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and R. padi were classified as major crop pests in China 
[2, 3]. These aphids not only cause direct damage to crops 
but also transmit several plant viruses, such as barley yel-
low dwarf virus and cereal yellow dwarf virus [4–6].

In addition to transmitting plant viruses, aphids also 
harbor numerous insect-specific viruses (ISVs). For 
example, the Aphid lethal paralysis virus has been identi-
fied in various aphid species and is known to affect the 
movement and lifespan of R. padi [7–9]. Besides, the 
Rhopalosiphum padi virus has been found to reduce the 
reproductive capacity of aphid host [10]. Other ISVs, 
such as the Brevicoryne brassicae virus, the rosy apple 
aphid virus, and the Acyrthosiphon pisum virus, dem-
onstrate the remarkable viral diversity among aphid spe-
cies [11–13]. In recent years, advances in next-generation 
sequencing (NGS) technology and bioinformatics tools 
have facilitated the discovery of numerous novel aphid-
associated RNA viruses [14]. For instance, virus-like 

Introduction
Wheat (Triticum aestivum) is one of the important sta-
ple food crops worldwide, playing a critical role in global 
food security. However, wheat aphids, including Sitobion 
avenae (Fabricius), Schizaphis graminum (Rondani), and 
Rhopalosiphum padi (Linnaeus), pose a major threat to 
wheat production [1]. In 2023, S. avenae, S. graminum 
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Abstract
Background  Although advances in metagenomics, viral diversity and non-retroviral endogenous viral elements 
(EVEs) in wheat aphids remain underexplored. By analyzing 470 publicly available datasets and one laboratory-
generated transcriptome, the RNA virome and EVEs in the genomes of Sitobion avenae, Schizaphis graminum, and 
Rhopalosiphum padi were systematically investigated.

Results  We identified 43 RNA viruses, including 12 novel and 31 known RNA viruses. These viruses were widely 
distributed and abundant in different geographic populations of three wheat aphid species. +ssRNA viruses were the 
dominant type of aphid viruses. Besides, 90 EVEs were discovered in the genomes of three aphid species. In addition, 
the EVEs exhibit potential domestication and novel functional roles within aphid genomes.

Conclusions  This study expands the understanding of RNA virus diversity in aphids and provides valuable insights 
into the potential functions of EVEs in virus-host coevolution.
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sequences related to nege-, kita-, flavi-, tombus-, phenui-, 
mononega-, narna-, chryso-, partiti-, and luteoviruses 
have been identified in S. avenae and R. padi collected 
from wheat fields in Japan [15]. Moreover, an RNA 
virome study identified 18 bunyaviruses from 10 aphid 
species, and aphid bunyavirus 1 (ABV-1) can be trans-
mitted horizontally among aphids through plant feeding 
and vertically through reproduction [16]. A recent study 
showed that plants modulate aphid honeydew secretion 
and affect the horizontal transmission of densovirus in 
Myzus persicae [17]. Besides, a novel aphid RNA ISV has 
also been reported to affect the stylet penetration activ-
ity of Aphis citricidus and facilitate horizontal viral trans-
mission [18]. However, the viral diversity in wheat aphids 
and whether these viruses participate in gene expres-
sion in aphid hosts during long-term evolution remain 
unknown.

During long-term host-virus co-evolution, viral 
sequences can integrate into host genomes, giving rise to 
the emergence of endogenous viral elements (EVEs) and 
contributing to the genetic diversity of their hosts [19, 
20]. EVEs are originally derived from viral RNA or DNA 
and are ubiquitous in the genomes of various organisms, 
including fungi, plants, and animals [19]. They have been 
increasingly reported in the genomes of arthropod vec-
tors, such as aphids and rice planthoppers. The non-ret-
roviral EVEs have been firstly reported in Aphis glycines, 
and many are transcriptionally active [21]. 10 EVEs were 
found in six aphid genomes and provide evidence of over 
60 million years of virus-host co-evolution [22]. In addi-
tion, The EVEs derived from invertebrate iridescent virus 
6 of the genus Iridovirus were found in the genomes of 
three rice planthopper species, and these EVEs were 
detected in the transcriptomes of these three planthop-
per species [23]. Huang et al. discovered that endogenous 
toti-like viral elements (ToEVEs) are ubiquitously inte-
grated into the genomes of three planthopper species. 
Notably, one ToEVE in Nilaparvata lugens, has been co-
opted by its host and plays essential roles in planthopper 
development and fecundity [24].

In this study, we performed a comprehensive analysis 
of the RNA viromes of three wheat aphids (S. avenae, S. 
graminum, and R. padi) using publicly available datasets 
and transcriptomes from field samples. Additionally, we 
analyzed the genomic sequences of three wheat aphids 
to identify potential EVEs. By expanding the catalog of 
wheat aphid-associated RNA viruses and characteriz-
ing their EVEs, our work provides new insights into the 
diversity and evolution of insect viromes. These findings 
not only contribute to our understanding of the interplay 
between viruses and their hosts but also provide a theo-
retical foundation for future studies on the functional 
roles of EVEs in aphid biology and their implications for 
the transmission of plant viruses.

