
ApCarE4 and ApPOD3 participate 
in the adaptation of pea aphids to 
different alfalfa varieties
Yi-Ting Wu1, Rui Ma1, Jiang-Wen Wei1, Li-Wen Song1, Youssef Dewer2, Sen-Shan Wang1, 
Lei Liu1 & Jing-Jiang Zhou1,3

The adaptability of insects to hosts has long been a focal point in the study of insect-plant interactions. 
The pea aphid (Acythosiphon pisum), a significant pest of numerous leguminous crops, not only 
inflicts direct economic losses but also disseminates various plant viruses. To understand how pea 
aphids adapt to diverse alfalfa varieties. We analyzed the differentially expressed genes (DEGs) of 
pea aphids in distinct alfalfa varieties using transcriptome sequencing, and subsequently conducted 
functional validation of these genes. Comparative analysis between pea aphids feeding on susceptible 
and resistant strains revealed that DEGs in aphids feeding on resistant strains were primarily 
associated with transcriptional enrichment in the sugar, amino acid, protein, and lipid metabolism 
pathways. Fourteen DEGs related to adaptation of the pea aphid to alfalfa were chosen, including 
five carboxylesterases (CarE), four cytochrome P450s, three glutathione S-transferases, and two 
peroxidases (POD). RT-qPCR results indicated significant up-regulation of two carboxylesterase 
genes and two peroxidase genes after 24 h of feeding resistant alfalfa (Gannong 5, GN5) compared 
to the susceptible varieties (Hunter River, LRH), particularly highlighting the high expression levels 
of ApCarE4 and ApPOD3. Simultaneously, RNAi-induced knockdown of ApCarE4 and ApPOD3 led to 
a higher mortality of pea aphids in the alfalfa Hunter River. These results indicate that ApPOD3 and 
ApCarE4 are involved in the detoxification of metabolic functions in the adaptation of pea aphids 
to host switching. These findings contribute to the understanding of pea aphid adaptation to host 
plants and lay a foundation for further exploration of the physiological roles of carboxylesterase and 
peroxidase genes in pea aphids.
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The pea aphid (Acythosiphon pisum) is a pest worldwide, and its host range includes at least 15 host races that 
specialize in different leguminous plants, such as pea, alfalfa, broad bean, and other leguminous plants1. It 
displays distinctive morphological, physiological, and behavioral differences across various host plants, forming 
distinct biotypes and genotypes2. The original host plant, broad bean, exhibited the highest reproduction and 
survival rates compared to other hosts. Genetic differentiation and reproductive isolation between red clover 
and alfalfa populations is evident3,4.

Alfalfa (Medicago sativa) is a common perennial, herbaceous plant. Among the different varieties, susceptible 
alfalfa Hunter River (LRH) and resistant alfalfa Gannong 5 (GN5) are notable. LRH exhibits strong adaptability 
to pea aphids, whereas GN5 possesses strong resistance to pea aphids, making it suitable for growth under dry 
and cold conditions. According to a previous report, the survival rate of pea aphids on GN5 was approximately 
66%, with a developmental period of 8 days and a reproductive span of 10 days5. In contrast, for LRH, the 
survival rate was 78%, with a longer reproductive period of approximately 12 d. However, the mechanism of its 
adaptation to different alfalfa varieties remains unclear.

Plants and herbivorous insects share intimate and co-evolved relationships marked by ongoing competition6,7. 
Plants defend themselves against herbivores using physical barriers (such as trichomes, spines, and thickened 
leaves) or by producing toxins, while herbivorous insects have evolved parallel adaptation mechanisms8.
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Plant metabolites, such as gossypol, tannin, nicotine, and insecticidal substances, such as pyrethrin, can activate 
insect detoxification ability and induce detoxification mechanisms9–14. Metabolic adaptation plays an important 
role in the adaptation of insects to plants15. Insects possess at least two molecular mechanisms for adaptation 
to plants. Firstly, insects express sophisticated metabolic adaptations to detoxify ingested plant chemicals. The 
overall detoxification process is traditionally divided into three phases that differentially affect ingested toxins: 
direct metabolism (phase I), conjugation (phase II), and translocation (phase III)16. Direct metabolism reduces 
the biological activity of various substrates by oxidative reduction or hydrolysis of enzymes such as cytochrome 
P450 monooxygenases (P450s) and carboxylesterases (CarEs)17,18. Glutathione S-transferases (GSTs) and UDP-
glucuronosyltransferases (UGTs) conjugate and convert chemicals into water-soluble compounds in Phase II 
by interacting with enzymes in Phase I7,9. In Phase III, ATP-binding cassette (ABC) transporters translocate 
conjugated compounds for storage19. Molecular studies have shown that herbivorous insects adapt to different 
host plant transfers by extensively rearranging their xenobiotic metabolism through differential expression of 
genes encoding P450s, CarEs, GSTs, UGTs, and other related proteins that metabolize, bind, or translocate 
toxins20,21.

