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Abstract: The green peach aphid (Myzus persicae) is a generalist pest damaging crops and transmitting
viral pathogens. Using Illumina sequencing of small (s)RNAs and poly(A)-enriched long RNAs, we
analyzed aphid virome components, viral gene expression and antiviral RNA interference (RNAi)
responses. Myzus persicae densovirus (family Parvoviridae), a single-stranded (ss)DNA virus persist-
ing in the aphid population, produced 22 nucleotide sSRNAs from both strands of the entire genome,
including 5'- and 3'-inverted terminal repeats. These sSRNAs likely represent Dicer-dependent small
interfering (si)RNAs, whose double-stranded RNA precursors are produced by readthrough transcrip-
tion beyond poly(A) signals of the converging leftward and rightward transcription units, mapped
here with Illumina reads. Additionally, the densovirus produced 26-28 nucleotide SRNAs, comprising
those enriched in 5'-terminal uridine and mostly derived from readthrough transcripts and those
enriched in adenosine at position 10 from their 5'-end and mostly derived from viral mRNAs. These
sRNAs likely represent PIWI-interacting RNAs generated by a ping-pong mechanism. A novel ssRNA
virus, reconstructed from sRNAs and classified into the family Flaviviridae, co-persisted with the
densovirus and produced 22 nucleotide siRNAs from the entire genome. Aphids fed on plants versus
artificial diets exhibited distinct RNAi responses affecting densovirus transcription and flavivirus
subgenomic RNA production. In aphids vectoring turnip yellows virus (family Solemoviridae), a
complete virus genome was reconstituted from 21, 22 and 24 nucleotide viral siRNAs likely acquired
with plant phloem sap. Collectively, deep-sequencing analysis allowed for the identification and de
novo reconstruction of M. persicae virome components and uncovered RNAi mechanisms regulating
viral gene expression and replication.

Keywords: Myzus persicae; aphid; densovirus; flavivirus; polerovirus; RNAi; small RNA; siRNA;
piRNA

1. Introduction

The green peach aphid Myzus persicae Sulzer (Hemiptera: family Aphididae) is
a globally distributed crop pest. It has a wide host range and causes direct and indi-
rect damage to host plants through feeding and the transmission of viral pathogens,
respectively [1]. Although M. persicae is an efficient vector of more than a hundred
plant viruses, only one insect virus was identified in this aphid species so far. Some
clonal populations of M. persicae were indeed found to be persistently infected with
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Myzus persicae densovirus (MpDV), a single-stranded DNA (ssDNA) virus of the genus
Hemiambidensovirus (family Parvoviridae), which can be transmitted vertically (transovar-
ially) and horizontally via saliva and honeydew [2-4]. A distinct variant of MpDV was
also identified in the tobacco aphid M. persicae nicotianae, a subspecies of M. persicae [5].
Interestingly, endogenous virus elements (EVEs) with partial low homology to MpDV
and other densoviruses were identified in the M. persicae genome [6]. This indicates
long-standing interactions and co-evolution of densoviruses with M. persicae, which
have resulted in viral integrations in the aphid genome and eventually led to persistent
(rather than acute) infections with episomal densoviruses. Indeed, EVEs are implicated
in the sequence-specific defense against cognate episomal viruses, which is mediated by
RNA interference (RNAIi) [7].

RNAI is an evolutionarily conserved mechanism that regulates gene expression and
defends against invasive nucleic acids such as transposons, transgenes, EVEs, viruses
and virus-like agents. In most eukaryotes, including animals, fungi and plants, RNAi
is mediated by Dicer or Dicer-like family proteins that generate 21-24-nucleotide (nt)
small RNA (sRNA) duplexes from various double-stranded RNA (dsRNA) precursors
and Argonaute (AGO) family proteins that bind guide strands of the SRNA duplexes
and form RNA-induced silencing complexes (RISCs). RISCs guided by sRNAs can target
complementary mRNAs or viral RNA for cleavage or translational repression and can also
target cognate chromosomal DNA or episomal viral DNA for transcriptional silencing.
Dicer- and AGO-dependent sRNAs are classified into miRNAs, expressed from MIR
genes to regulate expression of other genes in trans, and diverse small interfering RNAs
(siRNAs), produced either from miRNA-target genes to repress other genes in trans or
from transposons, transgenes, EVEs and episomal viruses to repress their expression
and proliferation [8-11]. In addition, animals produce 25-30 nt PIWI-associated RNAs
(piRNAs) of endogenous and viral origin by a Dicer-independent, ping-pong mechanism.
This mechanism involves the 5-3' endonuclease Zucchini that fragments endogenous
or viral transcripts and thereby generates piRNA precursors and two distinct types of
the PIWI subfamily of Argonaute proteins, which are associated with mature piRNAs
possessing either 5'-terminal uridine (1U) or adenosine at position 10 from the 5'-end
(10A), respectively. Primary 1U-piRNAs are produced from the transcripts fragmented by
Zucchini, while 10A-piRNAs are produced from the complementary transcripts targeted
by 1U-piRNA-PIWI complexes. In completing the ping-pong cycle, 10A-piRNA-PIWI
complexes target the sense transcripts back, thereby generating precursors of secondary
1U-piRNAs [12,13].

The siRNA- and piRNA-generating pathways have been most extensively studied in
model insects such as the fruit fly Drosophila melanogaster (Diptera), the mosquitoes Aedes
aegypti and Ae. albopictus (Diptera) and the silkworm Bombyx mori (Lepidoptera). While
both siRNA- and piRNA-generating machineries are involved in antiviral defenses in
mosquitoes and B. mori, the piRNA machinery of Drosophila appears to play a minor role
in defenses against episomal viruses and is mostly involved in the control of transposons
and endogenous retroviruses [9,12-14].

Nothing is known about the RNAi machinery of M. persicae, except that exogenous
RNAI can knock down the expression of the RNAi-targeted aphid genes [15-20]. Although
MpDV-derived sRNAs of a broad size range were identified in M. persicae aphids, their se-
quence features were not thoroughly analyzed [21]. Genomes of the pea aphid Acyrthosiphon
pisum and the Russian wheat aphid Diuraphis noxia encode the key protein components of
miRNA-, siRNA- and piRNA-generating machineries [9], but no comprehensive analysis
of endogenous or viral SRNAs has so far been reported for these or other aphids. In other
hemipteran insects, such as whiteflies, planthoppers, leathoppers and psyllids, siRNA- and
piRNA-generating pathways are involved in the control of transposons and EVEs, as well
as in defense against episomal viruses [13,22]. In the Asian citrus psyllid Diaphorina citri, an
episomal ssDNA ambisense densovirus produced 21 nt siRNAs and less abundant 28-30 nt
1U- and 10A-piRNAs of both polarities, whereas the densoviral EVEs produced mostly
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1U-piRNAs of a broader size range and one polarity [23]. By contrast, a single-stranded
RNA (ssRNA) flavivirus produced mostly 21 nt siRNAs but no piRNAs [23].

Unlike insects and other animals, plants do not possess the Zucchini or PIWI subfamily
homologs required for piRNA biogenesis, and their antiviral RNAi pathways are mediated
by virus-derived siRNAs of three major size classes (21, 22 and 24 nt). These siRNAs are
generated from dsRNA precursors by four types of Dicer-like proteins and then associated
with distinct types of AGO family proteins that sort sSRNAs based on 5'-nucleotide identity
and size [11,24-26]. On the other hand, plants (but not insects or other animals) possess
RNA-directed RNA polymerase (RDR) family proteins that reinforce RNAi by converting
aberrant RNAs to dsRNA precursors of secondary siRNAs [10,11,26].

In this study, we used Illumina sequencing analysis of SRNAs and poly(A)-enriched
long RN As from M. persicae aphids persistently infected with the ssDNA densovirus MpDV
and those viruliferous for a circulative ssRNA polerovirus acquired from plants or artificial
diets in order to characterize aphid RNAi responses to persistent densovirus infection and
circulation of the plant virus. We uncovered the aphid siRNA- and piRNA-generating
pathways regulating MpDV gene expression in response to aphid feeding conditions and
found no evidence for the replication of the plant virus, which would have induced aphid
RNAi. We also discovered a novel ssRNA insect virus co-persisting with MpDV in the
aphid population and producing virus-derived siRNAs but no piRNAs.

2. Results and Discussion
2.1. Myzus Persicae Densovirus (MpDV) Genome, Transcriptome and sSRNAome
2.1.1. MpDV Genome

The French strain of MpDV (MpDV1) was identified in a clonal population of M.
persicae maintained at INRAE-Colmar [2] and its genome sequence of 5499 nts with partial
5'- and 3'-inverted terminal repeats (ITRs) was determined by direct sequencing with
primer walking on purified virion DNA [3]. To determine the complete genome sequence
of MpDV1, we performed Illumina sequencing of virion DNA purified from the same
aphid colony (Mp-Col), followed by de novo assembly of paired-end reads (Figure Sla).
MpDV1 was found to possess 5'-ITR of 314 nts and 3/-ITR of 315 nts. These ITRs contain
242 nt and 243 nt direct terminal repeats of the palindromic sequences, differing by a
1 nt insertion within the 3'-repeat and forming symmetrical Y-shaped hairpin telomeres
(Figure 1; File Sla,b), similar to those of homotelomeric ambisense densoviruses ([27,28];
https:/ /ictv.global /report/chapter/parvoviridae/parvoviridae (accessed on 1 October
2024)). This reconstruction was consistent with our restriction analysis of virion DNA. Since
genomic and antigenomic viral DNA molecules of homotelomeric ambisense densoviruses
are encapsidated in separate virions in equal proportions, the purified virion DNA of
MpDV forms linear dsSDNA migrating in 1% agarose as a single band of ca. 5-6 Kbp [3].
Digestion of the virion DNA with Paul and Spel enzymes, whose unique restriction sites
are located downstream of the 5'-ITR and upstream of the 3'-ITR, respectively, yielded
major digestion products of expected sizes (Figure S1b). In support of our finding of 314
and 315 nt long ITRs in MpDYV, other ambisense densoviruses have ITRs ranging in size
from 122 to 550 nts [29].

Besides having reconstructed complete ITRs, we found approximately 1% divergence
between the genome sequences of the previous isolate of MpDV1 (NCBI GenBank accession
NC_005040.1) and its new isolate with the complete genome of 5873 nts (deposited in
GenBank under PQ247848), which included 40 single-nucleotide polymorphisms (SNPs)
and 8 indels (insertions or deletions) of 1 to 4 nts in both non-coding and coding sequences.
This divergence indicates an on-going evolution of the virus quasispecies in the aphid
population. The Chinese strain of MpDV (MpDV?2) identified in M. persicae aphids [4]
(0Q201577.1) has a smaller genome of 5727 nts due to shorter 5'- and 3’-ITRs, both lacking
78 nts at the respective termini. The rest of MpDV2 sequence differs by 120 SNPs and
9indels of 1 to 22 nts (File S1c) and shares 97.9% overall identity with MpDV1. Like MpDV]1,
MpDV2 has symmetrical Y-shaped hairpin telomeres, although two small stem-loops at
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hairpins’ tops in MpDV2 and MpDV1 differ in sizes and stabilities due to differences in
the size of a flip-flop palindrome (33 vs. 34 nts) and SNPs in surrounding nucleotides
(File S1a,b). The four main ORFs in MpDV1 and MpDV2 have the same lengths and encode
proteins sharing 97.4 to 98.0% amino acid identity. It should be noted that Myzus persicae
nicotianae densovirus (MpnDV) isolated from M. persicae nicotianae aphids in China [5] is a
genetic variant of MpDV with incomplete ITRs of 112 nts. MpnDV has a higher homology
to MpDV2 in each of the four main ORFs’ encoded proteins (98.3 to 99.0% amino acid
identity), as well as in the shared non-coding sequences (File S1c).

