11
homozygous (HO); Vip-HE (expressing Vip3Aa20); Vip-HO; Vip3-HE (expressing
Cry1Ab and Vip3AaZ20); and Vip3-HO. Asterisk (*) indicates that protein Cry1Ab was

not detected in Bt11-HE.

Fig. 2 Concentration (means = SE) of Vip3Aa20 in leaves of maize hybrids at V4 and
V8 growth stages in the first (A) and second (B) seasons of 2017/2018 in Jaboticabal,
Brazil, and at V5 and V9 growth stages during the first season of 2017/2018 (C) and
first season of 2018/2019 (D) in Lavras, Brazil. Bars topped with the same letters are
not significantly different by t-test (Figure A: p < 0.001; Figures B, C, and D: p < 0.01).
Means of each growth stage (V4, V5, V8, or V9) were compared separately by t-tests.
Seven isogenic versions of the Status maize hybrid: Non-Bt (Conventional version);
Bt11 (expressing Cry1Ab) hemizygous (HE); Bt11 homozygous (HO); Vip-HE
(expressing Vip3Aa20); Vip-HO; Vip3-HE (expressing Cry1Ab and Vip3Aa20); and

Vip3-HO.



54

Fig. 3 Leaf injury (0-9) of Spodoptera frugiperda (FAW) in the first growing season of
2017/2018 in Jaboticabal at V4/V5 (A) and V8/V9 (B) growth stages; in the second
growing season at V4/V5 (C) and V8/V9 (D) growth stages; and in the first growing
season of 2017/2018 in Lavras at V5/V6 (E) and V9/V10 (F) growth stages of seven
isogenic versions of the Status maize hybrid: Non-Bt (Conventional version); Bt11
(expressing Cry1Ab) hemizygous (HE); Bt11 homozygous (HO); Vip-HE (expressing
Vip3AaZ20); Vip-HO; Vip3-HE (expressing Cry1Ab and Vip3Aa20); and Vip3-HO. Black
dots represent the mean values with SE. Each jitter point represents an injured plant
(Figures A, B, C, and D: n = 64; Figures E and F: n = 48). Colors red, green, and blue
represent non-Bt, hemizygous, and homozygous versions, respectively. Means
followed by the same letter are not significantly different by t-test (Figures A, B, C, and

D: p < 0.01; Figures E and F: p < 0.05 and p < 0.001, respectively).

Fig. 4 Survivorship (means + SE expressed in %) of Spodoptera frugiperda in
Jaboticabal in the first season at V5 (A) and V8 (B), in the second season at V5 (C)
and V8 (D) of 2017/2018, and in Lavras in the first season of 2017/2018 at V5 (E) and
V9 (F) (n = 48) on leaves of seven isogenic versions of the Status maize hybrid: non-
Bt (Conventional); Bt11 (expressing Cry1Ab) hemizygous (HE); Bt11 homozygous
(HO); Vip-HE (expressing Vip3Aa20); Vip-HO; Vip3-HE (expressing Cry1Ab and
Vip3Aa20); and Vip3-HO. Bars with the same letter are not significantly different
according to confidence intervals (95%) overlaps generated by a generalized linear

model. Asterisk (*) indicates null larval survival and no variability.
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Fig. 5 Larval weight (means * SE expressed in mg) of surviving Spodoptera
frugiperda in Jaboticabal in the first season at V5 (A) and V8 (B), in the second
season at V5 (C) and V8 (D) of 2017/2018, and in Lavras in the first season of
2017/2018 at V5 (E) and V9 (F) (n = 48) on leaves of seven isogenic versions of the
Status maize hybrid: non-Bt (Conventional); Bt11 (expressing Cry1Ab) hemizygous
(HE); Bt11 homozygous (HO); Vip-HE (expressing Vip3Aa20); Vip-HO; Vip3-HE
(expressing Cry1Ab and Vip3AaZ20); and Vip3-HO. Bars with the same letter are not
significantly different by t-test (Figures A, B, C, and D: p < 0.05; Figures E and F: p <

0.001). Asterisk (*) indicates null larval survival and no variability.

Fig. 6 Survivorship (+ SE) of third/fourth instar Spodoptera frugiperda (A and B) and
larval weight (x SE) (C and D) after four days of feeding on R3 grains of seven isogenic
versions of the Status maize hybrid: Non-Bt (Conventional); Bt11 (expressing Cry1Ab)
hemizygous (HE); Bt11 homozygous (HO); Vip-HE (expressing Vip3Aa20); Vip-HO;
Vip3-HE (expressing Cry1Ab and Vip3Aa20); and Vip3-HO in two bioassays. Bars of
survivorship (%) with the same letter are not significantly different when confidence
intervals (95%) overlap. Bars of final weight with the same letter are not significantly

different by t-test (p < 0.05).
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Supplementary table 1 Concentration (means + SE expressed in ng cm2) of Cry1Ab and Vip3Aa20 proteins in leaves of six
transgenic versions of the Status maize hybrid: Bt11 (expressing Cry1Ab) hemizygous (HE); Bt11 homozygous (HO); Vip-HE
(expressing Vip3Aa20); Vip-HO; Vip3-HE (expressing Cry1Ab and Vip3Aa20); and Vip3-HO in the Jaboticabal site. Leaves were
collected in the first and second seasons of 2017/2018 in Jaboticabal, Brazil, at the V4 and V8 growth stages.

