
Vol.:(0123456789)1 3

Journal of Pest Science (2024) 97:199–212 
https://doi.org/10.1007/s10340-023-01641-5

ORIGINAL PAPER

Effects of neonicotinoid seed treatment on maize anti‑herbivore 
defenses vary across plant genotypes

Andreísa Fabri Lima1   · Natalie M. Aguirre2   · Geraldo Andrade Carvalho1   · John M. Grunseich3   · 
Anjel M. Helms2,3   · Maria Fernanda G. V. Peñaflor1 

Received: 1 August 2022 / Revised: 13 April 2023 / Accepted: 23 May 2023 / Published online: 30 May 2023 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
Neonicotinoid seed treatment (NST) is a routine practice used worldwide to control insect pests in a variety of crops, includ-
ing maize (Zea mays mays L.). However, previous work indicates that systemic insecticides can compromise plant defenses, 
counteracting efforts to control insect pests. The goal of this study was to evaluate the effect of thiamethoxam-neonicotinoid 
seed treatment on the resistance of two maize genotypes (B73 and MC 4050) against the major non-target pest, fall army-
worm Spodoptera frugiperda (Lepidoptera: Noctuidae). In preference and performance assays, we evaluated the effect of 
NST on fall armyworm behavior and biology. We also determined the influence of NST on induced plant defenses, quanti-
fying phytohormone levels and plant volatile emissions, in treatments with and without fall armyworm herbivory. NST did 
not affect caterpillar host preference, however it reduced caterpillar performance on the genotype B73 across both maize 
growth stages (V4 and V6). NST-treated B73 plants also had lower induced volatile production (V4 stage) compared to 
untreated herbivore-damage plants and lower constitutive salicylic acid (V6 stage). In contrast, MC 4050 was not affected 
by the insecticide, regardless of growth stage. In conclusion, we found that the effects of NST on maize defenses vary by 
plant genotype and growth stage, suggesting growers may need to tailor their selection of plant genotypes to avoid negative 
impacts of NST on plant resistance and ultimately pest control.
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Introduction

Neonicotinoid insecticides are the most used pesticide 
worldwide for protecting crops against insect pests and are 
applied mainly through seed treatment (Jeschke et al. 2011; 
Douglas and Tooker 2015; Tooker et al. 2017). Neonico-
tinoid seed treatment (NST—e.g., active ingredients clo-
thianidin, imidacloprid, or thiamethoxam) is a routine and 

prophylactic practice (Alford and Krupke 2017; Tooker et al. 
2017), which aims to reduce pest damage in crops such as 
maize (Zea mays mays L.), soybean (Glycine max (Merr) L.) 
and cotton (Gossypium spp.) (Douglas and Tooker 2015), 
mainly against early season pests during crop establishment 
(Alford and Krupke 2017). Because they are soluble in 
water, neonicotinoid insecticides have the ability to translo-
cate and spread throughout plant tissues (Jeschke and Nauen 
2008; Bonmatin et al. 2015). Once ingested by insects, neo-
nicotinoids act as a competitive modulator of the nicotinic 
acetylcholine receptor (nAChR), causing hyperactivity 
and collapse of the nervous system (Tomizawa and Casida 
2005). They are usually used to suppress populations of 
sucking arthropods, such as aphids and leafhoppers (Oliveira 
et al. 2008; Magalhães et al. 2009; Krupke et al. 2017; Ding 
et al. 2018). Some characteristics that popularized the use 
of neonicotinoids are their systemic nature, efficiency at low 
doses, and relatively low toxicity to mammals (Elbert et al. 
2008; Goulson 2013).
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However, despite their advantages, neonicotinoid insec-
ticides can negatively affect beneficial insect populations 
and contribute to pest outbreaks. For example, neonicoti-
noids applied through seed treatment can cause lethal and 
sublethal effects on beneficial organisms that feed on plant 
resources such as pollen, floral and extrafloral nectar, and 
sap (Moscardini et al. 2014, 2015; Gontijo et al. 2014, 2018; 
Rundlöf et al. 2015; Sâmia et al. 2019; Wu et al. 2021). 
Additionally, beneficial insect populations, such as para-
sitoids and predators, can face second-hand exposure to 
the toxic effects of neonicotinoids by contacting untreated 
adjacent plants (Botías et al. 2016; Bredeson and Lundgren 
2019), feeding on neonicotinoid-contaminated prey (Wanu-
men et al. 2016; Korenko et al. 2019), and from honeydew 
excreted by neonicotinoid-contaminated insects (Calvo-
Agudo et al. 2019, 2021). NST can also cause complex and 
variable effects on primary and secondary plant metabolism. 
For instance, neonicotinoids can alter leaf photosynthetic 
pigments (Preetha and Stanley 2012; Macedo et al. 2013; 
Todorenko et al. 2021), increase root development, and 
improve yield even under water stress (Macedo and Castro 
2011; Macedo et al. 2013; Endres et al. 2016). Additionally, 
neonicotinoids have also been associated with outbreaks 
of arthropod pests under various environmental conditions 
(Szczepaniec et al. 2011; Smith et al. 2013; Szczepaniec and 
Raupp 2013; Ruckert et al. 2018). A few studies have shown 
that neonicotinoid treatment can alter the plant’s ability to 
defend itself against biotic factors due to changes in defense 
signaling pathways that modulate the synthesis of defensive 
metabolites against pathogens and insects (Ford et al. 2010; 
Szczepaniec et al. 2013; Zhou et al. 2019).

Jasmonic acid (JA), salicylic acid (SA) and ethylene are 
key phytohormones involved in modulation of plant defense 
signaling pathways (Pieterse et al. 2012). The phytohormone 
JA is generally responsible for modulating induced plant 
defenses against chewing herbivores, while SA is involved 
in modulating defenses against biotrophic pathogens and 
phloem-feeding herbivores (Thaler et al. 2010; Pieterse 
et al. 2012; Lazebnik et al. 2014). The SA signaling path-
way often interacts antagonistically with the JA signaling 
pathway, leading to greater plant susceptibility to herbivores 
after activation of the SA pathway (Kawazu et al. 2012; Sch-
weiger et al. 2014). It should be noted that neonicotinoids 
can interfere with SA and JA signaling, which seems to be 
responsible for the reduced resistance of neonicotinoid-
treated plants to arthropod pests (Szczepaniec et al. 2013; 
Wulff et al. 2019). At the same time, activation of the SA 
signaling pathway makes neonicotinoid-treated plants more 
resistant to pathogens (Ford et al. 2010). Notably, systemic 
insecticides can also impact the release of plant volatile 
organic compounds (VOCs) (Zhou et al. 2019), which are 
responsible for plant defense and its interaction with the 
environment (Dudareva et al. 2013). These effects of NST 

on defense signaling pathways and differential expression 
of genes associated with defenses seem to depend on the 
plant species and neonicotinoid molecule (Szczepaniec et al. 
2013; Wulff et al. 2019).

