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Abstract. The velvetbean caterpillar, Anticarsia gemmatalis, is one of the major insect pests causing defoliation in soybean crops.
Alternative strategies have been explored to reduce insect damage, including the use of protease inhibitors (Pls) that act as anti-
nutritional factors. The tripeptide GORE-2, designed based on the soybean SKTI PI, exhibits enhanced protease inhibitory activity
and reduces caterpillar survival. To investigate the molecular response to these Pls, we analyzed gene expression profiles using
RNA-Seq. Both SKTI and GORE-2 induced extensive transcriptional reprogramming in the midgut after 24 h of exposure. The
response patterns were generally similar, with changes in the expression of genes encoding digestive proteases and defense-
related proteins, particularly those involved in peritrophic matrix protection and regeneration. However, SKTI elicited a more robust
activation of defense signaling pathways, suggesting a stronger ability to trigger protective responses. This may explain the great-
er efficacy of GORE-2 in inhibiting proteolysis and reducing caterpillar survival potentially involving both amino acid starvation
signaling and broader perception mechanisms developed to detect soybean-derived deterrents. As a mimetic tripeptide, GORE-2
may engage these pathways less efficiently. Notably, genes associated with detoxification and oxidative stress were more highly
expressed in response to GORE-2, highlighting an additional advantage of using synthetic or mimetic protease inhibitors.

1. INTRODUCTION 2024). These patterns of tolerance have driven the adoption

Anticarsia gemmatalis Hiibner (Lepidoptera: Noctui- of new chemistries: anthranilic diamides and oxadiazines

dae) is a pest insect that causes the defoliation of several
crops, mainly soybean, leading to significant economic
losses (Fernandes et al., 2018; Plata-Rueda et al., 2020).
Chemical insecticides are a relevant tool facing this chal-
lenge and are effective against several pests, mainly cater-
pillars (Fernandes et al., 2018; Bel et al., 2019). However,
in the larvae of 4. gemmatalis, reduced susceptibility has
been documented to older classes of synthetic insecticides,
particularly organophosphates and carbamates, as well as
pyrethroids, indicating a species-specific acquisition of re-
sistance mechanisms (Boaventura et al., 2020; Lima et al.,

to restore effective control, requiring alternatives to reduce
human health toxicity and cause less environmental con-
tamination (Campos et al., 2019; Boaventura et al., 2020).

New strategies to mitigate pest damage have focused on
the development of bioinsecticides, which show great po-
tential due to their ability to limit caterpillar development
while exhibiting lower toxicity compared to conventional
chemical insecticides (Merifo-Cabrera et al., 2018; da
Silva Junior et al., 2020). Notable examples of bioinsec-
ticides include Bacillus thuringiensis (Bt) toxins derived
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from microbial sources (Pezenti et al., 2021) and protease
inhibitors (PIs).

PIs are proteins or peptides with insecticidal activity that
can be naturally produced by plants or synthesized chemi-
cally. They represent one of the most abundant classes of
natural defenses used by plants against insect herbivory
(Zhao et al., 2019). A well-known example is the Soy-
bean Kunitz Trypsin Inhibitor (SKTI). The expression of
PIs in soybean is induced by mechanical damage caused
by the chewing action of phytophagous insects (Kuwar et
al., 2015; Merifio-Cabrera et al., 2022). These mechanical
stimuli activate plant defense signaling pathways, notably
the lipoxygenase cascade (Mahanta et al., 2025), leading
to increased synthesis of PlIs. Once ingested, SKTI inhib-
its specific catalytic sites of midgut digestive enzymes,
decreasing the availability of essential amino acids that
are crucial for insect growth and physiological functions
(Kuwar et al., 2015; Mendonga et al., 2020).

However, large-scale field application of PI-based bioin-
secticides remains challenging due to their inherent in-
stability under environmental conditions, short shelf-life,
and high production costs, which collectively hinder their
widespread adoption in agriculture (Qu et al., 2022). Fur-
thermore, the co-evolutionary dynamics of plant-insect in-
teractions have driven insects to develop adaptive respons-
es to PI exposure. Insects such as caterpillars respond by
upregulating protease expression (Shakeel & Zafar, 2020)
and synthesizing new enzyme isoforms that evade inhibi-
tion (Coura et al., 2022). These strategies enable insects to
compensate for nutrient limitations and maintain digestive
efficiency, thus demonstrating a degree of physiological
plasticity in adapting to plant defenses (Coura et al., 2022;
Silva-Junior et al., 2021).

Previous studies investigating the action of protease in-
hibitors (PIs) in lepidopteran larvae have primarily focused
on the midgut, which is the main site of protein digestion
due to its high serine protease activity. These enzymes ac-
counting for approximately 95% of total digestive proteo-
lytic activity (Ponnuvel et al., 2015; Taprok et al., 2015;
Silva-Junior et al., 2021). These studies have demonstrated
that PlIs can inhibit key digestive enzymes such as trypsins
and chymotrypsins, leading to compensatory overexpres-
sion of protease isoforms and altered expression of genes
associated with nutrient absorption and detoxification
(Visotto et al., 2009; Terra & Ferreira, 2012; Roy et al.,
2022).

In addition to digestive modulation, other research has
highlighted immune-related responses triggered by Pls.
For example, increased expression of oxidoreductase en-
zymes, including catalases and peroxidases, has been
reported, which contribute to the protection of midgut
epithelial structures such as the peritrophic matrix, chitin
layer, and mucin-like proteins (Li et al., 2009; Toprak et
al., 2010; Wang et al., 2022). These changes are part of a
broader physiological adaptation to cope with PI-induced
stress.

Despite these advances, most of the current knowledge is
based on studies using full-length natural plant PIs. There
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remains limited understanding of how small Pl-derived
peptides, such as synthetic tripeptides mimicking active
motifs and affect gene expression in 4. gemmatalis, par-
ticularly at a genome-wide scale. Therefore, our study
aims to address this gap by comparing the transcriptomic
responses of 4. gemmatalis larvae exposed to a SKTI-de-
rived tripeptide inhibitor versus the native SKTI protein,
revealing novel insights into midgut reprogramming and
potential biotechnological targets for pest control.

Previous research conducted by our group has focused
on the rational design of smaller and more stable synthetic
peptides derived from plant protease inhibitors, aiming to
preserve inhibitory potential while reducing the activation
of immune defenses in target insects. One such compound
is the tripeptide GORE-2 (Val-Leu-Arg), designed based
on the active motif of the soybean Kunitz trypsin inhibi-
tor (SKTI). In vitro and in vivo assays demonstrated that
GORE-2 binds with high affinity to trypsin-like catalytic
sites and functions as a competitive inhibitor of serine pro-
teases, significantly impairing digestive physiology in A.
gemmatalis. Molecular docking simulations revealed that
GORE-2 forms stable hydrogen bonds with key active site
residues of 4. gemmatalis trypsin-like enzymes, indicating
effective inhibition. Furthermore, in vivo studies showed
that larvae fed with GORE-2 exhibited higher mortality
rates and reduced pupal weights compared to those treated
with SKTI, highlighting the enhanced efficacy of this syn-
thetic peptide.

These findings underscore the potential of GORE-2 as a
promising tool in the management of A. gemmatalis, offer-
ing advantages over natural inhibitors by inducing signifi-
cant physiological disruptions in the pest’s midgut. To bet-
ter understand the physiological and molecular responses
elicited by this synthetic inhibitor in comparison to the na-
tive SKTI protein, we performed transcriptome sequenc-
ing of 4. gemmatalis larvae exposed to each compound.
This strategy enabled us to identify distinct gene expres-
sion patterns and enriched pathways associated with diges-
tion, metabolism, and immune modulation. These findings
demonstrated that synthetic inhibitor GORE-2 peptide and
Kunitz-type inhibitors can differentially modulate larval
proteolytic activity and compromise pest development
through gut-specific effects (Barros et al., 2022; Merifio-
Cabrera et al., 2022).

2. MATERIAL AND METHODS

2.1. Anticarsia gemmatalis caterpillars

Anticarsia gemmatalis eggs were maintained at 25 + 2°C and
70 + 10% relative humidity in the Insect Laboratory of the De-
partment of Biochemistry and Molecular Biology at the Federal
University of Vigosa (UFV). The average biological cycle of the
soybean caterpillar is four to five weeks. Adults were housed in
50 x 50 cm screened cages, internally lined with A4 bond paper
sheets. Pupae were placed in 150 x 20 mm Petri dishes inside the
cages until adult emergence.

Adult moths were fed with a nutrient solution containing honey
(20.0 g), beer (350 mL), sucrose (50 g), ascorbic acid (1.05 g),
nipagin (1.05 g), and distilled water (650 mL). The solution was
absorbed onto a cotton swab positioned in a Petri dish at the bot-
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tom of each cage. After oviposition, paper sheets containing the
eggs were cut into strips (2.5 x 10 cm) and transferred to 500 mL
plastic containers with a circular opening (approximately 2 cm
in diameter) in the lid, which was covered with organza fabric.
These containers were maintained in a climate-controlled cham-
ber at 25°C, 60 + 10% relative humidity, and a 14 h photoperiod.
Upon hatching, the larvae were fed an artificial diet, with a cube
of diet placed into each container.