Materials and methods
Aphid sample collection and maintenance
The S. avenae, S. graminum and R. padi strains were col-
lected in a wheat field in Jinan, China. The three wheat 
aphid strains were maintained separately on wheat plants 
at 26 °C ± 1 °C, with a photoperiod of 16 h light: 8 hdark-
ness and a relative humidity of 70%±10%.

RNA sequencing (RNA-seq) libraries of wheat aphids from 
the public database
About 115 RNA-seq datasets of S. avenae, 182 RNA-seq 
datasets of S. graminum and 173 RNA-seq datasets of 
R. padi were retrieved from the NCBI SRA repository. 
The datasets were filtered based on the following crite-
ria: Firstly, at least one dataset submitted by each unit 
was selected, as the virus compositions may vary across 
different submissions; Secondly, when several biological 
replicates were available, the dataset with the largest total 
number of bases was selected; Thirdly, datasets were only 
used for further bioinformatics analysis if they contained 
viruses. Abbreviations and detailed information of these 
wheat aphid datasets are provided in Table S1. The spe-
cies identification of S. avenae, S. graminum and R. padi 
were confirmed by amplifying, cloning, and validating the 
mitochondrial cytochrome oxidase I (COI) gene through 
Sanger sequencing using universal primers. The primers 
used for species identification are listed in Table S2.

RNA-seq libraries of S. avenae generated from field 
samples
The aphid samples (S. avenae) were collected from 
Ningbo, China in 2022. Total RNA was extracted from 
approximately 15–20 aphids using TRIzol reagent (Invi-
trogen, Carlsbad, CA, USA). The extracted RNA was 
used to prepare a library for Illumina high-throughput 
sequencing. Paired-end (150  bp) sequencing was con-
ducted on the Illumina HiSeq 4000 platform (Illumina, 
CA, USA) by Novogene (Tianjin, China). The transcrip-
tome raw reads were deposited in SRA under accession 
number SRR30230442.

Determination of the genome ends of the ISV identified 
from S. avenae sample
The complete genome sequence of the Sitobion avenae 
iflavirus 1 (SaIfV1) identified from field sample was 
determined through rapid amplification of cDNA ends 
(RACE). The cDNAs were generated using SMARTer® 
RACE 5′/3′ kit and amplified by PCR using gene-specific 
primers (GSPs) and a universal primer mixture (UPM). 
The PCR products were then cloned into 5× TA/Blunt-
Zero Cloning (Vazyme, Nanjing, China), and subse-
quently Sanger sequencing. Detailed information on the 
primers used for RACE and viral genome verification are 
provided in Table S2.
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Dataset reassembly and RNA virome discovery
Quality assessments of sequencing reads from 123 
selected transcriptome datasets in the SRA repository, 
along with the transcriptome of the field sample, were 
conducted using FastQC and Trimmomatic. Filtered 
reads were reassembled de novo using the two assem-
bly software packages, Trinity and metaSPAdes, with 
default parameters [25, 26]. The assembled contigs were 
compared with the NCBI viral RefSeq database using 
Diamond BLASTx [27]. Strict criteria were applied to 
identify putative novel viruses in each dataset. Firstly, 
Diamond BLASTx was set with an E-value cutoff of 
1 × 10− 20. Secondly, viral homology contigs were required 
to meet minimal coverage and length criterion of 20× 
and 500 bp, respectively. Additionally, these contigs con-
tained complete open reading frames (ORFs) of predicted 
viral RNA-dependent RNA polymerase (RdRP). Finally, 
regions of virus-like contigs matching the reference 
viruses were extracted and compared with the NCBI 
nucleotide and non-redundant protein databases to elim-
inate false positives. The virus-like sequences identified 
in three wheat aphids was confirmed by RT-PCR, fol-
lowed by Sanger sequencing (primers are listed in Table 
S2).

Virus genome annotation and phylogenetic analysis
The newly identified viral contigs were annotated with 
InterPro [28]. The RNA-dependent RNA polymerase 
(RdRP) regions of the newly identified viruses, together 
with RdRP sequences of reference viruses, were used for 
phylogenetic analysis. The RdRP sequences were aligned 
with MAFFT [29], and ambiguously aligned regions were 
trimmed by Gblock [30]. The best-fit model of amino 
acid substitution was evaluated by ModelTest-NG [31]. 
Maximum likelihood (ML) trees were constructed using 
RAxML-NG with 1000 bootstrap replications [32]. 
Details of all the reference sequences used in the phylo-
genetic analysis are listed in Table S4.