Maize is a crop of world economic and social impor-
tance (Shiferaw et al. 2011) and NST is widely used as a 
chemical control method. For example, in the US, most of 
the maize seeds are treated with neonicotinoid insecticides 
to control early season pest populations, such as aphids 
and leafhoppers (Douglas and Tooker 2015; Tooker et al. 
2017). Fall armyworm [FAW; Spodoptera frugiperda (J. E. 
Smith) (Lepidoptera: Noctuidae)] is a major pest of maize 
in the Americas and has also recently spread in different 
geographic regions (reviewed by Kenis et al. 2022). Maize 
plants naturally possess metabolites with deterrent and toxic 
properties to caterpillars, such as benzoxazinoids, polyphe-
nols and protein inhibitors (Wiseman et al. 1992; Pechan 
et al. 2000; Niemeyer 2009). However, intensive breeding 
has attenuated some of these direct defenses (Maag et al. 
2015) and the control method is frequently carried out 
with resistant transgenic cultivars (Bt events) (Peralta and 
Palma 2017). NST is not recommended for this insect pest 
(AGROFIT 2021), but may affect the expression of plant 
defenses (Szczepaniec et al. 2013). Here, we evaluated the 
influence of NST on plant resistance to FAW, due to the need 
to obtain a better understanding of the influence of NST on 
plant resistance to pests.

We predicted that neonicotinoid seed treatment would 
decrease plant resistance against insect herbivores. Studying 
the effects of NST on a non-target maize pest allows us to 
detangle the direct insecticidal effect of NST on herbivores 
from the effect of NST on plant defense and resistance. The 
overall goal of this study was to evaluated the influence of 
NST on direct and indirect defense of two maize genotypes 
by evaluating the effects on FAW (performance and pref-
erence) and characterizing the constitutive and herbivore-
induced plant volatile and phytohormones. This research 
highlights relevant information about the complexity of the 
relationship between insect, plant and chemical control.

Materials and methods

Plants, insects, and neonicotinoid seed treatment

We evaluated the effect of NST on two maize genotypes: the 
hybrid Masters Choice® 4050 (MC 4050) and the inbred 
B73. MC 4050 is a commercially available field maize 
genotype without NST that is grown in the United States. 
The B73 is a genotype widely used in studies, because its 
genome is well known (Schnable et al. 2009). First, the seeds 
were sterilized in a 10% hypochlorite solution for 10 min and 
rinsed in distilled water. Once the seeds were completely 
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dried, they were treated with the neonicotinoid insecticide 
thiamethoxam (Cruiser® 5FS, Syngenta) at 0.47 mg AI/
kernel, following the maximum recommended concentra-
tion for the management of Dalbulus maidis (DeLong & 
Wolcott) (Hemiptera: Cicadellidae) in the maize crop in 
Brazil (AGROFIT 2021), where it is a major pest (Ribeiro 
and Canale 2021).

The seeds were individually planted in pots 
(10 × 10 × 9 cm) filled with commercial potting soil (BAC-
CTO Premium Potting soil 85–15–10, Michigan Peat, 
TX, USA) and were kept in a climate-controlled room at 
25 ± 3 °C, 40 ± 10% RH and 12:12 photoperiod (L: D) with 
broad-spectrum LED lighting (Fluence, TX, USA). The 
seedlings were watered whenever necessary with a minimum 
volume of water to prevent leaching of the insecticide. All 
experiments were conducted at the developmental stages V4 
(25 days after planting and four fully-expanded leaves) and 
V6 (36 days after planting and six fully-expanded leaves) 
of seed-treated plants (treatment named NST) and seed-
untreated plants (treatment named control) of MC 4050 and 
B73 under the same controlled conditions described above.

FAW caterpillars used in assays were obtained from eggs 
purchased from a commercial supplier (Benzon Research, 
Carlisle, PA, USA). In experiments using 4th instar FAW 
larvae, caterpillars were fed an artificial diet (Stonefly Helio-
this Diet, Ward’s Science, Rochester, NY, USA) and then 
transferred to feed on maize leaves for 24 h prior to the 
experiment.

Plant shoot growth

To assess whether neonicotinoid treatment affects plant 
shoot growth, we measured height (cm) and stem diam-
eter (mm). Plant height was measured from the soil line to 
the insertion of the last expanded leaf. Two perpendicular 
stem diameters were measured using a digital micrometer 
(Pittsburgh®, Harbor Freight Tools, Camarillo, CA, United 
States) and an average diameter was reported. All measure-
ments were carried out at the V4 and V6 stages of both 
genotypes with 24–28 replicates.

FAW preference assay

We evaluated whether NST influences preference (host-plant 
choice and leaf area consumed) of neonate FAW caterpillars 
(< 24 h post hatching) in dual-choice assays. The youngest 
completely developed leaf (either the fourth or sixth leaf) 
of the control and NST plants of the same genotype were 
placed inside a plastic Petri dish (diameter 140 mm × 15 mm 
height) and closed without damaging the plant (Fig. S1). Ten 
larvae were introduced in the center of the dish, which was 
sealed with Parafilm®. After 24 h, the number of larvae on 
each leaf was counted to assess host preference and the leaf 

fragments were excised and scanned to assess the feeding 
preference by the area consumed (mm2) using the software 
ImageJ (O’Neal et al. 2002). The assay was performed in a 
completely randomized design, with eight replicates for each 
genotype and growth stage.

FAW performance assay

To evaluate FAW performance, we measured caterpillar 
mortality and the fresh weight gain (mg) of the surviving 
caterpillars after seven days of feeding on NST or control 
plants in a no-choice assay. Three neonate FAW were placed 
in a plastic Petri dish (diameter 100 mm × 15 mm height) 
with a leaf section of one of the treatments (NST or control) 
and closed and sealed as described above. We kept the leaf 
segments attached to the plant throughout the experiment 
and, whenever necessary, the dish was moved to a new leaf 
section to provide enough food supply for the caterpillars. 
We conducted 7–14 replicates with the two maize genotypes 
at the V4 and V6 stages, as described in the previous section.

Collection and analysis of plant volatiles

We characterized the constitutive and herbivore-induced 
plant volatile emissions from NST and control maize plants 
using a dynamic headspace sampling technique. For the 
FAW herbivore-damage treatments (control + FAW or 
NST + FAW), plants received a single fourth-instar caterpil-
lar, which was starved for approximately 3 h. The youngest 
(either the fourth or sixth leaf) and the whorl leaf of each 
plant were individually enclosed inside nylon collection bags 
(Reynolds Consumer Products Inc., IL, USA), either with or 
without FAW. We sampled 8–12 NST and control plants at 
V4 and V6 stages for each maize genotype.