2.2. Preparation of the artificial diet and treatments

The artificial diet consisted of cooked Mulato beans, brewer’s
yeast, wheat germ, soy protein, casein, agar, and water. Agar and
water were autoclaved for 20 min at 1.5 kgF cm™ pressure, and
the ingredients were mixed in an industrial blender. Then ascor-
bic acid (6.0 g), nipagin (methylparaben) (5.0 g), 40% formal-
dehyde (6.0 mL), and 23 mL of a vitamin solution composed of
niacinamide (1.0 mg), calcium pantothenate (1.0 mg), thiamine
(0.25 mg), riboflavin (0.5 mg), pyridoxine (0.25 mg), folic acid
(0.25 mg), biotin (0.02 mg), inositol (20 mg) and water (1.0 L) to
form a homogeneous paste, transferred while still hot to plastic
containers with lids. The control group was fed a diet without
protease inhibitors, and the other two groups were fed a diet with
protease inhibitors GORE-2 or SKTI. The fifth instar larvae were
maintained in cages 3 x 5 cm and fed ad libitum on a diet (con-
trol) and diets supplemented with sublethal PIs concentration:
0.12% (w/w) of serine-protease Kunitz (SKTI) (treatment 1) and
0.12% (w/w) of GORE-2 (treatment 2), as described by Chougule
et al. (2008). After 24 h, the caterpillars were collected from each
treatment and control. The diets cooled in a germicidal chamber
under ultraviolet light were kept at 4°C before being administered
to the caterpillars. The caterpillars were immobilized on ice, and
the midgut was carefully dissected under a stereomicroscope by
making a longitudinal incision along the dorsal side of the body.
The intestines were gently removed, rinsed in cold sterile saline
to eliminate gut contents, and immediately transferred to RNase-
free microtubes. The tissue was snap-frozen in liquid nitrogen
and stored at —80°C until total RNA extraction for transcriptome
analysis via RNA sequencing (RNA-Seq).

2.3. RNA extraction and transcriptome sequencing

In our experimental design, three independent biological rep-
licates were performed for each treatment group (Control, SKTI,
and GORE-2), yielding nine midgut samples. Total RNA was
extracted from each replicate using TRIzol reagent (Invitrogen)
following the manufacturer’s protocol. Three units of DNase, free
of RNase (Invitrogen), treat the extracted RNA to eliminate con-
tamination by DNA. RNA was quantified in a NanoDrop spectro-
photometer (Thermo Scientific) at 260/280 nm and analyzed with
a 1.5% (w/v) denaturing agarose gel, stained with 0.1 pg mL-1
ethidium bromide. The construction of individual cDNA libraries
used the [llumina® TruSeq Stranded mRNA Kit according to the
instructions provided by the manufacturer. Sequencing was per-
formed on the Illumina® HiSeq 2500 by the Beijing Genomics
Institute (BGI), producing paired-end reads of 100 nucleotides.

2.4. Quality analysis and assembly

The quality control of raw sequencing data was performed
using of FastQC version 0.11.7 (Andrews, 2010), combined using
MultiQC version 1.12 (Ewels et al., 2016). Sequences’ adapters
removal used the “auto-detection” setting of TrimGalore version
0.6.7 (Krueger, 2021). Then, the reads were trimmed for quality
and filtered for length using the Trimmomatic version 0.39 (Bol-
ger et al., 2014) with the following parameters: HEADCROP:
15; LEADING: 3; TRAILING: 3; SLIDINGWINDOW: 4:20;
MINLEN: 50. Trimmed sequences were additionally processed
by Rcorrector version 1.0.4 (Song & Florea, 2015), using the de-
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fault settings and applying a sequence correction method based
on k-mers sequences analysis.

The transcriptome was assembled de novo using Trinity ver-
sion 2.8.5 (Grabherr et al., 2011), selecting the default settings
and filtering the transcripts to a minimum length of 500 nucleo-
tides. The script “TrinityStats.pl” calculated descriptive statistics
of the assembly. The transcriptome was also evaluated by map-
ping the reads to the transcript sequences using Bowtie2 tools
version 2.2.6 (Langmead et al., 2012), selecting default settings
“--end-to-end” and “--sensitive”. After assembly, the CD-hit-est
tool of CD-HIT version 4.8.1 (Fu et al., 2012) clustered the tran-
scripts into non-redundant Unigene sequences, selecting a mini-
mum global identity of 98%.

2.5. ORF prediction

Open reading frames (ORFs) were predicted from the assem-
bled unigene sequences using TransDecoder.LongOrfs (v5.5.0), a
widely used tool for identifying candidate coding regions within
de novo transcriptome assemblies (Haas et al., 2013). Only ORFs
with a minimum length of 300 nucleotides were retained for
downstream analyses. TransDecoder.LongOrfs was selected due
to its robustness in detecting biologically relevant coding regions
in non-model organisms without reference genomes. The protein
sequences encoded by the predicted ORFs were compared with
proteins available in the UniProt Knowledgebase database (Uni-
ProtKB, http://www.uniprot.org) (UniProt Consortium, 2014)
using the BLASTp tool of BLAST version. 2.11.0 (Altschul et
al., 1990). Protein sequences were also identified with the support
of Hidden Markov Models (HMMs) of domain families from the
Pfam database (http://pfam.xfam.org/) (Finn et al., 2014) using
HMMER version 3.1b2 (Eddy & Wheeler, 2015). Only align-
ments that showed an E-value score < 1x107'° were considered
significant. The BLASTp alignments were also evaluated for se-
quence similarity, selecting those showing the product coverage
x similarity > 40%. The TransDecoder.predict tool predicted the
proteins encoded by the Unigenes by consolidating the results
of ORF prediction with the results of similarity searches using
BLASTp and HMMER.

2.6. Differentially expressed transcript analysis

The transcript abundance was quantified by Kallisto version
0.44.0 (Bray et al., 2016), performing a pseudo-alignment of
the reads against the Unigenes sequences. Differential expres-
sion analysis was performed using DESeq2 v3.15 (Love et al.,
2014) on three independent biological and technical replicates per
condition. Genes were considered significantly differentially ex-
pressed if they exhibited a Benjamini-Hochberg adjusted p-value
< 0.05 and an absolute log: fold change > 1 (|[FC| > 2). The con-
trasts analyzed were GORE-2 vs. control, SKTI vs. control, and
GORE-2 vs. SKTI.

2.7. Functional annotation

Functional annotation of the unigene sequences was performed
using TRAPID version 2.0 (Van Bel et al., 2013), with the egg-
NOG database version 4.5.1 (Huerta-Cepas et al., 2016, 2017) as
the reference. An E-value threshold of < 1 x107'° was applied for
gene family assignment, identification of functional domains, and
Gene Ontology (GO) term annotation.

Differentially expressed unigenes were further annotated using
BLAST2GO (Conesa et al., 2005), based on automatic sequence
alignment against Arthropoda protein entries (NCBI Taxonomy
ID: 6656) available in the NCBI RefSeq non-redundant (nr) pro-
tein database. Alignments with E-values < 1 x 107 were consid-
ered significant.

Metabolic pathway enrichment analysis of the differentially
expressed unigenes was conducted using KOBAS (Xie et al.,
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2011), applying the hypergeometric statistical test with an adjust-
ed p-value cutoff of < 0.05. Genome annotations of Helicoverpa
armigera and Bombyx mori were used as references for KEGG
orthology assignment.

2.8. Statistical analysis of RNA-Seq data

Statistical analysis of differential expression was conducted
using the DESeq2 package (Love et al., 2014) in the R environ-
ment. For each pairwise comparison (Control vs SKTI, Control
vs GORE-2, and SKTI vs GORE-2), genes with a false discovery
rate (FDR) < 0.05 and absolute log: fold change (|log:FC|) > 1
were considered significantly differentially expressed. P-values
were adjusted for multiple testing using the Benjamini-Hochberg
procedure. Principal component analysis (PCA) was performed
using DESeq? to assess sample clustering and variation between
treatments. Volcano plots and heatmaps were generated with the
ggplot2 and pheatmap packages, respectively, to visualize the
distribution and intensity of differentially expressed genes.

Gene Ontology (GO) and KEGG pathway enrichment analyses
were performed using the KOBAS package (Xie et al., 2011), ap-
plying hypergeometric testing and adjusting p-values using FDR
correction. Enriched categories were considered significant at an
adjusted p-value < 0.05.”

3. RESULTS

3.1. Data analysis sequencing

The sequencing of A. gemmatalis midgut libraries yield-
ed between 46 and 48 million raw reads per sample, each
comprising 100 nucleotides, with an average GC content of
48%. Post adapter removal and quality trimming, the data-
sets retained approximately 43 to 44 million high-quality
reads, ranging from 50 to 85 nucleotides in length. These
metrics align with established standards for RNA-Seq
experiments, where a sequencing depth of 30 to 60 mil-
lion reads per sample is considered adequate for compre-
hensive transcriptome analysis, and a GC content around
50% is typical for insect genomes. Furthermore, the read
length distribution post-trimming falls within the accept-
able range for downstream analyses, ensuring reliable gene
expression quantification.

3.2. Reference transcriptome assembly

The reference transcriptome assembly identified 51,825
transcripts. The mean length of the transcripts obtained
was 2,243.6 nt, and the N50 was 3,246 nt (Table S1). The
validation of transcriptome by reads mapping showed that
86% of aligned reads in the transcripts and 14.31% did
not align. Furthermore, 20.33% of aligned uniquely, and
65.36% had multiple alignments. The sequences of tran-
scripts were grouped in 42,372 Unigenes, which have an
average of 1,467 nt in size and an N50 of 2,894 nt.

3.3. Functional annotation

A total of 42,372 open reading frames (ORFs) were pre-
dicted from the assembled 4. gemmatalis unigenes. Among
the encoded proteins, 25,906 (50.01%) showed significant
similarity to known proteins in the UniProt database (Fig.
S1). Taxonomic profiling of these aligned sequences re-
vealed that 36% matched proteins from Bombyx mori, 34%
from Danaus plexippus, 25% from Heliconius melpomene,
and the remaining 5% from other insect taxa, indicating
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a strong correspondence with available Lepidopteran ref-
erence proteomes. The same pattern was reflected in the
eggNOG database, where protein sequences from B. mori
and D. plexippus accounted for 70% of significant hits, re-
inforcing the phylogenetic relevance of these species to A.
gemmatalis.