Relative abundance of the ISVs in wheat aphid dataset
To identify ISV-derived viral reads, raw reads from each 
wheat aphid dataset were aligned to the corresponding 
ISV contigs using Bowtie2 software [33]. To explore the 
relative abundance of the newly identified ISVs across 
the different wheat aphid datasets, unassembled tran-
scriptome reads of each dataset were mapped back to 
the corresponding viral contigs. A total of 161 repre-
sentative datasets (65 S. avenae, 58 S. graminum, and 38 
R. padi) were selected based on the following criteria: 
(1) data size over 1 Gb; (2) removal of biological repli-
cates, retaining the dataset with the largest total num-
ber of bases. Detailed information on these datasets is 
provided in Table S1. The relative abundance of ISVs in 
each wheat aphid dataset was calculated and normalized 

using transcripts per million (TPM) values, as follows: 
aj= bj/cj∑ n

j=1
bj/cj

× 106. In this equation, aj represents 

the TPM of viral contig j, bj represents the number of 
uniquely mapped fragments in a dataset, cj represents 
the length of viral contig j, and n is the total number of 
viral contigs [34, 35]. The normalized relative abundance 
of ISVs in each dataset was further analyzed to PCA 
using TBtools V2.086.

Small RNA sequencing and analysis
The cDNA libraries of S. avenae collected from the field 
were prepared using the Illumina TruSeq Small RNA 
Sample Preparation Kit (Illumina, CA, USA), and sRNA 
sequencing was performed on an Illumina HiSeq 2500 
by Novogene (Tianjin, China). The raw reads of sRNAs 
were quality-controlled to remove adapter, low-quality, 
and junk sequences, and clean sRNA reads with lengths 
of 18–30 nt were extracted with FASTX-Toolkit v0.0.14 
(​h​t​t​p​​:​/​/​​h​a​n​n​​o​n​​l​a​b​​.​c​s​​h​l​.​e​​d​u​​/​f​a​s​t​x​_​t​o​o​l​k​i​t) and mapped to 
the identified viral contigs using Bowtie software with 
a perfect match (i.e., allowing zero mismatches) [36]. 
Downstream analyses were performed using custom Perl 
scripts and Linux shell bash scripts.

Discovery and analysis of EVEs in the genomes of wheat 
aphids
The scaffold-level and chromosome-level genome assem-
blies of three wheat aphid species (S. avenae, S. grami-
num, and R. padi), were retrieved from the NCBI genome 
database with the accession numbers GCA_019425605.1, 
GCA_020882235.1, and GCA_020882245.1, respec-
tively. Protein sequences of all identified wheat aphid 
viruses were searched against the genomes of the wheat 
aphid species using the tBLASTn algorithm with a cutoff 
E-value ≤ 10–9. The potential EVEs were then extracted 
from the genomes accordingly and used to search against 
entire protein database of NCBI to eliminate false posi-
tive hits. R (4.2.3) was used to compare the distribu-
tion of EVEs in three wheat aphid species. Additionally, 
to investigate sequence identities among the identified 
wheat aphid EVEs, alignment of viral RdRP-derived EVEs 
was performed using BioEdit Sequence Alignment Edi-
tor (version 7.1.11) and distance matrix analysis of EVE 
amino acid sequences was performed with MegAlign 
program (version 7.1.0) [37, 38]. The identified EVE 
sequences from wheat aphids are provided in fasta for-
mat as provided in Source Data. The presence of the dis-
covered EVEs in the genomes of the three wheat aphid 
species was confirmed by PCR followed by Sanger 
sequencing.

http://hannonlab.cshl.edu/fastx_toolkit
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Transcription profiles of EVEs in publicly available wheat 
aphids
Public RNA-seq datasets of three wheat aphids were 
retrieved and analyzed from the NCBI SRA repository 
to explore the potential transcripts of the wheat aphid 
EVEs. A total of 161 representative datasets were selected 
(65 S. avenae, 58 S. graminum and 38 R. padi) (Table 
S1). The quality-trimmed raw reads of each dataset 
were mapped to the identified EVEs in the correspond-
ing wheat aphid species using Bowtie2 (v2.3.5.186). The 
relative abundance of EVEs in each sample was normal-
ized as fragments per kilobase of transcript per million 
mapped reads (FPKM) and average counts were used to 
quantification.

Analysis of potential EVE transcripts in genomes of the 
three wheat aphids
To identify transcripts containing EVEs in wheat aphid 
species, raw reads from publicly available datasets were 
de novo reassembled using Trinity and metaSPAdes 
software [21, 25, 26]. The assembled contigs were then 
searched against a local customized database, which 
comprised all identified wheat aphid EVEs. To confirm 
the location of EVE transcripts within the wheat aphid 
genomes, the sequences of the identified EVE transcripts 
were extracted from the wheat aphid transcriptomes 
and used as a query to search against the corresponding 
genomes of wheat aphid. The matched region of EVEs in 
wheat aphid genomes was retrieved to predict open read-
ing frames (ORFs) using the online ORF Finder server (​h​t​
t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​o​r​f​f​i​n​d​e​r). The abundance of 
EVEs was measured by realigning the quality-controlled 
transcriptome raw reads back to the EVE transcripts. The 
selected EVE transcripts in wheat aphids were verified by 
RT-PCR, followed by Sanger sequencing.

sRNA profiles of wheat aphid EVE transcripts
To investigate the sRNAs derived from EVEs, the pub-
licly accessible small RNA datasets from NCBI SRA were 
selected. Detailed information on these wheat aphid data-
sets is provided in Table S1. The methods used were the 
same as those for small RNA analysis described above. 
The sRNA reads were then mapped to wheat aphid EVE 
transcripts using Bowtie software v1.2.3 with a perfect 
match [36]. Subsequent analyses were performed using 
Linux bash scripts.

