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Abstract: Despite its first description in 1977 and numerous reports of its presence in various plant
species in many countries, the molecular information available in GenBank for artichoke Italian latent
virus (AILV) is still limited to a single complete genome sequence (RNA1 and 2) of a grapevine isolate
(AILV-V) and a partial portion of the RNA2 sequence from an isolate of unknown origin and host.
Here, we report the results of molecular analyses conducted on the RNA2 of some AILV isolates,
sequenced for the first time in this study, together with the first-time identification of AILV in a new
host plant species, namely chard (Beta vulgaris subsp. vulgaris), associated with vein clearing and
mottling symptoms on leaves. The different AILV isolates sequenced were from artichoke (AILV-C),
gladiolus (AILV-G), Sonchus (AILV-S), and chard (AILV-B). At the molecular level, the sequencing
results of the RNA2 segments showed that AILV-C, AILV-G, AILV-S, and AILV-B had a length of
4629 nt (excluding the 3’ terminal polyA tail), which is one nt shorter than that of the AILV-V reported
in GenBank. A comparison of the RNA2 coding region sequences of all the isolates showed that
AILV-V was the most divergent isolate, with the lowest sequence identities of 83.2% at the nucleotide
level and 84.7% at the amino acid level. Putative intra-species sequence recombination sites were
predicted among the AILV isolates, mainly involving the genomes of AILV-V, AILV-C, and AILV-B.
This study adds insights into the variability of AILV and the occurrence of recombination that may
condition plant infection.

Keywords: nepovirus; RNA2 sequences; phylogenetic and recombination analyses

1. Introduction

The genus Nepovirus, family Secoviridae, was one of the first group of plant viruses rec-
ognized by the International Committee on Taxonomy of Viruses (ICTV) [1,2]. Nepoviruses
have a bipartite positive single-stranded RNA genome (RNA1 and RNA?2) 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 viruses [4], of which arti-
choke Italian latent virus (AILV) belongs to subgroup B [4]. Moreover, based on RNA2 size,
nepoviruses of subgroups A, B, and C show different virus particle sediment properties:
subgroup A has viruses with an RNA2 of 3.7-4.0 Kb, present in both middle (M) and
bottom (B) components; subgroup B has viruses with an RNA2 of 4.4-4.7 Kb, present only
in the M component; and subgroup C has an RNA2 of 6.4-7.3 Kb, present in M component
particles that are sometimes barely separable from those of the B component [5].
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After the first discovery of AILV in Italy in asymptomatic artichoke plants
(Cynara scolymus L.) [6], this virus was found in Bulgaria in several plant species: chicory
(Cichorium intybus) with leaf chlorotic mottle and yellow spots [7]; pelargonium (Pelargo-
nium 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]. AILV was
also found in several weeds (i.e., 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 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 has the genome of AILV-V been
completely sequenced [13], whereas no sequence information is available from other
isolates, including those reported on weeds.

Here, we report the molecular information (sequence identities, genetic variability,
recombination, and phylogenetic relationship), limited to RN A2, from the genomes of still
non-sequenced AILV isolates (AILV-C, G, and S) and of a new isolate (AILV-B) found for the
first time in this study in chard plants (Beta vulgaris subsp. vulgaris). The information gained
in this study was obtained through the application of serial biological (mechanical inocu-
lation) and molecular (RT-PCR, “primer walking” strategy, and sequencing) experiments
conducted on the RNA-2 segment of each isolate.

Furthermore, since recombination is recurrent among nepoviruses [14-20], this aspect
was investigated in the genomic RNA2 sequences of all the AILV isolates, the results of
which are reported and discussed here.

2. Materials and Methods
2.1. Source of Plant Material

The AILV isolates used in this study originated from the lyophilized leaves of different
Nicotiana occidentalis plants that were initially inoculated in one single transmission step
from their original hosts and conserved at the IPSP-CNR Institute of Bari [10].