First season 2017/2018 Jaboticabal

CrylAb (ng cm?) Vip3Aa20 (ng cm?)
Hybrid versions Fold-change Fold-change
V4 V8 (V8/VA) V4 V8 (V8/VA)
Bt11-HE 27.03 +£2.01 104.55 +6.68 3.87" - - -
Bt11-HO 46.44 +12.34 78.95 + 8.25 1.70" - - -
Fold-change (HO/HE)? 1.72ms 0.76" - - - -
Vip-HE - - - 13.01 £ 1.41 105.28 +6.43 8.09""
Vip-HO - - - 38.91 +£2.80 153.29+13.92 3.94"
Fold-change (HO/HE)? - - - 2.99" 1.46" -
Vip3-HE 41.85+2.40 103.21 £9.31 2,47 19.21 £0.82 93.45+9.84 4.86""
Vip3-HO 49.24 £ 545 147.84 £2.37 3.00"" 24.86 +1.35 388.76 £ 26.96 15.63"*
Fold-change (HO/HE)? 1.18™ 1.43" - 1.29° 416" -
Second season 2017/2018 Jaboticabal
CrylAb (ng cm?) Vip3Aa20 (ng cm?)
Hybrid versions Fold-change Fold-change
V4 V8 (V8/V4) V4 V8 (V8/VA)
Bt11-HE 65.52 + 3.68 108.92 £ 4.43 1.66™ - - -
Bt11-HO 93.77 + 18.15 176.48 £ 11.11 1.88" - - -
Fold-change (HO/HE)? 1.43* 1.62°" - - - -
Vip-HE - - - 65.22 +591 89.22 +£2.40 1.37%
Vip-HO - - - 107.87 £ 12.81 319.87 £20.40 2,977
Fold-change (HO/HE)? - - - 1.65" 3.59™ -
Vip3-HE 73.45 +9.60 120.47 £5.97 1.64™ 75.11 +£12.81 100.09 + 8.20 1.33m
Vip3-HO 112.55+6.95 249.61 + 14.64 2,227 226.39 +£10.37 522.88 +£72.96 2.31%
Fold-change (HO/HE)? 1.53" 2.07° - 3.01™ 5.22" -

2 Fold-change followed by asterisk differed by t-test (***: p <0.001; **: p <0.01; *: p <0.05).
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Supplementary table 2 Concentration (means + SE expressed in ng cm=2) of Cry1Ab and Vip3Aa20 proteins in leaves of six
transgenic versions of the Status maize hybrid: Bt11 (expressing Cry1Ab) hemizygous (HE); Bt11 homozygous (HO); Vip-HE
(expressing Vip3AaZ20); Vip-HO; Vip3-HE (expressing Cry1Ab and Vip3Aa20); and Vip3-HO in the Lavras site. Leaves were collected

in the first season of 2017/2018 and the first season of 2018/2019 in Lavras, Brazil, at the V5 and V9 growth stages.

First season 2017/2018 Lavras

CrylAb (ng cm?) Vip3Aa20 (ng cm?)
Hybrid versions Fold-change Fold-change
V5 A% (VOIV5) V5 V9 (VOIV5)
Bt11-HE 90.57 +6.30 0.00 0.00 - - -
Bt11-HO 169.51 +13.49 104.52 +7.09 0.62" - - -
Fold-change (HO/HE)? 2.02" 0.00 - - - -
Vip-HE - - - 234.40 +10.88 154.07 £12.35 0.66™
Vip-HO - - - 407.66 = 13.99 375.54 £25.72 0.92"s
Fold-change (HO/HE)? - - - 1.74™ 2.44™ -
Vip3-HE 151.90 +5.45 108.54 +7.01 0.71% 191.19 £ 7.78 148.22+19.93 0.78"
Vip3-HO 214.73 £13.30 180.82 +£2.97 0.84" 317.46 +14.97 253.38 +£13.97 0.80"
Fold-change (HO/HE)? 141" 1.67° - 1.66™" 1.71% -
First season 2018/2019 Lavras
CrylAb (ng cm?) Vip3Aa20 (ng cm?)
Hybrid versions Fold-change Fold-change
V5 %Y (VOIV5): V5 Vo9 (VOIV5):
Bt11-HE 55.76 + 10.03 81.34 +28.37 1.46" - - -
Bt11-HO 179.87 £8.05 267.30 + 14.50 1.49* - - -
Fold-change (HO/HE)? 3.23™ 3.29™ - - - -
Vip-HE - - - 190.23 £ 6.93 612.50 + 106.06 3.22%
Vip-HO - - - 532.02+27.69 1312.86 £ 106.20 2477
Fold-change (HO/HE)? - - - 2.87 2.14™ -
Vip3-HE 249.47 +£49.53 219.65+32.13 0.88" 289.15+40.30 708.20 +90.40 2.45"
Vip3-HO 296.02 +£27.32 246.13 +£18.33 0.83" 500.01 £34.04  1573.71 £ 106.38 3.15™
Fold-change (HO/HE)? 1.19m 1.09"s - 1.73" 2.22" -

