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Abstract

The spotted lanternfly (Lycorma delicatula) is an invasive pest that causes serious economic losses in fruit and wood
production. Here, we identified a novel iflavirus named "Lycorma delicatula iflavirus 1" (LDIV1), in a spotted lanternfly.
The full genome sequence of LDIV1 is 10,222 nt in length and encodes a polyprotein containing a picornavirus capsid-
protein-domain-like domain, a cricket paralysis virus capsid superfamily domain, an RNA helicase domain, a peptidase C3
superfamily domain, and an RNA-dependent RNA polymerase (RdRp) domain. LDIV1 replicates in the host insect and
activates small interfering RNA (siRNA)-based host antiviral immunity. Phylogenetic analysis demonstrated that LDIV1 is
most closely related to an unspecified member of the order Picornavirales, with 61.7% sequence identity in the RdRp region
and 57.6% sequence identity in the coat protein region, and thus meets the demarcation criteria for new species in the genus
Iflavirus. To the best of our knowledge, LDIV 1 is the first virus discovered in L. delicatula.

The spotted lanternfly Lycorma delicatula (Hemiptera:
Fulgoridae) is a sap-feeding insect native to China. It is
highly polyphagous and feeds on more than 70 plant spe-
cies, including apples and grapes [1]. In recent years, owing
to the increasing frequency of international trade, the dis-
tribution range of L. delicatula has been expanding from
China to Japan, South Korea, and the United States, causing
serious damage to the global fruit and wood industry [2, 3].
The current management strategies for L. delicatula mainly
rely on pesticide application, which is often harmful to its
natural enemies and can result in pest resurgence. In 2019,
a high-quality reference genome sequence of L. delicatula
became available [4], which provided a valuable resource for
investigating this invasive pest. However, as far as we know,
there is little or no information about the viruses infecting
L. delicatula.

Iflaviridae is a family of positive-stranded, non-enveloped
RNA viruses with a small linear genome (approximately
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9-11 kilobases in length) [5]. According to the latest ICTV
Online Report (http://ictv.global/report/), the family Ifla-
viridae includes only 16 species in a single genus, Iflavirus.
Genome architecture analysis has demonstrated that iflavi-
ruses contain a single open reading frame (ORF), which
is directly translated into a polyprotein, followed by post-
translational processing to generate the non-structural and
structural proteins [5]. All viruses in the family Iflaviridae
identified so far are restricted to infecting invertebrates, usu-
ally insects [6—8]. It has been reported that some iflaviruses
are pathogenic for insects, causing premature mortality,
behavioural changes, and developmental abnormalities in
their hosts and thus can potentially be used as agents for the
biological control of specific insects [9, 10].

The L. delicatula analyzed in this study was collected
from a tree of heaven, Ailanthus altissima, in Xiangshan
(29° N, 122° E), Zhejiang, China in 2020. Total RNA was
extracted from the whole insect using a TRIzol Total RNA
Isolation Kit (Takara, Dalian, China). The RNA sample was
then sent to Novogene (Beijing, China) for transcriptomic
sequencing as described previously [11]. Later, the raw out-
put data were filtered, and the clean data were assembled
using Trinity (version 2.8.5) [12] with default parameters.
To confirm the insect species, the assembled contigs were
compared with cytochrome oxidase subunit 1 (COI) from
the Barcode of Life Data (BOLD) system [13], and the lan-
ternfly was identified as L. delicatula, with a COI sequence
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AHX00963.1 Spodoptera exigua virus

YP 009047190.1 Drosophila immigrans Nora virus
AHX00961.1 Spodoptera exigua iflavirus 2
AFQ98017.1 Spodoptera exigua iflavirus 2

YP 009361829.1 Diamondback moth iflavirus
AAL06289.1 Perina nuda virus

AAQ64627.1 Ectropis obliqua picorna-like virus
BAA25371.1 Infectious flacherie virus
AKN81079.1 Opsiphanes invirae iflavirus 1
AEL30247.1 polypeptide Lygus lineolaris virus 1
AKH40287.1 putative La Jolla virus

