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Simple Summary: The corn earworm causes persistent ear damage to corn grown in the southeastern
United States. Increased levels of ear damage have been associated with mycotoxin contamination
such as aflatoxin and fumonisin. Corn hybrids expressing the Bt traits Vip3Aa20 provided substantial
corn earworm control and prevented kernel damage. Older Bt corn without this trait did not control
corn earworm in the ear and prevent ear damage. Bt corn that prevented kernel damage had a
variable effect on grain yield but may prevent yield loss. Bt corn that prevented ear damage did not
suffer grain contamination from aflatoxin but did show reduced grain contamination by fumonisin.

Abstract: The corn earworm, Helicoverpa zea (Boddie), causes persistent ear damage to corn grown
in the southeastern United States region. Increased levels of ear damage have been associated with
mycotoxin contamination in addition to yield loss. Corn hybrids expressing proteins from the Bacillus
thuringiensis (Bt) may provide corn earworm control. A selection of hybrids expressing various
Bt traits were evaluated in field experiments across Georgia over two years to assess their efficacy
for corn earworm control, grain yield and quality protection, and grain mycotoxin mitigation. Ear
damage was significantly reduced only by Bt hybrids expressing the Vip3Aa20 protein. The remaining
Bt hybrids expressing Cry proteins provided only marginal control. Ear damage had a variable effect
on grain yield and was not correlated with grain aflatoxin contamination. In contrast, grain fumonisin
contamination was positively associated with earworm damage. These results indicate Bt hybrids
that effectively reduce corn earworm damage may also assist in reducing fumonisin contamination
and possibly yield loss.

Keywords: Zea mays; transgenic crop; maize; Bacillus thuringiensis; fumonisin; aflatoxin; Vip3Aa20

1. Introduction

Corn, Zea mays L., genetically modified with proteins from the Bacillus thuringiensis (Bt)
bacterium, was commercially released in North America as a method of controlling stalk-
boring pests including the European corn borer, Ostrinia nubilalis (Hübner) (Lepidoptera:
Crambidae) [1,2]. This method ultimately provided mixed results when tested against corn
earworm, Helicoverpa zea (Boddie), a lepidopteran pest species with a wide agronomic host
range including field corn. Corn earworm larvae feed on the corn silks, ears and kernels
for six instars prior to pupating in the soil, resulting in significant damage to the upper ear
region. However, the impact of larval feeding alone is generally not a significant source
of yield loss in field corn production [3–5] since most corn earworm activity occurs at the
ear tip region where unpollinated kernels are located [6]. However, significant ear damage
with some level of grain yield reduction has been reported in late plantings when larval
activity is greater [7–10].
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Bt traits produce plant proteins and are widely incorporated into transgenic corn
hybrids throughout the United States, with 82% of all domestically planted corn in 2020
having expressed single or pyramided Bt toxins [11]. Early studies in the southeastern
United States region showed that Cry1Ab in events BT11 and MON810 provided partial
control against corn earworm infestations, but significant control and improved yield was
mostly observed for whorl infestations by fall armyworm, Spodoptera frugiperda (J. E. Smith)
(Lepidoptera: Noctuidae) [7,8,12–14]. Additional Bt toxins became commercially available
as pyramids with varying levels of efficacy for corn earworm control. The MON89034
event expresses the pyramided proteins Cry1A.105 + Cry2Ab2 and when released provided
better control of corn earworm than Cry1Ab [3,8,14–16]. However, resistance to these toxins
developed across local lepidopteran pest populations. For corn earworm, resistance to
Cry1Ab is widespread and resistance to Cry2Ab was reported at local levels across several
southern states [17–20]. The MIR162 event in corn expressing the Vip3Aa20 insecticidal
protein currently is the most effective transgenic event for reducing corn earworm numbers
in corn [9,18,21–23]. Indeed, currently corn expressing the vip3Aa20 protein almost com-
pletely eliminates ear infestation by corn earworm [9,20,24]. Nevertheless, the presence
of resistant alleles in corn earworm to Vip3Aa20 protein has been confirmed in localized
populations from Texas and the Mid-South. There is evidence that resistance to Vip3Aa20
may be increasing in field-collected corn earworms [24,25].

Lepidopteran damage to corn ears may result in corn becoming vulnerable to toxic
secondary metabolites known as mycotoxins [26–29]. The fungus Aspergillus flavus (Link)
(Deutermycetes: Moniliales) will express the mycotoxin aflatoxin B1 [29–31]. Corn grain
in semi-tropical areas also may be infected by Fusarium spp. with Fusarium verticillioides
(Sacc.) Nirenberg (Sordariomycetes: Hypocreales) being the primary species expressing the
mycotoxin fumonisin [28,32]. Grain that is highly contaminated with aflatoxin or fumonisin
may be toxic when consumed by humans and animals. A major mycotoxicosis outbreak
that occurred across rural Kenya in 2004 was the result of post-harvested corn storage
under damp conditions that promoted severe grain aflatoxin contamination, resulting
in numerous cases of sickness and death [33]. In addition to excessive moisture during
storage, heightened mycotoxin contamination can occur from other factors in the field
including high temperatures, drought conditions, and plant genetics [29,34–37]. The U.S.
Food and Drug Administration (FDA) limits in grain intended for human consumption
are no more than 20 ppb for aflatoxin and 2–4 ppm for fumonisin. Grain intended for
animal feed can have higher limits depending on the animal age, weight, and production
stages [38,39]; for example, the FDA aflatoxin limit for breeding swine is 200 ppb. Early
reports found that increased aflatoxin contamination levels were linked with significant
ear injury caused by lepidopteran pests, including corn earworm [26,40]. Increased larval
feeding could promote mycotoxin contamination through induced plant stress [30,31,34,37]
or the larvae may simply harbor fungal spores within their gut that are transferred into
host plants upon feeding [41]. Furthermore, planting date plays a significant role in fungal
susceptibility for field corn production in temperate and tropical regions as later planted
corn endures more stress [32,34–36].

Both aflatoxin and fumonisin contamination have been associated with ear feeding by
larvae of the corn earworm, fall armyworm and several other lepidopterans [31,32,37]. The
overall effect of transgenic Bt hybrids in reducing aflatoxin contamination is inconsistent.
Multiple studies found significant associations between lepidopteran pest ear damage
and aflatoxin contamination levels in transgenic corn [31,34,35,37,42,43]. However, other
studies found greater inconsistent results or no clear association despite making simi-
lar comparisons [4,7,14,44–46]. Nevertheless, a study using aflatoxin-related insurance
claims in the U.S. found that aflatoxin risk was lower in counties where more Bt corn
was planted [47]. Although adoption of Bt hybrids may contribute to aflatoxin mitiga-
tion [37,47], it remains inconclusive how effective Bt technology is as a tool for aflatoxin
reduction in field corn [27].
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Conversely, fusarium ear rot and fumonisin contamination have a more definite associa-
tion with increased ear injury from lepidopteran pest feeding. In Iowa, Munkvold et al. [48]
found increased European corn borer injury induced Fusarium ear rot, and Bowers et al. [49,50]
found positive associations in fumonisin accumulations with increased ear injury from
European corn borer, corn earworm and western bean cutworm, Striacosta albicosta (Smith)
(Lepidoptera: Noctuidae). Western bean cutworm is associated with deoxynivalenol and
Gibberella ear rot from accumulated Fusarium graminearium infection of corn in the mid-
western United States and Ontario, Canada [51,52]. Parson and Munkvold [32] also found
a correlation between lepidopteran kernel damage and fumonisin B1 contamination in corn.
A meta-analysis of studies on genetically engineered maize found that hybrids express-
ing Bt toxins exhibited lower concentrations of mycotoxins by 28.8% and fumonisins by
30.6% [53]. Incorporating Bt technology could potentially reduce grain fumonisin contami-
nation [27,36,52,53], especially use of newer, more effective pyramided hybrids that express
the Vip3Aa20 protein [48,52].

The objective was to evaluate how commercially available Bt hybrids expressing var-
ious Bt proteins prevented corn earworm ear damage and mycotoxin contamination. A
selection of commercially available non-Bt hybrids as well as hybrids expressing various
pyramided Bt traits was evaluated. Larval infestations and ear damage were measured
and correlated with grain yield loss or grain mycotoxin contamination levels to deter-
mine whether Bt technologies preserved grain yield and quality in the field. The authors
hypothesized that only those Bt hybrids expressing the Vip3Aa20 protein will effectively re-
duce corn earworm infestations. Reductions in aflatoxin and fumonisin contamination are
expected only where there is significant reduction in corn earworm ear and kernel damage.

2. Materials and Methods

2.1. Field Experiments

Field experiments were conducted at two locations per year in central and southern
Georgia in 2019 and 2020. Locations were the University of Georgia Bledsoe Research farm
near Griffin (N 33.175964 W −84.409210), the Southwest Georgia Research and Education
Center near Plains (N 32.046602 W −84.370610), and the University of Georgia Lang-
Rigdon farm near Tifton (N 31.516910 W −83.548479). Soil was an Appling sandy loam in
Griffin, a Greenville sandy loam in Plains, and Tifton sandy loam in Tifton. Weed control
and fertility practices followed the Georgia Extension Service recommendations for each
location. Conventional tillage was used at all locations with chisel plowing followed by
disk harrowing. Before disking, 500 kg/ha of a 5–10–15 (N-P-K) granular fertilizer was
applied and an additional 112 kg of nitrogen as ammonium nitrate was applied beside the
rows and incorporated about 20 days after planting. For weed control, atrazine (Aatrex
4L, Syngenta Crop protection, Greensboro, NC, USA) and pendimethalin (Prowl 3.3EC,
BASF, Research Triangle Park, NC, USA) were applied at planting at all locations except
in Griffin, where atrazine with acetochlor (Warrant, Bayer CropScience LP, St. Louis, MO,
USA) was applied. Plots were treated with a broadcast application of glyphosate (Roundup
WeatherMax, Bayer CropScience, St. Louis, MO, USA) about 20 to 25 days after planting
for post-emergence weed control. All corn seed was received from the seed companies and
pretreated with two or three fungicides and either clothianidin at 0.5 mg per kernel (Poncho
250 or 500, Bayer CropScience, St. Louis, MO, USA) or thiamethoxam at 0.5 mg per kernel
(Syngenta Crop Protection, Greensboro, NC, USA). No other insecticides were applied.
Natural rainfall was supplemented weekly by irrigation of 6 cm of water as needed.

A selection of available hybrids with various pyramided Bt proteins for above-ground
pests were evaluated and compared with non-Bt hybrids of similar relative maturity and
agronomic traits (Table 1). Hybrids were provided by DeKalb Seeds (Bayer CropScience, St.
Louis, MO, USA) and Pioneer Hi-bred International Inc. (Corteva AgriScience, Johnston,
IA, USA). Planting dates in 2019 were 24 April in Plains and 25 April in Tifton, and in 2020
were 3 April in Tifton and 16 May in Griffin. Experimental design for all plantings was a
randomized complete block design with four replicates. Corn seed was planted at a rate of

3



Insects 2024, 15, 914

79,040 seeds per ha in 91 cm wide rows at the Plains and Tifton locations and 76 cm wide
rows at the Griffin location using a two-row Monosem® pneumatic planter (Largeasse,
France). Plots were eight rows wide and 12.2 m long, except in the 2020 Tifton plantings,
which were eight rows wide and 10.7 m long.

Table 1. Characteristics of all Bt and non-Bt field corn hybrids used in the 2019 and 2020 plantings.

Brand and Hybrid Product Name Bt Toxins a Year

DeKalb DKC 6694 Non-Bt None 2019, 2020
DeKalb DKC 6697 Genuity VT Double PRO Cry1A.105, Cry2Ab2 2019, 2020
DeKalb DKC 6629 Genuity Trecepta Cry1A.105, Cry2Ab2, Vip3Aa20 2019, 2020
DeKalb DKC 6205 Non-Bt None 2019, 2020
DeKalb DKC 6208 SmartStax Cry1A.105, Cry2Ab2, Cry1Fa2 2019, 2020
DeKalb DKC 6824 Non-Bt None 2020
DeKalb DKC 6826 Genuity VT Double PRO Cry1A.105, Cry2Ab2 2020
DeKalb DKC 6799 Genuity Trecepta Cry1A.105, Cry2Ab2, Vip3Aa20 2020

Pioneer 1637R None None 2019, 2020
Pioneer 1637YHR Optimum Intrasect Cry1Ab, Cry1Fa2 2019, 2020

Pioneer 1637VYHR Optimum Leptra Cry1Ab, Cry1Fa2, Vip3Aa20 2019
Pioneer 1870R None None 2020

Pioneer 1870YHR Optimum Intrasect Cry1Ab, Cry1Fa2 2020
Pioneer 2088R None None 2019, 2020

Pioneer 2089VYHR Optimum Leptra Cry1Ab, Cry1Fa2, Vip3Aa20 2019, 2020
a All Bt hybrids also expressed glyphosate herbicide tolerance.

2.2. Data Collection

Plant stand counts were made on the center two rows per plot while inspecting
for whorl damage on the corn plants caused by lepidopteran defoliators, primarily fall
armyworm larvae, at the five- to eight-leaf vegetative growth stages. The percentage of
damaged plants and severity of damage was rated using the Davis et al. [54] 0–9 scale,
where 0 represents no damage and 9 represents nearly total destruction of the whorl.
Selected infested plants in border rows were inspected to determine the identification of
whorl-infesting larvae.

Evaluation for corn earworm infestations occurred when crops reached the milk stage
(R3) [55]. Fifteen random ears from each plot were opened from their husks and examined
for the presence of corn earworm larvae. The total number of larvae was counted and
categorized as either small (first and second instars), medium (third and fourth instars),
or large (fifth and sixth instars) in size. Small larvae were identified as no larger than
7 mm, medium larvae were 8 to 24 mm long, and large larvae were greater than 24 mm in
length. Exit holes with underlying ear damage also were counted, indicating that a larva
had completed development and exited the ear to pupate in the soil. Plots were evaluated
for total corn earworm damage at the late dent stage (R5) to early physiological maturity
stage (R6) [55]. Another 15 random ears were inspected in each plot and the total area
damage from larval feeding was measured in cm2. Damage measurements for every ear
were divided between the tip portion with unpollinated kernels and the rest of the ear
containing viable kernels.

At full maturity, grain was harvested from the center two rows not used for earworm
sampling of each plot using a two-row self-propelled Wintersteiger Delta combine (Winter-
steiger Inc., Salt Lake City, UT, USA) with an automated weighing system that measured
plot grain weight, percentage moisture content, and test weight. Grain yields were adjusted
to a standard 15.5% moisture content and extrapolated to a kg/ha basis. A 1-kg sample
grain was collected from each plot and processed by Waters Agricultural Laboratories,
Inc. (Camilla, GA, USA) to measure grain mycotoxin contamination levels. The NEOGEN
Veratox® method, a competitive direct ELISA, provided quantitative analyses of total afla-
toxin (B1, B2, G1, G2) (ppb) and total fumonisin (B1, B2, B3) (ppm) contamination levels
of corn grain [56,57]. Both methods are approved by the AOAC Research Institute [58].
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Samples that read higher levels than the standard provided in each kit were diluted then
reanalyzed with the additional dilution factor applied to the quantitative value.

2.3. Statistical Analyses

The statistical software SAS version 9.4 and JMP Pro version 15.0.0 were used for data
analysis [59,60]. Results were generalized across locations but were analyzed separately
by year because some hybrids exhibited wide variability between 2019 and 2020. Results
were statistically analyzed through an analysis of variance (ANOVA) mixed model with
PROC MIXED and appropriate statistical procedures for a randomized completed block
design including hybrids coded as a fixed effect and replicates coded as a random effect
with the Kenward–Roger degrees of freedom approximation option. Before analysis,
percentage values were transformed with an angular transformation before analysis and
larva counts and damage and mycotoxin values were transformed with a log10(x + 1)
transformation to normalize variances. Non-transformed values are presented in the
results and figures. Single degree-of-freedom contrasts were used to compare the responses
of hybrids expressing Bt proteins with non-Bt hybrids, Bt hybrids expressing only Cry
proteins with non-Bt hybrids, Bt hybrids expressing Vip3Aa20 with non-Bt hybrids, and Bt
hybrids expressing only Cry proteins with hybrids expressing Cry + Vip3Aa20 proteins.
When hybrid treatment F tests were significant, means were separated using pairwise
t-test groupings in PROC PLM when a significant difference was indicated among F-values
(α = 0.05). Linear regression of a bivariate fit of two continuous data type variables using
PROC REG [59] was used to test associations of corn earworm kernel damage with grain
yield and contamination levels of total grain aflatoxin and fumonisin.

3. Results

3.1. Infestation Rates and Ear Damage

Little whorl defoliation was observed during the vegetative growth stages in all
experiments and the small number of non-Bt plants with whorl damage was caused by
fall armyworm infestation. Overall corn earworm infestations and damage ratings were
lower than normal for field corn in southern Georgia for both 2019 and 2020. Infestation
levels were significantly higher in those experiments planted from late April into May than
those planted in early April. Corn earworm infestations were significantly different among
hybrids in 2019 (F = 96.98, df = 9, 54; p < 0.0001) and 2020 (F = 25.85, df = 11, 66; p < 0.0001)
(Tables 2 and 3). Overall, Bt hybrids reduced corn earworm infestations during the R3
growth stage by an average of 65.2% in 2019 (non-Bt: 73.12 ± 3.53% infested plants; Bt:
25.42 ± 4.53% infested plants) and 53.6% in 2020 (non-Bt: 53.33 ± 5.08% infested plants; Bt:
24.76 ± 4.35% infested plants). The Bt products Genuity Trecepta and Optimum Leptra
containing Cry genes and the Vip3Aa20 gene had the lowest levels of larval infestation
in every experiment with very little to no infestation at R3 growth stage in both years
(Tables 2 and 3). Bt hybrids expressing only Cry proteins provided intermediate infestation
control, but infestation levels varied in statistical significance from non-Bt hybrids. Genuity
VT Double PRO (Cry1A.105 + Cry2Ab2) and SmartStax (Cry1A.105 + Cry2Ab2 + Cry1Fa2)
reduced corn earworm infestations in 2019, but only SmartStax had reduced infestation
in 2020. Infestations of Optimum Intrasect (Cry1Ab + Cry1Fa2) were not significantly
different from those in comparable non-Bt hybrids.

The results for average corn earworm larvae per ear were similar to those of infestation
levels. Hybrids exhibited significantly different numbers of total larvae per ear among
hybrids in 2019 (F = 48.82; df = 9, 54; p < 0.0001) and 2020 (F = 17.39; df = 11, 66; p < 0.0001).
The Pioneer brand hybrids as a group tended to have more larvae per ear than the Dekalb
hybrids (Figures 1 and 2). A total of only five larvae and three exit holes were observed in
plants of all hybrids expressing Vip3Aa20 in all experiments with almost all of these being
in the early planting in 2020. Bt hybrids expressing only Cry proteins with the Cry2Ab2
protein had significantly fewer larvae than non-Bt hybrids in both years, whereas total
larvae counts were similar for the hybrids expressing Cry1Ab + Cry1Fa2 and comparable
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non-Bt hybrids in both years (Figures 1 and 2). The number of larvae within each size
category was significantly different for all four size categories in 2019 (F = 12.41 to 15.72;
df = 9, 54; p < 0.0001) and 2020 (F = 4.11 to 6.18; df = 11, 66; p < 0.001). Larvae from
hybrids expressing only Cry proteins were mostly small or medium in size as compared
with larvae in ears of non-Bt hybrids that were mostly large or had already exited the ear
(Figures 1 and 2; Tables S1 and S2).

Table 2. Effect of Bt traits on LS means ± SEM of percentage corn earworm-infested ears and damaged
area by ear region per ear at growth stage R6 in 2019.

Brand and
Hybrid a Bt Traits

Infested Ears
at R3 (%)

Damaged
Ears at R6 (%)

Damage (cm2) by Ear Region

Ear Tip Kernels Total

DKC 6694 None (RR2) 55.0 ± 5.2 c 57.5 ± 5.3 c 0.92 ± 0.14 e 1.15 ± 0.28 cd 2.07 ± 0.38 d
DKC 6697 VT Double PRO + 28.3 ± 4.7 e 35.8 ± 6.7 d 0.47 ± 0.10 f 0.48 ± 0.15 ef 0.96 ± 0.22 e
DKC 6629 Trecepta ++ 0 f 0 e 0 g 0 f 0 f
DKC 6205 None (RR2) 65.8 ± 6.1 b 61.7 ± 5.6 c 1.39 ± 0.16 cd 1.32 ± 0.26 cd 2.72 ± 0.35 cd
DKC 6208 SmartStax + 41.7 ± 6.0 d 50.8 ± 4.2 c 1.15 ± 0.16 de 0.93 ± 0.19 de 2.08 ± 0.18 d
Pio 1637R None (RR2) 84.2 ± 5.2 a 90.8 ± 3.3 a 2.37 ± 0.19 b 2.75 ± 0.57 b 5.11 ± 0.66 b

Pio 1637YHR Intrasect + 80.8 ± 4.8 a 77.5 ± 7.0 b 1.59 ± 0.30 c 1.60 ± 0.33 c 3.19 ± 0.57 c
Pio 1637VYHR Leptra ++ 0 f 0 e 0 g 0 f 0 f

Pio 2088R None (RR2) 87.5 ± 5.4 a 96.7 ± 2.2 a 3.25 ± 0.16 a 3.47 ± 0.51 a 6.72 ± 0.57 a
Pio 2089VYHR Leptra ++ 1.7 ± 1.7 f 0 e 0 g 0 f 0 f

F > (P) (df = 9, 54) 96.98
(<0.0001)

78.72
(<0.0001)

28.74
(<0.0001)

26.49
(<0.0001)

55.84
(<0.0001)

LS means ± SEM within columns followed by the same letter are not significantly different (pair-wise t-tests of
LSM, α = 0.05). a DKC for Dekalb hybrids; P for Pioneer brand hybrids. + Bt hybrid expressing only pyramided
Cry proteins. ++ Bt-hybrid expressing pyramided Cry proteins with Vip3Aa20.

Table 3. Effect of Bt traits on LS means ± SEM of percentage corn earworm-infested ears and damaged
area by ear region per ear at R6 growth stage in 2020.

Brand and
Hybrid a Bt Traits

Infested Ears at
R3 (%)

Damaged Ears
at R6 (%)

Damage (cm2) by Ear Region

Ear Tip Kernels Total

DKC 6694 None (RR2) 42.5 ± 14.3 bc 38.3 ± 14.3 bc 0.67 ± 0.26 cd 0.74 ± 0.28 de 1.42 ± 0.54 de
DKC 6697 VT Double PRO + 39.2 ± 13.6 bc 28.3 ± 10.5 c 0.37 ± 0.14 d 0.42 ± 0.17 e 0.78 ± 0.31 e
DKC 6629 Trecepta ++ 2.5 ± 2.5 d 0.8 ± 0.8 d 0.02 ± 0.02 e 0.01 ± 0.01 f 0.02 ± 0.02 f
DKC 6205 None (RR2) 56.7 ± 10.8 ab 55.8 ± 15.8 ab 1.01 ± 0.32 bc 1.48 ± 0.49 cd 2.49 ± 0.81 cd
DKC 6208 SmartStax+ 36.8 ± 13.4 c 35.0 ± 9.9 c 0.64 ± 0.20 cd 0.83 ± 0.28 de 1.47 ± 0.48 de
DKC 6824 None (RR2) 55.0 ± 10.6 abc 60.8 ± 10.6 a 1.32 ± 0.28 ab 2.32 ± 0.44 b 3.64 ± 0.72 ab
DKC 6826 VT Double PRO + 37.5 ± 10.9 c 35.8 ± 12.3 c 0.65 ± 0.25 cd 1.02 ± 0.45 de 1.67 ± 0.69 de
DKC 6799 Trecepta ++ 3.3 ± 3.3 d 0.8 ± 0.8 d 0.01 ± 0.01 e 0.02 ± 0.02 f 0.02 ± 0.02 f
Pio 2088R None (RR2) 49.2 ± 11.2 abc 65.0 ± 8.1 a 1.25 ± 0.21 ab 3.20 ± 0.62 a 4.45 ± 0.81 a

Pio 2089VYHR Leptra ++ 0 4.2 ± 2.5 d 0.11 ± 0.07 e 0.05 ± 0.05 f 0.16 ± 0.12 f
Pio 1637/1870R None (RR2) 63.3 ± 11.1 a 71.7 ± 9.2 a 1.48 ± 0.27 a 2.42 ± 0.45 b 3.90 ± 0.70 ab

Pio 1637/1870YHR Intrasect + 54.2 ± 10.9 abc 54.2 ± 10.4 ab 1.12 ± 0.22 ab 2.19 ± 0.50 bc 3.31 ± 0.70 bc
F > (P)

(df = 11, 66) 11.00 (<0.0001) 14.93 (<0.0001) 13.72 (<0.0001) 16.61 (<0.0001) 16.69 (<0.0001)

LS means ± SEM within columns followed by the same letter are not significantly different (pair-wise t-tests of
LSM, α = 0.05). a DKC for Dekalb hybrids; P for Pioneer brand hybrids. + Bt hybrid expressing only pyramided
Cry proteins. ++ Bt-hybrid expressing pyramided Cry proteins with Vip3Aa20.

Results for R6 growth stage ear damage were also significantly different between
hybrids (Tables 2 and 3). The proportion of damage in the tip and kernel regions was
similar in 2019, but in 2020 much more kernel damage occurred relative to tip ear damage.
Overall Bt hybrids reduced total corn earworm ear damage by an average of 75.0% in 2019
(non-Bt: 4.16 ± 0.32 cm2; Bt: 1.04 ± 0.26 cm2) and 66.7% in 2020 (non-Bt: 3.18 ± 0.30 cm2;
Bt: 1.06 ± 0.25 cm2). Bt hybrids expressing Vip3Aa20 were undamaged in 2019 and
exhibited only minimal ear damage, located almost entirely within the ear tip region,
during the early planting in 2020 (Tables 2 and 3). Bt hybrids expressing only Cry proteins
with the Cry2Ab2 protein provided moderate but significant reductions in both tip and
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kernel damage compared to non-Bt hybrids but were not as effective as hybrids expressing
Vip3Aa20 (Tables 2 and 3). Hybrids with Cry1Ab + Cry1F reduced tip and kernel damage
in 2019 but did not reduce damage in 2020.
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Figure 1. Effect of Bt traits on LS means ± SEM of number of corn earworm larvae per ear by size
and exit holes in R3 growth stage 2019 field corn. LS means within larval size category with the
same letter are not significantly different (pair-wise t-tests of LSM, α = 0.05). Bt hybrids marked with
(+) expressed pyramided Cry proteins while hybrids marked with (++) expressed pyramided Cry
proteins with Vip3Aa20. Unmarked hybrids were non-Bt hybrids. See Table 1 for specific proteins
expressed for each entry and product type.
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(+) expressed pyramided Cry proteins while hybrids marked with (++) expressed pyramided Cry
proteins with Vip3Aa20. Unmarked hybrids were non-Bt hybrids. See Table 1 for specific proteins
expressed for each entry and product type.
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3.2. Grain Yield and Test Weight

Grain yields differed among hybrids in 2019, but these differences were not associated
with Bt traits (F = 0.02; df = 1, 54; p = 0.8764) and instead reflected hybrid agronomics
(Table 4). In 2020, grain yields were significantly different among hybrids and all Bt
hybrids produced an average of 5.84% more grain yield than non-Bt hybrids (non-Bt:
12,642 ± 2270 kg/ha; Bt: 13,380 ± 1934 kg/ha; F = 11.95; df = 1, 66; p < 0.0009) (Table 5).
Hybrids with Cry proteins and those with Vip3Aa20 both yielded more than the non-Bt
hybrids (p = 0.0329 and p = 0.0044, respectively) but were not significantly different from
each other (F = 2.82; df = 1, 66; p = 0.0975) (Table 5). Based on linear regression analysis, grain
yield was not associated with corn earworm ear damage in 2019 (R2 = 0.0061, F = 0.4791,
p = 0.4909) but had a significantly negative association with corn earworm damage in 2020
(R2 = 0.2638, F = 33.690, p < 0.0001) (Supplemental Figure S1).

Table 4. Effect of Bt traits on LS means ± SEM of corn grain yield, test weights, aflatoxin contamina-
tion, and fumonisin contamination in 2019.

Brand and
Hybrid a Bt Traits

Grain Yield
(kg/ha)

Test Weight
(kg/hL)

Aflatoxin
(ppb)

Fumonisin
(ppm)

DKC 6694 None (RR2) 14,732 ± 273 abcd 69.91 ± 1.67 a 57.00 ± 50.89 bc 32.00 ± 10.44 cde
DKC 6697 VT Double PRO + 13,954 ± 594 d 70.71 ± 1.62 a 39.81 ± 25.08 bc 31.75 ± 10.47 def
DKC 6629 Trecepta ++ 15,313 ± 651 abc 69.69 ± 1.74 a 3.31 ± 1.26 c 14.88 ± 6.07 f
DKC 6205 None (RR2) 15,658 ± 805 ab 70.11 ± 1.59 a 15.19 ± 10.96 bc 17.44 ± 6.44 ef
DKC 6208 SmartStax + 15,456 ± 779 ab 70.17 ± 1.57 a 29.19 ± 16.58 bc 17.25 ± 5.66 ef
Pio 1637R None (RR2) 15,140 ± 404 abc 68.63 ± 2.70 ab 13.19 ± 8.89 bc 39.50 ± 9.75 bcd

Pio 1637YHR Intrasect + 15,302 ± 477 abc 68.84 ± 2.06 ab 184.63 ± 56.43 a 57.13 ± 8.21 ab
Pio 1637VYHR Leptra ++ 14,201 ± 593 cd 70.28 ± 1.77 a 16.56 ± 12.53 bc 25.44 ± 9.52 ef

Pio 2088R None (RR2) 14,672 ± 682 bcd 63.31 ± 2.30 c 120.38 ± 75.79 b 75.13 ± 11.26 a
Pio 2089VYHR Leptra ++ 15,830 ± 632 a 66.68 ± 2.55 b 116.98 ± 73.09 b 43.62 ± 9.15 abc

F > (P)
(df = 9, 54)

2.33
(0.0255)

7.10
(<0.0001)

3.15
(0.0036)

8.80
(<0.0001)

LS means ± SEM within columns followed by the same letter are not significantly different (pair-wise t-tests of
LSM, α = 0.05). Statistical analyses based on log10(X + 1) values. a DKC for Dekalb hybrids; P for Pioneer brand
hybrids. + Bt hybrid expressing only pyramided Cry proteins. ++ Bt-hybrid expressing pyramided Cry proteins
with Vip3Aa20.

Table 5. Effect of Bt traits on LS means ± SEM of corn grain yield, test weights, aflatoxin contamina-
tion, and fumonisin contamination in 2020.

Brand and
Hybrid a Bt Traits

Grain Yield
(kg/ha)

Test Weight
(kg/hL)

Aflatoxin
(ppb)

Fumonisin (ppm)

DKC 6694 None (RR2) 12,029 ± 412 cd 75.04 ± 4.00 a 15.10 ± 14.99 bc 3.39 ± 0.87
DKC 6697 VT Double PRO + 13,770 ± 686 a 70.29 ± 0.40 abc 8.73 ± 7.77 bc 4.15 ± 0.91
DKC 6629 Trecepta ++ 13,478 ± 678 ab 70.00 ± 0.79 abc 0.01 ± 0.01 c 4.36 ± 0.76
DKC 6205 None (RR2) 12,498 ± 851 bcd 70.87 ± 1.78 abc 1.91 ± 1.59 bc 6.40 ± 2.65
DKC 6208 SmartStax + 13,272 ± 932 ab 72.45 ± 4.12 ab 25.46 ± 18.91 bc 6.99 ± 3.40
DKC 6824 None (RR2) 13,049 ± 751 abc 68.81 ± 1.05 bcd 1.37 ± 0.94 bc 3.14 ± 1.15
DKC 6826 VT Double PRO + 12,853 ± 652 abcd 68.91 ± 0.44 bcd 12.60 ± 12.49 bc 5.19 ± 2.18
DKC 6799 Trecepta ++ 13,706 ± 797 a 69.54 ± 0.89 bcd 0.91 ± 0.62 bc 3.35 ± 0.93
Pio 2088R None (RR2) 13,739 ± 556 a 64.59 ± 0.82 d 85.01 ± 59.23 a 6.44 ± 1.44

Pio 2089VYHR Leptra ++ 13,755 ± 727 a 66.24 ± 0.64 cd 58.26 ± 37.91 ab 5.63 ± 1.64
Pio 1637/1870R None (RR2) 11,897 ± 1220 d 68.78 ± 1.47 bcd 0.29 ± 0.16 bc 4.27 ± 1.11

Pio 1637/1870YHR Intrasect+ 12,822 ± 376 abcd 70.19 ± 1.00 abc 53.14 ± 34.70 ab 3.50 ± 0.84
F > (P)

(df = 11, 66)
3.37

(0.0008)
2.13

(0.0263)
2.35

(0.0150)
1.08

(0.3906)

LS means ± SEM within columns followed by the same letter are not significantly different (pair-wise t-tests of
LSM, α = 0.05). Statistical analyses based on log10(X + 1) values. a DKC for Dekalb hybrids; P for Pioneer brand
hybrids. + Bt hybrid expressing only pyramided Cry proteins. ++ Bt hybrid expressing pyramided Cry proteins
with Vip3Aa20.
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3.3. Mycotoxin Contamination Levels

Grain aflatoxin contamination in 2019 and 2020 was highly variable among plot
samples. While most concentrations remained around the federal standard limit of aflatoxin
in grain intended for human consumption of 20 ppb, a small number of samples exceeded
100 ppb with a few exceeding 500 ppb. Contamination levels were significantly different
among hybrids, most likely due to genetic background, because aflatoxin levels were
not different between hybrids with and without Bt traits in 2019 (F = 0.57; df = 1, 54;
p = 0.4524) and 2020 (F = 0.03; df = 1, 66; p = 0.8543) (Tables 4 and 5). Variability in
concentrations for a select few points resulted in skewing of statistical significance among
hybrids. The Bt hybrid Pioneer 1637YHR, an Optimum Intrasect product, had an average
aflatoxin contamination level significantly greater than those of all other hybrids in 2019
(Table 4). Linear regression analyses showed that aflatoxin contamination levels were
not significantly associated with corn earworm damage in either year (2019: R2 = 0.0158,
F = 1.2517, p = 0.2667; 2020: R2 = 0.0249, F = 2.4050, p = 0.1243) (Figure 3).
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Figure 3. Linear regression analysis depicting the relationship between corn earworm ear damage
and grain aflatoxin contamination levels of field corn by year. 2019: R2 = 0.0158; F = 1.2517; p = 0.2667.
2020: R2 = 0.0249; F = 2.4050; p = 0.1243.

Grain fumonisin contamination in 2019 was variable among plots but was significantly
different among hybrids (Table 4). Only Bt hybrids expressing the Vip3Aa20 protein had
significantly lower contamination levels compared to non-Bt hybrids (F = 17.49, df = 1, 54;
p < 0.0001). However, grain fumonisin contamination levels for all hybrids in 2019 exceeded
the federal standard limit of 2–4 ppm for grain intended for human consumption [39].
Bt hybrids expressing only Cry proteins did not have significantly reduced fumonisin
contamination as compared to non-Bt hybrids (F = 1.11, df = 1, 54; p = 0.2962), and
were not statistically different from Bt hybrids expressing Vip3Aa20 (F = 1.93, df = 1, 54;
p = 0.1707). Overall contamination levels in 2020 were much lower than in 2019 and were
not significantly different among hybrids (Table 5). Grain fumonisin contamination levels
in 2020 also were not significantly different among Bt traits (F = 0.02, df = 1, 66; p = 0.0900).
Grain fumonisin contamination levels had a significant positive association with corn
earworm ear damage in both 2019 and 2020, with the association being stronger in 2019
when contamination levels were higher (Figure 4).
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2019 Grain Fumonisin Contamination vs. Corn Earworm Ear Damage
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Figure 4. Linear regression analysis depicting the relationship between corn earworm ear damage and
grain fumonisin contamination levels of field corn by year. 2019: R2 = 0.1970; F = 19.141; p < 0.0001.
2020: R2 = 0.0909; F = 9.3961; p = 0.0028.

4. Discussion

Planting transgenic corn hybrids that express multiple Bt traits through gene pyra-
miding has been a continuing protocol enacted in temperate and subtropical regions where
lepidopteran pest infestation, including corn earworm, is common [14,16,49,61]. Resistance
to specific Bt traits has been increasing in local corn earworm populations across the south-
eastern United States region, making them more difficult to control [17,19,20,42,62–65].