Simultaneously, ROS, as a vital signaling molecule and defensive armament within plants, can be rapidly 
generated upon insect infestation, triggering a cascade of defensive responses22. When insects feed on plants 
that contain elevated levels of ROS, their antioxidant enzyme activity, such as POD and SOD, may increase, 
thereby safeguarding cells from oxidative stress-induced damage and maintaining normal cellular physiological 
functions23. For instance, a comparative analysis of Mayetiola destructor larvae feeding on resistant wheat versus 
those feeding on susceptible wheat demonstrated increased expression levels of all antioxidant genes, with the 
exception of MdesSOD-1 and MdesSOD-2, in the larvae reared on the resistant variety24. Therefore, an increase 
in antioxidant enzymes may be one of the reasons why insects can successfully feed on plants.

To determine pea aphid adaptive alterations at the molecular level, we scrutinized and assessed the 
transcriptomes of pea aphids fed GN5 and LRH. We compared the expression profiles of metabolism-related 
genes. Additionally, we validated the functions of candidate genes via RNAi technology and observed the 
mortality of pea aphids after silencing relevant genes. The results showed that the two candidate genes play a 
significant role in aphid development in different host plants. Overall, our findings offer molecular insights into 
host plant adaptation, thereby offering a pathway to devise effective resistance management strategies for the pea 
aphid A. pisum.

Results
Transcriptome assembly and annotation
Transcriptome data of A. pisum were uploaded to NCBI (https://www.ncbi.nlm.nih.gov/) (PRJNA892899). After 
filtering the raw reads, clean data were obtained, 5.87 GB of clean data for each sample was sequenced. Full-length 
sequences were identified by primer sequences at both ends of the reads, and the number of full-length sequences 
obtained for each sample ranged from 5,566,119 to 7,911,428. The full-length sequences were polished to obtain 
the consensus isoform, and all the consensus isoform sequences were compared to the reference genome using 
the software minimap2. The redundant reads were then removed, resulting in 35,192 transcript sequences per 
sample (Supplementary). The transcriptomes that were removed were annotated with the Nr, Swissprot, GO, 
KOG, COG, Pfam, and KEGG databases. The number of new isoforms obtained was 1,794 (COG), 6,570 (GO), 
6,135 (KEGG), 4,830 (KOG), 5,103 (Pfam), 3,915 (Swissprot), and 8,359 (Nr) (Supplementary).

In the transcriptome, differentially expressed genes (DEGs; P < 0.01) were divided into upregulated 
and downregulated transcripts according to their expression levels between the two groups. A total of 1,873 
DEGs were found in the transcriptome, including the upregulation of 1,322 and downregulation of 551 
(Supplementary). The difference in the expression levels and statistical significance were clearly observed in the 
Volcano Plot (Fig. 1). A total of 1,695 (90.50%) unigenes were annotated. Cluster analysis was performed on the 
selected transcripts with different expression levels, and transcripts with the same or similar expression patterns 
were clustered (Fig. 2).

Functional enrichment analysis by GO and KEGG
Gene Ontology (GO) enrichment analysis of the differentially expressed genes (DEGs) was implemented by the 
GO-seq R packages, which can adjust for gene length bias in DEGs. 1,873 DEGs were compared with the protein 
sequences in the GO database. The results showed that 1,298 unigenes were identified in the GO database, 
accounting for 76.58% of all unigenes. Annotated genes are mainly distributed in biological process, cellular 
component and molecular function. In the biological process category, 296 unigenes were involved in biological 
regulation, 217 unigenes were involved in cellular processes, and 193 were involved in metabolic processes. 
Moreover, in molecular function, 301, 299 and 156 unigenes were involved in binding, catalytic activity, and 
heterocyclic compound binding, respectively (Fig. 3).