2 Fold-change followed by asterisk differed by t-test (***: p <0.001; **: p <0.01; *: p <0.05).
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Fig. 5
a C e
Vip3-HO % Vip3-HO {* Vip3-HO{
Vip3-HE* Vip3-HE {* Vip3-HE %
Vip-HO {* Vip-HO | Vip-HO | %
Vip-HE | % Vip-HE % Vip-HE | %
Bt11-HO a Bt11-HO b Bt11-HO b
Bt11-HE a Bt11-HE b Bt11-HE a
Non-Bt a Non-Bt a Non-Bt b
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
b Larval weight (mg) d Larval weight (mg) f Larval weight (mg)
Vip3-HO | Vip3-HO % Vip3-HO |
Vip3-HE{* Vip3-HE % Vip3-HE | *
Vip-HO1 * Vip-HO Vip-HO
Vip-HE{* Vip-HE {3 Vip-HE | *
Bt11-HO a Bt11-HO a Bt11-HO
Bt11-HE a Bt11-HE a Bt11-HE
Non-Bt a Non-Bt a Non-Bt a

0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Larval weight (mg) Larval weight (mg) Larval weight (mg)



Fig. 6

0 10 20 30 40 50 60 70 80 90 100
Survivorship (%)

b

Vip3-HO ¢
Vip3-HE# b
Vip-HO b
Vip-HE b
Bt11-HO a
Bt11-HE a

Non-Bt a

0 10 20 30 40 50 60 70 80 90 100
Survivorship (%)

[ linitial weight
BFinal weight

0 10 20 30 40 50 60 70 80 90
Mean larval weight (mg)

[ linitial weight
BFinal weight

0 10 20 30 40 50 60 70 80 90
Mean larval weight (mg)

63



64

CHAPTER 3 - Xenia effects of Bt pollen and mortality of Spodoptera frugiperda

on maize kernels

ABSTRACT - Spodoptera frugiperda is the main pest of maize and has been
used as an insect model to investigate insect resistance management practices.
Studying Bt pollen effect on non-Bt plants and the simulated movement of S.
frugiperda from non-Bt to Bt diets, consisting of leaves and kernels, helps clarify
means to extend the efficiency of Bt maize against target pests. In this study we
investigated the presence of Bt proteins in kernels of non-Bt maize plants fertilized by
Bt pollen and mortality of S. frugiperda being moved from non-Bt and Cry1Ab diet to
MIR162 tissues expressing Vip3Aa20 protein. Vip3Aa20 was detected in all kernels at
the R3 growth stage that originated from silks of non-Bt maize fertilized by MIR162
pollen and selfed ears of hemizygous for MIR162. Field larvae of S. frugiperda, likely
resistant to Cry1Ab, with three to eight days old, died when were moved from non-Bt,
or Cry1Ab hybrids, to feed on Vip3Aa20-maize leaves and kernels. Effects of non-
maternal pollen on kernel formation, xenia, suggests that structured refuge is more
adequate than seed mixture to delay resistance of ear-feeding pests to Bt proteins, as
refuge plants in the seed mixture approach are surrounded by Bt plants and more

exposed to Bt pollen, which can prevent the survival of susceptible insects.

Keywords: cross-pollination; fall armyworm; gene flow; simulated movement;

outcrossing; refuge strategies.
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1. INTRODUCTION

Bacillus thuringiensis (Bt) maize was devised to protect grain production by
reducing damage caused by lepidopteran and coleopteran pests (Devos et al., 2013;
Frizzas et al., 2014), without deploying chemical insecticides for the control (Clark et
al., 2000; Naranjo, 2009). However, less than 15 years after the commercial release
of Bt maize in the market, control failures of target pests started to appear in some
regions of the globe (Huang et al., 2007; Storer et al., 2010; Huang et al., 2014; Souza
et al., 2019).

One of the target pests of Bt-maize is the fall armyworm, Spodoptera frugiperda
(Lepidoptera: Noctuidae), a primary pest of the crop that has been spreading
worldwide (Martinelli et al., 2017; Botha et al., 2019; Jing et al., 2019). The maize whorl
is the main plant target of S. frugiperda feeding (Sisay et al., 2019; Santos et al., 2020).
The consequences of injuries caused by the pest, if not counteracted, could cause the
destruction of the plant and consequently production loss (Baudron et al., 2019; Sisay
et al., 2019). Secondary feeding targets of S. frugiperda include ear shoot and kernels,
silks, tassel, and emerging seedlings (Pannuti et al., 2016; Reay-Jones et al., 2016).

