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Abstract 

Background  Despite the presence of a large number of toxic components, primarily juglone, in walnut green husks, 
these components have failed to prevent infestations of the specialized pest Atrijuglans aristata. At present, it remains 
unclear whether detoxification genes play a pivotal role in enhancing host fitness of A. aristata. In this study, we 
explored the adaptation mechanisms of A. aristata to host plants by identifying and expressing gene families associ-
ated with detoxification, as well as assessing the binding affinity of their protein products with juglone.

Results  We identified 84 P450 (P450 monooxygenases), 48 COE (carboxylesterases), 34 GST (glutathione S-trans-
ferases), 26 UGT (UDP-glycosyltransferases), and 57 ABC (ATP-binding cassette) transporter genes in the genome 
of A. aristata. The P450 gene family of A. aristata was divided into four classes based on phylogenetic relationships. 
Comparative transcriptome analysis revealed that 383 genes in the larval guts of A. aristata were significantly down-
regulated after starvation treatment compared with normal feeding. These genes were frequently enriched in path-
ways related to P450 detoxification metabolism. Through homology modeling and molecular docking analysis 
of the 12 significantly down-regulated P450 genes, it was found that all 12 proteins exhibited strong binding affinities 
with the ligand molecule juglone.

Conclusions  The gene number of the detoxification-related families in the A. aristata genome is close to that of 
other specialized insect species. Twelve candidate P450 genes identified in comparative transcriptome analysis are 
inferred to be involved in host adaptation of A. aristata. These results provide a theoretical basis for the management 
of walnut pests.
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Background
Arms races between plants and herbivorous insects 
began over 400 million years ago [1]. Plants have devel-
oped numerous physical and chemical defenses to resist 
insects, such as leaf abscission, reduced palatability, 
and the release of secondary metabolites that are toxic 
to insects [2, 3]. To successfully feed on plants and 
maintain growth and development, insects have also 
evolved a variety of counter-defense strategies, such as 
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isolation, excretion, or metabolic resistance [4, 5]. Stud-
ies show that many factors are involved in insect resist-
ance to plants, including detoxification related families, 
such as P450s (P450 monooxygenases), COEs (carboxy-
lesterases), GSTs (glutathione S-transferases), UGTs 
(UDP-glycosyltransferases) and ABC (ATP-binding cas-
sette) transporters [4]. The number of genes within these 
families is generally correlated with the insect dietary 
breadth or host range [6]. Among these gene families, 
the P450 family, which is mainly involved in resistance 
to insecticides and degradation of secondary metabo-
lites, has been extensively studied [7, 8]. For example, 
the CYP336 family in the honeybee Apis mellifera can be 
involved in the detoxification of natural alkaloid insecti-
cide [9]. The CYP9A gene cluster of the fall armyworm 
Spodoptera frugiperda and the beet armyworm Spodop-
tera exigua can respond to multiple insecticides and 
secondary metabolites simultaneously [10]. Further-
more, during the interaction between rice and Asian rice 
gall midge Orseolia oryae, the upregulation of multiple 
genes in rice (including P450) may be associated with the 
mechanism by which the salicylic acid defense pathway 
contributes to resistance against the gall midge [11, 12]. 
Studying how detoxification genes help insects cope with 
pesticides or chemical components in plants not only 
contributes to a deeper understanding of the underlying 
mechanisms of plant – insect interactions, but also pro-
vides critical technical guidance for pest control.

Atrijuglans aristata belongs to Stathmopodidae, super-
family Gelechioidea, Lepidoptera [13]. It occurs in 1 ~ 2 
generations per year typically [14, 15], but has a three-
generation-type in some regions [16]. As a specialist, it 
burrows into walnut green husks, leading to early fruit 
drop and causing walnut yields to decline year-over-year. 
China ranks first in the world in terms of walnut produc-
tion, with about 1.4 million metric tons in 2023/2024, 
710.5 thousand metric tons higher than the second-
ranked United States [17]. However, the Chinese yield 
of walnut has decreased by about half due to A. aristata 
[18], seriously hindering the healthy development of wal-
nut agroforestry.