Functional annotation resulted in 22,040 significant
matches in the Swiss-Prot database and 20,762 entries as-
sociated with orthologous groups in eggNOG. Moreover,
13,731 Gene Ontology (GO) terms were assigned to the
dataset, and 13,223 unigenes were classified into KEGG
Orthology (KO) groups. Notably, the KO1312 orthologous
group, corresponding to trypsin-like serine proteases, was
the most represented, with 145 entries, reflecting the domi-
nance of serine protease activity in Lepidopteran midgut
physiology. Searches in the Pfam database further identi-
fied 32,673 conserved protein domains across the predicted
OREFs, supporting the diversity of functional elements in
the midgut transcriptome. Together, these results provide
robust multi-database coverage and high-quality annota-
tion, consistent with standards observed in non-model in-
sect transcriptomics.

The functional categorization of unigenes expressed in
the 4. gemmatalis midgut transcriptome revealed a pre-
dominance of genes associated with digestion, immunity,
and detoxification (Fig. 1). The most abundant gene fam-
ily was trypsin, with 145 annotated entries classified under
the PRS1 2 3 group, supporting its central role in protein
digestion. Serpin B, a major family of serine protease in-
hibitors involved in immune modulation, was represented
by 82 unigenes, while cytochrome P450s were predomi-
nantly from families CYP6 (88 entries) and CYP9 (56 en-
tries). Additional enzyme classes included UDP-glucuron-
osyltransferases (90 unigenes), glutathione S-transferases
(45), and B-glucosidases (36), all of which are involved in
xenobiotic metabolism and secondary metabolite process-
ing. The presence of 46 MFS (major facilitator superfam-
ily) transporters and 38 LITAF-like protein entries further
highlights the functional diversity related to transport and
stress responses in the insect midgut.

From a COG (Clusters of Orthologous Groups) perspec-
tive (Fig. 1A), the most represented functional categories
were amino acid transport and metabolism (173 unigenes),
lipid metabolism (99), protein folding and modification
(86), carbohydrate metabolism (86), and defense mecha-
nisms (71). These results are consistent with the midgut’s
physiological role as a hub for digestion and immune sur-
veillance. Furthermore, the unigene annotations revealed
high expression of proteolytic enzymes (Fig. 1B), such
as trypsins (145), serine endopeptidases (68), and lipases
(68), indicating robust digestive activity. The high fre-
quency of immune-related genes, particularly serpins, also
underscores the midgut’s function in regulating proteolytic
cascades and responding to biotic stress (Fig. 1C).

The expression of genes encoding detoxification en-
zymes, such as cytochrome P450s, UDP-glucuronosyl-
transferases, and glutathione S-transferases, suggests a
midgut-mediated response to xenobiotics, likely triggered
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Serine endopeptidase 68
Lipase 68
Cytochrome P450 56
Glucuronosyl transferase 50
Zinc finger protein 43
Beta-glucosidase 36
Fatty acid-binding protein 31
Cathepsin 29
Mannose receptor 27
Prostaglandin reductase 25

Enzymes

(©)
Trypsin (PRSS1_2_3) 145
Glucuronosyltransferase (UGT) 90
Cytochrome P450 family 6 (CYP6) 88
Serpin B (SERPINB) 82
Cytochrome P450 family 9 (CYP9)

MFS transporter, SP family...
Glutathione S-transferase (GST, GST) 45
Lipopolysaccharide-induced tumor... 38

Beta-glucosidase (BGLB) 36

56
46

Fig. 1. Functional categorization of midgut transcriptome unigenes
from A. gemmatalis. (A) Distribution of unigenes across major
COG functional categories, highlighting genes involved in amino
acid transport and metabolism (173), lipid metabolism (99), pro-
tein folding and modification (86), carbohydrate metabolism (86),
defense mechanisms (71), and transcriptional regulation (70).
(B) Most frequent protein annotations include trypsin (162), ser-
pin (71), serine endopeptidase (68), lipase (68), cytochrome P450
(56), UDP-glucuronosyltransferase (50), zinc-finger protein (43),
B-glucosidase (36), fatty acid-binding protein (31), cathepsin (29),
mannose receptor (27), and prostaglandin reductase (25). (C) En-
zyme family distribution reveals dominance of trypsins (PRS1_2_3;
145), UDP-glucuronosyltransferases (UGT; 90), cytochrome P450
family 6 (CYP6; 88) and family 9 (CYP9; 56), serpin B (82), MFS
transporters (46), glutathione S-transferases (GST; 45), LITAF-like
proteins (38), and B-glucosidases (36). Bars represent the number
of unigenes annotated for each category, underscoring the physi-
ological importance of digestion, immunity, and detoxification in the
larval midgut.
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Fig. 2. Description of annotated unigenes with the highest normal-
ized average expression levels, measured in transcripts per million
(TPM). Expression values were obtained using the Kallisto and
DESeq2 pipeline, highlighting the response of A. gemmatalis mid-
gut to treatments with the protease inhibitors GORE-2 and SKTI.

by dietary exposure to plant allelochemicals. Notably,
GSTs exhibit peroxidase activity and, along with ascorbate
peroxidases (APOX), contribute to peroxide detoxifica-
tion in insect gut tissues (Wang et al., 2022). The detection
of 36 B-glucosidase entries further supports a role in both
digestion of glycosylated compounds and defense-related
hydrolysis of plant secondary metabolites.

3.4. GORE-2 and SKTI inhibitors alter mainly
the protease expression

The average transcript counts per million (TPM) ob-
served in treatments with GORE-2 and SKTI were used
to assess the impact of these protease inhibitors (PIs) on
the midgut transcriptome of A. gemmatalis larvae. The 50
unigenes with the highest mean TPM values and UniProt-
based annotations were selected for further analysis (Fig.
2). Among these, both Pls induced the expression of 21
unigenes encoding proteolytic enzymes with extracellular
digestive functions, including trypsins, serine proteases,
chymotrypsins, and collagenases. Additionally, 9 unigenes
were annotated as lipases, linked to lipid degradation and
apoptosis pathways; 7 were associated with structural
roles; and 4 were related to DNA replication activity.

As anticipated, the most frequently induced transcripts
corresponded to proteases. Notably, changes were also ob-
served in the expression of genes associated with apoptosis
and epithelial protection (Fig. 2 and Table 1). In addition

Table 1. Differentially expressed genes associated with peritrophic matrix protection in Anticarsia gemmatalis larvae fed with protease

inhibitors (GORE-2 or SKTI) compared to the control.

TPMAVERAGE TPMAVERAGE TPMAVERAGE
TARGET_ID SKTI GORE-2 SKTI/GORE-2 FUNCTION
TRINITY_DN360_c0_g3_i4 5965,37 11767,86667 8866,62 Putative cuticle protein CPH45
TRINITY_DN360_c0_g3_i2 1202,852667 2084,717333 1643,79 Putative cuticle protein CPH45
TRINITY_DN2772_c0_g1_i5 2064,003333 2478,556333 2271,28 Peritrophin type-A domain protein 2
TRINITY_DN2843_c0_g1_i1 1824,379333 1423,568 1623,97 Insect intestinal mucin
TRINITY_DN4963_c0_g2_i1 1530,629 1330,46 1430,54 Glutathione S-transferase 1-like isoform X1
TRINITY_DN3649_c0_g1_i3 2493,056667 1622,8464 2057,95 Glutaredoxin
TRINITY_DN840_c0_g3_i1 5209,747333 795,9056667 3002,83 Chitin-binding protein
TRINITY_DN2469_c0_g1_i1 3650,155 702,9383333 2176,55 Chitin deacetylase 1

TPM — Transcripts Per Kilobase Million
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Fig. 3. Overview of differentially expressed genes (DEGs) in the midgut of Anticarsia gemmatalis larvae following exposure to the natural
serine protease inhibitor SKTI and the synthetic tripeptide GORE-2. (A) Venn diagram showing the total number of DEGs (FDR < 0.05,
[log,FC| 2 1) uniquely identified in comparisons between Control vs SKTI (light red), Control vs GORE-2 (blue), and those shared between
both treatments. (B) DEG subsets categorized as up-regulated (SKTI-UP: red; GORE-2-UP: green) or down-regulated (SKTI-DW: blue;
GORE-2-DW: yellow), highlighting the distinct transcriptional responses elicited by each inhibitor. (C) Bar chart summarizing the number
of DEGs per category, revealing a greater number of induced transcripts under SKTI treatment and a stronger transcriptional repression
associated with GORE-2. (D, E) Volcano plots of Control vs SKTI (D) and Control vs GORE-2 (E), depicting the distribution of gene ex-
pression changes: log, fold-change on the x-axis and —log,; adjusted p-value on the y-axis. Red dots represent significantly up-regulated
genes, blue dots indicate significantly down-regulated genes, and grey dots correspond to non-significant changes.

to impairing protein digestion and modulating protease ex-
pression, PIs can exert broader effects on midgut physi-
ology. Several genes exhibited markedly elevated expres-
sion levels in Pl-treated larvae compared to controls, with
expression values quantified in TPM (Table 1). Genes in-
volved in oxidative stress responses were strongly induced
by both PI treatments, including glutathione S-transferase
1-like isoform X1 and glutaredoxin. Glutaredoxins and
thioredoxin peroxidases are key antioxidant enzyme fami-
lies that regulate cellular redox homeostasis and protect
against oxidative damage. Similarly, the presence of pro-
tease inhibitors in the caterpillar diet affected the integrity
of the peritrophic matrix, as evidenced by the upregulation
of genes associated with intestinal defense mechanisms
(Table 2). Exposure to environmental stressors promotes
increased deposition of cuticular components, enhancing
the insect’s ability to adapt to novel or fluctuating condi-
tions (Zhang et al., 2008). Overall, gene upregulation was
more pronounced in response to SKTI than to GORE-2.
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3.5. Differentially expressed transcripts were
distinct for Pls SKTI and GORE-2

The comparison between SKTI and control identified
1,507 differentially expressed unigenes (DEGs), including
914 up-regulated and 593 down-regulated transcripts (Fig.
3C). Transcriptomic reprogramming was even more pro-
nounced following treatment with the synthetic tripeptide
GORE-2 than with the native soybean protease inhibitor
SKTI. The comparison between GORE-2 and control re-
vealed 1,736 DEGs, with 985 up-regulated and 752 down-
regulated (Fig. 3C).