Bt corn hybrids expressing the Vip3Aa20 protein were the most effective in reducing
corn earworm infestations and ear damage in all experiments. These results are consistent
with other studies that show Bt products expressing Vip3Aa20 having minimal or no
earworm infestations [19,21,64,65]. Bt hybrids expressing only Cry proteins provided
moderate reductions in earworm infestation and damage. Despite having similar numbers
of total corn earworm larvae in ears to those of non-Bt hybrids, Bt hybrids expressing only
Cry proteins had mostly small and medium-sized larvae, while larvae from non-Bt hybrids
were mostly large or were exiting the ears to pupate in the soil. This indicates that while
the Cry protein did not cause much direct mortality, the toxins did delay the development
of corn earworm larvae. It is unknown if any surviving corn earworms from these Bt
hybrid plots had reduced adult survival and fecundity [66]. Bt hybrids with pyramided
Cry proteins alone also caused partial reductions in both tip and kernel damage. Bt hybrids
that expressed Cry1Ab + Cry1Fa2 proteins failed to prevent any ear infestation or damage
caused by corn earworm larvae. Cry1Fa2 has not been considered an effective insecticidal
source against corn earworm in the ear [67], and the potency of Cry1Ab has declined
due to widespread resistance against the toxin in corn earworm populations across the
southeastern United States region [18–20,63,64,66]. Partial earworm control at optimally
timed plantings was most notable for Bt products expressing Cry1A.105 + Cry2Ab2, yet
these products remain vulnerable to further resistance development [20,66,68]. These
data suggest that Bt hybrids will continue to provide effective control of lepidopteran
pest species in the southeastern U.S. including the European corn borer, fall armyworm,
and corn earworm [7,8,48,66,67,69,70]. Future use of Cry proteins in regions with notable
corn earworm activity must be carefully considered to extend and manage the efficacy of
available Bt products.

While corn earworms are well-known for infesting ears and feeding on the kernels,
the resulting injury normally does not qualify them as an economically significant pest
of field corn [4,67,71]. Simulated corn earworm damage only resulted in significant yield
loss when at least 60 kernels, or 15 cm2 based on the conversion 0.25 cm2 = 1 kernel, were
damaged per ear [5]. Mean kernel damage in both 2019 and 2020 was much lower than
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the equivalent of 60 kernels per ear even in the late plantings. However, all Bt hybrids
preserved significantly more grain yield than non-Bt hybrids in 2020, when ear damage in
non-Bt hybrids was greatest and earworm damage was correlated with grain yield. While
corn earworm currently may not be a primary issue in Georgia corn production, Bt hybrids
can be effective in reducing kernel loss because of larval ear feeding [3,70] and may in some
cases prevent grain yield loss, especially in later plantings [68]. Determining whether Bt
hybrids could also improve grain quality based on test weight requires further evaluation.

Aflatoxin contamination accumulates from Aspergillus spp. infection and is no-
torious for emerging in an array of crops, including corn, whether transferred from
pests [41] or developing through induced plant stress conditions including insect feeding
injury [29,31,34,41,43]. Early studies suggest higher grain aflatoxin contamination levels
occur in plants that have greater amounts of lepidopteran pest ear damage, especially
by corn earworm [26,40]. Our data suggest that grain aflatoxin contamination was not
associated with corn earworm ear damage nor was it reduced by the presence of any Bt
toxins. Varying levels of fungal contamination were observed in similar studies that found
a lack of association between corn earworm ear injury and grain aflatoxin levels [4,7,46,50].
Relative differences in aflatoxin contamination levels may instead be influenced by envi-
ronmental factors such as high temperature and humidity, kernel moisture content, and
rainfall across planting locations and dates [30,34,35]. Production systems that minimize
plant stress conditions such as early planting and irrigation may assist with reducing grain
aflatoxin contamination in subtropical regions.

Bt corn hybrids in this study effectively reduced corn earworm infestations and grain
fumonisin contamination accumulated from Fusarium spp. infection based on linear re-
gression analysis in both years. Past reports have found associations between fumonisin
contamination with lepidopteran pest species including the European corn borer and
western bean cutworm [27,48,51,52,72,73]. In a meta-analysis of 21 years of studies, Bt tech-
nology reduced fumonisin contamination in corn grain by 30.6% but this analysis included
results for studies worldwide with a variety of target lepidopteran pest species [53]. Work
specifically on the relationship between corn earworm damage and fumonisin contamina-
tion is limited. Bowers et al. [49] observed strong associations between increased fumonisin
contamination and kernel injury resulting from three lepidopteran pest species that were
all significantly reduced in corn expressing Cry1Ab + Vip3Aa20. Other studies also found
an association with lepidopteran ear damage and fumonisin levels in subtropical locations,
but they did not identify a specific lepidopteran species [32,36]. Here the authors provide
supporting data on fumonisin contamination levels in corn hybrids expressing a wider
selection of pyramided Bt proteins intended for lepidopteran pest control, which showed
that Bt hybrids expressing Vip3Aa20 were associated with reduced grain fumonisin con-
tamination levels. Nevertheless, overall contamination was still over the federal standard
for grain intended for direct human consumption and only partially met the standard for
certain animal feeds [39].

5. Conclusions

This study demonstrates the importance of Bt corn hybrids expressing the Vip3Aa20
protein for corn earworm control in the southeastern United States region. Planting trans-
genic Bt corn hybrids expressing Vip3Aa20 reduced grain fumonisin contamination but did
not reduce aflatoxin contamination. Older Cry protein Bt products provided only limited
control of corn earworm damage and did not consistently reduce mycotoxin contamina-
tion. Increased use of the Vip3Aa20 protein across more than one crop for controlling
Cry-resistant H. zea populations could reduce its durability [74,75], thereby emphasizing
the importance of insecticide resistance management tactics such as planting non-Bt refuges
and careful management of pyramided Bt products to protect its durability [21,74–78]. Bt
products containing Vip3Aa20 can be combined with improved corn genetics and agro-
nomic practices that reduce crop stress to mitigate fumonisin contamination of corn grain.

11



Insects 2024, 15, 914

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/insects15120914/s1, Table S1. Effect of Bt traits on LS means ± SEM
of percentage corn earworm infested ears and number of corn earworm larvae per ear by size and
exit holes in R3 growth stage in 2019. Table S2. Effect of Bt traits on LS means ± SEM of percentage
corn earworm infested ears and number of corn earworm larvae per ear by size and exit holes in R3
growth stage in 2020. Figure S1. Linear regression analysis depicting the relationship between corn
earworm ear damage and grain yield of field corn by year. 2019: R2 = 0.0061; F = 0.4791; p = 0.4909.
2020: R2 = 0.2638; F = 33.690; p < 0.0001.
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Simple Summary: Spodoptera exigua is a significant pest of crops, but its ability to adapt to
new climates remains poorly understood. This study investigates how temperature, light
cycle, and humidity affect the beet armyworm’s lifecycle. By analyzing 264 data points from
33 published studies, we found that warmer temperatures, particularly above 20 ◦C, signif-
icantly enhance the beet armyworm’s physiological functions. As temperatures increase,
the developmental stages shorten, egg-laying decreases, and the pupal stage shortens,
which leads to a longer adult lifespan. The research determined the ideal environmental
factors for each developmental stage of the beet armyworm, providing crucial insights
into its adaptability in changing climates. These findings are important for predicting beet
armyworm population dynamics and developing better pest management strategies.

Abstract: Spodoptera exigua is a pest of considerable economic importance; however, detailed
research into its ecological adaptability in newly invaded habitats is limited. This research
performed a comprehensive analysis of the life history characteristics of S. exigua under
varying temperature, photoperiod, and humidity conditions. A total of 264 studies that
met the inclusion criteria were included in the analysis, and the data were examined
using random-effects model, fixed-effects model, and meta-regression analysis techniques.
The findings reveal that when temperatures exceed 20 ◦C, several biological parameters
of S. exigua significantly increase, with the highest biological activity observed at 33 ◦C.
As temperature rises, the duration of each developmental phase significantly decreases,
accompanied by a reduction in the average number of eggs produced by females and a
shorter pre-oviposition period. In addition, the pupal development period is shortened,
resulting in a longer adult lifespan. By considering environmental variables such as
temperature, photoperiod, and relative humidity, we identified the optimal conditions for
the survival of each developmental stage of S. exigua. These results provide a foundation
for predicting the population dynamics of this pest and contribute to the development of
more effective pest control strategies.

Keywords: Spodoptera exigua; climate impact; pest management strategies; invasive species;
meta-analysis; survival analysis

1. Introduction

The increase in worldwide temperatures affects insects in numerous ways, in-
cluding their survival, reproductive patterns, migration behaviors, and geographical
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distribution [1,2]. Climatic warming is also having negative effects on many insect species,
leading to decreased fertility and increased mortality in overwintering species due to their
poor adaptability to rapid climatic changes. In regions with warmer climates, insects expe-
rience faster developmental rates, leading to quicker population growth. This accelerated
growth may contribute to their migration towards higher latitudes or altitudes [3]. More-
over, increasing temperatures enhance the reproduction and spread of specific pests, which
intensifies the risk they pose to crops [4,5]. As a result, climate change could influence
insect population patterns, especially by altering the distribution and frequency of pest
outbreaks, which has significant consequences for both ecosystems and agriculture [6].

Spodoptera exigua (Lepidoptera: Noctuidae) is an extensively polyphagous pest that
represents a major threat to numerous economically valuable crops in tropical and subtrop-
ical regions. This pest feeds on 170 plant species belonging to 35 different families, causing
considerable damage [7]. Before the 1980s, S. exigua was mainly found in Beijing, Hebei,
Henan, Shandong, and the Guanzhong area of Shaanxi Province. While it was also present
in the Yangtze River Basin, as well as the Northeast and Northwest regions, its impact was
relatively limited. However, by the late 1980s, the spread of S. exigua intensified, leading to
more significant damage [8]. Along with damaging staple crops like corn, sorghum, and
soybeans, S. exigua also causes considerable harm to economically important crops, such as
vegetables, cotton, and sugar beets [9–11].

Climate change significantly affects the lifecycle, reproductive rate, distribution, be-
havior, and resistance of S. exigua to pesticides. Elevated temperatures could shorten its
lifecycle, boost population density, and enable its spread into new regions, making pest
management more challenging [12]. As a result, integrated pest management approaches
are crucial, encompassing the optimization of agricultural planting patterns, strengthening
biological control methods, and implementing accurate monitoring systems to address the
challenges posed by climate change. Evaluating the effects of temperature fluctuations on
S. exigua is vital for formulating effective control strategies.

Recent studies have concentrated on the biological traits, ecological aspects, artificial
rearing, and breeding methods, as well as the migration behaviors of S. exigua [13–15].
While some research has explored the influence of temperature on S. exigua populations,
most studies have focused on its effects on particular aspects of the pest’s biology [16,17].
This research employs meta-analysis to assess, in quantitative terms, the wider effects of
temperature variations on S. exigua [18]. Meta-analysis is a structured research approach
designed to combine and synthesize findings from several independent studies, allowing
for more comprehensive and reliable conclusions [19]. Using meta-analysis, this study
highlights the sensitivity of various biological traits of S. exigua to temperature variations
under different conditions, providing valuable insights for the development of effective
pest management strategies.

2. Materials and Methods

2.1. Literature Search and Selection Process

To comprehensively assess the impact of global climate change on the biological traits
of S. exigua, this research performed a review of relevant literature from multiple databases.
The search was carried out from September to October 2024, mainly using databases such
as Web of Science, PubMed, Scopus, and CNKI. Furthermore, pertinent review papers were
manually reviewed to identify studies that were not included in the database searches. The
terms used in the search included “Beet armyworm” (also known as “Lesser armyworm”
or “Spiny bollworm”), “climate change” (alternatively referred to as “global warming”),
“temperature”, “precipitation”, “photoperiod”, and “biological characteristics” (including
“life history traits”, “development”, “reproduction”, etc.).
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The process of literature screening was divided into two stages: initially, studies
unrelated to S. exigua or climate change were excluded based on their titles and abstracts;
secondly, the full text of the remaining studies was reviewed to further exclude those that
did not satisfy the inclusion criteria. The criteria for inclusion were as follows: (1) the study
investigates how temperature variations influence the development time, lifespan, lifecycle,
egg-laying period, fertility, and hatching rate of S. exigua. (2) The study includes data on
additional variables, such as relative humidity, photoperiod, or other environmental factors.
(3) The study provides experimental data, including sample size, mean values, standard
errors, or standard deviations.

2.2. Data Extraction

Data pertinent to the study were collected from research articles that fulfilled the
inclusion criteria. The main variables extracted were temperature (indicating various
experimental temperature levels in ◦C), relative humidity, and biological traits (includ-
ing developmental rate, generation time, and reproductive capacity, such as oviposition).
When crucial statistical data, such as standard deviation or sample size, was not explicitly
reported, the information was extracted from graphs using tools like WebPlotDigitizer (Ver-
sion 4.7). For experiments involving multiple variables or datasets with several treatment
groups, the results from each treatment were considered as independent effect sizes.

2.3. Statistical Analysis

In this research, the rma.mv function available in the “metafor” package of R version
4.3 was employed to perform the subsequent analyses [20]. Initially, we utilized a random-
effects model to compute the relative risk (RR+) and we assessed the heterogeneity measure
I² across studies using restricted maximum likelihood (REML) estimation. Depending
on the value of I², explanatory variables that could affect the heterogeneity of effect sizes
were then incorporated [21]. Next, a random-effects model was applied to assess the
overall effect size across all treatment groups. Finally, statistical tests were performed to
assess the mean effect size and the 95% confidence interval (CI), and the heterogeneity
indices I² and the Q statistic (Qt) [22]. We performed separate meta-analyses for different
independent variables to evaluate the response of S. exigua at various developmental stages
to temperature, assessing the strength of these temperature effects.

In this meta-analysis, both random-effects and fixed-effects models were applied to
integrate findings from multiple studies. Because of the significant heterogeneity observed
across studies (e.g., variations in experimental locations, treatment procedures, etc.), the
random-effects model was considered a more appropriate choice to address this vari-
ability [23]. We considered climate change-related factors (e.g., temperature and relative
humidity) as independent variables and the biological traits of S. exigua as dependent
variables. Effect sizes were computed by utilizing the Log Response Ratio (LRR), which
compared the biological traits between the climate factor treatment groups and the control
groups. Statistical significance was evaluated using 95% confidence intervals. To assess
how different climate factors affect the biological traits of S. exigua, we performed subgroup
analyses for temperature and relative humidity separately.

The Q statistic and I² index were used to assess the heterogeneity among the studies.
The Q statistic tests for the presence of heterogeneity, while the I² value quantifies the degree
of variability. An increased I² value signifies a higher degree of variability among the studies.
The heterogeneity statistic is calculated by testing the weighted sum of squared deviations
with k − 1 degrees of freedom, providing a measure of variability across studies. If the 95%
confidence interval for the effect size includes zero, it suggests no significant difference
between the experimental and control groups (p > 0.05). If the 95% confidence interval is
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entirely positive, it suggests a notably larger effect size in the experimental group than in the
control group (p < 0.05). On the other hand, if the entire 95% confidence interval falls below
zero, it suggests a significantly smaller effect size in the experimental group relative to the
control group (p < 0.05) [24]. The decision to include explanatory variables was based on the
significance of the cumulative effect size relative to zero and the p-value of the Qt statistic.
The potential explanatory variables taken into account were the impacts of humidity and
photoperiod on the overall effect size. Additionally, temperature data were considered as a
continuous variable to assess their impact on the mean effect size. In the meta-analysis, the
total heterogeneity was divided into between-group heterogeneity (variance attributed to
categorical factors) and within-group heterogeneity (residual variance), with significance
evaluated using a k − 1 test [25]. We also assessed potential publication bias by utilizing
funnel plots and conducting Egger’s regression test [26]. If significant bias was detected,
the “trim and fill” method was applied to correct for it. To assess publication bias, we
analyzed the connection between effect size and sample size through the use of funnel
plots. The presence of publication bias was determined based on the significance of the p-
value [27]. If statistical significance persists after adjustment, this suggests that the findings
are consistent and not affected by publication bias.

3. Results

3.1. Statistical Data

This research incorporates data from 33 different publications, encompassing a total
of 264 individual observations. It examines 13 dependent variables related to temperature
variation in S. exigua, including first-instar larvae (n = 20), second-instar larvae (n = 20),
third-instar larvae (n = 20), fourth-instar larvae (n = 20), fifth-instar larvae (n = 20), sixth-
instar larvae (n = 5), adult lifespan (n = 30), egg production (n = 38), larval period (n = 27),
generation time (n = 11), pre-oviposition period (n = 5), average number of eggs per female
(n = 16), and pupal period (n = 52) (Table 1).

Table 1. Dataset on biological indicators of S. exigua (TR stands for temperature range, CT stands for
controlled temperature, N represents sample size, and V stands for variable.).

TR CT N V

15.5–38 ◦C 15.5 20 First instar
15.5–38 ◦C 15.5 20 Second instar
15.5–38 ◦C 15.5 20 Third instar
15.5–38 ◦C 15.5 20 Fourth instar
15.5–38 ◦C 15.5 20 Fifth instar
20–36 ◦C 20 5 Sixth instar
20–36 ◦C 20 30 Adult longevity

15.5–40 ◦C 15.5 19 Egg
20–36 ◦C 20 10 Generation cycle
22–28 ◦C 22 27 Larval stage
15–40 ◦C 15 16 Mean eggs number of per female
20–36 ◦C 20 5 Pre-oviposition

15.5–38 ◦C 15.5 52 Pupa stage
15–40 ◦C 15.5 264 S. exigua
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3.2. Comprehensive Meta-Analyses with Random-Effects and Fixed-Effects Models

The findings indicate that elevated temperatures improved the adaptability of S. ex-
igua, with a combined mean effect size of −1.0733 (95% CI: −1.1663, −0.9803; Figure 1). As
temperatures increased, all dependent variables related to S. exigua significantly decreased,
except for the average number of eggs per female and the pre-oviposition period, which
remained unchanged (Figure 2A). When temperature was considered as a continuous vari-
able, changes in S. exigua were observed across various temperature gradients (Figure 2B).
Biological indicators of S. exigua significantly increased once temperatures exceeded 15 ◦C
(Figure 3A). Biological activity peaked at 33 ◦C (Figure 3A), with a photoperiod of 12:12
and humidity at 80% (Figure 3B).

Figure 1. The forest plot shows the impact of temperature variation on S. exigua. The red line
represents the results from the random-effects model, with a pooled effect size of −1.0733 and a
95% confidence interval from −1.1663 to −0.9803. The blue solid line indicates the results from the
fixed-effects model, with a pooled effect size of −0.4942 and a 95% confidence interval ranging from
−0.4985 to −0.4898. The black dashed line marks x = 0 and the gray line represents the standard
error of individual factors.
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Figure 2. The impact of temperature variation on S. exigua. (A) illustrates the changes in biological
traits of S. exigua as temperature increases. The red dashed line indicates x = 0. Dark blue squares
represent the cumulative effect size for each temperature gradient, while the light blue line shows the
95% confidence interval. (B) depicts the temperature range curve for the optimal growth of S. exigua.
The orange dots represents all factors and the blue solid line indicates the suitability of S. exigua to
temperature variation. The shaded area indicates the 95% confidence interval.

Figure 3. Forest plot showing the effects of temperature, photoperiod, and humidity on different
biological indices of S. exigua. (A) illustrates how the physiological traits of S. exigua vary as the
temperature increases. (B) depicts the response of S. exigua to changes in external environmental
conditions. The dark blue squares indicate the cumulative effect size for each group, with the red
dashed line representing x = 0. The light blue line marks the 95% confidence interval.

3.3. The Effect of Temperature on Developmental Duration

In all the studies examined, higher temperatures were associated with a decrease in
the developmental period of first-instar S. exigua, resulting in a combined mean effect size
of −1.6678 (CI: −1.9695, −1.3663; Figure S1). Within the temperature range of 15.5–38 ◦C,
the developmental time of first-instar S. exigua decreased significantly as temperature
increased (Figure 4A). Both the random-effects and fixed-effects models showed Q (df = 19)
= 462.6090, p < 0.0001; this suggests that the variability across studies significantly influ-
enced the cumulative effect size, highlighting the need to include explanatory variables
(Figure 4B). The findings revealed that humidity (Qm = 5.1338, p = 0.0235) influences
the cumulative effect size and that variations in relative humidity and photoperiod have
distinct effects on the relationship between temperature variation and the developmental
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period of first-instar S. exigua. The optimal conditions for first-instar development were
identified as 36 ◦C, 65% relative humidity, and a photoperiod of 16:8.

Figure 4. The impact of temperature on the developmental stages of S. exigua. (A) displays the
variations in developmental time for first to third instar larvae at different temperature levels.
(B–D) depict the reaction of first to third instar larvae to changes in external environmental conditions.

In all experiments, elevated temperatures led to a reduced developmental period for
second-instar S. exigua, the pooled mean effect size was −1.3114 (CI: −1.5628, −1.0600;
Figure S2). The developmental period of second-instar S. exigua decreased significantly
with increasing temperature within the 15.5–38 ◦C range (Figure 4A). The findings from
both random-effects and fixed-effects models indicated a significant between-study het-
erogeneity (Q (df = 19) = 167.9342, p < 0.0001), influencing the cumulative effect size,
which underscores the necessity of incorporating explanatory variables (Figure 4C). These
findings suggest that the optimal conditions for second-instar S. exigua development are 33
◦C, 65% relative humidity, and a photoperiod of 16:8.

Across all studies, elevated temperatures resulted in a shortened developmental
period for third-instar S. exigua, with a pooled mean effect size of −1.4094 (CI: −1.6807,
−1.1381; Figure S3). Within the temperature range of 15.5–38 ◦C, the developmental time of
third-instar S. exigua decreased significantly as temperature increased (Figure 4A). Results
from both random-effects and fixed-effects models showed Q (df = 18) = 134.8382, p <
0.0001; this suggests significant variability between studies that affected the cumulative
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effect size, emphasizing the importance of incorporating explanatory variables (Figure 4C).
These findings suggest that the optimal conditions for third-instar S. exigua development
are 33 ◦C, 70% relative humidity, and a photoperiod of 14:10.

Across the studies, elevated temperatures resulted in a shorter developmental pe-
riod for fourth-instar S. exigua, with a combined mean effect size of −1.4876 (CI: −1.7433,
−1.2318; Figure S4). Within the temperature span of 15.5–38 ◦C, the developmental period
of fourth-instar S. exigua significantly shortened with rising temperatures (Figure 5A). Both
random-effects and fixed-effects model results revealed Q (df = 19) = 192.8081, p < 0.0001,
suggesting substantial heterogeneity between studies that affected the cumulative ef-
fect size, emphasizing the need for explanatory variables to account for this variability
(Figure 5B). These findings suggest that the optimal conditions for fourth-instar S. exigua
development are 33 ◦C, 65% relative humidity, and a photoperiod of 16:8.

Figure 5. The impact of temperature on the developmental stages of S. exigua. (A) illus-
trates how developmental time for fourth to sixth instar larvae changes across varying tem-
peratures. (B–D) represent the responses of fourth to sixth instar larvae to different external
environmental conditions.
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Across all studies, elevated temperatures led to a reduction in the developmental
period of fifth-instar S. exigua, with a combined mean effect size of −1.5547 (CI: −1.8201,
−1.2893; Figure S5). Within the 15.5–38 ◦C temperature range, the developmental time
of fifth-instar S. exigua significantly decreased as the temperature rose (Figure 5A). The
results from both random-effects and fixed-effects models indicated Q (df = 19) = 195.3696,
p < 0.0001, highlighting considerable variability between studies that impacted the overall
effect size, thus requiring the incorporation of explanatory variables (Figure 5C). The
results indicate that both humidity and photoperiod have an impact on the overall effect
size, with variations in these environmental factors affecting the developmental period of
fifth-instar S. exigua in distinct ways. The optimal conditions for fifth-instar development
were identified as 33 ◦C, 65% relative humidity, and a photoperiod of 16:8.

Across all studies, elevated temperatures resulted in a shortened developmental
period for sixth-instar S. exigua, with a pooled mean effect size of −0.4334 (CI: −0.4744,
−0.3923; Figure S6). Within the temperature range of 20–36 ◦C, the developmental duration
of sixth-instar S. exigua significantly decreased as temperature increased (Figure 5A). The
optimal condition for sixth-instar development was identified as 36 ◦C (Figure 5D).

Across all studies, higher temperatures led to a shortened developmental period for
S. exigua eggs and the pooled mean effect size was calculated as −1.4807 (CI: −1.7341,
−1.2274; Figure S7). The developmental time of S. exigua eggs increased initially and then
decreased as the temperature rose within the range of 15.5–40 ◦C (Figure 6A). The results
from both the random-effects and fixed-effects models showed Q (df = 18) = 4085.3176,
p < 0.0001, suggesting that variations between studies had a substantial effect on the
cumulative effect size, highlighting the need to include explanatory factors like humidity
and photoperiod (Figure 6B). The ideal conditions for the development of S. exigua eggs
were determined to be 36 ◦C, 65% relative humidity, and a 16:8 light/dark photoperiod. In
all studies, elevated temperatures led to a reduction in the larval duration of S. exigua, with
an overall mean effect size of −0.0997 (CI: −0.2942, −0.1012; Figure S8). Within the 22–28 ◦C
temperature range, as the temperature rose, the larval duration of S. exigua was reduced
(Figure 6A). The results from both the random-effects and fixed-effects models indicated
Q (df = 26) = 9635.8421, p < 0.0001, suggesting considerable heterogeneity across studies,
which affected the cumulative effect size. This highlights the necessity of incorporating
explanatory variables (Figure 6C). The cumulative effect size was influenced by both
photoperiod and relative humidity, with each factor impacting the larval period of S. exigua
to different extents. The longest larval duration occurred at 28 ◦C, 60% relative humidity,
and a 12:12 photoperiod.

In all studies, elevated temperatures resulted in a reduced pupal period for S. exigua,
with a pooled mean effect size of −1.4421 (CI: −1.5845, −1.2998; Figure S9). Within the
15.5–38 ◦C temperature range, the pupal period duration significantly shortened with
rising temperatures (Figure 6A). The results from both random-effects and fixed-effects
models revealed Q (df = 51) = 1928.5778, p < 0.0001, suggesting that variations between
studies impacted the cumulative effect size, emphasizing the need for explanatory variables
(Figure 6D). The results indicate that relative humidity and photoperiod are key factors
influencing the cumulative effect size, with different humidity levels exerting varying
effects on the pupal duration of S. exigua. The shortest pupal developmental period was
observed at 36 ◦C, with 70% relative humidity and a photoperiod of 14:10.
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Figure 6. The effect of temperature on S. exigua egg, larval, and pupal periods. (A) shows the changes
in developmental time for eggs, larvae, and pupae across different temperatures. (B–D) illustrate the
response of eggs, larvae, and pupae to varying external environmental conditions.

3.4. The Influence of Temperature on the Ovipositional Behavior of Female Adults

Across all analyses, elevated temperatures were found to decrease the average egg-
laying capacity of female S. exigua, with a pooled mean effect size of 0.2277 (CI: −0.0271,
−0.4825; Figure S10). Across the temperature range of 15.5–40 ◦C, the egg-laying ca-
pacity of female S. exigua initially increased and then decreased as the temperature
rose (Figure 7A). Results from both the random-effects and fixed-effects models showed
Q (df = 15) = 113.0038, p < 0.0001, revealing significant heterogeneity between studies that
affected the cumulative effect size, thereby necessitating the inclusion of explanatory vari-
ables (Figure 7B). The maximum egg-laying capacity was recorded at 24 ◦C, 70% relative
humidity, and a photoperiod of 14:10.

Across all studies, higher temperatures were found to reduce the pre-oviposition
period of female S. exigua, with a pooled mean effect size of −0.0966 (CI: −0.2508, −0.0576;
Figure S11). Within the temperature span of 20–36 ◦C, the pre-oviposition period initially
increased and then decreased as temperature rose (Figure 7A). The shortest pre-oviposition
period for adult female S. exigua was observed at 36 ◦C (Figure 7C).
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Figure 7. The effect of temperature on the ovipositional behavior and pre-oviposition period of female
S. exigua adults. (A) shows how ovipositional behavior and the pre-oviposition period of female
adults change with varying temperature. (B,C) illustrate the response of ovipositional behavior and
the pre-oviposition period to different external environmental conditions.

3.5. The Effect of Temperature on Generation Time and Adult Lifespan

Across all the studies, higher temperatures were associated with a reduction in the
adult lifespan of S. exigua, yielding a combined mean effect size of −0.6286 (CI: −0.7500,
−0.5072; Figure S12). Throughout the temperature spectrum of 10–41 ◦C, the lifespan
of adult S. exigua showed a significant reduction with rising temperatures (Figure 8A).
Both the random-effects and fixed-effects models revealed substantial heterogeneity across
studies (Q (df = 29) = 616.2937, p < 0.0001), which impacted the cumulative effect size
and necessitated the inclusion of explanatory variables (Figure 8B). It is important to note
that the photoperiod (QM = 17.4313, p = 0.0002) significantly influenced the cumulative
effect size, showing differing effects on the lifespan of adult S. exigua. The shortest lifespan
occurred at 36 ◦C, with 55% relative humidity and a 14:10 light-dark photoperiod.

Figure 8. The effect of temperature fluctuations on the lifespan of S. exigua is presented as follows:
(A) demonstrates the changes in the adult lifespan and total lifecycle duration with increasing temper-
ature. (B) illustrates how the adult lifespan varies in response to changes in external environmental
factors. (C) depicts the influence of environmental changes on the lifecycle duration of S. exigua.

Across the various studies, rising temperatures led to a shortened lifecycle of S. exigua,
with a pooled mean effect size of −0.8175 (CI: −1.0058, −0.5793; Figure S13). Within the
temperature span of 20 to 36 ◦C, the lifecycle of S. exigua consistently shortened as the
temperature increased (Figure 8A). Results from both the random-effects and fixed-effects
models indicated Q (df = 9) = 2513.7723, p < 0.0001, revealing significant heterogeneity
among the studies, which affects the overall effect size and requires the inclusion of
explanatory variables (Figure 8C). Notably, the photoperiod (QM = 6.2278, p = 0.0126)
and relative humidity (QM = 6.2278, p = 0.0126) are identified as factors that affect the
cumulative effect size, with varying degrees of influence on the lifecycle of S. exigua.
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The shortest lifecycle was recorded at 36 ◦C, with 70% relative humidity and a 14:10
light-dark ratio.

3.6. Model Validation

We assessed the possibility of publication bias using both funnel and radar charts,
and assessed the robustness of our results by calculating the fail-safe N. The findings from
the funnel plot (Figure 9A; z = 3.6893, p = 0.0002), radar plot (Figure 9B), and fail-safe N
(N = 27,385) all supported the reliability of our conclusions.

Figure 9. (A) Funnel plot; (B) radar plot.

4. Discussion

In the context of global warming, it is expected that the distribution of S. exigua
will significantly expand. To assess its adaptability to higher temperatures, this study
conducted a comprehensive meta-analysis of 33 relevant publications. Through a rigorous
literature selection and data extraction process, we quantified the variation in S. exigua’s
responses under different temperature conditions. The results show that the adaptability of
S. exigua improves progressively with increasing temperatures, with a marked enhancement
observed particularly between 15 ◦C and 40 ◦C [28,29]. At 33 ◦C, S. exigua reaches its peak
adaptability, a finding that is consistent with previous studies and reinforces the reliability
of the analytical model used [30,31]. Generally, a longer lifespan in insects tends to be
associated with an extended reproductive period, offering more opportunities for egg
laying. However, under the environmental conditions at 33 ◦C, the adult lifespan is
reduced, leading to a shorter reproductive cycle, which in turn decreases egg production
and results in lower fecundity.

Given the significant potential economic impact that S. exigua may have on agricultural
production, monitoring its adaptability is crucial. Elevated temperatures generally expedite
the developmental processes of insects, with growth rates strongly influenced by environ-
mental conditions. Higher temperatures can shorten the developmental periods of various
life stages—eggs, larvae, pupae, and adults [32,33]. Consequently, higher temperatures
are anticipated to shorten the total lifecycle duration of S. exigua. Through meta-analysis,
this study indicates that the species shows peak adaptability at temperatures around 33 ◦C.
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Given the significance of early warning systems for tracking insect invasion routes and
identifying appropriate environmental conditions, the results offer essential information to
guide future monitoring and alert strategies.

As ectothermic organisms, insect populations are highly influenced by temperature,
which plays a central role in their distribution patterns. With the accelerating effects
of global warming, many insect species have experienced shifts in their geographical
ranges, leading to a broader distribution [34–36]. Temperature is a crucial factor affecting
the survival, development, and reproduction of S. exigua. Studies have shown that an
optimal temperature range can significantly promote its growth and development, while
temperature fluctuations can disrupt its growth cycle and reduce reproductive capacity.
To investigate this connection in more detail, we analyzed the effect of temperature on
different developmental stages of S. exigua and created the corresponding response curves.
The results reveal that temperature affects each developmental stage differently, with
distinct responses observed at each stage of growth.

The continuous rise in global temperatures is expected to significantly affect ecosystem
function and structure, resulting in shifts in the distribution of biological habitats [37–39].
Climate change is expected to increase both the frequency and geographic spread of insect
infestations, leading to greater agricultural damage. It is expected that the adaptability of S.
exigua will enhance over time under future warming scenarios. The findings of this study
offer important insights for policymakers to formulate more effective pest management
strategies. These strategies will be essential in mitigating the potential economic losses that
climate change may inflict on agricultural production in the future.

5. Conclusions

Spodoptera exigua is a significant agricultural pest that poses a serious threat to a wide
range of crops. As such, developing an effective prediction model to monitor its presence in
the field is essential. Conventional prediction approaches frequently use developmental pa-
rameters that depend on temperature and models of thermal biology to forecast changes in
insect phenology. This study evaluated the adaptability of S. exigua to various temperature
conditions by synthesizing data from 264 temperature-dependent experiments and per-
forming a meta-analysis to predict its optimal temperature range for survival. Our results
indicate that the adaptability of S. exigua improves as temperatures rise within the range of
15–40 ◦C, with optimal growth conditions occurring between 30 and 35 ◦C. Although the
distribution of S. exigua has expanded over recent decades, current management strategies
remain inadequate. It is essential to emphasize the significance of prompt chemical control.
By predicting the optimal temperature range for S. exigua and preparing the appropriate
chemical agents in advance, pest control efforts can be more effective, reducing its impact
on agricultural production.
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//www.mdpi.com/article/10.3390/insects16020155/s1, Figure S1: Comparison of effect sizes be-
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sizes between models using random-effects and fixed-effects approaches; Figure S3: Comparison
of effect sizes between models using random-effects and fixed-effects approaches; Figure S4: Com-
parison of effect sizes between models using random-effects and fixed-effects approaches; Figure S5:
Comparison of effect sizes between models using random-effects and fixed-effects approaches;
Figure S6: Comparison of effect sizes between models using random-effects and fixed-effects ap-
proaches; Figure S7: Comparison of effect sizes between models using random-effects and fixed-
effects approaches; Figure S8: Comparison of effect sizes between models using random-effects and
fixed-effects approaches; Figure S9: Comparison of effect sizes between models using random-effects
and fixed-effects approaches; Figure S10: Comparison of effect sizes between models using random-
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Simple Summary: Spodoptera litura (Fabricius, 1775) is a significant economic pest that has
successfully invaded Africa and Asia in recent years. This study systematically evaluated
the life history traits of S. litura under different temperature, photoperiod, and humidity
conditions. The results showed that at 30–35 ◦C, the physiological activity of S. litura
peaked, with a significant reduction in the duration of developmental stages, increased
female oviposition, shortened pupal and adult lifespans, and an accelerated generational
cycle. These findings provide critical insights into predicting population dynamics and
offer valuable guidance for developing effective management strategies.

Abstract: Spodoptera litura (Fabricius, 1775) is a major agricultural pest that primarily targets
vegetables, cash crops, peanuts, and sugarcane. It causes damage to leaves, flower buds,
and fruits, leading to significant reductions in crop yields. Global climate change may
profoundly affect the population dynamics and biological traits of this pest. This research
employs a meta-analysis to systematically investigate the impact of temperature variation
on the developmental parameters of S. litura. A detailed review of 17 relevant studies
reveals that within an optimal temperature range (30 ◦C to 35 ◦C), higher temperatures
expedite the developmental processes of S. litura, shorten its life cycle, and enhance the
reproductive potential of female adults. In contrast, temperatures exceeding 35 ◦C slow
down its development, increase mortality rates, and markedly reduce the egg-laying capac-
ity of females, highlighting the adverse effects of heat stress on growth and reproduction.
Furthermore, different life stages of S. litura exhibit varying degrees of temperature sen-
sitivity, with the larval stage being particularly vulnerable to high temperatures, while
extreme heat significantly suppresses adult survival. These meta-analysis findings shed
light on the biological responses of S. litura to climate change and provide a scientific basis
for developing future pest management strategies. As global temperatures rise, moderate
warming may facilitate the spread of S. litura populations, exacerbating their threat to crop
production, whereas extreme heat conditions could constrain their growth. Consequently,
pest control strategies must be more region-specific and aligned with local climatic trends.