As the main host plant of A. aristata, Persian walnut 
(Juglans regia) green husk contains many naphthoqui-
nones  (notably  juglone), phenolics and polysaccharides, 
of which the first two can be natural pesticides and anti-
bacterial agents [19–21]. Fewer eggs were laid and food 
refusal was observed after the greater wax moth Galle-
ria mellonella fed on juglone [22]. However, some insects 
that can use walnuts as hosts, such as the codling moth 
Cydia pomonella, can convert toxic juglone to non-toxic 
1,4,5-trihydroxynaphthalene in the larval gut and elimi-
nate them from the body [23]. This result suggests that 
the walnut specialist insect A. aristata may also have the 

ability to detoxify the secondary metabolic components 
of walnuts. However, the molecular mechanism by which 
A. aristata utilize juglone remains largely unclear.

To address the issue, we first characterized the num-
ber of detoxification-related gene families (P450s, COEs, 
GSTs, UGTs and ABCs) in the A. aristata genome [24]. 
Then, we screened differentially expressed genes after 
larval starvation treatments using comparative transcrip-
tome analysis. Furthermore, homology modeling and 
molecular docking techniques were employed to explore 
the binding affinity of candidate P450 proteins to juglone. 
This is the first study on A. aristata host adaptation, and 
our results provide important theoretical guidance for 
effective walnut pest management.

Methods
Sample collection and transcriptome sequencing
Our samples were collected in June 2024 from a walnut 
orchard (117°26′46’’E, 36°32′6’’N) in Jinan, Shandong 
Province, China, which was previously abandoned, left 
without human maintenance or management. Possibly 
infested green walnuts were found according to damage 
symptoms of A. aristata larvae and then placed in a labo-
ratory incubator for larval rearing. The environment of 
the incubator was set at 25 ± 1℃, 75 ± 10% RH, 14L:10D. 
To screen for genes that may be involved in metabolizing 
toxic components in host plants, we sampled and tran-
scriptome sequenced the guts of larvae before and after 
starvation treatments. To be specific, the larvae (with 
a body length of about 6 ~ 7  mm) were taken from the 
fruits and starved for 24h. Their guts were then dissected 
and placed in sterile and enzyme-free tubes as the treat-
ment group. In the control group, larvae of the same 
body length were selected from the fruit and their guts 
were directly dissected with no starvation treatment. The 
guts of five larvae were used as a replicate, and three rep-
licates were performed for control and treat group. All 
samples were frozen in liquid nitrogen and stored in the 
refrigerator at −80℃.

Total RNA was extracted according to the TRIzol pro-
tocol (Life Technologies, USA [25]). Extraction quality 
was checked via 1% agarose gel electrophoresis, RIN val-
ues were determined with Agilent2100, and extraction 
purity was checked by Nanodrop2000. cDNA libraries 
were constructed using a TruseqTM RNA Sample Prep 
Kit (Illumina, Inc., USA) and then further sequenced 
on the Illumina sequencing platform to generate 150 bp 
paired-end reads.

Gene family identification
To identify five detoxification related gene families of A. 
aristata, including P450s, COEs, GSTs, UGTs, and ABCs, 
we obtained its genomic data (GCA_046579625.1; NCBI) 
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and annotated files of protein-coding genes (https://​
doi.​org/​10.​6084/​m9.​figsh​are.​27290​562; Figshare) [24]. 
After retaining only the longest transcript of each gene, 
these gene families were identified as follows: firstly, the 
genes related to the above gene families in Lepidoptera 
species were downloaded from NCBI, which were used 
as a database after preliminary filtering, and the protein-
coding genes of the A. aristata were aligned to the data-
base using the blastp v2.13.0 (E-value < 1e-5). Secondly, 
based on the Hidden Markov Model, the sequences were 
aligned to the Pfam database [26] using the hmmsearch 
command in the HMMER v3.3.2 [27], and potential 
sequences were detected according to the E-value < 1e-5. 
The domains of each gene family were mainly referenced 
from Seppey et  al. [28] and Yuan et  al. [29]. The genes 
detected with the above two methods simultaneously 
were used as candidate genes for each gene family.