Results
Diversity of RNA viruses identified in three wheat aphid 
species
A total of 123 selected datasets of three wheat aphid 
species from the NCBI SRA repository were reas-
sembled. Besides, field samples of S. avenae were col-
lected and performed RNA-seq on the aphid samples. 

All of the wheat aphid datasets were subsequently used 
for the RNA virome analysis (Table S1). Among all the 
assembled libraries, 43 RNA viruses with complete 
RNA-dependent RNA polymerase (RdRP) domains were 
identified, including 10 novel ISVs, two novel mycovi-
ruses, 27 known ISVs and four plant viruses that have 
been reported previously (Table  1 and Table S3). Based 
on the genome organization and phylogenetic analysis, 
12 novel RNA viruses were classified into 10 different 
viral families. These included nine + ssRNA viruses (Ifla-
viridae, Negevirus, Tombusviridae, Fusariviridae, Nar-
naviridae, and Solinviviridae) and three -ssRNA viruses 
(Lispiviridae, Rhabdoviridae and Phenuiviridae). The 
genome organization and transcriptome raw read cover-
age of these ISVs are shown in Fig.  1. The classification 
of these viruses was determined by phylogenetic analyses 
based on predicted viral RdRP protein sequences (Fig. 2).

+ssRNA viruses
+ssRNA viruses were the dominant type of wheat aphid 
RNA viruses due to the diversity and abundance. Nine 
novel + ssRNA viruses were identified in wheat aphids, 
which were classified into six families (Fig. 1A; Table 1). 
Five novel picornaviruses were found in the three wheat 
aphid species, belonging to the families Iflaviridae (Sito-
bion avenae iflavirus 1, SaIfV1; Sitobion avenae iflavirus 
2, SaIfV2; Rhopalosiphum padi iflavirus 1, RpIfV1; and 
Schizaphis graminum iflavirus 1, SgIfV1) and Solinviviri-
dae (Rhopalosiphum padi solinvi-like virus 1, RpSolV1). 
SaIfV1, RpIfV1, and SgIfV1 exhibited relatively high 
abundance, as indicated by coverage levels [Fig.  1A(I, 
III and IV)]. The RdRP sequences of these three iflavi-
ruses had a protein identity of 37.72 – 58.60% (Table 1). 
They clustered closely with Brevicoryne brassicae virus-
UK, forming a distinct clade within Iflaviridae (Fig. 2A). 
Another iflavirus SaIfV2 showed a 65.05% RdRP protein 
identity with Pityohyphantes rubrofasciatus iflavirus 
and clustered with other ISVs in in the family Iflaviridae 
[Fig. 1A(II) and 2A(I)]. A novel nege-like virus, Sitobion 
avenae nege-like virus 1 (SaNelV1), showing a 49.45% 
RdRP protein identity with Wuhan insect virus 8 was 
detected (Table  1) and clustered with other ISVs in an 
unclassified clade within the Negevirus [Fig.  1A(V) 
and 2B]. A novel Sitobion avenae tombus-like virus 1 
(SaTolV1) had a 72.27% protein identity to the RdRP of 
Verticillium dahliae RNA virus and exhibited structural 
similarities to the family Tombusviridae [Fig. 1A(VI) and 
Table 1]. The genome of SaTolV1 had a UAG stop codon 
at the termination of ORF1 and ORF2 was translated 
through a stop codon readthrough mechanism along-
side ORF1. Phylogenetic analysis showed that SaTolV1 
clustered with other ISVs in the family Tombusviridae 
(Fig. 2C). A novel virus related to fungi, Rhopalosiphum 
padi fusarivirus 1 (RpFuV1), was identified belonging to 

https://www.ncbi.nlm.nih.gov/orffinder
https://www.ncbi.nlm.nih.gov/orffinder
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the families of Fusariviridae. RpFuV1 showed a 58.43% 
RdRP protein identity with Penicillium roqueforti ssRNA 
mycovirus 1 and clustered with other mycoviruses in 
the family Fusariviridae [Fig. 1A(VII) and 2D]. Another 
novel virus, Rhopalosiphum padi narna-like virus 1 
(RpNalV1), was detected with a 75.55% aa identity to 
the RdRP of Streptophyte-associated narna-like virus 9 
and clustered closely with other mycoviruses in the fam-
ily Narnaviridae [Fig. 1A(VIII) and 2E]. RpSolV1 exhib-
ited a similar aa identity of 40.20% to the RdRP of Lasius 
neglectus picorna-like virus 3 and clearly clustered with 
other ISVs in the family Solinviviridae [Fig.  1A(IX) and 
2A(II)].