Although a comparable number of genes were differ-
entially expressed in response to both protease inhibitors,
most DEGs were specific to each treatment (Fig. 3A and
B). This indicates that the molecular signaling cascades
triggered by SKTI and GORE-2 were largely distinct, de-
spite both compounds targeting proteolytic activity. These
results suggest that gene expression reprogramming in the
midgut is not solely governed by protease inhibition or
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Table 2. Genes overexpressed in protecting A. gemmatalis peritrophic matrix when fed with protease inhibitors (GORE-2 or SKTI) com-

pared to the control.

TPM AVERAGE

TPM AVERAGE

TPM AVERAGE

TARGET_ID SKTI GORE-2 SKTI/GORE-2 FUNCTION
TRINITY_DN360_c0_g3_i4 5965.37 11767.87 8566.62 Putative cuticle protein CPH45
TRINITY_DN360_c0_g3_i2 1200.85 2084.71 1643.79 Putative cuticle protein CPH45
TRINITY_DN2772_c0_g1_i5 2064.01 2478.56 2271.28 Peritrophin type-A domain protein 2
TRINITY_DN2843 c0_g1_i1 1824.37 1423.56 1623.97 Insect intestinal mucin
TRINITY_DN4963_c0_g2_i1 1530.62 1330.46 1430.54 Glutathione S-transferase 1-like isoform X1
TRINITY_DN3649_c0_g1_i3 2493.05 1622.84 2057.95 Glutaredoxin
TRINITY_DN840_c0_g3_i1 5209.74 795.91 3002.83 Chitin-binding protein
TRINITY_DN2469_c0_g1_i1 3650.15 702.98 2176.55 Chitin deacetylase 1

TPM = Transcript per Kilobase Million

amino acid deprivation, but also reflects compound-specif-
ic modulation of broader physiological pathways.

3.6. Transcriptomic responses induced by SKTI
and GORE-2

The DEG subsets were further classified according to the
direction of expression changes (Fig. 3B). SKTI treatment
resulted in a lower number of up-regulated genes, whereas
GORE-2 treatment induced a more pronounced down-reg-
ulation. This trend was confirmed by the bar chart in Fig.
3C, which quantifies the DEG distribution per category.
Volcano plots (Fig. 3D and 3E) illustrate the magnitude
and statistical significance of the expression changes for
each treatment, with a clear shift in expression dynam-
ics indicating stronger transcriptional repression under
GORE-2 exposure.

To further explore gene-level responses, the 20 most sig-
nificant DEGs based on adjusted p-values and fold-change
values (FDR < 0.05; [log:FC| > 1) were visualized in a heat-
map (Fig. S2 and Table S2 and S3). The heatmap depicts
log> fold-change values normalized across samples, with
red representing up-regulation and blue indicating down-
regulation relative to controls. Panels A and B correspond
to SKTI and GORE-2 treatments, respectively, revealing
inhibitor-specific expression signatures. Complete-linkage
hierarchical clustering grouped genes by expression simi-
larity and confirmed consistent patterns between the two
biological replicates. Notably, the DEGs with the high-
est fold-change values (either positive or negative) were
highlighted to facilitate interpretation of the most strongly
affected transcripts. These results underscore the distinct
transcriptional reprogramming patterns induced by the two
protease inhibitors and point to specific sets of genes that
may contribute to their differential physiological effects.

In the GORE-2 x Control comparison, the most fre-
quent GOs (Fig. 4A) among the down-regulated unigenes
were related to hydrolase activity (GO:0016787, 31);
catalytic activity — protease (GO:0140096, 21); trans-
membrane transport (GO:0055085, 19); transport activity
(GO:0005215, 18); oxidoreductase activity (GO:0016491,
17); transferase (GO:0016740, 16); protein modifying
process (GO:0036211, 12); and lipid metabolism process
(GO:0006629, 11). In the GORE-2 x Control compari-
son, the most frequent GOs among the up-regulated DEGs
(Fig. 4C) are related to hydrolase activity (GO:0016787,

27); transmembrane transport (GO:0055085, 25); trans-
port activity (GO:0005215, 20); transferase (GO:0016740,
20); oxidoreductase activity (GO:0016491, 20); membrane
component (GO:0016020, 14); transcriptional regula-
tion (GO:0005634, 14); and catalytic activity — protease
(GO:0140096, 13).

For SKTI Down-regulated (Fig. 4B), the GOs most fre-
quent among the down-regulated unigenes were related to
hydrolase activity (GO:0016787, 15); oxidoreductase ac-
tivity (GO:0016491, 11); transport activity (GO:0005215,
10); transferase (GO:0016740, 10); transmembrane
transport (GO:0055085, 10); transcriptional regulation
(GO:0005634, 9); membrane component (GO:0016020,
8); and catalytic activity — protease (GO:0140096, 8).
The analysis of SKTI % Control, the most frequent GOs
among the up-regulated unigenes (Fig. 4D) were related
to hydrolase activity (GO:0016787, 26); catalytic activity
(GO:0140096, 23); transferase (GO:0016740, 15); mem-
brane component (GO:0016020, 15); oxidoreductase ac-
tivity (GO:0016491, with 12); peptidase (EC 3.4) with 10;
protease (EC 3.4.21) with 10; and structural molecular ac-
tivity (GO:0005198) with 7.

As shown in Fig. 4, the profiles of dysregulated genes in
response to the protease inhibitors were notably distinct.
Within the GO category “catalytic activity — protease,”
the number of down-regulated genes was 2.6 times higher
under GORE-2 treatment. Conversely, SKTI treatment re-
sulted in 1.7 times more up-regulated genes in this catego-
ry. These results suggest that GORE-2 induces a weaker
activation of protease gene expression in the caterpillar
midgut. Similarly, genes involved in oxidative stress re-
sponses were more strongly up-regulated in the presence of
GORE-2, showing a 1.7-fold increase compared to SKTI.
Asterisks beside the bars in Fig. 4 highlight GO terms
uniquely enriched in each contrast. SKTI treatment specifi-
cally down-regulated eight contigs related to transcription-
al regulation, whereas GORE-2 selectively up-regulated
fourteen contigs in this same category. These findings pro-
vide additional evidence that SKTI and GORE-2 activate
distinct regulatory cascades. Similarly, seventeen contigs
annotated as peptidases were exclusively up-regulated in
the SKTI-treated group. Moreover, comparison of GO
terms between SKTI-UP and GORE-2-UP categories re-
vealed that contigs associated with RNA binding, splicing,
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Fig. 4. Enrichment of Gene Ontology (GO) categories among differentially expressed midgut unigenes of Anticarsia gemmatalis follow-
ing treatment with the synthetic protease inhibitor GORE-2 and the natural inhibitor SKTI. Horizontal bar-chart panels display the eight
most abundant GO biological-process terms in down-regulated (A, B) and up-regulated (C, D) gene sets for Control vs GORE-2 (A, C)
and Control vs SKTI (B, D) comparisons (FDR < 0.05, [log,FC| = 1). Bars are colored by GO term using the Pastel1 palette, with black
outlines on a white background; raw unigene counts are printed at the distal end of each bar. GO terms are shown in full on the y-axis,
each followed by its accession ID in parentheses (e.g., Hydrolase activity (GO:0016787)). Panel A highlights biological processes most
depleted by GORE-2; panel B shows those most depleted by SKTI; panel C shows the most induced by GORE-2; and panel D shows
the processes most induced by SKTI. All GO annotations were assigned via the TraplD/eggNOG-mapper pipeline, and the narrower bar

widths emphasize relative abundance differences across treatments.

and proteasome-related processes were found only in the
GORE-2 contrast.

The KEGG pathway enrichment analysis of differen-
tially expressed midgut genes revealed marked differences
in the metabolic responses of A. gemmatalis larvae to the
natural inhibitor SKTI and the synthetic inhibitor GORE-2.
As illustrated in Fig. 5, the top ten up- and down-regulated
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pathways for each treatment were evaluated based on en-
richment ratios (DEGs + total annotated unigenes), offering
insight into functionally relevant shifts in gene expression.

In the GORE-2 vs. Control comparison (Fig. 5B), en-
riched pathways among up-regulated genes included those
involved in xenobiotic metabolism, particularly drug me-
tabolism by cytochrome P450, glutathione metabolism,
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Fig. 5. KEGG pathway enrichment of the top ten most significantly down and up-regulated midgut unigenes of Anticarsia gemmatalis fol-
lowing treatment with the natural inhibitor SKTI and the synthetic inhibitor GORE-2. Horizontal bar charts show enrichment ratios (number
of mapped DEGs =+ total annotated unigenes differentially expressed) for each comparison, with values printed at the ends of the bars.
Panels are organized as follows: (A) SKTI Down and SKTI Up, with pathways most depleted by both; (B) GORE-2 Down and GORE-2 Up,
with pathways most induced by GORE-2. Bars are colored using red for down-regulated enriched pathways, and blue for up-regulated
enriched pathways. The statistical thresholds (FDR < 0.05, |log,FC| 2 1).

and ascorbate and aldarate metabolism, suggesting an en-
hanced oxidative and detoxification response. These find-
ings are consistent with elevated oxidative stress and acti-
vation of antioxidant defenses in response to the synthetic
inhibitor. Also, up-regulated were pathways related to car-
bohydrate metabolism and lipid metabolism, indicating
broader metabolic adjustments beyond proteolysis. Among

down-regulated pathways, GORE-2 strongly affected di-
gestive enzyme activity, including reductions in genes
mapped to protein digestion and absorption, reinforcing
the inhibitor’s suppressive effect on proteolytic capacity.
In contrast, the SKTI vs. Control comparison (Fig. 5A)
showed enrichment of up-regulated pathways linked to
amino acid biosynthesis, arginine and proline metabolism,
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and defense-related responses, but with overall lower en-
richment ratios compared to GORE-2. Interestingly, SKTI
treatment did not significantly enrich detoxification path-
ways such as cytochrome P450, highlighting a more limit-
ed stress response. Down-regulated pathways under SKTI
included those associated with ribosome function and oxi-
dative phosphorylation, suggesting a moderate suppression
of energy-related processes.