To compare whether the number of gene families in A. 
aristata is similar to that in other specialist insects, we 
also identified gene families for two other specialists and 
three generalists. The two specialists were the silkworm 
B. mori (GCA_014905235.2; NCBI) and diamondback 
moth P. xylostella (GCA_932276165.1; NCBI). The three 
generalists were cotton bollworm Helicoverpa armigera 
(GCA_023701775.1; NCBI), tobacco cutworm S. litura 
(GCA_002706865.3; NCBI), and codling moth C. pomo-
nella (InsectBase). Their identification is consistent with 
that of A. aristata.

Phylogenetic analysis
Phylogenetic analysis was used to classify the P450 fam-
ily of A. aristata into different clans. To be specific, the 
amino acid sequences of A. aristata, B. mori, and P. xylos-
tella were combined (Additional file 1: Table S2) and then 
sequences were aligned using MUSCLE v3.8.1551 [30]. 
A phylogenetic tree was constructed with the maximum 
likelihood method based on the best amino acid substitu-
tion model LG + F + R7 in IQ-TREE v1.6.12 (http://​www.​
iqtree.​org/). The confidence of each node of the phyloge-
netic tree was evaluated based on 1,000 bootstraps. The 
final results were visualized using the website tvBOT 
[31], with “clanMITO” class as the outgroup of phyloge-
netic tree [7].

Differential expression analysis
The raw Illumina sequencing reads were processed with 
fastp v0.12.1 [32]. Specifically, reads containing Ns or 
adapters were removed, as well as reads with a trimmed 
length of less than 30 bp. Reads with no inserted frag-
ments due to splice self-attachment were removed. 
Bases with a quality value of less than 20 in the end of 
the sequence were cut out. If the remaining reads still 
had bases with quality values below 10, the entire reads 

were removed. After all the filtering steps were run, the 
data were considered clean. Then, these clean data were 
mapped to the reference genome of A. aristata using 
HISAT2 v2.2.1 [33]. The mapping results were then ana-
lyzed based on SAMtools v1.16.1 [34]. The read counts 
of each gene in the bam files were counted using feature-
Counts v2.0.6 [35] and further normalized according 
to FPKM (fragments per kilobase of transcript per mil-
lion mapped fragments). Differential expression analy-
sis was performed using the “edgeR” [36] package in R. 
The calculated P-values were further controlled for false 
positives using the Benjamini–Hochberg method. Finally, 
genes with FDR < 0.05 and | log2 (fold change) | > 1 were 
considered differentially expressed. The sequences of the 
differentially expressed genes were further searched with 
the NR database using blastp v2.13.0 to infer the function 
of these genes.

Enrichment analysis
Since GO or KEGG information for non-model species is 
very limited, we transformed the genes of A. aristata into 
homologous genes of the model species B. mori. KEGG 
pathway analysis of differentially expressed genes was 
performed on KOBAS v3.0 [37], using protein-coding 
genes in the genome as background data sets. P-values 
were calculated using the hypergeometric test/Fisher’s 
exact test, and the FDR values were corrected using Ben-
jamini & Hochberg [38]. Finally, the FDR < 0.05 served as 
the standard for significant enrichment.