AAD20260.1 Sacbrood virus

AGY34702.1 Halyomorpha halys virus
BAN57352.1 Nilaparvata lugens honeydew virus-2
AHKO05791.1 Laodelphax striatella honeydew virus 1
BAN19725.1 Nilaparvata lugens honeydew virus 1
QNI22011.1 Langfang leafhopper iflavirus
ABP57198.1 Brevicoryne brassicae virus
AIM39350.1 Dinocampus coccinellae paralysis virus
MT860988.1 Aulacophora lewisii iflavirus 1

YP 009448183.1 Armigeres iflavirus

YP 009345906.1 Bat iflavirus

ABS84820.1 Slow bee paralysis virus

AJT58559.1 Graminella nigrifrons virus 1

YP 009553259.1 Psammotettix alienus iflavirus
AYD38337.1 Psammotettix alienus iflavirus 1

YP 009344960.1 Helicoverpa armigera iflavirus
AHW98099.1 Heliconius erato iflavirus
BAS18834.1 Bombyx mori iflavirus

AJC98140.1 Thaumetopoea pityocampa iflavirus 1
YP 009002581.1 Antheraea pernyi iflavirus
AIF75200.1 Lymantria dispar iflavirus 1
AAP51418.2 Varroa destructor virus 1
BADO06930.1 Kakugo virus

CAD34006.2 Deformed wing virus

AYUG66736.1 Laodelphax striatellus iflavirus 1
BAN57353.1 Nilaparvata lugens honeydew virus-3
OM728531 Lycorma delicatula iflavirus 1
QKN88981.1 Picornavirales sp.
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«Fig. 1 (A) Schematic diagram of the LDIV1 genome structure. (B)
Transcriptome raw read coverage. rhv-like, picornavirus capsid-pro-
tein-domain-like; CRPV, cricket paralysis virus capsid superfamily
domain; Hel, RNA helicase domain; peptidase, peptidase C3 super-
family domain; RdRp, RNA-dependent RNA polymerase domain. (C)
Maximum-likelihood phylogenetic tree based on the RNA-dependent
RNA polymerase domain, constructed using 1000 bootstrap repli-
cates. The scale bar represents percent divergence. Drosophila immi-
grans Nora virus and Spodoptera exigua virus were used as an out-

group.

identical to the reference sequence (accession number
MNG607209).

To identify the potential iflavirus, the assembled contigs
were compared with a locally generated viral database con-
taining sequences from all members of the genus Iflavirus.
As aresult, an ifla-like viral contig, representing an almost
complete viral genome sequence, was detected. The viral
contig was confirmed by reverse transcription PCR (RT-
PCR), and the full genome sequence of the ifla-like virus
was successfully obtained by rapid amplification of cDNA
ends (RACE) using a SMARTer® RACE 5'/3' Kit (Takara).
The primers are listed in Supplementary Table S1. The
new virus discovered in L. delicatula was named "Lycorma
delicatula iflavirus 1" (LDIV1), and its complete genome
sequence was submitted to the GenBank database (accession
number OM728531).

Excluding the polyA tail, the whole genome sequence
of LDIV1 is 10,222 nt in length and contains a large ORF
(nt 573 t0 9992), a 5'-UTR (572 nt) and a 3'-UTR (230 nt).
The large ORF encodes a 3,140-aa polyprotein. Analysis
using InterPro Scan revealed typical domains of iflaviruses
[14], including a picornavirus capsid-protein-domain-like
(rhv-like) domain (accession no. IPR033703, E-value: 1.1
x 10"2%), a cricket paralysis virus (CRPV) capsid superfam-
ily domain (IPR014872, 1.5 % 104, an RNA helicase (Hel)
domain (IPR000605, 4.6 X 10™), a peptidase C3 superfam-
ily (peptidase) domain (IPR009003, 2.3 x10") and an RNA-
dependent RNA polymerase (RdRp) domain (IPR043502,
1.5 x 10°%) (Fig. 1A). Moreover, the abundance and cover-
age of LDIV1 were assessed by rearranging RNA-seq reads
into a reconstructed complete genome sequence of LDIV1
using Bowtie2 with zero mismatches [15]. A total of 4,768
reads were perfectly mapped to LDIV1 genome sequences,
accounting for 0.02% of the total RNA-seq reads (Fig. 1B).
Currently, one RNA-seq dataset of L. delicatula (accession
no. SRR5134712) is available in the NCBI SRA repository.
To investigate the prevalence of LDIV1, RNA-seq reads
of SRR5134712 were assembled into an LDIV1 genome
sequence. As shown in Supplementary Fig. S1, only 84
reads (<0.0001% of the total RNA-seq reads) mapped to
the LDIV1 genome. These results indicated that LDIV1 was
prevalent in L. delicatula, but the viral abundance differed
among individuals.

