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Abstract: Despite its remote discovery (1977) and numerous reports of its presence in various plant species in
many countries, the available molecular information for the artichoke Italian latent virus (AILV) is still limited
to a single complete genome sequence (RNA1 and 2) isolate from grapevine (AILV-V) and to a partial sequence
portion from RNA2 of an isolate of unknow origin and host, both reported in the GenBank. Here we report the
results of molecular analyses conducted on RNA2 of AILV isolates, sequenced for the first time in this study,
together with the first-time finding of AILV in a new host plant species, i.e., chard (Beta vulgaris subsp. vulgaris).
The different AILV isolates sequenced are from artichoke (AILV-C), gladiolus (AILV-G), sonchus (AILV-S) and
chard (AILV-B). At the biological level, the AILV-B was found to be involved with vein clearing and mottling
symptoms on chard leaves. At the molecular level, sequencing results of RNA2 segments showed that AILV-C,
AILV-G, AILV-S and AILV-B were 4,629 nt in length (excluding the 3" terminal polyA tail), hence one nt shorter
than that of AILV-V reported in the GenBank. The comparative sequence analysis between the CR of RNA2 of
all isolates showed that AILV-V was the most variable isolate, with the lowest sequence identities of 83.2% and
84.7% at the nucleotides and amino acids levels, respectively. Putative intra-species sequence recombination
sites were predicted among the AILV isolates, of which the AILV-V, AILV-C and AILV-B genomes were found
to be mostly involved. This study adds further molecular information on the previously unrecorded high
genomic variability of the Nepoviruses of subgroup B, together with information on recombinations that may
have conditioned the infection and transmission of AILV in nature; thus learning the way forward to design a
new integrated pest management of chard plantation.

Keywords: nepovirus; RNA2 sequences; phylogenetic and recombination analyses

1. Introduction

The genus Nepovirus, family Secoviridae, is one of the first group of plant viruses discovered and
recognized by the International Committee on Taxonomy of Viruses (ICTV) [1,2]. Nepoviruses have a
bipartite positive-single stranded RNA genome (RNA1l and RNA2) and are divided into three
subgroups (A, B and C) based on their sequences, genome organization and cleavage sites [3].
Currently, this genus includes 48 recognized viral species [4], of which Artichoke Italian latent virus
(AILV), firstly discovered in Italy from asymptomatic artichoke plants (Cynara scolymus L.) [5],
belongs to the subgroup B [4]. This subgroup has species with RNA2 of 4.4-4.7 Kb in size, present
only in the M component; subgroup A has species with RNA2 of 3.7-4.0 Kb, present in both M and B
components; whereas the subgroup C has species with RNA2 of 6.4-7.3 Kb, present in M component
particles that are sometimes barely separable from those of B component [6].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Following the discovery of AILV in Italy, this virus has been found in Bulgaria in several plant
species, namely chicory (Cichorium intybus) which showed leaf chlorotic mottle and yellow spots [7],
pelargonium (Pelargonium zonale) with severe leaf malformations and stunting symptoms [8], sow
thistle (Sonchus oleraceus) with yellow rings and line pattern on leaves [9], gladiolus (Gladiolus
palustris) and grapevine (Vitis vinifera) with fanleaf-like symptoms and reduced growth [10,11]. The
presence of AILV was also reported from several weeds (Crepis neglecta, Helminthia chioides,
Hypochaeris aetnensis, Lactuca virosa, Urospermum dalechampii and Lamium amplexicaule) [12].

A comparative analysis conducted on three Bulgarian AILV isolates from sow thistle (AILV-S),
gladiolus (AILV-G) and grapevine (AILV-V) and on one Italian isolate from artichoke (AILV-C),
showed that all share common biological, serological, and physical-chemical properties [10]. At the
molecular level, only recently the genome of AILV-V has been completely sequenced [13], whereas
no sequence information is available from other isolates, including those reported on weeds.