During the collections, filtered air was delivered into 
each collection bag at 0.7 L min−1 and pulled out of the bag 
through an adsorbent filter containing 60 mg of HaySep® 
Q (Hayes Separations, Inc., TX, USA) at 0.5 L min−1. We 
collected volatiles during the photophase for the first 8 h 
after the onset of herbivory (10:00–18:00) as maize volatile 
emissions are produced rapidly following herbivory, typi-
cally within the first hours (Turlings et al. 1998). Volatiles 
were also collected from empty bags containing only air to 
control for background volatiles. After collections, volatile 
compounds were eluted from filters using 150 μL dichlo-
romethane solvent. As an internal standard, 5 μL of a stand-
ard solution containing nonyl acetate (80 ng/μL) was added 
to each sample. The leaves were harvested, dried, and the 
dry mass of each repetition was recorded.

We analyzed the volatiles using an Agilent 7890B gas 
chromatograph and 5977B mass spectrometer with a split-
less injector held at 250 °C and helium as the carrier 
gas. After sample injection (1 μL), the column (HP-5MS 
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30 m × 0.250 mm-ID, 0.25 μm film thickness, Agilent 
Technologies) was held at 40 °C for 5 min before the 
temperature was increased at 20 °C/min to 250 °C. Com-
pounds were ionized by electron impact ionization at 
70 eV and mass spectra were acquired by scanning from 
40 to 300 m/z at 5.30 scans/s. The compound identities 
were tentatively determined by comparison with mass 
spectral libraries (NIST17, Adams2 [Allured Publishing 
Corporation]) and confirmed using authentic standards 
when possible. Compounds were quantified relative to 
the internal standard concentrations and calculated as 
ng g−1 dried leaf mass (Grunseich et al. 2020, 2021). 
We included a compound in the analysis only if it was 
detected in at least 50% of the samples.

Phytohormones

About 24 h of FAW feeding on maize plants, we sampled 
leaf tissue from the whorl of each plant (~ 100 mg tissue) 
to measure the levels of cis-JA (JA) and SA as indica-
tors of plant defense response. The timing of phytohor-
mone extraction differed from that of volatile sampling 
to induce a greater accumulation of phytohormones due 
to herbivory, increasing detectability in chromatographic 
analysis (Schmelz et al. 2003).The tissue was flash frozen 
in liquid nitrogen and stored at − 80 °C until analyzed. 
To quantify JA and SA, endogenous plant hormones were 
extracted and derivatized to methyl esters, which were 
isolated using vapor-phase extraction (Schmelz et  al. 
2004). These compounds were then analyzed by coupled 
GC/CI-MS using isobutane and selected ion monitoring 
(SIM). We quantified relative amounts of JA and SA by 
adding 100 ng dihydro-JA and labelled 2-hydroxy-ben-
zoic acid, added as internal standards to each sample. 
Finally, we compared the retention times and spectra of 
our samples with standards of the pure compounds.

Data analyses

We carried out all data analyses using the software R version 
4.0.3 (R CoreTeam 2022). The data were tested for normal-
ity and homogeneity of variances according to Shapiro–Wilk 
and Bartlett tests (p < 0.05), respectively. Whenever neces-
sary, data were transformed with the Box-Cox method (Box 
and Cox 1964), using the function of the package MASS, or 
by square-root transformation. The plant parameters (height 
and diameter) and caterpillar mass gain were compared 
using Student’s t-tests, while the consumed leaf area was 
analyzed using a paired t-test. The number of insects on 
each maize leaf (preference assay) and the FAW mortality 
(performance assay) were inferred using generalized linear 
models (GLM) (Nelder and Wedderburn 2000) with qua-
sipoisson and quasibinomial distribution, respectively. The 
goodness of fit was evaluated using half-normal plots with a 
simulated envelope of hnp package (Moral et al. 2017). Data 
of volatile composition emitted by FAW herbivory and NST 
treatments were compared using permutational multivariate 
analysis of variance (PERMANOVA) calculated using the 
VEGAN package. Random forest analysis was used to iden-
tify compounds with the greatest contribution to variation 
among treatments. We also compared total volatile emission 
(sum of all detected volatiles), amounts of individual com-
pounds and phytohormones using one-way ANOVA. For 
this, the GLM family with the best quality of fit was used 
and multiple comparisons tests were performed (Tukey's 
post hoc test, p < 0.05) in cases of significative differences.

Results

Plant shoot growth

Plant shoot height and stem diameter of B73 and MC 4050 
were similar between NST and control maize plants at V4 
and V6 stage (Table 1).

Table 1   Plant shoot height and diameter (means ± SE) of B73 and MC 4050 maize plants at V4 and V6 developmental stages. Height and diam-
eter of the plants from neonicotinoid treatment (NST) did not differ from those of control (untreated plants) according to t-test

Treatment Stage B73 MC 4050

Height
(cm)

Diameter
(cm)

Height
(cm)

Diameter
(cm)

Control V4 14.6 ± 0.3 5.0 ± 0.3 17.9 ± 0.6 5.3 ± 0.3
NST 14.5 ± 0.4 4.9 ± 0.3 19.0 ± 0.6 5.3 ± 0.3
p-value 0.809 0.744 0.216 0.864
Control V6 20.9 ± 0.7 5.8 ± 0.3 30.0 ± 1.5 6.4 ± 0.4
NST 21.7 ± 1.0 5.8 ± 0.3 28.4 ± 1.7 6.2 ± 0.4
p-value 0.516 0.926 0.507 0.708



203Journal of Pest Science (2024) 97:199–212	

1 3

Preference assay

At the V4 stage, no significant differences were found in 
NST and control plants of both genotypes for leaf area con-
sumed by FAW neonate larvae (Fig. 1A; B73: t = − 0.402, 
df = 7, p = 0.699; MC 4050: t = 1.012, df = 7, p = 0.345) or 
FAW host preference (Fig. 1B; B73: F1, 14 = 0.389, p = 0.543 
and MC 4050: F1, 14 = 2.572, p = 0.131). On the other hand, 
at the V6 stage, more FAW caterpillars were found on con-
trol B73 than on NST B73 plants at the end of the assay 
(Fig. 1D; F1, 14 = 5.289, p = 0.037), although the leaf area 

consumed was similar in NST and control leaves of B73 
(Fig. 1C; t = 1.843, df = 7, p = 0.108). Neonicotinoid treat-
ment did not affect leaf area consumed (Fig. 1C; t = − 0.403, 
df = 7, p = 0.699) or host preference (Fig. 1D; F1, 14 = 2.095, 
p = 0.169) of FAW on MC 4050 plants at V6.

Performance assay

There was no lethal effect of NST compared to control 
plants after seven days of FAW feeding. These results were 
consistent for both maize genotypes at V4 (Fig. 2A; B73: 

Fig. 1   Preference assay of Spo-
doptera frugiperda caterpillars 
fed on B73 and MC 4050 maize 
plants from control (untreated) 
and NST (neonicotinoid seed 
treatment) treatments at V4 and 
V6 developmental stages after 
24 h of caging. Food preference 
was measured by foliar area 
consumed (mean ± SE) (A, C) 
and host preference as number 
of insects on each leaf segments 
(mean ± SE) (B, D). * Denotes 
statistical differences in number 
of caterpillars found in the 
control and NST plants.