Keywords: Spodoptera litura; climate change; agricultural pests; invasive insects; meta-analysis
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1. Introduction

Climate change has become one of the most challenging environmental issues facing
modern agricultural ecosystems, profoundly influencing the occurrence and development
of crop pests and diseases [1,2]. Changes in climate factors such as temperature, precipita-
tion, and atmospheric CO2 concentration have not only altered the dynamics of agricultural
ecosystems but also had far-reaching impacts on pest growth and development, repro-
ductive capacity, migration behavior, and biodiversity [3–5]. In this context, S. litura, as
a major pest in global agricultural production, may experience significant changes in its
biological characteristics due to the effects of climate change, potentially posing a threat to
agricultural production [6,7]. Investigating the impact of climate change on the biological
characteristics of S. litura is crucial for developing effective pest control strategies.

Spodoptera litura (Fabricius, 1775) is widely distributed across agricultural regions
globally, particularly in tropical and subtropical areas, where its larvae primarily feed on
crops, especially maize, soybeans, and cotton [8]. As a polyphagous pest active both day
and night, S. litura can adapt to various climatic conditions, and its growth, development,
reproductive capacity, and migration behaviors are highly sensitive to climate change [9].
In recent years, with the intensification of global climate change, the distribution and
frequency of S. litura occurrences have expanded, posing an increasing challenge to agri-
cultural production [10]. Climate change impacts S. litura’s development rate, reproductive
potential, survival rate, and population dynamics, directly or indirectly altering its bio-
logical characteristics [11,12]. Therefore, systematically assessing the combined effects of
climate factors, particularly changes in temperature and humidity, on S. litura will provide
scientific evidence for early pest warning systems and effective pest control strategies.

Existing studies have shown that temperature is a key factor influencing the biological
characteristics of S. litura [13,14]. Higher temperatures typically accelerate its life cycle,
shorten the duration of each developmental stage, increase generation turnover, and lead to
population outbreaks [15]. However, excessively high temperatures may exceed the species’
adaptive capacity, resulting in increased mortality or incomplete development [16]. Addi-
tionally, humidity and photoperiod may significantly impact the survival and distribution
of S. litura [17]. Droughts or extreme precipitation events not only affect habitat suitability
but may also alter the availability of food resources [18]. Therefore, comprehensively
assessing the impact of these climate factors on S. litura will help provide more targeted
strategies for pest management.

Although previous studies have explored the effects of climate change on the biological
characteristics of S. litura, there are some discrepancies and uncertainties due to differences
in research methods, climate scenarios, and regional contexts. Meta-analysis, as an effective
statistical approach, can integrate the results of different studies, quantify the overall impact
of climate change on the biological characteristics of S. litura, and reveal the magnitude
and direction of the effects of various climate factors [19]. This study uses meta-analysis to
address the following questions: How does climate change affect the development rate,
reproductive potential, and survival rate of S. litura? The findings will not only contribute
to a deeper understanding of the ecological responses of S. litura under climate change but
also provide data support and theoretical foundations for future pest prediction models
and control strategies.

2. Materials and Methods

2.1. Literature Search

In this study, we employed a systematic literature review approach, gathering relevant
research from various databases [20]. The literature search was conducted between August
and October 2024, primarily focusing on Web of Science, PubMed, Scopus, and CNKI.
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Additionally, the reference lists of related review articles were manually examined by us
to identify studies not indexed in these databases. The search terms included “Spodoptera
litura”, “climate change” (including “global warming” or “climate change”), “temperature”,
“humidity” (or “precipitation”), and “biological traits” (such as “biological traits”, “life
history traits”, “development”, or “reproduction”). Boolean operators (AND, OR) were
used to ensure comprehensive coverage of the relevant literature [21].

The selection process was conducted in two steps. In the first step, titles and abstracts
were screened to exclude studies unrelated to climate change or S. litura. In the second step,
a full-text review was performed to exclude studies that did not meet the inclusion criteria.
The inclusion criteria required the study to explicitly investigate the effects of climate factors,
such as temperature and humidity, on biological traits of S. litura (e.g., developmental rate,
reproductive capacity, survival rate). Studies were also required to include a control group
and provide clear documentation of experimental conditions (e.g., temperature range,
humidity levels). Additionally, the study had to provide data suitable for meta-analysis
(e.g., means, standard deviations, sample sizes) or data that could be extracted from figures.
Exclusion criteria included studies lacking a control group, those based solely on theoretical
models, studies unrelated to S. litura biological traits or climate factors, and studies that
did not provide sufficient statistical data for meta-analysis.

2.2. Data Extraction

Data were gathered from studies that met the inclusion criteria. The key variables
included temperature (experimental treatment temperatures in ◦C), relative humidity, and
biological traits (such as development rate, generation time, and reproductive metrics
like egg-laying ability). For studies lacking direct statistical details, such as standard
deviations or sample sizes, the required data were retrieved from figures using graphical
extraction tools like WebPlotDigitizer (v5). In cases of multivariate experiments or studies
with multiple treatment groups, each treatment was treated as an independent effect size
for analysis.

2.3. Statistical Analysis

The analysis was conducted using the “rma.mv” function from the “metafor” package
in R version 4.3 [22]. A random-effects model was applied to calculate the relative risk
(RR+) and estimate variance (I2) between cases using restricted maximum likelihood
(REML) [23–25]. Explanatory variables were added to the model based on the I2 value. The
overall mean effect size of temperature across all treatment groups was determined using
a random-effects model [26]. Statistical tests, including mean effect size, 95% confidence
intervals (CI), Qt, and I2, were performed. “Qt” is used to represent the total heterogeneity
statistic (the overall value of Cochran’s Q) after combining all included studies, which
helps to assess whether there are significant differences between the study results.

Meta-analyses were conducted to assess the impact of temperature on various bio-
logical traits of S. litura across different developmental stages. Both random-effects and
fixed-effects models were used, with the random-effects model preferred due to significant
heterogeneity in experimental locations and methods [27].

In this analysis, temperature and relative humidity were treated as independent
variables, while the biological traits of S. litura were the dependent variables. Effect sizes
were calculated using the Log Response Ratio (LRR) [28], with statistical significance
assessed through 95% confidence intervals. Subgroup analyses were performed to examine
the influence of temperature and relative humidity on S. litura’s biological traits.

Heterogeneity was assessed using Q statistics and the I2 index [29]. The I2 value
indicates the extent of variability, with higher values signifying greater heterogeneity.
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The heterogeneity statistic was calculated by testing the weighted sum of squares based
on a k-1 distribution. If the 95% confidence interval of the effect size includes 0, there
is no significant difference between the experimental and control groups (p > 0.05). If
the confidence interval is entirely above 0, the experimental group shows a significantly
larger effect size (p < 0.05). Conversely, if the confidence interval is entirely below 0, the
experimental group shows a smaller effect size (p < 0.05).

Explanatory variables were included based on the significance of the cumulative effect
size relative to zero and the p-value of Qt. Key variables considered included the effects
of humidity and photoperiod on the cumulative effect size. Temperature was treated as
a continuous variable to assess its impact on the mean effect size. In the meta-analysis,
heterogeneity was divided into between-group variance (explained by categorical factors)
and within-group residual variance, with statistical significance assessed using a k-1 test.
Publication bias was evaluated using funnel plots and radar charts [30,31]. If bias was
detected, the “trim and fill” method was used to correct it [32].

3. Results

3.1. Literature Search and Screening Results

A comprehensive search identified 751 studies that could potentially be relevant. In
the initial screening, 508 studies not related to the research topic were removed. After a
thorough full-text review of the remaining 243 studies, 17 studies that fulfilled the inclusion
criteria were selected. These studies investigated the impact of various climate factors, such
as temperature and humidity, on the biological traits of S. litura. A total of 857 datasets were
extracted from these 17 studies, covering the following parameters: 1st instar (n = 43), 2nd
instar (n = 43), 3ird instar (n = 43), 4th instar (n = 43), 5th instar (n = 43), 6th instar (n = 43),
adult longevity (female), n = 51), adult longevity (male), n = 47), adult stage (n = 26), egg
(n = 105), egg-to-adult (n = 16), generation (n = 28), oviposition (n = 8), pre-oviposition
(n = 35), pre-pupa (n = 15), pupa (n = 116), fertility (n = 31), and larval stage (n = 121). In
addition, the overall impact of temperature changes on S. litura was analyzed (Table 1).

Table 1. Data volume of S. litura after screening. (TR represents the temperature range, CT represents
the control group temperature, and n represents the sample size).

TR CT n Variable

17–34 ◦C 17 ◦C 43 1st instar
17–34 ◦C 17 ◦C 43 2nd instar
17–34 ◦C 17 ◦C 43 3ird instar
17–34 ◦C 17 ◦C 43 4rth instar
17–34 ◦C 17 ◦C 43 5th instar
17–34 ◦C 17 ◦C 43 6th instar
15–35 ◦C 15 ◦C 51 Adult longevity (Female)
15–35 ◦C 15 ◦C 47 Adult longevity (male)
17–35 ◦C 17 ◦C 26 Adult stage
15–38 ◦C 15 ◦C 105 Egg
17–33 ◦C 17 ◦C 16 Egg to adult
17–35 ◦C 17 ◦C 28 Generation
17–33 ◦C 17 ◦C 8 Oviposition
17–34 ◦C 17 ◦C 35 Pre-oviposition
17–35 ◦C 17 ◦C 15 Pre-pupa
15–38 ◦C 15 ◦C 116 Pupa
17–35 ◦C 17 ◦C 31 Fertility
15–38 ◦C 15 ◦C 121 Larval stage
15–38 ◦C 15 ◦C 857 Spodoptera litura
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3.2. Overall Effect of Temperature on the Biological Traits of S. litura

After synthesizing the data from various studies and performing a meta-analysis, the
findings suggest that increasing temperature increases the adaptability of S. litura. The
overall mean effect size is −0.8077 (CI: −0.8509; −0.7645; Figure 1, Table 2, Figure S1). As
temperature rises, the duration of the oviposition period decreases, the oviposition rate of
female adults increases, egg hatching time shortens, the development period of 1st to 5th
instar larvae is reduced, and adult longevity increases. However, there is no significant
effect on the development period of the 6th instar larvae or the pre-oviposition period
(Figure 2). By considering temperature as a continuous factor, the overall impact of temper-
ature variations on S. litura across different temperature ranges was observed. With rising
temperature, all physiological parameters of S. litura significantly increased (Figure 3A). As
the temperature rises, the physiological activity of S. litura peaks at 35 ◦C. However, when
temperatures exceeded 35 ◦C, there was a noticeable decline in all physiological indicators
(Figure 3B).

Figure 1. The effect of temperature changes on S. litura is presented. (Red line indicates the result
derived from the random-effects model, showing a total effect size of −0.8077 with a 95%CI ranging
from −0.8509 to −0.7645. In comparison, Black solid line represents the fixed-effects model result,
with a total effect size of −0.6888 and a 95%CI of −0.6898 to −0.6878. The blue solid line shows the
size of the cumulative effect).

Table 2. Results of subgroup analysis calculated using the random-effects model.

Variable Estimate SE Z p CI.lb CI.ub Loglik AIC BIC

1st instar −1.1675 0.0594 −19.6663 <0.0001 −1.2839 −1.0512 −19.9416 43.8832 47.3585
2nd instar −0.8725 0.0619 −14.0993 <0.0001 −0.9938 −0.7512 −21.6789 47.3578 50.8331

35



Insects 2025, 16, 355

Table 2. Cont.

Variable Estimate SE Z p CI.lb CI.ub Loglik AIC BIC

3ird instar −0.8763 0.0699 −12.5428 <0.0001 −1.0132 −0.7393 −26.8192 57.6384 61.1137
4th instar −0.72 0.1088 −6.6187 <0.0001 −0.9332 −0.5068 −45.3916 94.7831 98.2584
5th instar −0.8143 0.0795 −10.2486 <0.0001 −0.9701 −0.6586 −32.1914 68.3829 71.8582
6th instar 0.0597 0.0850 0.7018 0.4828 −0.1070 0.2263 −35.2275 74.4549 77.9303

Adult longevity (Female) −0.9734 0.0476 −20.4557 <0.0001 −1.0667 −0.8801 −17.2454 38.4908 42.3148
Adult longevity (male) −1.1394 0.0558 −20.441 <0.0001 −1.2488 −1.03 −20.7576 45.5151 49.1724

Adult stage −1.0392 0.1132 −9.1778 <0.0001 −1.2611 −0.8173 −21.6633 47.3266 49.7644
Egg −1.2022 0.054 −22.2472 <0.0001 −1.3081 −1.0963 −85.7709 175.5419 180.8306

Egg to adult −0.3387 0.0875 −3.8707 0.0001 −0.5102 −0.1672 −5.4890 14.9779 16.3940
Generation −0.9917 0.1043 −9.5097 <0.0001 −1.1961 −0.7873 −22.2479 48.4958 51.0874
Oviposition −0.9705 0.2411 −4.0252 <0.0001 −1.4434 −0.4979 −7.2267 18.4534 18.3452

Pre−oviposition −0.092 0.083 −1.1081 0.2678 −0.2546 0.0707 −24.5303 53.0607 56.1134
Pre−pupa −1.0001 0.1071 −9.3409 <0.0001 −1.2099 −0.7902 −7.5383 19.0766 20.3547

Pupa −0.9870 0.0432 −22.8742 <0.0001 −1.0716 −0.9025 −74.7748 153.5496 159.0394
Fertility 0.4685 0.1958 2.3926 0.0167 0.0847 0.8523 −46.5657 97.1315 99.9339

Larval stage −0.6795 0.0426 −15.9436 <0.0001 −0.763 −0.596 −79.0335 162.0671 167.642
Spodoptera litura −0.8077 0.022 −36.6432 <0.0001 −0.8509 −0.7645 −849.4961 1702.9922 1712.4967

 
Figure 2. The effect of temperature changes on various physiological parameters of S. litura. (Blue
dots represent the total effect size, and the black solid lines represent the 95% upper and lower
confidence intervals).

Figure 3. The impact of temperature changes on the developmental rate of S. litura is illustrated. Panel
(A) shows how the physiological characteristics of S. litura vary with increasing temperature. The
magnitude of the mean value reflects the impact of temperature: smaller mean values indicate a faster
developmental rate, while larger mean values suggest a slower rate. (B) presents the temperature
range curve that identifies the optimal growth conditions for S. litura.
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3.3. The Impact of Temperature on Development Period

Temperature has a significant impact on the hatching rate and developmental speed
of S. litura eggs (Figure 4A), with an overall average effect size of −1.2022 (CI: −1.3081;
−1.0963; Figure S2, Table 2). The temperature–response curve analysis revealed that 34 ◦C
is the optimal temperature for egg development (Figure 4B). At this temperature, the
hatching rate is highest, and the developmental speed is fastest, indicating that 34 ◦C
provides the ideal conditions for egg growth. Both higher and lower temperatures result
in a marked decline in hatching rate and developmental speed. Additionally, the optimal
humidity for the egg stage was found to be 60%, with this relatively low humidity being
sufficient to support normal egg development. Regarding photoperiod, the optimal light
cycle for the egg stage was determined to be 12 h light:12 h dark, suggesting that Spodoptera
litura eggs develop most effectively under a 12:12 light–dark cycle.

Figure 4. The effects of temperature on the developmental duration of S. litura eggs, egg-to-adult
development, and larval stage are shown. Panel (A) illustrates the trend in developmental time
as temperature increases. Panels (B−D) highlight the optimal environmental conditions for the
development of eggs, egg-to-adult stages, and larvae, respectively.

For the egg to adult developmental stage, temperature has a significant impact on
the hatching rate and developmental speed of S. litura egg to adult (Figure 4A), with an
overall average effect size of −0.3387 (CI: −0.5102; −0.1672; Figure S3, Table 2). the optimal
temperature slightly decreases to 33 ◦C (Figure 4C). At this temperature, development
from egg to adult proceeds most smoothly, indicating that the temperature requirement
for this stage is slightly lower than that of the egg stage. When temperatures deviate from
this value, development is significantly inhibited, leading to lower hatching and survival
rates. Humidity for this stage was also found to be 60%, similar to the egg stage, which
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effectively supports normal developmental processes. The optimal photoperiod for the egg
to adult stage was also 12:12, consistent with the egg stage, highlighting the importance of
the 12 h light and 12 h dark cycle for proper development during this phase.

Temperature continues to play a crucial role during the larval stage of S. litura
(Figure 4A), with an overall average effect size of −0.6795 (CI: −0.7630; −0.5960; Figure S4,
Table 2). The optimal temperature for larval development is 34 ◦C, providing the best
conditions for growth and survival (Figure 4D). Similar to the egg stage, any deviation
from 34 ◦C leads to a significant reduction in developmental speed and survival rates.
In terms of humidity, the optimal level for the larval stage was notably higher than in
the other stages, reaching 75%, which facilitates better growth and survival. This higher
humidity level is critical for supporting healthy larval development. Like the egg and egg
to adult stages, the larval stage also thrives under a 12:12 light cycle, indicating a strong
dependence on a consistent photoperiod for proper growth and development.

3.4. Temperature Effects on Developmental Duration at Different Larval Stages

In the first instar of Spodoptera litura, temperature significantly influenced develop-
ment, as shown by the temperature response curve analysis (Figure 5A), with an overall
average effect size of −1.1675 (CI: −1.2839; −1.0512; Figure S5, Table 2). The optimal
temperature for development was 33 ◦C (Figure 5B). At this temperature, the first instar
larvae exhibited the fastest development and best growth. Temperatures that were either
too high or too low resulted in delayed development and decreased survival rates, making
33 ◦C the ideal temperature for this stage. Additionally, a humidity of 76% provided an
optimal environment for development, and a 14:10 light:dark cycle offered appropriate
light exposure and darkness, promoting healthy larval growth.

For the second instar, temperature also had a significant impact on development
(Figure 5A), with an overall average effect size of −0.8725 (CI: −0.9938; −0.7512; Figure S6,
Table 2). The optimal growth temperature was 31 ◦C (Figure 5C). Compared to the first
instar, the second instar larvae were more adapted to slightly lower temperatures, and a
humidity level of 76% supported normal development. The ideal light cycle was 12:12
(12 h light:12 h dark), which provided the appropriate diurnal variation necessary for opti-
mal growth and development during this stage.

Temperature had a similarly significant effect on the development of the third instar
(Figure 5A), with an overall average effect size of −0.8763 (CI: −1.0132; −0.7393; Figure S7,
Table 2). The optimal temperature for the third instar was 30 ◦C (Figure 5D). Compared
to the previous instars, the temperature was slightly lower, and the humidity increased to
83%, which contributed to faster growth and higher survival rates. The light cycle remained
at 12:12, continuing to play a crucial role in promoting development. At this stage, larvae
exhibited a significantly higher demand for humidity, and the temperature of 30 ◦C proved
to be the most suitable for their growth, providing the optimal developmental conditions.

In the fourth instar, temperature remained a critical factor influencing development
(Figure 5E), with an overall average effect size of −0.72 (CI: −0.9332; −0.5068; Figure S8,
Table 2). Within the temperature range of 17–34 ◦C, the optimal growth temperature
was 31 ◦C (Figure 5F). At this stage, the temperature slightly increased to 31 ◦C, and the
humidity decreased slightly to 82%, yet remained at a relatively high level. Compared to
the third instar, the fourth instar larvae demonstrated greater adaptability to the 12:12 light:
dark cycle, which continued to be the optimal photoperiod for growth and development.
The combination of temperature and humidity provided ideal developmental conditions,
ensuring efficient growth.
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Figure 5. The impact of temperature on various developmental stages of S. litura is demonstrated.
Panel (A) shows how the developmental time of first-to-third instar larvae changes with temperature
variations, while Panels (B∓D) depict their response to external environmental conditions. Similarly,
Panel (E) illustrates the changes in developmental time of fourth-to-sixth instar larvae with temper-
ature variations, and Panels (F,G) present the response of fourth-to-fifth instar larvae to external
environmental factors.
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In the case of the fifth instar, temperature increase resulted in a shortened developmen-
tal period, with an overall average effect size of −0.8143 (CI: −0.9701; −0.6586; Figure S9,
Table 2). Within the 17–34 ◦C temperature range, the developmental time at the fifth instar
stage significantly decreased with rising temperature (Figure 5E). Different humidity and
photoperiod conditions affected the developmental rate of the fifth instar. The optimal
conditions for the fifth instar were found at 30 ◦C, 76% relative humidity, and a photoperiod
of 12:12 (L:D) (Figure 5G).

However, no significant effect of temperature increase was observed for the sixth
instar stage, with an overall average effect size of 0.0597 (CI: −0.1070; 0.2263; Figure S10,
Table 2). Within the temperature range of 17–34 ◦C, the developmental time for the sixth
instar was not significantly affected by temperature. The cumulative effect sizes suggest
that within this temperature range, temperature changes did not significantly influence the
developmental time at the sixth instar stage.

3.5. The Effect of Temperature Changes on the Lifespan of Adult S. litura

Temperature significantly affects the lifespan of female S. litura (Figure 6A). The
shortest lifespan for female adults occurs under conditions of 33 ◦C temperature, 65%
humidity, and a 12:12 light cycle (Figure 6B). The temperature response curve indicates that
at this temperature, the lifespan of female adults is significantly minimized. The overall
average effect size is −0.9734 (CI: −1.0667; −0.8801; Figure S11, Table 2), suggesting that
an increase in temperature significantly reduces the lifespan of female adults.

Figure 6. The effects of temperature on the lifespan of adult S. litura. (A) shows that the changes
in the lifespan of female and male adults with increasing temperature. (B) depicts the response of
female adult lifespan to variations in external environmental conditions. (C) depicts the response of
male adult lifespan to variations in external environmental conditions. (D) depicts the response of
the adult stage duration to variations in external environmental conditions.

Similarly, temperature also has a significant impact on the lifespan of male S. litura
adults (Figure 7A). The shortest lifespan for male adults occurs under conditions of 33 ◦C
temperature, 60% humidity, and a 12:12 light cycle (Figure 6C). According to this tem-
perature response curve, the lifespan of male adults reaches its minimum under these
conditions. The overall average effect size is −1.1394 (CI: −1.2488; −1.03; Figure S12,
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Table 2), indicating that elevated temperatures have a significant negative effect on the
lifespan of male adults.

Figure 7. The influence of temperature variation on the life cycle of S. litura. (A) illustrates how the
life cycle of S. litura changes with increasing temperature. (B) shows the response of the life cycle of
S. litura to variations in external environmental conditions.

Additionally, the studies indicate that an increase in temperature shortens the adult
stage duration of S. litura, with an overall average effect size of −1.0392 (CI: −1.2611;
−0.8173; Figure S13, Table 2). Within the temperature range of 17–35 ◦C, the adult stage
duration significantly decreases as temperature rises (Figure 6A). The results show that
the shortest adult stage duration occurs when the temperature reaches 35 ◦C, with relative
humidity at 75%, and a light cycle of 13:11 (Figure 6D).

3.6. The Effect of Temperature on the Generation Cycle of S. litura

The studies indicate that an increase in temperature shortens the generation cycle of
S. litura, with an overall average effect size of −0.9917 (CI: −1.1961; −0.7873; Figure S14).
Within the temperature range of 17–35 ◦C, the generation cycle time significantly decreases
as temperature rises (Figure 7A). The findings suggest that variations in the light cycle have
a significant effect on the generation cycle time. The fastest generation cycle is observed
when the temperature reaches 35 ◦C, with relative humidity at 75%, and a light cycle of
14:10 (Figure 7B).

3.7. Model Validation

Funnel plots and radar charts were utilized to assess whether publication bias influenced
the results, and the failsafe number was calculated to verify the reliability of the findings.
The results demonstrate that the funnel plot (Figure 8A, z = 11.7603, p = 0.0702), radar chart
(Figure 8B), and failsafe number (n = 276385) all confirm the robustness of our results.

Figure 8. Funnel chart and radar chart. (A) shows a funnel chart, and (B) shows a radar chart.
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4. Discussion

As ectothermic organisms, insect populations are heavily influenced by tempera-
ture [33]. Global warming has been shown to significantly alter the spatial distribution of
numerous insect species, leading to range expansion and regional shifts [34]. Temperature
is thus a critical factor in the survival, development, and reproduction of S. litura. This
study confirms that temperature profoundly impacts the growth and developmental cycle
of this pest. Within an optimal temperature range, increasing temperatures significantly
accelerate its growth and development. An analysis was conducted on the relationship
between the developmental stages of S. litura and temperature, resulting in feedback curves
that highlight temperature-dependent variations across all stages (Table 3). The findings
indicate that S. litura thrives best at temperatures between 30–35 ◦C and relative humidity
levels of 60–83%. Global warming is projected to drastically alter ecosystems, reshaping
habitat structures and increasing insect prevalence and distribution, which may exacerbate
agricultural damage. This investigation points out that under anticipated warming condi-
tions, S. litura is likely to develop stronger adaptive capabilities, posing greater challenges
to agricultural production.

Table 3. The optimal environmental conditions for each developmental stage of S. litura.

Developmental
History

Ideal Survival
Temperature

Ideal Relative
Humidity for

Survival

Optimal Light/Dark
Duration for Survival

1st instar 33 ◦C 76% L:D = 14:10
2nd instar 31 ◦C 76% L:D = 12:12
3ird instar 30 ◦C 83% L:D = 12:12
4th instar 31 ◦C 82% L:D = 12:12
5th instar 30 ◦C 76% L:D = 12:12

Adult longevity
(Female) 33 ◦C 65% L:D = 12:12

Adult longevity
(male) 33 ◦C 60% L:D = 12:12

Adult stage 35 ◦C 75% L:D = 13:11
Egg 34 ◦C 60% L:D = 12:12

Egg to adult 33 ◦C 60% L:D = 12:12
Generation 35 ◦C 75% L:D = 14:10
Pre-pupa 30 ◦C 65% L:D = 13:11

Pupa 30 ◦C 75% L:D = 12:12
Fertility 34 ◦C 75% L:D = 14:10

Larval stage 34 ◦C 75% L:D = 12:12
Spodoptera litura 30−35 ◦C 60–83% −

Temperature significantly influences the biological traits of S. litura. This meta-analysis
indicates that increased temperatures accelerate both the developmental rate and reproduc-
tive potential of S. litura. However, the positive effects of temperature diminish or may even
be reversed under extreme heat conditions. This finding aligns with previous studies [35],
indicating that within an optimal temperature range, S. litura can shorten its life cycle and
increase population size. Notably, when temperatures exceed their upper thermal tolerance
(typically above 35 ◦C), both development rates and survival decrease significantly. This
is likely due to the adverse physiological effects of temperature stress [36], suggesting
that extreme heat may inhibit the expansion of S. litura populations. The responses to
temperature vary across different developmental stages. According to the results of the
meta-analysis, the development rates of the first to fifth larval instars increase as temper-
ature rises, although sensitivity to temperature differs among instars. The early larval
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stages, particularly the 1st and 2nd instars, are highly sensitive to temperature fluctuations,
showing a marked increase in development rates at higher temperatures. However, these
stages also experience increased mortality at elevated temperatures, reflecting the high
survival pressure during the larval phase. In contrast, the impact of temperature on the 6th
instar is relatively moderate, suggesting that the later instar develops greater thermal toler-
ance. This result aligns with previous studies [35], demonstrating that later stages exhibit
stronger adaptability to environmental changes. Temperature also significantly affects the
oviposition behavior of female adults. According to the meta-analysis, oviposition rates rise
with increasing temperatures, particularly within the ideal range of 30–35 ◦C, where female
adults achieve peak reproductive output. However, when temperatures exceed 35 ◦C,
oviposition rates decline, indicating that high temperatures suppress reproductive capacity.
This may result from negative effects on ovarian development or egg quality, consistent
with the hypothesis of impaired reproductive functions under thermal stress [37]. Thus,
while moderate warming may promote population growth, extreme heat could suppress
reproduction under global warming scenarios. The influence of temperature on the devel-
opmental duration of S. litura exhibits clear stage-specific effects. Developmental periods
shorten with increasing temperature, highlighting the role of temperature in accelerating
growth. However, this effect shows a lag during the adult stage. The meta-analysis reveals
cumulative effects of temperature across developmental stages: while higher tempera-
tures accelerate early-stage development, they also negatively impact adult survival and
behavior. At elevated temperatures, the lifespan of adults is markedly reduced, and the
generation cycle speeds up, likely because of the suppressive influence of heat on metabolic
energy processes and behavioral capacity. Consequently, while temperature positively
regulates developmental periods, high temperatures may limit adult survival, potentially
affecting long-distance migration and dispersal.

In this study, we examined the impact of temperature variation on the growth and
development of S. litura. However, in addition to temperature, environmental factors
such as humidity and light also play crucial roles in the developmental processes of
this species. Firstly, humidity is one of the key environmental factors influencing insect
growth and development. Changes in humidity not only directly affect the physiological
functions of S. litura, but can also indirectly impact its reproductive capacity and survival
rate by altering the water balance within the insect. Studies have shown that higher
humidity tends to increase egg-hatching rates and larval survival in S. litura, suggesting
that an optimal humidity environment is beneficial for its development. Secondly, light
is another important factor influencing the growth and development of S. litura. As
a nocturnal insect, S. litura is primarily active at night and seeks shelter during the day.
Variations in light intensity and the circadian rhythm can affect its activity patterns, foraging
behavior, and physiological processes. With the ongoing global warming, it is anticipated
that the distribution of S. litura will increase significantly [38,39]. In a warming world,
will the adaptability of S. litura improve? To address this question, we reviewed and
analyzed 17 relevant studies using meta-analysis to evaluate the responses of S. litura
to temperature changes. The results indicated that within the temperature range of 15–
38 ◦C, the adaptability of S. litura improved progressively with increasing temperatures.
This finding aligns with previous studies, further validating the reliability of the model.
Given the potential for S. litura to cause severe agricultural damage and economic losses,
monitoring its adaptability is essential [40]. This study predicts, through meta-analysis, that
S. litura exhibits peak adaptability at temperatures between 30–35 ◦C These findings provide
critical insights for early warning systems regarding the direction of insect invasions and
suitable habitats, offering valuable information for future monitoring and forecasting
efforts.
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This meta-analysis included a systematic review and selection of 17 studies investi-
gating the effects of temperature on the biological traits of S. litura. The studies primarily
focused on regions where S. litura is most prevalent, including East Asia, Southeast Asia,
South Asia, and West Africa. Most of the research utilized controlled laboratory exper-
iments, with a few employing field trials. While temperature is widely recognized as a
critical environmental factor influencing S. litura, the studies exhibited heterogeneity in
experimental conditions, species, and reporting methods. To address this variability, we
employed a random-effects model and conducted subgroup analyses to explore the specific
impacts of different temperatures on the biological traits of S. litura. Global warming is
expected to profoundly alter ecosystem functions and structures, leading to shifts in the
distribution of biological habitats [41,42]. The increasing prevalence and spread of insects,
along with the resultant damages, will significantly impact agricultural production. This
study highlights that under future warming scenarios, the adaptability of S. litura is likely
to strengthen. The findings provide policymakers with critical insights to develop effective
pest management strategies, thereby mitigating the potential widespread economic losses
caused by pests under a warming climate.

5. Conclusions

This study conducted a systematic evaluation of the effects of temperature fluctuations
on the biological traits of S. litura within the context of global climate change, using a
meta-analysis. The results indicated that within the optimal temperature range of 30 ◦C to
35 ◦C, increasing temperatures significantly accelerated the developmental rate of S. litura,
shortened its life cycle, and enhanced the oviposition rate of female adults. However, under
extremely high-temperature conditions (above 35 ◦C), the developmental rate slowed,
mortality increased, and the reproductive capacity of female adults was significantly
suppressed, suggesting an upper-temperature threshold beyond which S. litura’s biological
processes are negatively impacted. In addition to temperature, other environmental factors
such as humidity and light also influence the growth and development of S. litura. The
interaction between these factors and temperature, alongside the implications of climate
change, presents a complex dynamic for S. litura populations. As global temperatures
rise, shifts in humidity and light conditions may exacerbate or mitigate the impact of
temperature extremes, affecting the overall population dynamics and adaptive strategies
of this species. Importantly, the sensitivity of S. litura to temperature changes varies across
developmental stages, with the larval stage being the most sensitive to high temperatures.
This suggests that managing temperature, humidity, and light conditions will be crucial for
predicting future pest outbreaks and for developing effective control strategies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/insects16040355/s1. Figure S1: Comparison of effect sizes between
random-effects and fixed-effects models; Figure S2: Comparison of effect sizes between random-
effects and fixed-effects models; Figure S3: Comparison of effect sizes between random-effects and
fixed-effects models; Figure S4: Comparison of effect sizes between random-effects and fixed-effects
models; Figure S5: Comparison of effect sizes between random-effects and fixed-effects models;
Figure S6: Comparison of effect sizes between random-effects and fixed-effects models; Figure S7:
Comparison of effect sizes between random-effects and fixed-effects models; Figure S8: Comparison
of effect sizes between random-effects and fixed-effects models; Figure S9: Comparison of effect sizes
between random-effects and fixed-effects models; Figure S10: Comparison of effect sizes between
random-effects and fixed-effects models; Figure S11: Comparison of effect sizes between random-
effects and fixed-effects models; Figure S12: Comparison of effect sizes between random-effects and
fixed-effects models; Figure S13: Comparison of effect sizes between random-effects and fixed-effects
models; Figure S14: Comparison of effect sizes between random-effects and fixed-effects models;
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Simple Summary: Fall armyworm (Spodoptera frugiperda) is a destructive pest that causes
significant crop damage, especially in the U.S., and has spread to various countries around
the world. Understanding how these pests migrate is crucial for predicting outbreaks and
developing effective management programs. In this study, we estimated the movement of
fall armyworm moths by analyzing hydrogen isotopes in 324 samples collected at the edge
of continental U.S., which is considered an interbreeding zone for this species. Our results
indicate that fall armyworm moths migrate southward from northern U.S. regions, like
the Corn Belt, including states such as Nebraska, South Dakota, Minnesota, Kansas and
Wisconsin. This discovery provides important insights into the movement of this pest and
potential spread of resistance alleles, which can help improve integrated pest management
and insect resistance management. The findings are valuable for developing more targeted
and timely pest management strategies to protect agriculture and ensure food security.

Abstract: Fall armyworm (FAW), Spodoptera frugiperda (J. E. Smith, 1797) (Lepidoptera:
Noctuidae), is a major pest in the U.S. and has spread globally, causing severe agricultural
losses in different countries. Due to its high mobility and potential for long-distance disper-
sal, understanding FAW migration is a key tool for forecasting outbreaks and implementing
timely management measures. Recent studies using stable hydrogen isotopes indicated
reverse (southward) migration of Helicoverpa zea Boddie (Lepidoptera: Noctuidae). Here,
we tested the reverse migration hypothesis for FAW in North America. Estimation of the
hydrogen isotopic ratio on 324 samples collected in Florida, an intermixing zone at the
edge of the continental U.S., indicated evidence of reverse migration in samples of FAW
moths. They showed a high probability of origin from the U.S. Corn Belt, with a greater
probability of origin in Nebraska, South Dakota, Minnesota, Kansas and Wisconsin. This
southward movement provides new insights into the risk of spreading pesticide resistance
alleles in this species to southern regions and contributes to the improvement of integrated
pest management and insect resistance management programs.

Keywords: Spodoptera frugiperda; migration; insect resistance risk; biogeochemical marker;
dispersal; integrated pest management

1. Introduction

Fall armyworm (FAW), Spodoptera frugiperda (J.E. Smith, 1797) (Lepidoptera: Noctu-
idae), is one of the most economically significant pests in the United States. This highly
polyphagous insect can feed on more than 350 plant species, showing a particular prefer-
ence for crops in the family Poaceae, including corn, sorghum, rice, and turfgrass [1]. In
2016, FAW emerged as an invasive pest in regions outside its native range, spreading across
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multiple continents and causing substantial agricultural losses in the eastern hemisphere [2].
Its sporadic and highly unpredictable outbreaks [3], along with its aggressive feeding be-
havior, make FAW a key pest of major crops worldwide. Understanding the ecology and
migratory patterns of FAW is paramount for forecasting seasonal movements and potential
outbreaks, which can aid in developing timely and effective management strategies.