Altogether, these results indicate that while both inhibi-
tors activate core digestive and immune-related responses,
GORE-2 elicits a more extensive metabolic reprogram-
ming, particularly in terms of detoxification, redox bal-
ance, and stress signaling, compared to the more localized
effects of SKTI. The selective enrichment of detoxifica-
tion-related pathways under GORE-2 treatment reinforces
its potential as a potent modulator of midgut physiology.

4. DISCUSSION

Transcriptome profiling through RNA sequencing
(RNA-Seq) is a powerful and widely used approach to ex-
plore gene expression regulation and signal transduction
pathways in response to biotic and abiotic stimuli (Stark
et al., 2019; Wang et al., 2024). In the context of insect
physiology, RNA-Seq enables high-resolution analysis of
the transcriptional landscape, offering insights into how or-
ganisms respond at the molecular level to environmental
and dietary challenges. In this study, we employed a tran-
scriptomic strategy to characterize the systemic response
of A. gemmatalis larvae to dietary protease inhibitors, aim-
ing to identify differentially expressed genes and affected
pathways in the midgut, the primary site of digestion and
immune surveillance. The rationale for using RNA-Seq
stems from the need to uncover not only direct targets of
protease inhibition but also secondary signaling cascades
and compensatory responses that are not readily detect-
ed through proteomics or enzyme activity assays alone.
As A. gemmatalis lacks a fully sequenced and annotated
reference genome, our transcriptome was assembled de
novo. However, to improve the accuracy and reliability of
functional annotation, we mapped the resulting unigenes
against well-characterized Lepidopteran reference pro-
teomes, including Bombyx mori, Danaus plexippus, and
Heliconius melpomene, using resources such as UniProt,
eggNOG, and KEGG. These comparative annotations al-
lowed us to infer gene function and biological relevance
with higher confidence, despite the absence of a species-
specific genome.

Synthetic tripeptides with protease inhibitory activity,
including GORE-2, were rationally designed based on the
sequence of SKTI, a well-characterized Kunitz-type in-
hibitor from soybean. Previous biochemical data demon-
strated that GORE-2 was more effective in reducing both
midgut proteolytic activity and larval survival compared to
the native SKTI (Barros et al., 2022). Furthermore, studies
have shown that SKTI-induced inhibition is transient and
partially counteracted by the upregulation of alternate ser-
ine protease isoforms, thereby restoring midgut functional-
ity after 24 h (Coura et al., 2022). In contrast, larvae treated
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with GORE-2 did not exhibit the same compensatory re-
sponse, suggesting distinct modes of recognition and sign-
aling. To dissect these differential responses, we performed
transcriptomic profiling to compare the molecular cascades
triggered by these two PIs when incorporated into the lar-
val diet. While both inhibitors suppressed protease-related
pathways, the downstream gene expression programs they
induced were clearly distinct.

Treatment with SKTI and GORE-2 resulted in differen-
tial expression of several midgut gene families, notably
those related to protease activity (KO1312), lipases, and
genes involved in tissue repair and immune responses.
These results are consistent with known adaptive strategies
in insects, where overexpression of proteases or induction
of novel isoforms allows partial circumvention of PI activ-
ity (Broadway et al., 1997; Zhu-Salzman & Zeng, 2015).
While both inhibitors activated this compensatory mecha-
nism, SKTI triggered a more extensive reprogramming of
protease gene expression than GORE-2.

Our results suggest that inhibition of intestinal proteases
by dietary PIs is compensated by the overexpression of
alternative digestive enzymes, including trypsins, chymo-
trypsins, serine proteases, and aminopeptidases (Coura
et al., 2022). Notably, the number of up-regulated genes
encoding proteolytic enzymes was higher in response to
SKTI treatment. A similar increase in trypsin gene expres-
sion in response to PI-induced damage has been reported in
Helicoverpa armigera (Lomate & Hivrale, 2011; Lomate et
al., 2018). Likewise, overexpression of protease-encoding
genes has been identified in the midgut transcriptome of
Spodoptera frugiperda larvae fed on soybean-derived pro-
tease inhibitors (Brioschi et al., 2007). However, GORE-2
induced a comparatively lower reprogramming of genes
associated with protease activity than SKTI. This observa-
tion suggests that transcriptional changes in the caterpillar
midgut may not be solely attributed to amino acid depriva-
tion. Furthermore, our findings support the notion that the
insect’s natural defense system against Pls is only partially
activated when challenged with short mimetic peptides like
GORE-2, consistent with previous findings (Barros et al.,
2022). The reduced expression of protease isoforms in re-
sponse to GORE-2, relative to SKTI, highlights differences
in the efficacy of protease inhibition. This likely reflects
the ability of 4. gemmatalis to detect and respond more
strongly to plant-derived inhibitors like SKTI, through a
perception and signaling system that governs digestive en-
zyme expression. This system appears to be only partially
activated in response to the synthetic tripeptide GORE-2.

RNASeq has been widely used to identify and elucidate
mechanisms by which phytophagous insects respond to Pls
effects (Souza et al., 2016; Lin et al., 2017; Lomate et al.,
2018) or the use of Bacillus thuringiensis toxin (Dhania et
al., 2019; Pezenti et al., 2021). This tool generates highly
reproducible data, enabling precise quantification of ex-
pression levels (Schurch et al., 2016). Among the highly
expressed transcripts, we identified seven unigenes encod-
ing proteins involved in the repair of the intestinal endothe-
lium.
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One unigene encodes chitin deacetylase, an enzyme in-
volved in chitin metabolism that plays an important role in
protecting the midgut from mechanical damage, microbial
infections, and pathogen invasion (Alvarenga et al., 2016).
Unigenes encoding cuticle proteins were also highly ex-
pressed; these proteins, in conjunction with chitin, con-
tribute to gut protection by reinforcing the physical barrier
associated with the peritrophic matrix (Muthukrishnan et
al., 2019). Additionally, treatment with PIs led to increased
expression of unigenes encoding mucin glycoproteins (se-
creted during digestion), which preserve tissue integrity by
preventing microbial adhesion and enzymatic degradation
of epithelial cells (Fang et al., 2009). Together, these find-
ings suggest that exposure to Pls reprograms gene expres-
sion in A. gemmatalis midgut cells to enhance protective
mechanisms and maintain intestinal homeostasis.

The expression of unigenes encoding peritrophin pro-
teins was up-regulated in response to both GORE-2 and
SKTI protease inhibitor treatments. Peritrophins are struc-
tural glycoproteins that contribute to the formation of the
peritrophic membrane, a key component of the peritrophic
matrix (Song et al., 2025). This matrix consists of proteins
and glycan components and plays essential roles in protect-
ing the caterpillar midgut. It also helps compartmentalize
digestive enzymes released into the gut lumen and contrib-
utes to chitin synthesis (Song et al., 2025). Similar findings
were reported by Liu et al. (2004), who observed increased
expression of peritrophins and chitin-associated proteins
in larvae of Diabrotica undecimpunctata when exposed to
cysteine protease inhibitors.

This response appears to represent a defense mechanism
in caterpillars, promoting rapid peritrophic membrane re-
newal and enhancing protection of the intestinal epithe-
lium. Chitin metabolism and cuticle synthesis are essential
not only for structural integrity but also for digestive effi-
ciency and innate immunity in insects. These structures are
actively involved in both mechanical and chemical diges-
tion by supporting the function of digestive enzymes (Terra
et al., 2009). Studies involving Helicoverpa armigera fed
diets containing PIs have shown that these inhibitors can
accumulate in the peritrophic membrane and intestinal epi-
thelium, where they may interact with protective structures
to induce compensatory expression of proteases (Lomate
et al., 2018). Furthermore, some studies have highlighted
the use of Pl-lecithin complexes to enhance cellular dam-
age in the midgut of phytophagous insects (Napoledo et
al., 2019). Li et al. (2009) also demonstrated that Dros-
ophila exposed to gut injury showed upregulation of genes
involved in chitin and cuticle metabolism, suggesting a re-
pair mechanism activated in response to epithelial damage.
Consistent with these findings, our results indicate that the
immune system of A. gemmatalis responds to Pl-induced
stress by overexpressing genes involved in the synthesis of
structural proteins such as chitin, peritrophins, and cuticle
proteins to restore midgut integrity.

Other genes strongly induced by protease inhibitors
(PIs) encode mucins. Mucins are structural proteins rich
in proline, threonine, and serine residues, characterized by
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high levels of glycosylation, and are integral components
of the insect peritrophic matrix. These proteins serve mul-
tiple protective roles in the gut, including shielding intes-
tinal epithelial cells from physical and chemical damage,
facilitating food passage through lubrication, preventing
dehydration, and protecting against autolysis by digestive
enzymes (Toprak et al., 2010). Studies on Mamestra con-
figurata larvae at different feeding stages revealed dynamic
expression of mucin-associated proteins, suggesting that
mucin synthesis and peritrophic matrix architecture are
modulated in response to metabolic stress (Toprak et al.,
2010). This regulation involves changes in the thickness
of the peritrophic matrix and its associated protein com-
position, influenced by secreted digestive enzymes such as
serine proteases and trypsins. Overproduction of these en-
zymes can trigger autolytic processes and degrade mucins,
which are particularly vulnerable due to their serine-rich
structure (Toprak et al., 2010; Napoledo et al., 2019).