To investigate the role of host siRNA-mediated 
immune regulation, we performed small RNA sequenc-
ing on field-collected of S. avenae. Extensive read cov-
erage throughout the genome and the presence of small 
RNAs confirmed that SaIfV1 exhibited robust replica-
tion in S. avenae (Fig. S2). Moreover, virus-derived small 
interfering RNA (vsiRNA) of SaIfV1 were mainly distrib-
uted at a peak of 22 nt and showed a strong U bias at the 
5′-terminal nucleotide (Fig. S2).

-ssRNA viruses
Three novel negative-sense ssRNA viral genomes were 
identified within various wheat aphid datasets. A novel 
Sitobion avenae lispivirus 1 (SaLiV1), showing 34.45% 

RdRP protein identity to Hemipteran arli-related virus 
OKIAV95, clustered within a distinct branch closely 
related to the genus Arlivirus in the family Lispiviridae 
[Fig. 1B(I) and 2 F]. A novel Rhopalosiphum padi rhabdo-
like virus 1(RpRhlV1), which exhibits 40.58% RdRP pro-
tein identity to Soybean thrips rhabdo-like virus 2, was 
classified within the genus Almendravirus (family Rhab-
doviridae) [Fig.  1B(II) and 2G]. Another − ssRNA virus, 
Sitobion avenae bunyavirus 1 (SaBuV1), which is closely 
related to Aphis citricidus bunyavirus with RdRP aa 
sequence identity of 44.52%, grouped with other ISVs in 
the genus Citricivirus (family Phenuiviridae) [Fig. 1B(III) 
and 2 H].

Abundance of RNA viruses in different geographic 
populations of three wheat aphid species
The abundance of viruses in three wheat aphid species 
(S. avenae, S. graminum, and R. padi) was then system-
atically investigated. In total, 11 viruses were identified 
in S. avenae, including six novel and five known viruses 
(Fig. 3A). S. graminum harbored ten viruses, comprising 
one novel and nine known viruses, while 19 viruses in R. 
padi, including five novel and 14 known viruses (Fig. 3B 
and C). The + ssRNA viruses were prevalent in the three 
aphid species with relatively high abundance (Fig. 3 and 
Table S3). 12 novel RNA viruses were identified in their 
respective species and several of these ISVs were only 

Table 1  Twelve novel RNA viruses identified in aphid species from public database and field-collected samples
Tentative virus names NCBI 

Accession
Length
(nt)

Coverage E-value Homologous virus Protein 
identities

Virus family Virus 
genus

Sitobion avenae iflavirus 1 
(SaIfV1)

PQ181522 9733 1201.3 0.0 Brevicoryne brassicae 
virus

39.71% Iflaviridae Iflavirus

Sitobion avenae iflavirus 2 
(SaIfV2)

BK068970 9709 42.3 0.0 Pityohyphantes rubro-
fasciatus iflavirus

65.05% Iflaviridae Unknow

Rhopalosiphum padi iflavirus 1 
(RpIfV1)

BK068971 10,575 5761.3 0.0 Brevicoryne brassicae 
virus - UK

58.60% Iflaviridae Iflavirus

Schizaphis graminum iflavirus 
1 (SgIfV1)

BK068973 10,275 726.3 0.0 Brevicoryne brassicae 
virus - UK

37.72% Iflaviridae Iflavirus

Sitobion avenae nege-like virus 
1 (SaNelV1)

BK068977 10,500 9000.3 0.0 Wuhan insect virus 8 49.45% Negevirus Unknow

Sitobion avenae tombus-like 
virus 1 (SaTolV1)

BK068978 234 8.3 0.0 Verticillium dahliae 
RNA virus

72.27% Tombusviridae Unknow

Rhopalosiphum padi fusarivirus 
1 (RpFuV1) *

BK068981 6078 25.8 0.0 Penicillium roqueforti 
ssRNA mycovirus 1

58.43% Fusariviridae Alphafu-
sarivirus

Rhopalosiphum padi narna-like 
virus 1 (RpNalV1) *

BK068980 1793 4.6 0.0 Streptophyte associ-
ated narna-like virus 9

75.55% Narnaviridae Unknow

Rhopalosiphum padi Solinvi-like 
virus 1 (RpSolV1)

BK068974 12,398 16.9 0.0 Lasius neglectus 
picorna-like virus 3

40.20% Picornaviridae Solinvi-
viridae

Sitobion avenae lispivirus 1 
(SaLiV1)

BK068975 7097 31.6 0.0 Hemipteran arli-related 
virus OKIAV95

34.45% Lispiviridae Unknow

Rhopalosiphum padi rhabdo-
like virus 1 (RpRhlV1)

BK068979 6650 62.0 0.0 Soybean thrips 
rhabdo-like virus 2

40.58% Rhabdoviridae Almen-
dravirus

Sitobion avenae bunyavirus 1 
(SaBuV1)