FAW is a highly mobile pest capable of dispersing long distances, with reports of
1600 km in 30 h [4]. Studies have shown that FAW moths migrate northward during the
crop season, extending into the northern United States and southern Canada [5]. Since
FAW does not enter diapause, two main hypotheses have been proposed to explain its
population dynamics. The first, known as the “pied piper” migration hypothesis, suggests
a northward movement during spring without a return to southern regions [6]. The second
hypothesis, known as reverse (southward) migration, posits a southward movement where
moths return to overwintering sites in southern Florida and Texas at the end of the crop
season [3,5,7,8]. Although studies have shown support for a northward movement from
overwintering regions to northern areas [3,5,7–9], there is a lack of supporting data for FAW
movement from the northern regions of the U.S. and southern Canada to lower latitudes in
North America [10,11].

Evidence for reverse migration has been hypothesized for corn earworm, Helicoverpa
zea (Boddie), another economic noctuid pest in the U.S. [12,13]. Recent work using stable
hydrogen isotopic ratios estimated moths migrating southward as far as the Caribbean
basin [14]. This reverse migration phenomenon in H. zea together with previous studies
on FAW migration suggests that a similar pattern might exist in FAW. For instance, the
“pied piper” hypothesis proposes that FAW spreads northward each summer but cannot
overwinter [7]; migration could not persist without a return movement, as there would
be a potential loss of migratory genes in successive generations [15]; and selection could
maintain migration if some individuals return southward [16]. These studies support
the possibility of FAW reverse migration, which could have significant implications for
integrated pest management (IPM) and insect resistance management (IRM) programs due
to the extended persistence of resistance alleles to management tools, such as insecticides
and transgenic Bt plants, at a continental scale. Here, we tested the hypothesis of potential
reverse migration of FAW in North America by using stable hydrogen isotopes.

2. Materials and Methods

2.1. Data Collection

A long-term year-round moth trapping program using delta traps (Trécé, Inc., Adair,
OK, USA) at the West Florida Research and Education Center, Jay, FL, USA (longitude:
−87.143891, latitude: 30.773188) has been established since 2017. This trapping location
is considered an intermixing zone at the edge of the continental U.S., where FAW moths
from populations in South Florida and South Texas converge during migration [8,9]. The
collected moths were stored at under −20 ◦C. A total of 324 samples of FAW moths were
selected for this study, corresponding to about 56 moths per year (Table S2). Out of these,
19 moths were collected in April, 20 in May, 13 in June, 42 in July, 58 in August, 84 in
September, 73 in October, and 15 in November.

2.2. Stable Hydrogen Isotopes Analysis

Each moth had the right forewing removed, prepared, and submitted to hydrogen
isotopic ratio analyses, as described in Paula-Moraes et al. [14]. The method involves
removing scales from the wings using a painting brush and cleaning the wing first with
Goo and Adhesive Remover Spray Gel (Goo Gone, CC Holdings, Inc., New York, NY, USA)
to eliminate any glue from sticky strips. Then, the wing was submerged in 70% ethanol
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for 24 h to remove any residual oils on its surface (Method S1). In the lab, this cleaning
method produced the same results as the traditional 2:1 chloroform/methanol treatment
(Method S1, [17]). When dried, wings were cut into small pieces (range: 0.084–0.191 mg,
Table S2) and submitted to hydrogen isotope analyzes in the Stable Isotope Mass Spec
Lab, University of Florida, Gainesville, FL, USA. Samples and standards were analyzed
in a Thermo Electron DeltaV Plus isotope ratio mass spectrometer coupled with a ConFlo
IV interface linked to a TCEA (high-temperature conversion elemental analyzer). After
weighing and loading the samples and standards into 4 mm × 6 mm silver capsules,
samples were left in 96-well plates for 48 h. This process ensures that isotopic composition
of the samples and standards remained comparable and consistent [18]. To determine
nonexchangeable hydrogen, two keratin standards (Caribou Hoof Standard—CBS, and
Kudu Horn Standard—KHS) were used.

After placing the capsules into a zero Blank autosampler at 1400 ◦C, hydrogen iso-
topic values (δ2H) were measured in a Picarro L2120-I isotopic liquid water and water
vapor analyzer (Santa Clara, CA, USA) coupled with a Picarro A0211 high precision va-
porizer and a CTC HTS PAL autosampler (Santa Clara, CA, USA). Precision was based on
USGS42 = 2.99 ‰ (N = 11). To standardize the results, two internal University of Florida
water standards (UW Antarctic water and Lake Tulane water) were used, which were
calibrated using international standards (USGS49 and USGS50). Isotope results are re-
ported in standard delta notation relative to Vienna Standard Mean Ocean Water. Detailed
information of all the process can be found at Paula-Moraes et al. [14].

2.3. Inferences on the Probability of Origin

Probability of origin of each sample was inferred based on the methodology described
in Ma et al. [19] using the package assignR [19] in the R software version 4.3.1 [20]. First,
we built an isoscape based on the hydrogen isotope values of amount-weighted, growing-
season precipitation at 5 arc-minute resolution. The isoscape was then calibrated using
known values of hydrogen isotopes retrieved from published literature that were included
in the assignR package [19]. The package contains a database with hydrogen isotope data
from known-origin samples (sample values of Danaus Plexippus, monarch butterfly, already
available in the R package). Then, calibration was performed to transform all hydrogen
isotope data onto a common reference scale, ensuring comparability across datasets from
different laboratories. We used the isotope values from the monarch butterfly database,
a Lepidopteran species, to provide a realistic comparison of hydrogen isotope assimila-
tion from the environment into wing tissues, ensuring consistency in taxon, geographic
region, and analytical approach [21]. Then, a linear model between the environmental
(precipitation) isoscape values and the known values (monarch butterfly values) was fitted
to produce a calibrated isoscape. With the calibrated isoscape, we generated posterior
probability maps for each unknown sample (i.e., field-collected samples) using the Bayesian
inversion method. This approach calculates the scaled probability of origin for each grid cell
and produces a raster map. Each cell’s value represents the probability that it is the actual
origin of the sample among all cells in the map. Finally, we calculated the average distance
and direction based on the potential probabilities of origin. Based on the probability of
origin maps, low hydrogen isotope ratios, the month of collection, and moth behavior and
landscape, we identified moths likely migrating from northern locations.

3. Results

Most of the moths collected showed a high probability of originating in Florida, Texas,
and the Caribbean region (see example of a sample in Figure 1). Four samples collected
between August and October, the crop season in the northern U.S., had a high probability of
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a northern U.S. origin (Figure 2). The average distance flown by these moths based on the
probability-weighted distance ranged from 1312 to 1897 km (Figure 3). The average bearing
ranged from 104 to 140 degrees, potentially indicating a movement toward the southeast
from areas with the highest probability of origin (Figure 4). This suggests a potential
movement from north Texas and Oklahoma to upper Midwest and Corn Belt region, such
as North Dakota, South Dakota, Minnesota, Nebraska, Iowa, and Kansas. Other regions,
like the northeast and parts of the southern U.S., also showed some probability of origin
(Figure 2).

Figure 1. Example probability of origin map of a moth based on hydrogen isotope ratios with high
probability of origin in Florida, Texas, and the Caribbean. The yellow color represents a higher
probability of origin based on the posterior probability surface of a FAW moth collected at the edge
of the continental U.S. See Table S2. Red dot shows where FAW moths were collected (WFREC,
Jay, FL, USA).

Figure 2. Evidence of FAW reverse migration based on hydrogen isotope ratios (δ2H). The yellow
color represents higher probability of origin based on the posterior probability surface of a FAW moth
collected at the edge of the continental U.S. See Table S2. Red dots show where FAW moths were
collected (WFREC, Jay, FL, USA).
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Figure 3. Probability density of the dispersal distance of each moth with a high probability of origin
in the northern region of the U.S. based on the posterior probabilities calculated from Figure 2.

Figure 4. Likely dispersal direction of each moth with a high probability of origin in the northern
region of U.S. based on the posterior probabilities calculated from Figure 2.

4. Discussion

Our results add new evidence for the reverse migration of FAW in North America [5,10,11],
and this is the first study to support a large-scale southward movement of FAW using
a biogeochemical marker. Based on the hydrogen isotopes ratio analysis, we identified
a high probability of origin of moths in the northern region of the U.S., with a potential
origin in the Corn Belt, the upper regions of southern states, and the northeast. Molecular
studies have supported the northward movement of FAW due to the genetic similarity
between populations in the northern and southern U.S. associated with prevailing wind
patterns [5,8]. However, limited research has provided compelling evidence for the reverse
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migration at the end of the crop season [10,11]. Stable hydrogen isotope analysis of
FAW wings offers valuable information on the geographical origins of larval feeding,
shedding light on the migratory dynamics of this pest. This southward movement was
already expected due to the lack of studies supporting the “pied piper” hypothesis, the
potential loss of migratory genes present in successive populations migrating northward,
and the evidence for reverse migration in other noctuid species in the U.S., particularly
H. zea [12–14].

The probability maps suggest potential moth origins in the Corn Belt, upper regions
of the southern states, the northeast, and some parts of the west. The rose diagrams and
kernel density functions for distance provide valuable insights into migration direction and
distance. However, these results must be interpreted alongside the species’ ecology and
landscape characteristics. Few studies have examined FAW migration across the Rocky
Mountains (see [8]), where our δ2H-based analysis also indicates a high probability of origin.
Given the known ecological constraints and landscape barriers, we consider western origins
unlikely despite some rose diagrams and probability maps suggesting movement from
that direction. Instead, the strong overlap between the high probability of origin and the
Corn Belt, combined with the timing of moth collection aligning with the crop season in
that region, provides robust support for a reverse (southward) migration pattern.

Out of the 324 moths used in our analyses, 88 were collected during October and
November from 2017 to 2023 (Table S2), with all other moths collected from April to
September in the same period (Table S2). Southward movement potentially occurs at the
end of the crop season in the northern states, usually around October–November. The low
number of moths selected from the end of the crop season used in our study limits the
probability of identifying more moths migrating from the northern region. We expected
an increase in the number of moths toward the end of the year as the host crops decline
and temperatures drop in the northern region. Since we used a broad range of collection
months to test our hypothesis, we could evaluate when moths begin migrating southward.
The moth with the highest probability of reverse migration based on both probability maps
and collection period was sample 239, which was collected in October. Future studies
should continue testing the reverse migration of FAW using samples collected, as far as
possible, during the end of the crop season in the southern U.S., while also including some
samples from earlier months.

One primary limitation of our study is the uncertainty about the very precise origin of
migrating FAW moths. While our isotope analysis provides strong evidence for reverse
migration, multidisciplinary approaches integrating molecular analyses and additional
stable isotopes could enhance our understanding of migration patterns by providing finer
resolution on natal origins and dispersal routes [5,8,9,22]. Additionally, although FAW
is a polyphagous pest, it has a strong preference for Poaceae, particularly crops such
as corn, sweet corn, sorghum, rice, and turfgrass [1]. Since these host plants belong to
the same family, and the average fractionations between host plant and lepidopteran
moths are around 3‰ [17], the variability in δ2H due to plant fractionation is expected
to be relatively low among host species. Finally, agricultural irrigation could introduce
additional variation in δ2H values compared to precipitation-based isoscapes. Although
only about 17% of U.S. corn, the primary host plant of FAW, is irrigated [23], but water
sources such as groundwater or reservoirs with high evaporation rates could influence δ2H
signatures. Nonetheless, these effects are likely to be minimal as groundwater and reservoir
water typically mix with precipitation over time, reducing localized deviations [24]. These
factors can influence δ2H signatures, but the broad latitudinal δ2H gradient used in our
study mitigates the impact of small-scale variations as any minor isotopic shifts are likely
overshadowed by the larger geographic patterns [14].
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Understanding the movement of FAW moths is a key tool for IPM programs due to
their high mobility, migratory potential, and polyphagous feeding habits. Historically,
challenges related to the management of FAW are related to the occurrence of outbreaks,
which are usually sporadic and unpredictable [3]. Although monitoring systems have
advanced in the detection of moths and provided some insights into potential population
dynamics of moth pests, e.g., [25–27], it is still important to refine forecasting methods and
identify migratory routes to enable the timely adoption of management strategies in IPM
programs. In addition, this species has evolved resistance to pesticides. For instance, resis-
tance to Bt toxins [28–30] and synthetic insecticides [31,32] has already been documented
in FAW populations worldwide. Our results indicate that if resistance selection in northern
FAW populations acts as a ‘source’ of resistance alleles, then mathematical models should
account for evolution of resistance at a continental scale within IRM programs. Overall,
our study provides important insights into the population dynamics of FAW in the U.S.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/insects16050471/s1. Table S1: Description of treatments used
to clean moth wings prior to stable isotope analysis, including presence of scales, solvent type,
and cleaning method. All wings were air-dried after solvent application method. NS—No scales,
GG—Goo Gone. Table S2: Hydrogen isotope ratio of 324 moths collected over 6 years during crop
season at the West Florida Research and Education Center, Jay, FL, USA. Figure S1: Hydrogen isotopic
ratios of the wings of Helicoverpa zea (a) and Spodoptera frugiperda (b) under different treatments used
to clean wings prior to stable isotope analysis (see Table S1). (a) GLM: χ2 = 98.8, p < 0.001, (b) GLM:
χ2 = 45.9, p < 0.001. Different letters represent significant difference based on Tukey’s post hoc test
(p < 0.05). NS—No scales, GG—Goo Gone. References [17,33] are cited in the supplementary materials.
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Simple Summary: Maize experiences significant post-harvest losses due to infestations
by Sitophilus zeamais. This study investigates the potential of S. zeamais as a protein source.
The weevils were processed into flour and evaluated for food safety, protein content, and
amino acid profile. The resulting flour met safety standards, contained 48.1% protein, and
was rich in isoleucine, valine, and threonine, although it lacked some essential amino acids.
Despite these limitations, S. zeamais flour could serve as a viable protein source for both
food and feed applications. Incorporating S. zeamais flour into food and feed systems could
contribute to improved food security.

Abstract: Maize (Zea mays) is a critical staple crop whose post-harvest losses, predominantly
due to infestations by the maize weevil, Sitophilus zeamais, threaten food security. This
study explores the possibility of utilizing S. zeamais, traditionally known as a pest, as an
alternative protein source by assessing its nutritional profile and food safety attributes.
Cultured under controlled conditions, S. zeamais specimens were processed into flour, which
was subsequently analyzed for microbiological safety, protein content, and amino acid
composition. Microbiological assays confirmed that the flour met established food safety
standards, with aerobic mesophilic bacteria, fungi, and yeast present at negligible levels
and no detection of coliforms, Salmonella spp., or Escherichia coli. Protein quantification
revealed a high total protein content (48.1 ± 0.3%), although the salt-soluble fraction
constituted only 13.7% of the total. The amino acid profile exhibited elevated levels
of isoleucine, valine, and threonine, while deficiencies in leucine, lysine, sulfur amino
acids, and tryptophan were noted. These findings suggest that, despite certain limitations,
S. zeamais flour represents a viable protein source. Integrating targeted insect harvesting
for protein into pest management strategies could help reduce post-harvest losses and
contribute to improved food security and nutritional availability.

Keywords: insects; Sitophilus zeamais; protein; amino acid profile; food safety; nutritional
assessment

1. Introduction

Maize post-harvest losses due to insect infestations pose a major challenge to food
security, particularly in maize-dependent regions where maize serves as an important
staple crop, providing primary nutrition for human populations and serving as a key
component of livestock feed. Exploring alternative uses for insect pests, such as Sitophilus
zeamais, could help mitigate these losses while contributing to sustainable protein sources
for both food and feed applications. Among the most destructive stored-product pests is
Sitophilus zeamais Motschulsky (Coleoptera: Curculionidae), commonly known as the maize
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weevil—an insect species that significantly reduces grain weight, depletes nutritional
quality, and impairs germination potential, leading to substantial economic losses [1].
S. zeamais thrives in warm and humid environments, with females capable of laying up
to 575 eggs within maize kernels, where the larvae develop internally, consuming the
endosperm and reducing grain integrity. Infestations are widespread across tropical and
subtropical regions, including Asia, Africa, and the Americas, where post-harvest storage
systems remain vulnerable to weevil proliferation [2].

Traditional pest management strategies for S. zeamais include chemical fumigation,
hermetic storage, and biological control methods, such as the use of parasitoid wasps
(Anisopteromalus calandrae) and entomopathogenic fungi (Beauveria bassiana) [3,4]. The
growing challenges associated with insecticide resistance, environmental degradation, and
pesticide residue accumulation have intensified the search for alternative strategies within
integrated pest management frameworks [5]. Given the increasing interest in alternative
and sustainable protein sources [6], researchers are increasingly exploring new edible
insect species [7] that may offer innovative opportunities to address both food system
vulnerabilities and pest control. In this context, the potential utilization of Sitophilus zeamais
as an edible insect remains largely unexplored. This approach could provide dual benefits of
reducing post-harvest maize losses through targeted pest harvesting while also contributing
to food security by supplying a sustainable source of protein and essential nutrients.

Insect consumption (entomophagy) is a widespread practice in many cultures, with
more than 1900 insect species recognized as edible [8]. Various stored-product pests have
historically been consumed, including locusts (Schistocerca gregaria), palm weevils (Rhyn-
chophorus spp.), and termites (Macrotermes bellicosus), demonstrating that the harvesting of
pest species for animal or human consumption can serve as a sustainable food production
strategy while reducing agricultural losses [9–12]. In the case of S. zeamais, previous studies
have documented its consumption in Ghana [13], Nigeria [14], and the Philippines [15].
These reports highlight its chemical composition and mineral content, yet its full nutritional
profile, particularly its protein and amino acid composition, remains underexplored.

This study aims to evaluate the nutritional profile and edibility of Sitophilus zeamais, fo-
cusing on its potential as a sustainable protein source while considering its implications for
pest control strategies in maize storage systems. By assessing its protein content, amino acid
composition, and microbiological safety, this research contributes to the broader discourse
on stored-product pest management, maize post-harvest preservation, and alternative
protein sources. Recognizing the emerging potential of S. zeamais as a food source could
create new opportunities for integrating sustainable pest management strategies while
contributing to food security solutions.

2. Materials and Methods

2.1. Insect Pest Culture

The cultivation of Sitophilus zeamais was carried out in the Postharvest Biotechnology
Laboratory at Tecnológico de Monterrey, Mexico. Adult specimens of S. zeamais were
collected from stored maize in Agua Fría, Mexico, and cultured on white maize (single-
cross dent hybrid) for four generational cycles under controlled conditions: 27 ± 1 ◦C,
70 ± 5% relative humidity (RH), and a 12:12 h light/dark photoperiod [16]. Insects were
reared in 16 oz (473 mL) Regular Mouth Mason jars (approximately 12.7 cm in height and
7.6 cm in diameter) with airtight lids and bands (Ball®, Newell Brands Inc., Atlanta, GA,
USA). After two months of cultivation, adult insects were collected, washed with distilled
water, surface-disinfected using 90% ethanol for 2 min, and subsequently dried. The dried
insects were ground into a fine powder using a cyclone mill equipped with a 1 mm screen
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to ensure uniformity of the sample. The resulting powdered insect material was used in
subsequent biochemical and microbiological analyses.

2.2. Food Safety Analysis

A microbiological assay for food safety was carried out following the guidelines stated
by the standard methods (Mexican Official Norms NOM-122-SSA1-1994 [17]). For the anal-
ysis, 10 g of insect powder was weighed into sterile containers and diluted with 90 mL of
sterile diluent. Prior to analysis, the frozen sample was thawed under refrigeration (4–8 ◦C)
for 18 to 24 h, following standard microbiological preparation procedures [18]. Samples
were analyzed for aerobic mesophilic bacteria, fungi, yeast, total coliforms, Escherichia coli,
Staphylococcus aureus, and Salmonella spp. Aerobic mesophilic bacteria were cultured on
Plate Count Agar [18], fungi and yeast on Potato Dextrose Agar [19], and total coliforms
and E. coli on Brilliant Green Bile Broth [20]. Staphylococcus aureus was identified using
Baird-Parker medium [21], and Salmonella spp. on Xylose Lysine Deoxycholate (XLD) or
Hektoen Enteric Agar [22]. All culture media and microbiological reagents were purchased
from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise stated. All inoculated plates
were incubated under conditions based on standard procedures, including temperature,
time, and atmosphere appropriate to the target microorganism [17]. After incubation,
microbial colonies were enumerated and key morphological traits—such as size, shape,
color, and texture—were assessed in accordance with standard microbiological protocols.
All analyses were performed in triplicate.

2.3. Extraction of Salt-Soluble Proteins

Salt-soluble proteins were extracted from the sample following the method described
by Kim et al. [23]. Specifically, 9 mL of a 0.5 M saline solution was added to 1.5 g of
finely ground insect sample in a test tube containing 3 g of glass beads. The test tube
was then placed in a shaker and incubated at 4 ◦C for 2 h. After incubation, the sample
was centrifuged at 10,000× g for 20 min. A second extraction was performed on the
resulting pellet by adding an additional 9 mL of saline solution, shaking the mixture at
4 ◦C for 1 h, and centrifuging under the same conditions. The supernatants obtained
from both extraction steps were combined to yield the salt-soluble protein fraction of the
insect sample [23]. Our experiments, conducted in triplicate, confirmed that water-soluble
proteins were negligible, thereby justifying the exclusive focus on salt-soluble proteins.

2.4. Protein Quantification

Total and salt-soluble protein content was determined using the Kjeldahl method
(AOAC Method 928.08), applying a nitrogen-to-protein conversion factor of 5.30 instead of
the conventional 6.25. This adjustment was made to mitigate protein overestimation, as
the insect cuticle contains substantial amounts of fibrous chitin along with proteins that
are tightly embedded within its matrix [24]. A total of 0.1 g of the sample was placed
into a digestion flask containing 0.05 g of CuSO4 and 1.95 g of K2SO4, and subsequently
3 mL of H2SO4 was added. The mixture was digested on a heating grill for 1 h. After
digestion, the mixture was diluted with 10 mL of distilled water, followed by the addition
of 10 mL of 50% NaOH. The resulting solution was then distilled into a receiver containing
an indicator solution, and titration was carried out with 0.200 N HCl until the sample
turned transparent [25].

2.5. Protein Quality

Approximately 500 mg of Sitophilus zeamais flour was accurately weighed and sub-
jected to hydrolysis. For the stable amino acids, isoleucine, leucine, lysine, phenylalanine,
threonine, valine, and tyrosine, samples (approximately 500 mg) were hydrolyzed in 6 N
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HCl containing 0.1% phenol at 110 ◦C for 24 h under a nitrogen atmosphere. In contrast,
tryptophan, which is labile under acidic conditions, was hydrolyzed using 4 M NaOH at
110 ◦C for 16–18 h, followed by neutralization prior to analysis. After hydrolysis, the sam-
ple was cooled to room temperature and the hydrolysate was filtered through a 0.45 μm
membrane filter. The filtrate was subsequently evaporated to dryness under reduced
pressure at 40 ◦C and reconstituted in 5 mL of mobile phase. The reconstituted sample
was analyzed using high-performance liquid chromatography (HPLC) coupled with an
evaporative light scattering detector (ELSD; Agilent Technologies, Santa Clara, CA, USA).
Separation was achieved on a reversed-phase C18 column (4.6 mm × 250 mm, 5 μm particle
size) maintained at 40 ◦C. The mobile phases consisted of (A) 0.1% trifluoroacetic acid
(TFA) in water and (B) acetonitrile. A gradient elution program was employed, starting
at 95% A and 5% B, with a gradual increase in the proportion of B over a 30 min run time
to achieve optimal separation of individual amino acids. The flow rate was maintained
at 1.0 mL/min, and the injection volume was set to 20 μL. The ELSD was operated under
the following conditions: nebulizer gas (nitrogen) flow rate was set to 2.5 L/min, the drift
tube temperature was maintained at 90 ◦C, and the detector gain was optimized to ensure
maximum sensitivity for the analytes of interest. Calibration curves were generated using
standard solutions of individual amino acids prepared in the same mobile phase, covering
a range of concentrations to ensure accurate quantification [26]. The experiment was per-
formed in duplicate. The obtained results were subsequently analyzed by comparing them
with the amino acid requirements for infants during the growth stage, as specified by the
Food and Agriculture Organization [27].

2.6. Statistical Analysis

All primary parameters were expressed as means ± standard deviations. Statistical
analyses were conducted using analysis of variance (ANOVA) in the Minitab 19 statistical
software (Minitab Inc., State College, PA, USA).

3. Results

3.1. Food Safety Analysis

The microbiological analysis of Sitophilus zeamais flour (Table 1) showed aerobic
mesophilic bacteria at 590 UFC/g, well below the maximum limit of 100,000 UFC/g. Fungi,
yeast, and total coliforms were not detected (<10 UFC/g), and Staphylococcus aureus
was present at <10 UFC/g, within the allowable limit of 100 UFC/g. Salmonella spp. and
Escherichia coli were absent.

Table 1. Microbiological test for food safety analysis of Sitophilus zeamais flour.

Microorganism Result (UFC/g) ** Maximum Limit (UFC/g) *

Aerobic mesophilic
bacteria 590 100,000

Fungi <10 <10
Yeast <10 <10
Total coliform None 100
Staphylococcus aureus <10 100
Salmonella spp. None Negative
Escherichia coli None Negative

* In accordance with the Health Secretary of Mexico in order to guarantee the quality of food safety analysis
(NOM-122-SSA1-1994). ** Data represent the mean of three independent replicates.
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3.2. Protein Quantification

The protein content of Sitophilus zeamais flour was 48.1 ± 0.3% on a dry matter basis,
with a salt-soluble protein fraction of 6.6 ± 1.3%, representing approximately 13.7% of the
total protein (Table 2).

Table 2. Total protein and protein profile of Sitophilus zeamais flour.

Protein Content (%) *

Salt-soluble fraction 6.6 ± 1.3
Total Content 48.1 ± 0.3

* Mean values ± standard deviation (n = 3).

3.3. Protein Quality and Amino Acid Composition

The amino acid profile of Sitophilus zeamais raw flour (Table 3) shows that isoleucine,
valine, and threonine exceeded FAO reference values by 40%, 65%, and 24%, respectively.
Aromatic amino acids (phenylalanine and tyrosine) were present at more than double the
recommended concentration, with an amino acid score of 2.0. In contrast, leucine, lysine,
sulfur amino acids (methionine and cysteine), and tryptophan had lower amino acid scores,
ranging from 0.7 to 0.9.

Table 3. Amino acid profile and protein quality of Sitophilus zeamais raw flour.

Amino Acid
Reference (mg/g

Protein) *
S. zeamais (mg/g

Protein) **
Difference

Amino Acid
Score ***

Isoleucine 30 42 +12 1.4
Leucine 61 55.4 −5.6 0.9
Lysine 48 40.6 −7.4 0.8
Methionine - 10.9 -
Cysteine - 5.6 -
Sulfur AA
(Met + Cys) 23 16.5 −6.5 0.7

Phenylalanine - 30.5 -
Tyrosine - 53.3 -
Aromatic AA
(Phe + Tyr) 41 83.8 +43 2.0

Tryptophan 6.6 4.8 −1.8 0.7
Valine 40 66.3 +24 1.7
Threonine 25 30.9 +5.9 1.2

* Reference based on recommended AA (amino acids) for an infant at growing stage [27]. ** Data correspond
to the average of two determinations with an analytical variability of less than 1%. *** Amino acid score =
mgAA in 1 g o f S.zeamais protein
mg AA in 1 g o f re f erence protein .

4. Discussion

4.1. Food Safety Analysis

The microbiological analysis of Sitophilus zeamais flour indicates that the product
complies with established food safety standards. Aerobic mesophilic bacteria were present
at 590 UFC/g, a value significantly below the maximum allowable limit of 100,000 UFC/g
as defined by NOM-122-SSA1-1994 [17]. Moreover, the levels of fungi and yeast were
below the detection threshold (<10 UFC/g), and total coliform bacteria were not detected.
Staphylococcus aureus was identified at <10 UFC/g, which is well within the permissible
limit of 100 UFC/g. Notably, Salmonella spp. and Escherichia coli were absent from the
sample, further substantiating the microbiological safety of the flour.

Previous research has demonstrated that microbial loads in edible insect products are
influenced by multiple factors, including the insects’ inherent microbial content, the impact
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of processing on bacterial populations, and the risk of secondary contamination [28]. When
subjected to appropriate processing techniques, insect-derived flours and other products
exhibit microbial profiles that meet or exceed food safety standards. These consistent
outcomes across various studies suggest that the application of standardized hygienic
practices and controlled processing conditions is crucial for ensuring the safety of edible
insect products [29].

From a pest control perspective, these findings are relevant because they indicate that
harvesting S. zeamais from maize storage facilities for consumption does not introduce
additional food safety concerns. If integrated into post-harvest pest management strategies,
targeted collection efforts could help reduce infestation rates in stored grains, providing an
alternative pest mitigation approach while ensuring nutritional benefits [30].

4.2. Protein Quantification

The high total protein content confirms that S. zeamais flour is a protein-rich material,
a characteristic that is frequently reported in studies focusing on edible insects. However,
the salt-soluble fraction, which constitutes approximately 13.7% of the total protein content,
represents only a minor component of the overall protein profile. This observation is
significant, as salt-soluble proteins generally include those involved in enzymatic functions
and other cellular activities that require ionic interactions for stability and solubility. In
contrast, the bulk of the protein content may be composed of proteins with different
solubility properties, such as water-insoluble or structural proteins.

The relatively low proportion of salt-soluble proteins could be attributed to the bio-
logical characteristics and functional roles of proteins within S. zeamais. It is conceivable
that the majority of the proteins are either bound to cellular structures or exist in forms
that do not readily solubilize in saline solutions. In studies involving Tenebrio molitor, the
salt-soluble protein fraction has been shown to be significantly more digestible compared
to the insoluble fraction. This soluble fraction was notably enriched in hemolymph proteins
and enzymes such as alpha-amylase, which play essential roles in nutrient transport and
carbohydrate metabolism [31]. These findings suggest that the high digestibility of the
soluble proteins is largely attributable to their specific composition, which favors proteins
involved in physiological functions over more structurally bound muscle proteins. This
distinction in protein solubility has implications for both the biological understanding of
the insect and potential control strategies. For instance, detailed characterization of the
protein profile could provide insights into metabolic pathways critical for insect survival,
thereby identifying novel targets for pest management interventions.

Moreover, the substantial overall protein content underscores the potential for utilizing
S. zeamais as a source of protein in various applications, including animal feed and human
food products, provided that safety and processing standards are met. The identification of
specific protein fractions, such as the salt-soluble fraction, may also aid in the development
of extraction techniques that maximize yield and functional quality, ultimately contributing
to the valorization of insect biomass in sustainable food systems.

Numerous studies have quantified the protein content in various insect families,
reporting high overall values: Saturniidae (40–50%), Notodontidae (42–45%), Gryllidae
(53%), Acrididae (76%), and Tenebrionidae (52%) [31–34]. Sitophilus zeamais flour exhibits
a total protein content of 48.1 ± 0.3%. This value falls within the range observed for
other insect species, underscoring the potential of S. zeamais as a protein-rich resource for
nutritional applications.

In conclusion, the protein profile of S. zeamais flour, characterized by a high total
protein content and a modest salt-soluble fraction, offers valuable insights into the insect’s
biology. These findings not only enhance our understanding of protein composition in corn
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insect pests but also pave the way for future research aimed at exploiting these biological
resources for innovative control and utilization technologies.

4.3. Protein Quality and Amino Acid Composition

The amino acid profile of Sitophilus zeamais raw flour, as detailed in Table 3, reveals
a complex pattern of nutritional adequacy and limitation when compared to the FAO-
recommended amino acid requirements for infants in the growing stage [27]. Notably, the
levels of isoleucine, valine, and threonine exceed the reference values by 40%, 65%, and
24%, respectively, and the aromatic amino acids (combined phenylalanine and tyrosine)
are present at more than double the recommended concentration, yielding an amino acid
score of 2.0. Conversely, leucine, lysine, sulfur amino acids (methionine and cysteine
combined), and tryptophan fall below the reference levels, with amino acid scores ranging
from 0.7 to 0.9, thereby identifying them as limiting factors in the protein quality of the flour.
This duality in amino acid composition suggests that while S. zeamais flour could serve
as a valuable protein source, particularly in applications requiring high levels of certain
essential amino acids, its deficiencies in others may necessitate formulation adjustments or
supplementation to achieve a balanced nutritional profile.

These results align with previous studies on edible insects, which have similarly
reported high protein content with favorable levels of certain essential amino acids, though
often with one or more limiting amino acids that restrict the flour’s use as a complete protein
source [33]. Therefore, while S. zeamais raw flour exhibits promising nutritional attributes,
its integration into food formulations may require strategies to overcome its amino acid
limitations. These could include fortification with sulfur-containing amino acids, such as
cysteine or methionine, or blending with complementary protein sources—for example,
legumes (e.g., soy or lentils), eggs, or dairy proteins—that provide the deficient amino
acids [35]. Such approaches are commonly used in food product development to improve
amino acid balance and enhance the overall nutritional quality of novel protein ingredients.

4.4. Pest Control and Sustainable Utilization Strategies

Several precedents have demonstrated the potential of utilizing agricultural pests as
food sources to mitigate their negative impacts. For instance, locust harvesting—specifically
of Schistocerca gregaria and Locusta migratoria—has contributed to reducing swarm sizes
in Africa while simultaneously providing a high-protein food source [36]. Similarly, the
collection of palm weevil larvae (Rhynchophorus spp.) has been shown to lower infestation
rates in oil palm plantations, with these larvae consumed as a delicacy in West Africa and
Southeast Asia [37]. Additionally, grasshopper collection in Uganda has proven effective in
managing outbreaks of Ruspolia differens [38]. These examples suggest that harvesting pests
for consumption can serve as a viable control strategy. In light of these findings, further
research should evaluate the feasibility of implementing controlled Sitophilus zeamais collec-
tion programs. Such programs could reduce post-harvest losses in maize storage facilities,
provide a locally available protein source in regions facing food insecurity, and diminish
pesticide dependency by incorporating entomophagy into pest management strategies.
Moreover, assessing consumer acceptance and examining regulatory frameworks will be
essential to ensure the scalability and economic viability of this integrated approach.

5. Conclusions

This study highlights the dual role of Sitophilus zeamais as both an agricultural pest and
a potential alternative protein source. The high protein content and essential amino acid
composition of S. zeamais support its nutritional viability, while its presence in maize storage
systems suggests an opportunity for sustainable pest control through targeted harvesting.
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By integrating biological control methods with entomophagy, it may be possible to mitigate
post-harvest losses while contributing to food security and sustainable agriculture.

While the present study provides an initial characterization of S. zeamais from a nutri-
tional and microbiological perspective, it should be regarded as a preliminary step toward
broader evaluations. A comprehensive assessment of its safety for human consumption—
including allergenic potential, toxicological risks, and long-term effects—remains essential.
Accordingly, future research should address these dimensions, in addition to exploring
scalability, consumer acceptance, and regulatory frameworks, to determine the feasibility
of incorporating S. zeamais into integrated pest management and sustainable food systems.
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33. Zielińska, E.; Baraniak, B.; Karaś, M.; Rybczyńska, K.; Jakubczyk, A. Selected Species of Edible Insects as a Source of Nutrient
Composition. Food Res. Int. 2015, 77, 460–466. [CrossRef]

34. Nsevolo Miankeba, P.; Taofic, A.; Kiatoko, N.; Mutiaka, K.; Francis, F.; Caparros Megido, R. Protein Content and Amino Acid
Profiles of Selected Edible Insect Species from the Democratic Republic of Congo Relevant for Transboundary Trade across Africa.
Insects 2022, 13, 994. [CrossRef]

35. Dimina, L.; Rémond, D.; Huneau, J.-F.; Mariotti, F. Combining Plant Proteins to Achieve Amino Acid Profiles Adapted to Various
Nutritional Objectives—An Exploratory Analysis Using Linear Programming. Front. Nutr. 2022, 8, 809685. [CrossRef]

36. van Huis, A. Harvesting Desert Locusts for Food and Feed May Contribute to Crop Protection but Will Not Suppress Upsurges
and Plagues. J. Insects Food Feed. 2021, 7, 245–248. [CrossRef]

64



Insects 2025, 16, 531

37. El-Shafie, H.A.F. Utilization of Edible Insects as Food and Feed with Emphasis on the Red Palm Weevil. In Food and Nutrition
Security in the Kingdom of Saudi Arabia, Vol. 2: Macroeconomic Policy and Its Implication on Food and Nutrition Security; Springer:
Cham, Switzerland, 2024.