Linear single-stranded genomic DNA (5873 nts)

L i
T 3

P 242nts

} 314 nts Inverted terminal repeats (ITRs) with 315 nts < 3’
34 nt flip-flop palindrome

Direct terminal repeats of 243 nts -3’
palindromic sequence 1nt
ins:

o

5’-telomere secondary structure

424000

s w

Base-pair probabilities

Figure 1. Structures of Myzus persicae densovirus (MpDV) 5'- and 3'-inverted terminal repeats
(ITRs) forming symmetrical Y-shaped hairpin telomeres. The 5873 nt linear single-stranded genomic
DNA encapsidated in MpDV virions is depicted as a solid black line. Imperfect inverted repeats
of the 314 nt 5’-ITR and the 315 nt 3’-ITR sequences that differ by an inversion of a 34 nt flip-flop
palindrome and a 1 nt insertion are depicted as blue arrows. Small green arrows indicate the
positions of the flip-flop palindrome within each ITR. Near-perfect 242 and 243 nt direct terminal
repeats of the palindromic sequences that differ by the 1 nt insertion in the 3/-repeat are depicted
as red arrows with the inserted nucleotide position indicated and also as converging cyan arrows
connected by small green arrows representing the flip-flop palindrome. Secondary structures of
the 5’ and 3'-telomers, predicted using Matthews model’s DNA parameters at 30 °C at Webserver
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite /RN Afold.cgi (accessed on 1 October 2024), are
depicted both schematically and as images exported from the Webserver. Symmetrical Y-shaped tops
of the 5'- and 3'-telomers are enlarged. Color code indicates base pair probabilities ranging from
0 (blue) to 1 (red).

2.1.2. MpDV Transcriptome and Gene Expression

To analyze MpDV gene expression, we performed Illumina sequencing of a poly(A)-
enriched fraction of aphid RNA, followed by de novo assembly of viral mRNAs using
Trinity (Figure S2) and quantitative analysis of redundant reads mapped on the viral
genome (Datasets S1 and S2a). The results revealed converging Pol II transcription units
spanning the non-structural (NS) protein genes in the rightward direction and the virion
protein (VP) genes in the leftward direction (Figure 2), which is typical for ambisense denso-
viruses ([27,28]; https:/ /ictv.global/report/chapter/parvoviridae/parvoviridae (accessed
on 1 October 2024)).
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Figure 2. Genome organization and transcriptome of Myzus persicae densovirus (MpDV) revealed
by de novo assembly and quantitative analysis of llumina mRNA-seq reads from M. persicae aphids.
(a) Genome and transcriptome organization of MpDV. Viral genomic (forward and reverse) ssDNA
molecules encapsidated in virions are depicted as black lines, with the inverted terminal repeats (ITRs)
shown as gray boxes. Major and minor transcription start sites (TSSs) of the rightward non-structural
(NS) and leftward virion protein (VP) genes are shown with blue and red bent arrows, respectively.
Spliced and unspliced mRNAs transcribed from the NS and VP units are depicted with blue and
red lines, respectively, with positions of 5'-cap and poly(A) sites, ORFs’ start and stop codons and
5'- and 3'-splice sites of introns indicated. The encoded proteins are named and their domains are
colored and named. Pink arrows indicate ribosome leaky scanning that allows for the translation of
overlapping ORFs from NS mRNAs. The thickness of the blue and red lines is roughly proportional
to the relative abundance of viral mRNAs estimated by the quantitation of Illumina reads mapped to
exons vs introns. (b) Single-base resolution map of Illumina 75 nt reads representing viral mRNAs.
The reads were mapped to MpDV genome, and the mapping data were analyzed using MISIS-2 [30]
and visualized using Excel (Dataset S2a). The map of combined reads from 3 biological replicates
under one of the 4 feeding conditions (ArtDiet mock APFV-8+9+10; Dataset S1) is presented as a
histogram that plots the numbers of 75 nt reads at each nucleotide position of the 5873 nt MpDV
genome; blue bars above the axis represent forward reads starting at each respective position, while
red bars below the axis represent reverse reads ending at the respective position. Vertical dotted
lines indicate positions of the splice sites of NS and VP introns. Blue and red arrows indicate the
orientation and length of the forward and reverse reads, respectively. Bars exceeding the value of
2000 unique reads are cut off. Complete histograms for all conditions are in Dataset S2a.

In the NS (rightward) transcription unit, a major transcription start site was identified
at position 460 as a 5'-border of highly abundant reads covering the unit, with one lower-
coverage gap corresponding to an intron (see below) (Figure 2b). This start site is located
downstream of a canonical TATA-box TATATAA (positions 418-424) and 8 nts upstream of
the NS1 ORF start codon. On the other hand, the 5'-ends of Trinity contigs were mapped to
several positions from 269 to 428 (File S1d). These minor transcription events supported
by low-abundance reads (Figure S3; Dataset S2a) could be driven by another canonical
TATA-box located within the 5'-ITR at positions 238-244 (TATATAA). In MpDV?2, 5-RACE
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analysis of NS transcripts revealed two start sites, 7 nts upstream of the 5’-ITR TATA-box
and 29 nts downstream of the second TATA-box [4]. The latter is in close vicinity of the
main start site in MpDV1. In MpnDYV, a single NS transcription start site was identified
29 nts downstream of the second TATA-box [5]. Analysis of the Trinity contigs with poly(A)
tails revealed the NS polyadenylation sites at positions 2864, 2866, 2870, 2876, 2880 and
2888, all downstream of a canonical poly(A) signal AAUAAA (2827-2832) and NS1 ORF
stop codon (2852-2854) (File S1d). These sites are in close vicinity to a single poly(A) site
identified in MpnDV [5] and one of the two poly(A) sites in MpDV2 [4].

Further analysis of Trinity contigs (Figure S2; File S1d) revealed that the NS unit
contains a 430 nt intron (positions 1351-1744) with canonical 5'-GU and 3'-AG termini.
Based on a quantitative analysis of mapped reads, this intron is spliced out in a major
fraction of viral mRNAs (Figure 2b; Dataset S2a). An intron of the same length and at
the same position was identified in MpDV2 [4], whereas no intron was found in the NS
unit of MpnDV [5]. Inspection of MpDV1 sequence revealed that the unspliced NS mRNA
can potentially be translated into NS1 protein of 796 amino acids and, via ribosome leaky
scanning, into NS2 protein of 269 amino acids, as no AUG occurs between the AUG start
codons of the NS1 and NS2 ORFs. A minor mRNA, potentially transcribed from the 5'-ITR-
based promoter, can be translated into an N-terminally extended version of NS2 protein
from an upstream in-frame AUG (424-426) and, via leaky scanning, into NS1 protein
from the downstream AUG (464-466) (Figure 2a). Because the 5'-splice site is located
14 nts upstream of the NS2 ORF stop codon and the intron removal fuses the NS2 and
NS1 translation frames, the major spliced mRNA can be translated into a C-terminally
truncated NS1 protein and, via leaky scanning, into a NS2-NS1 fusion protein of 666 amino
acids (Figure 2a). In all the variants of MpDV (MpDN1, MpDN2 and MpnDV), the NS2
ORF-encoded protein contains replication initiator (Rep) motifs (amino acids 214-276)
conserved in the subfamily Densovirinae [4,5], while a C-terminal portion of the NS1 protein
contains a superfamily 3 (SF3) helicase domain (amino acids 622-774; identified using
InterPro: https:/ /www.ebi.ac.uk/interpro/ (accessed on 1 October 2024); [31]). Thus, the
NS2-NS1 fusion proteins translated from the major and minor spliced RNAs possess both
functional domains of the replication initiator protein that can mediate the rolling-hairpin
replication of MpDV. Viral replication may also be regulated by a C-terminally truncated
NS1 protein lacking the helicase domain, which is translated from the spliced mRNAs, and
complete NS1 and NS2 proteins translated from the unspliced mRNAs (Figure 2a).

In the VP (leftward) transcription unit, one start site was identified at position 5140,
97 nts upstream of the VP1 ORF AUG start codon, as a 5'-border of highly abundant reverse
reads spanning VP1 ORF (with two low-coverage gaps corresponding to introns; see below).
Another start site was identified at position 5531, 7 nts upstream of the VP2 ORF AUG
start codon, as a 5’-border of less abundant reverse reads spanning VP2 ORF (Figure 2b;
Dataset S2a). Both start sites are far away from the only canonical TATA-box TATATAA
(5635-5629) located within the 3’-ITR. In MpnDYV, the 5'-RACE has revealed a single start
site 13 nt upstream of the VP2 ORF start codon [5], which is in close vicinity of the upstream
start site in MpDV1. In MpDV2, one start site is located 7 nt upstream of the VP1 ORFEF,
that is at the same position as the downstream site in MpDV1, while another one is in the
3/-ITR, 15 nts upstream of the TATA-box [4]. Our Trinity contigs also provide evidence for
minor transcription initiation events within the 3'-ITR (File S1d), which are supported by
very-low-abundance reads (Figure S3; Dataset S2a). It remains to be investigated whether
transcription initiation events at the two main start sites of the MpDV1 VP unit, supported
by higher-abundance reads, are driven by non-canonical core promoters. Analysis of the
Trinity contigs with poly(A) tails (File S1d) revealed a single VP polyadenylation site at
position 2848, downstream of the canonical poly(A) signal AAUAAA (2882-2877) and the
VP1 OREF stop codon (2880-2878). A single poly(A) site at the same position was also found
in MpDV?2 [4], while six poly(A) sites located 12 to 23 nts downstream of the poly(A) signal
were identified in MpnDV [5].
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Further analysis of Trinity contigs (Figure S2; File S1d) revealed two short introns of
145 nts (5049-4905) and 95 nts (3122-3216), both having the canonical 5'-GU and 3'-AG
termini. Based on quantitative analysis of mapped reads, these introns are spliced out in
major but unequal fractions of viral transcripts, with the first/upstream intron removed
much more efficiently (Figure 2b; Dataset S2a). This suggests the existence of two main
spliced mRNAs lacking both introns, one transcribed from the upstream start site and
another one from the downstream start site, as well as minor mRNAs in which the first
intron or both introns are retained (Figure 2a). Introns of the same lengths and at the same
positions were identified in both MpDV2 [4] and MpnDV [5]. Notably, the first intron spans
the overlapping sequences of VP2 and VP1 ORFs and its removal fuses the VP2 and VP1
translational frames, while the splicing of the second intron at the 3’-end of VP1 ORF shifts
the translation frame, leading to a premature termination codon (Figure 2a). Thus, in the
case of transcription initiation at the upstream site, the main spliced mRNAs lacking the
first or both introns can be translated into a VP2-VP1 fusion protein of 833 amino acids or
its C-terminally truncated version of 723 amino acids, respectively. In contrast, the minor
unspliced VP2-VP1 mRNA can be translated only into the VP2 protein of 193 amino acids,
as several out-of-frame AUGs between the VP2 and VP1 start codons would prevent leaky
scanning. In the case of transcription initiation at the downstream site, the main spliced
mRNAs lacking the first or both introns can be translated into an N-terminally truncated
VP1 protein of 625 amino acids or its C-terminally truncated version of 515 amino acids
(Figure 2a). Finally, a complete VP1 ORF can be translated from a minor unspliced mRNA
transcribed from the downstream start site. In all the variants of MpDV, the VP2 ORF-
encoded protein contains conserved densoviral Phospholipase A2 (PLA2) motifs (amino
acids 40-90; identified by Guo et al. [4]), while the VP1 ORF-encoded protein contains a
Capsid VP4 densovirus domain (amino acids 125-514; identified using InterPro). Thus, all
the VP2-VP1 fusion proteins possess both functional domains of the structural proteins,
whereas all the versions of VP1 possess only the capsid domain (Figure 2a). We assume that
the truncated VP1 proteins expressed from the more abundant spliced mRNAs transcribed
from the downstream promoter and the VP2-V1 fusion proteins expressed from the less
abundant spliced mRNAs transcribed from the upstream promoter will be assembled
into viral particles in, respectively, higher and lower proportions. The PLA2 domain of
less abundant VP2-VP1 fusion proteins will be exposed outside of the particles to enable
clathrin-mediated endocytosis, followed by trafficking to the nucleus, as shown for an
insect ambisense densovirus [32].