Fig. 2   Spodoptera frugiperda 
performance based on mortality 
(mean ± SE) (A, C) and fresh 
weight gain (mean ± SE) (B, D) 
found after seven days of feed-
ing on maize plants (B73 and 
MC 4050 genotypes) at V4 and 
V6 developmental stages from 
control (untreated) and NST 
(neonicotinoid seed treatment) 
treatment. * Denotes significant 
differences in caterpillars fresh 
gain weight feeding on control 
and NST plants.
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F1, 21 = 4.036, p = 0.058; MC 4050: F1, 24 = 0.253, p = 0.619) 
and V6 stages (Fig. 2C; B73: F1, 19 = 1.647, p = 0.215; MC 
4050: F1, 24 = 1.084, p = 0.308). The surviving FAW cater-
pillars gained more weight when fed on control B73 than 
those fed on NST B73 plants at both growth stages (Fig. 2B; 
V4: t = 2.198, df = 17.464, p = 0.042; Fig. 2D; V6: t = 2.627, 
df = 8.738, p = 0.028). NST did not influence the weight 
gain of caterpillars fed on MC 4050 plants at either stage 
(Fig. 2B; V4: t = 1.299, df = 21.976, p = 0.208; Fig. 2D; V6: 
t = 0.208, df = 22.771, p = 0.837).

Plant volatiles

Overall, we observed interaction effects of neonicotinoid 
treatment and FAW herbivory on volatile emissions from the 
two maize genotypes across the V4 and V6 growth stages. 
Neonicotinoid treatment induced a distinct diurnal constitu-
tive volatile blend in B73 plants at the V4 stage (Fig. 3A; 
PERMANOVA F1, 43 = 3.694, R2 = 0.079, p = 0.011), but 
there was only a marginal effect of NST on the composition 
of herbivore-damaged volatile emissions in V4-stage of B73 
plants (Fig. 3A; PERMANOVA F1, 43 = 2.319, R2 = 0.049, 

p = 0.065). In contrast, for B73 plants at the V6 stage, mul-
tivariate analysis revealed significant differences only due to 
herbivore damage (Fig. 3C; PERMANOVA F1, 42 = 4.055, 
R2 = 0.091, p = 0.004), but not by NST (Fig.  3C; PER-
MANOVA F1, 42 = 0.474, R2 = 0.011, p = 0.836). Similarly, 
the volatile blend from MC 4050 plants was influenced 
solely by herbivore damage (Fig. 3B; V4: PERMANOVA 
F1, 47 = 2.558, R2 = 0.054, p = 0.030; Fig. 3D; V6: PER-
MANOVA F1, 46 = 2.438, R2 = 0.051, p = 0.032), but not 
neonicotinoid treatment (Fig.  3B; V4: PERMANOVA 
F1, 47 = 0.407, R2 = 0.009, p = 0.913; Fig. 3D; V6: PER-
MANOVA F1, 46 = 1.382, R2 = 0.0291, p = 0.218).

Random forest analysis revealed that the compounds 
that contributed most to the variation across treatments 
varied according to genotype and stage (Fig. S2). These 
compounds are highlighted (in bold) in the Table 2 and 3. 
In B73 plants, random forest identified eight compounds 
(Table 2). Undamaged NST plants emitted smaller amounts 
of nonanal and the aromatic benzyl acetate relative to 
undamaged control plants of B73 at V4 stage (Table 2; nona-
nal: F3, 40 = 5.356, p = 0.001; benzyl acetate: F3, 40 = 10.916, 
p < 0.0001). Six compounds were released in lower amounts 

Fig. 3   Composition of diurnal 
constitutive and herbivore-
induced plant volatile blends 
emitted by maize plants of 
B73 [V4 (A) and V6 (C)] and 
MC 4050 [V4 (B) and V6 (D)] 
after eight hours of volatile 
collections. Treatments: Control 
(untreated); Control + FAW 
(untreated + fall armyworm); 
NST (neonicotinoid seed treat-
ment); and NST + FAW (neo-
nicotinoid seed treatment + fall 
armyworm)
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by herbivore-damaged NST plants compared to the emission 
from herbivore-damaged control plants of the B73 genotype 
at V4 [Table 2: Nonanal (F3, 40 = 5.356, p = 0.001); α-pinene 
(F3, 40 = 2.911, p = 0.046); (E)-β-ocimene (F3, 40 = 4.574, 
p = 0.008); (3E)-4,8-dimethyl-1,3,7-nonatriene (DMNT) 
(F3, 40 = 5.345, p = 0.003); (E)-α-bergamotene (F3, 40 = 6.042, 
p = 0.002) and (E)-β-farnesene (F3, 40 = 5.838, p = 0.001)]. 
When considering the major compound groups, herbivore-
damaged NST plants emitted a blend with reduced quantities 
of fatty acid derivates (F3, 40 = 2.973, p = 0.043) and terpenes 
(F3, 40 = 4.396, p = 0.009) relative to that emitted by herbi-
vore-damaged control B73 plants at the V4 stage. These dif-
ferences did not persist at the V6 stage of B73 plants, when 
only a marginal difference between treatments was observed 
for the total of fatty acids derivatives (Table 2; F3, 38 = 2.452, 
p = 0.078); however, herbivore-damaged control and 

herbivore-damaged NST emitted greater amounts of terpe-
nes relative to respective undamaged treatments (Table 2; 
F3, 38 = 3.291, p = 0.019). Notably, undamaged NST plants 
of B73 emitted a blend containing greater amounts of (E)-β-
caryophyllene (F3, 38 = 3.754, p = 0.010) and benzyl acetate 
(F3, 38 = 3.140, p = 0.024) than that of control B73 plants at 
V6 stage.