38. John, B.; Lawrence, T.; Francis, S.; Alfonce, L.; Peter, E.J. Opportunities, Challenges and Policy Gaps for Sustainable Consumption
of Edible Long-Horned Grasshopper, Ruspolia Differens, in Uganda: A Review. Int. J. Trop. Insect Sci. 2024, 44, 2665–2675.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

65



Article

Differential Characterization of Midgut Microbiota Between
Bt-Resistant and Bt-Susceptible Populations of
Ostrinia furnacalis
Juntao Zhang, Ziwen Zhou, Xiaobei Liu, Yongjun Zhang and Tiantao Zhang *

State Key Laboratory for Biology of Plant Diseases and Insect Pests, Institute of Plant Protection,
Chinese Academy of Agricultural Sciences, Beijing 100193, China
* Correspondence: zhangtiantao@caas.cn

Simple Summary: Bacillus thuringiensis (Bt) is extensively used all over the world as a type
of eco-friendly pesticide. Despite its high efficacy against various pests, the main challenge
is the emergence of pest resistance. In this study, we verified the differences of midgut
microbiota in four Bt-resistant strains and certified that Enterococcus enhances the Cry1Ab
resistance of the Asian corn borer by bioassays.

Abstract: Bacillus thuringiensis (Bt) is an efficacious biocontrol bacterium known for pro-
ducing various toxins, such as crystal toxins, which disrupt the midgut epithelium of pest
larvae, leading to larval mortality. However, the development of resistance to Bacillus
thuringiensis in pests poses a significant threat to the widespread application of Bt corn.
Consequently, we employed high-throughput sequencing of the midgut bacterial 16S ri-
bosomal RNA to characterize the midgut bacteria in four Bt-resistant strains. Specifically,
Bt-resistant strains (ACB-FR and ACB-AcR) exhibited lower bacterial diversity compared
to ACB-AbR and ACB-IeR. Multivariate analyses and statistical evaluations further demon-
strated that the microbiota communities in Bt-resistant pests (AbR, AcR, IeR, and FR) were
distinct from those in Bt-susceptible strains. Notably, the genus Klebsiella predominated
in BtS, whereas Enterococcus was the genus with peak enrichment in AbR, AcR, IeR, and
FR. Bioassays subsequently revealed that Enterococcus enhances the Cry1Ab resistance of
ACB larvae. Our investigations indicate that treatment with Bt protein alters the midgut
microbiota community of O. furnacalis, and these microbiota differences may potentially
modulate the Bt-induced lethality mechanism.

Keywords: Ostrinia furnacalis; midgut bacteria; Bacillus thuringiensis; Cry toxin

1. Introduction

Bacillus thuringiensis (Bt), is a ubiquitous Gram-positive, endospore-forming bacterium
originally characterized as an entomopathogen due to exhibiting insecticidal activity pri-
marily through crystalline (Cry) proteins produced during sporulation, which accumulate
as parasporal inclusions [1]. These production are primarily composed of one or more pro-
teins known as crystal (Cry) and cytolitic (Cyt) toxins, also referred to as δ-endotoxins [2].
These proteins (protoxins) are activated by insecticidal midgut proteases, and the activated
toxins affect the larval midgut epithelium, causing a collapse of the membrane and ulti-
mately leading to insect death [3]. Bt gene-modified crops have been globally adopted as a
sustainable for agricultural pest control and human disease vector management. Never-
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theless, the emergence of resistance in pests compromises the sustainable deployment of
Bt-based crop protection strategies [4].

The Asian corn borer, Ostrinia furnacalis (Guenée), which is abbreviated as ACB, is one
of the most economically significant pests of maize in China. Research on the Asian corn
borer has been conducted since the 1930s [5]. The larvae exhibit broad feeding behavior
across all maize tissues, of which the most severe crop damage results from their drilling
activity in developing ears and stalks [6]. The Asian corn borer can cause significant maize
losses, estimated at 6–9 million tons for an ordinary year. However, most maize fields are
left without any effective resistance measures. Field tests in China have shown that maize
expressing the Bt toxin (MON810) have significantly increased ACB larval mortality [7].
However, quantitative bioassays revealed that lab-selected ACB strains achieve resistance
ratios (RR50) of >150 (Cry1Ab), 350 (Cry1Ac), >800 (Cry1Ie), and 1700 (Cry1F) [8–11]. This
rapid evolution of resistance may severely limit the expanding application of genetically
modified maize.

Laboratory and field data have identified three different resistant mechanisms in
pests to Bt crops, namely, altered toxin activation, mutations in toxin-binding receptors,
and the immune response system [12]. Comparing the toxin receptor sequences between
Cry1Ab-resistant and -susceptible ACB colonies, the resistant colony decreased some or
all of their binding capacity, presumably by altering one or more of its shared binding
sites [13]. Research and laboratory experiments demonstrated that Cry1 proteins bind to
several membrane-associated receptors in the midgut epithelium of Lepidopteran larvae,
such as aminopeptidase N, cadherin, and ABC transporters [14–17]. Several studies provide
evidence confirming that the r1–r3 alleles of the Lepidopterous larvae cadherin gene BtR
confer recessively inherited resistance to the Cry1Ac toxin [18]. Nevertheless, the accurate
mechanism underlying ACB resistance to Bt remains not fully proven. The insect gut
contains many different kinds of microbiota that may contribute to insect hosts surviving
and adapting to the environment [19–21]. Numerous studies have revealed that midgut
bacteria can influence the pest resistance of Bt while potentially contributing to the insect
Bt resistance development [22]. Mortality caused by Cry1 toxin exposure in species such
as Vanessa cardui, Manduca sexta, and Pieris rapae was reduced under an antibiotics diet to
decrease the gut microbiota. However, reintroducing the native Enterobacter sp. restored
high toxicity [23]. Bt toxin susceptibility was also found to decrease in Plodia interpunctella
after removing the gut bacteria [24]. These experiments demonstrate that gut bacteria
critically modulate Bt toxin efficacy to pests, especially in Lepidoptera.

To investigate potential associations between midgut microbiota and Bt resistance
in ACB, we compared the microbial communities of five ACB strains (BtS, AbR, AcR,
IeR, and FR) using 16S rRNA Illumina sequencing. Our study investigated how gut
microbiota modulate Bt resistance and susceptibility in the Asian corn borer with a focus
on characterizing functional differences and interactions between resistant and susceptible
host strains.

2. Materials and Methods

2.1. Mass-Rearing and Artifical Selection of Bt-Resistant ACB Strains

Five laboratory strains of ACB were used in this research, namely, a Bt-susceptible
strain (S) and four laboratory resistant strains (BtR) selected under different Cry toxins:
Cry1Ab (AbR), Cry1Ac (AcR), Cry1F (FR), and Cry1Ie (IeR).

All colonies were obtained from Institute of Plant Protection, Chinese Academy of
Agriculture Sciences. The susceptible strain (S) was maintained on an artificial diet [25]
under Bt toxin-free conditions to preserve baseline susceptibility. Resistance levels to Bt
toxins were determined through 7-day diet-incorporated dose–response bioassays for AbR,

67



Insects 2025, 16, 532

AcR, FR, and IeR strains, respectively. The AbR, AcR, FR, and IeR strains have respectively
tested more than 710-, 400-, 500-, and 800-fold resistance ratios under bioassays. All
colonies were reared in a controlled climate chamber maintained at 27 ± 1 ◦C, 70–80%
relative humidity, under a 16:8 h (light/dark) photoperiod.

2.2. Dissection of Gut Tissues and Extraction of DNA

The fifth instar ACB larvae were surfaced-sterilized by immersion in 70% ethanol for
3 min, followed by three saline washes (5 s each) to remove residual ethanol. The larvae
were first immobilized via cold anesthesia (5 min on crushed ice) before dissection in a
laminar flow hood. Midgut tissues were harvested using sterilized microsurgical tools in
sterile saline solution and immediately flash-frozen in liquid nitrogen and stored at −80 ◦C
until genomic DNA extraction. Each pooled sample was collected from the midguts of
fifty-fifth-instar larvae representing different strains. Genomic DNA was extracted from
dissected midgut tissues using a TGuide S96 Magnetic Soil/Stool DNA Kit (Tiangen Biotech
Beijing Co., Ltd., Beijing, China) in accordance with the manufacturer’s protocol. DNA
concentrated samples were quantified using the Qubit dsDNA HS Assay Kit and Qubit 4.0
Fluorometer (Thermo Fisher Scientific, Eugene, OR, USA) [26], and DNA integrity and
fragment size distribution were evaluated by electrophoresis on a 1% (w/v) agarose gel
stained with GeneGreen Nucleic Acid Dye (Tiangen Biotech Beijing Co., Ltd., Beijing,
China), with visualization under UV light.

2.3. Amplification of 16S rRNA Gene Sequences for Microbial Community

The V3–V4 region of 16S rRNA gene from the ACB midgut microbial community
was amplified using universal primers (338F: 5′-ACTCCTACGGGAGGCAGCA; and 806R:
5′-GGACTACNNGGGTATCTAAT). PCR amplifications were set up in a 10 μL reaction
system that contained a 10 ng template, 0.2 μM of each primer, 1× loading buffer, and
nuclease-free water. Target bands were purified using AgencourtAMPure XP Beads (Beck-
man Coulter, Indianapolis, IN, USA) and quantified using the Qubit dsDNA HS Assay
Kit on a Qubit 4.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Eugene, OR, USA).
Libraries were prepared and sequenced on an Illumina NovaSeq 6000 platform (Illumina,
Santiago, CA, USA), generating 250 bp paired-end reads [26].

2.4. PCR-Amplified DNA Sequencing

Following total DNA extraction from all the midgut tissues, specific primers were
designed based on conserved region sequences. Illumina-compatible sequencing adapters
were incorporated into the primers tails to enable downstream library preparation. The
Amplification PCR products underwent purification, quantified via fluorometry (Qubit 4.0),
and normalized to equimolar concentrations (10 nM) for pooled library construction.
The qualified libraries were sequenced with Illumina HiSeq 2500. Raw image data files
were converted into sequence reads through base calling. The optimized sequences were
filtered and pair-ended merged to obtain optimized sequences (Tags). The optimized
sequences were clustered and assigned to operational taxonomic units (OTUs), and species
classification was performed according to the sequence composition of each OTU [27]. The
number of sequences was statistically processed to assess the quality of the data. The tags
were clustered at 97% similarity level using UCLUST in QIIME (version 2.0.0) software to
identify OTUs [28]. OTUs were annotated based on the Silva (bacteria) and UNITE (fungal)
taxonomic databases.

2.5. Midgut Bacteria Diversity Analysis

The taxonomic information of each OTU was obtained by comparing the representative
sequences of OTUs with the microbial reference database. This enabled the quantitative
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analysis of microbial community composition across taxonomic levels (phylum, class, order,
family, genus, and species) for each sample. Using QIIME software, species abundance
tables were generated at different levels, and community structure maps were created at
different taxonomic levels using the R language tool.

2.6. Isolation and Characterization of Enterococcus and Klebsiella Species

The genera Enterococcus and Klebsiella were found to be highly dominant in Bt-resistant
strains. To isolate these bacterial genera, 5th-instar larvae of ACB were first immersed
in 70% ethanol for 3 min to eliminate surface bacteria. Subsequently, the midgut was
dissected under sterile conditions and collected in sterile centrifuge tubes containing 20 μL
of sterile water. The gut contents were then homogenized using sterile grinding pestles.
The resulting liquid was streaked onto MIAC medium plates (Qingdao Hi-Tech Industrial
Park Hope Bio-Technology Co., Ltd., Qingdao, China), which are specifically designed
for the cultivation of Klebsiella species and cultured at 30 ◦C for 24 h. For the isolation
of Enterococcus species, the gut liquid was streaked onto bile aesculin azide agar plates
(Qingdao Hi-Tech Industrial Park Hope Bio-Technology Co., Ltd., Qingdao, China). The
experiment was conducted with three biological replicates. Bacteria exhibiting identical
morphologies were selected for subculture on the corresponding medium plates.

For the identification of Enterococcus species, 10 bacterial colonies were chosen
for PCR amplification using the 16S rRNA gene with universal primers Ent-27F (5′-
AGAGTTTGATCCTGGCTCAG-3′) and Ent-1492R (5′-TACGGTTACCTTGTTACGACTT-
3′). Similarly, for the identification of Klebsiella species, 10 bacterial colonies were selected
and amplified with specific primers Kle-F: TGGCCCGCGCCCAGGGTTCGAAA and Kel-
R: GATGTCGTCATCGTTGATGCCGAG. PCR products were characterized by Sangon
Biotech Co., Ltd. (Shanghai, China) and then subjected to BLAST (version 2.14.0) searches
against the National Center for Biotechnology Information (NCBI) database for iden-
tification. Phylogenetic analysis was performed using the neighbor-joining method in
MEGA 11 software.

2.7. Virulence Assay of E. faecalis and Cry1Ab Susceptibility After Levofloxacin Treatment

The virulence of E. faecalis on ACB larvae was assessed using feeding and injection
methods. For the feeding assay, 50 mL of E. faecalis solution in logarithmic growth stage
was centrifuged at 4000 rpm for 10 min to discard supernatant. Then, we blended it
with LB liquid medium to OD600 = 1.0 solution and incorporated it into an artificial diet
with five bacteria concentration gradients, which with a normal diet served as the control.
Each treatment included 24 larvae and was repeated three times. For the injection assay,
enterococcal solution at the logarithmic growth stage was centrifuged at 3500 rpm for
15 min, and the supernatant was discarded. Then, we blended it with deionized water to
OD600 = 1.0 solution, which was injected 1 μL into 3 instar ACB larval hemolymph while
injecting deionized water as the control group.

The role of E. faecalis in Cry1Ab resistance was investigated by supplementing arti-
ficial diet with levofloxacin (1 mg/mL). After feeding ACB larvae with the levofloxacin-
supplemented diet for 24 h, the larvae were divided into two groups: one group was
transferred to an artificial diet containing Cry1Ab protein (LC50 = 6.28 ng/cm2), and the
other was transferred to a diet containing both Cry1Ab protein and E. faecalis. Treatment
groups (n = 24 larvae each) were independently replicated in triplicate.

GraphPad Prism 9.5.0 was used to statistically analyze the results of virulence of
E. faecalis and Cry1Ab protein virulence bioassay on ACB larvae, while the t-test and
one-way ANOVA were used to determine the statistical significance.
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3. Results

3.1. Overview of the 16s-RNA Sequencing Data

The V3-V4 region of 16S rRNA was amplified and sequenced from five samples,
generating 438,890–746,708 raw reads. After quality control and chimeric removal,
391,221 to 664,608 high-quality tags were retained (Table 1). The sequences clustered
into 1640–2754 OTUs per sample at 97% similarity.

Table 1. Statistics of different ACB strains sequencing data.

Strain IDs PE Reads Raw Tags Clean Tags Effective Tags AvgLen (bp)
GC
(%)

Q20 (%) Q30 (%)
Effective

(%)

AbR 476,918 446,887 400,958 399,519 425 53.58 94.84 90.54 83.77
AcR 720,884 676,881 603,479 600,280 428 52.89 94.73 90.37 83.27
FR 793,527 746,708 666,106 664,608 429 52.77 94.79 90.51 83.75
IeR 696,613 654,749 586,431 583,344 427 53.10 94.82 90.52 83.74
S 467,691 438,890 393,593 391,221 426 53.23 94.89 90.62 83.65

3.2. Different Gut Bacterial Communities in BtS and BtR ACB Strains
3.2.1. The Relative Abundance of Species at the Genus Level

Dominant bacterial genera across the five strains were Enterococcus (41–83%), Klebsiella
(0.1–19%), and Bacteroides (3–12%) (Figure 1), while Enterococcus exhibited the highest
relative abundance in Bt-resistant strains.

Figure 1. Relative abundance of the top 12 of midgut bacteria genera from BtR (AbR, AcR, FR, and
IeR) and BtS (S) strains of Asian corn borer.

The Enterococcus abundance in ACB resistant strains (45% for AbR, 73% for AcR, 83%
for FR, and 70% for IeR), as well as the susceptible strain (41% for S) were compared. The
relative abundance of Lactobacillus, Klebsiella, and Bacteroides were significantly higher in
Bt-susceptible strains than in Bt-resistant strains.

3.2.2. Isolation and Identification of Microorganisms

PCR amplification was performed on 10 randomly selected bacterial colonies, success-
fully identifying Klebsiella and Enterococcus species. The target fragment size for Klebsiella
was approximately 300 bp, while for Enterococcus was approximately 1300 bp. We added

70



Insects 2025, 16, 532

Enterococcus spp. as positive control. The agarose gel electrophoresis results indicate
that the selected bacterial isolate belongs to the Enterococcus genus (Figure 2). Phyloge-
netic analysis using MEGA 11 software identified the isolated the Enterococcus strain as
Enterococcus faecalis.

Figure 2. Agarose gel electrophoresis of Enterococcus. M: 2000 bp marker. 1–4: Bacterial solution
electrophoresis results. 5: Positive control.

3.3. The Impact of Gut Microbiota on Cry1Ab Resistance in Asian Corn Borer
3.3.1. Virulence Evaluation of Enterococcus faecalis on ACB Larvae

The results indicated that ACB larvae fed on diets with different Enterococcus con-
centration gradients maintained survival rates above 80%, with no significant differences
compared to the control diet. However, larvae injected with the Enterococcus solution
exhibited significantly reduced survival rates (Figure 3).

Figure 3. Larval survival rate of Asian corn borer after injection or feeding with E. faecalis. (a) Asian
corn borer larval survival rate after injecting double-distilled water (CK) and E. faecalis (treatment).
(b) Asian corn borer larval survival rate after feeding on normal diet (CK) and E. faecalis diet
0.0625 mg/mL (TG1), 0.125 mg/mL (TG2), 0.25 mg/mL (TG3), 0.5 mg/mL (TG4), and 1 mg/mL
(TG5). “**”: indicates the difference is significant between CK and treatment at 0.01 level; ns: indicates
no significant between CK and different treatments.
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3.3.2. E. faecalis Influence in ACB of Cry1Ab Resistance

The experiment yielded several noteworthy findings. The survival rate of newly
hatched larvae continuously fed with levofloxacin was 91.67%, compared to 93.75% in the
control group fed with a regular diet, showing no significant difference between the two
groups. However, the survival rate of larvae treated with levofloxacin for 24 h and then fed
on an artificial diet containing Cry1Ab protein (at a concentration of LC50 = 6.28 ng/cm2)
was significantly higher than that of larvae directly fed on the Cry1Ab-containing artificial
diet. When larvae treated with levofloxacin were fed on a diet containing both Cry1Ab
protein and E. faecalis, their survival rate was 38.54%, which was significantly different
from the group Z/C serving as the control group (p < 0.001) (Figure 4).

Figure 4. Survival rate of ACB larvae feeding on different treatments with artificial diet. CK: normal
artificial diet; C: normal artificial diet containing Cry1Ab protein; Z: normal artificial diet with
levofloxacin-supplemented; E. normal artificial diet containing E. faecalis; Z/C: normal artificial diet
containing Cry1Ab protein and levofloxacin; Z/C/E: normal artificial diet containing Cry1Ab protein,
levofloxacin, and E. faecalis. Different low case letters above columns indicate statistical differences at
p < 0.01.

4. Discussion

Different Bacillus thuringiensis products have been developed for pest control in agri-
culture and also against mosquito species [29]. Transgenic Bt plants have been proven
effective for controlling Lepidopteran pests. However, since the first Bt resistance news of
Plodia interpunctella occurred in 1985 [30], many more similar cases were reported. These
findings raise concerns about the long-term efficacy of Bt toxins and pose a significant
challenge to maintaining the effectiveness of both Bt-based pesticides and gene-modified
plants expressing Bt toxins. Plutella xylostella was the only insect to eventually develop
resistance to Bt applied as a biopesticide in previous research [31]. However, laboratory
selection experiments revealed that over 50% of tested moth species (Noctuidae, Plutellidae,
and Pyralidae) developed >10-fold resistance to Bt toxins, underscoring the widespread
evolutionary capacity of Lepidoptera to adapt to Bt pressure [32]. This highlights an urgent
need to decipher resistance mechanisms beyond traditional explanations (e.g., receptor
mutations), including the overlooked role of gut microbiota.

Recent evidence suggests that the insect midgut significantly modulates host sus-
ceptibility to Bt toxins. Dominant bacterial genera in Lepidopteran midguts, such as
Pseudomonas, Bacillus, Enterobacter, and Enterococcus, are not only vital for nutrient assimila-
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tion but also promote detoxification of plant secondary metabolites, potentially altering
toxin efficacy [33,34]. After feeding gypsy moth larvae with different concentrations of
antibiotics to reduce the midgut bacteria, the mortality of larvae fed Bt toxin was inversely
proportional to the antibiotic concentration. This reduction in mortality was accompa-
nied by reduced populations of culturable Enterococcus and Enterobacter from the midguts
of larvae [22]. Bt protein treatment can alter gut microbial community composition in
Spodoptera exigua compared with the normal populations [35]. Bt toxin exposure caused
severe midgut epithelial disruption, which enables gut bacteria to translocate into the
hemocoel [36]. This bacterial invasion may convert commensal bacteria into pathogens
that potentially accelerate larvae mortality. In a previous study about Manduca sexta,
Mason et al. [37] found that a common gut microbiota E. faecalis invades the hemolymph of
M. sexta larvae within 48 h post-ingestion. The bacterial load increased progressively until
death, though the precise translocation mechanisms remain unknown. This hypothesis
was supported by the results presented in our study. Chen et al. [38] demonstrated that
indigenous Enterococcus spp. synergistically enhanced Cry1Ca-mediated mortality in Chilo
suppressalis larvae by inducing melanization and hemocyte apoptosis. Therefore, exploring
the functional properties of Enterococcus in pest midguts could be a critical avenue for
future research on of Cry-toxin resistance mechanisms.

In previous research, it was demonstrated that Bt proteins induce the collapse of the
membrane, subsequently facilitating the invasion of midgut microbiota into the hemolymph
and ultimately resulting in insect death due to sepsis [3]. In this study, ACB larvae fed
on E. faecalis diet showed no significant difference in survival compared to those on a
normal diet. However, direct midgut injection of E. faecalis substantially altered larval
survival (Figure 3). Notably, when gut bacteria (including E. faecalis) were depleted using a
levofloxacin-containing diet, ACB survival rates on Cry1Ab-treated feed significantly in-
creased (Figure 4). These results demonstrate that E. faecalis enhances ACB susceptibility to
Cry1Ab and suggest that gut microbiota composition critically modulates larval resistance
to Bt toxins. This outcome aligns with the results of prior studies, which reported that a
reduction in the gut microbiota of the diamondback moth leads to a decreased sensitivity
of its larvae to the Cry1Ac protein [39]. Although the mechanism by which ACB reduces
E. faecalis remains unknown, hemocytes from Heliothis virescens larvae exposed to Cry1Ac
toxin exhibited upregulated expression of immune genes associated with Bt intoxication,
including antimicrobial peptides, cytokines, and protease inhibitors [40]. We hypothesize
that Cry1Ab-resistant ACB strains mount a similar immune response to suppress E. faecalis
in the midgut.

In conclusion, this study reveals that the larval midgut bacteria participate in the
death mechanism of Cry toxins in O. furnacalis. The microbial community composition
and richness in Bt-resistant and Bt-susceptible strains were significantly different. We hy-
pothesize that the midgut bacteria may influence Bt toxin resistance in many pests, though
this requires experimental validation in future studies. The implications are significant for
Bt-gene modified corn cultivation and may lead to new strategies for biological pest control.
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Simple Summary: Northeastern China is recognized as a crucial grain-producing region,
but food security is severely affected by diverse pests. Due to changes in climate, cultivation
patterns, and crop distribution, the leaf beetle Monolepta hieroglyphica (Motschulsky, 1858)
(Coleoptera: Chrysomelidae) has emerged as a destructive pest. However, its occurrence
across different hosts remains poorly understood. This study analyzed the pest’s occurrence
patterns and genetic diversity through systematic observation and mitochondrial DNA
markers. These findings are essential for developing effective pest control strategies in
the region.

Abstract: The northeast region of China plays a crucial role in crop production. The
leaf beetle Monolepta hieroglyphica (Motschulsky, 1858) (Coleoptera: Chrysomelidae) has
emerged as a potential threat to food security in the region. With a wide distribution
spanning Asia and Russia, this beetle affects various crops. However, limited information
is available regarding its occurrence patterns and genetic diversity among major crops in
the region. Based on systematic observations across various hosts, coupled with genetic
variation analysis using mitochondrial DNA markers, the main results were as follows.
Leaf beetle occurrence varied among hosts, peaking from late July to mid-August, with
maize and soybean fields exhibiting higher infestation rates compared with other crops.
Notably, late-cultivated maize fields harbored the highest beetle numbers due to the
species’ preference for young leaves. The host transfer trajectory may have originated in
soybean and weeds, with subsequent alternation between host plants and other crops,
before the final migration to cabbage and late-cultivated maize fields. Genetic analysis
revealed nine COI haplotypes, four COII haplotypes, eleven Cytb haplotypes, and twenty-
one combined haplotypes. No clear relationship existed between genetic diversity and
occurrence, and no distinct host-based genetic patterns emerged from neighbor-joining tree
and haplotype network analyses. High gene flow rates were observed, likely contributing
to decreased genetic variation. An analysis of molecular variance results indicated major
genetic variation within populations, although genetic distance and haplotype distribution
indicated divergence among host populations. These results provide foundational data for
developing effective M. hieroglyphica pest management strategies.

Keywords: leaf beetle; host population; spatial dynamics; dispersal; molecular marker;
genetic diversity
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1. Introduction

Northeastern China, including Eastern Inner Mongolia, Jilin, Liaoning, and Hei-
longjiang Provinces, is regarded as the country’s largest grain production base. With large
plain topography, this region benefits from an April–October growing season, and harsh
winters limit insect activity. Major crops include maize, soybean, and rice, with other
crops such as sunflower, wheat, millet, peanut, and sorghum cultivated in certain areas.
The region experiences substantial agricultural losses due to various pests, including the
oriental armyworm Mythimna separata (Walker) (Lepidoptera: Noctuidae) and aphids [1,2].
However, due to changes in climate, cultivation patterns, and crop allocation, the leaf beetle
Monolepta hieroglyphica (Motschulsky, 1858) (Coleoptera: Chrysomelidae) has emerged as a
new threat to food security, particularly affecting maize and soybean crops [3,4].

This pest is widely distributed across East Asia, Southeast Asia, and Russia [5]. In
China, this species exhibits a broad provincial distribution, with overwintering occurring
in the egg stage [3]. This leaf beetle is a polyphagous pest, feeding on a wide variety of crop
and weed species, with larvae and adults directly inflicting crop damage [6]. The larvae are
an underground pest of crop plants, whereas the adults damage leaves, flowers, filaments,
pollen, floral organs, clusters, and grains, and may negatively affect pollination [7]. Adults
possess wings, allowing some mobility, including short-distance dispersal (2–5 m) [6].

The economic impact of the pest has prompted extensive research into its occurrence
patterns, phylogenetics, insecticidal mechanisms, drip irrigation control, and biological
control [4,8–10]. Studies on M. hieroglyphica genetics have primarily examined its com-
plete mitochondrial genome, molecular systematics, and molecular markers [3,11–14].
However, little attention has been paid to the pest’s occurrence among different hosts,
resulting in limited understanding of host transfer migration. Furthermore, clear differ-
entiation exists among M. hieroglyphica geographic populations in northern China [13],
indicating population-level variation. Similarly, morphology and biological differences
exist among host populations, such as variations in adult size related to emergence peri-
ods [7] and discrepancies in life history and reproduction [15]. However, it remains unclear
whether these differences are due to host specialization. This scientific question warrants
further investigation.

This study explores the spatial dynamics and genetic variations of the leaf beetle
across different crops in Northeast China. Understanding occurrence patterns and genetic
diversity is pivotal for devising effective pest management strategies. A key aspect of this
study lies in the experimental site selection, which included all host plant species within
a relatively small area, eliminating topographical, temporal, geographic, and climatic
differences that could impede the pest’s dispersal. Another innovative aspect involved
systemic field surveys combined with molecular markers, proving valuable for study-
ing host genetic variation. The study’s findings provide unique regional insights into
pest management.

2. Materials and Methods

2.1. Population Dynamics Analyses

Field surveys were conducted in Gongzhuling (43◦32′09′′ N, 124◦49′28′′ E), situated in
the central agricultural plain of Jilin Province, during the periods of June to October in 2022
and 2023. In total, 11 host fields were established, including the major crops in Northeast
China. The experimental site and sampling details are provided in Table 1. Weed species
primarily belonged to the grass family. Planting in most host fields occurred during April
and May. Cabbage seed planting was performed on 12 August 2022 and 2 August 2023,
aligning with general practices in the local area. Late-cultivated maize [maize (L)] seeds
were planted on 2 July 2022 and 30 June 2023.
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Table 1. Information regarding the experimental site and molecular samples.

Population
Code

Host

Sampling
Methods Molecular

Samples

PCR-Positive Samples Sampling Date Harvest Date

Y S O COI COII Cytb COM 2022 2023 2022 2023

ZC weed - � - 40 36 40 40 36 06-01~10-17 06-01~10-16 - -
DD soybean � � - 40 38 39 35 35 06-01~10-17 06-01~10-16 09-25 09-22~09-30
BC cabbage � - � 30 29 30 30 29 09-08~10-17 08-22~10-16 10-10 10-01
YM maize � - � 40 38 40 39 38 06-01~10-17 06-01~10-16 10-12 10-07
YW maize (L) � - � 12 11 12 12 11 07-16~10-17 07-13~10-16 10-12 10-07
GZ millet � - � 30 25 30 28 25 06-01~10-17 06-01~10-16 10-04 10-11
GL sorghum � - � 30 29 29 29 29 06-01~10-17 06-01~10-16 10-04 10-06
XR sunflower � - � 30 29 30 30 29 06-01~10-17 06-01~10-16 08-15~09-30 08~18-09~25
HS peanut � - � 55 35 44 38 34 06-01~10-17 06-01~10-16 09-06~10-07 09~04-09~28
XM wheat � - � 0 0 0 0 0 06-01~07-17 06-01~07-16 07-20 07-19
SD rice � - � 30 29 30 29 29 06-01~10-17 06-01~10-16 10-02 10-03

Y: yellow traps; S: sweep sampling; O: visual observations; -: no data collected; �: this method was used;
maize (L): late-cultivated maize.

Field observations were conducted using sweep sampling, visual observations, and
yellow traps (Table 1). Sampling methods were adjusted for specific host fields based
on their unique characteristics. Sweep sampling is a common method used to estimate
the relative abundance of insect communities. Following O’Neill et al. [16] and Whipple
et al. [17], 200 random sweeps with a 40 cm diameter sweep net were performed per field.
Sweep sampling was used for low-density plant fields, such as weeds and soybean fields.
For other host fields, visual observations were performed during random 200 m walking
surveys in each field. Notably, field observations in maize (L) were conducted over 120 m
from July to October 2022, and over 180 m from July to October 2023. In contrast, cabbage
field observations covered 120 m from September to October 2022, and 150 m from August
to October 2023. Yellow traps, which effectively record pests’ initial and last appearance,
were used as supplementary tools. Two yellow traps (20 × 40 cm) were placed at the center
of each field, with data recorded every 3 days June–October in 2022 and 2023.

2.2. Molecular Analyses

Mitochondrial DNA (mtDNA) serves as a valuable molecular marker for assessing
population genetic diversity and variation [18–23]. Partial COI, COII, and Cytb fragments
of mtDNA were selected for use and amplified using the following primer pairs (Table 2).
To ensure consistency across sampling years, 10 host populations of M. hieroglyphica were
collected in 2022 and 2023 from the aforementioned host fields and stored at −20 ◦C until
processing. Table 1 presents the host population sample sizes used for molecular analysis.
Among the 337 samples subjected to PCR amplification, differential gene conservation
resulted in varying success rates: 299 samples amplified successfully for COI, 324 for
COII, and 310 for Cytb. Owing to low occurrence, samples from wheat were not collected.
To ensure accuracy, only samples from yellow traps in maize (L) fields were included in
the statistical analysis, accounting for the relatively small sample size. Morphologically,
identification was performed by Wei Sun using reference materials [24].

Table 2. Primer information.

Gene Primer Sequences Primer Source

COI-F AAAAATAGATTTTATCTAAGCCTTA Designed from:
NCBI MT178239COI-R TATGCTCGAGTATCTACATCTATAC

COII-F GAGCATCTCCTTTAATAGAACA
[13]COII-R GTATAAATGAGTGATTGGCTCC

Cytb-F AATTATGGWTGAYTAATTCGAAC
[13]Cytb-R AAATATCATTCAGGTTGAATATG
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All the experimental procedures, including PCR design and sequencing, were con-
ducted by Sangon Biotech (Shanghai) Co., Ltd. In total, 337 samples were used for genomic
DNA extraction. Genomic DNA was extracted from a portion of M. hieroglyphica adult
bodies using a genomic DNA purification kit (Sangon Biotech, Shanghai, China). PCR
reaction mixtures contained 1 μL of DNA template, 2.5 μL of Taq buffer (with MgCl2), 1 μL
of each primer, 1 μL of dNTP, and 0.2 μL of Taq DNA polymerase enzyme (Sangon Biotech,
Shanghai, China) in a 25 μL volume with molecular-grade water. PCR cycling parameters
were as follows: initial denaturation at 95 ◦C for 5 min; 10 cycles of denaturation at 94 ◦C
for 30 s, annealing at 63 ◦C for 30 s (decreasing by 0.5 ◦C per cycle), extension at 72 ◦C for
30 s; 30 cycles of denaturation at 95 ◦C for 30 s, annealing at 58 ◦C for 30 s, extension at
72 ◦C for 30 s; and a final extension at 72 ◦C for 10 min. All PCR reactions were conducted
using an ABI Veriti 96-Well system, and samples with successful PCR amplification were
sequenced using the ABI 3730 XL (Applied Biosystems, Foster City, CA, USA).

2.3. Data Analyses

The data from observations/sweep sampling and yellow traps were combined for
comprehensive analysis, aiming to provide more accurate and complementary information.
Statistical analyses and visualizations were performed using Excel 2010. To provide a
comprehensive understanding of genetic variation, COI, COII, and Cytb fragments were
analyzed both individually and in combination. Sequence alignment, editing, and hap-
lotype definition were performed using Chromas 1.62, DNAMAN V6, and EditSeq 5.01
software. Haplotypes were deposited in the NCBI Genbank database under accession
numbers PP038011–PP038019 and PP056518–PP056532. Nucleotide composition, variable
sites, transition/transversion ratios, and haplotype genetic distances were calculated using
MEGA 4.0 [25]. A phylogenetic tree [neighbor-joining (NJ)] was constructed with the K-2-P
model in MEGA 4.0. DnaSP 5 was used to analyze haplotype number (H), haplotype
diversity (Hd), average number of nucleotide differences (K), nucleotide diversity (Pi), and
gene flow estimates [26]. Haplotype networks were generated using Network 4.6.1.6 with
median joining [27]. Analyses of molecular variance (AMOVA) and population genetic
distance were performed using Arlequin 3.5.1.2 [28].

3. Results

3.1. Population Dynamics

The population dynamics of M. hieroglyphica based on the field-collected data are
shown in Figure 1. During 2021 and 2022, in the millet field, leaf beetles first appeared on
10 July and last appeared on 11 September, with peak abundance observed from late July
to late August. Similarly, in the sunflower field, the initial appearance occurred on 4 July,
with the last sighting on 27 August and peak abundance from late July to mid-August. In
the peanut field, leaf beetles first and last appeared on 8 July and 27 August, respectively,
with peak abundance from late July to mid-August. In the sorghum field, the first sightings
were on 17 July, with the last observation on 11 September and peak abundance from late
July to late August. The wheat fields exhibited minimal activity, with only one individual
observed. Regarding the maize field, leaf beetles first occurred on 2 July, last occurred on
1 October, and peaked from mid-July to mid-August. In the maize (L) field, the beetles
were first observed on 16 July and last sighted on 23 September, with peak abundance
occurring from late July to mid-August. The cabbage fields first showed the presence of leaf
beetles on 22 August, with the last occurrence on 5 October. Regarding both soybean fields
and weeds, the beetles initially appeared on 2 July and were last found on 11 September;
however, peak abundance was from mid-July to late August in soybean and from mid-July
to early September in weeds.
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Figure 1. Population dynamics of the leaf beetle among host plant species in 2022 and 2023. The
wheat field is excluded owing to low occurrence levels. ZC: weed; DD: soybean; BC: cabbage;
YM: maize; YW: maize (L); GZ: millet; GL: sorghum; XR: sunflower; HS: peanut; XM: wheat. The
same applies below.