Homologous modeling and molecular docking
Based on the results of comparative transcriptome anal-
ysis, 12 significantly down-regulated candidate P450 
genes were used for homology modeling according to 
AlphaFold3 [39]. The plausibility of the homology mod-
eling results was evaluated using ERRAT [40] and PRO-
CHECK [41]. the Ramachandran plots were generated 
on the SAVES v6.1 online website (https://​saves.​mbi.​ucla.​
edu/). The 3D structure of the ligand molecule juglone 
was obtained from the PubChem database (https://​pubch​
em.​ncbi.​nlm.​nih.​gov/) and molecular docking was per-
formed based on AutoDock Vina v1.1.2 [42], where active 
pockets were set within a 30 × 30 × 30 Å grid centered on 
heme iron. The results of docking were further visualized 
using PyMOL (https://​www.​pymol.​com/).

Results
Gene family identification
We annotated 84 P450s, 58 COEs, 34 GSTs, 26 UGTs, 
and 57 ABCs in the genome of A. aristata via homology 
search (Fig. 1). Among them, 79, 53, 31, 26, and 51 genes 
had complete ORFs (open reading frame), respectively 
(Additional file  1: Table  S1). Of the five gene families, 
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the ABC family had the largest average gene length and 
amino acid length at 23,906.10 bp and 948.84 aa, respec-
tively. The UGT family had the shortest average gene 
length at 5,110.42 bp, whereas the GST family had the 
shortest average amino acid length at 240.47 aa (Addi-
tional file 1: Table S1).

We also compared the differences in the number of 
detoxification-related gene families in insects with dif-
ferent diet breadths. Overall, the gene number of all 
five families was higher in generalist than in specialist 
species, especially for the P450 gene family, which had 
an average gene number of 123.33 (± 11.06) in general-
ists (Helicoverpa armigera, Spodoptera litura and Cydia 
pomonella), much higher than that of 82.67 (± 1.15) in 
specialists (Bombyx mori, Atrijuglans aristata, and Plu-
tella xylostella). The differences accumulated in the five 
gene families showed that the gene members in the three 
specialists (268.00 (± 17.78) on average) were fewer than 
that in the three generalists (354.33 (± 17.21) on average), 
although there were some slight exceptions in the GST, 
UGT and ABC families (Fig. 1).

Phylogenetic analysis
Among the P450 family, clan3 and clan4 are two impor-
tant clades involved in insect detoxification metabolism 
[7]. Therefore, the amino acid sequences of 248 P450 
genes from three specialists, A. aristata, Bombyx mori, 
and P. xylostella (Additional file 2: File S1) were aligned 
and a maximum likelihood phylogenetic tree was con-
structed using the LG + F + R7 substitution model to 
further classify the P450 genes of A. aristata. We found 
that all genes were divided into four classes (clan2, clan3, 
clan4 and clanMITO). Eight genes from A. aristata, 
seven genes from B. mori, and nine genes from P. xylos-
tella were clustered together to form “clan2”. Eleven 
genes from each of these three species clustered together 
to form the mitochondrial class “clanMITO”. Clan3 and 
clan4 contain the largest number of genes, more than 
clan2 and clanMITO, with 39 genes belonging to “clan3” 
and 26 genes belonging to “clan4” in A. aristata (Fig. 2). 

All P450 genes of A. aristata have been labeled as Aari_
CYP-01 ~ Aari_CYP-85.

The chromosomes containing P450 genes were then 
identified in the genome of A. aristata. 83 out of 84 genes 
were unevenly distributed across 22 chromosomes, and 
only one gene was located on the scaffold (CTG_818; 
Fig.  3). Among them, Chr06 and Chr11 both had nine 
P450 genes, and they had the highest number of genes 
identified in all of their chromosomes, while only one 
P450 gene was identified for Chr05, Chr10, and Chr16. 
There were usually no more than two clans on the same 
chromosome, excepting Chr06 and Chr18. Clan3 tended 
to be distributed in clusters on chromosomes, such as 
Chr02, Chr11, Chr13, Chr21 and Chr24. Similar features 
exist in clan4, such as Chr06 and Chr21 (Fig. 3). Overall, 
a portion of the P450 genes is dispersed on the chromo-
somes, while others are arranged in clusters, consistent 
with findings in the weevil Cyrtotrachelus buqueti [43].