Currently, S. frugiperda resistance alleles to Cry1Ab, Cry1F, Cry1A.105,
Cry2Ab2, and Vip3Aa20 have been reported (Huang et al., 2014; Omoto et al., 2016;
Yang et al., 2018; Eghrari et al., 2019). Resistance evolution is mainly caused by the
lack of compliance with resistance management strategies such as the utilization of
high-dose Bt events (Andow, 2008; Burkness et al., 2010), combining proteins of
different modes of action to target the same pest (Bernardi et al., 2015; Niu et al.,
2016), and the adoption of non-Bt plants as refuge for the survival and reproduction of
susceptible insects (Chilcutt and Tabashnik, 2004; Jin et al., 2015). There are two
main refuge approaches recommended in insect resistance management. The seed
mixture, or refuge-in-the-bag approach, is the random distribution of Bt and non-Bt
seeds in the field at different rates, e.g., 5:95% and 20:80% (non-Bt:Bt plants)
(Carriére et al., 2016; Yang et al., 2017). In the structured refuge approach, a ratio of
non-Bt and Bt seeds is also used, but they are disposed in separate blocks in the field
(Onstad et al., 2011; Yang et al., 2020). Regarding the control of leaf- and root-feeding
pests, the seed mixture strategy could delay insect resistance evolution to Bt proteins
as well as be more adopted by farmers compared to the structured refuge strategy

(Head et al., 2014). However, the use of structured refuge is preferred to delay the
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resistance evolution of ear-feeding pests to Bt proteins, since there is a decrease of
non-Bt plants being fertilized by Bt pollen (Brévault et al., 2015; Dively et al., 2020;
Carriére et al., 2020).

The effects of non-maternal pollen on the formation of filial tissues, embryo and
endosperm, of F1 kernels are known as xenia (Kiesselbach, 1960; Weingartner et al.,
2002). Xenia effects caused by Bt pollen fertilizing refuge plants could have two main
consequences: 1) kernels of non-Bt plants will express Bt proteins and will not be a
real refuge for ear-feeding pests (Yang et al., 2017; Carriere et al., 2020), and 2) a
mosaic of Bt and non-Bt kernels will occur and this could facilitate the evolution of
resistance to Bt proteins (Dively et al., 2020). For instance, survivorship of
lepidopteran pests feeding on refuge kernels contaminated by Bt pollen decrease
significantly when compared to pure non-Bt kernels (Yang et al., 2014; 2017; 2020).
Although S. frugiperda is not a primary ear-feeding pest, it has been used as a model
for studying the implications of Bt pollen on maize kernels (Yang et al., 2017).

In this context, this study investigated the effects of Bt pollen on the expression
of Bt proteins in maize kernels and whether S. frugiperda could survive after being
moved from non-Bt and Cry1Ab diet to Vip3Aa20 diet.

2. MATERIALS AND METHODS

2.1. Maize genetic material

Plant genetic material comprised seven near-isogenic versions of the one-way
Status hybrid (Syngenta Protegdo de Cultivos, Brazil). Six near-isogenic versions
contained single or pyramided Bt traits in hemizygosis (HE) and homozygosis (HO).
The Bt traits utilized were Bt11 and MIR162, which express the proteins Cry1Ab and
Vip3AaZ20, respectively. The seven near-isogenic versions were non-Bt, HE for Bt11
(Bt11-HE), HO for Bt11 (Bt11-HO), HE for MIR162 (MIR162-HE), HO for MIR162
(MIR162-HO), HE for Bt11 and MIR162 (MIR162 + Bt11-HE), and HO for Bt11 and
MIR162 (MIR162 + Bt11-HO). Kernels at the R3 growth-stage and leaves at the VT
growth-stage (Magalhdes and Duraes, 2006) were collected from these plants to
compose bioassays with S. frugiperda.

R3-kernels were obtained following specific crossing-designs described in the
following sections. Ears were covered with a plastic bag (10 x 20 cm x 0.6 mm) before

silking. When pollen was shedding and silks were available, tassels were collected on
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paper bags (17.5 x 38 cm) and deposited on the silking ears, covering them with the

pollen bag until reaching the R3 growth stage.

2.2. Detection of Vip3Aa20 in R3 maize kernels

Kernels were generated by three crosses of near-isogenic hybrids: selfed non-
Bt hybrid, selfed MIR162-HE hybrid, and non-Bt hybrid fertilized by MIR162-HO hybrid.
Plants were crossed in different moments, according to the availability of pollen and
silks. Ears were harvested when reached the R3 reproductive stage.

ELISA strip tests for the detection of Vip3Aa20 in the event MIR162 (Cat# AS
085, Envirologix, Portland, ME, USA) were utilized to determine the presence of the
protein in R3 maize kernels. Each strip was used for one kernel only, after imbibing it
in the buffer provided in the ELISA kit and grinding it with mortar and pestle. One
hundred, 41, and six kernels of the selfed MIR162-HE hybrid, non-Bt hybrid pollinated
by MIR162-HO, and selfed non-Bt hybrid were tested, respectively.

2.3. S. frugiperda origin and rearing

Two S. frugiperda populations were used in the bioassays. One was a
laboratory population never exposed to Bt events which have been reared with non-
Bt artificial diet similar to Oliveira et al. (2006) over the last 10 years. The other was a
field population with egg masses and larvae collected in non-Bt and Bt Cry-expressing
maize fields in the municipality of Jaboticabal, Brazil (coordinates 21°14’53"S
48°17°08"W) in 2018. Neonate larvae of both lab and field populations were reared on
artificial diet (Oliveira et al., 2006) until third instar to compose kernel and leaf-tissue

bioassays.

