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PREFACE

The Graduate Program in Agronomy (Agricultural Entomology) at the UNESP Faculty
of Agricultural and Veterinary Sciences in Jaboticabal has always been characterized by
its focus on Integrated Pest Management (IPM). Since its foundation, the program has
graduated 287 students with a master’s degree and 148 Ph.D. students. They are now active
in various areas of the public or private sector and contribute to agriculture’s economic and
environmental sustainability.

This e-book entitled “Topics in Agricultural Entomology - XlII” was made possible
through the immense effort of the Organizing Committee, formed by MSc and Ph.D.
students from all research areas of our Graduate Program. In its 14 chapters, readers will
find information on the most diverse areas of IPM, with a richness of information on both the
fundamental and applied aspects of IPM.

As coordinator of the 2022 edition of the Winter Workshop on Agricultural
Entomology, it is my pleasure to provide event attendees with an e-book of excellent content,

demonstrating the importance of our research to society.

Prof. Ricardo Antdnio Polanczyk
FCAV/UNESP

PPG Entomologia Agricola Coordinator
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CAPITULO 14

Bacillus thuringiensis CRY PESTICIDAL PROTEINS
SUBLETHAL EFFECTS ON TARGET LEPIDOPTERA
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11 INTRODUCTION

Farmers worldwide have preferred broad-
spectrum pesticides for pest control due to their
knock-out and long-term effects (Bel et al., 2017;
Dudhbale et al., 2017). However, when misused,
they may cause problems such as human
diseases and/or intoxication and environmental
pollution, besides affecting ecosystem population
dynamics and services, and increasing selection
for resistance in pest populations (Nicolopoulou-
Stamati et al., 2016; Sanchez-Bayo & Wyckhuys,
2019; Sparks et al., 2020).

Microbial control agents, such as

the entomopathogenic  bacterium  Bacillus
thuringiensis (Bt) which are based on Cry pesticidal
proteins, have been widely adopted against major
defoliating pests in corn and cotton (Lacey et al.,
2015; do Nascimento et al., 2022). Given their
effectiveness, Bt biopesticides represent around
75% of the biopesticides market share, and they
could grow even more in the coming years (Rao

& Jurat-Fuentes, 2020).

Pathogen and host-insect interactions

are evaluated in terms of pathogenicity and
virulence. Pathogenicity is a qualitative concept
in which a microorganism kills or not a host,
whereas virulence varies with abiotic factors
and characterizes its ability to cause disease.
The former is applied to groups or species, and
the latter is intended for within-group or species
comparisons, evaluations

(Shapiro-llan et al., 2005).

i.e., quantitative

According to the above conceptions, a Bt
strain can be pathogenic despite its low mortality
(<80%) in screening assays, mainly against
low susceptibility pests, such as Spodoptera
frugiperda (Lepidoptera: Noctuidae). In such a
situation, the strain is ruled out from selection to
produce promising pesticides. Otherwise, most
larval survival may provide evidence of a fitness
cost, i.e., a “price has been paid” to allow larval
survival, such as growth and pupation inhibition,
and interference with adult emergence or even
oviposition. These effects are named “sublethal
effects” and are frequently reported in the
literature (Asano et al., 1993; Babu et al., 2002;
Li and Bouwer, 2012; Chauhan et al., 2017)

Sublethal effects are defined as biological,

physiological, demographic, or behavioral
effects on individuals or populations that survive
exposure to a toxicant at a lethal, sublethal dose

or concentration, or low doses (Desneux et al.,
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2007; Mohan et al., 2008; De Franca et al., 2017). A few resistance and susceptibility
approaches have been used to understand those effects. In a remarkable paper, Aranda et
al. (1996) stated that Cry-1 pesticidal protein binding to S. frugiperda epithelial membrane
receptors may be reversible or irreversible. A reversible binding is when the toxin is
dissociated from the receptor site, while an irreversible interaction shows no dissociation
and results in insect death (Schnepf et al., 1998). Therefore, toxicity is a complex process
in which binding is an essential but insufficient step to cause insect mortality, among which

irreversible bindings can lead to Bt sublethal effects.