For MC 4050 plants at the V4 stage, herbivore-dam-
aged NST and control plants emitted a similar blend of 
compounds, with greater production in herbivore-dam-
aged than respective undamaged plants for fatty acid 
derivates (F3, 44 = 4.586, p = 0.003), aromatic compounds 
(F3, 44 = 7.398, p < 0.0001), and terpenes in NST plants 
(F3, 44 = 3.207, p = 0.022). On the other hand, for MC 4050 
at the V6 stage, there was no difference in the total amounts 
released in each group among the treatments [fatty acids 

Table 2   B73 diurnal individual compound and total of volatile 
(means ng g−1 ± SE) released by control (untreated); control + FAW 
(untreated + fall armyworm); NST (neonicotinoid seed treatment); 
and NST + FAW (neonicotinoid seed treatment + fall armyworm) 
treatments at V4 and V6 stage. Bold value indicates compounds that 

contributed most to the variation in each treatment according to ran-
dom forest analysis. Different letters in the row indicate significant 
differences across treatment for individual compound and total by 
group according to an ANOVA followed by a Tukey's post-hoc test 
(p < 0.05)

Group Compound V4 V6

Control Control + FAW NST NST + FAW Control Control + FAW NST NST + FAW

Fatty 
acid 
deri-
vates

Hexenal 58.9 ± 11.8 96.8 ± 40.0 79.9 ± 27.6 36.5 ± 8.2 24.0 ± 5.9 40.5 ± 19.0 40.1 ± 16.5 96.8 ± 44.1
2-hexanol 59.9 ± 21.6 93.3 ± 39.2 139.8 ± 71.2 118.1 ± 42.2 95.3 ± 39.1 69.8 ± 35.8 65.8 ± 27.4 117.0 ± 64.8
2-ethyl hexanal 28.4 ± 8.5 45.1 ± 22.3 18.7 ± 7.3 20.7 ± 10.2 6.5 ± 2.6 4.7 ± 3.0 8.5 ± 5.0 5.7 ± 1.9
(Z)-3-hexenyl 

acetate
23.8 ± 8.1 b 325.2 ± 213.1 a 10.5 ± 2.6 b 146.6 ± 54.1 a 14.8 ± 6.6 b 282.8 ± 220.6 a 11.7 ± 5.1 b 484.9 ± 280.4 a

Hexyl acetate 26.0 ± 10.1 21.8 ± 5.8 5.3 ± 1.6 8.5 ± 2.7 1.9 ± 0.7 7.0 ± 2.0 2.2 ± 0.9 8.7 ± 3.3
Ethylhexyl 

acetate
223.3 ± 97.1 231.0 ± 139.5 19.3 ± 6.5 33.7 ± 14.4 – – – –

Nonanal 93.1 ± 30.5 ab 186.0 ± 106.5 a 39.5 ± 10.6 c 52.0 ± 13.9 bc – – – –
Total 513.4 ± 105.1 b 999.2 ± 383.9 a 313.0 ± 107.3 b 416.1 ± 61.0 b 142.5 ± 47.0 404.8 ± 272.1 128.3 ± 49.7 713.1 ± 387.6

Terpenes α-pinene 70.4 ± 15.8 ab 116.0 ± 21.8 a 73.1 ± 21.5 ab 46.2 ± 12.5 b 37.8 ± 5.8 57.2 ± 17.4 53.6 ± 16.3 89.7 ± 29.1
β-pinene 83.5 ± 27.1 115.3 ± 50.0 70.1 ± 28.9 46.6 ± 15.3 21.4 ± 6.3 28.1 ± 16.8 31.3 ± 16.7 56.7 ± 33.5
β-myrcene 103.0 ± 19.4 180.2 ± 38.5 64.9 ± 18.1 65.7 ± 17.0 56.2 ± 12.1 137.0 ± 31.5 84.1 ± 30.7 109.4 ± 26.7
(E)-β-ocimene 338.1 ± 90.6 ab 503.0 ± 130.5 a 203.8 ± 58.3 bc 141.8 ± 33.7 c 60.8 ± 17.4 b 179.2 ± 37.6 ab 85.9 ± 29.0 b 328.7 ± 153.3 a
Linalool 1070.9 ± 364.0 1597.1 ± 382.1 471.8 ± 117.6 625.9 ± 208.2 574.9 ± 210.8 1468.4 ± 405.9 779.9 ± 220.4 1315.1 ± 369.8
DMNT 971.9 ± 340.1 b 2228.5 ± 602.5 a 387.1 ± 90.6 b 663.2 ± 234.9 b 655.2 ± 228.9 c 1872.7 ± 446.2 ab 794.1 ± 198.8 bc 2288.9 ± 687.7 a
TMTT 553.7 ± 282.1 740.8 ± 320.0 106.0 ± 29.5 239.8 ± 106.1 507.4 ± 309.5 1098.7 ± 560.7 369.5 ± 97.7 949.5 ± 378.5
(E)-β-

caryophyllene
5.7 ± 1.5 9.7 ± 2.4 3.5 ± 0.8 3.7 ± 1.1 0.6 ± 0.3 b 4.8 ± 0.9 a 3.7 ± 1.6 a 3.8 ± 1.4

a
(E)-α-

bergamotene
18.2 ± 5.4 b 56.6 ± 16.9 a 9.2 ± 2.9 b 15.9 ± 4.4 b 23.9 ± 9.7 49.9 ± 18.0 30.1 ± 13.7 65.8 ± 20.4

(E)-β-farnesene 18.2 ± 5.2 b 68.1 ± 21.7 a 7.3 ± 2.7 b 15.0 ± 5.0 b 27.6 ± 17.7 19.0 ± 8.3 38.2 ± 19.8 29.8 ± 13.8
α-caryophyllene 3.4 ± 0.7 4.7 ± 0.7 2.1 ± 0.6 1.7 ± 0.4 1.5 ± 0.9 3.0 ± 1.0 2.0 ± 1.2 1.7 ± 0.8
β-cubebene 36.1 ± 8.7 65.8 ± 19.5 25.1 ± 7.0 22.2 ± 5.6 6.7 ± 2.3 14.7 ± 6.2 22.8 ± 15.4 15.7 ± 9.3
α-selinene 37.4 ± 5.7 60.9 ± 24.6 60.3 ± 23.3 57.2 ± 9.6 33.7 ± 10.1 37.5 ± 17.0 26.9 ± 9.5 54.7 ± 21.2
δ-cadinene 40.7 ± 9.1 76.3 ± 16.9 26.8 ± 8.6 24.2 ± 6.4 28.9 ± 11.2 76.8 ± 22.1 42.2 ± 18.8 43.0 ± 12.1
α-cubebene 32.2 ± 6.3 53.4 ± 9.8 21.7 ± 4.9 19.1 ± 4.4 17.4 ± 4.6 36.3 ± 9.7 26.3 ± 11.1 22.6 ± 6.3
Unk sesq 34.3 ± 11.3 41.2 ± 9.0 16.7 ± 5.0 16.7 ± 4.9 9.8 ± 2.4 29.1 ± 5.8 14.1 ± 4.6 16.1 ± 3.6
Total 3417.7 ± 1068.6 

ab
5917.6 ± 1381.0 a 1549.5 ± 331.2 b 2004.9 ± 627.3 b 2063.8 ± 784.3 c 5112.4 ± 1374.6 

ab
2404.7 ± 550.5 

bc
5391.2 ± 1372.9 

a
Aromatic Benzyl acetate 11.2 ± 6.3 b 60.0 ± 18.3 a 0.1 ± 0.1 c 39.2 ± 23.4 ab 6.1 ± 4.8 b 162.1 ± 105.4 a 62.7 ± 51.0 a 412.8 ± 313.4 a