BK068982 6999 16.6 0.0 Aphis citricidus 
bunyavirus

44.52% Phenuiviridae Citricivi-
rus

* Mycovirus identified in aphid samples
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detected in limited geographic populations. For exam-
ple, SaIfV2 and SaTolV1 were exclusively found in the S. 
avenae sample from Universidad de Talca (TU) with high 
abundance (Fig.  3A). RpFuV1 and RpNalV1 were pres-
ent in R. padi sample from China Agricultural University 
(CAU) and RpSolV1 was detected only in R. padi sample 

submitted by the Iowa State University (ISU) (Fig.  3C). 
In contrast, several + ssRNA ISVs were present in the 
majority aphid populations, such as Dicistroviridae sp., 
Rhopalosiphum padi virus (RhPV) and Riboviria sp. For 
− ssRNA viruses, SaBuV1 was present solely in the aphid 
sample submitted by the Northwest A&F University 

Fig. 1  Genomic structures of novel RNA viruses identified in the three wheat aphid species. The viruses were classified into two groups: +ssRNA viruses 
(A) and -ssRNA viruses (B). Each virus was listed according to its taxonomic family. Conserved functional domains are color-coded, with the domain names 
indicated at the bottom of the figure. RdRP, RNA-dependent RNA polymerase; CP, coat protein; G, glycoprotein; NP, nucleoprotein. GenBank accession 
numbers are listed in Table 1
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Fig. 2  Phylogenetic analysis of the identified wheat aphid RNA viruses. The phylogenetic tree for Iflaviridae [A(I)], Solinviviridae [A(II)], Negevirus (B), Tom-
busviridae (C), Fusariviridae (D), Narnaviridae (E), Lispiviridae (F), Rhabdoviridae (G) and Phenuiviridae (H) are based on the maximum likelihood method and 
inferred from conserved viral RdRP domains. Novel RNA viruses are shown in red font. Nodes with bootstrap values > 50% are marked with blue circles. 
In panels A, taxonomic overview of the order Picornavirales is shown in the center, and close-up views of two clusters shown in the dashed boxes with 
arrows. The detailed virus names in each branch of the phylogenetic tree are shown in Fig. S1 and the GenBank accession numbers of these viruses are 
listed in Table S4
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(NWAFU) and RpRhlV1 was also identified in the R. padi 
sample from Chinese Academy of Sciences (CAS) with 
relatively high abundance (Fig. 3).

Identification and phylogenetic analysis of EVEs in the 
genomes of three wheat aphids
To investigate EVEs in the genomes of three wheat 
aphids, the protein sequences of wheat aphid viruses 
identified in this study (Table 1 and Table S3) were used 
as queries to tBLASTn search against the genomes of 
the three wheat aphids. A total of 13, 65, and 12 EVEs 
were identified in the genomes of S. avenae, S. grami-
num and R. padi, respectively (Fig.  4 and Table S5). 
The 90 identified EVEs represent seven annotated virus 
families, including Partitiviridae, Chuviridae, Nyami-
viridae, Rhabdoviridae, Metaviridae, Orthototiviridae 
and Orthomyxoviridae. EVEs derived from viruses in 

the Chuviridae and Partitiviridae families were found 
in all three aphid species (Fig.  4A and C). In addition, 
Chuviridae-derived EVEs (ChEVEs) were predominantly 
composed of glycoprotein (G), with smaller proportion 
originating from large protein (L) and nucleoprotein (N). 
EVEs derived from viruses in the Partitiviridae family 
(PaEVEs) were primarily composed of RdRP sequences. 
EVEs from viruses in the Rhabdoviridae and Nyamiviri-
dae families were mainly originated from L protein cod-
ing sequences (Fig. 4B). Moreover, 20 EVE sequences of 
the three wheat aphid were selected and confirmed by 
PCR using specific primers, and the PCR products were 
further verified by Sanger sequencing (Fig. S3A).

Given that EVEs derived from viruses in the Parti-
tiviridae and Chuviridae families were present in the 
genomes of the three aphid species, we constructed two 
phylogenetic trees to investigate the relationship between 

Fig. 3  Analysis of RNA virome abundance in different datasets of three aphid species. Distribution of RNA viruses in Sitobion avenae (A), Schizaphis grami-
num (B), and Rhopalosiphum padi (C) across different databases. Blue indicates the absence of viral abundance, while other colors represent presence of 
viral abundance. The abundance ranges indicated by transcripts per million (TPM)
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Fig. 4 (See legend on next page.)
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EVEs and their corresponding exogenous viruses. Seven 
PaEVEs and the RdRP proteins of the Partitiviridae 
family viruses were collected for phylogenetic analysis, 
and these PaEVEs were clearly divided into two clades 
(Fig.  4D). SaPaEVE1 was phylogenetically closely asso-
ciated with mycoviruses (such as Pleurotus ostreatus 
virus 1 and Fusarium poae virus 1) and other six PaEVEs 
were closely related to ISVs (such as Hubei partiti-like 
virus 57) in the Partitiviridae family (Fig. 4D). Distance 
matrix analysis based on PaEVE amino acid sequences 
showed that SaPaEVE1 had relatively lower identities 
(18.8–24.3%) with other six PaEVEs, whereas the identi-
ties among six PaEVEs was relatively high (52.3–100.0%) 
(Table S6). Besides, the alignment of seven PaEVE 
sequences also showed that SaPaEVE1 was greatly var-
ied with other six EVEs (Fig. S4A). For ChEVEs, the G 
proteins of viruses in different families of the order Jing-
chuvirales and 50 viral G protein-derived ChEVEs were 
collected for phylogenetic analysis. The results indicated 
that SgChEVE9 was clustered with arthropod viruses in 
the Chuviridae, while other ChEVEs were assigned to an 
unclassified clade (Fig.  4E). Meanwhile, SgChEVE9 had 
relatively low identities (12.3–19.2%) with other ChEVEs 
and was also differs greatly in aa sequence alignments 
(Table S7 and Fig. S4B). These results suggested that 
wheat aphid RNA viruses might have a long-term coexis-
tence with wheat aphid hosts.