Furthermore, Castagnola & Jurat-Fuentes (2016) described that damage to insect
digestive system by entomopathogens and their toxins activate a defensive response
mediated by repeat and arylphorin genes. This response usually consists of epithelial
regeneration, replacing diseased cells with newly differentiated midgut cells. This mechanism
depends on the proliferation and differentiation of midgut stem cells and appears to allow

insects to survive exposure to entomopathogens.

This chapter was proposed to review the sublethal effects of Bt Cry pesticidal proteins
on different pest lepidopteran species, in addition to their effects on agroecosystems (target
and non-target organisms). Laboratory tests under lethal concentration, low doses, or
sublethal evidence, including life parameters and binding competition, were selected for
cross-resistance considerations. The impacts of sublethal effects on agroecosystems based

on ecological interactions and pest behavior were also discussed.

2| SUBLETHAL CONCENTRATIONS AND EFFECTS ON LEPIDOPTERA
SPECIES

Due to abiotic factors (UV, humidity, and temperature), Bt formulation applications
may result in ingestion of sub-lethal doses of the biopesticide by a fraction of the pest
population, promoting toxin tolerance and resistance in the long term (Chauhan et al.,
2017). Several studies have been carried out on the sublethal effects of Cry proteins on
lepidopteran pests of commodities (Table 1), with most of them assessing their interference
with insect development. However, few studies have evaluated protein-binding mechanisms

and resistance evolution-related aspects.

The species studied included the complex Spodoptera (Spodoptera littoralis, S.
litura, S. cosmioides, S. frugiperda, and S. eridania), which has been reported as critical
in soybean-, cotton-, and corn-producing regions in North America, South America, Asia,
and Africa (Hosny et al., 1986; Cruz et al., 1999; Santos et al., 2010; Aguirre et al., 2016;
Dudhbale et al., 2017).
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Lepidopteran

X Cry protein Concentration Reported effects Reference
species
Cry1Aa, Cry1Ab, No strict correlation between Aranda et al
Cry1Ac and > 2000 ng cm™ binding and toxicity, non-toxic v
) 1996
Cry1B d-endoproteins
Changes in defense and
Spodoptera oxidative stress-rele.;\te.d
Lugiperda 10,8,6,4, 2 and 1 gﬁﬂiicﬁireaﬁiniiifsgﬁf'y Rodriguez-
Noctuidae CryiCa D ’ Cabrera et al.,
mg cm related genes were
2008
repressed
Spodoptera 0.17, 2.40, 3.74, Protein was hydrolyzed 0 o et al.,
littoralis Cry1C 5.39 and 5.46 , fasterin the resistant than in 2020
Noctuidae ’ “OH9 g the susceptible strain
510000, >3000 and  Did ot cause any mortality
Spodoptera ~ or growth inhibition, caused
o Cry1Ac, CrylFa, 11 ngcm? P Rabelo et al.,
eridania and Crv2Aa (LC.) only growth inhibition and 2020a
Noctuidae y 50 growth inhibition plus
mortality
Spodgptera Cry1Ac, Cry1Fa, >10000, 853.iand R Rabelo et al.,
cosmioides 1132.1 ng cm Growth inhibition
. and Cry2Aa 2020b
Noctuidae (LC,,)
0.071 pg ml™ (LC,) Decreased fertility, increased  Kannan and
and malformed adults, fecundity, Uthamasamy,
0.119 pg ml* (LC,,) and fecundity period 2006
Helicoverpa
armigera Cry1Ac 3 The growth rate of Knock
Noctuidae 2.5ug and 4ug g out of HaRE'ascla.gene was Guan et al., 2019
repressed significantly
Higher mortality, longer
Sesamia developmental time, extra
nonaarioides Cry1Aa, Cry1Ab, 0.35 and 0.035mg molts, and higher sensitivity Eizaguirre et al.,
9 CrylAc and Cry2 kg™’ to critical daylength for 2005
Noctuidae ; ) .
diapause induction
Higher levels of juvenile
hormone, low level of
ecdysteroids, consequently
Sesaml'a' 0.35, 0.9, and 2 mg longer larval development, Pérez-Hedo et al.,
nonagrioides Cry1Ab ka more larval molts, and 2011
Noctuidae 9 pupation difficulty
Anticarsia Structural damage and death
gemmatalis 8?12?’;\35‘2 0.46 mgmL~"(LC,))  of the midgut epithelial cells Castro et al., 2019
Erebidae y Y of this insect