2.1.3. MpDV sRNAome and Antiviral RNAi

To investigate the antiviral RNAi responses induced by MpDV in M. persicae, we
performed Illumina sequencing of aphid sRNAs, followed by bioinformatics analysis of
the size, nucleotide composition and genome coverage profiles of MpDV-derived sRNAs
(Datasets S3 and S4a). Mapping of 15-34 nt reads to the MpDV genome with zero mis-
matches revealed that both strands of the entire virus genome are covered with abundant
sRNAs that belong predominantly to the 22 nt class, followed by less abundant 21 and
23 nt classes (Figures 3b, 4a, S4a and S5; Datasets S3 and S4a). In both strands of both NS
and VP units, the 5'-terminal position of 22 nt sSRNAs is dominated by uridine, followed by
adenosine and cytosine (Figures 4b and S6). These findings together with the mechanistic
knowledge obtained for other insects [9,12,13] suggest that MpDV-derived 22 nt sSRNAs are
bona fide siRNAs processed by the aphid homolog of Dicer-2 from dsRNA precursors in a
form of duplexes. The duplexes are then sorted by the aphid AGO proteins that bind one
of the duplex strands (guide strand) based on the 5'-nucleotide identity, while the second
(passenger) strand is discarded and degraded. Stabilization of siRNA guide strands by
AGOs explains local hotspots and strand biases in the viral genome coverage with siRNAs,
while no overall (genome-wide) strand bias is evident (Figures 3b and 4a).
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Figure 3. Small RNAome of Myzus persicae densovirus (MpDV) revealed by Illumina sRNA-seq
analysis of M. persicae aphids. (a) Genome and transcriptome organization of MpDV. Viral genomic
(forward and reverse) ssDNA molecules are depicted as black lines, with positions of the inverted
terminal repeats (ITRs) shown as gray boxes. Major and minor transcription start sites (TSSs) of the
rightward non-structural (NS) and leftward virion protein (VP) genes are shown with blue and red
bent arrows, respectively. Viral mRNAs transcribed from the NS and VP units are depicted with blue
and red solid lines, respectively, with positions of ORFs and introns indicated. Dashed lines depict the
rightward and leftward readthrough transcripts and the transcripts initiated within ITRs. (b,c) Single-
base resolution map of Illumina 22 nt reads (b) and combined 26-28 nt reads (c) representing viral
siRNAs and piRNAs, respectively. The reads were mapped to the MpDV genome, and the mapping
data were analyzed using MISIS-2 [30] and visualized using Excel (Dataset S4a). The maps of
combined reads from 2 biological replicates under one of the 4 feeding conditions (ArtDiet mock
ALYU-372+373; Dataset S3) are presented as histograms that plot the numbers of 22 nt (b) and
26-28 nt (c) reads at each nucleotide position of the 5873 nt MpDV genome: blue bars above the axis
represent forward reads starting at each respective position, while red bars below the axis represent
reverse reads ending at the respective position. Vertical dotted lines indicate positions of the 5'- and
3'-palindromes and the 5'- and 3/-splice sites of NS and VP introns. The red bars exceeding the values
of 60 (b) or 40 (c) unique reads were cut off and the reads’ numbers indicated. Complete histograms
for each of the 4 conditions are shown in Dataset S4a.

Since viral siRNAs cover both strands of the entire MpDV genome without gaps,
we hypothesized that their precursors are produced by Pol II readthrough transcription
beyond the poly(A) signals in both leftward and rightward orientation, reaching and
going through the 5'- and 3'-ITRs, respectively (Figure 3a). Unprocessed readthrough
transcripts spanning the viral genome from the transcription start site to the ITR in each
orientation may pair to each other and thereby form long dsRNA substrates for Dicer-2.
The readthrough transcripts covering the ITRs may form hairpin substrates for Dicer-2. In
fact, analysis of the Illumina mRNA-seq data revealed low-abundance reads that cover
the antisense strands of both NS and VP transcription units as well as parts of 5'- and
3'-ITRs (Figure S3; Dataset S2a), which likely represent (remnants of) the readthrough
transcripts. Since, in both NS and VP units, the introns generate nearly as abundant siRNAs
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as the exons (Figure 3b; Dataset 54), we assume that unprocessed pre-mRNA readthrough
transcripts form dsRNA precursors of viral siRNAs. In support of our hypothesis, both
rightward and leftward readthrough transcripts covering a (near)-complete 5 Kb genome
of Diaphorina densovirus (DcDV), an ambisense member of Parvoviridae, were identified in
DcDV-infected D. citri psyllids by RNA blot hybridization and RT-PCR sequencing [33].
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Figure 4. Size profiles and nucleotide compositions of Myzus persicae densovirus (MpDV)-derived
sRNAs. Illumina sRNA-seq 15-34 nt reads from M. persicae aphids fed on plants or artificial diets
were mapped with zero mismatches to the reference sequences of NS and VP parts of the 5873 nt
MpDV genome (positions 1-2893 and 2847-5873, respectively) and the mapped reads were sorted by
size and polarity (forward, reverse, total) and counted in reads per million (RPM) of total (host + viral)
15-34 nt reads (Dataset S3). (a) Counting results for combined reads from 2 biological replicates under
one of the 4 feeding conditions (ArtDiet mock ALYU-372+373) are shown as bar graphs representing
counts of each size class of SRNAs derived from the NS (upper graph) and the VP (lower graph) parts
of MpDV genome. Counting results for the other 3 conditions are shown in Figure S4a. (b) Nucleotide
compositions of 22 nt and 27 nt forward and reverse SRNAs derived from the NS and VP parts of
MpDV genome under the ArtDiet mock condition are presented as RNA logos with the numbers
of reads indicated. Positions 1 and 10 of 27 nt reads, enriched in uridine (1U) and adenosine (10A),
respectively, are indicated. Nucleotide compositions of 21-23 nt and 26-28 nt viral sSRNAs under all
feeding conditions are shown in Figure Sé.

In addition to siRNAs, both NS and VP units produce less abundant sRNAs of longer
size range, which belong predominantly to 26, 27 and 28 nt classes and exhibit strong (NS
unit) or less strong (VP unit) biases to the mRINA sense strand (Figures 3c, 4a, S4a and S5;
Datasets S3 and S4a). Analysis of the nucleotide composition of 26-28 nt reads revealed
the predominance of uridine and adenosine at positions 1 and 10 from the 5-end, which
is typical for PIWI-associated (pi)RNAs generated by a ping-pong mechanism. Thus,
the antisense reads of both NS and VP units have a strong bias to uridine at position 1
(1U) (Figures 4b and S6), which is typical for primary piRNAs. Conversely, the sense
reads of both NS and VP unit have a strong bias to adenosine at position 10 (10A)
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(Figures 4b and S6), which is typical for secondary piRNAs. By analogy with other animals
where the ping-pong mechanism has been dissected, which include Diptera (Drosophila
and Aedes) and Lepidoptera (Bombyx) insects [9,12,13], we hypothesize that precursors
of the densoviral primary 1U-piRNAs are produced from the antisense readthrough tran-
scripts by the aphid Zucchini-like endonuclease and then become associated with a 5'U-
specific member of the aphid PIWI subfamily of Argonaute proteins. Upon 3’-end trimming
by the aphid Trimmer-like exonuclease, the mature 26-28 nt 1U-piRNA-PIWI complexes
target the complementary (sense) viral mRNAs and/or pre-mRNAs for cleavage between
complementary sequence positions 10 and 11 (counting from the 5'-end of 1U-piRNA),
which generates precursors of secondary 10A-piRNAs. These precursors become associ-
ated with another member of the PIWI subfamily and, upon 3'-end trimming, the mature
26-28 nt 10A-piRNA-PIWI complexes target the antisense readthrough transcripts for
cleavage between complementary sequence positions 10 and 11 (counting from the 5'-end
of 10A-piRNA). This cleavage generates precursors of 1U-piRNAs, thus completing the
first ping-pong cycle and initiating the next one. Higher abundance of the viral sense
(processed and polyadenylated) mRNAs expressed from the NS and VP units, compared to
the respective antisense readthrough transcripts, would explain higher accumulation of the
secondary 10A-piRNAs from both units.

Notably, uridine at position 1 is the second most frequent nucleotide in 26-28 nt
sRNAs derived from the mRNA sense strands of each unit (Figures 4b and S6), suggesting
that the viral mRNAs may additionally but less efficiently be targeted by the Zucchini-
like endonuclease generating precursors of primary 1U-piRNAs. Likewise, adenosine at
position 10 is the second most frequent nucleotide in 26-28 nt sSRNAs derived from the
antisense strands of each unit (Figures 4b and S6), suggesting that the antisense readthrough
transcripts can additionally but less efficiently generate secondary 10A-piRNAs, following
cleavage by the less abundant primary 1U-piRNAs produced from (pre-)mRNAs. Notably,
26-28 nt reads cover not only exons and introns but also exon-intron junctions at both 5’ and
3’ splice sites of NS and VP units (Figures 3c and S5; Dataset S4a), suggesting that unspliced
polyadenylated mRNAs or unprocessed pre-mRNAs can also serve as piRNA precursors.

Consistent with our findings for MpDV, the ambisense densovirus DcDV produced
28-30 nt piRNAs with the ping-pong 1U-10A signature from both NS and VP units in
DcDV-infected D. citri psyllids [23]. Moreover, the rightward and leftward readthrough
transcripts identified for DcDV [33] were proposed (i) to serve as the sense and antisense
precursors required for the piRNA ping-pong cycle and (ii) to form dsRNA precursors of
the viral siRNAs produced in DcDV-infected psyllids in addition to the viral piRNAs [23].

We assume that both siRNA and piRNA pathways can individually silence densoviral
gene expression, because both antisense siRNAs and antisense piRNAs can target viral
mRNAs or pre-mRNAs for cleavage, resulting in post-transcriptional silencing. Further-
more, siRNA and piRNA pathways can potentially compete with each other, since the same
viral transcripts can serve as precursors of both siRNAs and piRNAs. It is also conceivable
that viral siRNAs can initiate piRNA biogenesis by targeting viral transcripts. Indeed,
siRNAs can initiate endogenous piRNA cluster formation in Drosophila [34]. Additionally,
siRNAs derived from the promoter regions (Figure 3b) can potentially target viral DNA
and interfere with Pol I binding, resulting in transcriptional silencing. In summary, the
production and functional activity of siRNAs and piRNAs derived from different regions
(and strands) of the viral genome can potentially regulate expression rates of the NS and
VP genes that mediate virus replication and encapsidation, respectively.