The field observation data from the rice field closely resembled those from other host
populations. Given that the study area primarily consists of dry farmland with minimal
rice cultivation (not representative of major rice production zones), rice field data were
excluded from the statistical analysis to maintain research accuracy. Only molecular study
samples were used. No individuals were detected after crop harvesting. After September,
no samples were collected in the sunflower and peanut fields, likely due to their earlier
harvest. Based on the above observation, the peak occurrence period occurred from late
July to mid-August. Combined data from the two sampling years revealed that leaf beetle
occurrence commenced earlier in maize, soybean, and weed hosts, whereas in later periods,
the pest shifted to maize, maize (L), and cabbage fields.

Despite differences in sampling methods, comparable numbers were obtained
(Figure 2). Occurrence rates were relatively higher in 2023. Substantial numbers were
observed in the maize (L) field, which made a major contribution to abundance in 2022.
Distribution among hosts was more balanced in 2023. In a comprehensive analysis of two-
year data, the maize (L) field showed the highest occurrence (2298 individuals) despite the
reduced sampling period and distance. The maize (835) and soybean (870) fields exhibited
relatively high numbers compared with other crops. The weed (600), sorghum (357), millet
(361), and peanut (399) fields also contained numerous beetles, whereas the cabbage fields
(92) showed lower numbers, partly attributed to the reduced period and distance. The
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sunflower fields (101) exhibited fewer individuals, and only one adult was captured in the
wheat field.

 
Figure 2. Occurrence levels of the leaf beetle among various hosts.

3.2. Base Composition

The alignment of the COI sequences contained 615 bases with 607 conserved sites and
eight single variable sites. The average nucleotide composition was as follows: A: 37.7%;
T: 32.8%; C: 15.8%; and G: 13.7%. The transition/transversion ratio (R) was 7. The average
A + T content was 70.5%. The alignment of COII sequences, containing 430 bases, had
427 conserved sites and three single variable sites. The average nucleotide composition
was as follows: A: 34.9%; T: 41.6%; C: 12.8%; and G: 10.7%. The average A + T content was
76.5%. The alignment of Cytb sequences comprised 430 bases with 423 conserved sites.
The sequence included two single variable sites and five parsimony-informative sites. The
average nucleotide composition was as follows: A: 40.5%; T: 34.3%; C: 11.3%; and G: 13.9%.
The transition/transversion ratio (R) was 12.6. The average A + T content was 74.8%.

The combined COI, COII and Cytb fragment, containing 1475 bases, had 1458 con-
served sites and 17 single variable sites. The sequence included nine single variable sites
and eight parsimony-informative sites. The average nucleotide composition was as follows:
A: 37.7%; T: 35.8%; C: 13.7%; and G: 12.9%. The transition/transversion ratio (R) was 16.4.
The average A + T content was 73.5%. The COI, COII, and Cytb fragments were identified
with 100% confidence using previously submitted sequences from NCBI (accession nos.
MW732714.1). No additions or deletions were observed. Substitutions were predominantly
transitions, notably C-T patterns. The high A + T content was consistent with typical
insect values.

3.3. Haplotypes

The established network, reflecting haplotype frequencies and distributions (Figure 3),
showed no evidence of host plant trends. From 299 individuals, nine unique mtDNA COI
haplotypes (C1–C9, NCBI accession nos. PP038011-PP038019, Table S1) were identified. The
haplotype content was 3% (9/299). Haplotype C1 was ubiquitous across host populations,
constituting 92.64% of individuals. Haplotype C2, the second most frequent haplotype
(2.01% of individuals), occurred in four host populations, as did haplotype C4 (1.67% of
individuals). Notably, haplotype C4 was consistently present in the maize field across both
sampling years. Haplotype C7 was observed in four host populations, representing 1.34%
of individuals. The remaining infrequent haplotypes were distributed irregularly among
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different populations, with the infrequent haplotype C5 detected in soybean and weed
populations. The mean genetic distance among the COI haplotypes was 0.003, ranging
from 0.002 to 0.003. From 324 individuals, four unique mtDNA COII haplotypes (K1–K4,
NCBI accession nos. PP056518-PP056521, Table S1) were identified. The haplotype content
was 1.2% (4/324). Haplotype K1, prevalent across all the host populations, accounted for
95.37% of the individuals. Haplotype K3 was found in seven host populations, comprising
3.7% of the individuals. The remaining two haplotypes exhibited irregular distributions
among different populations, with haplotype K2 detected in soybean and weed populations
and haplotype K4 found in the peanut population. The mean genetic distance among the
COII haplotypes was 0.004, ranging from 0.002 to 0.005.

Figure 3. Leaf beetle networks were constructed based on COI, COII, Cytb, and the combined
haplotypes. Each haplotype is represented by a circle, with the circle size proportional to the haplo-
type frequency. Different colors represent different host groups. C1–C9: mtDNA COI haplotypes
1–9. K1–K4: mtDNA COII haplotypes 1–4. B1–B11: mtDNA Cytb haplotypes 1–11. M1-M21: the
combined haplotype 1–21. The same applies below.

Eleven unique mtDNA Cytb haplotypes (B1–B11, NCBI accession nos. PP056522-
PP056532, Table S1) were identified from 310 individuals. The haplotype content was
3.5% (11/310). Haplotypes B1, B2, and B3 were present across all the surveyed hosts,
representing 58.06%, 16.45%, and 13.55% of the individuals, respectively. Haplotype B4
was observed in nine host populations, accounting for 6.13% of the individuals. Haplotype
B8 was found in six populations (3.23% of the individuals) and was consistently present
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in weed populations across both sampling years. The remaining infrequent haplotypes
exhibited irregular distributions among different populations. The mean genetic distance
among the Cytb haplotypes was 0.006, ranging from 0.002 to 0.012. In total, 21 combined
haplotypes of COI, COII, and Cytb (COM1–COM21) were identified from 295 individuals.
The haplotype content was 7.1% (21/295). Haplotypes COM1, COM2, and COM3 were
present across all the surveyed hosts, representing 54.24%, 16.61%, and 10.17% of the
individuals, respectively. The infrequent haplotypes COM16 and COM17 were detected in
the soybean and weed populations. The mean genetic distance among the COM haplotypes
was 0.002, ranging from 0.001 to 0.004.

Cluster analysis of all the haplotypes did not reveal a clear host pattern (Figure 4).
Many nodes were supported by low bootstrap confidence levels. All the haplotypes
were distinct from the outgroup species. Haplotypes with shared variable sites formed
strongly supported clades (e.g., the clade comprising COM2 and COM14 as well as the
clade comprising COM5 and COM15). A clade containing haplotypes C2 and C7, each
with a single variable site, exhibited a broader distribution. Infrequent haplotypes B5, B6,
and B11 formed sister clades, and the three haplotypes had unique single variable sites.
In a clade containing haplotypes B2 and B4, the two more widely distributed haplotypes
showed similarities in variable sites. These results indicated a shared evolutionary and
distributional pattern.

Figure 4. The phylogenetic relationships (NJ analysis) of leaf beetles were examined based on COI,
COII, Cytb, and the combined haplotypes. The outgroup taxa were Monolepta occifluvis Gressitt and
Kimoto (Coleoptera: Chrysomelidae) (Sequence ID: NC_045838.1) and Lochmaea crataegi (Forster)
(Coleoptera: Chrysomelidae) (Sequence ID: OX387429.1). Bootstrap values were generated from
1000 replicates, and values <30% are not shown. COM1-COM21: the combined haplotype 1–21.
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3.4. Genetic Diversity and AMOVA

The genetic diversity indices are shown in Table 3. Overall, the Hd, K, and Pi values
of all the COI samples were 0.1412, 0.1456, and 0.0002, respectively. The haplotype range
was 2–5, with a mean value of 2.9. The samples from the rice population had the most
haplotypes. The mean Hd was 0.1641 (range: 0.0555–0.4727). The maize (L) population had
the highest Hd, whereas the weed population had the lowest. Among the host populations,
the average K value was 0.1703, ranging from 0.0555 to 0.5090. The Pi values based on
host populations varied 0–0.0008, with an average value of 0.0002. The Gst, Fst, and Nm
values were 0.0019, 0.0138, and 11.88, respectively. For the COII samples, the overall Hd,
K, and Pi values were 0.0893, 0.1663, and 0.0003, respectively. The haplotype range was
1–3, with a mean value of 2. Samples from the soybean and weed populations had the
most haplotypes, whereas those from the maize (L) and millet populations had the lowest.
The mean Hd was 0.0827 (range: 0–0.1921). The sorghum populations had the highest Hd.
Among the host populations, the average K value was 0.1552 (range: 0–0.3842). The Pi
values based on the host populations were 0–0.0008, with an average value of 0.0003. The
Gst, Fst, and Nm values were −0.0019, 0.0006, and 20.73, respectively.

For the Cytb samples, the overall Hd, K, and Pi values were 0.6144, 1.6229, and
0.0037, respectively. The haplotype range was 4–8, with a mean value of 5.2. Sam-
ples from the sunflower population had the most haplotypes. The mean Hd was 0.6026
(range: 0.4137–0.7468). The peanut population had the highest Hd, whereas the sorghum
population had the lowest. Among the host populations, the average K value was 1.6109,
with a range of 1.2315–1.8662. The Pi values based on the host populations varied
0.0028–0.0043, with an average value of 0.0037. The Gst, Fst, and Nm values were 0.013,
0.0006, and 13.56, respectively. For the combined fragment, the overall Hd, K, and Pi values
were 0.6663, 1.9295, and 0.0013, respectively. The haplotype range was 5–10, with a mean
value of 7.6. The mean Hd was 0.6717 (range: 0.4746–0.8). Among the host populations, the
average K value was 1.9408, ranging from 1.4492 to 2.2909. The Pi values based on host
populations varied 0.0009–0.0015, with an average value of 0.0013. The Gst, Fst, and Nm
values were 0.008, −0.0019, and 14.2, respectively.

The AMOVA revealed that most of the total variation was within populations (Table 4).
No clear pattern emerged based on genetic distance among the host populations (Table 5).
Stable genetic distances were noted when comparing sorghum with the cabbage, sunflower,
and peanut populations, and when comparing weed with the peanut, cabbage, sunflower,
and maize populations. There was also stability when comparing maize with the millet,
sorghum, sunflower, and soybean populations. The genetic distance between maize (L)
and the other host populations for COI was found to be relatively large. This may be
attributed to the small sample size of maize (L) populations. Additionally, differences in
haplotype distribution among maize (Z) populations may contribute to this pattern. A
similar phenomenon was observed in the millet and sorghum populations for COII and
the peanut and sorghum populations for Cytb. No genetic distance was found between the
soybean and weed populations.
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4. Discussion

The leaf beetle M. hieroglyphica was present from July to October in 2022 and 2023,
with daily catch numbers peaking from late July to mid-August over two successive years.
This period coincided with the crucial growing season in Northeast China, consistent
with previous reports [7]. The pest appeared earlier in maize, soybean, and weed hosts,
persisting into later periods in maize, maize (L), and cabbage fields. No beetles were
observed after crop harvest, suggesting a close relationship between their occurrence and
plant growth. This result appears to be associated with the host transfer migration of
some M. hieroglyphica individuals. Based on these observations, we propose a possible
migration pathway: the leaf beetle initially appears in soybean and weed fields in early
July, subsequently disperses to other crops, and eventually settles in cabbage and maize (L)
fields by the later periods. The spatial dynamics and host transfer migration pathway align
with previous reports [5]. Considering the insect’s lifespan, most host transfers may occur
within a single step.

In terms of occurrence, the leaf beetle showed high numbers in maize and soybean
fields. Given that maize and soybean are dominant crops in the region, and the pest’s
occurrence area continues to expand [3], it is conceivable that its increasing numbers may
result in considerable economic losses in the future. The highest number of beetles was
found in the maize (L) field, indicating the insect’s preference for young leaves [6]. This
finding mirrors observations in large farmland areas, where late-seeded maize is often
severely damaged by the leaf beetle. A certain number of leaf beetles occurred in weed,
sorghum, millet, and peanut fields, suggesting that these plants are suitable hosts. The low
occurrence in sunflower fields could be explained by the widely spaced planting, whereas
almost no individuals were observed in the wheat field, possibly due to earlier harvest
times. Thus, it appears that wheat in the region is not affected by leaf beetles.

Li et al. [13] suggested that the genetic diversity of geographic populations in southern
China was higher than that in northern China, possibly due to higher temperatures and
more generations. Our research aimed to determine the level of genetic diversity among
host populations. Genetic diversity is considered an important indicator of a species’
adaptive capacity in different environments [29–38]. Species with higher genetic diversity
are expected to exhibit local adaptation and greater individual numbers [30,39]. However,
there was no evidence to support a consistent relationship between genetic diversity and
occurrence in the present study. For instance, high levels of genetic diversity were detected
in the populations of maize, soybean, cabbage, and sunflower, but occurrence levels were
not consistent among these hosts.

Different mtDNA fragments may evolve at different rates. More variable sites and
haplotypes were found in the COI and Cytb fragments than in the COII fragment. Combin-
ing multiple mtDNA fragments can greatly increase the value of research [40–42]. Notably,
the haplotype contents of M. hieroglyphica geographic populations previously reported in
northern and southern China (2.9% and 5.7%, respectively) were higher than those in our
study (1.2%) based on the same COII fragment [13,14]. It appears that the host populations
exhibited a lower degree of haplotype content compared with geographic populations.
Various haplotypes, including C1, K1, B1, B2, and B3, were found in all the host populations.
These are ancestral haplotypes, the most frequent and widespread haplotype, which show
robust adaptation to the local environment [39,40,43].

Based on the haplotype network and NJ tree, no distinct host pattern was formed.
The haplotypes exhibited a weak host correlation, which was supported by other anal-
yses. Estimates of the overall genetic differentiation coefficient (Gst and Fst) were low,
and all Nm values exceeded 11, with Nm > 4 indicating strong gene flow in the analyzed
populations [44,45]. The high level of gene flow was likely due to host transfer migra-
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tion, which can prevent genetic divergence among host populations. Combined with the
AMOVA, this analysis showed that most genetic variation was within populations. These
findings do not strongly support the formation of host races. In contrast to previous studies
on geographic populations, populations in northern and southern China exhibited similar
levels of genetic divergence, with limited gene flow observed and some degree of variation
among populations [13,14]. Therefore, based on the same COII fragment, host populations
exhibited a higher degree of gene flow compared with geographic populations. This may
be attributed to the limited flight capability of the studied species [6]; leaf beetles are not
considered migratory, being capable of dispersal over short distances only.

Geographic isolation over extended periods can lead to genetic differentiation and the
emergence of new subspecies [46–49]. Additionally, host specialization has been known to
contribute to the formation of host races [50–53]. Although clear evidence for host-adapted
races of the leaf beetle was not found in the current study, the data on haplotype distribution
and genetic distances support some level of host genetic divergence. The evidence from
haplotype distribution includes the following: (i) infrequent haplotypes, especially single
haplotypes widespread among hosts; (ii) the consistent presence of infrequent haplotypes
in the same hosts (C4 in maize and B8 in weeds) across both sampling years; and (iii) early
occurrence of M. hieroglyphica populations in soybean and weed hosts, corresponding to
the presence of specific infrequent haplotypes (e.g., C5 and K2) in these populations. These
molecular data align with prior field observations. There was no evidence supporting
genetic distance between the soybean and weed populations, although some degree of
distance existed between the soybean and cabbage populations, likely due to differences
in the occurrence period. The leaf beetle initially infests soybean and maize fields before
appearing in cabbage and maize (L) fields, suggesting variance in genetic backgrounds
associated with occurrence periods. Furthermore, results of genetic variation analysis
coincided with the species’ morphological and biological characteristics. The peak periods
of the leaf beetle differed among the host plant species, and there was a close correlation
between emergence periods and body types [7]. Differences in life history and fecundity
among host plants have also been reported [15]. Host divergence may contribute to
these differences.

In recent years, leaf beetle damage to soybean, maize, and other crops has markedly
increased in Northeast China. Our data on occurrence periods, occurrence levels, and
genetic structures across the major crops in the region are crucial for developing effective
pest control strategies. Although this study presents initial findings, its primary limitations
include a relatively small genotyping sample size and a narrow geographical scope. To
achieve more comprehensive results, further research should incorporate larger sample
sizes and broader geographical ranges.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/insects16060605/s1, Table S1: Haplotype information.
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Simple Summary

The corn leafhopper Dalbulus maidis is an insect vector that inoculates phytopathogens into
the phloem, compromising nutrition, growth, and corn development. Symptoms of corn
stunt include chlorosis, shortened internodes, plant malformation, ear proliferation, and
even plant mortality. In more severe cases, it can reduce corn yield by up to 100%. We
evaluated the effect of the main insecticides for seed treatment on the control of infective
and non-infective leafhoppers, the persistence of the treatment’s effect, and its relationship
to the expression of disease symptoms and yield. We observed that seed treatment was
effective until the V2 corn stage and that infective leafhoppers were more sensitive to
insecticides compared to non-infective ones. Plants were more susceptible to the disease in
the early vegetative stages, significantly reducing corn yield.

Abstract

Seed treatments with insecticides are important tools for managing corn stunting disease
complex (CSDC) transmitted by Dalbulus maidis (Hemiptera: Cicadellidae) by reducing the
initial leafhoppers’ population and, consequently, the risk of pathogen transmission. We
evaluated the effect of insecticides used in seed treatment on both healthy and spiroplasma-
infected leafhoppers, the persistence of the seed treatment effect on disease symptom
severity, and its impact on corn productivity. At the V2 stage, imidacloprid/thiodicarb was
the most effective, resulting in 100% mortality of healthy leafhoppers and 85.7% mortality
of infective ones, thus preventing spiroplasma transmission. Thiamethoxam and methomyl
+ fipronil/thiamethoxam showed a high total mortality after 72 h, but only for the infective
leafhoppers, with a total mortality of healthy leafhoppers around 40%, reducing the number
of plants with symptoms by 80% and 90%, respectively. Our results prove that there
is a difference between the chemical molecules and that the infected leafhoppers are
more susceptible. Insecticide seed treatment was effective until the V2 growth stage, and
imidacloprid/thiodicarb was the most effective product tested. Infective leafhoppers were
more susceptible to insecticide seed treatments, and the infestation by the corn leafhopper
carrying spiroplasma in the early stages of plant development heavily reduced corn yield.

Insects 2025, 16, 713 https://doi.org/10.3390/insects1607071392
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1. Introduction

The corn leafhopper Dalbulus maidis (Delong and Wolcott) (Hemiptera: Cicadelli-
dae) is the main pest currently affecting corn in Brazil and several countries in Latin
America [1,2]. This insect is the vector of the bacteria (Mollicute class), spiroplasma (corn
stunt spiroplasma—CSS), phytoplasma (maize bushy stunt phytoplasma—MBSP), and
viruses (virus maize rayado fino virus (MRFV) and maize striate mosaic virus (MSMV))
associated with the corn stunting disease complex (CSDC) [3,4]. The D. maidis feeds on
phloem sap and transmits phytopathogens in a persistent and propagative manner, except
for MSMV that transmits in a persistent circulative manner, and these phytopathogens oc-
cur within the same geographical distribution [5]. CSDC directly impacts the development
of maize plants, potentially causing losses of up to 100% of the yield. To manage the insect
vector and related diseases, a set of good agricultural practices, primarily preventive, is
recommended to reduce the risk of high CSDC incidence [2,6].

Among the pathogens involved in CSDC, phytoplasma and spiroplasma have been
considered the most important in terms of negative impacts on grain production [7]. These
pathogens can influence the development of D. maidis either positively or negatively,
although there is no consensus in the results of studies conducted with these pathogens.
For example, while some studies suggest that CSS increases the survival of its vector when
exposed to temperatures between 10 and 20 ◦C [8], but does not affect adult leafhopper
survival compared to uninfected ones when reared at 26 ◦C [5], another study found that
both CSS and MBSP enhanced the survival of D. maidis at cool (15 ◦C) and warmer (31 ◦C)
temperature conditions [9]. The effects of pathogens on the development of D. maidis s
have not yet been fully described, and the lack of this knowledge can directly influence
management strategies.

Because of the slow development of these pathogens in the vascular systems of maize
plants, symptoms of CSDC are usually observed during the grain production stage. The ear-
lier the plants are infected, the greater the losses are [7]. Therefore, management measures
for the insect vector should be implemented in the early stages of the crop, particularly
between emergence and the V8 stage [6]. In this context, the use of organosynthetic insec-
ticides for seed treatment can be essential in delaying the transmission of pathogens by
D. maidis, thereby reducing the pathogen load inoculated by the vector in the plants [10–13].
Chemical control through seed treatment is a common tactic that can provide from 10 to
15 days of protection against D. maidis [10,13]. In Brazil, there are 74 commercial insecticides
registered for controlling D. maidis, consisting of combinations of 13 active ingredients from
six chemical groups and only five modes of action [14,15]. These products are neuromus-
cular disruptors, acting on both cholinergic synapses and ion channels in insect neuron
axons [16]. However, there are no studies that have demonstrated the efficacy of a seed
treatment to control D. maidis and to reduce the damage caused by stunting

D. maidis has caused significant economic losses in maize-producing regions, particu-
larly in Argentina, Brazil, and Mexico. In Brazil, the first significative outbreak led to an
85% increase in insecticide usage. In Argentina and Mexico, yield reductions range from
30% to 50% [1,6]. Given that the presence of pathogens (phytoplasma and spiroplasma) can
influence the characteristics and behavior of D. maidis, it is possible that biotic and abiotic
factors, including the application of chemical insecticides, may produce varying results
based on the infection status of the insects. The interaction of these chemical products
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with both healthy and infected insects has not been explored, and understanding this
relationship would contribute to a deeper knowledge of this pathosystem. This study
aimed to evaluate the effect of insecticide treatment of maize seeds on the mortality of both
infected with spiroplasma and healthy adult D. maidis, and to investigate how this treat-
ment influences the expression of stunting symptoms and its relationship with reductions
in productivity.

2. Materials and Methods

2.1. Insects

The experiment was conducted at the Embrapa Maize and Sorghum Research Center
in Sete Lagoas, Minas Gerais, Brazil. We used the method described by Oliveira and Sabato
(2017) [7] to obtain the infectious leafhoppers. For five consecutive weeks, 50-day-old maize
plants (Zea mays L., cultivar LP2020) infected with spiroplasma, grown in pots with 5 kg of
soil, were used as the source of infection. Approximately 500 healthy adult D. maidis were
placed on each infected plant, enclosed in a voile bag tied to the plant stem. After five days
in maize source plants (CSS), the leafhoppers were transferred to cages with healthy maize
seedlings. After 23 days (latent period), the infective D. maidis adults were used to infest
the maize plants in the experiments as follows.

2.2. Maize Seeds, Insecticides, and Experiments

The maize hybrid provided by Santa Helena Sementes in Cruz Alta, Brazil (SHS7970
PRO3) was used in the experiments. The insecticides, their active ingredients and appli-
cation rates are shown in Table 1. The experiments were conducted from September to
December 2023 in Sete Lagoas, Minas Gerais, Brazil.

Table 1. Trade name, active ingredient, chemical group, concentration, and dose of the insecticides
used in the seed treatment of maize seeds for the control of Dalbulus maidis adults in Sete Lagoas/MG,
Brazil, between September and December 2023.

Trade Name (1) Active Ingredient Chemical Group Concentration (2) Dose (3)

Control Water ---- ----- -----
Nuprid Star FS Imidacloprid + tiodicarb Neonicotinoid + carbamate 150 + 450 1.75

Cruiser Opti Lambda Cyhalothrin +
thiamethoxam Pyrethroid + neonicotinoid 37.5 + 210 1

Ouro fino Imidacloprid Neonicotinoid 350 0.08
Poncho Clothianidin Neonicotinoid 660 0.1

Cruiser 600 FS Tiametoxam Neonicotinoid 600 0.5

Standak Top*+ Impar BR Thiophanate methyl +
fipronil/thiamethoxam Pyrethroid + neonicotinoid 225 + 250/350 1/0.08

(1) Registered in the Ministry of Agriculture, Livestock and Supply (Mapa) for Dalbulus maidis, with the exception
of Standak top*. (2) Concentration (g a.i. L−1 trade inseticide), (3) dose trade insecticide L 100 Kg−1 of seed.

The maize seeds were treated with insecticides and sown on the same day in 200 mL
plastic pots filled with fertilized soil, using 3 seeds per pot. After emergence, thinning
was performed, leaving one plant per pot. Fertilizers NPK 8-28-16 (Fertilizantes Heringer,
Iguatama, Brazil), limestone, and micronutrients (FTE) were used for plant maintenance
and growth. Each plant was infested only once, and the experiment was conducted
separately for healthy and infective leafhoppers.

In total, there were five infestations (one per time), corresponding to 0, 5, 10, 15, and
20 days after the appearance of the second expanded leaf, which corresponded to the
maize’s phenological growth stages: V2, V3-V4, V4-V5, V5, and V5-V6. The vegetative
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stages from V2 to V6 in maize represent key phases in early plant development, each
marked by the number of fully visible leaf collars [17]. On each infestation date, seven
leafhoppers (infected with CSS or healthy, separately) were placed inside polyethylene
terephthalate (PET) bottles, whose upper part was closed with voile fabric, containing a
plastic pot with one maize plant. Insect mortality was evaluated for five consecutive days
(24, 48, 72, 96, and 120 h). The surviving insects at the end of the fifth day of evaluation were
removed and discarded. The design was completely randomized (CRD) with 5 infestation
times, 7 insecticide seed treatments (6 insecticides + water), and 2 groups of leafhoppers
(infected with CSS and healthy), with 5 replicates corresponded to one plant per pot.
Totaling 350 plants, with 175 pots containing plants exposed to healthy leafhoppers and
175 pots containing plants exposed to infective leafhoppers. A total of 2.450 adult D. maidis
were used (Figure 1).

Figure 1. Simplified schematic view of the methodology: sow of treated seeds, leafhopper infestation,
mortality assessment, and maize plants exposed to leafhoppers transplanted in the greenhouse.

After the leafhopper mortality evaluation period, maize plants exposed to leafhoppers
were transplanted to pots (26 cm diameter and 29 cm high) containing soil fertilized
as recommended for maize cultivation. Plants were kept in a greenhouse, where CSS
symptoms, plant height (determined from the ground level to the tassel insertion node),
and the number and size of ears per plant were measured with a tape measure.

The severity of spiroplasm was assessed in the reproductive maize growth stage (R4),
when the consistency of the kernel interior is similar to “dough” [17] We used a symptom
rating scale ranging from 1 to 6: 1—no symptoms (health plant), 2—plant with symptoms
(reddening or yellowing) with normal height, 3—plant with symptoms and reduction in size,
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4—plant with symptoms and early drying, 5—plant with symptoms, reduction in size and
early drying, and 6—plant with symptoms severe reduction in size and falling over [18].

After the visual assessments of CSS symptoms, molecular analyses were performed
using polymerase chain reaction (PCR) to confirm the infection. Samples were collected
90 days after inoculation, placed in identified falcon tubes and stored in a freezer at −60 ◦C.
DNA extraction for maize plants followed the protocol proposed by Saghai-Maroof et al.
(1984) [19] with the modifications suggested by Sousa and Barros (2017) [20]. The PCR test
was performed using PCR-based methods as described by Sousa and Barros (2017) [20],
using primers CSSF2 (5′-GGC AAA AGA TGT AAC AAA AGT-3′) and CSSR6 (5′-GTT
ACT TCA ACA GTA GTT GCG-3′) for the detection of S. kunkelii [21].

2.3. Statistical Analysis

For preliminary data analysis, the Shapiro–Wilk (0.05) and Levene (0.05) tests were
used to assess normality and homogeneity of variance. The presence of discrepant values
(=“outliers”) was also assessed through direct observation in box-plot graphs. The R
statistical environment version 4.4.1 (R Core Team 2024) [22] was used to adjust the models
and generate the graphs. The ‘MASS’, ‘car’, and ‘rstatix’ packages were used for the
analyses to adjust the models, and the ‘ggplot2’ package was used to generate the graphs.
The numerical database, as well as the scripts for adjusting the models and generating the
graphs, were stored in an open GitHub address to increase the checking and reproducibility
of the results [23].

Analysis of Mortality of Healthy and Infective Leafhoppers

Generalized Linear Models (GLM) with a binomial distribution were used. This type
of distribution is suitable for ratio data that have low variation at extreme values and
high variation at intermediate values [23]. Initially, the full model was adjusted, with
the explanatory variables being insecticide seed treatment, time of day, and leafhopper
infectivity (infective or healthy), as well as the interactions between these variables. The
adjusted models were evaluated for overdispersion, the Akaike criterion (AIC), and the
random distribution of the residuals. If any terms were found to be insignificant, they were
removed, and the models were readjusted. When necessary, the quasibinomial distribution
was used to reduce overdispersion [23].

Since daily mortality (%) is a non-normally distributed continuous variable without
homogeneity of variance, the Kruskall–Wallis nonparametric test was performed to assess
the differences among groups. Data were tested considering different insecticide treatments
(imidacloprid/Tiodicarb, λ-cialotrin/Thiametoxam, imidacloprid, Clothinidin, Thiame-
toxam, and T. methyl + fipronil/Thiametoxam), different times of evaluation (24 h, 48 h,
72 h, 96 h, and 120 h), and if the leafhopper was infective or healthy. The significance
threshold value was set at p < 0.05. When there were differences, a Mann–Whitney (U test)
was performed to evaluate whether the mortality (%) differed between the two groups
(post-hoc test).

The study used simple linear regression to analyze the relationship between maize
plant height, ear length, and stunting score at a 5% significance level. The Kruskal–Wallis
non-parametric test was employed to assess the rank values of stunting scores in relation
to the type of insecticide seed treatment, as the score data did not have a defined frequency
distribution. Dunn’s non-parametric post-hoc test at 5% significance was used to further
evaluate the blight score readings taken at the time of planting (5 days after seed treatment).
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3. Results

Insecticide seed treatment significantly affected the mortality of D. maidis in compari-
son to the control group (GLM: χ2 = 72.98, df = 6, p < 0.001) (Figure 2A). In addition, there
was a significant difference in mortality between healthy and infective leafhoppers, with
the spiroplasma-infected leafhoppers showing higher mortality compared to the healthy
leafhoppers (GLM: χ2 = 61.98, df = 6, p < 0.001) (Figure 2B).

(A)

(B)

Figure 2. (A) Median mortality of all D. maidis exposed to insecticides seed treatment. In-
secticide seed treatment x-axis legend: a = water (=control), b = imidacloprid/thiodicarb,
c = Lambda-Cyhalothrin/thiamethoxam, d = imidacloprid, e = Clothianidin, f = Thiamethoxan, and
g = thiophanate-methyl + fipronil/thiamethoxam. *** indicates the bar that differs from the others in
terms of p ≤ 0.001. (B) Median mortality of infective and healthy D. maidis individuals exposed to
seed treatment. *** indicates the bar that differs from the others in terms of p ≤ 0.001.
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The interactions among the insecticides seed treatments, leafhopper infectivity, and
evaluation time after seed treatment were significant (Table S1). D. maidis mortality was
affected by individual infectivity (χ2 = 115.19, df = 1, p < 0.001), seed treatment (GLM:
χ2 = 93.45, df = 6, p < 0.001), and time after treatment (GLM: χ2 = 90.49, df = 1, p < 0.001). For
the control treatment (water), neither time (GLM: χ2 = 2.77, df = 1, p = 0.096) nor leafhopper
infectivity (GLM: χ2 = 1.22, df = 1, p = 0.268) affected D. maidis mortality (Figure 3A).

Figure 3. Total mortality (mean ± SEM) of infective and healthy D. maidis individuals over time (days)
following exposure to control (water) and six insecticide seed treatments. After seed treatment, there
were five infestations (one per time), corresponding to 0, 5, 10, 15, and 20 days after the appearance
of the second expanded leaf.

For all insecticides used in seed treatments, a higher mortality was observed for
both infectious and healthy leafhoppers between time 0 and 5 days after seed treatments.
As we can see in the results for seed treatments, both time and infectivity had a signifi-
cant effect on D. maidis mortality, respectively: imidacloprid/thiodicarb (χ2 = 12.89, df = 1,
p < 0.001) and (χ2 = 20.80, df = 1, p < 0.001) (Figure 3B); Lambda-Cyhalothrin/thiamethoxam
(χ2 = 12.89, df = 1, p < 0.001) and (χ2 = 20.80, df = 1, p < 0.001) (Figure 3C); imidacloprid
(χ2 = 9.14, df = 1, p = 0.004) and (χ2 = 9.15, df = 1, p = 0.002) (Figure 3D); Clothianidin
(χ2 = 10.94, df = 1, p < 0.001) and (χ2 = 35.59, df = 1, p < 0.001) (Figure 3E); thi-
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amethoxam (χ2 = 31.26, df = 1, p < 0.001) and (χ2 = 59.36, df = 1, p < 0.001)
(Figure 3F); and thiophanate-methyl + fipronil/thiamethoxam (χ2 = 30.21, df = 1,
p < 0.001) and (χ2 = 31.21, df = 1, p < 0.001) (Figure 3G).

When we evaluated D. maidis’ daily mortality, the insecticide imidacloprid/thiodicarb
showed the highest mortality: 74% within the first 24 h and 100% at 72 h for healthy
leafhoppers, and over 80% mortality for infective ones between 24 and 120 h from time zero.
This treatment was the most effective in preventing the insect from remaining in contact
with the plant, thereby stopping feeding and the transmission of the pathogen (Figure 4).

(A) (B)

(C) (D)

(E) (F)

(G) (H)

(I) (J)

Figure 4. Leafhopper mean daily mortality (%) after different insecticide treatment during five
consecutive days (24, 48, 72, 96, and 120 h). Legend: (A) = healthy leafhoppers at time 0,
(C) = healthy leafhoppers at time 5, (E) = healthy leafhoppers at time 19, (G) = healthy leafhoppers at
time 15, and (I) = healthy leafhoppers at 20 days after infestation. (B) = infective leafhoppers at time 0,
(D) = infective leafhoppers at time 5, (F) = infective leafhoppers at time 10, (H) = infective leafhoppers
at time 15, and (J) infective leafhoppers at 20 days after infestation.
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Thiamethoxam and thiophanate-methyl + fipronil/thiamethoxam showed high mor-
tality after 72 h for infective leafhoppers, whereas for healthy leafhoppers, the mortality
was below 50%. The seed treatments were efficient, negatively affecting the leafhoppers
only at time zero. In other words, the treatment protected the plant for up to 5 days after the
emergence of the second fully expanded leaf (V2), or for 11 days after planting (Figure 4).

Visual assessment revealed the impact of leafhoppers infected with S. kunkelli on corn
plants (Kruskal–Wallis test: χ2 = 23.08, df = 6, p < 0.001) at time zero, the only case that had
statistically significant results (Figure 5). Imidacloprid/thiodicarb treatment demonstrated
efficacy in achieving high mortality rates of insects in a short period, which reflected in the
lowest stunt score of 1 (no symptoms) (Dunn Test: p < 0.001) (Figure 5). Molecular analyses
of the plants confined with the infective leafhoppers at time zero confirmed the results of
the scores assigned through visual assessment (Figure S1).

Figure 5. Corn stunt score (mean ± SEM) by seed treatments at time 0 (after 5 days of seed insec-
ticide application). Corn stunt was evaluated at the R4 growth stage using the visual symptom
rating scale from 1 to 6 (Silva et al., 2003 [18]). Seed treatment x-axis legend: a = water (=control),
b = imidacloprid/thiodicarb, c = Lambda-Cyhalothrin/thiamethoxam, d = imidacloprid, e = Cloth-
ianidin, f = Thiamethoxan, and g = thiophanate-methyl + fipronil/thiamethoxam. Treatments are
represented by different colors. *** indicates the bar that differs from the others in terms of p ≤ 0.001
by the Dunn a posteriori non-parametric test.

Plants without spiroplasm symptoms had greater vigor and yield than those infested.
Both plant height and yield decreased according to disease severity, as indicated by the
stunting score (Figure 6). Plants without symptoms (score 1) reached a height of 2.0 m
and had ear lengths of 15 cm. In contrast, plants showing symptoms, reduced height, and
lodging (score 6) had heights ranging from 1.0 to 1.5 m, with ear lengths below 10 cm.
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(A)

(B)

Figure 6. Effect of corn stunt severity on maize height and ear lengths in the greenhouse evaluations.
(A) Plant height (m) and corn stunt score, (B) ear length (m) and corn stunt score. The corn stunt
score evaluated using the visual symptom rating scale from 1 to 6 (Silva et al., 2003) [18]. *** indicates
the bar that differs from the others in terms of p ≤ 0.001 by the Dunn a posteriori non-parametric test.