2.4. Laboratory S. frugiperda population feeding on maize kernels

S. frugiperda lab population was reared with non-Bt artificial diet (Oliveira et al.,
2006) until third instar. These larvae were then fed with F1 R3-kernels from four
crossing designs with near-isogenic versions of the Status hybrid: selfed non-Bt, selfed
MIR162-HE, selfed MIR162-HO, and non-Bt fertilized by MIR162-HO pollen.

Each replicate consisted of 12 S. frugiperda larvae in a Petri dish containing
five R3-kernels over a piece of dry paper towel. The larvae were weighed prior to being
released in the dishes. Each kernel was carefully detached from the maize ear to avoid

rupture of the pericarp and spilling of the internal material. The design was a
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randomized complete block with four replicates (n = 48). Survivorship and individual
weight evaluations took place after four days of feeding (12-hour photoperiod at 25 £
1 °C). Surviving larvae of treatments with MIR162 were fed with non-Bt maize leaves

to evaluate late Vip3Aa20 effects.

2.5. Simulating movement of field S. frugiperda larvae fed with non-Bt or Bt11
kernels onto MIR162 kernels

S. frugiperda field population was fed artificial diet (Oliveira et al., 2006) until
the third instar. Third-instar S. frugiperda larvae were randomly transferred to Petri
dishes to feed on selfed R3-kernels of seven near-isogenic versions (section 2.1.) for
four days.

Seven-day-old S. frugiperda larvae that survived were offered selfed R3-
kernels of only two out of the seven near-isogenic hybrids: non-Bt and MIR162-HE.
Each replicate comprised 13 S. frugiperda in Petri dishes with five R3-kernels over a
dry sheet of paper towel. The design was a randomized complete block with five
replicates (n = 65). Survivorship and larval individual weight were assessed after four
days (12-hour photoperiod at 25 + 1 °C). Surviving larvae on MIR162 kernels were fed
with leaves of the non-Bt maize to evaluate late Vip3Aa20 effects.

2.6. Simulating movement of field S. frugiperda from non-Bt or Bt11 leaves to
MIR162 maize leaves

Field S. frugiperda population was fed non-Bt artificial diet (Oliveira et al., 2006)
until the third-instar. Larvae were then fed with leaves of seven near-isogenic versions
of the Status hybrid (section 2.1.). Each replicate of the leaf bioassay consisted of 12
weighed larvae in a Petri dish over a sheet of paper towel moistened with distilled
water and a piece of leaf (5.0 x 3.5 cm) at the VT growth stage to reduce leaf
desiccation. Leaves were replaced every two days. The bioassay design was a
randomized complete block with five replications (n = 60). Larval mortality and
individual weight of surviving larvae were assessed after five days (12-hour
photoperiod at 25°C £ 1).

Eight-day-old larvae that survived were fed with leaves of non-Bt and MIR162-
HE hybrids. Each larva was again weighed before being transferred to Petri dish. Each
replicate consisted of 13 S. frugiperda with leaves of each treatment in the VT growth

stage over a sheet of paper towel moistened with distilled water. The design was a
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randomized complete block with five replicates (n = 65). Larval mortality and weight of
surviving larvae were assessed after five days (12-hour photoperiod at 25 + 1 °C).
Surviving larvae were fed with non-Bt leaves to observe the occurrence of pupation
and late effects of Vip3Aa20.

2.7. Data analysis

Means and standard errors (SE) of surviving larvae were calculated in R (R
Core Team, 2019). The package ggplot2 (Wickham, 2016) was used to plot the data.
Survivorship and weight of surviving larvae data were submitted to ANOVA followed
by pairwise LSD test to compare means using the agricolae package (Mendiburu,
2020) in R.

3. RESULTS

3.1. Detection of Vip3Aa20 in maize kernels

All kernels of the selfed MIR162-HE hybrid expressed the Vip3Aa20 protein.
Also, Vip3Aa20 was found on kernels of non-Bt silks fertilized by MIR162 pollen.
Vip3Aa20 was not detected in R3-kernels of the selfed near-isogenic non-Bt version
(Table 1).

Table 1. Elisa strip test to detect the protein Vip3Aa20 expressed by the MIR162 maize

event.
Kernel Number of kernels tested Positive (%)
Non-Bt® 6 0
MIR162-HEQ 100 100
2Non-Bt x & MIR162-HO 41 100

MIR162 expresses the protein Vip3Aa20. HE - hemizygous; HO - homozygous; & - self-fertilization;
Q - female plant; & - male plant.

3.2. Survivorship of laboratory S. frugiperda larvae on Vip3Aa20 R3 maize
kernels

Less than 10% of third-instar S. frugiperda larvae from the laboratory colony
(never exposed to Bt proteins) survived after being fed for four days with MIR162
kernels (Figure 1A), but died two days later after being fed with non-Bt maize leaves

(Supplementary Table 1). All larvae fed with non-Bt R3-kernels survived and
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presented a mean weight 10 times higher than that of surviving larvae on MIR162-HE

kernels after four days of feeding (Figure 1B).
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Figure 1. Survivorship (mean + SE, %) of third instar S. frugiperda fed with R3 maize
kernels for four days (A) and mean weight (mg) + SE of surviving larvae before
and after being fed with R3-kernels (B). T S. frugiperda subjected to MIR162
died after being fed with non-Bt maize leaves for two days. MIR162 expresses
the protein Vip3Aa20. HE, hemizygous. HO, homozygous. &, self-
fertilization. Bars with the same letter are not significantly different by pairwise
LSD test (p < 0.001).