2.1.4. Impact of Aphid Feeding Conditions on MpDV Gene Expression and Antiviral RNAi

To test whether aphid feeding conditions and/or food composition can influence
MpDV gene expression and antiviral RNAi responses, we compared the accumulation
levels of viral mRNAs, siRNAs and piRNAs in aphids fed on mock-inoculated or turnip
yellows virus (TuYV)-infected Arabidopsis thaliana plants and in those fed on artificial diets
without or with purified TuYV virions. The accumulation levels were normalized in reads
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per million (RPM) of total (host + viral) reads derived from three (mRNA-seq) or two
(sRNA-seq) biological replicates per condition (Datasets S1 and S3). In aphids feeding
on plants, VP mRNAs accumulated at ca. two times higher levels than NS mRNAs, and
the presence of TuYV slightly and proportionally increased accumulation of both NS and
VP mRNAs (Figure 5a). The higher accumulation of VP mRNAs coincided with lower
accumulation of VP siRNAs of both polarities, whose levels were ca. two times lower
than those of NS siRNAs, and the presence of TuYV slightly and proportionally increased
accumulation levels of both NS- and VP-derived siRNAs of both polarities (Figure 5c).
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Figure 5. Impact of aphid feeding conditions on Myzus persicae densovirus (MpDV) gene expression
and antiviral RNAi responses. Illumina mRNA- and sRNA-seq reads from aphids fed on mock-
inoculated or TuYV-infected plants (Plant mock, Plant TuYV) or artificial diets without or with TuYV
virions (ArtDiet mock, ArtDiet TuYV) were mapped with zero mismatches to the reference sequences
of NS and VP parts of the 5873 nt MpDV genome (positions 1-2893 and 2847-5873, respectively)
and the mapped reads were sorted by size and polarity (forward, reverse) and counted in reads
per million (RPM) of total (host + viral) reads (Datasets S1 and S3). Counting results for combined
reads from three (NRNA-seq) and two (sSRNA-seq) biological replicates per feeding condition are
presented as bar graphs. (a) Counts of mRNA-seq forward and reverse reads representing NS and
VP mRNAs (blue and red bars, respectively), (b) Counts of mRNA-seq reverse and forward reads
representing NS and VP antisense RNAs (red and blue bars, respectively). (c) Counts of each size
class of 21-23 nt forward and reverse sSRNA reads representing viral siRNAs derived from the NS
and VP parts of MpDV genome. (d) Counts of each size class of 26-28 nt forward and reverse sSRNA
reads representing viral piRNAs derived from the NS and VP parts of the MpDV genome.

In contrast to siRNAs, VP unit-derived piRNAs accumulated at higher levels than NS
unit-derived piRNAs. This was much more pronounced for the less abundant antisense
piRNAs derived from the readthrough transcripts (and dominated by primary piRNAs)
than for the more abundant sense piRNAs derived from mRNAs (and dominated by sec-
ondary piRNAs) (Figure 5d). Similar to siRNAs, piRNAs of both polarities from both units
accumulated at slightly and proportionally higher levels in the aphids fed on TuY V-infected
plants than those fed mock-inoculated plants (Figure 5d). Interestingly, the readthrough
transcripts within VP and NS units accumulated at comparable levels in the aphids fed on
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mock-inoculated plants and these levels were only slightly affected by TuYV (Figure 5b). In
summary, under plant feeding conditions, lower siRNA production from the VP genes was
compensated by higher piRNA production and, vice versa, higher siRNA production from
the NS genes was compensated by lower piRNA production. This supports our hypothesis
on the competition of siRNA and piRNA pathways for the readthrough transcripts as
precursors of both siRNAs and piRNAs.

In the aphids fed on artificial diets with or without TuYV, NS mRNAs accumulated
at comparable levels that were slightly higher than those in the aphids fed on plants. In
contrast, VP mRNAs accumulated at much lower levels compared to plants, and at slightly
lower levels than NS mRNAs (Figure 5a). This coincided with a decreased accumulation of
rightward readthrough transcripts and an increased accumulation of leftward readthrough
transcripts (Figure 5b). Furthermore, the accumulation levels of viral siRNAs of both
polarities from both NS and VP genes were strongly and almost proportionally increased
in aphids fed on the artificial diets with or without TuYV, compared to aphids fed on the
respective plants (Figure 5c). Moreover, a much stronger increase was observed in the
accumulation levels of viral piRNAs, and this increase was more pronounced in the absence
of TuYV for both VP and NS piRNAs of both polarities (Figure 5d). Despite the strong and
proportional increase in accumulation of both sense and antisense siRNAs and piRNAs
from both NS and VP genes, only VP mRNA levels were concomitantly decreased, whereas
NS mRNA levels were even slightly increased (Figure 5a). Thus, neither siRNA nor piRNA
pathways appeared to repress NS gene expression, whereas VP gene expression appeared
to be affected by both pathways, as the accumulation levels of both siRNAs and piRNAs
from VP genes inversely correlate with the accumulation levels of VP mRNAs. It remains
to be investigated how NS genes evade silencing directed by viral siRNAs and piRNAs.
Since NS genes encode the proteins mediating viral replication, while VP genes encode
the structural proteins, RNAi-mediated regulation of VP gene expression may contribute
to the transition from viral DNA replication to its encapsidation, which occurs at later
stages of host cell infection. The observed differences in the relative abundance of VP
and NS mRNAs under different conditions of aphid feeding likely reflect differences in
proportions of the aphid cells more actively replicating viral DNA and those more actively
encapsidating viral DNA.

2.2. A Novel RNA Virus Co-Persisting with MpDV in the Aphid Population
2.2.1. Discovery and Phylogenomic Analysis of a Novel Flavivirus

De novo (Velvet/Oases) assembly of sSRNA reads from the above-described aphid
samples, followed by filtering of the resulting contigs through the M. persicae and MpDV
genomes, revealed large contigs representing a novel virus. SeqMan scaffolding of the Oases
contigs and the mRNA-seq Trinity contigs, followed by consensus sequence verification
with redundant sSRNA and mRNA reads, yielded a 23,221 nt genome encoding a single
large polyprotein of 7491 amino acids (Figure 6a). Nucleotide BLASTn and protein BLAST
analyses revealed distant similarities to Macrosiphum euphorbiae virus 1 (MeV-1) [75%
nt identities at 39% coverage of its genome (NC_028137.1) and 58% amino acid identity at
95% coverage of its polyprotein (YP_009175071)] and Sitobion miscanthi flavi-like virus 1
(SnFLV-1) [66% nt identities at 26% coverage of its genome (MH7781489) and 48% amino
acid identity at 94% coverage of its polyprotein (QCI31815)]. These viruses are positive-
sense ssSRNA viruses classified into the family Flaviviridae and have both been identified in
aphids, the potato aphid Macrosiphum euphorbiae [35] and the Indian grain aphid Sitobion
miscanthi [36], respectively. We therefore named our new virus Myzus persicae flavivirus
(MpFV; deposited in NCBI Genbank under accession PQ247847) and tentatively classified
it as a new species into the family Flaviviridae.
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Figure 6. Genome, transcriptome and sRNAome of Myzus persicae flavivirus (MpFV). (a) MpFV
genome and transcriptome organization. Viral genomic (g) and antigenomic (ag) RNAs are depicted
as, respectively, solid blue and red lines with arrowheads. A single large ORF encoding the viral
polyprotein is boxed, with the start and stop codon positions indicated. The polyprotein’s catalytic
domains likely mediating polyprotein processing (leucine aminopeptidase) and viral RNA replication
(ATP-dependent RNA helicase, RNA methyltransferase and RNA-dependent RNA polymerase
(RdRP)) are highlighted in yellow and green, respectively, with their amino acid positions indicated.
Putative subgenomic (sg) RNA(s) likely generated by the host 5'-3' exonuclease-mediated partial
degradation of viral gRNA is depicted as a dotted blue line. Black arrows indicate viral RARP
activities generating agRNNA on the gRNA template and vice versa. (b) Single-base resolution map
of Illumina mRNA-seq 75 nt reads representing gRNA (blue) and agRNA (red). (c) Single-base
resolution map of Illumina sRNA-seq 22 nt reads representing viral sense (blue) and antisense (red)
siRNAs. The mRNA-seq and sSRNA-seq reads were mapped to the MpFV genome and the mapping
data were analyzed using MISIS-2 [30] and visualized using Excel (Datasets S2b and S4b). The maps
of combined reads from three (nNRNA-seq) or two (sSRNA-seq) biological replicates under two of the
4 feeding conditions (Plant mock and ArtDiet mock; Datasets S1 and S3) are presented as histograms
that plot the numbers of 75 nt mRNA-seq (b) and 22 nt sSRNA-seq (c) reads at each nucleotide position
of the 23,221 nt MpFV genome; blue bars above the axis represent forward reads starting at each
respective position, while red bars below the axis represent reverse reads ending at the respective
position. Bars representing reads exceeding the value of 300 unique reads are cut off. Complete
histograms for all feeding conditions are shown in Datasets S2b and S4b and Figure S9.

Interestingly, the M. euphorbiae aphid population carrying the flavivirus MeV-1 was co-
infected with a densovirus and a tombus-like virus and exhibited no obvious pathology [37].
Thus, members of Flaviviridae and Parvoviridae can co-persist in their Aphididae hosts.
Analysis of the Illumina-seq data generated in this study (20 aphid pools), as well as in
our previous study of another clonal population of M. persicae (WMp?2, originating from
the Netherlands) maintained at INRAE-Colmar (18 aphid pools; [38]), revealed that each
aphid pool was positive for both MpDV and MpFV (Datasets S1, S3, S5 and S6). Thus,
the two independent clonal populations of M. persicae (the French Mp-Col and the Dutch
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WMp2) are persistently co-infected with MpDV and MpFL. On the other hand, our Illumina
sRNA-seq analysis of the third aphid population originating from a single M. persicae Mp-
Col aphid negative for MpDV [6], which was maintained in an MpDV-free chamber at
INRAE-Colmar, was found to be also negative for MpFV (Figure S4d; Dataset S3; ALYU-187
vs. ALYU-188). Thus, the flavivirus’ persistence in aphids may depend on the densovirus
or vice versa.

InterPro analysis of the MpFV-encoded polyprotein revealed ATP-dependent RNA
helicase (amino acids 4146-4525), SAM-dependent RNA methlytransferase (amino acids
6358-6577) and RNA-directed RNA polymerase (RARP; amino acids 6805-7321) domains
(Figure 6a). These catalytic domains are present at similar positions in both MeV-1 and
SnFLV-1 polyproteins (Figure S7b,c) and likely mediate viral replication. In addition, the
N-terminal part of MpFV polyprotein contains a Macro domain-like leucine aminopep-
tidase (amino acids 240-378) (Figure 6a) that may participate in polyprotein processing.
Interestingly, this domain is present at the same N-terminal position in MeV-1, while it is
located at another position in SnFLV-1 (Figure S7b,c). All three viruses encode within the
N-terminal and middle parts of their polyproteins the cytoplasmic domains surrounded
by the transmembrane domains (Figure S7), which may constitute the structural pro-
teins involved in formation of enveloped virions, as shown for other flaviviruses ([39];
https:/ /ictv.global/report/chapter/flaviviridae/flaviviridae (accessed on 1 October 2024)).