Herein, we report the molecular information (sequence identities, genetic variability,
recombination, and phylogenetic relationship), limitedly to the RNA2, gained on genomes of non-
sequenced yet AILV isolates (AILV-C, G, S) and of a new isolate (AILV-B) found for the first time in
this study in chard plants (Beta vulgaris subsp. vulgaris). Furthermore, since recombination is a
recurring characteristic among nepoviruses, i.e., the species of subgroup A [Grapevine fanleaf virus
(GFLV) [14], Arabis mosaic virus (ArMV) [15], Grapevine Deformation virus (GDefV) [16], subgroup B
[Grapevine chrome mosaic virus (GCMV) and Tomato black ring virus (TBRV) [17], Grapevine Anatolian
ringspot virus (GARSV) [18] and subgroup C [Grapevine Bulgarian latent virus (GBLV) [19], Tomato
ringspot virus (ToRSV) [20], this aspect was investigated in the genomic RNA2 sequences of all AILV
isolates, for which the results are here reported and discussed.

2. Materials and Methods
2.1. Source of Plant Material

Lyophilized leaves of different Nicotiana occidentalis (N. occidentalis) herbaceous plants infected
with AILV-C, AILV-G and AILV-S isolates were used as viral sources.

Seven chard plants (Beta vulgaris subsp. vulgaris) were collected from a chard plantation adjacent
to an artichoke field (located in Bizerte, northern of Tunisia) that has been frequently monitored for
some artichoke-infecting viruses, including AILV. The nucleic acids extracted from the chard plant
samples were used as negative controls reactions to monitor the specificity of the molecular tests used
for artichoke viruses’ identification [21,22].

All AILV isolates, including that found in some chard plants (AILV-B) (see details hereafter),
were sap-inoculated onto N. occidentalis plants and from which were purified after fractionation in
10-40% linear sucrose density gradients [10].

2.2. Extraction of Total Nucleic Acids, cDNA Synthesis and PCR

Nucleic acids were extracted from purified virus preparations after incubation with 1% SDS and
extraction with 1 vol Tris-EDTA-saturated phenol and chloroform [23]. cDNA was synthesized using
0.5ug of random DNA hexanucleotide mixture and\or OligodT primers and 200 units of Moloney
murine leukaemia virus (M-MLV) reverse transcriptase enzyme in a 20 pl reaction for 1 h at 42 °C,
following the manufacturer’s instructions (LifeTechnologies, Milan, Italy).

A battery of sense and antisense primers (Supplementary Table 1), designed on RNA2 sequence
of AILV-V isolate reported in the GenBank (acc.no. LT608396), were used in RT-PCR and 5'\ 3" RACE-
PCR assays to amplify corresponding viral genomic regions of all AILV isolates. All RT-PCR runs
consisted of 40 cycles, with an initial denaturing temperature of 94°C for 1 min, 58°C for 30 sec and
an elongation time of 1 min at 72°C. RT-PCR products were electrophoresed in 1.2 % agarose gel in
1x TAE buffer and stained with RedGel nucleic acid stain (Biotium, Rome, Italy).

2.3. Cloning and Sequencing

All RT-PCR amplicons were ligated into StrataClone™ PCR cloning vector pSC-A (Stratagene,
CA, USA), subcloned into Escherichia coli DH5a and custom sequenced (Eurofins Genomics,
Germany). Nucleotide and protein sequences were analyzed with Geneious Prime vers. 2023.2
(https://www.geneious.com, New Zealand). The BLAST programs (BlastX, and BlastP) of the NCBI
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(National Center for Biotechnology Information) were used to search for homologies in the protein
information resources databases (PIR, release 47.0) [24]. A tentative phylogenetic tree was performed
using the neighbor-joining (NJ) method in the Geneious Prime vers. 2023.2 analysis package. A
bootstrap value for each node of NJ trees was calculated using 1,000 replicates.

2.4. Sequence and Recombination Analyses

The RNA2 sequences obtained were analyzed for the occurrence of genetic variability and
possible recombination using the “Recombination Detection Program” (RDP4) version 4.22, with
default parameters (the highest acceptable probability value = 0.05). The RDP4 package uses several
programs to detect the occurrence of robust recombination events, namely RDP, GENECONY,
BOOTSCAN, MAXCHI, CHIMAERA, 3SEQ, and SISCAN. Recombination sites identified by four or
more programs and two or more types of methods were considered “significant recombination
events”.

3. Results
3.1. Complete Sequence of Genomic RNA2 of AILV Isolates

All sequences derived from RACE and RT-PCR-generated amplicons, using sense and antisense
AILV-specific primers were analyzed and the complete RNA2 sequences were constructed. The
RNA2 sequences of AILV-C (acc.no. LT608397), AILV-G (acc.no. LT608398) and AILV-S (acc.no.
MT294111) were found to be of 4,629 nt in size, whilst shorter by one nucleotide than that of AILV-V
(acc.no. LT608396) reported in the GenBank.