Several studies have investigated the mechanisms
through which protease inhibitors (PIs) interact with the
insect digestive system and how insects respond to their
anti-nutritional effects and the cellular damage inflicted on
the midgut epithelium (Silva-Junior et al., 2021). These
studies have demonstrated that Pl exposure activates the
insect immune system, leading to increased expression of
genes involved in chitin metabolism, peritrophic mem-
brane synthesis, and cuticle remodeling. All of these com-
ponents contribute to the structural defense of the digestive
tract and form part of the peritrophic matrix, which is a
key target of PI action (Mohan et al., 2006; Nascimento
et al., 2015). The results presented in this study support
these findings, indicating that PIs reduce the availability of
essential amino acids and disrupt the structural integrity of
the peritrophic matrix. In addition to impairing digestion,
PI treatments induced oxidative stress in the midgut tissue,
as suggested by the gene expression patterns observed. A
large number of up-regulated genes were associated with
the ascorbate-glutathione pathway, which plays a central
role in reactive oxygen species (ROS) detoxification. It is
well established that environmental and nutritional stress
can lead to ROS accumulation. In this context, the activa-
tion of the ascorbate-glutathione cycle appears to be a key
biochemical defense mechanism triggered in response to
Pl-induced oxidative imbalance.

The enrichment levels were higher for pathways related
to drug and xenobiotic metabolism by cytochrome P450
enzymes when caterpillars were fed with the protease in-
hibitor GORE-2. Cytochrome P450 (CYP450), a super-
family of heme-thiolate proteins, is primarily involved in
the metabolism of endogenous and exogenous substances,
such as pheromones and insecticides. This result aligns
with previous findings where GORE-2 exhibited a more
pronounced reduction in 4. gemmatalis survival compared
to SKTI. Specifically, Barros et al. (2022) demonstrated
that larvae fed with GORE-2 showed a significant de-
crease in survival rates relative to those treated with SKTI,
correlating with increased expression of detoxification-
related genes, including members of the CYP450 family.
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Additionally, Merifio-Cabrera et al. (2022) reported that
arginine-containing dipeptides, such as GORE-2, compro-
mised larval development and survival, further supporting
the enhanced efficacy of synthetic peptides over natural
inhibitors.

5. CONCLUSION

Dietary exposure to the protease inhibitors SKTI and
GORE-2 induced extensive transcriptional reprogramming
in the midgut of 4. gemmatalis larvae after 24 h. Both
treatments modulated genes involved in proteolysis and
intestinal defense, especially those associated with peri-
trophic matrix integrity and regeneration. However, SKTI
elicited a more pronounced activation of defense-related
signaling pathways, suggesting that the native inhibitor
is more readily recognized by the insect’s midgut defense
system.In contrast, GORE-2 treatment led to a more effec-
tive inhibition of proteolytic activity and greater reduction
in larval survival, despite eliciting a weaker immune re-
sponse. This may reflect its reduced ability to fully acti-
vate plant defense perception pathways, which appear to
be triggered not only by amino acid deprivation but also by
recognition of plant-derived chemical cues. As a synthetic
mimetic tripeptide, GORE-2 likely bypasses key percep-
tion checkpoints, resulting in limited activation of compen-
satory mechanisms.

One notable advantage of synthetic or mimetic inhibi-
tors such as GORE-2 is their ability to induce significant
molecular disruptions in the insect midgut. Consistent
with previous proteomic findings (Coura et al., 2022), our
transcriptomic data revealed strong upregulation of genes
associated with xenobiotic metabolism, particularly cy-
tochrome P450s, as well as genes involved in oxidative
stress responses. These effects likely contribute to the su-
perior larvicidal activity of GORE-2.

In conclusion, while both SKTI and GORE-2 target di-
gestive physiology and activate defense pathways, their
transcriptional footprints are distinct. The broader impact
of GORE-2 on detoxification and oxidative stress process-
es underscores its potential as a promising candidate for
the development of peptide-based biopesticides.
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Table S1. A. gemmatalis reference assembly statistics.

Score
Total trinity ‘genes’ 20,192
Total trinity transcripts 51,825
Percent GC 40.41
Statistics based on all transcripts
Contig N50 3,246
Median contig length 1,617
Average contig 2,243.60
Total assembled bases 116,274,451
Statistics based on longest isoform per ‘gene’
Contig N50 2,891
Median contig length 1,204
Average contig 1906,23
Total assembled bases 38,490,674
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Table S2. Top differentially expressed genes (DEGs) in Anticarsia gemmatalis midguts from the SKTI vs. Control comparison, ranked by statistical signifi-
cance.

ID Uniprot BaseMean log2Fold IfcSE stat pvalue padj Description

Alpha-amylase OS=Spodoptera frugiperda OX=7108
GN=SFRICE_013669 PE=3 SV=1
Lipase domain-containing protein OS=Heliothis virescens
OX=7102 GN=B5V51_2827 PE=3 SV=1

Ascorbate ferrireductase (transmembrane) OS=Helicoverpa
armigera OX=29058 GN=Ha0G202999 PE=4 SV=1

TRINITY_DN527_c0_g1_i3  AOA2H1VM91 6759,572 29,35388432 3,906746 7,51364 5,75E-14 4,58E-11

TRINITY_DN9416_c0_g1_i10 AOA2A4JESO 3872,775 28,67985758 3,90675 7,341105 2,12E-13 1,28E-10

TRINITY_DN1005_c0_g1_i2 AOA2W1BVT3 3687,171 28,4369094 3,906751 7,278915 3,37E-13 1,91E-10

SH3 domain-containing protein 0S=Bombyx mori OX=7091
PE=3 SV=1
Uncharacterized protein OS=Heliothis virescens OX=7102
GN=B5V51_14059 PE=3 SV=1
Uncharacterized protein OS=Helicoverpa armigera
0X=29058 GN=Ha0G210540 PE=3 SV=1
Cytochrome b5 heme-binding domain-containing protein
TRINITY_DN232_c0_g1_i5  AOA2A4K771 483,3908 2548048938 3,90682 6,522053 6,94E-11 1,97E-08 OS=Heliothis virescens OX=7102 GN=B5V51_11135 PE=4
Sv=1
Ascorbate ferrireductase (transmembrane) OS=Helicoverpa
armigera OX=29058 GN=Ha0G202997 PE=4 SV=1
SFRICE_028725 OS=Spodoptera frugiperda OX=7108
GN=SFRICE_028725 PE=4 SV=1
solute carrier family 12 member 8 OS=Trichoplusia ni
0OX=7111 GN=LOC 113496414 PE=4 SV=1
AMP deaminase OS=Bombyx mandarina OX=7092
GN=LOC114248401 PE=3 SV=1
Peptidase_M14 domain-containing protein OS=Heliothis
virescens OX=7102 GN=B5V51_6740 PE=3 SV=1
UTP--glucose-1-phosphate uridylyltransferase
TRINITY_DN1266_c0_g1_i9 AOA835G6L2 201,1602 23,68524947 3,907019 6,062231 1,34E-09 2,62E-07 OS=Spodoptera exigua OX=7107 GN=HW555_012720
PE=3 SV=1
RNA-binding protein 8A OS=Spodoptera exigua OX=7107
GN=HW555_004237 PE=3 SV=1
phosphatase and actin regulator 4 isoform X4 OS=Galleria
mellonella OX=7137 GN=LOC113517526 PE=4 SV=1
Uncharacterized protein OS=Heliothis virescens OX=7102
GN=B5V51_3978 PE=4 SV=1
neurobeachin isoform X3 OS=Trichoplusia ni OX=7111
GN=LOC113502961 PE=4 SV=1
uncharacterized protein LOC113492785 OS=Trichoplusia ni
0OX=7111 GN=LOC113492785 PE=4 SV=1
SFRICE_010949 OS=Spodoptera frugiperda OX=7108
GN=SFRICE_010949 PE=4 SV=1
TMF_TATA_bd domain-containing protein OS=Helicoverpa
armigera OX=29058 GN=Ha0G217267 PE=4 SV=1
chymotrypsin-2-like OS=Trichoplusia ni OX=7111
GN=LOC113503911 PE=4 SV=1
MFS domain-containing protein OS=Heliothis virescens
OX=7102 GN=B5V51_3335 PE=4 SV=1
prion-like-(Q/N-rich) domain-bearing protein 25
TRINITY_DN607_c0_g1_i4  AOA7E5X4B2 1797,024 -28,06261198 3,906768 -7,18308 6,82E-13 3,56E-10  OS=Trichoplusia ni OX=7111 GN=LOC113509016 PE=4
Sv=1
Serine/threonine-protein phosphatase OS=Chilo
suppressalis OX=168631 GN=evm_009908 PE=3 SV=1
Tubulin-folding cofactor C OS=Trichoplusia ni OX=7111
GN=LOC113497281 PE=3 SV=1
ribonuclease Oy OS=Trichoplusia ni OX=7111
GN=LOC113497283 PE=3 SV=1
TBC1 domain family member 15 isoform X6
TRINITY_DN23_c0_g1_i9 AOA7E5VVTS 306,1712 -25,85564042 3,365153 -7,68335 1,55E-14 1,70E-11  OS=Trichoplusia ni OX=7111 GN=LOC113497212 PE=4
Sv=1
uncharacterized protein LOC113500211 OS=Trichoplusia ni
OX=7111 GN=LOC113500211 PE=4 SV=1
Protein quiver OS=Helicoverpa armigera OX=29058
GN=Ha0G202542 PE=3 SV=1
2-aminoethanethiol dioxygenase OS=Trichoplusia ni
0OX=7111 GN=LOC113495500 PE=4 SV=1
CHK domain-containing protein OS=Heliothis virescens
OX=7102 GN=B5V51_3924 PE=4 SV=1
Uncharacterized protein OS=Heliothis virescens OX=7102
GN=B5V51_11725 PE=3 SV=1
transcription factor MafK isoform X2 OS=Trichoplusia ni
0OX=7111 GN=LOC113505201 PE=4 SV=1
1,4-beta-N-acetylmuramidase OS=Heliothis virescens
0OX=7102 GN=B5V51_13559 PE=3 SV=1
uncharacterized protein LOC113500097 isoform X2
TRINITY_DN983_c0_g1_i3  AOA7ESW7E3 212,4425 -25,19398443 3,906883 -6,44861 1,13E-10 2,91E-08 OS=Trichoplusia ni OX=7111 GN=LOC113500097 PE=4
Sv=1
GlcNAc kinase OS=Trichoplusia ni OX=7111
GN=LOC113495493 PE=3 SV=1
PH and SEC7 domain-containing protein 1 OS=Trichoplusia
ni OX=7111 GN=LOC113500805 PE=4 SV=1
myosin light chain kinase, smooth muscle-like isoform X2
TRINITY_DN2433_c0_g1_i6 AOA7E5W8I1 225,1206 -24,85162588 3,906948 -6,36088 2,01E-10 4,75E-08 OS=Trichoplusia ni OX=7111 GN=LOC113500367 PE=4
Sv=1
uncharacterized protein LOC113493354 isoform X4
TRINITY_DN1596_c0_g1_i11 AOA7E5VFN7 133,895 —24,74247714 3,906964 -6,33292 2,41E-10 552E-08 OS=Trichoplusia ni OX=7111 GN=LOC113493354 PE=4
Sv=1
Uncharacterized protein OS=Spodoptera exigua OX=7107
GN=HW555_001826 PE=4 SV=1