The genomic (g)RNAs of MpFV, MeV-1 and SnFLV-1 contain 5'-untranslated regions
(UTRs) of comparable lengths (300, 290 and 298 nts, respectively) which do not possess
any AUG and can form relatively stable secondary structures (Figure S8a). Likewise,
the gRNA 3’-UTRs of the three viruses are long (448, 491 and 447 nts, respectively) and
structured (Figure S8b). The long structured 5'- and 3’-UTRs are likely involved in the
regulation of gRNA replication and translation. MpFV gRNA appears to be polyadenylated
since the reconstructed MpFV genome contains a 6 nt poly(A) tract at the 3'-terminus
and is covered with Illumina reads obtained from a poly(A)-enriched fraction of aphid
RNA (Figures 6b and S9a). MeV-1 gRNA was also found to be polyadenylated [35], while
SnFLV-1 gRNA assembled from Illumina Ribo-Zero RNA-seq reads had no poly(A) tail [36].

Analysis of single-base resolution maps of the Illumina mRNA-seq reads (Dataset S4b)
revealed that the entire positive-sense (gRNA) strand of MpFV genome is almost uniformly
covered with low-abundance reads, with the 5'- and 3'-terminal regions exhibiting lower
and higher read density, respectively (Figures 6b and S9a; Dataset S4a). On the other hand,
the negative-sense strand (antigenomic RNA) is represented by a very low number of reads,
mostly derived from the 3'-part of the MpFV genome (Figures 6b and S9a; Dataset S4b).
This finding likely reflects the low abundance of antigenomic RNA as the replicative
intermediate (Figure 6a).

Three common features of MpFV, MeV-1 and SnFLV-1 justify their classification into
a new genus of the family Flaviviridae, for which we propose the name Aphidiflavivirus.
Firstly, these viruses infect aphids from different genera of the family Aphididae feeding on
plants, unlike flaviviruses of the genus Orthoflavivirus, which infect mosquitoes and ticks
feeding on vertebrate animals. Secondly, they have genomes of comparable sizes (23.2, 22.8
and 23.1 Kb, respectively) which greatly exceed the genome sizes of orthoflaviviruses and
other established genera of Flaviviridae (ca. 9-13 Kb; https:/ /ictv.global /report/chapter/
flaviviridae/flaviviridae (accessed on 1 October 2024); [39]). Thirdly, they encode single
large polyproteins possessing replicase domains and potential structural domains at similar
positions. Another notable difference between aphidiflaviviruses and orthoflaviviruses
is that the former appear to be restricted to insect hosts, unlike the latter. Indeed, MeV-1
deposited from aphids to leaves was unable to replicate locally or spread systemically in
the aphid-infested plant [35]. Likewise, MpFV did not appear to replicate in the plants
infested by M. persicae aphids: our Illumina mRNA-seq and sRNA-seq analysis of the leaf
samples taken from these plants [40] revealed very low numbers of MpFV-derived reads,
likely representing remnants of aphid infestation (Datasets S7 and S8), whereas all the
aphid samples collected from these plants were positive for MpFV (Datasets S5 and S6).
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2.2.2. Host RNAi Responses to MpFV

Analysis of size profiles, nucleotide compositions and single-base resolution maps
of the Illumina sRNA reads revealed that both strands of MpFV genome are covered
with abundant 22 nt sRNAs, followed by less abundant 21 and 23 nt classes, with the
most frequent 5'-nucleotide of these three size classes being U, followed by C and A
(Figures 6¢, 7, S9 and S10; Dataset S4b). Such size and 5'-nucleotide frequency profiles,
together with complete genome coverage and no overall strand bias, suggest that genomic-
antigenomic dsRNA intermediates of MpFV replication (Figure 6a) are targeted by the
aphid Dicer-2 generating 22 nt sSRNA duplexes. The aphid AGOs sort these duplexes
and stabilize guide strands of viral siRNAs based on 5'-nucleotide identity. Notably, the
relative abundance and nucleotide composition of 21, 22 and 23 nt sRNAs of sense and
antisense polarities derived from MpFV and MpDV are very similar (Figures 7 and S10 vs.
Figures 4 and 56), indicating that both viruses are targeted by the same siRNA-generating
machinery. However, unlike MpDV, MpFV does not appear to be targeted by the piRNA-
generating machinery, since 2628 nt SRNAs are under-represented and do not display the
1U-10A ping-pong signature of piRNAs (Figures 7b and S10b).

MpFV-derived sRNAs (RPM) — Plant mock (ALYU-368+369) (b) MpFV-derived 22 and 27 nt sRNAs (logo) — Plant mock (ALYU-368+369)
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Figure 7. Size profiles and nucleotide compositions of Myzus persicae flavivirus (MpFV)-derived
sRNAs in M. persicae aphids fed on plants vs. artificial diets. Illumina 15-34 nt reads were mapped
with zero mismatches to the MpFV genome and the mapped reads were sorted by size and polar-
ity (forward, reverse, total) and counted in reads per million (RPM) of total (host + viral) reads
(Dataset S3). (a) Counting results for combined reads from 2 biological replicates under two of the
4 feeding conditions (plant mock ALYU-368+369 and ArtDiet mock ALYU-372+373) are shown as
bar graphs representing counts of each size class of viral sSRNAs. (b) Nucleotide compositions of
22 nt and 27 nt forward and reverse sSRNAs derived from MpFV under the two feeding conditions
are presented as RNA logos with the numbers of reads shown under each logo. Size profiles and
nucleotide compositions MpFV sRNAs under the other two conditions are shown in Figure S10.
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Comparison of MpFV sRNA genome coverage profiles under different aphid feeding
conditions revealed a striking difference between the plant and the artificial diet, which
was independent of TuYV. Under the plant feeding condition, a 3'-terminal 6 Kb region
(positions 17,167-23,221) produced much more abundant siRNAs of both polarities than the
preceding three quarters of the MpFV genome, whereas under the artificial diet condition,
the relative rates of siRNA production from the respective regions differed much less
pronouncedly (Figures 6¢c and S9b; Dataset S4b). We hypothesize that the 6 Kb region of
MpFV genome produces a positive-sense subgenomic RNA (sgRNA) that can be converted
to dsRNA by viral RARP. Dicer-2 processing of the resulting dsRNA would generate siRNAs
spanning the 6 Kb region, while Dicer-2 processing of the genomic-antigenomic dsRNA
replicative intermediates would generate siRNAs spanning the entire genome. Relative
abundance of siRNAs produced from the 6 Kb region and the rest of the viral genome
would therefore depend on sgRNA production rate, which could be regulated during the
viral infection cycle and be affected by the aphid feeding conditions.

Theoretically, sgRNAs can be produced by viral RARP-mediated transcription of
the antigenomic RNA, which is initiated at an internal promoter, and/or by host 5'-3'-
exonuclease-mediated partial degradation of the genomic RNA, which is terminated at
internal structural elements. In mammalian and insect flaviviruses, 3'-coterminal sgRNAs
are known to be products of incomplete degradation of viral gRNA by the host 5'-3/
exonuclease XRN1 that stalls in highly structured elements in the 3'-UTR [41]. We found
that a 5'-end of the presumptive 6 Kb sgRNA of MpFV is imbedded into a secondary
structure composed of five hairpins. The two hairpins located downstream of the 5'-
terminus are more stable than the others (Figure S11) and can therefore stall the presumptive
5’-3" exonuclease and stabilize the 6 Kb sgRNA. If the exonuclease overcomes the stalling,
it will proceed with gRNA processing until the next structural element and eventually
reach the stable secondary structure within 3’-UTR (Figure S7b). This process may create
3'-coterminal sgRNAs of different lengths, whose steady-state levels would depend on
the exonuclease’s processivity. In turn, the relative abundance of the long (6 Kbp) and
shorter dsRNAs produced by viral RARP on the respective sgRNA templates and hence the
resulting siRNAs would differ. This hypothesis is supported by the single-base resolution
maps of MpFV siRNAs showing a gradual increase in siRNA density along the 6 Kb region
and the hottest spots of siRNA production within the 3'-UTR (Figures 6¢ and S9b).

The drastic difference in relative rates of siRNA production from the 6 Kb sgRNA
region and the preceding part of the 23.2 Kb MpFV genome under the plant versus artificial
diet conditions did not coincide with any substantial changes in viral gRNA accumulation,
although the presence of TuYV resulted in its increase under both conditions (Figure 8a).
Concomitant with the increased accumulation of MpFV gRNA, the accumulation of total
viral siRNAs (derived from the entire virus genome) is almost proportionally decreased in
plants infected with TuYV and almost proportionally increased on the artificial diet with
TuYV virions, compared to the respective controls without TuYV (Figure 8b). Furthermore,
whereas sense and antisense viral siRNAs accumulated at similar levels under the artificial
diet conditions, under the plant feeding conditions, the antisense siRNAs accumulated at
somewhat lower levels than the sense siRNAs (Figure 8b). Based on these findings, the
functionality (if any) of the higher-abundance siRNAs produced from the 6 Kb region of
MpFV cannot be conclusively inferred. We speculate that both the presumptive sgRNAs
and the dsRNA precursors of viral siRNAs produced from this region may serve as decoys
diverting the antiviral RNAi machinery from the gRNA molecules engaged in translation
and/or replication. It is conceivable that the antiviral activity of the host 5’_3 exonucle-
ase degrading viral gRNA is counteracted by the gRNA structural elements stalling the
exonuclease and thereby generating sgRNA decoys for antiviral RNAI.
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Figure 8. Impact of aphid feeding conditions on Myzus persicae flavivirus (MpFV) replication and
antiviral RNAi responses. Illumina mRNA- and sRNA-seq reads from aphids fed on mock-inoculated
or TuYV-infected plants (Plant mock, Plant TuYV) or artificial diets without or with TuYV virions
(ArtDiet mock, ArtDiet TuYV) were mapped with zero mismatches to the MpFV genome and the
mapped reads were sorted by size and polarity (forward, reverse) and counted in reads per million
(RPM) of total (host + viral) reads (Datasets S1 and S3). Counting results for combined reads from
three (mRNA-seq) and two (sRNA-seq) biological replicates per feeding condition are presented as
bar graphs. (a) Counts of mRNA-seq forward reads representing MpFV genomic RNA (blue bars)
and mRNA-seq reverse reads representing MpFV antigenomic RNA (red bars). (b) Counts of each
size class of 21-23 nt forward and reverse SRNA reads representing viral sense and antisense siRNAs
derived from MpFV genomic and antigenomic RNAs, respectively.

2.3. M. persicae Aphids Fed on TuY'V (Positive-Sense ssSRNA Polerovirus)-Infected Plants
Accumulate Sense and Antisense sSRNAs Reconstituting a Complete TuY'V Genome

Besides sSRNA contigs reconstituting the MpDV and MpFV genomes, large sRNA
contigs covering a complete genome of TuYV were obtained by Velvet/Oases assembly
of [llumina sRNA-seq reads from the M. persicae aphids viruliferous for this plant virus.
Analysis of single-base resolution maps revealed that both strands of the entire TuYV
genome (Figure 9a) are covered with sRNA reads from the aphids fed on TuY V-infected
plants (Figure 9b; Dataset S4c). TuY V-derived sRNAs belong to a broad size range (from
15 to 34 nts) and each size class (except 15 nt) exhibits a bias to the positive-sense (gRNA)
strand, but the 21 and 22 nt classes are the most abundant on both strands and exhibit
much less pronounced biases to the sense strand (Figure 9c).