3.3. Survivorship of field S. frugiperda larvae transferred from non-Bt and Bt11
kernels to MIR162 kernels

All third-instar larvae fed with MIR162 R3-kernels died, while third-instar larvae
fed with non-Bt, Bt11-HE, and Bt11-HO R3-kernels survived after four days. This
surviving larvae, seven-day-old S. frugiperda, were then transferred to MIR162-HE
and non-Bt R3-kernels. The survivorship of the seven-day-old S. frugiperda was ~20%
on selfed R3-kernels of MIR162-HE hybrid. The remaining ~20% surviving larvae on
MIR162-HE died after two days when transferred to non-Bt leaves, which were barely
scratched (Supplementary Table 2). On the other hand, larval survival was greater
than 90% on selfed R3-kernels of the non-Bt version (Figure 2A). For larval weight,
surviving larvae on MIR162-HE were ~2.5 times lighter than larvae fed with the non-

Bt version (Figure 2B).
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Figure 2. Survivorship (mean + SE, %) of seven-day old S. frugiperda larvae fed with
R3 maize kernels of two near-isogenic versions of the Status maize hybrid
for four days (A) and mean weight (mg) = SE of S. frugiperda larvae at day
four (B). T S. frugiperda subjected to MIR162 died after being fed with non-Bt
maize leaves for two days. MIR162 expresses the protein Vip3Aa20. HE,
hemizygous. ), self-fertilization. Bars with the same letter are not
significantly different by pairwise LSD test (p < 0.001).

3.4. Survivorship of field S. frugiperda larvae transferred from non-Bt and Bt11
leaves to MIR162 leaves

All third-instar S. frugiperda fed with MIR162 leaves died, and 85.00 + 7.64%,
73.33 + 10.34%, and 77.67 + 10.00% survived on non-Bt, Bt11-HE, and Bt11-HO VT
leaves, respectively (Figure 3A, Supplementary table 3). Larvae that survived gained
on average 37.35, 43.4, 49.25 mg after being fed with non-Bt, Bt11-HE, and Bt11-HO
leaves in five days, respectively (Figure 3B, Supplementary Table 3).

Eight-day-old surviving larvae fed with non-Bt, Bt11-HE, and Bt11-HO versions
died on MIR162-HE VT-leaves at the VT growth-stage and survived on the non-Bt
version (Figure 3C). The mean weight of the surviving larvae tripled in five days (Figure

3D, Supplementary Table 4).
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Figure 3. Survivorship (mean £ SE, %) of third instar S. frugiperda fed with VT leaves
of seven near-isogenic versions of the Status maize hybrid for five days (A);
Mean weight (mg) + SE of third instar S. frugiperda at day 0 and after five
days (B); Survivorship (%) + SE of eight-day old surviving fed with VT leaves
of non-Bt and MIR162-HE near-isogenic versions of the Status hybrid (C);
and mean weight (mg) + SE of eight-day old S. frugiperda day 0 and after
five days (D). Values equal to zero are represented by an asterisk (*).
MIR162 and Bt11 express the proteins Vip3Aa20 and Cry1Ab, respectively.
HE, hemizygous. HO, homozygous. Bars with the same letter are not
significantly different by pairwise LSD test (p < 0.01).

4, DISCUSSION

Xenia was evidenced by the detection of Vip3Aa20 protein in kernels of non-Bt
maize fertilized by Bt pollen, and by the mortality of S. frugiperda fed on those kernels.
Our results also show that Bt zygosity has an important role in the number of Bt alleles
and the concentration levels of Bt proteins in the main tissues of the kernel (embryo,
endosperm, and pericarp) (Eghrari et al., 2019; Carriére et al., 2020). Additionally, a
high susceptibility to Vip3Aa20 was observed on both lab and field S. frugiperda
populations, and an apparent resistance to Cry1Ab was detected in the field
population.

As for the Bt zygosity in kernel tissues, kernels originated from female non-Bt x
male MIR162-HO likely expressed Vip3Aa20 in the embryo and endosperm of each
kernel, but not in the pericarp (Wright et al., 1989; Carriére et al., 2020). On the other
hand, selfed HE Bt hybrids always express Bt proteins in the pericarp, due to its
maternal origin, whereas embryo and endosperm follow a mendelian segregation
(Carriere et al., 2020). The proportion of each tissue of the kernel changes as they
reach physiological maturity. Embryo, endosperm, and pericarp correspond to 0.7,
86.4, and 12.9% of the entire kernel weight 14 days after fertilization (Kiesselbach,
1960), i.e., approximately at the R3 growth stage used in our bioassays (Magalhaes
and Durades, 2006). Therefore, concentrations of Bt proteins on pericarp and
endosperm could be higher at the R3 growth stage than at physiological maturity,
when embryo, endosperm, and pericarp account for approximately 11, 82, and 6% of
the dry weight of the kernel, respectively (Tollenaar and Dwyer, 1999; Garcia-Lara et
al., 2019). Thus, regardless of the kernel phenological stage, MIR162 allele could be
widely expressed in kernels of non-Bt maize plants pollinated by MIR162-HO hybrids
because the endosperm accounts for more than 80% of the mass of the kernel
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(Kiesselbach, 1960; Tollenaar and Dwyer, 1999; Garcia-Lara et al., 2019). As for
kernels originated from hemizygous plants, in a situation where embryo and
endosperm do not present any Bt allele, the pericarp is likely to have a considerable
impact on kernel-feeding pests, since the percentage of the pericarp is higher at the
initial stages of kernel development (Kiesselbach, 1960).