KEGG25–28 is a database resource for understanding high-level functions and utilities of biological systems, 
such as cells, organisms, and ecosystems, from molecular-level information, especially large-scale molecular 
datasets generated by genome sequencing and other high-throughput experimental technologies (http://www.
genome.jp/kegg/). We used the KOBAS software to test the statistical enrichment of DEGs in KEGG pathways. 
In total, 640 unigenes were annotated using KEGG pathways. Annotated genes are mainly involved in cellular 
processes, environmental information processing, genetic information processing, and metabolism. In the 
amino acid metabolism and synthesis pathway, 53 unigenes took part, 16 unigenes were involved in peroxisome 
and glutathione metabolism pathways, and 15 unigenes were involved in the metabolism of xenobiotics by 
cytochrome (Fig. 4).
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The top 20 significantly enriched KEGG pathways are presented (Fig. 5). Of these, 11 pathways were involved 
in nutrient metabolism, such as sugar metabolism, amino acid-related metabolism, lipid metabolism, and 
vitamin-related metabolism.

DEGs analysis of detoxification metabolism and nutrition metabolism
There were 38 unigenes of detoxification metabolism from DEGs, such as seven CarE genes (all up-regulated), 
sixteen P450 genes, three GSTs genes, six POD genes, three UGT genes and three ABC transporter genes 
(Table 1).

In addition, we found that 168 DEGs were involved in nutrition metabolism from 1,695 DEGs. Based on 
the functional categories, 168 DEGs were grouped into sugar metabolism, amino acids and proteins, and lipid 
metabolism. 36 DEGs were associated with sugar metabolism, of which only four were down-regulated. There 
were 93 DEGs were associated with amino acids and proteins. For amino acid and protein-related metabolism, 
56 of 66 amino acid metabolism genes and 9 of 11 trypsin metabolism genes were up-regulated. In addition, 2 
lipase genes, 6 carboxypeptidase genes and 8 aminopeptidase genes were all up-regulated. Moreover, we also 
found 38 DEGs associated with lipid metabolism, of which four DEGs were down-regulated (Table 2).

Fig. 1.  Volcano Plot of DETs. Each point in the differential volcano plot represents a transcript, the ventral 
axis represents the logarithmic value of the multiplicity of difference in expression of the transcript in two 
samples; the two samples are A. pisum feeding on two varieties of alfalfa. A. pisum fed on LRH are presented as 
LF aphids and the pea aphids fed on GN5 are presented as the GF aphids, and the vertical axis represents the 
negative logarithmic value of the statistical significance of the change in transcript expression. The larger the 
absolute value of the ventral coordinate, the greater the fold difference in expression between the two samples. 
The larger the value of the vertical coordinate, the more significant the differential expression and the more 
reliable the differentially expressed transcripts. Green dots in the graph represent down-regulated differentially 
expressed transcripts, red dots represent up-regulated differentially expressed transcripts, and black dots 
represent no differentially expressed transcripts.
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Validation of transcriptome DEGs by RT-qPCR and analysis of key enzyme genes regulation 
in A. pisum
DEGs in the transcriptome were verified using RT-qPCR, and the results were reliable (Fig. 6A and B). In a 
previous study, we found that the enzymatic activities of the protective and detoxifying enzymes POD, CarE, 

Fig. 2.  Clustering map of DETs. The X-axis presents sample name and the clustering result of samples. The 
Y-axis presents the DETs and the clustering result of transcripts. Different columns stand for different samples 
while different rows stand for different transcripts. The color stands for the log2

(CPM+1e−6) of expression level of 
transcripts.
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GST and P450, were high after 24 h of aphids fed on two strains of alfalfas. Therefore, we analyzed the transcript 
abundance of genes which includes four P450 genes, five CarE genes, three GST genes, and two POD genes in 
response to alfalfa at 24 h. The relative expression levels of these genes were measured using RT-qPCR. Our 
results demonstrated that ApCarE3 and ApCarE4 were significantly overexpressed (P < 0.01) 24 h after exposure 
to GN5 alfalfa compared to LF. The expression levels of ApCarE3 and ApCarE4 were 11- and 2.5-fold higher, 
respectively. However, the expression levels of ApCarE1 and ApCarE5 in GF began to decrease after 24 h (Fig. 6-
C). This shows that ApCarE4 may play an important role in the regulation 24 h after GF. Among the four P450 
genes, ApCYP4C104 and ApCYP4C1016 were significantly downregulated 24 h after exposure to GN5 alfalfa 
compared to LF. ApCYP4G1501 and ApCYP302A1 increased up to 2- and 1.5-fold, respectively, at 24 h.