The AILV-B isolate, on the other hand, was identified by chance in some chard plants,
adjacent to an artichoke field in Bizerte (northern Tunisia), whose nucleic acids were initially
thought to be used as negative controls in dot blot hybridization assays during a survey for
AILV in artichoke plants [21,22].

All the AILV isolates, including the one found in chard plants (AILV-B) (see details
below), were sap-inoculated onto N. occidentalis plants by grinding 1 g of lyophilized
plant material in a mortar with 5 mL of 0.1 mM of phosphate buffer (pH 7.3). In total,
20 N. occidentalis plants were used for each AILV isolate, and at the onset of symptoms
(8 days post inoculation, DPI), 10-15 plants (ca. 50 g) were used for purification following
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 1ug of purified virus preparations after incubation
with 1% SDS and the addition of 1 vol Tris-EDTA-saturated phenol and chloroform [23].
The two RNA segments of AILV were electrophoresed in 1.5% agarose gel in 1x TBE buffer
and stained with GelRed nucleic acid stain (Biotium, Rome, Italy). cDNA was synthesized
using 0.5 pg of RNAs and an equal quantity of random DNA hexanucleotide mixture and
of an oligodT primer for the RT-PCR amplifications of internal genomic portions and the 5’
end of the genomic RNA2 of AILV, respectively. The Moloney murine leukemia virus enzyme
(200 units) was used in reverse transcription in a 20 uL reaction for 1 h at 42 °C, following
the manufacturer’s instructions (LifeTechnologies, Milan, Italy).

A set of sense and antisense primers (Supplementary Table S1), designed on an RNA2
sequence of an AILV-V isolate from GenBank (acc.no. LT608396), were initially used in the
RT-PCR and 5'\3 RACE-PCR assays to amplify the corresponding viral genomic regions
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of all the AILV isolates. Subsequently, where amplification failed, new primer sets were
designed on the newly obtained sequences (as a “primer walking” strategy) to close the
sequence gaps between the missing fragments. All the 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. The RT-PCR products were electrophoresed in 1.2% agarose gel in
1x TAE buffer and stained with GelRed nucleic acid stain.

2.3. Cloning and Sequencing

All the RT-PCR amplicons were ligated into StrataClone™ PCR cloning vector pSC-
A (Stratagene, CA, USA), subcloned into Escherichia coli DH5«x and custom sequenced
(Eurofins Genomics, Germany). The nucleotide and protein sequences were analyzed
(10 July 2023) using Geneious Prime vers. 2023.2 (https://www.geneious.com, access
date: 10 July 2023, Auckland, New Zealand). The Blast programs (i.e., BlastX and BlastP)
of the NCBI (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 constructed 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 1000 replicates.

2.4. Sequence and Recombination Analyses

The RNA2 sequences obtained were analyzed for 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, GENECONYV, BOOTSCAN, MAXCHI, CHIMAERA, 3SEQ, and SISCAN. Recombi-
nation sites identified by four or more programs and two or more types of methods were
considered to be “significant recombination events”.

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

All the sequences derived from the RACE- and RT-PCR-generated amplicons were
analyzed using the sense and antisense AILV-specific primers, and the complete RNAZ2 se-
quences were constructed. The RNA2 sequences of AILV-C (LT608397), AILV-G (LT608398),
and AILV-S (MT294111) were found to be 4629 nt long, 1 nucleotide shorter than AILV-V
(LT608396), which contained 1 nt more in the 3'UTR region.

The OREF2 of all the AILV isolates extended from nt 289 to 4332 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 (2CT) domains. All the AILV isolates except AILV-C (R/A) 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, although the hypothetical site (M/ A) has recently
been predicted to cleave these domains [25].