OREF2 of all AILV isolates extended from nt 289 to 4,332 and coded for a polyprotein (p2) with a
predicted molecular mass (Mr) of ca. 149.5 KDa, comprising in the 5 — 3’ direction the homing
protein (2AHP), the movement protein (2BMP) and the coat protein (2C°") domains. All AILV isolates
showed a dipeptide (K/A) at aa position 835-836, which is also reported to be a cleavage site for TBRV
CP [17], cleaving the MP and the CP domains. However, for subgroup B nepoviruses, the cleavage
site between HP and MP is still uncertain.

3.2. Identification of AILV in Chard Plants

Surprisingly, two out of seven collected chard plants used as negative controls reactions while
checking in Dot blot hybridization assays the presence of AILV in the artichoke plantation in Tunisia,
yielded positive reactions. To reconfirm this unexpected result, all the seven plants collected from
that chard plantation were retested with RT-PCR assays using a couple of AILV-specific primers
pairs, i.e., F1s\Fla and F2s\F2a which amplify two different portions of RNA2 of 330 bp and 420 bp
in size, respectively (see supplementary Table). Both RT-PCR assays generated positive reactions
from the two samples found to be infected with AILV in Dot blot hybridization, in addition to two
other samples. The RT-PCR amplicons of AILV isolates from chard (AILV-B) were sequenced and
further analyzed together with those obtained from other plant species.

3.3. Mechanical Transmission of AILV Chard Plants onto Herbaceous Host

The saps extracted from the two chard plants, found positive to AILV infection in RT-PCR and
Dot blot hybridization assays, and showing mottling and vein clearing symptoms, were used to
transmit AILV onto N. occidentalis plants, which showed 8 days post-inoculation ringspots and vein
mottling symptoms (Figure 1). To ascertain the presence of only AILV in the affected N. occidentalis,
all plants were screened by RT-PCR and real-time PCR assays for the presence of common chard-
infecting viruses, i.e., cucumber mosaic virus (CMV) [25], beet curly top virus (BCTV) [26], beet
mosaic virus (BtMV) [27], beet yellows virus (BYV) [28], turnip mosaic virus (TuMV) [29] and
cauliflower mosaic virus (CaMV) [30]. RT-PCR results showed that none of these viruses were present
in the diseased inoculated herbaceous plants, except AILV, thus the symptoms developed were
attributed to AILV infection.
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Figure 1. Leaves of two chard plants (A and B) infected with AILV and showing vein clearing and
mottling symptoms. Leaves of a N. occidentalis plant (C), mechanically inoculated with AILV-infected
chard sap, showing chlorotic ringspot and vein mottling symptoms typical of nepoviruses infections.

3.4. Genetic Variability of Genomic RNA2 of AILV Isolates

The 5" and 3’'NCR of RNA2 of all AILV isolates under study showed to have different levels of
nucleotides variation between them (Table 1), whilst the AILV-B isolate was the most variable at both
5 and 3'UCR. However, despite the nucleotide variations found in all isolates, the 5" and 3'UCR
showed to encompass conserved and repeated sequences which can form stem-loop structures (data
not shown). Normally, these structures are reported to be involved in replication, translation
efficiency and viral infection cycle, or in host/virus interactions [31].

Table 1. Nucleotides sequence Identity Matrix of 5' (shadowed) and 3'UCR of AILV isolates. ID: identical.

Virus-isolate AILV-G AILV-C AILV-V AILV-B AILV-S
AILV-G ID 9.73 88.2 96.2 97.3
AILV-C 99.6 ID 87.5 94.6 95.6
AILV-V 99.3 99.6 ID 85.2 86.2
AILV-B 92.3 92.7 93 ID 98.9
AILV-S 94.4 94.1 94.4 97.9 ID

The comparative sequence analysis between the CR of RNA2 of all isolates showed that AILV-V
was the most variable isolate, with the lowest sequence identities of 83.2% and 84.7% at the
nucleotides and amino acids levels, respectively (Table 2).

Table 2. Nucleotides (shadowed) and amino acids sequence Identity Matrix of RNA2 of AILV
isolates. ID: identical.