Otherwise, the expression levels of three GSTs were lower than those of other enzymes in GF. For example, 
ApGST101 was down-regulated at 24 h and ApGSTX4 was up to 5.8-fold at 24 h. Besides, ApGST3 was down-
regulated at 24 h. According to qPCR analysis, GSTs genes functions normally at 24 h (Fig. 6-C). The levels of 
ApPOD2 and ApPOD3 were significantly up-regulated at 24 h (P < 0.01). Especially ApPOD3 was up to 6-fold 
(Fig. 6-C). The result indicated that ApPOD3 affected regulatory function at 24 h.

Functional analysis of ApPOD3and ApCarE4in the feeding process of A. pisum
In order to investigate whether there was silencing of related genes after introduction of dsRNA into the pea 
aphid, we selected two genes involved in detoxification and metabolic pathways, ApPOD3 and ApCarE4, and 
analyzed their expression after feeding on dsRNA. Compared with the control group, the silencing efficiencies of 
ApPOD3 and ApCarE4 were 73.90% (P < 0.01) and 51.37%, respectively (Fig. 7).

After treatment of pea aphids with dsApPOD3 and dsApCarE4, pea aphids were transferred to the LRH. The 
mortalities rate in the dsApPOD3 feed groups were dramatically higher than those of the dsGFP and water feed 
groups after 36 h. Besides, at 48 h, the mortality rate in the dsApCarE4 feed groups were significantly higher than 
that of the control groups. The mortality rate was 2% at 24 h after feeding dsApPOD3, which was not significantly 
different compared to the control groups (dsGFP and water). But from 36 h to 72 h, the mortality rate rose 
sharply by 54.67%. Besides, we silenced ApCarE4, the mortality was 13.33%, and 2-fold higher in the dsApCarE4 

Fig. 3.  GO annotation and classification of DETs.
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groups than that of the control groups at 24 h. The mortalities were 18%, 48% and 73.33% at three periods, 
respectively (Fig. 7). On the other hand, we also found an interesting thing that aphids’ cuticular could change 
with feeding. Specifically, after feeding dsApPOD3 the aphid’s body color gradually faded, and it gradually went 
to the final death (Fig. 8).

Discussion
The adaptation of herbivorous insects to specific host plants can significantly impact their potential distribution, 
contingent upon the correlation (positive, negative, or absent) between their fitness and various host plant 
species6,21. Simultaneously, polyphenol oxidase (PPO) and peroxidase (POD) were induced29,30. Notably, tolerant 
plant cultivars exhibit heightened peroxidase activity in response to aphid infestation, whereas susceptible 
cultivars maintain similar peroxidase levels between infested and control plants31. In our research, compared 
with the susceptible alfalfa, the two POD genes were significantly up-regulated after the pea aphid fed resistant 
alfalfa. It may be related to the increase of ROS content in plant tissues. Feeding by Myzus persicae triggering 
ROS accumulation in tobacco phloem32.

The differential expression of herbivore genes associated with digestion, detoxification, plant chemical 
defense inactivation are deemed crucial factors for herbivores to feed on new hosts, survive, adapt, and consume 
various host plants33. As populations or species adapt to new hosts, transcriptomic changes become increasingly 
coordinated over time. For instance, maize-adapted Spodoptera frugiperda larvae exhibited fewer gene expression 
alterations when feeding on maize compared to rice-strain larvae34. Successful feeding often involves the 
breakdown of low-nutrient plant tissues, leading to the expression of genes encoding digestive enzymes such as 
protease, protease inhibitor, lipase, glycoside hydrolase, and amylase35. Additionally, P450s, CarEs, UGTs, GSTs, 
and ABC transporters exhibit differential regulation in herbivores feeding on both new and non-preferred host 
plants, contributing to the neutralization, excretion, or isolation of plant-derived allelochemicals30,36,37. In this 
study, the expression of five CarEs genes, four P450 genes, and three GST genes were significantly upregulation 
when pea aphid fed resistant alfalfa.