Xenia effects caused by Bt pollen, also referred to as impact of cross-pollination
(Yang et al., 2014; 2020) and gene flow (Chilcutt and Tabashnik, 2004; Dively et al.,
2020), have been found and discussed elsewhere in the context of the seed mixture
and structured refuge strategies. In a 5:95% (non-Bt:Bt-HE) seed mixture strategy, the
Bt plants produce the majority of the pollen, which, on average, 50% is Bt. As maize
is an allogamous species, more than 95% of the kernels of maize plants are fertilized
by adjacent plants (Poehlman, 1987), thereby approximately half of the kernels in non-
Bt refuge could be Bt (Yang et al., 2014). Dively et al. (2020) reported the occurrence
of 18.6% of Bt kernels in non-Bt plants in a 5:95% (non-Bt:Bt) seed mixture scheme,
and suggested that the lack of synchrony between pollen shedding and silking could
have affected the low percentage of Bt kernels produced.

In this context, resistance management of ear-feeding pests could be
jeopardized by the use of the seed mixture approach because kernels of non-Bt
hybrids might not be serving as a real refuge for pests, since they would be expressing
Bt proteins, and therefore could kill susceptible larvae (Yang et al., 2014), increasing
consequently the selection pressure. Additionally, if homozygous Bt hybrids would be
deployed (Miraldo et al., 2016) in a seed mixture condition of 5:95% (non-Bt:Bt), ~95%
of the kernels from the refuge plants could express Bt proteins, and thus the likelihood
of having refuge kernels for grain-feeding pests would decrease even more relative to
a condition with the trait in a hemizygous state. When pyramided traits are included
into the seed mixture scenario, 94.4% of refuge kernels express at least one Bt protein
from the surrounding Bt pyramided plants in a 5:95% (non-Bt:Bt) strategy (Yang et al,
2014). At high compliance rates, structured refuge has been shown to be more
effective in delaying resistance evolution in insect pests to Bt proteins than the seed
mixture strategy (Carroll et al., 2012; Yang et al., 2017). In light of our results,
structured refuge would also serve better as a refuge for grain-feeding pests, because
with separate blocks of Bt and non-Bt plants in the field less non-Bt silks could be
fertilized by Bt pollen (Yang et al., 2020).
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Regarding the reciprocal cross in a 5:95% (non-Bt:Bt) seed mixture approach,
that is, few silks of Bt-hemizygous plants fertilized by non-Bt maize pollen (Yang et al.,
2014), the genotype of the resulting kernels might resemble that of selfed Bt
hemizygous hybrids (Burkness et al., 2011; Yang et al., 2014, Dively et al., 2020). As
our results revealed, kernels of selfed MIR162-HE hybrids controlled 100% of three-
to eight-day-old S. frugiperda larvae. Theoretically, selfed kernels of hemizygous for
Bt maize plants would have a 1:2:1 mendelian segregation for the Bt trait in a
homozygous, hemizygous, and non-Bt state, respectively, that is, on average 75% of
the kernels would have the Bt allele (Wang et al., 1999). Chilcutt and Tabashnik (2004)
presented that expected mendelian segregation, with ~75% of maize kernels of selfed
Bt11-HE maize plants expressing Cry1Ab. We hypothesize that one of the reasons
why Cry1Ab concentrations in the pericarp might not have been sufficient to be
detected by the ELISA strip test might be due to the promoter of the Bt11 construct,
35S CaMV (CTNBio, 2008), which is weaker than the promoter of the MIR162
transgene, polyubiquitin ZmUDbIINT (Christensen et al., 1992; CTNBio, 2009; Bernardi
et al., 2015. Indeed, Chilcutt and Tabashnik’s results (2004) might have detected the
presence of the Cry1Ab protein only in the embryo and endosperm of each kernel,
which are filial tissues that follow the mendelian pattern of segregation (Wang et al.,
1999). Furthermore, actual segregation of Bt traits could be seen by genotyping the
embryo or tissues of the plants that germinate from the kernels.

In that view, our study showed that all kernels of selfed MIR162-HE plants
expressed the Vip3Aa20 protein. Similar results with 100% Bt detection in kernels of
pure Bt fields suggested that the hybrids were homozygous for the trait (Yang et al.,
2014). Contrary to that assumption, since we knew the zygosity of our hybrids, we
believe that detection of Vip3Aa20 in all kernels might have been due to presence of
the Vip3AaZ20 in the pericarp (Carriére et al., 2020).