Virus-isolate AILV-B AILV-S AILV-C AILV-G AILV-V

AILV-B ID 97.8 91.6 88.7 84.7
AILV-S 98.9 ID 93.7 90.7 86.4
AILV-C 89.1 90 ID 90 85.9
AILV-G 87.8 88.7 87.7 1D 90.1
AILV-V 83.2 84 83.7 87.2 ID

At the CP level, the sequence variability found among the AILV isolates under study was in line
with that reported for the nepovirus species, whilst the AILV-V and AILV-C were the most variable
with 12.7% and 5.1% of difference at the nt and aa levels, respectively (Table 3).

However, the variability within the CP gene was accentuated when the unique sequence of an
AILV-X28754 isolate, of unknown origin and of host species, reported in the GenBank (acc.no.
X28754), was included in the comparative analysis.
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Table 3. Nucleotides (shadowed) and amino acids sequence Identity Matrix of the CP of AILV isolates.
AILV-X87254 is a partial sequence. ID: identical.

Virus-isolate ~ AILV-S AILV-B AILV-G AILV-C AILV-V  AILV-X87254

AILV-S ID 99 97.8 95.8 95.7 81
AILV-B 99.6 1D 96.8 94.9 94.9 80.4
AILV-G 93.5 93.1 ID 94.9 94.7 80.2
AILV-C 88.4 88.1 88.4 1D 94.5 80
AILV-V 88.9 88.6 89 87.3 ID 84.3
AILV-X87254 86.3 85.9 86.3 84.8 94.5 ID

The sequence alignment of the five 2C of AILV isolates together with the AILV-X28754 showed
particularly three non-conserved aa stretches that were completely different from all AILV sequences
under study (Figure 2); whilst the variability has reached 15.2% and 20% at the nt and aa levels,
respectively.

OTAQTPHVDRDGHGTGEL L IOSAFYT T
QTAQIPHVDIDGRGTGELLIQSAFYTT
QTAQIPHVDIDEEGTGELLIQSAFYTT

WOTAQIPHVDIDGHGTCELL IOSAFYE T
A QTAQIPIIDIDGHGTGELLIQSAFYTT

Figure 2. Amino acids alignment of the five 2C" of AILV isolates sequenced in this study (AILV-B, -
S, -G, -C, -V) and that reported in the GenBank (AILV: acc.n®. X28754), showing the positions of major
variabilities (I, IT and III). Regions with high homology are highlighted in grey. Conserved amino acid
residues in the six isolates are highlighted in black. Numbers correspond to the position of the amino
acids in the CP gene.

3.5. Phylogenetic Analysis of AILV Isolates

The phylogenetic tree constructed based on the amino acids sequence alignment of the 2Cc?
genes of all AILV isolates and those of other nepoviruses of subgroup’s A, B and C, allocated the AILV
isolates in two clusters within a clade composed of species belonging to the subgroup B; however,
the AILV-X87254 was allocated in one cluster separated from all the other isolates (Figure 3).

FMV(NC_029565)
-_fm:GCMV (NP_734052) ]
GARSV (AY291207)
aosp AILV-S (MT294111)
#3® AILV-B (MT294112)
7704 AILV-G (LT608398)
- - AILV-C (LT608397) |Subgroup B
- - AILV-V (LT608396)
L—— ALV (X87254)

) ETBRV (NC_004440)
BRSV (NP_733980) |
250 GDefV (AAQ56597) T
1000 '_:: ArMV (Q85030) Subgroup A

GFLV(NC 003623) |
so—= BLMoV (NC_043076)]
L—————— GBLV (FN995352)
o +BRV (NP_612586) |Subaroup C
901 ToRSV (EF370403)
| 0.05 CLRV (AGR85704) |

) 3

Figure 3. Phylogenetic tree generated from the alignment of the complete RNA-2 polyprotein amino
acids sequences of members belonging to the subgroups A, B and C of the genus Nepovirus. GenBank
accession numbers of the sequences used are reported between brackets. Viruses used in the
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phylogenetic analysis are the following: grapevine chrome mosaic virus (GCMYV), grapevine
Anatolian ringspot virus (GARSV), artichoke Italian latent virus isolates (AILV-S, -B, -G, -C, -V)
tomato black ring virus (TBRV), beet ringspot virus (BRSV), grapevine deformation virus (GDefV),
arabis mosaic virus (ArMV), grapevine fanleaf virus (GFLV), blueberry leaf mottle virus (BLMoV),
grapevine Bulgarian latent virus (GBLV), blackcurrant reversion virus (BRV), tomato ringspot virus
(ToRSV) and cherry leafroll virus (CLRV). Fig mosaic virus (FMV) was used as an outgroup species.
Bootstrap values above 70% are shown at branch points (1000 replicates).