Moreover, high resistance alfalfa might contain more polyphenols4. Notably, herbivorous insects can 
counteract plant defenses by elevating the activity of detoxification enzymes. Nevertheless, detoxification 
processes necessitate substantial energy and nutritional expenditure, making it easier for the host plant to 
be affected38. Additionally, to adjust to the synthesis of detoxification metabolizing enzymes stimulated by 
host plants, the insects’ growth rate decreases17. CarEs genes possess various roles in insects, encompassing 
neurogenesis, developmental regulation, xenobiotic metabolism, and insecticide detoxification39.

Fig. 4.  KEGG classification figure of DETs. The X-axis presents the number of transcripts annotated to the 
pathway and the proportion of the annotated transcripts number to the total transcripts number. The Y-axis 
presents the names of KEGG metabolic pathway.
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To ascertain the involvement of detoxification metabolizing enzyme genes and antioxidant enzyme gene 
in host adaptation, necessary for further functional verification, ApCarE4 and ApPOD3 genes were chosen as 
candidates for RNA interference (RNAi) The experiment achieved silencing efficiency above 50% for ApCarE4 
and ApPOD3 genes, offering substantial evidence for the significant involvement of ApCarE4 and ApPOD3 in 

DET group DET number DET number of up-regulated

Carboxylesterase CarE 7 7

Cytochrome P450s 16 15

Udp-Glucuronosyltransferases 3 3

Glutathione-S-transferase, GST 3 3

Peroxidase, POD 6 5

ATP-binding cassette transporters ABC 3 3

Table 1.  Detoxification metabolism DETs number counts. Note: DET: Differentially expressed transcripts.

 

Fig. 5.  Scatter plot of KEGG pathway enrichment of DETs of A. pisum fed on different varieties alfalfa. Each 
circle in the figure represents a KEGG pathway, the ordinate represents the pathway name, and the abscissa 
represents the Enrichment Factor, which represents the ratio of the transcript proportion annotated to a 
pathway in the differential transcript to the transcript proportion annotated to the pathway in all transcripts. 
The greater the enrichment factor, the more significant the enrichment level of differentially expressed 
transcripts in this pathway. The color of the circle represents q-value, which is P value after multiple hypothesis 
testing and correction. The q-value is the P value after multiple hypothesis testing and correction. The smaller 
the q-value, the more reliable the enrichment significance of differentially expressed transcripts in the pathway. 
The size of the circle indicates the number of transcripts enriched in the pathway, and the larger the circle 
indicates the more transcripts.
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detoxification metabolism. Intriguingly, upon administering dsApCarE4 and dsApPOD3, the aphids exhibited 
a gradual fading of body color, ultimately leading to their demise. We hypothesized that the introduced dsRNA 
into the pea aphid might trigger ecdysone production or alter the expression of body color-related genes before 
reaching the functional site13,40–42. Nutrient limitation may also contribute to this phenomenon. Nevertheless, 
uncertainties persist, necessitating further experimental validation. RT-qPCR and RNAi assays established 
ApCarE4 and ApPOD3 as candidates for host plant adaptation, laying the groundwork for elucidating CarEs 
and POD-mediated host shifts in A. pisum. However, translating laboratory successes into effective field pest 
management remains a challenge.

In conclusion, transcriptome analysis revealed substantial upregulation of detoxification metabolism-related 
genes in pea aphids, yet their adaptability to resistant and susceptible alfalfa did not markedly improve. This is 
attributed to the aphids’ need to produce numerous digestive and detoxifying enzymes to counter plant defenses, 
which consumes substantial energy and nutrients, hindering growth and reproduction. Consequently, pea aphid 
colonization and population expansion on alfalfa may be sluggish. Additional factors, such as sugar, amino acid, 
and lipid metabolism, may also contribute to their host adaptation. Future studies should explore the impact of 
these pathways on herbivorous insect adaptability.

Materials and methods
Insects and plants
The population of pea aphids was established from the continuous culture at GSAU and was maintained on Vicia 
faba plants under the conditions of 20 ± 1℃, 60 ± 10% RH and a 16:8 h photoperiod. Then 3-instar aphids from 
the bean-reared were transferred into LRH and GN5 for 12 h. The pea aphids transferred into LRH are presented 
as LF aphids and the pea aphids transferred into GN5 are presented as the GF aphids.