Theoretically, TuYV-derived 21 and 22 nt sSRNAs of sense and antisense polarities
could be produced by the plant Dicer-like (DCL) 4 and DCL2, respectively [11,24,42], and
then acquired by the aphids feeding on the phloem sap of TuY V-infected plants. Indeed,
plant phloem sap was found to contain viral siRNAs derived from a positive-sense ssRNA
virus of the family Closteroviridae [43]. Alternatively or additionally, TuYV sRNAs could be
produced in aphid cells by the aphid RNAi machinery. The polerovirus TuYV and other
positive-sense ssSRNA viruses of the family Solemoviridae are known to be transmitted by
their insect vectors in a circulative non-propagative manner, in which virions containing
gRNA, acquired with the phloem sap of infected plant, circulate in the insect body with-
out replication ([44]; https:/ /ictv.global/report/chapter/solemoviridae/solemoviridae/
(accessed on 1 October 2024)). Nonetheless, it is conceivable that viral gRNA could be
released from virions during the transcytosis of the aphid midgut and salivary gland cells
to undergo limited translation and replication, which would be restricted by the antiviral
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RNAI generating virus-derived siRNAs. Our analysis of the Illumina sRNA-seq reads
from the viruliferous aphids fed on the artificial diet with purified TuYV virions revealed
abundant viral sSRNAs of a broad size range, which were derived almost exclusively from
TuYV gRNA (Figure 9d,e). This finding is indicative of non-RNAi degradation of viral
gRNA in the aphid body. The negligible amounts of sSRNA reads representing TuYV antige-
nomic RNA (Figure 9¢; Datasets 53 and S4c) suggest that viral gRNA did not undergo any
substantial replication that would trigger antiviral RNAi. In further support of this hypoth-
esis, the nucleotide compositions of 21-23 nt and 26-28 nt reads representing TuYV in the
viruliferous aphids did not resemble those of MpFV- and MpDV-derived 21-23 nt siRNAs
and MpDV-derived 26-28 nt piRNAs, respectively (Figure S12 vs. Figures S6 and S10b).

(c) TuYV-derived sRNAs in aphids fed on TuYV-infected plants (ALYU-370+371)
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(e) TuYV-derived sRNAs in aphids fed on ArtDiet with TuYV virions (ALYU-374+375)
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Figure 9. Turnip yellows virus (TuYV)-derived sRNAs in M. persicae aphids fed on TuY V-infected A.
thaliana plants versus artificial diet with purified TuYV virions. (a) TuYV genome and transcriptome
organization. Viral genomic (g), subgenomic (sg) and antigenomic (ag) RNAs are depicted as blue
(gRNA and sgRNA) and red (agRNA) lines, with ORFs boxed and the encoded proteins named.
Black arrows indicate viral RARP activities generating agRNA on the gRNA template and vice versa
as well as sgRNA on the agRNA template. (b—e) Single-base resolution maps and size profiles of
TuYV-derived sRNAs identified in aphids fed on TuY V-infected plants or an artificial diet with TuYV
virions. Illumina 15-34 reads from two biological replicates under each feeding condition were
mapped to the TuYV genome with zero mismatches and the mapped reads were sorted by size and
polarity (forward, reverse, total) and counted in reads per million (RPM) of total (host + viral) reads
(Dataset S3). The mapping data were analyzed using MISIS-2 [30] and visualized using Excel (Dataset
S4c). (b,d) Single-base resolution map of TuYV-derived 21, 22 and 24 nt sense (blue) and antisense
(red) sRNAs from aphids fed on TuYV-infected plants (b) or on the artificial diet with TuYV virions
(d). In both panels, histograms plot the reads of respective size classes at each nucleotide position of
the 5641 nt TuYV genome: blue bars above the axis represent forward reads starting at each respective
position, while red bars below the axis represent reverse reads ending at the respective position.
(c,e) Relative abundance of TuYV-derived 15 to 34 nt SRNAs from aphids fed on TuY V-infected plants
(c) or the artificial diet with TuYV virions (e). In both panels, bars represent counts of total (purple),
forward (blue) and reverse (red) sRNA reads of each size class.
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Our analysis of the Illumina mRNA-seq data revealed very-low-abundance reads
representing TuYV gRNA and no reads derived from antigenomic RNA in aphids fed on
TuYV-infected plants. More abundant reads covering TuYV gRNA and negligible amounts
of reads representing its antigenomic RNA were detected in aphids fed on the artificial
diet supplied with purified TuYV virions (Figure S13d; Dataset S2c). These findings further
support the non-propagative circulation of TuYV virions in the viruliferous aphids without
any substantial replication of viral gRNA in aphid cells.

Taken together, the above findings suggest that the aphids feeding on TuY V-infected
plants acquire phloem-mobile viral siRNAs produced by the plant RNAi machinery (likely
by DCL4 and DCL2) from dsRNA intermediates of viral gRNA replication and, in addition,
accumulate broad-size-range products of non-RNAi degradation of viral gRNA. The latter
process explains the much stronger positive strand bias observed for viral sSRNAs in a size
range of 25 to 34 nts (which is longer than the plant siRNA size range). The viral sense and
antisense sSRNAs of shorter-than-plant siRNA size-range, which also accumulate in aphids
(Figure 9¢), likely comprise partial degradation products of the viral siRNAs produced
in planta. In further support of our mobile siRNA hypothesis, the densities and relative
abundances of 21 and 22 nt sSRNAs of both polarities derived from the TuYV sgRNA region
in the aphids fed on TuYV-infected plants are much higher than those derived from the
preceding part of TuYV genome (Figure 9b). This is similar to TuYV genome coverage
with the respective size classes of viral siRNAs produced in TuYV-infected A. thaliana [42].
Furthermore, the viruliferous aphids from TuY V-infected plants accumulate 24 nt sSRNAs
of lower abundance, which are also derived from both strands of the entire TuYV genome
and are enriched in the sgRNA region (Figure 9b,c). In A. thaliana plants, this size class
of viral and endogenous siRNAs is generated by DCL3 [10,11,24] and the endogenous
24 nt siRNAs are phloem-mobile and functional in systemic silencing [45]. Collectively, our
findings, together with those of previous studies, suggest that viral 21, 22 and 24 nt siRNAs
are produced by the respective plant DCLs from dsRNA intermediates of TuYV gRNA
replication and sgRNA transcription and then are ingested by aphids with the phloem
sap. It remains to be investigated whether DCLs and other components of the plant RNAi
machinery are indeed involved in the biogenesis of viral SRNAs ingested by M. persicae
aphids and whether these sSRNAs have any function in TuYV transmission by the aphids.

2.4. Concluding Remarks

In this study, we show that deep sRNA sequencing is applicable for the identification
and de novo reconstruction of the M. persicae virome components. Indeed, the known
ssDNA densovirus MpDV and the novel ssRNA flavivirus MpFV, which co-persisted in
the aphid population, were found to produce siRNAs densely covering the entire genomes
of both viruses so that de novo assembled sRNA contigs could be scaffolded into complete
viral genomes. Likewise, the aphids fed on plants infected with the ssRNA virus TuYV
accumulated sRNAs densely covering the entire genome of TuYV and building large
contigs that reconstitute the complete viral genome. This plant virus is transmitted by M.
persicae aphids in a circulative non-propagative manner [44] and we found no evidence
for its replication in the aphid cells, which would trigger aphid antiviral RNAi responses
to generate viral siRNAs or piRNAs. Instead, our findings suggest that TuYV siRNAs
produced by the plant RNAi machinery could be acquired by the aphids feeding on
the plant phloem sap. The sRNAomics approach based on deep sRNA sequencing and
bioinformatics has been established as a universal tool for identification and de novo
reconstruction of all types of RNA and DNA viruses, viral satellites and viroids that infect
land plants [11]. It remains to be further investigated whether this approach can also be
used as a universal tool for identification and de novo reconstruction of all types of RNA
and DNA viruses replicating in the insect cells and all types of plant viruses transmitted
by insect vectors. In fact, the insect RNAi machinery generates viral siRNAs not only
from the entire genomes of ssDNA and positive-sense ssRNA viruses as shown here and
elsewhere [23,46], but also from the entire genomes of negative-sense ssRNA [47] and
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dsRNA [48] viruses, as well as from near-complete (or big portions of) genomes of large
dsDNA viruses [49-52]. In the latter case, readthrough transcription on both strands
of the viral dsDNA genome was implicated in the production of dsRNA substrates for
Dicer-2 [49].

Our sRNAomics and transcriptomics analyses of M. persicae aphids persistently co-
infected with the densovirus MpDV and the flavivirus MpFV revealed that MpDV is
targeted by both siRNA- and piRNA-generating RNAi machineries, while MpFV is targeted
only by the siRNA-generating machinery. Based on the current knowledge of other insect
flaviviruses and densoviruses, it is likely that MpFV gRNA replicates in the cytoplasm
and does not visit the nucleus, whereas MpDV gDNA is transcribed in the nucleus and
its mRNAs are translated in the cytoplasm. Based on the above-described results, we
hypothesize that MpFV-derived siRNAs are generated by Dicer-2 processing of the dsSRNA
substrates produced in the cytoplasm by viral RARP during gRNA replication and sgRNA
transcription. By contrast, MpDV-derived siRNAs are generated by Dicer-2 processing
of the dsRNA substrates produced in the nucleus from sense and antisense readthrough
transcripts. On the other hand, MpDV-derived piRNAs are generated by a ping-pong
mechanism engaging both nuclear readthrough transcripts and cytoplasmic mRNAs. This
hypothesis implies nuclear-cytoplasmic partitioning of different components of the piRNA-
and siRNA-generating machineries. We found that MpDV- and MpFV-derived siRNAs
have very similar 5'-nucleotide frequency and size profiles, suggesting that the same siRNA-
generating machinery is involved in the biogenesis of densoviral and flaviviral siRNAs.
However, in Drosophila cells, Dicer-2 and its cofactor R2D2 are localized exclusively
in the cytoplasm [53]. It remains to be established whether the M. persicae homolog of
Dicer-2 can be (re-)localized in the nucleus where the densoviral readthrough transcripts
would form dsRNA precursors of viral siRNAs or those transcripts or precursors could
be transported to the cytoplasm. The nuclear-cytoplasmic partitioning of the piRNA- and
siRNA-generating machineries is supported by the study of Aedes albopictus densovirus 1
(AalDNV-1). During persistent infection in Ae. aegypti cells, this monosense densovirus
produced predominantly 21 nt siRNAs from both strands of its genome and 27-30 nt
piRNAs mostly from the sense strand. The low-abundance primary 1U-piRNAs derived
from the antisense strand accumulated in both the nucleus and the cytoplasm, whereas the
ping-pong-dependent 10A-piRNAs derived from the sense strand accumulated only in the
cytoplasm. In contrast, viral siRNAs of both polarities accumulated in both the nucleus
(where they were more abundant than primary piRNAs) and the cytoplasm (where they
were as abundant as the ping-pong piRNAs) [46]. Notably, in Dicer-2 knockout-mutant Ae.
aegypti cells, siRNAs derived from a defective Aedes albopictus densovirus disappeared,
but production of densoviral piRNAs was increased [46], thus supporting the hypothesis
that the siRNA- and piRNA-generating machineries compete for the same viral transcripts,
possibly in the same compartment(s).