The LDIV1 polyprotein showed the highest amino acid
sequence identity to an unspecified member of the order
Picornavirales (MT138389). The amino acid sequence
identity value in the CP is one of the criteria used to define
new iflaviruses. The percentage identity values of 57.6%
in the CP and 61.7% in the RARp when compared with its
closest relative indicate that this virus meets the demarca-
tion criteria for a new species in the genus Iflavirus, with
the sequence identity in the CP being less than 90% at the
amino acid level [16]. It is worth mentioning that, although
the Picornavirales member to which LDIV1 was found to
be related was detected in the anus of a bird by metagen-
omic analysis, BLAST results showed that its close relatives
are insect viruses. It is therefore likely that it was an insect
virus that was part of the diet of the bird. To determine the
taxonomic status of LDIV1, the RdRp amino acid sequence
was aligned to those of the previously reported iflaviruses,
using MAFFT (version 7.450) [17]. The substitution model
was evaluated using ModelTest-NG, and a maximum-like-
lihood phylogenetic tree was constructed in RAXML-NG
(version 0.9.0), with 1000 bootstrap replicates [18]. Phylo-
genetic analysis showed LDIV1 to be most closely related
to "Picornavirales sp." and Nilaparvata lugens honeydew
virus 3 (Fig. 1C).

To obtain information about small interfering RNA
(siRNA)-based host antiviral immunity, a small RNA
(sRNA) library of L. delicatula was also sequenced, and
virus-derived siRNA (vsiRNAs) were comprehensively
characterized as described previously [19]. The sRNA
library was prepared using a Illumina TruSeq Small RNA
Sample Preparation Kit (Illumina, USA) and sequenced on
an [llumina HiSeq 2500 platform. The sRNA reads were
processed by removing adapters, low-quality sequences,
and unwanted sequences using Trimmomatic (Version 3.90)
[20], and sSRNAs with a length of 18-30 nt were extracted.
A total of 28,617 sRNA reads (8957 unique) were success-
fully mapped to the assembled genome sequence of LDIV1,
accounting for 0.16% (0.50% unique) of the whole SRNA
library (Supplementary Table S2). siRNA-based RNA
silencing is usually associated with the accumulation of
vsiRNAs in a sequence-specific manner. For example, a
21-nt vsiRNA length peak was observed in Diaphorina citri
and Scathophaga furcate [19, 21], while a 22-nt vsiRNA
peak were observed in Bemisia tabaci and Astegopteryx

formosana [22, 23]. In this study, the majority of LDIV1-

derived vsiRNAs were 22-23 nt in length (Fig. 2A) and
were almost equally derived from the sense and antisense
strands of the virus genome (Fig. 2B). The presence of these
LDIV1-derived vsiRNAs strongly suggested that the RNAi
antiviral pathway of L. delicatula was activated in response
to LDIV1 infection.

In conclusion, we have determined the full genome
sequence of LDIV1 from an invasive pest, L. delicatula.
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Fig.2 Analysis of Lycorma delicatula iflavirus 1 (LDIV1)-derived
small interfering RNAs (siRNA). (A) The size distribution of
LDIV1-derived siRNAs with a length of 18-30 nt. (B) Distribution of

LDIV1 is a member of the genus Iflavirus that is evolution-
arily related to a previously reported member of the order
Picornavirales. LDIV1 replicates in host insects and acti-
vates the RNAI antiviral pathway. In the future, it will be
interesting to determine the influence of LDIV1 on its host

and

investigate the potential value of this virus for biological

control of agricultural pests.
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