Ostrinia furnacalis
Crambidae

Chlosyne lacinia
Crambidae

Cry1Ac

Cry1Ac

0.05,0.2,0.8, 3.2,
12.8 ug g

100 and 2.0 ng ml”!
(LC,)

Larval growth and
development delayed,
pupation, pupal weight,
and adult emergency also
decreased

F1 larvae had higher
mortality and
longer development time

Ma et al., 2008

Paula et al., 2014

Table 1. Sublethal effects on lepidopteran pests exposed to sublethal concentrations.
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Transcriptional studies have been performed to identify midgut cell responses in
Lepidoptera pests exposed to Bt proteins. Rodriguez-Cabrera et al. (2008) suggested that
transcriptional profiles of midgut cells in Cry toxin poisoning should be early determined to
better understand the biochemical and molecular aspects of insect detoxification. Another
study by those authors provided the transcriptional responses of S. frugiperda third-instar
larvae exposed to Cry1Ca sublethal concentrations (10, 8, 6, 4, 2,1, and 0 mg cm2diet),
with sixteen genes being associated with a known biological process of S. frugiperda.
The authors also found that defense (serpin-like) and oxidative stress-related (catalase-
like) genes were transcriptionally up-regulated, while metabolic-related (lipase 1-like and
glycosyl hydrolase-like) genes were down-regulated, in toxin-fed insects after 15 minutes of
treatment. Serpins regulate insect innate immunity by inhibiting serine proteinase cascades,
starting immune responses such as melanization and production of antimicrobial peptides
(Meekins et al., 2018). Catalase is a robust antioxidant enzyme that breaks down toxic
reactive oxygen species (ROS), which are also actively released to respond to bacterial
attacks in insects (Molina-Cruz et al., 2008; Diaz-Albiter et al., 2011). In turn, glycosyl
hydrolase is a carbohydrate-active enzyme (Cantarel et al., 2008), while lipase has a key

role in insect lipid acquisition, storage, and mobilization (Santana et al., 2017).

Laboratory approaches using low Bt doses to assess sublethal effects have been
increasingly comprehensive once the efficacy of pesticidal Cry protein is threatened by the
possibility of pest resistance. Moussa et al. (2020) conducted a laboratory investigation to
evaluate the resistance development in S. littoralis against Cry1C. Fourth-instar larvae were
exposed to the protein for the subsequent twelve generations. The resistance ratio increased
from one generation to another until it reached 32.12 folds in F12. The authors compared a
resistant with a susceptible strain and reported that Cry1C protein was hydrolyzed faster in
the resistant population; therefore, S. littoralis could develop resistance to Bt proteins while
exposed to a diet mixed with the protein for subsequent generations. Such rapidity may
have been due to the associated particles in the spore/crystal mixture, which may delay
resistance development in cotton leafworm strains compared to the purified proteins used
by Moussa et al. (2020).

Spodoptera eridania, known as southern armyworm, is a pest under expansion in
cotton and soybean fields, recently found in the African continent (Goergen, 2018). This
pest has lower susceptibility to Cry1Ac and Cry1F than to Cry2Aa. The highest Cry1Ac
concentration (10000 ng cm) did not cause mortality or growth inhibition, while the highest
Cry1F concentration (3000 ng cm) caused only growth inhibition. According to the authors,
the higher growth inhibition and mortality rates in southern armyworm larvae exposed to

Cry2Aa when compared to Cry1Ac and Cry1F support the hypothesis that the former does
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not share the same binding sites with the latter two proteins, which is critical for toxicity to
armyworms (Rabelo et al., 2020a). These Bt proteins were evaluated on S. cosmioides
(Rabelo et al., 2020b), which showed greater growth inhibition when exposed to Cry1Fa
than to Cry1Ac and Cry2Aa. While Cry1Fa and Cry2Aa had similar toxicity, Cry1Ac was at
least 11.7 times less toxic than Cry1Fa. Therefore, the effect of Cry protein on the insect

organism depends on the species.