TRINITY_DN690_c0_g1_i2 H9J4WO0 802,8151 26,0861065 3,90679 6,67712 2,44E-11 8,15E-09

TRINITY_DNG72_c0_g1_i9 AOA2A41U12 649,6746 25,90005588 3,9068 6,629481 3,37E-11 1,05E-08

TRINITY_DN428_c0_g1_i7 AOA2W1BMBO 1671,088 25,68216635 3,906803 6,573703 4,91E-11 1,47E-08

TRINITY_DN2141_c0_g1_i4 AO0A2W1C0Z7 394,3216 25,16863504 3,90684 6,442198 1,18E-10 2,99E-08

TRINITY_DN3468_c0_g1_i2 AOA2H1W6V8 298,0542 24,79833902 3,367272 7,364518 1,78E-13 1,12E-10

TRINITY_DN920_cO_g1_i8  AOA7E5VSU9 626,8236 24,49637362 3,783865 6,473902 9,55E-11 2,54E-08

TRINITY_DNG6_c0_g1_i3 AOAGJ2KAS1 167,1658 24,13050681 3,906953 6,176299 6,56E-10 1,37E-07

TRINITY_DN2479_c0_g1_i3 AOA2A4J4T7 399,3458 23,95076072 3,762763 6,365207 1,95E-10 4,68E-08

TRINITY_DN3150_c0_g1_i4 AOA835GKM6 370,8963 23,6395473 3,907023 6,050527 1,44E-09 2,78E-07

TRINITY_DN2408_c0_g1_i2 AOA6J1WRC3 133,1594 23,58414331 3,907049 6,036306 1,58E-09 3,01E-07

TRINITY_DN4759_c0_g1_i1 AOA2A4JBT9 103,4092 23,50289198 2,948861 7,970158 1,58E-15 2,42E-12

TRINITY_DN2308_c0_g1_i13 AOA7E5WICO 118,0125 23,45316519 3,907081 6,002733 1,94E-09 3,64E-07

TRINITY_DN9900_c0_g1_i9 AOA7E5VDB7 198,6935 23,41960656 3,907079 5,994147 2,05E-09 3,82E-07

TRINITY_DN3079_c0_g2_i11 AO0A2H1V995 125,5971 23,39237627 3,907081 5,987174 2,14E-09 3,93E-07

TRINITY_DN2406_c0_g1_i9 AOA2W1BZL3 109,4278 23,38911592 3,118602 7,499872 6,39E-14 4,77E-11

TRINITY_DNG61_c0_g2 _i12  AOA7E5WMO3 4934,117 -29,94986999 3,906757 -7,66617 1,77E-14 1,82E-11

TRINITY_DN1380_c0_g1_i2 AOA2A4K3Q9 1533,397 -28,2386155 3,906768 -7,22813 4,90E-13 2,63E-10

TRINITY_DN266_c0_g1_i1 AOA437B5H9  771,9339 -27,17132593 3,390727 -8,01342 1,12E-15 1,93E-12

TRINITY_DN1107_c0_g1_i3 AOA7E5VW56 408,3063 -26,13210294 3,528235 -7,40657 1,30E-13 8,37E-11

TRINITY_DN2282_c0_g2_i1 AOA7E5VW61 315,7642 -25,90022625 3,342698 -7,7483 9,31E-15 1,09E-11

TRINITY_DN2125_c0_g2 i3 AOA7E5W948 1031,82 -25,83572019 3,906849 -6,61293 3,77E-11 1,14E-08

TRINITY_DN4029_c0_g1_i2 AO0A2W1BY38 492,574 -25,83020202 2,775232 -9,3074 1,31E-20 1,25E-16

TRINITY_DN339_c0_g1_i3  AOA7E5VP18 324,6755 -25,73843667 3,369008 -7,63977 2,18E-14 2,13E-11

TRINITY_DN674_c0_g1_i2  AOA2A4JDGO 371,8158 -25,49892232 3,906872 -6,52668 6,72E-11 1,93E-08

TRINITY_DN1588_c0_g1_i6  AOA2A4JVJ5 234,7364 -25,29098069 3,906895 -6,47342 9,58E-11 2,54E-08

TRINITY_DN782_c0_g2 i3 AOA7ESWTKO 263,8515 -25,28204351 3,126981 -8,08513 6,21E-16 1,16E-12

TRINITY_DN1147_c0_g1_i9 AOA2A4JR56 204,1739 -25,20420861 3,355514 -7,51128 5,86E-14 4,58E-11

TRINITY_DN6318_c0_g2_i14 AOA7E5VPI1 207,7038 -25,15341243 3,906908 -6,43819 1,21E-10 3,03E-08

TRINITY_DN2293_c0_g1_i2 AOA7E5WA32 181,1954 -25,04335306 3,906918 -6,41 1,46E-10 3,58E-08

TRINITY_DN7697_c0_g1_i6 AOA835L7P9 127,5466 —24,66499019 3,906973 -6,31307 2,74E-10 6,24E-08
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Table S3. Top differentially expressed genes (DEGs) in Anticarsia gemmatalis midguts from the SKTI vs. Control comparison, ranked by statistical signifi-