4. Discussion

This result is significant due to the complexity and low efficiency of D. maidis and
CSDC control in the field. There is a gap in our understanding regarding the bioecology of
D. maidis and its interactions with the pathogen, resulting in a lack of knowledge about
variations in population occurrence in initial growing stages [24] and CSDC transmission.
Also, further experiments should be carried out to elucidate questions about the resistance
of populations to synthetic organic insecticides.

Given the leafhopper’s migratory behavior, it is crucial to synchronize sowing
and avoid staggered planting to prevent the presence of corn plants at varying growth
stages [25]. Maize crops at different growth stages in nearby areas allow the overlapping of
the plant’s life cycle. This dynamic favors the multiplication and migration of leafhoppers
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from mature crops to new ones in the early development stages, efficiently carrying and
transmitting mollicutes to these young plants [26].

The use of insecticides has been one of the main strategies for controlling D. maidis
and CSDC in the field [6,13,27]. Even so, studies published to date on the efficacy of
seed treatments for controlling D. maidis have prioritized the action of insecticides only
on infective leafhoppers [24,27–30]. Thus, the differential in mortality of healthy and
infective leafhoppers is very significant, and the contributions of this information to pest
management are addressed in the present study. In this context, the results demonstrate
that the damage caused by corn stunt disease is not proportional to the size of the vector
population but rather to its infectivity rate [2].

Oliveira et al. (2008) [13] verified the efficiency of corn seed treatment for controlling
D. maidis. In this case, seeds were treated with imidacloprid and thiamethoxam, and healthy
leafhoppers were confined with infective ones. These authors found a control efficiency
for D. maidis adults equal to or greater than 70% up to 30 days after plant emergence, re-
quiring between 4 and 24 h to achieve these mortality rates. Ruegger (2019) [31] evaluated
D. maidis adult mortality in corn (V3 and V4) via seed treatment with the insecticides chlo-
rantraniliprole, thiamethoxam, and imidacloprid. Only thiamethoxam and imidacloprid
demonstrated high efficacy, with mortality rates exceeding 80% on leafhopper populations,
reducing their feeding rates. Neves et al. (2021) [28] showed that seed treatment remained
effective until the V4 stage when neonicotinoids were used, lowering the disease score
(between 2 and 3) for corn stunt and reducing yield losses by 20% to 60%. These results
align with those found in this study, where the residual effect of insecticides typically lasted
less than three weeks.

Our results showed that infective D. maidis adults carrying spiroplasma exhibited
higher mortality when exposed to insecticide-treated seeds compared to healthy adults
(Figure 2B). This suggests that pathogen infection makes D. maidis individuals more suscep-
tible to the action of insecticidal compounds. During the mollicute development, muscle
tissues in the body of the leafhopper are damaged [32,33]. As the muscle cells of the midgut
and Malpighian tubules are degraded, spiroplasma utilizes nutrients derived from the sar-
colemma of the muscle cells. Consequently, the effects of the insecticide are likely enhanced,
accelerating the death of the insects, which are physiologically weakened by the pathogen.
On each evaluation date, it was observed that the cumulative mortality of the leafhoppers
increased over the days following the infestation of the plants. However, when comparing
the evaluation dates (0, 5, 10, 15, and 20 days), a reduction in mortality was noted as the
leafhoppers were exposed to older plants, indicating a decline over time after the seed treat-
ment (Figure 3). This may be related to the high solubility of neonicotinoids, which leads
to the rapid absorption and metabolism of these compounds by the seed after planting.
In other words, lower concentrations in the new tissues of the plant reduce the product’s
efficacy [34–36].

The infective D. maidis adults requires a feeding period of around 1 h to transmit the
spiroplasma [12]. Therefore, understanding the physicochemical properties of insecticides
is crucial, as active ingredients with rapid action that disrupt or paralyze insect feeding
can help reduce the risk of pathogen transmission to the plant. The insecticides evaluated
in this study were selected due to their systemic action and for targeting the insect’s
nervous system during feeding. Those in the neonicotinoid and pyrethroid chemical groups
induce paralysis and death through a knockdown effect [37]. Pyrethroids act on sodium
channels, causing them to remain open for a longer duration, resulting in insect death
due to hyperexcitability. Also, as neurotoxic compounds, neonicotinoids are acetylcholine
agonists that bind to nicotinic receptors, opening sodium channels. Nevertheless, the
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molecules are not immediately degraded, leading to hyperexcitation of the nervous system
and subsequent insect death [37]. In contrast, carbamates paralyze nerves and muscles
by inhibiting the acetylcholinesterase enzyme [38,39]. The molecular analyses of the
plants at time 0 allowed us to verify whether pathogen transmission occurred, relate the
mortality rate to disease transmission, and validate the assessment scales used represented
in Figure 5. Imidacloprid/thiodicarb was the insecticide that provided 100% protection
by preventing spiroplasma transmission. The insecticides thiamethoxam and thiophanate-
methyl + fipronil/thiamethoxam reduced the transmission rate of spiroplasma to 20% and
10% of the plants, respectively (Figure 6).

We hypothesize that these products, in addition to showing high initial mortality
in leafhoppers, reduce the feeding time of the insects, contributing to the decrease in
spiroplasma transmission. However, the products were only effective in preventing symp-
toms up to the V2 stage. This result is consistent with expectations for neonicotinoids,
carbamate, and pyrethroid, which typically have a residual efficacy period from 15 to
21 days after plant emergence, depending on the soil, climatic conditions, and type of
application [13,40,41]. After V2, however, with the gradual reduction of the residual effect
of the products, seed insecticide treatments were not effective, and symptoms of CSS were
observed in the plants, leading to yield losses.

CDSC have a lengthy developmental cycle in plants. The pathogens involved (phy-
toplasma and spiroplasma) require several months to multiply and reach a titer within
the plant that can lead to significant economic losses. Consequently, the earlier the plants
become infected, the greater the potential losses are in production [42]. In this study, we
observed that the earlier the exposure of plants was to infective leafhoppers, the greater
the reduction was in productivity-related parameters (Figure 6A,B), due to the longer
period the pathogen had to multiply within the plant, allowing for phloem colonization
and interrupting nutrient translocation [40,41]. Thus, the more effective the seed treatment
was, the lower the impact was on productivity parameters [43].

The efficiency of pathogen transmission by the vector insect is not necessarily the most
relevant factor from an epidemiological perspective. Pathogen transmission and disease
spread depend on various factors, such as the infectivity rate of the insect population and
its abundance, as well as other characteristics like biotic potential, geographic distribution,
dispersal capability, and the period during which host plants are most susceptible [44].
This suggests that it is important to avoid high densities of leafhoppers in corn fields,
especially during the early growth stages (VE-V4); however, this protection is discontinued
at later growth phases. Delayed control of the insect vector, leading to population growth,
can result in significant yield losses due to CSDC. Seed treatment, combined with good
agricultural practices, is necessary to reduce the population density of leafhoppers in
the field, ensuring a lower risk of the occurrence of CSDC. Finally, the higher mortality
of infective leafhoppers carrying spiroplasma, compared to healthy leafhoppers, when
exposed to chemical products is a novel finding that may open new research directions for
future studies.

5. Conclusions

The seed treatments were effective in the initial evaluation, indicating that their
protective effect persisted for approximately 5 days following the emergence of the second
fully expanded leaf, or roughly 11 days after sowing. Among the evaluated products, the
combination of imidacloprid and thiodicarb proved to be the most effective, providing
complete (100%) protection against Spiroplasma infection. In contrast, thiamethoxam and
the mixture of thiophanate-methyl + fipronil/thiamethoxam conferred partial protection,
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preventing the expression of Spiroplasma-associated symptoms in 80% and 90% of the
plants, respectively. This has important implications for field experiments, especially for
managing the insect stunting complex (CSDC). It is important to consider the possibility of
reinfection and migration of healthy leafhoppers that survived seed treatment, which may
require additional control measures to ensure continued protection of corn plants. Insect
survival in response to control tactics may be altered, and therefore the recommendations
need to be revisited.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/insects16070713/s1, Figure S1: Polymerase chain reaction (PCR) at time
0. Each number represents a treatment replicate. The samples 1–5 (=Control), 6–10 = Imidacloprid/
Thiodicarb, 11–15 = Lambda-Cyhalothrin/Thiamethoxam, 16–20 = Imidacloprid, 21–25 = Clothiani-
din, 26–30 = Thiamethoxam, and 31–35 = Thiofanate-Methyl + Fipronil/Thiamethoxam. (M: 1 kb
plus DNA ladder (Invitrogen®); C+: positive control (Spiroplasma) and C.−: negative control (all
components of the PCR reaction 17 except DNA). Table S1: Rank of leafhopper daily mortality (%)
after different insecticide treatment during five days in 0, 5, 10, 15 and 20 days after infestation.
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Simple Summary

The fall armyworm is a major pest that causes severe damage to maize crops in China,
threatening food security. This study examined how four cultivars of maize—sweet, waxy,
common, and silage—affected pest feeding, egg laying, and population growth over three
generations. We found that newly hatched fall armyworms initially preferred sweet maize,
but over time, they increasingly favored the cultivar of maize on which they were born.
Although the pests could survive and reproduce on all four maize cultivars, their growth
and reproduction rates varied significantly. Sweet maize supported the fastest population
growth, highest survival rates, and largest egg numbers, whereas silage maize led to the
lowest populations, manifested by fewer eggs and smaller pupae. By the third generation,
pests developed faster across all maize types. These findings will help farmers choose
maize varieties that are less likely to support pest outbreaks—such as silage maize—and
avoid high-risk options, such as sweet maize. This knowledge aids in reducing crop losses,
protecting maize yields, and safeguarding food production for communities.

Abstract

The fall armyworm (FAW), Spodoptera frugiperda (J.E. Smith), is a highly destructive pest that
poses serious threats and causes significant losses to the production of maize in China. This
study evaluated the feeding and oviposition preferences of S. frugiperda when reared on four
maize cultivars—sweet, waxy, common, and silage—across three consecutive generations.
It also compared population adaptability among these cultivars and analyzed population
parameters between the F1 and F3 generations. The findings revealed that all four F1 genera-
tion populations showed a preference for feeding and oviposition on sweet maize. However,
over time, S. frugiperda exhibited a stronger preference, in terms of feeding and oviposition
behaviors, for the natal host plant across three consecutive generations of rearing. The fall
armyworm completed its life cycle and oviposited on all four maize varieties over three
generations. The sweet cultivar population had the highest intrinsic rate of increase, finite rate
of increase, net reproductive rate, larval survival rate, pupation rate, eclosion rate, fecundity,
and pupal weight, while the silage cultivar population had the shortest larval stage, pre-adult
stage, and adult lifespan and the pupal weight and the fecundity were the lowest. Overall, the
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population fitness was the highest on the sweet cultivar, and the lowest on the silage cultivar.
Compared with F1, the F3 generation of the FAW had a significantly shorter developmental
duration in four maize cultivars. Except for the waxy maize cultivars, the fecundity of the
other three cultivars did not differ significantly between F1 and F3. This study provides
fundamental information on the trend of fall armyworm population changes in maize fields
and serves as a reference for rational maize cultivar planting decisions.

Keywords: insect–plant interactions; pest control; agricultural entomology; crop protection;
control technology

1. Introduction

The fall armyworm, Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae), is native to
tropical and subtropical regions in the Americas. In December 2018, the FAW was first detected
in Yunnan Province, China [1], and quickly spread to 26 provinces, autonomous regions, and
municipalities, posing a serious economic threat to China’s agricultural production [2]. The
FAW is an obligatory migratory insect with a strong long-distance migration ability, capable
of moving hundreds of kilometers between different regions and host plants. It can exist
continuously throughout the year in the tropical and subtropical regions of southern China [3];
however, when the temperature rises in spring, it migrates seasonally to the north with the
East Asian and Indian monsoons [4]. Due to its lack of diapause capacity and sensitivity to
cold, it cannot survive at extremely low temperatures and returns south after autumn [5].

The FAW is a herbivorous pest with a broad host range, including 353 host plant
species across 76 plant families, predominantly Gramineae, followed by Compositae and
Leguminae [6]. The FAW evolved into two distinct haplotypes in the Americas, with one
type primarily utilizing maize (Zea mays L.), sorghum [Sorghum bicolor (L.)], and cotton
(Gossypium hirsutum L.), while the other type utilizes rice (Oryza sativa L.) and various
forage crops [7,8]. Based on COI and Tpi gene analysis, the invasive Chinese population
was identified as the maize type [9]. At the end of 2018, there were 3609 authorized maize
cultivars in China, with a planting area exceeding 41 million hectares in 2019 [10]. A total
of 1.125 million hectares of crops in China were devastated by the FAW in 2019, resulting
in economic losses for the country’s maize production ranging from USD 5.4 to 47 billion
annually [11,12]. The FAW prefers maize as its host plant, causing damage at any stage,
particularly the young leaves and growth points. Adults prefer maize for oviposition, and
their larvae have significantly higher hatching and survival rates than on other plants [2].

Host selection by phytophagous insects is a complex process that involves multiple
factors. However, many insects tend to prefer natal plant species (on which they have
developed) when selecting plants for feeding or oviposition [13]. Hopkins’ host selection
principle (HHSP) states that environmental cues experienced by insects during their early
stages influence their behavioral choices in later developmental phases [14]. For example,
the feeding preferences of Perina nuda larvae are influenced by prior feeding experience,
particularly when encountering different host choices [15]. Insects’ prior experiences
with host plants can modify their subsequent feeding and oviposition behaviors through
learning [16,17]. However, these studies primarily focused on short-term trials (specific
developmental stages or a single generation) to explore the effects of host experience
on insect preferences. Whether learned behaviors emerge after multiple generations of
continuous feeding on the same host, or whether such prolonged feeding experiences
induce preference-driven shifts in host selection behavior, has often been overlooked.
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Host plant species are an important factor affecting insect population growth and out-
breaks. The relative adaptability of FAW populations to different host plants may result in
different local population dynamics, and the longevity, fecundity, and survival rates may
vary with the host plant on which the larvae feed. The effects of various host plants on FAW
fitness and population parameters are detailed in Acharya et al., Li et al., and Lu et al. [18–20].
According to various studies, there is a growing distinction in growth and development
patterns among successive generations as the number of generations increases [21,22]. How-
ever, many experiments only show comparisons between the first generation on different
host plants or between different generations feeding on the same variety. Nevertheless, the
influence of different maize cultivars on the host plant preference (larval feeding and adult
oviposition) and developmental parameters (such as stage-specific lifespan, pupal weight,
survival rate, and fecundity) of multiple generations of FAW populations has not been ad-
equately addressed. Therefore, it is necessary to conduct studies on multiple generations
of FAW populations to reflect the fitness of the FAW on different cultivars and the different
traits among the cultivars. This will result in more precise long-term population predictions
and will provide critical data for long-term FAW management.

The age-stage, two-sex life table provides a comprehensive and accurate description of
the performance of insect populations under specific experimental conditions [23]. Under
laboratory conditions, the age-stage, two-sex life table method was used to analyze the
FAW population that feeds on various maize cultivars and has been reared for multiple
generations. The F3 generation population’s growth and development indexes (including
developmental duration, pupation rate, eclosion rate, and fecundity in the adult stage) on
various maize cultivars will be assessed and compared to determine their relative fitness.
These research findings offer a basis for making informed decisions on planting various
maize cultivars and supply fundamental knowledge for comprehensive FAW management.

2. Materials and Methods

2.1. Insect

The experimental insects were raised in an artificial climate box at a temperature of
25 ± 1 ◦C, relative humidity of 65 ± 5%, photoperiod of 16 L: 8 D, and light intensity of
12,000 lux (No. PRX-450C; Ningbo Jiangnan Instrument Factory, Ningbo, China).

Newly hatched larvae were introduced into a plastic insect-rearing box with a calligra-
phy brush and fed artificial diet (Table A1 for formula component and quantity) [24]. The
first- to third-instar larvae were fed in groups, while the fourth- to sixth-instar larvae were
individually fed in round plastic boxes (25 mL, bottom diameter 3 cm, top diameter 4 cm,
height 3.5 cm). After the larvae pupated, the pupae were collected in a round plastic box
covered with sand until emergence, and newly emerged adults were placed in an insect
cage (35 cm × 35 cm × 35 cm) for mating. Adults were provisioned with a 15% honey
solution, and eggs were collected and placed in a ziplock bag for incubation and hatching.

Insect-rearing boxes, each containing different cultivar maize leaves (sweet, waxy, ordinary,
or silage), were provided to newly hatched FAW larvae that had been fed an artificial diet. The
larvae of the F1 and F2 generations were reared in groups in the insect box before the third instar
and individually reared in a plastic box after the third instar. The FAWs of generation F3 were
reared individually during the larval and pupal stages, and a bisexual life table was created.
They were observed every 24 h, the insect boxes were cleaned, and leaves were replaced.

2.2. Host Plants

The tested maize seeds were sweet cultivar (cv. Jinchaotian), waxy cultivar (cv. Jinxi-
annuo 6), silage cultivar (cv. Tongli 8), and common cultivar (cv. Dafeng 30). Four different
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cultivars of maize seeds were planted in plastic pots (50 cm × 35 cm × 25 cm), and substrate
nutrient soil was used for planting. The sowing depth was 5 cm, and the planting density
was 50 plants per pot. The maize plants were cultivated under natural outdoor lighting
conditions. Irrigation was performed at 2- to 3-day intervals. After the maize had grown to
the 5-leaf stage, young leaves were cut for feeding and testing. None of the host plants for
the test were exposed to any pesticides.

2.3. Determination of Spodoptera frugiperda Oviposition Preference

An oviposition preference assay was conducted using a cage experiment to evaluate
the oviposition preferences of female fall armyworm adults on four maize varieties. Maize
plants of the four varieties at the three-leaf stage with similar plant heights and leaf sizes were
randomly arranged at the four corners of a mesh cage (40 cm × 40 cm × 40 cm, 200-mesh). A
plastic Petri dish filled with cotton moistened with a 15% honey solution was placed at the
center of the cage. Eight newly emerged adult pairs (1:1 sex ratio) were introduced into the
cage and allowed to mate freely. The number of eggs deposited on each variety was recorded
48 h post-introduction, with data collected continuously for 5 days across three experimental
replicates. Plants were watered daily, and the honey solution was replenished as needed.
The formula for calculating the egg attachment rate was as follows: (number of eggs on a
single maize variety/total number of eggs across the four maize varieties) × 100%. The entire
experiment was conducted in a climate-controlled greenhouse at a temperature of 25 ± 1 ◦C,
relative humidity of 65 ± 5%, and a photoperiod of 16 L: 8 D.

2.4. Determination of Spodoptera frugiperda Feeding Preference

Feeding preference was assessed using the leaf disk assay. Plastic Petri dishes (15 cm
diameter) lined with filter paper were divided into four equal sections, each containing
maize leaf segments of equal weight that were moistened to maintain hydration. Ten
second-instar larvae starved for 6 h prior to the assay were placed at the center of each dish.
The experiment included ten replicates per treatment. The number of larvae feeding on each
variety was recorded after 24 h to calculate the feeding selection rates. The experimental
conditions were identical to those described in the Section 2.1.

2.5. Construction of Life Tables of Spodoptera frugiperda

Using the laboratory population life table method, we evaluated the effects of contin-
uous multi-generation rearing on different maize cultivars on the growth, development,
and reproduction of FAWs. F3 generation eggs that were continuously reared for multiple
generations with different maize cultivars were used as the test insects. After hatching, the
leaves of the four different maize cultivars were used to feed the larvae. Newly hatched
larvae were placed in plastic boxes for individual rearing. In the life table study, a total of
100 newly hatched larvae were used for each maize cultivar, each larva as a replicate. Maize
leaves were replaced every day, and larval survival, instar, pupation, eclosion, and other
parameters were recorded daily. The pupal weight was measured on the second day after
pupation. After emergence, adults of the same day (one female and one male) were placed
in a transparent plastic cup (250 mL, with a bottom diameter of 5 cm, a top diameter of 7.5
cm, and a height of 7 cm) for 1:1 pairing. The plastic cup was sealed with double-layer
degreasing gauze for female adults to lay eggs. A cotton ball soaked with 15% honey water
was hung in the plastic cup for adults to replenish nutrition and was replaced daily. On
the second day after mating, egg laying by the adults in the plastic cup was observed and
recorded. The eggs were collected daily until the adults died, and the lifespans of male and
female adults were recorded. The entire test was conducted in an artificial climate box with
a temperature of (25 ± 1) ◦C, relative humidity of (65 ± 5) %, and photoperiod of 16 L: 8 D.
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2.6. Life Table Data Analysis

The data for the experiment were collected and analyzed using the TWOSEX-MS
Chart 2022 software [25] (available at http://lifetablechi.com/software/, accessed on
9 January 2023). The age-stage-specific survival rate (sxj), age-specific survival rate (lx),
age-stage-specific fecundity (fxj), age-specific fecundity (mx), age-specific maternity (lxmx),
net reproductive rate (R0), intrinsic rate of increase (r), finite rate of increase (λ), mean
generation time (T), age-stage-specific life expectancy (exj), age-stage-specific reproductive
value (vxj), and other analytical data were processed and plotted [26,27]. All definitions,
equations, and references are listed in Table A2.

The mean and standard errors of each parameter were calculated by using the bootstrap
method supported by the TWOSEX-MS Chart software (with 100,000 bootstraps), and then the
paired bootstrap test was used to conduct significance analysis of differences in the data [28].

2.7. Data Processing and Mapping

The original data source was recorded and organized using Excel 2022, and then the original
data source was analyzed using the TWOSEX-MS Chart software and plotted using SigmaPlot
15.0 (SigmaPlot Software, San Rafael, CA, USA). Normality of feeding and oviposition preferences
were measured using the Kolmogorov–Smirnov test in SPSS v.27.0, then one-way analysis of
variance (significance level set at 0.05) was performed, followed by Duncan test comparisons
to determine significant differences. Percentage data were converted to the square root of the
arcsine before one-way analysis of variance (ANOVA) to meet the requirements of ANOVA.

3. Results

3.1. The Oviposition Preference of Spodoptera frugiperda on Four Maize Cultivars for Three
Consecutive Generations of Feeding Experiences

The oviposition preference of the FAW populations reared for three consecutive gener-
ations on the same maize cultivar exhibited significant changes (Table 1). The F1 generation
predominantly oviposited on sweet maize in all populations, but their preference gradually
shifted toward the original maize cultivar that they had previously fed on as generations
progressed. For instance, in the sweet cultivar and silage cultivar populations, significant
differences in egg-laying rates on the original maize cultivar were observed between the F1
and F3 generations (F = 6.00, d.f. = 2,6, p < 0.05; F = 6.62, d.f. = 2,6, p < 0.05). In the waxy
cultivar population, the egg-laying rate of the F3 generation on the original maize cultivar
significantly differed from that of the F1 and F2 generations (F = 5.40, d.f. = 2,6, p < 0.05),
whereas in the common cultivar population, the egg-laying rate of the F1 generation was
significantly different from that of the F2 and F3 generations (F = 5.40, d.f. = 2,6, p < 0.05).

Table 1. Oviposition preference (mean ± SE) of Spodoptera frugiperda adults on four maize cultivars
for three consecutive generations.

Population Generation
Maize Variety

Sweet Cultivar Waxy Cultivar Common Cultivar Silage Cultivar

F1 26.5 ± 0.4 b 24.9 ± 1.2 a 23.6 ± 1.0 a 25.0 ± 0.3 a
Sweet cultivar F2 28.7 ± 0.9 ab 24.3 ± 0.4 a 21.5 ± 0.3 a 25.5 ± 0.5 a

F3 31.3 ± 1.4 a 22.9 ± 1.2 a 21.5 ± 0.7 a 24.3 ± 0.8 a
F1 28.0 ± 1.1 a 23.2 ± 0.1 b 24.0 ± 0.9 a 24.8 ± 0.6 a

Waxy cultivar F2 27.0 ± 1.0 a 23.8 ± 0.6 b 24.0 ± 0.8 a 25.2 ± 0.5 a
F3 26.8 ± 0.8 a 26.2 ± 1.0 a 23.9 ± 1.8 a 23.2 ± 1.0 a
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Table 1. Cont.

Population Generation
Maize Variety

Sweet Cultivar Waxy Cultivar Common Cultivar Silage Cultivar

F1 27.8 ± 1.4 a 22.8 ± 0.7 a 25.2 ± 0.8 b 24.3 ± 0.3 a
Common cultivar F2 26.3 ± 0.9 a 22.8 ± 0.9 a 28.1 ± 0.8 a 22.8 ± 1.2 a

F3 27.0 ± 1.7 a 21.4 ± 1.1 a 28.2 ± 0.6 a 23.5 ± 1.9 a
F1 28.1 ± 2.0 a 22.7 ± 0.6 a 23.7 ± 1.0 a 25.5 ± 1.0 b

Silage cultivar F2 25.7 ± 0.3 a 22.2 ± 0.1 a 24.6 ± 0.7 a 27.5 ± 0.8 ab
F3 24.1 ± 0.5 a 21.7 ± 1.4 a 23.7 ± 0.7 a 30.5 ± 1.1 a

Different letters indicate significant differences in egg attachment rates among the F1, F2, and F3 generations of
the same Spodoptera frugiperda population on the same maize cultivar (one-way ANOVA, Duncan test, p < 0.05).

3.2. The Feeding Preferences of Spodoptera frugiperda Larvae on Four Maize Cultivars for Three
Consecutive Generations of Feeding Experiences

The feeding preferences of FAW larvae populations continuously reared on the same
maize cultivar for three generations exhibited different variations, either among different
cultivars within the same generation or among different generations on the same cultivar
(Figure 1). In all populations, the F1 generation larvae consistently demonstrated a feeding
preference for the sweet maize cultivar. However, their preference for natal host plants
gradually increases with successive generations. For example, populations reared on sweet,
common, and silage cultivars showed significant differences in larval feeding preference for
their natal maize cultivar in all generations (p < 0.05). Although no significant differences
were observed among the three generations in the waxy cultivar population, the preference
rate for natal hosts also exhibited an increasing trend with generational progression.
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Figure 1. Feeding preferences of Spodoptera frugiperda larvae on 4 maize cultivars for three consecutive
generations after 24 h. The data presented are mean ± SE. Statistical significance was assessed using
the Duncan multiple comparison test. The error bar in the figure is SE. (* p < 0.05, NS p > 0.05).
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3.3. Effects of Different Feeding Experiences on the Developmental Duration of
Spodoptera frugiperda

All FAWs were able to complete their life cycle when reared for multiple generations
with the four maize cultivars (Table 2). In the common cultivar treatment, the larval stage
(18.4 d), pupal stage (9.5 d), pre-adult stage (29.2 d), and total duration (37.4 d) were longer
than those in the other three treatments. This indicates that FAWs feeding on the common
cultivar developed relatively slowly.

Table 2. Development time, adult longevity, and total longevity of Spodoptera frugiperda reared on
four maize cultivars.

Developmental Stage
Maize Cultivar

n Sweet Cultivar n Waxy Cultivar n Common Cultivar n Silage Cultivar

Egg (d) 99 3.0 ± 0.0 a 99 3.0 ± 0.0 a 100 3.0 ± 0.0 a 100 3.0 ± 0.0a
1st instar (d) 96 2.9 ± 0.1 a 97 2.8 ± 0.0 a 98 2.9 ± 0.1 a 94 2.6 ± 0.1 b
2nd instar (d) 92 2.1 ± 0.0 b 95 2.0 ± 0.0 b 93 2.3 ± 0.0 a 93 2.2 ± 0.1 a
3rd instar (d) 91 2.2 ± 0.9 a 90 2.2 ± 0.1 a 91 2.3 ± 0.1 a 90 2.0 ± 0.1 b
4th instar (d) 90 2.5 ± 0.1 b 89 2.5 ± 0.0 ab 91 2.7 ± 0.1 a 86 2.1 ± 0.1 c
5th instar (d) 88 2.5 ± 0.0 a 89 2.2 ± 0.0 c 91 2.4 ± 0.1 ab 86 2.3 ± 0.0 bc
6th instar (d) 87 3.1 ± 0.1 a 84 3.0 ± 0.1 a 84 2.8 ± 0.1 b 83 3.0 ± 0.1 a
Total larval duration (d) 87 15.2 ± 0.1 a 84 15.0 ± 0.1 b 84 15.4 ± 0.1 a 83 14.3 ± 0.1 c
Prepupa (d) 84 1.2 ± 0.1 c 76 1.5 ± 0.1 a 80 1.4 ± 0.1 b 78 1.4 ± 0.1 b
Pupa (d) 72 8.7 ± 0.2 b 65 8.8 ± 0.1 b 68 9.5 ± 0.1 a 64 9.0 ± 0.1 a
Total immature duration (d) 72 28.1 ± 0.2 b 65 28.3 ± 0.2 b 68 29.2 ± 0.2 a 64 27.7 ± 0.2 c
Immature survival rate (sa) (%) 100 72 ± 4 a 100 65 ± 5 a 100 68 ± 5 a 100 64 ± 5 a
Female adult longevity (d) 39 8.5 ± 0.3 a 34 7.8 ± 0.4 a 33 8.2 ± 0.4 a 34 7.8 ± 0.3 a
Male adult longevity (d) 33 8.4 ± 0.4 a 31 7.6 ± 0.4 a 35 8.1 ± 0.3 a 30 7.2 ± 0.3 a
Female total longevity (d) 39 36.6 ± 0.3 a 34 34.7 ± 0.5 b 33 36.6 ± 0.5 a 34 34.3 ± 0.3 b
Male total longevity (d) 33 37.2 ± 0.4 a 31 37.4 ± 0.6 ab 35 38.1 ± 0.3 a 30 36.1 ± 0.4 b
Mean longevity (all individuals) (d) 100 31.4 ± 1.0 a 100 29.8 ± 1.0 ab 100 31.4 ± 1.0 a 100 28.6 ± 1.0 b

The data in the table are presented as mean ± SE. Different letters in the same row indicate significant differences
among different host plants (one-way ANOVA, paired bootstrap test, p < 0.05). Tables 2–4 are the F3 data of FA.

3.4. Effects of Different Feeding Experiences on Pupal Weight of Spodoptera frugiperda

There were significant differences (p < 0.05) in the pupal weights of different popu-
lations when the FAW was reared with the four maize cultivars after three consecutive
generations (Table 3). The pupal weight of both female and male insects was the highest on
the sweet cultivar treatment (152.6 mg and 159.8 mg, respectively), and the lowest on the
silage cultivar treatment (132.7 mg and 141.8 mg, respectively). The pupal weight of male
moths in all treatments was higher than that of the females. With data pooled together, the
pupal weight of the treatment on the sweet cultivar was still the heaviest at 155.9 mg, while
the pupal weight of the treatment on the silage cultivar was the lightest at 137.3 mg.

Table 3. Pupal weight of Spodoptera frugiperda reared on the four maize cultivars.

Sex
Pupal Weight (mg)

Sweet Cultivar Waxy Cultivar Common Cultivar Silage Cultivar F d.f. p

Female 152.6 ± 2.2 a 143.1 ± 3.8 b 142.7 ± 3.8 b 132.7 ± 3.2 c 6.83 3,118 <0.05
Male 159.8 ± 3.8 a 152.6 ± 4.9 ab 155.8 ± 4.0 a 141.8 ± 3.9 b 3.50 3,109 <0.05
Total 155.9 ± 2.1 a 147.63 ± 3.1 b 149.2 ± 2.9 ab 137.3 ± 2.6 c 8.67 3,231 <0.05

The data in the table are presented as mean ± SE. (One-way ANOVA, Duncan test, p < 0.05.) Different letters
indicate significant differences between the four cultivars of the same parameter.
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3.5. Effects of Different Feeding Experiences on the Survival of Spodoptera frugiperda

The larval survival, pupation, and eclosion rates of the F3 generation of the FAW
had different effects among the four treatments (Table 4). Compared with the other
three treatments, the sweet cultivar had the highest cumulative survival, pupation, and
emergence rates of larvae, which were 88.0%, 96.6%, and 85.7%, respectively. The silage
cultivar treatment had the lowest cumulative survival and emergence rates of larvae,
which were 83.0% and 82.1%, respectively. The waxy cultivar had the lowest pupation
rate (90.5%).

Table 4. Survival rate of Spodoptera frugiperda reared on four maize cultivars.

Maize Cultivar
Survival Situation

Total Larval Survival Rate (%) Pupation Rate (%) Emergence Rate (%)

Sweet cultivar 88.0 ± 3.6 a 96.6 ± 2.0 a 85.7 ± 3.8 a
Waxy cultivar 84.0 ± 3.6 b 90.5 ± 3.2 d 85.5 ± 4.1 a
Common cultivar 84.0 ± 3.2 b 95.2 ± 2.3 b 85.0 ± 4.0 a
Silage cultivar 83.0 ± 3.5 c 94.0 ± 2.6 c 82.1 ± 4.4 b
F 41.97 98.37 22.06
d.f. 3,396 3,396 3,396
p <0.05 <0.05 <0.05

The data in the table are presented as mean ± SE. (One-way ANOVA, paired bootstrap test, p < 0.05.) Different
letters indicate significant differences between the four cultivars of the same parameter.

3.6. Effects of Different Feeding Experiences on the Reproduction of Adult Spodoptera frugiperda

The adult preoviposition period (APOP) of the FAW reared on the silage cultivar treat-
ment was the longest at 4.4 d (Table 5). Compared with other treatments, the oviposition
days (Od) of the sweet cultivar treatment was the longest (Od = 3.7), the mean fecundity
of all female adults (F) and the mean fecundity of only reproductive female adults (Fr)
was the highest (F = 458 eggs/female, Fr = 596 eggs/reproductive female), while the Od of
the waxy cultivar treatment was the shortest (Od = 3.3 d), and the F of the silage cultivar
treatment was the lowest (F = 371 eggs/female).

3.7. Effects of Different Feeding Experiences on Life Table Population Parameters of
Spodoptera frugiperda

The mean generation time (T) showed a significant difference (p < 0.05), whereas the
net reproductive rate (R0), intrinsic rate of increase (r), and finite rate of increase (λ) were
not significantly different (p > 0.05) among the FAW populations reared on the four maize
cultivars (Table 5).

3.8. Parameters of the F1 and F3 Generations of Spodoptera frugiperda Feeding on Four
Maize Cultivars

The larval stage, pupal stage, total preoviposition period (TPOP), and mean generation
time (T) of the F3 generation of the FAW were significantly shorter than those of the F1
generation (p < 0.05, Table 5). The survival rate of the immature stage (Sa) and the net
reproductive rate (R0) of the F3 generation were similar to those of the F1 generation. The
intrinsic rate of increase (r) and finite rate of increase (λ) in the sweet, waxy, common, and
silage cultivars increased in the F3 generation, but only the increase in the silage cultivars
was significant (p < 0.05). The fecundity per female (Fr) and mean fecundity (F) of the
ovipositing female insects on the waxy cultivar decreased as the number of generations
increased, while those reared on the silage cultivar increased.
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3.9. Age-Stage Survival Rate of Spodoptera frugiperda with Different Feeding Experiences

The survival rates (sxj) of FAW populations continuously reared on the four maize
cultivars for three generations were relatively higher than those of the first generation
(Figure 2). The survival rates of the pupal stage reared on the sweet, waxy, common, and
silage cultivars were 85%, 78%, 80%, and 77%, respectively. At the initial adult stage, the
survival rate of female moths was higher than that of males, whereas the results in the later
stages were the opposite. Therefore, the total lifespan of the FAW on the waxy cultivar
and common cultivar after three generations of rearing was longer than that on the sweet
cultivar and silage cultivar populations.
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Figure 2. Age-stage survival rate (sxj) of Spodoptera frugiperda reared on four maize cultivars.
Figures 2–5 are the F3 data of FAW.

3.10. Age-Specific Survival Rate and Population Fecundity of Spodoptera frugiperda with Different
Feeding Experiences

Age-specific fecundity (mx) was the average number of eggs produced by the FAW
population (Figure 3). During the entire development process, the female on the silage
cultivar started to oviposit first, while on the common cultivar, it was the last to oviposit.
The peak values of the mx curves are 85, 62, 57, and 52, respectively. The mx value for the
sweet cultivar was the highest, whereas that of the silage cultivar was the lowest. The
parameter fx10 is the average daily egg production at age x stage 10. Here, the sweet cultivar
had the highest oviposition peak, whereas the silage cultivar had the lowest oviposition
peak. Finally, lxmx is the total number of eggs laid per female at age x and can indicate the
population fertility, considering the survival rate. The lxmx peak values for FAWs feeding
on the sweet cultivar, waxy cultivar, common cultivar, and silage cultivar were 52.36, 37.16,
36.89, and 28.62, respectively, and the first time of reproduction on the sweet cultivar was
the fastest among them.
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Figure 3. Age-specific survival rate (lx), female age-specific fecundity (fx10) (female adult is the 10th
stage), age-specific fecundity (mx), and age-specific net maternity (lxmx) of Spodoptera frugiperda reared
on the four maize cultivars.