Our analysis of viral SRNAs revealed not only similarities between the RNAi ma-
chineries of M. persicae aphid and other insects but also notable differences. Thus, MpDV
siRNNAs were dominated by the 22 nt class, while its piRNAs were dominated by the 26,
27 and 28 nt classes, with the 27 nt class being the most abundant in all aphid samples
(Figure S4a). In contrast, the related ambisense densovirus DcDV predominantly produced
21 nt siRNAs in DcDV-infected D. citri psyllids, while DcDV piRNAs were dominated by
the 28, 29 and 30 nt classes, with the 29 nt class being the most abundant [23]. This size
profile difference is also evident for the monosense densovirus AalDNV-1 in mosquitoes,
as described above [46], and implies structural differences in M. persicae versus D. citri
and mosquito homologs of Dicer-2 and PIWI proteins. Indeed, Dicer-2 and PIWIs serve
as molecular rulers determining the size of siRNA duplexes (processed by Dicer-2 from
dsRNA) and mature piRNAs (bound to PIWIs following 3’-end trimming).

Our [llumina sequencing analysis of MpDV sRNAs and poly(A)-enriched long RNAs
provide strong evidence for bidirectional readthrough transcription of the entire densovirus
genome mediated by Pol II. Notably, the readthrough transcription is reaching and going



Int. J. Mol. Sci. 2024, 25, 13199

21 of 29

through the 5'- and 3/-terminal telomere sequences, which are completely and densely
covered with viral siRNA reads. Since hairpin structures of both telomers are formed by
near-identical direct terminal repeats of the palindromic sequences differing by the 1-nt
insertion in an ascending arm of the 3’-telomer (Figure 1) and this insertion is represented
in a large proportion of siRNA reads (ca. 50 to 70%; Dataset S9), we cannot definitively infer
whether readthrough transcripts cover the entire hairpin sequences or only their ascending
arms. In the case of a heterotelomeric monosense densovirus in Culex pipiens molestus
mosquitoes, viral siRNAs were derived only from the inverted repeats (but not direct
repeats) present at both termini of the virus genome [54], suggesting that readthrough
transcription may proceed through the inverted repeats and the resulting transcript may
fold into hairpin dsRNA substrate for Dicer-2. In the homotelomeric ambisense MpDV,
bidirectional readthrough transcription likely occurs on circular covalently closed dsDNA
molecules produced by the nuclear DNA repair machinery on the viral genomic and
antigenomic ssDNA templates with symmetrical Y-shaped hairpins, following their release
from virions. In fact, homotelomeric ambisense members of the Parvoviridae encapsidate
both genomic and antigenomic ssDNA molecules that are converted in the nucleus into
circular dsDNA templates for both Pol II transcription and rolling-hairpin replication
([27,28]; https:/ /ictv.global/report/chapter/parvoviridae/parvoviridae (accessed on 1
October 2024)). It is conceivable that the entire circular dsDNA is transcribed by Pol
II that initiates at the rightward or leftward promoters, proceeds along the genomic or
antigenomic DNA template, goes through the telomere palindrome sequence and continues
on the antigenomic or genomic template, respectively. Such readthrough transcription
would produce partial or complete genomic-antigenomic ssRNA concatemers folding into
dsRNA and serving as substrates for Dicer-2. Even if readthrough transcription is retarded
by and terminated within the telomers, those forward and reverse transcripts spanning the
MpDV genome in both directions but lacking complete palindromic sequences (Figure S3)
can pair to each other (or to VP and NS mRNAs, respectively) and thereby form dsRNA
precursors of siRNAs or can directly serve as precursors of primary piRNAs.

In further support of readthrough transcripts” involvement in the biogenesis of both
siRNAs and piRNAs, chromatin profiling in mosquitoes has identified readthrough tran-
scription as a conserved mechanism generating primary 1U-piRNAs at multiple non-
retroviral EVEs that represent different viral families [55]. EVE-derived piRNAs likely play
a role in defenses against cognate episomal viruses as demonstrated for the EVE cognate to
a flavivirus in Ae. aegypti [7].

We found that M. persicae feeding conditions strongly affect RNAi responses to both
MpDV and MpFV. Indeed, the piRNAs derived from MpDV and the siRNAs derived from
both viruses accumulated at higher levels in aphids fed on artificial diets than in those fed
on plants, which coincided with alterations in MpDV rightward-to-leftward transcription
ratio and MpFV sgRNA production rate. Moreover, the presence of TuYV in plants and
artificial diets further modulated the RNAi responses and viral gene expression. In a
previous study of M. persicae aphids [21], alterations in size profiles of MpDV-derived
viral sSRNAs and endogenous sRINAs were observed in response to potato leaf roll virus
(PLRV). Thus, aphids fed on the PLRV-infected plant or the artificial diet with purified PLRV
accumulated higher levels of 26-27 nt endogenous sRNAs at the expense of 22 nt sSRNAs,
compared to those fed on mock-inoculated plants or artificial diet without PLRV, in which
the 22 nt class was the most abundant. However, MpDV sRNA size profiles differed from
those observed in our study in that the 22 nt class was not predominant, showing higher
accumulation only in aphids fed on mock-inoculated plants but not in aphids fed on PLRV-
infected plants or on the artificial diet with PLRV virions [21]. Interestingly, the size profile
of endogenous sRNAs in Aphis gossypii cotton-melon aphids fed on aphid-susceptible
melon plants was dominated by 22 nt reads, whereas in those fed on aphid-resistant melon
plants, 26-27 nt reads were over-represented [56]. Our analysis of the global size profile
of endogenous sRNAs in M. persicae aphids did not reveal any notable differences under
different feeding conditions: in all cases, a bimodal size profile was observed, with the
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most predominant 22 nt class likely representing endogenous siRNAs and miRNAs and
the less abundant 26-28 nt classes likely representing endogenous piRNAs (Figure S4b,c).
Further analysis of our RNA-seq data is required to address the question of whether aphid
feeding conditions might affect siRNA or piRNA production at specific loci in the aphid
genome, such as those containing transposons or EVEs.

It is worth noting that persistent co-infection of M. persicae aphids with MpDV and
MpFV did not interfere with the acquisition of the circulative ssRNA (TuYV) or non-
circulative dsDNA-RT (CaMV) viruses from TuYV- and CaMV-infected A. thaliana or
Camelina sativa plants [38,57] and the transmission of these viruses to recipient plants (our
unpublished data), as all the aphid samples from those plants were positive for both MpDV
and MpFV. In support of this notion, infection of M. persicae aphids with MpnDV isolated
from M. persicae nicotianae [5] was reported to facilitate circulative transmission of a positive-
sense ssRNA potyvirus [19]. It remains to be investigated whether MpDV and/or MpFV
infection of M. persicae aphids can influence circulative and/or non-circulative transmission
of plant viruses.

Our finding that MpDV’s persistence in the aphid population may depend on MpFV,
or vice versa, raises a question on possible synergistic interactions between the densovirus
and the flavivirus. It is conceivable that putative densoviral and flaviviral effector proteins
may synergistically suppress antiviral defenses based on RNAi and/or innate immunity
by targeting and inactivating different components of the RNAi and/or innate immunity
machineries. Both viruses may also evade (through mutation) the sequence-specific RNAi
and immune responses targeting non-self viral nucleic acids and proteins. In fact, we
observed the ongoing evolution of MpDV quasispecies that has accumulated multiple
SNPs and short indels in both protein-coding and non-coding sequences of the virus
genome over many years since the first isolate of this virus was purified from the clonal
aphid population and sequenced [3]. We cannot exclude, however, that those indels in the
protein-coding sequences that shifted the translation frame and resulted in shorter NS1
and VP1 proteins in the first MpDV isolate were sequencing errors. Indeed, comparative
analysis of our French strain of MpDV (MpDV1) and other strains of MpDV isolated from
M. persicae (MpDV2) and M. persicae nicotianae (MpnDV) aphids in China revealed that all
these variants of MpDV have the four main ORFs of the same length, while they differ by
indels in the shared non-coding sequences (File S1c). Notably, the complete and seemingly
incomplete (78 nt shorter) ITRs found in MpDV1 and MpDV2, respectively, have imperfect
direct repeats of the palindromic sequences of, respectively, longer and shorter size that
form symmetrical Y-shaped hairpin telomeres with long and shorter hairpins and distinct
small stem-loops at the hairpins’ top (Figure S1b). Since parvoviral telomeres are the origins
of replication and encapsidation which are specifically recognized by the viral replication
initiator (NS/Rep) and virion (VP) proteins, it remains to be investigated whether and how
the differences in the primary sequences and secondary structures of the telomeres of the
French and Chinese strains of MpDV regulate their replication and encapsidation. We also
found that all the variants of MpDV (MpDV1, MpDV2 and MpnDV) preserve cis-elements
driving viral mRNA transcription, splicing and polyadenylation in both NS and VP units
(File S1c), suggesting conserved strategies of the NS and VP gene expression. Indeed, our
mRNA-seq analysis of MpDV1 transcripts and previous RACE-PCR analyses of MpDV2
and MpnDV transcripts revealed general similarities in transcription initiation, splicing and
polyadenylation sites, with only a few differences described above. In addition, our Trinity
assembly and quantitative analysis of the mRNA-seq data revealed complex regulation of
viral gene expression in both NS and VP units involving major and minor transcription start
sites for major and minor alternatively spliced and unspliced mRNAs that can potentially
be translated into different versions of NS1, NS2, VP1 and VP2 proteins, as well as NS2-NS1
and VP2-VP1 fusion proteins (Figure 2a). All these proteins can potentially mediate or
regulate viral replication and encapsidation, as well as virus—host interactions.

Finally, our comparative analysis of genome organization and the polyprotein cat-
alytic and structural domains of the novel flavivirus MpFV and two related flaviviruses
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identified in other aphid species allowed us to propose a new genus in the family
Flaviviridae—Aphidiflavivirus—comprising the three aphid flaviviruses, which have much
larger genomes and other features distinguishing them from the established genera of
flavivirids. It remains to be further investigated whether MpFV and other aphidifla-
viviruses have any impact on the development and performance of aphids and/or on
their ability to host other viruses (such as densoviruses) and transmit plant viruses and
non-viral pathogens.

3. Materials and Methods
3.1. Aphids

Two genotypes of the green peach aphid (Myzus persicae Sulzer, 1776) were used in
our experiments. The clone Mp-Col originated from Colmar (France) and was maintained
at INRAE-Colmar since 1975 on sweet pepper (Capsicum annuum). It was shown to be
persistently infected with MpDV [2,3] and coinfected with MpFV (this study). An MpDV-
free population of Mp-Col aphids was obtained by transferring individual larvae directly
after birth onto beet (Beta vulgaris) plants to avoid contamination by contact, followed by
PCR analysis [6]. Since then, one Mp-Col aphid colony cured of MpDV was maintained
on sweet pepper in a separate chamber and, in this study, it was found to be negative for
both MpDV and MpFV (Figures S4d and S14). The M. persicae clone WMp2 was isolated
in the Netherlands [58] and maintained at INRAE-Colmar since 1992 on Chinese cabbage
(Brassica rapa L. pekinensis var. Granaat). It was shown to be co-infected with MpDV
and MpFYV (this study). All aphids were maintained in growth chambers at 20 °C and a
16 h photoperiod.