Helicoverpa armigera is a highly polyphagous pest (Riaz et al., 2021) and shows
high susceptibility to the pesticidal Cry1Ac protein (Da Silva et al., 2018). For this bollworm
species, Kannan and Uthamasamy (2006) related the sublethal effects of Cry1Ac protein
to decreased fertility, as well as increased number of malformed adults, egg viability, and
fecundity period when the species was exposed to low (LC,,) and medium (LC,)) lethal
concentrations. Guan et al. (2019) reported that the same protein can increase HaREase
gene knockout rates, which are significantly repressed in H. armigera second-instar larvae
fed an artificial diet with Cry1Ac (2.5 or 4 mg g'). These authors also found that HaREase
participates in the lepidopteran immune stress processes and affects cotton bollworm
resistance to Bt. Such findings may provide a novel strategy to enhance the sensitivity of

insects to Bt proteins by inhibiting immune-related genes.

Ostrinia furnacalis, an important corn pest in China, was evaluated by Ma et al.
(2008) for growth, development, and mortality of its neonates and third-instar larvae after
being fed a Cry1Ac diet. The protein reduced the pest growth and development, with its
increased concentrations reducing larval development; still, third-instar larvae were eight
times more tolerant to Cry1Ac than neonates. After being fed the diet for ten days, the larvae
weight decreased significantly but their development time extended. Moreover, pupation

rates and pupal weights decreased significantly.

Sesamia nonagrioides is the major corn pest in the Mediterranean Basin. In a
study, newly hatched larvae (< 24 h old) were used to evaluate the effect of sublethal Bt
concentrations (0.35 and 0.035 mg kg') on larval development. All larval instars treated with
the commercial Dipel DF formulation (Cry1Aa, Cry1Ab, Cry1Ac, and Cry2Aa) showed an
increase in the number of days to pupate, regardless of the concentration, besides additional
ecdysis (Eizaguirre et al., 2005). Another study (Pérez-Hedo et al., 2011) evaluated Cry1Ab
for the same pest but evaluated the hormonal balance after larvae were fed from molting to
pupation or death with a semiartificial diet with sublethal concentrations (0, 0.35, 0.9, and 2
mg/kg diet) of active Cry1Ab with trypsin. Surviving larvae showed higher levels of juvenile
hormone (JH), but ecdysteroid levels did not increase enough for pupation, prolonging
larval development and the number of molts. This response may be considered a defense

mechanism that allows some larvae to survive protein ingestion (Pérez-Hedo et al., 2011).
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Anticarsia gemmatalis, one important defoliating pest of soybeans in Brazil, has
been recently evaluated for toxicity to B. thuringiensis kurstaki strain HD-1 (Castro et al.,
2019). Median lethal concentrations (LC,, = 0.46 mg mL") showed toxicity to A. gemmatalis
fourth-instar larvae after 108 hours. Cytopathological changes mediated by Cry pesticidal
proteins in the larval midgut cause cellular disorganization, microvillus degeneration, cell
fragmentation and protrusion, peritrophic membrane rupture, and cell vacuolization. Cells
also show a progressive increase in nuclei with condensed chromatin, and numerous
lysosomes are found in the intestine of toxin-exposed insects. Moreover, apoptosis (a
morphological pattern of programmed cell death) occurs in the midgut cells of larvae
exposed to Bt (Castro et al., 2019).

Paula et al. (2014) reported that C. lacinia exposed to sublethal or low concentrations
of Cry1Ac undergoes adverse effects during the first offspring generation (F1) such as higher
mortality and longer development time when compared to the F1 larvae of parents that did

not ingest Cry1Ac. In addition, this species can absorb the protein and transfer it to its eggs.

Souza et al. (2018) evaluated the resistance to Cry1F in non-aposematic larvae of
S. frugiperda and the possibility of the species transferring the protein from a genetically
engineered maize variety to its offspring. The authors reported that Cry1F was transferred
to the offspring (1.47 + 4.42 ng Cry1F.10 eggs™) in a toxin concentration of about 28 + 83

times lower than that detected in Cry1F Bt maize leaves.

31 BT SUBLETHAL EFFECTS ON AGROECOSYSTEMS

Although evaluating the sublethal effect of pesticidal Cry proteins under field
conditions remains a challenge given the strong influence of abiotic and biotic factors,
some laboratory approaches have allowed highlighting some aspects of sublethal effects in

agroecosystems.