Alfalfa plants were germinated in the climatic chamber (25℃, 70%RH and 16:8 h photoperiod). The plants 
were cultivated in plastic pots (H14 cm × D10 cm, three plants per pot) containing mixed soil (soil: peat: 
pumice = 3: 2: 1).

De novo assembly, annotation and classification
Total RNA (1 µg) of the pea aphids fed on two varieties alfalfa was prepared for the cDNA library construction 
using the cDNA-PCR Sequencing Kit (SQK-PCS109) provided by Oxford Nanopore Technologies (ONT). 
Briefly, the template switching activity of reverse transcriptase enriches for full-length cDNAs and add defined 
PCR adapters directly to both ends of the first-strand cDNA. And following cDNA PCR for 14 circles with 
LongAmp Tag (NEB). The PCR products were then subjected to ONT adaptor ligation using T4 DNA ligase 
(NEB). Agencourt XP beads was used for DNA purification according to ONT protocol. The final cDNA libraries 
were added to FLO-MIN109 flowcells and run on PromethION platform at Biomarker Technology Company 
(Beijing, China).

Raw reads were first filtered with minimum average read quality score of 7 and minimum read length of 
500  bp. Ribosomal RNAs were discarded after mapping to rRNA database. Next, full-length, non-chemiric 
(FLNC) transcripts were determined by searching for primer at both ends of reads. Clusters of FLNC transcripts 
were obtained after mapping to reference genome with mimimap2, and consensus isoforms were obtained 
after polishing within each cluster by pinfish. Consensus sequences were mapped to reference genome using 
minimap2. Mapped reads were further collapsed by cDNA-Cupcake package with min-coverage of 85% and 
min-identity of 90%. The 5’ difference was not considered when collapsing redundant transcripts. Transcriptome 
sequence genes, gene families, and alternative splices that can be used for subsequent analysis were obtained.

The assembled transcriptome sequences were searched to obtain the annotation information against six 
databases, including NCBI nonredundant proteins (Nr), Swiss-Prot database, protein families (Pfam), Clusters of 
Orthologous (COG), eukaryotic Ortholog Groups (KEGG) and Gene Ontology (GO). The gene function terms 
were obtained through the Gene Ontology database (GO). Functional classification was performed using the 
Clusters of Orthologous Groups of proteins database (COG), and the pathway annotation was performed using 
the Kyoto Encyclopedia of Gene and Genomes (KEGG). For analyzing the gene expression level, we normalized 
the number of Mapped Reads in the sample and used counts per million (CPM) to estimate the expression level 
of transcripts and genes. We used DESeq243 for analyzing the differential expression of genes. A P-adjusted 
value < 0.01 and log2FC ≥ 1 was set as the threshold. There are false positives in the transcriptome sequence 
because differential expression analysis is an independent statistical hypothesis test for numbers of transcript 
expression values. Thus, the resulting P values were adjusted using the Benjamini and Hochberg’s approach for 

DET group DET number DET number of up-regulated

Sugar metabolism 36 32

Amino acid metabolism 66 56

Lipase 2 2

Trypsin 11 9

Carboxypeptidase 6 6

Aminopeptidase 8 8

Lipid metabolism 38 34

Table 2.  Nutrition metabolism DETs number counts.
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Fig. 6.  Relative expression levels of differentially expressed genes involved in A. pisum adaptation to different 
varieties of alfalfa; (A) RNA-seq for related genes; (B) Verify the relative expression levels of the related genes 
at 12 h of A. pisum; (C) Relative expression levels of related genes at 24 h of A. pisum fed on different varieties 
alfalfa. * and ** indicates that the differences between two groups were significant (P<0.05) or extremely 
significant (P<0.01), n = 3.
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Fig. 8.  The molting death of pea aphid after genes silencing. (A)-(C) Pea aphids molted and died 24 h after fed 
on dsApPOD3; (D)-(E) Pea aphids molted and died 48 h after fed on dsApPOD3.