Differential expression analysis
To screen for genes that might be involved in detoxifica-
tion metabolism, we carried out transcriptome sequenc-
ing of A. aristata larval gut samples before and after 
starvation treatments, obtaining 133,214,219 total raw 
reads, covering 40,230,694,138 bp. A total of 131,491,724 
reads covering 38,873,269,988 bp were retained after 
removing the adapters and low-quality, N-saturated, and 
short reads. The Q30 content of each sample was greater 
than 95% and the GC content was between 45.23% 
~ 51.56% (Additional file 1: Table S2).

Following data cleaning, we mapped reads to the refer-
ence genome of A. aristata. The average mapping rates 
for the control and treatment groups were 69.05% and 
64.60%, respectively (Additional file  1: Table  S2). The 
expression matrix was constructed based on the map-
ping of reads, and then the genes that were expressed 
in more than 75% of samples were screened, resulting 
in the retention of 12,413 genes (54.78% of all the genes, 
used for comparative transcriptome analyses). Compara-
tive transcriptome analysis showed that compared with 

Fig. 1  Comparison of detoxification-related gene families in insects with different diet breadth. Specialists are in the orange branches, 
while generalists are in the blue branches
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normal feeding, 201 genes were significantly up-regulated 
in A. aristata larvae after starvation treatments (Fig. 4A; 
Additional file  1: Table  S3). KEGG pathway enrichment 
of these genes revealed major enrichment in 43 pathways, 
of which only one was significantly enriched: the Toll and 
Imd signaling pathway (Additional file 3: Fig. S1), which 
is mainly used to activate immune responses in insects 
[44]. Furthermore, the FoxO signaling pathway and fatty 
acid biosynthesis pathways, which regulate insect growth 

and development [45, 46], were also enriched, but not 
significantly.

Three hundred eighty-three genes were significantly 
down-regulated (Fig.  4A; Additional file  1: Table  S4), 
these genes were enriched to 72 KEGG pathways, of 
which 33 pathways were significantly enriched. Among 
these significantly enriched pathways, pathways related to 
detoxification metabolism were frequently enriched, for 
instance, 6 genes and 13 genes were significantly enriched 
for the Metabolism of xenobiotics by cytochrome 

Fig. 2  Phylogenetic analysis of P450 genes from Bombyx mori, Plutella xylostella, and Atrijuglans aristata. The gene IDs of the first two are shown 
in black, the last in red
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Fig. 3  Distribution of P450 genes of A. aristata on chromosomes/scaffolds

Fig. 4  Differential expression analysis of Atrijuglans aristata larvae after starvation treatment compared to controls. A The volcano map shows 
the differential expression of genes in the comparative transcriptome analysis. Green, orange, and gray dots represent significantly down-regulated, 
significantly up-regulated, and non-differentially expressed genes, respectively; black dots represent significantly down-regulated P450 genes; 
and black circles represent other detoxification genes that were significantly down-regulated (GSTs, COEs, UGTs, and ABCs). B KEGG pathway 
enrichment results of significantly down-regulated genes (top15). qvalue < 0.05 indicates significant enrichment



Page 7 of 12Feng et al. BMC Genomics          (2025) 26:387 	

P450 pathway and Drug metabolism-cytochrome P450 
pathway, respectively; Ten genes were enriched for 
Glutathione metabolism, 12 genes for the Drug metabo-
lism-other enzymes pathway, and four genes for the ABC 
transporters pathway (Fig.  4B). Among the above path-
ways, 15 genes were from different detoxification gene 
families, such as GST, UGT as well as ABC. We speculate 
that these pathways and genes may help A. aristata larvae 
degrade chemical components in walnut green husks. In 
addition to detoxification metabolism, a variety of path-
ways related to sugar metabolism and amino acid metab-
olism were also enriched, such as Galactose metabolism, 
Histidine metabolism, Glycolysis/Gluconeogenesis and 
Valine, and leucine and isoleucine degradation. These 
represent basic metabolic processes that sustain the life 
of insects [47–49].