Some interesting insights have been found in sublethal assays with A. gemmatalis,
S. frugiperda, S. eridania, C. includens, and H. armigera assessed for larval weight every
two days, from 9 to 19 days after treatment. As a remarkable result, surviving larvae of both
Spodoptera species (S. frugiperda and S. eridania) treated with Bt had weight gains of 300
and 500%, respectively, concerning control larvae. Such an improvement is due to insect
defense mechanisms in which larvae increase their food ingestion to repair midgut damage

as a strategy to survive Bt infection (Castagnola & Jurat-Fuentes, 2016).

Leob et al. (2001) observed that more mature cultured midgut cells are destroyed

as Bt toxin titers increase. The authors also described a significant increase in the number
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of immune-positive cells in Chloride virescens (Lepidoptera: Noctuidae) larvae treated with
two Bt strains. This fact indicates an upregulation of the synthesis of an MDF1 (Lepidopteran

midgut differentiation factor), directing increased stem cell differentiation.

Under field conditions, the recovery of insects from Bt infection seems like a
“nightmare” since surviving larvae would consume more leaves or stems than would healthy
ones. This increase in feeding can increase yield losses and impair biological control
adoption by farmers. To avoid such a situation, Bt spray conditions must be optimized such
as volume, temperature, humidity, and larval age at spraying. Mass et al. (2021) emphasized
that interactions among farmers, extension and private services, and scientists should be

enhanced to establish an initiative-taking response to agriculture challenges.

The interactions between B. thuringiensis infecting larvae and important ecosystem
services, such as predators, are another interesting issue. In this context, Santos et al.
(2020) reported that Bt-infected larvae of Corcyra cephalonica and Plutella xylostella
had no negative effect on the predator Xylocoris sordidus. Magalhdes et al. (2020), in
turn, highlighted that Podisus nigrispinus consumption of Bt-infected P. xylostella larvae
increased as prey quality decreased, i.e., its predatory behavior was more aggressive to
allow sulfficient food intake for its development. On the other hand, Dibelle et al. (2013) said
that P. nigrispinus had its phytophagy, reproductive capacity, and biological cycle affected
by Bt treatment, but its predatory capacity against P. xllostella was not altered. Overall,
predatory responses to infected prey seem to change according to prey density, Bt strain

and concentration, and bioassay method.

In agroecosystems, insect parasitoids have been important natural enemies, with
host quality being a determinant of their field performance. In this regard, Eerb et al. (2001)
examined parasitoid-pathogen interactions to quantify the effects of Bt sublethal doses
force-fed gypsy moths (Lymantria dispar) and determine whether Bt sublethal doses affect
host acceptance and suitability of gypsy moths for the parasitoid Compsilura concinnata.
The study showed that gypsy moths were minimally affected by sublethal Bt doses, with its
fourth-instar larvae development time and male pupal mass being reduced. The authors also
observed that non-infected hosts were preferentially attacked and super-parasitized by C.
concinnata. In short, gypsy moth exposure to both sublethal Bt doses and parasitoid attack
reduced parasitism rates and host larval survival. Parasitoids in super-parasitized and Bt-
treated gypsy moths had shorter larval development times and reduced pupal masses than
those in untreated larvae. In turn, parasitoids in larvae parasitized alone had larger pupal
masses than those developing in super-parasitized ones. Timing of Bt infection relative to
parasitism is a major factor in gypsy moth mortality but not in parasitoid potential fecundity.

Indeed, the authors emphasized that combining parasitism and Bt treatment provided a
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synergistic effect on gypsy moth mortality and a shorter period than the use of parasitoids

alone.

Guedes et al. (2017) pointed out that sublethal exposure is an important condition
for shaping community stress through inadvertent selection, hormesis, hormetic priming,
an induced shift in dominance, impairment of species interactions, and eventual pest
outbreaks. The author emphasized that most research on insecticide-induced community
stress conducted with terrestrial arthropods has focused on natural enemies of arthropod

pest species, frequently even neglecting their associated host complex.

41 FINAL CONSIDERATIONS

Evaluating the sublethal effects of Bt insecticidal proteins provides important insights
to understand their relationships with host and non-target organisms. Thus, integrated pest
management must take them into account in determining their efficiency and selectivity.
Notably, such a research approach requires significant laboratory work effort due to the
various evaluations performed over a lengthy period, which may include more than one
generation of the target pest studied. Another important aspect to highlight is the complexity
inherent to the fauna of agroecosystems, making these studies impossible under field
conditions. These limitations, however, can be mitigated by mathematical model-based

studies.
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