 

Fig. 7.  (A) Changes of ApPOD3 and ApCarE4 gene expression levels in pea aphid after 48 h interference. 
(B) The mortality of pea aphid after RNA interference which transferred to LRH. * and ** indicates that the 
differences between target gene and control after interference were significant (P<0.05) or extremely significant 
(P<0.01), n = 3.
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controlling the false discovery rate. To better study the function of differentially expressed genes (DEGs), we not 
only conducted an enrichment analysis for all DEGs in each combination (GO and KEGG enrichment), but also 
conducted enrichment analysis for DEGs in each combination according to up- or down-regulation.

To verify the RNA-Seq data, 14 target genes that were involved in detoxification and metabolic processes 
and significantly differentially expressed between LF and GF (P < 0.01) were selected for RT-qPCR analysis. 
They include ApCarE1, ApCarE3, ApCarE4, ApCarE5, ApCarE6, ApCYP4C104, ApCYP4C1016, ApCYP4G1501, 
ApCYP302A1, ApGST3, ApGST101, ApGSTX4, ApPOD2 and ApPOD3. The method for RT-qPCR was described 
below.

Quantitative real time PCR
Total RNA was extracted using TRIzol Reagent (Invitrogen, USA) from a total of 5 individual aphids following 
the manufacture’s protocol. The RNA concentration was quantified and verified using a NanoPhotometer NP80 
Touch (Implen, Germany) and 1% agarose gel electrophoresis. Then the total RNA obtained was resuspended 
in 30 µL of nuclease-free water. The gDNA were removed using RQ1 RNase-Free DNase kit (Promega, USA). 
Subsequently, first-strand cDNA was synthesized in a 20 µL reaction from 1 µg total RNA with the regent Prime 
Script™ RT (TaKaRa, China) following the manufacture’s protocol. The resultant cDNA was diluted to 500 ng/
µL for further use in RT-qPCR. Primers used for RT-qPCR are listed in Supplementary. And they were designed 
based on CDS sequences by website (http://bioinfo.ut.ee/primer3/). The RT-qPCR reaction was carried out 
using NovoStart® SYBR qPCR SuperMix Plus reaction kit (Novoprotein, China). Each reaction of 10 µL was 
performed in triplicate and contained 5 µL SYBR, 0.2 µL ROX II, 0.5 µL forward primer, 0.5 µL reverse primer, 
3.3 µL RNase-Free water and 0.5 µL cDNA. The cycling parameters were 95℃ for 2 min following by 40 cycles of 
95℃ for 15 s and 60℃ for 30 s ending with a melting curve analysis (60℃ to 95℃ in increments of 0.1℃ every 
1 s) to check for nonspecific product amplification. Ribosomal protein L7 (RPL 7) and elongation factor 1 alpha 
(EF1-α) of A. pisum were used as the internal reference genes. The relative expression of genes of interest was 
estimated using the 2−ΔΔCT method44.

RNAi treatment
For double-stranded RNA (dsRNA) preparation, the template cDNA was firstly generated by PCR-targeting 
fragments. Primers with T7 promoter sequences were used to amplify a fragment of target cDNA or green 
fluorescent protein (GFP) cDNA for the dsRNA synthesis. Based on the manufacturer’s protocol, the dsRNA 
was transcribed by Transcript Aid T7 High Yield Transcription Kit (Thermo Scientific, Vilnius, Lithuania)45. The 
primers used for the synthesis are listed in Supplementary.

The dsRNA was delivered through a broad bean stem leaf based on Ye et al.46. Briefly, the cut broad bean 
leaves were inserted into a 200 µL centrifuge tube containing dsRNA at the final concentration of 1200 ng/µL. 
Then the tube was transferred into a petri dishes. The third-instar nymphs were placed onto the broad bean 
seedlings in the petri dishes. After continuous ingestion of dsRNA for 48 h, the pea aphid mortality was counted 
every 12 h. Aphids fed with water and dsGFP were used as controls. Each treatment group contained 30 insects 
and performed with 4 biological replicates. For the expression analysis studies after feeding dsRNA, RT-qPCR 
analysis was carried out as described above.

Statistical analysis
Statistical analysis in the study was performed using one-way ANOVA and in-dependent sample t-test with the 
SPSS v.22.0 software (SPSS, Chicago, IL, USA) (* P < 0.05, ** P < 0.01).

Data availability
Sequence data that support the findings of this study have been deposited in the National Center for Biotechnol-
ogy Information with the primary accession code PRJNA892899.
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