Based on these results, we further analyzed the signifi-
cantly down-regulated genes, and found that 35 out of 
383 were detoxification-related genes. They belonged to 
different gene families, including 12 P450 genes, 5 GST 
genes, 6 COE genes, 8 UGT genes, and 4 ABC genes. The 
P450 genes can be also divided into “clan3” (9 genes), 
“clan4” (2 genes), and “clan2” class (1 gene) (Fig. 4A).

Homologous modeling and molecular docking
We performed homology modeling and molecular dock-
ing of 12 significantly down-regulated expressed P450 
genes to explore the binding affinity of P450 proteins to 
juglone for the following reasons: 1) Compared to other 
significantly down-regulated detoxification genes, the 
P450 genes showed the largest fold change and the small-
est FDR value (Fig. 4A). 2) Significantly down-regulated 
expressed genes were frequently enriched in the pathway 
related to detoxification metabolism (Fig. 4B), suggesting 
that this process plays a key role in helping A. aristata 
larvae to metabolize secondary metabolites. 3) P450s 
primarily participate in the first phase of insect detoxi-
fication metabolism [4]. The 3D structures of the P450 
genes were first predicted using AlphaFold3 [39], then 
we evaluated the feasibility of the modeling results using 
ERRAT [40] and PROCHECK [41]. The ERRAT scores of 
all the proteins were > 91, with six proteins scoring > 95 
(Table  1). Moreover, the Ramachandran plots showed 
that more than 90% of the amino acid residues were 
located in their most favored regions (Additional file  3: 
Fig. S2). All of these indicators suggest that the P450 
genes were modeled well and could be used for subse-
quent molecular docking.

The results of molecular docking showed that the bind-
ing energy of 12 P450 proteins and ligand juglone ranged 
from −7.2 and −6.2  kcal/mol (Table  1). Each P450 has 
a different number of amino acid residues that form a 
different number of hydrogen bonds with juglone. For 

example, most of the P450 proteins had two amino acid 
residues forming hydrogen bonds with juglone. However, 
Aari_CYP-79 had only one amino acid residue (ARG-
102) that formed a hydrogen bond with juglone, and 
the lengths of the hydrogen bonds were 2.1 Å and 2.3 Å, 
respectively. Aari_CYP-83 had four amino acid residues 
forming hydrogen bonds with juglone, with hydrogen 
bond lengths of 2.5 Å (SER-330), 3.2 Å (SER-388), 2.2 
Å (ALA-389), and 3.2 Å (PRO-461). We also observed 
that ARG was the highest frequency amino acid resi-
due for hydrogen bond formation across docking results 
(Fig. 5). The above results suggest a high binding affinity 
between the candidate P450 proteins and the ligand mol-
ecule juglone. Furthermore, we also screened homolo-
gous genes of the candidate genes in B. mori (nine genes) 
and P. xylostella (six genes) by constructing phylogenetic 
relationships (Additional file 3: Fig. S3), and assessed the 
binding affinity of their protein products with juglone. 
However, only one P450 in B. mori was unable to form 
hydrogen bonds with the ligand molecule, and there was 
no significant difference in binding energy among the 
three species (p > 0.05) (Additional file 3: Fig. S4).