Transcription expression analysis of EVEs in different 
geographic populations of three wheat aphid species
To explore the potential transcription activity of the 
90 identified EVEs, we screened a total of 161 pub-
licly available wheat aphid transcriptomes (Table S1). 
The results showed that most EVEs were detected in at 
least one dataset and several EVEs, such as SaChEVE1, 
SgChEVE11, SgMeEVE2, SgToEVE(1–4), and RpCh-
EVE(1–10), were widely distributed and expressed at 
relatively high levels in most aphid populations (Fig. 5A). 
Similarly, PaEVEs and ChEVEs in S. avenae were consis-
tently expressed at high levels in both aphid populations 
submitted by the John Innes Centre (JIC) and University 
of Hawaii (HWU). Conversely, the expression of several 
EVEs was detected in limited aphid populations. For 
example, the expression of Nyamiviridae-derived EVEs 
(NyEVEs) was detected in S. graminum samples submit-
ted by four laboratories and Orthomyxoviridae-derived 
EVEs (OrEVEs) were exclusively found in the sample 

from USDA-ARS Center for Grain and Animal Health 
Research (USDA) with low abundance (Fig. 5A).

Next, we examined the position of 11 EVEs that were 
derived from seven viral families in their respective 
aphid genomes. The results showed that EVEs were inte-
grated within the intact ORF coding frame and were 
expressed in the assembled transcripts (Fig.  5B and D). 
Besides, five EVEs (SaPaEVE2, SaChEVE8, SgToEVE4 
SgMeEVE4 and SgChEVE4) were embedded within five 
distinct transcripts that exhibit typical eukaryotic exon-
intron structures (Fig.  5B and C). The expression of 11 
EVEs at the transcript levels was further validated by RT-
PCR followed with Sanger sequencing (Fig. S3B). More-
over, analysis of EVE-derived small RNA (sRNA) profiles 
showed that many aphid EVEs produced abundant sRNA 
reads with lengths ranging from 24 to 29 nt (such as 
SaChEVE8, SgToEVE4, and SgMeEVE4). Although rela-
tively high transcript read counts, no sRNA was detected 
for four EVEs (SgOrEVE7, SgRhEVE7, SgNyEVE3 and 
RpChEVE8) (Fig. 5C and D). These results demonstrated 
that these EVEs might be exploited by aphid hosts and 
domesticated into a group of new genes with specific 
functions during long-term evolution.

Discussion
The application of metavirome methods has significantly 
advanced the discovery of novel viruses in eukaryotes, 
particularly in arthropods such as mosquitoes, ticks, 
whiteflies, planthoppers and aphids [39–41]. Exploring 
RNA virus diversity has also led to the identification of 
EVEs in various eukaryotes, providing an extensive fossil 
record of the molecular arms race between RNA viruses 
and their hosts over millions of years [42]. In this study, 
we conducted a comprehensive and systematic analysis 
to identify and analyze RNA viruses and EVEs in three 
wheat aphid species based on the transcriptomic and 
genomic analyses. We identified 12 novel viruses, and 90 
EVEs in wheat aphids, revealing a remarkable diversity 
of ISVs and a history of virus-host coevolution in wheat 
aphids.

The virome of wheat aphids identified in this study 
included ISVs and viruses associated with plant or 
symbiontic fungi hosts. For example, such as RpFuV1, 
RpNalV1 and SaTolV1 were clustered with other myco-
viruses, suggesting they were derived from symbiotic 
fungi in aphids. SaBuV1 generally has three genome seg-
ments like other bunyaviruses [43]. We identified only 