cance.
ID ID uniprot BaseMean log2Fold IfcSE stat pvalue padj Description
. Uncharacterized protein OS=Helicoverpa armigera OX=29058
TRINITY_DN428_c0_g1_i7 AOA2W1BMBO 1671,088 26,91733 3,906772 6,889915 5,58E-12 2,45E-09 GN=Ha0G210540 PE=3 SV=1
. Copper transport protein OS=Helicoverpa armigera OX=29058
TRINITY_DN25_c0_g1_i8 AOA2W1BUB3 537,2302 25,75638 3,906815 6,59268 4,32E-11 1,33E-08 GN=Ha0G204103 PE=3 SV=1
. - g solute carrier family 12 member 8 OS=Trichoplusia ni
TRINITY_DN920_c0_g1_i8 AOA7E5VSU9 626,8236 25,55892 3,783795 6,754837 1,43E-11 5,45E-09 OX=7111 GN=LOC 113496414 PE=4 SV=1
. - g Ascorbate ferrireductase (transmembrane) OS=Helicoverpa
TRINITY_DN1005_c0_g1_i2 AOA2W1BVT3 3687,171 25,32947 3,906835 6,483372 8,97E-11 2,41E-08 armigera OX=29058 GN=Ha0G202999 PE=4 SV=1
. Vacuolar fusion protein MON1 homolog OS=Heliothis
TRINITY_DN3121_c0_g1_i10 AOA2A4K7G1 312,8795 24,89329 3,906881 6,371653 1,87E-10 4,60E-08 virescens OX=7102 GN=B5V51_10784 PE=3 SV=1
. RNA-binding protein 8A OS=Spodoptera exigua OX=7107
TRINITY_DN3150_c0_g1_i4 AOA835GKM6 370,8963 24,88605 3,906879 6,369805 1,89E-10 4,62E-08 GN=HW555_004237 PE=3 SV=1
. g g Peptidase_M14 domain-containing protein OS=Heliothis
TRINITY_DN2479_c0_g1_i3 AOA2A4J4T7  399,3458 24,87493 3,762672 6,610975 3,82E-11 1,19E-08 virescens OX=7102 GN=B5V51_6740 PE=3 SV=1
) ~ g Alpha-amylase OS=Spodoptera frugiperda OX=7108
TRINITY_DN527_c0_g1_i3 AOA2H1VM91 6759,572 24,4114 3,906909 6,248264 4,15E-10 9,65E-08 GN=SFRICE_013669 PE=3 SV=1
. atlastin-like isoform X1 OS=Trichoplusia ni OX=7111
TRINITY_DN1272_c0_g1_i2 AOA7ES5WDP5 188,2763 24,39162 3,906948 6,243139 4,29E-10 9,85E-08 GN=LOC113501762 PE=3 SV=1
. GlcNAc-PI synthesis protein OS=Trichoplusia ni OX=7111
TRINITY_DN757_c0_g1_i9 AOA7E5X4S8 181,6832 24,3795 3,90695 6,240035 4,37E-10 9,99E-08 GN=LOC113508556 PE=4 SV=1
. g g SFRICE_035493 OS=Spodoptera frugiperda OX=7108
TRINITY_DN7965_c0_g1_i9 AOA2H1X3G7 179,1555 24,26547 3,906965 6,210823 5,27E-10 1,20E-07 GN=SFRICE_035493 PE=3 SV=1
. solute carrier family 12 member 8 OS=Trichoplusia ni
TRINITY_DN920_c0_g1_i5 AOA7E5VSU9 216,8927 24,2609 3,486331 6,958862 3,43E-12 1,59E-09 OX=7111 GN=LOC113496414 PE=4 SV=1
. Cytochrome P450 CYP6AN15v1 OS=Lymantria dispar
TRINITY_DN2482_c0_g1_i15 W5VY22 213,7132 24,2177 3,906968 6,198593 5,70E-10 1,26E-07 OX=13123 GN=CYP6AN15v1 PE=2 SV=1
TRINITY_DN690_c0_g1_i2 HOJAWO  802,8151 2417532 3906955 6,187765 6,10E-10 1,34E-07 O'o domain-containing EE’;Z'”SSE: Bombyx mori OX=7091
. g g lysosomal alpha-glucosidase-like OS=Trichoplusia ni OX=7111
TRINITY_DN3633_c2_g1_i5 AOA7TE5VYM3 159,173 24,08298 3,107743 7,749346 9,24E-15 8,59E-12 GN=LOC113497839 PE=3 SV=1
. ADP-ribosylation factor-like protein 4C OS=Trichoplusia ni
TRINITY_DN4530_c0_g2_i3 AOA7E5VTU1 157,0495 24,04893 3,138717 7,662023 1,83E-14 1,59E-11 OX=7111 GN=LOC113496513 PE=3 SV=1
. RNA-directed DNA polymerase OS=Diaphorina citri
TRINITY_DN600_c0_g1_i18 AOA3QOJKU4 149,6004 24,01987 3,907009 6,147892 7,85E-10 1,64E-07 OX=121845 GN=LOC103524063 PE=4 SV=1
. solute carrier family 12 member 8 OS=Trichoplusia ni
TRINITY_DN920_c0_g1_i4 AOA7E5VSU9 182,3688 24,00621 3,55648 6,749993 1,48E-11 5,53E-09 OX=7111 GN=LOC 113496414 PE=4 SV=1
. uncharacterized protein LOC113496429 OS=Trichoplusia ni
TRINITY_DN1544_c0_g1_i2 AOA7TESVTG2 206,2349 23,87849 3,907024 6,111682 9,86E-10 2,00E-07 OX=7111 GN=LOC 113496429 PE=4 SV=1
. SFRICE_003033 OS=Spodoptera frugiperda OX=7108
TRINITY_DN83_c0_g1_i5 AOA2H1VIY5 170,5134 23,76975 3,907048 6,083814 1,17E-09 2,33E-07 GN=SFRICE_003033 PE=3 SV=1
. chymotrypsin-2-like OS=Trichoplusia ni OX=7111
TRINITY_DN61_c0_g2_i12 AOA7TE5WM93 4934,117 -29,7543 3,906757 -7,61611 2,61E-14 2,12E-11 GN=LOC113503911 PE=4 SV=1
Peptidase S1 domain-containing protein (Fragment)
TRINITY_DN9184_c0_g1_i9 AOA2A4JX80 5569,469 -29,0916 3,906758 -7,44648 9,59E-14 6,84E-11  OS=Heliothis virescens OX=7102 GN=B5V51_10501 PE=4
Sv=1
. Uncharacterized protein OS=Helicoverpa armigera OX=29058
TRINITY_DN97_c0_g1_i2 AOA2W1BHW2 2592,96 -28,8575 3,906762 -7,38656 1,51E-13 1,01E-10 GN=Ha0G208738 PE=4 SV=1
. SFRICE_022831 OS=Spodoptera frugiperda OX=7108
TRINITY_DN553_c0_g1_i3 AOA2H1V3K8 5019,246 -28,6752 3,906763 -7,33988 2,14E-13 1,36E-10 GN=SFRICE_022831 PE=4 SV=1
TRINITY_DN4227 c0_g1_i1 DOENK2  2060,852 —27,9712 3835627 —7,29248 3,04E-13 1.87E-10 Omithine deca’b"xy'asf,gfz:;’\p/‘i‘:°pte”’ litura OX=69820
. . . g g FGE-sulfatase domain-containing protein OS=Spodoptera
TRINITY_DN3438_c0_g1_i7 AOA835G5G4 458,128 26,1872 3,414685 7,669 1,73E-14 1,54E-11 exigua OX=7107 GN=HW555_012305 PE=3 SV=1
TRINITY_DN2230_c0_g1_i20 096383 7809584 258572 3906836 —6,61846 3,63E-11 1,14E-08  MMUnorelated HIdI3 OS Hyphantria cunea 0X=39466
TRINITY_DN2230_c0_g1_i16 096333 4887486 253283 3906876 —6,48301 8,99E-11 241E-0g MMunerelaed HAd3 DS Hyphantria cunea OX=39466
. SFRICE_001557 OS=Spodoptera frugiperda OX=7108
TRINITY_DN10096_c0_g1_i12 AOA2H1VER9 276,4156 -25,2244 3,426334 -7,36193 1,81E-13 1,17E-10 GN=SFRICE_001557 PE=4 SV=1
TRINITY_DN4227_c0_g1_i7 DOENK2 1848114 —24,9232 3906918 —6,37924 1,78E-10 443E0g Ormithine decarb°xy'asﬁ,g=sz=§$2‘:°p‘era litura OX=69820
. . . ~ ~ arginine-glutamic acid dipeptide repeats protein
TRINITY_DN7681_c0_g1_i6 AOA7ES5WF69 164,8852 -24,7268 3,271552 -7,55813 4,09E-14 3,25E-11 0S=Trichoplusia ni OX=7111 GN=LOC113502148 PE=4 SV=1
Cleavage and polyadenylation specificity factor subunit
TRINITY_DN1121_c0_g1_i23  AOAON1IN40 138,0695 -24,6526 3,109138 -7,92907 2,21E-15 2,40E-12 CG7185 OS=Papilio xuthus OX=66420 GN=RR46_01469
PE=3 SV=1
. ~ . ~ ~ SFRICE_010949 OS=Spodoptera frugiperda OX=7108
TRINITY_DN3079_c0_g2_i4 AOA2H1V995 170,0287 -24,6241 3,339912 -7,37269 1,67E-13 1,10E-10 GN=SFRICE_010949 PE=4 SV=1
protein kinase C and casein kinase substrate in neurons
TRINITY_DN2814_c0_g1_i4 AOA7E5W898 163,3298 -24,2216 3,90703 -6,19948 5,66E-10 1,26E-07 protein 1-like isoform X1 OS=Trichoplusia ni OX=7111
GN=LOC113500306 PE=4 SV=1
. uncharacterized protein LOC113491686 isoform X3
TRINITY_DN180_c0_g1_i11 AOA7E5V8I8  117,8578 -24,1174 3,29399 -7,32164 2,45E-13 1,53E-10 0S=Trichoplusia ni OX=7111 GN=LOC113491686 PE=4 SV=1
. PAX transactivation activation domain-interacting protein
TRINITY_DN1782_c0_g2_i5 AOA7TE5VGS4 112,978 24,048 3,907069 -6,155 7,51E-10 1,58E-07 0S=Trichoplusia ni OX=7111 GN=LOC113493606 PE=4 SV=1
cleavage and polyadenylation specificity factor subunit
TRINITY_DN1121_c0_g1_i18 AOA8B8HS14 117,3253 -24,0348 3,235756 -7,42789 1,10E-13 7,65E-11 CG7185 isoform X4 OS=Vanessa tameamea OX=334116
GN=LOC113393619 PE=4 SV=1
. cationic amino acid transporter 3 OS=Trichoplusia ni OX=7111
TRINITY_DN350_c0_g1_i9 AOA7TE5W1V3 222,1809 -23,9119 3,907106 -6,12012 9,35E-10 1,91E-07 GN=LOC113498693 PE=4 SV=1
. Tetraspanin OS=Heliothis virescens OX=7102
TRINITY_DN3423_c0_g1_i3 AOA2A4JVV7  102,6004 -23,7014 3,907052 -6,06631 1,31E-09 2,52E-07 GN=B5V51_10725 PE=3 SV=1
TRINITY_DN3344_c0_g1_i12 AOA2A4KIRO 86,6024 —236281 3907181 —6,04734 147E-09 2,80E-07 RKG1interact domain-containing protein OS=Heliothis

virescens OX=7102 GN=B5V51_6183 PE=4 SV=1
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Fig. S1. Comprehensive annotation and characterization of Anticarsia gemmatalis midgut transcriptome based on 42,372 de novo-assem-
bled unigenes processed through the TraplD pipeline and annotated using eggNOG-mapper v2. (A) Species-level distribution of best hits
against the eggNOG 5.0 database, showing predominant similarity to Bombyx mori (36%), Danaus plexippus (34%), and Heliconius mel-
pomene (25%), consistent with Lepidopteran proteome references. (B) Phylum-level distribution revealed a majority of transcripts affiliated
with Arthropoda (85%), followed by Bacteria (7%), Ascomycota (2%), and other lineages (6%). (C) Functional annotation summary showing
the number of unigenes mapped to major databases: UniProt (23,304), eggNOG orthologous groups (20,762), Swiss-Prot (18,220), Gene
Ontology (11,440), and KEGG pathways (11,016), highlighting broad coverage and integration across databases. (D) Length distribution of
transcripts categorized into 30 bins from 492 to 22,804 nucleotides, with a predominance of shorter contigs (1261 nt), characteristic of de

novo transcriptome assemblies in non-model insects.
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Fig. S2. Heat-map of the 20 most significant differentially expressed Unigenes in midguts of Anticarsia gemmatalis treated with the natural
protease inhibitor SKTI and the synthetic inhibitor GORE-2 (FDR < 0.05, |log,FC| 2 1). Data depict log, fold-change values normalized
across samples; red indicates up-regulation and blue down-regulation relative to control. Panels are arranged as (A) Control vs SKTI and (B)
Control vs VLA, highlighting inhibitor-specific expression signatures. Complete-linkage hierarchical clustering of genes (rows) and samples
(columns) groups Unigenes by expression similarity, with dendrograms illustrating cluster relationships. Each row is labeled with its Trinity
identifier (e.g., TRINITY_DN3150_c0_g1_i4) for precise gene tracking. Two biological replicates per condition are presented to demonstrate
reproducibility. The adjacent color scale bar denotes the log, fold-change values (-0.7 to +0.7) used in the heat-map.
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