Discussion
Detoxification-related gene families often help insects 
metabolize and resist secondary substances. When a for-
eign substance enters the insect, it is first subjected to 
redox and hydrolysis reactions, then conjugated to make 
the products of the first stage more soluble in water, prior 
to excretion [50–53]. The green husk of cultivated wal-
nuts contains many secondary metabolites that can be 
used as natural insecticides; to investigate the molecu-
lar mechanisms underlying the adaptation of A. aristata 

Table 1  Evaluation of homology modeling results of 12 
candidate P450 proteins and binding energies with juglone

GeneID ERRAT score Binding 
energy (kcal/
mol)

Aari_CYP-07 95.9641 − 6.4

Aari_CYP-08 91.1565 − 6.2

Aari_CYP-20 94.1423 − 7.1

Aari_CYP-24 94.7471 − 6.5

Aari_CYP-38 95.3757 − 6.5

Aari_CYP-39 93.3333 − 6.8

Aari_CYP-58 94.8429 − 6.3

Aari_CYP-59 92.6380 − 6.3

Aari_CYP-77 95.9514 − 6.6

Aari_CYP-78 95.0719 − 6.7

Aari_CYP-79 95.6818 − 7.0

Aari_CYP-83 97.0238 − 7.2
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Fig. 5  Molecular docking results of significantly down-regulated P450 proteins with ligand molecule juglone. Juglones are shown in red, 
and amino acid residues in the P450 proteins that form hydrogen bonds with juglone are shown in blue
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adaptation to its host plants, we annotated detoxifica-
tion-related genes in the genome, and ultimately identi-
fied 84 P450s, 58 COEs, 34 GSTs, 26 UGTs, and 57 ABCs 
(Fig. 1). Some of the P450 genes were arranged in clus-
ters on the chromosomes of A. aristata (Fig. 3), reflect-
ing recent recurrent events, consistent with previous 
results [8, 43]. The presence of such gene clusters is likely 
associated with increased susceptibility to phytotoxins 
and synthetic insecticides [54]. By constructing a maxi-
mum likelihood phylogenetic tree with the P450 genes of 
other Lepidoptera species, the P450 genes of A. aristata 
were divided into four classes and the number of genes 
from “clan3” and “clan4” was higher than that of “clan2” 
and “clanMITO” (Fig. 2), mirroring results seen in S. fru-
giperda [55]. The large expansion of “clan3” and “clan4,” 
which contain many genes involved in exogenous detoxi-
fication metabolism, may suggest a diversity of functions, 
such as resistance to toxic chemicals, maintenance of 
normal growth and development, as wells as improved 
environmental adaptation [8].

We also compared the number of detoxification-related 
gene families between specialists and generalists. Com-
pared with generalists, specialists had fewer gene cop-
ies (Fig.  1). Further, the number of gene families in A. 
aristata tended to be similar to those of the other two 
specialized insects, perhaps given the diet breadth of 
these insects [6, 56]. However, this pattern may not be 
present in every species, as mentioned in our results 
(Fig.  1). Another example is the host-specialized pine 
defoliator Dendrolimus punctatus, which has only four 
fewer numbers in the P450 family than S. litura [57]. 
Through longitudinal comparisons, we additionally 
noticed that the P450 family showed the greatest differ-
ence among insects with different host breadths, followed 
by COE, this possibly related to the fact that generalists 
have higher evolutionary rates in the P450, COE, and 
ABC families, whereas specialists generally exhibit higher 
evolutionary rates in the UGT and GST families [58]. On 
the basis that there is a difference in the number of gene 
families in insects with different host widths, the rapid 
evolution of specialized insects may have narrowed this 
difference, whereas rapid evolution of generalized insects 
may have widened it. However, in our study, the ABC 
and GST families were only 20 gene copies apart on aver-
age in insects with different dietary breadths. Ultimately, 
more species are likely needed to discover whether these 
trends are truly generalizable.