(See figure on previous page.)
Fig. 4  Identification of endogenous viral elements (EVEs) in the genomes of three wheat aphid species. (A–C) Alignment of EVEs from the genomes 
of Sitobion avenae (A), Schizaphis graminum (B), and Rhopalosiphum padi (C) with distinct viral genomes. The EVE names are shown below each type of 
viral genomes and the detailed information of these EVEs is listed in Table S5. RdRP, RNA-dependent RNA polymerase; L, large protein; CP, coat protein; 
G, glycoprotein; N, nucleoprotein. (D and E) Phylogenetic analysis of EVEs and related exogenous viruses. The maximum likelihood algorithm was used 
to construct phylogenetic trees for viral RdRP sequences in Partitiviridae (D) and G sequences in Chuviridae (E) and the corresponding EVE aa sequences. 
EVEs are shown in red font. Nodes with bootstrap values > 50% are marked with blue circles. Scale bars represent the percentage divergence. The viral 
sequences used for phylogenetic tree construction are listed in Table S4
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one segment, possibly due to the low abundance of the 
remaining two segments. Besides, we compared known 
viruses that are present in three aphid species, revealing 
a relatively high viral sequence similarity (80.4–100%). 
This high similarity may contribute to the intraspecific 
diversity of viral sequences. In addition, four known plant 
viruses were identified in the three wheat aphid species: 
Broad bean wilt virus 2 (BBWV2), Maize chlorotic mot-
tle virus (MCMV), Narcissus degeneration virus (NDV), 
and Narcissus yellow stripe virus (NYSV). These viruses 
are pathogenic to economically important crops or orna-
mental plants and are typically transmitted by aphids 
in a non-persistent manner [44–46]. Although wheat 
aphids have not been previously reported as vectors for 
these viruses, we identified nearly complete genomes for 
these four plant viruses (Fig. 3 and Table S3). The results 
showed that BBWV2 might be transmitted by S. avenae, 
and MCMV, NDV, NYSV might be transmitted by R. 
padi. However, the detection of these plant viruses could 
also result from contamination during aphid feeding.

EVEs, serving as genomic fossils, provide insights 
into ancient viral-host interactions, and the evolution-
ary timeline of viral infections [47, 48]. Analysis of EVE 
sequences reveals that various viruses can integrate into 
animal genomes, particularly in arthropods where EVEs 
are widespread [49–52]. For example, the investigation 
of endogenous nege-like virus elements has shed light on 
the history of negevirus infections embedded in aphid 
genomes. Analysis of negevirus-derived EVEs revealed 
the presence of one clade with orthologous sequences, 
suggesting an integration event is occurred approxi-
mately 63 to 81 million years ago (MYA). Another clade 
displayed non-orthologous integrations, which are con-
sidered to be independent endogenization events in the 
Cenozoic era [22]. In this study, 90 EVEs were identified 
in three wheat aphid species, most of which were derived 
from G protein of Chuviridae (Fig.  4). A similar trend 
of glycoprotein EVEs derived from Jingchuvirales has 
been reported in other species, including mosquitoes, 
silkworms, ants and beetles [53–55], indicating a bias in 
viral genes integrated as EVEs within their host genomes. 
Although EVEs derived from the G protein of Chuviri-
dae and the RdRP of Partitiviridae were detected in all 
three wheat aphids, no orthologous EVEs were identified 
in these sequences, suggesting that these EVEs may have 
been independently integrated following the divergence 

of the three species. Besides, we have not found any aphid 
viruses from the families Chuviridae and Partitiviridae, 
making it challenging to assess the co-evolutionary rela-
tionships between aphid viruses and their corresponding 
EVEs. Further research can focus on the history of viral 
infection and the origins of ISVs in wheat aphid hosts.

More recently, several EVEs in arthropods have been 
reported to produce functional transcripts, including 
small RNAs, non-coding RNAs, and mRNAs [20, 20, 56, 
57]. We also showed that most EVEs displayed transcrip-
tional activity (Fig.  5A). Seven of the 11 selected EVEs 
were found to contain the complete ORFs (Fig. 5B and C). 
A similar phenomenon has been observed for totivirus-
derived EVEs in rice planthoppers [24], indicating that 
these EVEs might be potentially tamed as authentic genes 
of the hosts. Intron gain and duplication are crucial steps 
for achieving functionality in horizontally transferred 
genes from bacteria to eukaryotes [58]. Considering that 
the seven EVEs were exclusively located within the last 
exon of predicted aphid ORFs, they have the potential to 
alter (modify, enhance, or attenuate) the current func-
tions of aphid genes. It has been reported that several 
EVEs in arthropods exhibit transcriptional activity and 
produce piRNAs that can regulate homologous viral rep-
lication through a sequence-dependent RNA interfering 
pathway [59–61]. Nevertheless, experimental evidence 
of EVE-derived piRNAs mediating antiviral effects has 
so far been observed only in the ovaries of Aedes aegypti 
[62]. Furthermore, EVEs can exert antiviral effects 
through the expression of encoded proteins. For example, 
an EVE derived from the bornavirus nucleoprotein has 
been shown to inhibit Borna disease virus replication by 
encoding an antiviral protein. This EVE-encoded protein 
interferes with viral polymerase activity by binding to the 
viral ribonucleoprotein [63]. Although piRNA produc-
tion was observed for the majority of transcribed EVEs 
(Fig. 5B and C), whether these EVEs are directly involved 
in aphid antiviral immunity against exogenous viruses 
remains to be further investigated.

In conclusion, we identified 12 novel RNA viruses and 
90 EVEs in three wheat aphid species and analyzed the 
abundance of these viruses and EVEs in different popu-
lations of wheat aphids. Our findings provide valuable 
insights into the integration and domestication of viral 
elements within wheat aphid genomes, highlighting their 
potential functional roles.
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Fig. 5 (See legend on next page.)
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