3.6. Recombination Analysis

The recombination analysis conducted on the RNA2 sequences of AILV isolates generated
extremely high P-values, at least in 5 implemented methods, which were taken as indicators of
significant intraspecific recombination sites occurring in different regions of the genomic RNAs of
AILV isolates (Table 2).

Table 2. Recombination crossover analysis of genomic RNA2 of AILV isolates, using the
‘Recombination Detecting Program’ RDP4. @ RDP4-implemented methods supporting the
corresponding recombination sites: R (RDP), G (GENECONYV), B (BOOTSCAN), M (MAXCHI), C
(CHIMAERA), 35eq (3s) and S (SISCAN). The reported P-value within brackets is the greatest P-value
among the calculated using RDP4-implemented methods and the corresponding method is shown in

bold.
Domain Position (nt) Parental isolates (Major x minor) RDP4 (P value) 2
2A 251-300 AILV-V x AILV-B RGBMC3sS (4.516 x 10-%4)
2A 730-800 AILV-S x AILV-V RGBMC3sS (1.462 x 10-97)
2B 1292-1406 AILV-V x AILV-C RGBMC3sS (1.124 x 1071)
2B 1304-1408 AILV-V x AILV-B RGBMC3sS (4.734 x 10-%)
2C 2245- 2851 AILV-B x AILV-V RGBMC3sS (1.561 x 10-%)
2C 2762-2961 AILV-B x AILV-V RGBMC3sS (1.053 x 10%)
3’NCR 4450-4621 AILV-B x AILV-C RGBMC3sS (2.573 x 10-%)

5. Discussions and Conclusions

AILV is an important nepovirus and represents the fourth member of nepoviruses of subgroup
B to be completely sequenced and characterized, after TBRV, GCMV and GARSV. The scope of this
study was to retrieve more genome sequence information of AILV isolates infecting different host
plant species, since only one complete genomic sequence (RNA1 and 2) of an AILV isolate from
grapevine is available in the GenBank. The complete sequencing of four RNA2 segments of AILV
from different host plant species has highlighted the presence of high genomic variability (ca. 18%)
never reported before among isolates of nepoviruses of subgroup B. Another thread of this study was
the first-time finding of AILV in a new host never reported before, i.e., chard (Beta vulgaris), and to
find that the vein mottling and yellow symptoms observed on infected chard plants are attributed to
AILV infection. Unfortunately, it was not possible to corroborate more this result by observing
additional AILV-infected chard plants in the field, since the discovery of AILV in chard has occurred
after the eradication of chard plantation in the field. However, comforting was the symptoms
observed on chard plants and on N. occidentalis plants, from which after PCR assays, all confirmed
the presence and accordingly the role of AILV in the diseased plants. This study highlighted the
sequence variations in RNA2 of AILV from different hosts, and in particular manner the presence of
three stretches of amino acids sequences in the CP gene of an AILV-X87254 isolate that were
particularly different from those found in our isolates. However, the nucleotide sequence
comparisons between this partial fragment (1,820 nt long and spanning the CP and a portion of the
3’NCR region) of RNA2 and our sequences from AILV isolates showed 85% to 95% identity. Whether
these variations are the results of some errors ocured in the 80’s during sequencing this partial
fragment or due to some recombinations in the genome of this AILV isolate is hard to be determined.
In this context, our analysis predicted different recombination sites that has involved the AILV
genomes from different hosts and in particular those from grapevine (AILV-G), artichoke (AILV-C)
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and chard (AILV-B). This recombination, and specifically in these host types, was somehow expected
being host species that often share the same agricultural habitat. Most probably these recombinations,
and consequently the evolution of AILV, are the result of the existence of a common vector that have
facilitated the encounter of different AILV isolates and their transmission from one plant species to
another in nature. An experiment to investigate the capacity of Longidorus attenuatus and L. apulus to
inoculate AILV isolates from one host plant species to another would clarify the evolutionary
pathway of this virus.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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