3.2. MpDV Virion DNA Sequencing and Reconstruction of Its 5'- and 3'-ITRs

MpDV virion purification from M. persicae Mp-Col aphids was performed as described
previously [3]. Purified virions were incubated in an extraction buffer (100 mM EDTA,
10 mM Tris-HC, 0.1% SDS, 100 mg/mL proteinase K, pH 8.0) for 2 h at 55 °C. The mixture
was centrifuged at 14,000 rpm for 2 min to pellet debris. DNA was extracted from the
supernatant with QlaAMP mini kit (Qiagen, Venlo, The Netherlands) following the manu-
facturer’s protocol and resuspended in 10 mM Tris-HCI (pH 8.5). The concentration and
purity of viral DNA were determined using NanoDrop (Thermo Fisher Scientific, Waltham,
MA, USA).

Sequencing of viral DNA was performed using a custom library preparation proto-
col with inserts of ca. 255 nts and an Illumina HiSeq2500 100 nt paired-end run. Af-
ter adapter trimming with Trimmomatic v0.32 [59] and quality control with FastQC
(www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 1 May 2020)), the
paired-end reads were assembled using SOAPdenovo2 [60] with a k-mer of 91. The result-
ing contigs (n = 11,151) were aligned against the published MpDV genome with partial
ITRs (NC_005040.1) using Geneious 6.1.8 (http://www.geneious.com (accessed on 1 May
2020); [61]). A consensus sequence based on 10,459 contigs was built and cut at the CCC-
CCCGCCCCCC and GGGGGGCGGGGGG sequences flanking the MpDV NC_005040.1
genome, and then further verified by mapping redundant reads. The 5- and 3/-ITRs
were assembled separately (as shown schematically in Figure S1a). To this end, the whole
dataset of trimmed reads was aligned as single end reads to each of the two 300 nt unique
sequences located downstream of the 5'-ITR and upstream of the 3'-ITR, respectively, using
gsnap (version 2013-11-27; [62]) with the following parameters: -B 4 -N 0 -n 3. The second
read of the pairs, for which one read was mapped to the 300 nt sequences in forward or
reverse orientation, was retrieved using an in-house script and the retrieved second reads
were aligned using gsnap against the MpDV internal genomic sequence lacking the two
300 nt unique sequences. The reads that did not map to the internal MpDV sequence
were retained for further analysis as potentially representing ITRs. The pairs of reads
anchored to each of the two 300 nt unique sequences were assembled separately using
SOAPdenovo2 with k-mers of 91 and 83 for the 3'- and 5'-ITRs, respectively. To extend
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the SOAPdenovo?2 contigs, the same pairs of reads were assembled using PRICE v1.2 [63]
with k-mers of 91 and 83 for the 3’ and 5'-ITRs, respectively, and the following command:
PriceTI -fp <Reads_1.fastq> <Reads_2.fastq> 265 -icf <Contig_to_extend.fasta>115 -nc 10
-dbk <kmer> -lenf 100 1 -target 100 1 1 1. The consensus sequences of the 5’- and 3’-ITRs
were the contigs that displayed the greatest depth of coverage at each extremity.

To verify the lengths of the reconstructed ITRs, the purified virion DNA was digested
using Paul and Spel, whose unique restriction sites are located downstream of the 5’-ITR
and upstream of the 3'-ITR, respectively. The digestion products were separated by 1%
agarose gel electrophoresis and stained with ethidium bromide (Figure S1b).

3.3. Aphid Feeding Conditions and Total RNA Extraction

The experiments with aphid feeding on A. thaliana Col-0 plants and on an artificial
medium MP148, followed by total RNA extraction and Illumina stranded mRNA-seq
analysis have been described by Marmonier et al. [57]. Briefly, viruliferous 10-day-old Mp-
Col aphids were obtained by feeding 8-day-old aphids for 48 h on TuY V-infected A. thaliana
plants or on the artificial medium containing 200 ng/uL of TuYV virions. The TuYV isolate
TuYV-FL1 (NC_003743.1; [64]) was inoculated to A. thaliana by agroinoculation. To this end,
Agrobacterium tumefaciens harboring the binary plasmid with TuYV-FL were grown to an
optical density of 0.5 at 600 nm and agroinfiltrated into leaves as previously described [65],
except that a needleless syringe was used. The virions were purified from TuY V-infected
Montia perfoliata plants as described previously [66]. Control non-viruliferous Mp-Col
aphids were obtained in parallel by feeding the aphids on mock-inoculated A. thaliana
plants or virus-free artificial medium. For sSRNA sequencing, 10-day-old Mp-Col aphids
were obtained by feeding 2-day-old aphids for 8 days on mock-inoculated or TuYV-infected
infected plants or on artificial medium without or with TuYV virions at 200 ng/uL. After
feeding, pools of 30 aphids were collected for each condition in replicates and total RNA
was extracted using RNeasy minikit (Qiagen, Hilden, Germany). Total RNA concentration
was measured using Qubit (Thermo Fisher Scientific, USA) and RNA integrity was verified
with Bioanalyser 2100 (Agilent Technologies, Santa Clara, CA, USA).

3.4. llumina Sequencing of Transcriptome and sSRNAome

Illumina sequencing of small RNAs and poly(A)-enriched long RNAs was performed
at Fasteris (Plan-les-Ouates, Switzerland) using total RNA samples from biological repli-
cates of the same aphid feeding experiment [57]. After a poly(A) RNA enrichment step,
12 cDNA libraries (4 conditions, 3 biological replicates per condition) were generated using
Nlumina TruSeq Stranded mRNA Sample Preparation Protocol. Libraries were then multi-
plexed and sequenced in one flowcell of Illumina HiSeq 3000/4000 as paired-end 75 nt reads,
yielding ca. 44 to 66 M reads per library (APFV-5-16; Dataset S1). The raw data for 12 mRNA-
seq libraries were deposited at the European Nucleotide Archive (ENA) under the acces-
sion number PRJEB46814 (www.ebi.ac.uk/ena/browser/view /PRJEB46814?show=reads
(accessed on 1 October 2024)). For sRNA sequencing, 8 cDNA libraries (4 conditions,
2 biological replicates per condition) were prepared using the Illumina Small RNA gel-free
protocol and then multiplexed and sequenced in one flowcell of Illumina NextSeq, yielding
ca. 21 to 27 M reads per library (ALYU-368-375; Dataset S3). The raw data for the sSRNA-
seq libraries were deposited at the NCBI Sequence Read Archive (SRA) under BioProject
ID PRJNA1153880.

The raw data of our previous Illumina mRNA-seq analysis of 18 pools of M. persicae
WMp2 aphids fed on A. thaliana and C. sativa plants infected with TuYV, CaMV or mock-
inoculated ([38]; ALYU-113-130; Dataset S5) were deposited at the ENA under the accession
number ERP139639. The raw data of our previous Illumina mRNA-seq analysis of 18 pools
of leaf samples from the respective A. thaliana and C. sativa plants infested by M. persicae
WMp2 aphids ([40]; ALYU-85-102; Dataset S7) were deposited at the ENA under the
number PRJEB49403. The Illumina sRNA-seq analyses of the total RNAs extracted from
the same 18 pools of aphids ([38]) and two additional pools of the aphid populations, one
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PCR-positive and another PCR-negative for MpDV DNA (Figure S14), as well as of total
RNAs extracted from the same 18 leaf samples [40], were performed using the Illumina
TruSeq protocol for library preparation and multiplexing the libraries in two separates
flowcells of NovaSeq, yielding ca. 29 to 56 M reads per aphid library (ALYU-169-188;
Dataset S6) and ca. 22 to 45 M reads per plant library (ALYU-141-158; Dataset S8).

3.5. Bioinformatics Analysis of lllumina mRNA-Seq and sSRNA-Seq Data

To reconstruct the MpDV transcriptome, 75 nt paired-end reads of the stranded
mRNA-seq libraries were mapped to the M. persicae genome G006 v2.0 (downloaded at
the AphidBase: https:/ /bipaa.genouest.org/is/aphidbase/myzus_persicae/ (accessed on
1 October 2022)) using TopHat2 [67]. Unmapped reads were de novo assembled using
Trinity v2.8.5 [68] and the resulting Trinity contigs were mapped to the MpDV genome. The
mapped contigs were visualized (Figure S2) and further analyzed using multiple sequence
alignments (File 51d).

To reconstruct M. persicae virome components, we used a pipeline developed previ-
ously [69]. Briefly, redundant or non-redundant sRNA-seq reads ranging from 15 to 34 nts
were de novo assembled using Velvet v1.2.10 [70], followed by Oases v0.2.09 [71], with
different k-mers (13, 15, 17, 19 and 21) and a minimum contig length set to 50 nts. The
resulting Oases contigs were combined and mapped on the M. persicae nuclear genome
G006 v2.0 using BWA-MEM 0.7.12 [72]. The unmapped contigs were scaffolded using Seq-
Man (Lasergene DNASTAR v12.0.0 Core Suit, Madison, WI, USA). The resulting SeqMan
contigs were analyzed with the NCBI BLASTn and BLASTX to search for viral contigs.
The reconstructed viral genome sequences were verified by BWA mapping of redundant
15-34 nts reads from the respective sSRNA-seq libraries. The mapping data were then ana-
lyzed using MISIS-2 [30] and corrected manually (if needed), followed by a new round of
sRNA mapping to obtain a consensus virus genome sequence and identify SNPs (if any)
present in the viral quasispecies population. The MpFV genome sequence was also verified
by mapping the redundant 75 nt mRNA-seq paired-end reads and their contigs assembled
with Trinity.

For quantitative analysis of M. persicae endogenous and viral transcriptome and
sRNAome, the 75 nt reads of the mRINA-seq libraries and 15-34 nt reads of the sSRNA-
seq libraries were mapped with or without mismatches to the reference genomes of M.
persicae (nuclear genome G006 v2.0 and mitochondrion genome NC_029727.1), Buchnera
aphidicola (a natural symbiont of M. persicae; GCF_000009605.1) and three viruses (MpDV,
MpFV and TuYV) and the mapped reads were sorted and counted using in-house scripts
(Datasets S1 and S3). The mapped mRNA-seq reads were sorted by polarity (forward,
reverse, total), whereas the mapped sRNA-seq reads were sorted by size (15 to 35 nts, total
15-34 nt), polarity (forward, reverse, total) and 5'-nucleotide identity (5'A, 5'U, 5'G, 5'C)
and for each reference genome counted in reads per million (RPM) of total (viral and host)
reads in each library. In the case of MpDV, the mapping and counting were also performed
separately for NS and VP parts of the MpDV genome (positions 1-2893 and 2847-5873,
respectively) (Dataset S3).

Single-base resolution maps of viral mRNA-seq reads (Dataset S2) and viral sSRNA-seq
reads (Dataset S54), as well as SNP tables of MpDV sRNA-seq reads (Dataset 59), were
generated using MISIS-2 [30] and transferred to Excel for further analysis and visualization.
Nucleotide compositions of 21, 22, 23, 26, 27, 28 and 29 nt forward and reverse sRNAs
derived from the NS and VP parts of MpDV genome (positions 1-2893 and 2847-5873,
respectively) and from complete MpFV and TuYV genomes were determined using in-
house scripts and presented as RNA logos in Figures 4b, 7b, 56, S10 and S12.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ijms252313199/s1.
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