Total 11.2 ± 6.3 b 60.0 ± 18.3 a 0.1 ± 0.1 c 39.2 ± 23.4 ab 6.1 ± 4.8 b 162.1 ± 105.4 a 62.7 ± 51.0 a 412.8 ± 313.4 a
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derivates (F3, 42 = 2.745, p = 0.055), terpenes (F3, 42 = 1.024, 
p = 0.392), and aromatics (F3, 42 = 0.287, p = 0.835)]. The 
individual analysis of selected compounds in the random 
forest for MC 4050 at V4 stage (Fig. S2) revealed that NST 
suppressed the emission of nonanal released by herbivore-
damaged plants (Table 3; F3, 44 = 3.174, p = 0.023) and (E)-
β-farnesene of undamaged plants (Table 3; F3, 44 = 3.539, 
p = 0.014). At the same time, NST up-regulated the emis-
sion of β-pinene, which was 3.85 times higher in the blend 
of herbivore-damaged NST plants than of that emitted by 
herbivore-damaged control plants of MC 4050 at V4 stage 
(Table 3; F3, 44 = 2.975, p = 0.030). For MC 4050 plants at the 
V6 stage, NST suppressed the compound (3E, 7E)-4,8,12-tri-
methyl-1,3,7,11-tridecatetraene (TMTT) in the blend of her-
bivore-damaged volatiles (Table 3; F3, 42 = 4.084, p = 0.007). 
In addition, herbivore-damaged plants, irrespective of the 

neonicotinoid treatment, released greater amounts (Z)-
3-hexenyl acetate (Table 3; F3, 42 = 6.031, p = 0.002) and 
hexyl acetate (Table 3; F3, 42 = 3.441, p = 0.016) relative to 
undamaged plants.

Phytohormones

SA levels in the two maize genotypes were not affected 
by neonicotinoid treatment or FAW damage at V4 
(Fig. 4A; B73: F3, 38 = 1.915, p = 0.144; Fig. 4B; MC 4050: 
F3, 40 = 1.649, p = 0.193). However, at the V6 stage, the lev-
els of SA were increased by herbivore damage in MC 4050 
control and NST plants (Fig. 4D; F3, 37 = 9.584, p < 0.0001). 
While in B73, we observed that NST suppressed SA levels 
in undamaged plants (Fig. 4C; F3, 34 = 2.929, p = 0.032), but 

Table 3   MC 4050 diurnal individual compound and total of volatile 
(means ng g−1 ± SE) released by control (untreated); control + FAW 
(untreated + fall armyworm); NST (neonicotinoid seed treatment); 
and NST + FAW (neonicotinoid seed treatment + fall armyworm) 
treatments at V4 and V6 stage. Bold value indicates compounds that 

contributed most to the variation in each treatment according to ran-
dom forest analysis. Different letters in the row indicate significant 
differences across treatment for individual compound and total by 
group according to an ANOVA followed by a Tukey's post-hoc test 
(p < 0.05)

Group Compound V4 V6

Control Control + FAW Neo NST + FAW Control Control + FAW NST NST + FAW

Fatty 
acid 
deri-
vates

Hexenal 55.0 ± 19.6 79.3 ± 28.8 31.1 ± 6.1 79.6 ± 38.4 35.0 ± 10.2 69.8 ± 38.9 40.4 ± 12.4 98.5 ± 30.0
2-hexanol 103.2 ± 36. 8 131.4 ± 54.2 84.2 ± 27.6 105.2 ± 33.0 94.2 ± 29.8 108.0 ± 45.9 135.6 ± 30.8 165.8 ± 44.1
2-ethyl hexanal 14.8 ± 8.3 29.7 ± 11.0 10.7 ± 6.8 29.0 ± 18.7 5.7 ± 1.8 10.5 ± 6.7 7.4 ± 4.4 11.5 ± 4.2
(Z)-3-hexenyl 

acetate
17.6 ± 4.8 b 656.5 ± 387.8 a 12.8 ± 3.4 b 404.7 ± 203.8 a 18.3 ± 5.1 b 319.2 ± 179.4 

a
21.9 ± 7.0 b 534.9 ± 238.5 a

Hexyl acetate 12.6 ± 6.5 14.8 ± 4.8 12.0 ± 6.6 25.1 ± 11.9 3.1 ± 0.8 bc 8.9 ± 2.9 a 2.3 ± 0.9 c 8.3 ± 2.6 ab
Ethylhexyl 

acetate
95.4 ± 46.0 47.0 ± 21.7 119.0 ± 74.3 85.9 ± 41.6 16.2 ± 7.8 107.0 ± 101.9 95.8 ± 89.0 15.8 ± 7.8

Nonanal 90.6 ± 51.2 ab 191.4 ± 62.1 a 38.5 ± 17.1 b 65.1 ± 11.0 b 74.0 ± 28.9 143.8 ± 69.2 43.3 ± 19.1 47.8 ± 13.2
Total 389.2 ± 109.7 

bc
1150.1 ± 506.8 a 308.3 ± 80.6 c 794.6 ± 300.2 ab 246.5 ± 71.0 767.2 ± 364.6 346.7 ± 117.7 882.6 ± 299.6

Terpenes 
Terpe-
nes

α-pinene 60.8 ± 22.0 49.6 ± 11.5 35.4 ± 10.7 107.5 ± 61.5 38.6 ± 11.4 102.4 ± 41.1 42.4 ± 7.4 112.8 ± 40.7
β-pinene 51.7 ± 15.5 ab 35.4 ± 6.8 b 41.7 ± 21.8 b 135.5 ± 86.5 a 33.7 ± 15.5 98.1 ± 50.2 29.2 ± 7.2 112.4 ± 53.2
β-myrcene 31.3 ± 9.2 49.9 ± 17.2 22.8 ± 6.3 65.6 ± 19.7 34.1 ± 9.5 30.9 ± 8.2 37.5 ± 19.6 34.9 ± 9.9
(E)-β-ocimene 53.4 ± 23.8 90.4 ± 43.3 29.1 ± 7.9 72.3 ± 22.9 26.7 ± 8.1 29.4 ± 13.6 44.5 ± 16.6 76.0 ± 35.0
Linalool 348.2 ± 128.5 468.7 ± 178.9 217.1 ± 62.8 644.2 ± 220.9 227.4 ± 50.5 228.9 ± 55.0 469.5 ± 359.0 226.5 ± 62.4
DMNT 543.0 ± 222.78 1718.5 ± 894.6 285.2 ± 108.5 2055.9 ± 880.6 304.2 ± 81.8 858.2 ± 388.8 635.4 ± 448.7 1211.1 ± 515.8
TMTT 423.4 ± 216.1 209.4 ± 64.3 391.9 ± 184.3 698.9 ± 326.3 191.6 ± 62.7 

ab
558.9 ± 288.0 

a
522.2 ± 482.0 a 86.4 ± 21.9 b

(E)-β-
caryophyllene

20.2 ± 8.0 b 109.8 ± 45.4 a 18.2 ± 7.4 b 208.4 ± 83.0 a 19.9 ± 4.7 41.1 ± 21.2 37.7 ± 24.2 45.1 ± 17.8