The P450 gene is a key research line for analyzing insect 
resistance to insecticides or secondary metabolites, and 
they often enhance their adaptability to the environ-
ment by increasing gene expression levels under stress 
[7, 11, 59]. For example, when the silkworms B. mori 
are exposed to the insecticide phoxim, the P450 genes 

in clan3 and clan4 are significantly up-regulated [60]. 
The brown planthopper Nilaparvata lugens regulates 
the expression of P450 genes by affecting the Akt-FoxO 
signaling pathway, which in turn improves adaptation to 
insecticides and phytochemicals [61]. In our study, genes 
that were significantly down-regulated after starvation 
treatments of A. aristata larvae were also commonly 
enriched into pathways related to P450 detoxification 
metabolism, and the P450 gene had the largest fold 
change among the detoxification genes, possibly due to 
the fact that these P450 genes are involved in the detoxi-
fication metabolism of toxic components in the food of 
the A. aristata. However, after the starvation treatment, 
the food residues in the larval guts have been completely 
digested, therefore the detoxification genes do not need 
to function frequently. Despite this, we recognize that 
comparative functional studies using reared insects and 
highly controlled application of specific substances is 
ideal when we want to study the effects of secondary 
metabolites on insects. Unfortunately, rearing of the non-
model insect A. aristata using artificial diets under labo-
ratory conditions is not currently feasible.

In our study, we also further simulated the bind-
ing affinity of candidate P450 proteins to juglone using 
molecular docking technology, which has been widely 
used in studies of drug resistance or on the recognition 
mechanisms between receptors and ligands in various 
insects [62], such as Athetis lepigone [63], Sitobion ave-
nae [64], N. lugens [65] as well as Zeugodacus cucurbitae 
[66]. The results demonstrate that all the candidate P450 
proteins have a strong binding affinity to juglone, and the 
binding sites are all located in a close range to heme iron, 
indicating a high degree of confidence. Further, ARG is 
the hydrophilic amino acid that forms hydrogen bonds 
most frequently, which is also frequently used to form 
hydrogen bonds in other insect species, such as CYP6P8 
in Anopheles minimus [67], CYP6B1 in Papilio polyxenes 
[68], and CYP6B8 in Helicoverpa zea [68]. However, after 
performing homology modeling and molecular dock-
ing on the homologous genes in B. mori and P. xylostella, 
we did not find that the candidate proteins of A. aristata 
exhibited higher binding energy (Additional file  3: Fig. 
S4). We speculate that the role of a certain key gene 
might have been overlooked during the comparison. A 
second limitation is that we also lack perfect positive and 
negative controls, as we were unable to identify a gene 
definitively known to degrade juglone in insects based on 
previous studies, nor can we confirm that similar genes 
are entirely absent from the genomes of B. mori and P. 
xylostella.

Our findings lay the groundwork for understanding 
the adaptive mechanisms of A. aristata to host plants 
and provide important references for the management 
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of walnut pests. However, there are still many unre-
solved issues that require further exploration in the 
future. For instance, it is not clear whether the sig-
nificantly down-regulated P450 gene also affects the 
growth and development or starvation resistance of A. 
aristata, and what role other detoxification genes play 
in the degradation of juglone. Additionally, it remains 
to be determined whether the substrate recognition 
sites of the candidate genes differ from those of other 
genes. Moreover, our current results are primarily 
based on bioinformatics analysis and computer simu-
lations. Additional gene function validation needs to 
be carried out in the future via RNAi or CRISPR-Cas9 
technology once it becomes feasible.

Conclusions
In this study, we annotated the gene families related to 
detoxication in the genome of the walnut green husk 
specialist A. aristata. We also found that specialized 
herbivores had fewer detoxification genes than gen-
eralists, especially for the P450 family. The maximum 
likelihood phylogenetic tree revealed that the P450 
genes of A. aristata were divided into four classes, with 
clan3 and clan4 comprising 65 of the 84 genes. Com-
pared with normal feeding, 383 genes in the larval gut 
of A. aristata were significantly down-regulated after 
starvation treatments, and these genes were mainly 
enriched in the P450 detoxification metabolism-related 
pathway. Homology modeling and molecular dock-
ing of the 12 P450 genes that were significantly down-
regulated revealed that all 12 P450 proteins may be key 
proteins for juglone recognition. These findings provide 
insights for the management of walnut pests and also 
lay theoretical foundations for the study of plant–insect 
interactions.
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