3.11. The Expected Lifespan of the Population of Spodoptera frugiperda with Different
Feeding Experiences

Age-stage-specific life expectancy (exj) represents the expected lifespan of each indi-
vidual (Figure 4). The expected value curve for the silage cultivar dropped the fastest,
and the expected value of the starting lifespan at each stage was lower than that of other
populations, indicating that the growth rate of the FAW on the silage cultivar was faster
than that of other populations, which was the same as the result of the larval development
duration on the silage cultivar. In addition, the expected lifespan values of male adults in
the four FAW populations were higher than those of female adults.
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Figure 4. Population life expectancy (exj) of Spodoptera frugiperda reared on four maize cultivars.
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3.12. The Population Reproductive Value of Spodoptera frugiperda with Different
Feeding Experiences

The age-stage-specific reproductive value (vxj) refers to the average contribution of an
individual to future population growth (Figure 5). The reproductive value increased with
the larval instar number. The initial egg-laying reproductive values of the FAW population
reared on the sweet, waxy, common, and silage cultivars were 1.1656, 1.1623, 1.1578, and
1.1625, respectively, which were consistent with the finite rate of increase (λ) in the life
table parameters. The reproductive peaks of the FAW population appeared at 32–34 days
among the four treatments, which were (sweet cultivar, 32 days, 325 eggs/female), (waxy
cultivar, 30 days, 280 eggs/female), (common cultivar, 31 days, 302 eggs/female), and
(silage cultivar, 29 days, 246 eggs/female), respectively. The reproductive value peak of the
sweet cultivar was the highest but appeared the latest, and the peak of the silage cultivar
was the lowest but appeared the earliest. The egg-laying days of female adults on the
sweet, waxy, common, and silage cultivars were 11, 13, 12, and 13 days, respectively. The
peak reproductive value of female adults on the sweet cultivars was the highest, but the
reproduction duration was the shortest.
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Figure 5. Population reproduction value (vxj) of Spodoptera frugiperda reared on four maize cultivars.

4. Discussion

The results of this study revealed that F1 generation fall armyworm populations
reared on the four maize cultivars exhibited larval and adult preferences for sweet maize.
Relevant studies have shown that substrate characteristics, such as sweetness and hardness,
influenced oviposition choices, with a positive correlation observed between oviposition
preference and glucosinolate content in host plants, which may also explain the fall army-
worm’s preference for sweet maize [29,30]. With successive generations, the preference
hierarchy of the FAW for the four maize cultivars changed significantly and consistently
as larvae and adults gradually increased their feeding and oviposition activities on their
original host plants. This indicated that the FAW had learning behavior, and feeding
experience could induce preference-driven host selection, aligning with Hopkins’ host
selection principle (HHSP). Female onion flies (Delia antiqua) exhibit a strong preference
and deposit more eggs on their original host plant [13]. Conversely, when female tobacco
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hornworms (Manduca sexta L.) completed a single oviposition event on one of two host
plants (Datura wrightii or Nicotiana attenuata), they immediately selected the previously
experienced plant foliage when re-exposed to both options, demonstrating that a single
oviposition event can drive subsequent oviposition preference changes [31].

Host plants play an important role in the growth, development, and reproduction of
insects, and suitable hosts can improve the growth rate, survival rate, and fecundity of insect
offspring [32]. This experiment studied the effects of feeding on different maize cultivars
on the growth, development, and reproduction of successive generations of FAW until the
F3 generation. These results showed significant effects on the developmental duration of
each insect stage, pupal weight, survival rate, and oviposition of the FAW population reared
on the different maize cultivars. FAWs feeding on six rice cultivars resulted in significant
differences in larval development duration, pupal duration, pupation rate, adult lifespan, and
egg production [33]. These results showed that the larval stage and adult lifespan of FAWs
reared on sweet maize were both longer than those reared on waxy maize [34]. Similarly,
Zhang et al. indicated that special maize cultivars are more suitable for the growth and
development of FAWs than ordinary maize cultivars [35]. Compared to common maize
cultivars, these populations have stronger adaptability to waxy maize, which is consistent
with the results of our study. However, the larval stage and adult lifespan of FAWs feeding
on waxy maize are longer than those on common maize, which is contrary to the results
of this study, and might be caused by differences in cultivars or rearing patterns [10,36].
Generally, when an insect on a certain host plant has higher fitness, it will have higher rates of
development, survival, and reproduction. Although the growth and development speed are
faster when the FAW feeds on wheat (Triticum aestivum L.) than on maize, its food utilization
efficiency and population reproduction ability were all lower [37], which is similar to our
results showing that the larval development duration of the silage maize population was the
shortest, but the survival, pupation, and eclosion rates were the lowest.

The state of the pupa reflects the adaptability of the larva to a particular host or
environment, and the weight of the pupae reflects the insect’s appetite for the host plant [38].
The pupal weight and fecundity of female lepidopteran adults are positively correlated
with their adaptive potential [35]. The results of our study showed that the pupal weight
of the FAW differed significantly among the four maize cultivars (sweet maize > common
maize > waxy maize > silage maize). Meanwhile, the larval survival rate, pupal weight,
and egg production of female adults of FAWs fed sweet maize were significantly higher
than those fed waxy maize [34]. Additionally, the pupal weight and egg production of
FAWs fed on common maize were both higher than those of waxy maize [10]. These results
are consistent with those of our study. The female pupal weight on special maize cultivars
was higher than that of common maize cultivars [35]; however, in our study, the pupal
weight of waxy maize was lower than that of common maize, which may be related to the
nutritional quality or resistance among different maize cultivars. Other relevant studies
have shown that the change in pupal weight may be related to the amino acid content
among different cultivars. Cultivars with strong resistance generally have higher glutamic
acid content and lower tyrosine content, and the resulting pupal weight is lighter [39].

The biological parameters R0, r, λ, and T indicate the growth, development, repro-
duction, and survival changes in insects and the population growth ability in a specific
environment [40]. There were significant differences in the population parameters of FAWs
among different maize cultivars. Our results showed that the R0, r, and λ values were
highest on sweet maize. Similarly, the intrinsic rate of increase and net reproductive rate of
FAWs feeding on sweet maize were also higher than those on waxy maize [34]. In contrast,
Zhang et al. reported that the net reproductive rate and intrinsic rate of growth were

119



Insects 2025, 16, 719

waxy maize > sweet maize > common maize, which was different from the results of our
study [35]. This may be caused by different generations of FAW on the same host.

FAWs feeding on plants with secondary substances that are different from hosts for
multiple generations will cause changes in the activities of some enzymes in the insects
and have an impact on the growth and development of larvae [41]. When the FAW feeds
on Vicia villosa Roth, as the number of generations increases, its adaptability gradually
decreases until it cannot complete a subsequent generation or maintain its population at the
fourth generation [22]. When returned to the original host maize, the offspring displayed
reduced performance and loss of adaptation to their host. Although Bt cotton had a
negative impact on Spodoptera exigua Hübner for three continuous generations, the survival
rate and fecundity of adults increased significantly, and the lipase and trypsin activities of
the third generation were significantly lower than those of the first generation; however, the
activities of carboxylesterase and acetylcholinesterase were significantly higher than those
of the first generation [42]. This indicates that the enhancement of its adaptability may be
closely related to the enhancement of detoxifying enzyme activities rather than digestive
enzymes. Therefore, further verification is needed in the next research. Similarly, the pupal
weight, survival rate, fecundity, relative growth rate, and relative digestion rate of the third
generation were all significantly higher than those of the first generation when the larvae
of Helicoverpa armigera Hübner fed on high-gossypol cultivars [21]. The developmental
duration was prolonged with an increase in successive rearing generations when the guava
fruit fly (Bactrocera correcta Bezzi) was continuously reared indoors on an artificial diet [43].
After being fed rape pollen, the F1 and F2 generations of Micraspis discolor showed a lower
survival rate and female ratio, but the F3 and F4 generations had higher survival rates,
female ratios, and weights, suggesting that M. discolor gradually adapted to the pollen [44].

Developmental duration is critically important for insect survival, as prolonged expo-
sure to natural environments elevates the risk of biotic (e.g., pathogens and natural enemies)
and abiotic (e.g., natural disasters and adverse environmental conditions) stressors, which
may pose critical threats to their viability. Because the life table of the F1 generation of
FAWs has already been studied in our previous experiments, we measured the parameters
of the F3 generation in our study. By comparing our results with those of the F1 generation,
it can be seen that the developmental duration of the F3 generation of FAWs was shortened
significantly [45]. This indicates that the FAW can adapt to diverse plant species through
evolution, shortened developmental duration, and mitigated adverse factors affecting its
development, thereby enhancing its adaptability to different ecological regions.

In conclusion, since FAWs are a type of polyphagous pest that can damage different
crops and cultivars within a certain area, at the same time, long-term cultivation of a single
plant or cultivar may also aggravate the damage situation of FAWs. Therefore, it is necessary
to implement habitat regulation technology such as intercropping instead of a single crop
or variety in the field, or plant protective row plants at the edge of the field, to reduce the
possibility of multiple generations of FAWs completing their development on the same plant.
These strategies will reduce the loss of crop production due to the presence of FAWs.
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Appendix A

Table A1. Artificial diet formulation.

Component Quantity

Wheat germ powder 280 g
Soy protein powder 90 g
Yeast powder 35 g
Agar 25 g
Vitamin B complex 0.2 g
Cholesterol 12 g
Sorbic acid 2 g
Ascorbic acid 12 g
Methyl p-hydroxybenzoate 5 g
Formaldehyde 4 mL
Penicillin 0.2 g
Distilled water 1500 mL

Table A2. The definition, equation, and reference of population parameters used in this study.

Parameter Equation Definition and Reference

Age-specific survival rate (lx) lx =
m
∑

j=1
sxj

The probability that a newborn offspring
survives to age x. It includes female, male, and
those that died in the pre-adult stages; m is the
number of stages [40].

Age-specific fecundity (mx) mx =
m
∑

j=1
sxj fxj/

m
∑

j=1
sxj The mean fecundity of individuals at age x [40].

Net reproductive rate (R0) and
cumulative net reproductive
rate (Rx)

R0 =
∞
∑

x=0
lxmx, Rx =

x
∑

i=0
limi

R0 is the total offspring that an average
individual (including females, males, and those
that died in the pre-adult stage) can produce
during its lifetime [40]. Rx is the total offspring
that an average individual can produce from
age 0 to age x.

Intrinsic rate of increase (r)
∞
∑

x=0
e−r(x+1)lxmx = 1

The population growth rate as time approaches
infinity and the population reaches the stable
age-stage distribution (SASD). It is calculated
by using the Euler–Lotka equation with age
indexed from 0 [40].

The finite rate of increase (λ) λ = er

The population growth rate as time approaches
infinity and the population reaches a stable
age-stage distribution. The population size will
increase at the rate of λ per unit time [40].

Mean generation time (T) T = ln R0/r

The time length that a population requires to
increase to R0-fold of its size as time
approaches infinity and the population settles
down to a stable age-stage distribution [40].
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Table A2. Cont.

Parameter Equation Definition and Reference

Age-stage life expectancy (exj) exj =
∞
∑

i=x

m
∑

y=j
s′ iy

The time length that an individual of age x and
stage j is expected to live. The notation s′ iy is
the probability that an individual of age x and
stage j will survive to age i and stage y. It is
calculated according to Chi and Liu (1985) by
assuming sxj = 1 [26,40].

Age-stage reproductive value
(vxj) vxj =

er(x+1)

sxj

∞
∑

i=x
e−r(x+1)

m
∑

y=j
s′ iy fiy

The contribution of an individual of age x and
stage j to the future population [27].
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Simple Summary

Insects use chemical compounds for communication, and sex pheromone is one of the
most important signals used by males and females to find each other for mating purposes.
The corn leafhopper, Dalbulus maidis, is an insect vector that transmits pathogens causing
diseases in maize crops, but it was unknown whether it uses sex pheromones in their
communication. In this study, we tested whether D. maidis produces volatile compounds
that attract the opposite sex. We collected volatiles from live insects and evaluated their
influence on the behavioral responses of conspecifics. We found that males produce odors
that attract females. Interestingly, males avoided odors emitted by stressed females, which
may suggest the release of an alarm pheromone. These findings highlight for the first
time the role of semiochemicals in intraspecific D. maidis communication, and open new
perspectives for the development of monitoring and management tools targeting this
important pest.

Abstract

Insects use chemical compounds to communicate with conspecifics and other organisms.
The corn leafhopper, Dalbulus maidis (Hemiptera: Cicadellidae) (DeLong & Wolcott), is
an important pest in Brazilian maize crops due to its role as a vector of phytopathogens.
Despite its economic importance, the chemical communication between sexes in this
species remains to be elucidated. This research aimed to unveil whether D. maidis produces
chemical compounds that influence the behavior of the opposite sex and may act as sex
pheromones. To evaluate the influence of these volatiles, olfactometer bioassays were
conducted as dynamic headspace volatile collections from live insects. Results showed
that both male and female leafhoppers emit volatile compounds; however, no sex-specific
compounds were detected. Females were attracted to male odors and male aeration extracts,
suggesting males produce sex-specific volatiles. Interestingly, males avoided odors from
non-acclimated females, which may indicate possible alarm pheromone release. Although
the compounds were not identified, this is the first study to demonstrate intraspecific
chemical communication in D. maidis mediated by volatiles, and the first such record in
Membracoidea. These results contribute to understanding the pest’s biology and support
the development of monitoring and control strategies in maize crops.

Insects 2025, 16, 1021 https://doi.org/10.3390/insects16101021125
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1. Introduction

Insects rely on chemical communication to interact with conspecifics (pheromones) or
with organisms from other species (allelochemicals) [1,2]. Sex pheromones are chemical
compounds released by sexually mature individuals that function to stimulate the opposite
sex for mate location and copulation. These pheromones can also convey information about
mate recognition, attraction, reproductive status, and the fitness of the emitter [3].

The corn leafhopper, Dalbulus maidis (DeLong & Wolcott), is a phloem-feeding insect
that primarily causes indirect damage to maize Zea mays L., its main host plant [4], due
to its ability to efficiently transmit the pathogens associated with the corn stunt disease
complex. These include corn stunt spiroplasma (CSS, Spiroplasma kunkelii), maize bushy
stunt phytoplasma (MBSP, ‘Candidatus Phytoplasma asteris’), as well as maize rayado
fino virus (MRFV) and maize striate mosaic virus (MSMV) [4–6]. Currently, no curative
management measures are available for these diseases [7,8].

The mating behavior of D. maidis has been previously described, including the use
of vibrational and acoustic signals during courtship [9,10]. However, no studies have
investigated whether this species emits long-range chemical signals, like sex pheromones,
considering that the acoustic signals produced by D. maidis are transmitted only over short
distances when both sexes are on the same substrate [9]. Chemical communication is,
nevertheless, known to play a role in host plant selection by D. maidis [11,12].

Although several studies have demonstrated the use of acoustic signals among leafhop-
pers, for a long time, there was no evidence of molecules functioning as sex pheromones
in any species within the group (Hemiptera: Auchenorrhyncha: Cicadomorpha). This
scenario began to change about a decade ago with the identification of an aggregation
pheromone in Callitettix versicolor (Fabricius) [13], and, more recently, the first evidence of
sex pheromones was reported for Philaenus spumarius (L.), although the chemical structure
has not yet been identified [14].

Due to their high specificity and the remarkable sensitivity of insect olfactory systems,
sex pheromones have been widely studied as tools for agricultural pest management [15,16].
Since it is a vector insect, there is no established economic threshold for D. maidis, and its
management still relies primarily on the systematic use of chemical insecticides during the
early stages of maize cultivation, which is the critical period for pathogen transmission [12,17].
Therefore, alternative control strategies are urgently needed, including the potential use of sex
pheromones for monitoring and management.

In this context, the objective of this study was to investigate whether D. maidis emits
volatile compounds that can influence the behavioral response of conspecifics, with a
particular focus on the presence of a sex pheromone.

2. Materials and Methods

2.1. Corn Leafhopper-Dalbulus Maidis

Dalbulus maidis (DM) used in this study were obtained from a colony established in
2022 at Embrapa Cerrados (Planaltina, DF, Brazil), originally collected from adult individu-
als in experimental maize fields (15◦36′16”S, 47◦42′38”W). The colony was subsequently
decontaminated following the recommended procedures [18] to eliminate potential carriers
of pathogens (mollicutes and viruses), ensuring a healthy colony.
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The individuals used in the experiments were randomly selected from adult insects,
without controlling for age, reproductive status, or mating history. To determine the sex,
insects were placed in glass tubes and examined under a stereomicroscope. Females were
identified by the presence of an ovipositor at the tip of the abdomen (Figure S1).

2.2. Maize

Maize plants of the Synthetic Spodoptera (SS) genotype were used in the experiments
since their herbivore-induced plant volatiles are well known [19]. The seeds were obtained
from the germplasm bank of Embrapa Maize and Sorghum (Sete Lagoas, MG, Brazil)
and were sown in plastic pots (0.3 L) with a mixture of natural soil (Latosol) and organic
substrate (Max Fertil, Santa Catarina, Brazil, composition: pine bark, natural phosphate,
carbonized rice husk, vermiculite, chemical fertilizer NPK) in a proportion of 1:1 w/w,
without post-fertilization. Plants were kept in a greenhouse (Brasília, DF, Brazil) under
natural conditions of temperature, humidity, and photoperiod (14L/10D; Brasília, DF,
15◦46′46′′ S and 47◦55′46 W) and manually irrigated with a watering can every two days.
For experiments, plants were used at the V2 stage (two expanded leaves, 4 to 7 days
after germination).

2.3. Volatile Collection

Volatile organic compounds (VOCs) emitted by D. maidis were collected using dynamic
headspace aeration systems across two experimental sets that lasted for 2 weeks each.
In the first experimental set three treatments were established: DM: 100 unsexed adult
leafhoppers; DM-Maize: 100 unsexed adults plus one maize plant at V2 growth stage, and
Maize: a maize plant at the V2 stage. The objectives were as follows: DM to assess volatiles
emitted exclusively by the leafhoppers; DM-Maize to evaluate whether volatiles are only
emitted in the presence of a food resource; Maize to identify and exclude volatiles released
by the plant itself. For each treatment 20 replicates were conducted. The maize plants
were placed intact in the system, with aluminum covering the soil to prevent volatiles from
originating from the soil or roots (Figure S2).

In the second experimental set, two other treatments were conducted: volatiles were
collected from 100 males or 100 females and another with one maize plant at the V2 growth
stage, these treatments were called: DM-Male (100 males) and DM-Female (100 females).
For each treatment 10 replicates were conducted.

All treatments were conditioned in glass chambers (2L volume; 14 cm × 24 cm) con-
nected to a system supplied with charcoal-filtered air (4–20 mesh, Supelco, Pennsylvania,
USA) at a constant flow rate of 1.0 L min−1. Simultaneously, a vacuum pump (LGI-DVP-1,
ultimate vacuum 200 mbar, pumping speed 60 L/min, LGI Scientific, São Paulo, Brazil)
maintained an outflow of 0.8 L min−1, ensuring continuous air circulation through the
chamber and directing volatiles into an adsorbent tube filled with HayeSep Q (polydivinyl-
benzene copolymer, 100 mg, 80–100 mesh, Supelco, PA, USA).

Volatiles trapped on adsorbent filters were eluted every 24 h with n-hexane, with
72 h accumulations during weekends. All insects and plants were replaced weekly with
new ones. For the DM treatment, which did not include maize plants, six replicates were
conducted, and with volatiles collected for 24 h, due to high mortality (individuals typically
died after 24 h without food).

2.4. Chemical Analysis

All volatile samples were analyzed using an Agilent 7890A gas chromatograph
equipped with a flame ionization detector (GC-FID) and a non-polar DB-5MS column
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(30 m × 0.25 mm ID, 0.25 μm film thickness, Supelco, PA, USA). The oven temperature
was initially set at 40 ◦C for 2 min, then ramped at 5 ◦C min−1 until reaching 180 ◦C, held
for 0.1 min, followed by an increase of 10 ◦C min−1 to 250 ◦C, where it was held for 20
min. The injector was set to 250 ◦C and the FID to 270 ◦C. Each sample (2 μL) was injected
in splitless mode, with helium as the carrier gas. Chromatographic data acquisition was
performed using the GC ChemStation software (Agilent, Santa Clara, CA, USA, version
2.4). For qualitative analyses selected volatile samples was analyzed using an Agilent
5975 mass selective detector (GC-MS) (Agilent, Santa Clara, CA, USA) coupled with a
quadrupole mass analyzer, equipped with the same non-polar DB-5MS capillary column
(30 m × 0.25 mm ID, 0.25 μm film thickness; J&W Scientific, Folsom, CA, USA). Injections
were performed in splitless mode with 2 μL of sample, and helium was used as the car-
rier gas. Ionization was conducted by electron impact (EI) at 70 eV, with the ion source
temperature set at 230 ◦C. The oven program followed the same temperature profile as
the GC-FID analyses: 40 ◦C for 2 min, ramped at 5 ◦C min−1 to 180 ◦C, followed by 10 ◦C
min−1 to 250 ◦C, with a final hold of 20 min. Data acquisition and analysis were conducted
using the MassHunter Qualitative software (version 10.1, Agilent, Santa Clara, CA, USA).
Compound identification was performed by comparing the mass spectra to those in the
NIST library [20] and to published spectra, along with retention index calculations based
on the DB-5MS column. Tentative identifications were confirmed by co-injection with
authentic standards, either commercially sourced or synthesized in-house.

2.5. Chemicals

Authentic chemical standards of decane (99%), tetradecane (99%), pentadecane and
hexadecane (99), octanal (≥98.0% (GC)), nonanal (98%), decanal (98%), dodecanal (97%),
camphene (95%), α-pinene (98%), β-pinene (99%), 3-carene (≥90%), limonene (97%), methyl
salicylate (99%), 6-methyl-5-hepten-2-one (99%), β-caryophyllene (98%), geranylacetone
(97%) and cyclosativene (99%) were purchased from Sigma-Aldrich (Steinheim, Germany).
Linalool was purchased from TCI America (Portland, USA). (E)-4,8-Dimethylnona-1,3,7-
triene (DMNT) (95%) was synthesized from geraniol [21]. The solvent hexane (97%) was
purchased from Sigma-Aldrich (Steinheim, Germany) and redistilled before use.

2.6. Olfactometer Bioassays

To assess whether D. maidis is attracted to the opposite sex through chemical
cues, olfactometer bioassays were conducted using a Y-shaped dual-choice olfactome-
ter (19 cm × 19 cm; choice arms: 7 cm × 1.7 cm; main arm: 5 cm × 1.7 cm, Acrilico Arte,
Brasília, DF, Brazil). Before the experiments with the odor sources, the behavioral response
of insects of both sexes were evaluated when exposed to clean air to assess any potential
bias that might affect their choice. Then, female and male responses were tested separately
by contrasting the odor of 20 live males or 20 live females and clean air in the following
pairs: air–air, male–female, male–air, and female–air. Odor sources were generated by
placing the insects inside a 40 mL glass container (5 cm × 6 cm) without food. The insects
were transferred to the experimental arenas using an insect mouth aspirator [18], from the
rearing cages to glass tubes, and, subsequently, to the olfactometers.

Initially, insects were placed into the containers and bioassays were immediately
started in the afternoon (n = 30). One insect (male or female) was released at the entrance
of the olfactometer, and its behavior was monitored for 10 min. Because the odor source
insects in the glass container were highly mobile, bioassays were repeated using acclimated
individuals. Acclimation was achieved by keeping the insects intended as odor sources
inside the container for two hours. After this period, the odor sources were connected to
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the olfactometer, resulting in clearer response behaviors from the test insects toward the
odors being evaluated.

Since only females had been attracted to the odor of live males in the previous experi-
ment, they were tested with a mixture (10 females and 10 males together) versus males,
as well as with male aeration extracts (obtained from 24 h volatile collections, DM-Male)
against n-hexane. For male aeration extract bioassays, 5 μL of DM-Male samples (equiva-
lent to the aeration of 20 individuals) were applied to a paper filter (0.5 cm × 0.5 cm) and
compared to 5 μL of n-hexane. The paper filters were placed in glass containers (20 mL;
3 cm × 3 cm) and connected to the system. After three bioassays (10 min each), the filter
papers containing the 5 μL of the sample, volatile or hexane, were replaced with new ones.

Thirty different individuals of the tested sex were used to evaluate their choice in
response to the odor treatments. The parameters measured were first choice (the first arm
entered for more than 30 s) and residence time (total time spent in each arm). Individuals
that made no choice within this period were classified as non-responsive and excluded
until 30 bioassays with a choice were obtained. To avoid contamination with chemical
cues, the olfactometer was cleaned after every five bioassays, and odor source positions
were alternated to prevent side bias. A maximum of 10 bioassays were conducted per
day to minimize the influence of environmental factors such as temperature, humidity,
atmospheric pressure and insect condition. All bioassays were performed between 14:00
and 17:00 h.

2.7. Statistical Analyses

Olfactometers bioassays data were analyzed using a chi-square test for first choice and
paired t-tests for residence time with a 95% level of confidence; all tests were conducted on
the R platform [22].

3. Results

3.1. Bioassays

Insects of both sexes exhibited no directional preference when exposed solely to clean
air on both sides in olfactometers (females: χ2 = 0.31, p = 0.57; t-test = 0.41, p = 0.2; males:
χ2 = 0.043, p = 0.83; t-test = 0.55, p = 0.58).

Females discriminated between males and females, being attracted to males (χ2 = 6.533,
p = 0.01; t-test = 3.03, p = 0.005), however, they did not differentiate males from the mixture
of males and females (χ2 = 0.533, p = 0.46; t-test = 1.69, p = 0.1) (Figure 1A and B). When
exposed to the odor of non-acclimated males, D. maidis females did not show a preference
for male odor compared to air in terms of first choice (χ2 = 3.33, p = 0.067), but they
spent significantly more time in the arm containing male odor (t-test = 25.299, p = 0.017)
(Figure 1A and B). Using the odor of acclimated males, females corroborated the previous
results with non-acclimated males, and showed a clear preference for male odor, both in
first choice (χ2 = 10.8, p = 0.001) and in residence time (t-test = 33.104, p = 0.002) (Figure 1A
and B). Females also showed a preference to male aeration extract compared to hexane
(χ2 = 8.533, p = 0.003; t-test = 3.023, p = 0.005). Finally, females did not show a significant
preference for female odor compared to air (χ2 = 0.142, p = 0.705; t-test = -1.145, p = 0.261).

Males exhibited avoidance behavior toward female odor when females were not
acclimated for a two-hour period (Figure 2A and B). They showed a significant preference
for the arm releasing clean air over the odor of 20 females, both in first choice (χ2 =
4.8, p = 0.024) and residence time (t-test = 22.838, p = 0.03). On the other hand, when
females were acclimated, males showed no attraction either to female odor or to clean air,
displaying no significant preference (χ2 = 0.133, p = 0.718 for first choice; t-test = 0.972, p
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= 0.338 for residence time). They did not discriminate between males and females (χ2 =
0.133, p = 0.715; t-test = –0.09, p = 0.924), nor when exposed to male odor, showing no side
preference (χ2 = 0.615, p = 0.432; t-test = –0.267, p = 0.791).

Figure 1. (A) First choice of Dalbulus maidis females in dual-choice olfactometer bioassays between
different odors sources: 20 males, 20 females, 10 males and 10 females, clean air, male aeration extract
and n-hexane (n = 30). (B) Mean residence time of females during the bioassays. * indicates p < 0.05,
** p < 0.01 and *** p < 0.001 for chi-square tests (A) and t-tests (B). Error bars represent the standard
error of the mean. R/T indicates the number of responsive/total number of bioassays conducted.

Figure 2. (A) First choice of Dalbulus maidis males in dual-choice olfactometer bioassays between
different odor sources: 20 males, 20 females and clean air (n = 30). (B) Mean residence time of
males during the bioassays. * indicates p < 0.05 for chi-square tests (A) and t-tests (B). Error bars
represent the standard error of the mean. R/T indicates the number of responsive/total number of
bioassays conducted.

3.2. Volatiles

A total of 30 volatile compounds were identified from headspace collections containing
either male or female D. maidis individuals that were similar for both sexes (Figure 3). The
chemical profile of volatiles obtained when only the insects were used for volatile collection,
did not show a qualitative difference between both sexes. The main compounds identified
were monoterpenes like α (2) and β (4) pinenes, limonene and linalool (14), sesquiterpenes
like β-caryophyllene and aldehydes (Figure 3). The chemical analysis of volatile samples
conducted with both sexes did not show differences compared with when the insects
had their volatiles collected and separated by sex. When maize plants were used as food
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sources for the insects during the volatile collections, we did not detect different compounds
that could be attributed to the insects. The new peaks observed in the chromatographic
profile in the presence of both insects and maize plants were associated with plant-derived
compounds, such as DMNT (16) and cyclosativene (26) (Figure 3).

Figure 3. Chromatograms of headspace collections from males, females, both sexes and both sexes
with maize plants analyzed by gas chromatography coupled with mass spectrometry (GC-MS). X indi-
cates phthalate group contaminants. 1–β-thujone, 2–α-pinene, 3–camphene, 4–β-pinene, 5–6-methyl-
5-hepten-2-one, 6–2-pentylfuran, 7–decane, 8–octanal, 9–3-carene, 10–p-cymene, 11–2-ethyl-1-hexanol,
12–limonene, 13–γ-terpinene, 14–linalool, 15–nonanal, 16–DMNT: (E)-4,8-dimethyl-1,3,7-nonatriene,
17–2-ethylhexyl acetate, 18–NI-1, 19–terpinen-4-ol, 20–methyl salicylate, 21–dodecane, 22–decanal,
23–4-phenyl-2-butanol, 24–NI-2, 25–NI-3, 26–cyclosativene, 27–tetradecane, 28–dodecanal, 29–(E)-β-
caryophyllene, 30–geranylacetone, 31–pentadecane, 32–tridecanal, 33–hexadecane, 34–tetradecanal,
35–heptadecane, 36–pentadecanal.. NI = non-identified.

4. Discussion

The bioassay results showed that female corn leafhoppers, D. maidis, can discriminate
between males and females through volatiles, moving toward the odor of live males and
male aeration extracts, thereby suggesting that males produce volatiles functioning as a
pheromone. Males were not attracted to these conspecific volatiles of both sexes, as the
females did not respond to the odor of other females, supporting the hypothesis that these
compounds are only released by males and act as sexual attractants exclusively for females.
The chemical analysis of volatile samples containing the volatiles emitted by D. maidis
did not identify male-specific compounds that could explain this attraction. It is possible
that the male-specific compounds are produced in very tiny amounts, below the detection
limits of the equipment used. While the behavioral assays strongly suggest a role in sexual
attraction, the precise function as a sex pheromone remains to be confirmed until the active
compound is chemically identified and the behavioral role of the synthetic pheromone
is evaluated.

In both conditions used to collect volatiles from males and females, the main com-
pounds identified were aldehydes, monoterpenes, and linear hydrocarbons. No sex-specific
compounds were observed between the volatile profiles of males and females collected
without food and those of males and females collected with food. In samples with and
without food we mainly found compounds related to maize plant emissions, such as cy-
closativene and DMNT. The presence of these compounds, even in the absence of maize
plants, may be related to honeydew excretion by the leafhoppers, which could not be
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controlled under our methodology. In Lycorma delicatula (White) (Fulgoridae), honeydew
volatiles released by males can attract conspecific males [23]; therefore, this may represent
a form of chemical communication in Auchenorrhyncha insects.

The absence of food can influence pheromone production, as demonstrated by [24].
The stink bug Euschistus heros (Fabricius) ceases sex pheromone production after remaining
more than 24 h without food, before this period males of E. heros cotinue producing the sex
pheromone. In the present study, we were not able to identify sex pheromone compounds
and, therefore, cannot determine precisely whether the absence of food affects or not
pheromone emission. All insects used in the experiments were fed until the start of the
assays, remained without food for only 24 h; thus, we hypothesized that at least during
the first hours of the aeration, the insects had physiological conditions to produce and
emit semiochemicals.

Male of leafhoppers mate multiple times throughout their lives [9]. Therefore, it is
reasonable to expect that mated individuals may continue producing and emitting sex
pheromones. The results obtained in this study appear to support this hypothesis, as part
of the insects used were mated and males were still able to attract females in olfactometer
bioassays, even though females mate only once in their lives [9]. Further research should
be conducted using virgin males and females to assess whether virgin individuals exhibit
stronger behavioral responses in bioassays and whether they produce higher levels of sex
pheromones. However, this attraction, even in mated females, should be considered an
advantage for potential control methods in the field.

Mating communication in leafhoppers (Auchenorrhyncha) has been characterized
primarily by acoustic and vibrational signals [25–27]. However, multiple studies have
demonstrated the use of chemical cues in these insects for host-plant location [28,29],
including in D. maidis [11,12]. Only recently has evidence emerged for the presence of sex
pheromones within this suborder. In 2022, the first indication of a sex pheromone was
reported for P. spumarius (Hemiptera: Auchenorrhyncha: Aphrophoridae), where males
were attracted to female odors in Y-tube olfactometer assays [14]. Similarly, L. delicatula
males were shown to be attracted to female body extracts in Y-tube bioassays [30]. In
addition, some studies with D. maidis in maize fields using sticky cards collected more
males, which was attributed to males being caught in traps while searching for mates
and attempting copulation [31,32]; even this cannot be confirmed only by sticky cards. In
another study, the escape behavior of D. maidis was not affected by sex [33], indicating
that the species exhibits variation in different aspects and warrants further investigation to
better understand the searching behavior of males and females over both short and long
distances. Our results may reflect short-distance attraction mediated by pheromone, since
the distance from the odor source to the olfactometer was less than 50 cm.

The mating behavior of D. maidis has been previously studied, including sexual
behavior and the role of vibrational and acoustic signals [9,10]. Notably, male behaviors
such as wing fanning are more pronounced than those of females, which the authors
believed might be associated with the release of medium-range chemical signals [9]. This
supports our findings in the present study, showing that females are attracted to male
odor even in the absence of visual or acoustic cues, demonstrating intraspecific chemical
communication in this species. To the best of our knowledge, this is the first study to
demonstrate the potential role of volatiles in sexual attraction within the superfamily
Membracoidea, suggesting the presence of a pheromone in D. maidis.

The results obtained with non-acclimated females could suggest the existence of an
alarm pheromone. This is supported by the observation that males preferred clean air
over the odor of stressed female conspecifics, indicating avoidance of environments that

132



Insects 2025, 16, 1021

may signal potential threats [34]. Leafhoppers may use chemical cues to mediate various
behaviors, as it is common to observe aggregations of individuals on the same maize plant,
similar to aphids, which rely on multiple chemical signals [35]. Likewise, aggregated
treehoppers also release alarm pheromones, but only when their body wall is pierced, such
as during a predator attack [36].

This study demonstrates that chemical communication plays a role in the reproductive
behavior and attraction of D. maidis, alongside acoustic signaling. Given that insects
must locate mates over long distances, it is reasonable to propose that many members of
Auchenorrhyncha may also rely on chemical signals. These findings highlight the need for
further investigation into chemical communication in this group.

Sexual pheromones are currently employed in various control strategies [37], including
mass trapping with pheromone-baited traps, as is the case for Tuta absoluta (Meyrick) [38]
mating disruption, which involves the release of synthetic pheromones in the field to reduce
mate location and copulation rates [39], population monitoring [40–42] and attract-and-kill
techniques [43]. Even in the absence of identified sex pheromones, chemical-based control
strategies have been developed for other leafhopper species. For instance, a pushh–pull
system using plant volatile compounds has been proposed for the tea green leafhopper
Empoasca flavescens (Cicadellidae) [44,45]. Another system with L. delicatula showed effective
trap attraction using pheromone lures based on body extracts to capture males and females
during the oviposition period [46].

In this way, these findings are a step toward advancing knowledge of the chemical
communication of D. maidis to understand their biology and ecology. Furthermore, it is
also a possibility to develop new strategies to monitor or control this pest using chemical
signals or extracts from living insects, specifically to capture females.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/insects16101021/s1, Figure S1: Male and female of Dalbulus maidis; Figure
S2: Volatile sampling system for Dalbulus maidis.
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