Three- to eight-day-old S. frugiperda were killed when transferred from a non-
Bt diet (artificial diet, leaves, or kernels) to MIR162 leaves or kernels. Our results show
the efficiency of the MIR162 event, which is a protein that complies with the high-dose
strategy for S. frugiperda for both leaves and kernels (Andow, 2008; Burkness et al.,
2010). In more than 80% of the cases, it took less than five days for larvae to be killed
when feeding on MIR162 diet. Those larvae that survived on MIR162 were transferred
to non-Bt leaves and eventually died after two days of feeding due to the late effect of
the Vip3Aa20 protein (Horikoshi et al., 2016; Yang et al., 2016).
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Decreased susceptibility to Bt proteins as lepidopteran larvae advance
development has been reported (Sorgatto et al., 2015; Miraldo et al., 2016; Silva et
al., 2018). In the current study, however, we revealed that S. frugiperda larvae of three,
seven, or eight days old previously fed with non-Bt diet died once they were transferred
to MIR162 leaves or kernels. The high mortality of S. frugiperda on Vip3Aa20 tissues
could be an indication of both low frequency of resistant alleles to Vip3Aa20 and the
power-killing of the protein on the population collected in Jaboticabal, Brazil, since
Cry1F-susceptible S. frugiperda presented higher mortality in mosaic maize ears than
Cry1F-heterozygous and resistant larvae (Yang et al., 2017). Conversely, similar larval
survival on Bt11 and non-Bt tissues suggests that the Jaboticabal S. frugiperda
population is resistant to Cry1Ab, resistance that has been found also in other regions
of Brazil (Omoto et al., 2016). In fact, the S. frugiperda field population of this study
was collected in the same region where survivorship of S. frugiperda on Cry1F,
Cry1A.105, and Cry2Ab2 proteins has been reported (Eghrari et al., 2019).
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APPENDIX - Supplementary tables

Supplementary Table 1. Survivorship and weight (mean + SE) of lab third-instar S. frugiperda larvae fed with R3-kernels.

Hybrid NL:;:S:; of l\iﬂf::/?vegrgf Survi\E)orsrLrip (%) Larval I;/)veight (mg) Larval E/)veig:t (mg)
Day 0 Day 4 ay ay 0 ay
Non-Bt 48 48 100.00 £ 0.00 8.08 £0.78 161.04 £ 7.02
MIR162-HE® 48 1 2.08 + 2.08t 7.14 +0.73 13.70 £ 0.00
MIR162-HO® 48 1 2.08 + 2.08t 6.91+0.84 7.50 £ 0.00
?Non-Bt x IMIR162-HO 48 3 6.25 + 3.99 6.96 + 0.73 7.40+0.15

T S. frugiperda subjected to MIR162 died after being fed with non-Bt maize leaves for two days.

Supplementary Table 2. Survivorship and weight (mean x SE) of field S. frugiperda larvae fed with R3-kernels.
Number of larvae Number of survivors Survivorship (%) Larval weight (mg)

Larval weight (mg)

Hybrid Day 0 Day 4 Day 4 Day 0* Day 4
Non-Bt® 65 65 93.85 + 5.01 56.39 + 6.44 162.58 £ 15.57
MIR162-HE® 65 12 18.46 + 6.991 56.39 + 6.44 60.65 + 9.22

tS. frugiperda subjected to MIR162 died after being fed with non-Bt maize leaves for two days. ¥ Third-instar larvae were previously fed with R3-kernels of
the non-Bt, hemizygous for Bt11, and homozygous for Bt11 of near-isogenic versions of the Status maize hybrid for four days (Eghrari et al. 2020 Syngenta).

Supplementary Table 3. Survivorship and weight (mean + SE) of field third-instar diet-reared S. frugiperda fed with VT leaves of
seven isogenic versions of the maize hybrid Status for five days.
Number of larvae Number of survivors

Mean weight (mg) Mean weight (mg)

Hybrid Day 0 Day 5 Mean survivorship (%) Day 0 Day 5
Non-Bt 60 51 85.00 £ 7.64 5.49 £+ 1.22 42.84 +4.87
Bt11-HE 60 44 73.33+10.34 5.21+1.74 48.61 £ 543
Bt11-HO 60 46 76.67 + 10.00 5.85+ 1.53 55.10 £ 5.14
MIR162-HE 60 0 0.00 £ 0.00 4.76 + 0.96 0.00£0.00
MIR162-HO 60 0 0.00 £ 0.00 4.46 +0.29 0.00£0.00
MIR162 + Bt11-HE 60 0 0.00 £ 0.00 3.85+0.35 0.00 £ 0.00
MIR162 + Bt11-HO 60 0 0.00 + 0.00 4.04 £0.37 0.00 £ 0.00
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Supplementary Table 4. Survivorship and weight (mean + SE) of third-instar diet-reared S. frugiperda fed with maize leaves at the
VT growth-stage of two near-isogenic versions of the Status hybrid for 5 days.

. Number of larvae Number of survivors . o Mean weight (mg) Mean weight (mg)
Hybrid Day 0 Day 5 Mean survivorship (%) Day 0 Day 5
Non-Bt 65 65 100.00 + 0.00 50.02 £ 2.73 179.19 + 16.63

MIR162-HE 65 0 0.00 + 0.00 45.52 + 4.55 0.00 + 0.00