(E)-β-farnesene 44.3 ± 41.4 a 74.9 ± 41.8 a 2.0 ± 1.0 b 88.1 ± 40.0 a 9.4 ± 3.9 62.9 ± 36.3 5.9 ± 2.7 27.7 ± 11.6
α-caryophyllene 2.4 ± 0.7 b 9.4 ± 3.5 a 2.1 ± 0.8 b 13.9 ± 5.0 a 3.2 ± 0.7 3.2 ± 1.5 3.8 ± 1.5 4.1 ± 1.6
β-cubebene 5.6 ± 1.9 8.0 ± 2.8 4.8 ± 2.4 13.3 ± 4.0 2.6 ± 0.9 2.3 ± 1.5 2.2 ± 0.8 4.1 ± 1.7
α-selinene 58.6 ± 22.2 55.9 ± 15.1 34.5 ± 5.0 65.1 ± 14.7 29.0 ± 7.7 59.0 ± 19.9 75.8 ± 26.1 69.2 ± 26.6
δ-cadinene 9.8 ± 3.7 21.2 ± 7.9 7.5 ± 1.9 24.3 ± 8.0 29.0 ± 12.6 21.4 ± 9.0 19.9 ± 3.9 38.4 ± 14.4
α-cubebene 11.4 ± 2.7 16.9 ± 4.0 10.6 ± 3.1 28.4 ± 8.8 18.9 ± 5.1 16.7 ± 4.9 15.6 ± 2.5 21.5 ± 5.9
Unk sesq 11.2 ± 4.0 19.7 ± 6.8 9.5 ± 2.4 30.6 ± 10.0 24.1 ± 8.4 18.5 ± 6.6 18.2 ± 3.2 37.1 ± 16.6
Total 1675.3 ± 568.1 

bc
2937.7 ± 1234.9 

ab
1112.4 ± 377.6 

c
4252.0 ± 1702.3 

a
992.4 ± 193.9 2131.9 ± 705.6 1959.8 ± 1346.9 2107.3 ± 682.2

Aromatic Benzyl acetate 14.3 ± 6.5 193.1 ± 115.5 24.6 ± 21.2 940.5 ± 560.6 108.8 ± 59.3 238.3 ± 150.4 143.9 ± 131.6 104.8 ± 62.0
Total 14.3 ± 6.5 b 193.1 ± 115.5 a 24.6 ± 21.2 b 940.5 ± 560.6 a 108.8 ± 59.3 238.3 ± 150.4 143.9 ± 131.6 104.8 ± 62.0
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NST and control plants were not different from each other 
when damaged (Fig. 4C).

Herbivore-damaged plants of MC 4050 genotype showed 
the highest amounts of JA at both growth stages, regard-
less of neonicotinoid treatment (Fig. 4B; F3, 41 = 9.563, 
p < 0.0001; Fig. 4D; F3, 37 = 18.816, p < 0.0001). On the 
other hand, in B73, JA levels were not affected by neon-
icotinoid or FAW damage at V4 (Fig. 4A; F3, 37 = 1.842, 
p = 0.157). However, the concentration of JA increased due 
to herbivore damage in B73 plants at the V6 stage (Fig. 4C; 
F3, 37 = 14.704, p < 0.0001).

Discussion

The few reports on neonicotinoid translocation and influence 
on plant physiology show varying effects depending on the 
plant species (Szczepaniec et al. 2013; Yang et al. 2018; 
Whalen et al. 2021). Here, we show that NST influences 
anti-herbivore plant defenses and plant defense signaling dif-
ferently within the same plant species, as maize genotypes 
B73 and MC 4050 responded differently to thiamethoxam 
seed treatment. In B73 plants, NST negatively affected the 
behavior and biology (fresh weight gain) of FAW caterpil-
lars, and suppressed the emission of herbivore-induced vola-
tile compounds and constitutive levels of SA. In contrast, 
NST in the MC 4050 genotype did not affect plant resistance 
to FAW or herbivore-induced plant response, measured in 
terms of herbivore-induced plant volatiles and phytohor-
mone levels.

The difference across maize genotypes is likely due to a 
large intraspecific genotypic and phenotypic variation intrin-
sic to the species (Degen et al. 2004; Stupar and Springer 
2006; Chen et al. 2018; Luo et al. 2019). Importantly, we 
used an inbred (B73) and a commercial hybrid (MC 4050) 
in this study because both groups are known to have distinct 
homozygosis and traits (Gama and Hallauer 1977; Betrán 
et al. 2003; Yendrek et al. 2017; Hisse et al. 2019). Traits 
like plant growth rate, growth stage and physiological vari-
ations can affect the translocation of insecticides through-
out the plants (Cloyd et al. 2011), and consequently their 
effects on the plant. Noticeably, MC 4050 plants were taller 
than B73 and this may have contributed to the lower effect 
of thiamethoxam on MC 4050. Fast growing plants might 
have lower concentrations of insecticides in leaf tissue, and 
higher concentration in the soil resulting from a dilution of 
relatively low soil insecticide and unavailability for plant 
absorption (Whalen et al. 2021). In maize, the effect of neo-
nicotinoid on the plant seems to depend on the genotype 
and application technique. For example, when thiamethoxam 
was applied into the soil, a hybrid genotype showed reduced 
photosynthetic pigment content, hence being more suscep-
tible to the insecticide than an inbred genotype (Todorenko 
et al. 2021). However, when applied via seed treatment, the 
amount of photosynthetic pigments were inversely propor-
tional to the concentration of thiamethoxam in the maize 
hybrid (Macedo and Castro 2018).

FAW neonates consumed similar amounts of maize irre-
spective of NST treatment or the genotype or growth stage. 
This assay was performed for a short time interval (24 h), so 
it is possible that the food area consumed could change if a 

Fig. 4   Content of salicylic 
acid and cis-jasmonic acid (ng 
g−1) of the treatments control 
(untreated); control + FAW 
(untreated + fall armyworm); 
NST (neonicotinoid seed 
treatment); and NST + FAW 
(neonicotinoid seed treat-
ment + fall armyworm) in B73 
and MC 4050 plants at V4 (A, 
B respectively) and V6 (C, D 
respectively). Lowercase letters 
indicate statistical difference 
between treatments according 
to GLM
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longer time was given for larvae to settle on the treatments. 
However, we observed almost two-fold more FAW neonates 
on control plants than NST B73 plants at the V6 stage. Also, 
we demonstrate that FAW neonates gained more mass and 
performed better on control than NST B73 plants, corre-
sponding to their capability of selecting better hosts (Rojas 
et al. 2018). Similarly, larvae of monarch butterflies also 
had lower weight, shorter body length, and longer duration 
of the first larval instar when fed on leaf segments treated 
with clothianidin (Pecenka and Lundgren 2015), which is a 
thiamethoxam metabolite (Nauen et al. 2003).

It was not expected that NST would negatively direct 
affect the biology of FAW since there is a rapid decrease 
in the concentration of neonicotinoid in the plant with the 
development and growth of maize (Myresiotis et al. 2015; 
Alford and Krupke 2017; Whalen et al. 2021) and it is not 
recommended for controlling the FAW (AGROFIT 2021). 
The lower weight of caterpillars feeding on NST plants of 
B73 may have at least two possible explanations. First, a 
feeding inhibition activity of the caterpillars by thiameth-
oxam, which is one of the sublethal effects caused by neo-
nicotinoids (Barrania 2013; Sanchez-Bayo 2014; Uhl et al. 
2015; Gontijo et al. 2018; Basley and Goulson 2018). In 
particular, for FAW, it has been shown that soybean seed 
treated with thiamethoxam reduced the leaf area consumed 
by caterpillars (Gontijo et al. 2018). A second explanation is 
an increase in energy demand for detoxification and coping 
with insecticide stress, as demonstrated for non-lepidopteran 
insects feeding on neonicotinoid-contaminated resources 
(Sawczyn et al. 2012; Uhl et al. 2015). In lepidopterans, 
the neonicotinoid imidacloprid acts on the nervous system 
of the late instar larvae and disrupts the pupae change for 
adults (Krishnan et al. 2021). However, the effects of neo-
nicotinoids on biological and biochemical parameters of 
lepidopteran are diverse, complex, and may vary depending 
on the species of insect. For example, while thiamethoxam 
can reduce emergence, fecundity and fertility of Spodop-
tera litura (Fabricius) (Lepidoptera: Noctuidae) caused by 
changes in DNA and oxidative stress (Jameel et al. 2020), 
Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae) 
larvae can rapidly eliminated thiamethoxam without toxicity 
to them (Fan and Shi 2017).

In general, previous studies have shown that neonicoti-
noids suppress the JA signaling pathway, resulting in greater 
plant susceptibility to arthropods (Szczepaniec et al. 2013; 
Wulff et al. 2019). Contrary to these findings, we found that 
thiamethoxam did not alter the levels of JA in undamaged 
or herbivore-damaged plants of either genotype at the V4 
or V6 stage. However, thiamethoxam decreased the level of 
constitutive SA in NST plants by about three-fold in B73 at 
V6, although this effect was no longer detected in the plant 
upon FAW damage. Interestingly, at the V4 stage, we did not 
detect that NST influenced SA levels, similarly to what was 

observed after seed treatment with clothianidin in 4-week-
old maize plants (Szczepaniec et al. 2013). The suppressive 
effect of thiamethoxam on the SA pathway was also found in 
soybean treated plants (Wulff et al. 2019). In contrast, stud-
ies have shown that neonicotinoid treatment activates the SA 
signaling pathway, as in Arabidopsis thaliana (Brassicaceae) 
and tomato (Ford et al. 2010; Szczepaniec et al. 2013). The 
suppression of SA may impact maize defense responses, 
in particular defense against biotrophic pathogens (Yuan 
et al. 2019), as well as other important plants parameters 
such as vegetative growth, photosynthesis, respiration and 
response to abiotic stress, which are regulated by SA (Vos 
et al. 2013). In our study, we did not measure quantities of 
plant metabolites with potential deterrent or toxic effect on 
S. frugiperda. However, overall, the changes in phytohor-
mone levels caused by NST treatment in maize plants do 
not support that induced plant defenses led to a reduction in 
mass gain of FAW neonates that fed on B73 NST.

In our study, NST played an important role in chang-
ing plant volatile emissions, especially in B73 plants. Both 
B73 and MC 4050 plants released different volatiles blends 
across the treatments evaluated, which was expected due to 
the wide natural variability in maize volatile composition 
(Hoballah et al. 2002; Degen et al. 2004; Block et al. 2018; 
Yactayo-Chang et al. 2021). Thiamethoxam7 had a suppres-
sive effect on volatile emissions of the B73 maize genotype 
at V4 stage, including compounds of varying groups, such 
as fatty acid derivates, terpenes, and aromatics. The sup-
pression effect of volatile compounds caused by neonico-
tinoid was previously observed in tea plants sprayed with 
imidacloprid, which emitted lower amounts of the green leaf 
volatiles (Zhou et al. 2019). The suppression of constitu-
tive and herbivore-induced plant volatiles caused by NST 
has potential implications for interactions among maize, 
herbivores, and natural enemies. For example, among the 
compounds suppressed, we notice that the fatty acid deriv-
ative nonanal was consistently suppressed at stage V4 in 
both maize genotypes in herbivore-damaged NST plants. 
This suppression may change the behavior of maize pests 
that are sensitive to nonanal, such as the Asian corn borer 
Ostrinia furnacalis (Guenée) (Lepidoptera: Crambidae), 
which is repelled by the compound (Huang et al. 2009). We 
observed that some terpenes linked with insect attraction 
or repellence were also affected by NST. For example, in 
B73 at V4, (E)-α-bergamotene was suppressed in the vola-
tile blend emitted by herbivore-damaged NST plants, and 
this suppression may compromise the attraction of the FAW 
parasitoid Cotesia marginiventris (Cresson) (Hymenoptera: 
Braconidae) (Schnee et al. 2006) and may change the attrac-
tiveness to FAW females (Yactayo-Chang et al. 2021). On 
the other hand, NST B73 at V6 increased the amount of (E)-
β-caryophyllene, which is correlated with increase attraction 
of C. marginiventris (Köllner et al. 2008). But, because it 
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is difficult to infer which changes in volatile blend would 
influence the recruitment of natural enemies, future stud-
ies should investigate whether the changes in maize volatile 
emission induced by NST are ecologically relevant for the 
third trophic level.

In summary, we found that the effects of neonicotinoid 
seed treatment on plant resistance against FAW and defense 
signaling are highly dependent on the plant genotype and 
growth stage. Both parameters have already been reported 
to influence the expression of maize genes that modulate 
defenses against FAW herbivory (Chuang et  al. 2014). 
Another critical point that may have influenced the differ-
ence between the growth stages is the possible reduction 
in the insecticide concentration in the plant, which tends 
to decrease over time (Myresiotis et al. 2015; Alford and 
Krupke 2017; Whalen et al. 2021). Additional tests under 
field conditions are necessary to substantiate whether the 
changes in phytohormones and volatiles after thiamethoxam 
seed treatment can affect the maize defenses under realistic 
conditions of herbivore and pathogen infestation. From the 
pest management perspective, our results indicate that the 
side-effects of thiamethoxan on plant resistance against the 
fall armyworm can be avoided by using maize genotypes that 
are not affected by the insecticide.
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