3.2. Identification of AILV in Chard Plants

Surprisingly, two out of seven harvested chard plants yielded positive reactions. To
confirm this unexpected result, all seven chard plants were subjected to a new RT-PCR assay
using a couple of AILV-specific primer pairs, i.e., F1s\Fla and F2s\F2a, which amplify two
different portions of RNA2, of 330 bp and 420 bp, respectively (see Supplementary Table
51). Both RT-PCR assays confirmed the AILV detection in the two dot blot hybridization-
positive samples and in two other samples. The RT-PCR amplicons of the AILV isolates
from the four infected chard plants (AILV-B) were sequenced. For one of these, sequencing
was extended to the entire RNA2 (MT294112), which was then analyzed together with
those obtained from other plant species.
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3.3. Mechanical Transmission of AILV Chard Plants onto Herbaceous Host

Sap extracted from the two AILV-infected chard plants, showing mottling and vein
clearing symptoms and that were positive in both RT-PCR and dot blot hybridization
assays, was used to transmit AILV to N. occidentalis plants. Eight days after inoculation, the
mechanically inoculated plants showed ringspots and vein mottling symptoms (Figure 1).
The absence in N. occidentalis of other common chard-infecting viruses, i.e., cucumber mo-
saic virus (CMV) [26], beet curly top virus (BCTV) [27], beet mosaic virus (BtMV) [28], beet
yellows virus (BYV) [29], turnip mosaic virus (TuMV) [30], and cauliflower mosaic virus
(CaMV) [31], was ascertained via RT-PCR and real-time PCR assays; thus, the symptoms
that developed on N. occidentalis are probably attributable to AILV infection.

Figure 1. Leaves of two chard plants (A, B) infected with AILV and showing vein clearing and
mottling symptoms. Leaves of an N. occidentalis plant (C), mechanically inoculated with AILV-
infected chard sap, showing chlorotic ringspot and vein mottling symptoms typical of nepovirus
infections.

3.4. Genetic Variability of Genomic RNA2 of AILV Isolates

Between the 5’ and 3'UTRs of RNA2 of all the AILV isolates under study there were
different levels of nucleotide variation (Table 1), which were particularly high for the
AILV-B isolate on both segments.

Table 1. Nucleotide sequence Identity Matrix of 5’ (shadowed) and 3’ UTRs of AILV isolates.

Virus-Isolate AILV-B AILV-S AILV-C AILV-G AILV-V
AILV-B ID! 98.9 94.6 96.2 85.2
AILV-S 98.2 1D 95.6 97.3 86.2
AILV-C 92.7 94.4 1D 97.3 87.5
AILV-G 92.7 94.4 100 ID 88.2
AILV-V 93.0 94.7 99.6 99.6 ID

1 ID: identical.

The comparative sequence analysis between the RNA?2 coding region of all the isolates
showed that AILV-V was the most divergent isolate, with sequence identities of 83.2% at
the nucleotide level and 84.7% at the amino acid level (Table 2).

At the coat protein (CP) level, the sequence variability among the AILV isolates was in
line with that observed in other nepoviruses and was, in any case, below the demarcation
threshold of nepoviruses of 25% at the amino acid level [32]. The greatest variability was
found in AILV-V and AILV-C with a 12.7% difference at the nt level and 5.1% at the aa level
(Table 3).
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Table 2. Nucleotides (shadowed) and amino acids sequence Identity Matrix of RNA2 coding region
of AILV isolates.

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 99 1D 93.7 90.7 86.4
AILV-C 88.5 89.3 1D 90 85.9
AILV-G 86.8 87.7 86.1 ID 90.1
AILV-V 82.3 83.1 82.2 86.2 ID

1 ID: identical.

However, the variability within the CP gene increased when the sequence of an AILV
isolate of unknown origin and host species, reported in the GenBank (X28754), was included
in the comparative analysis.

Table 3. Nucleotides (shadowed) and amino acids sequence Identity Matrix of the CP of AILV isolates.
AILV-X87254 is a partial sequence.

Virus-Isolate AILV-B AILV-S AILV-C AILV-G AILV-V AILV-X87254

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

1 ID: identical.

In particular, the sequence alignment of the 2C" gene of the five AILV isolates and
AILV-X28754 showed three non-conserved aa stretches that were completely different from
all the AILV sequences under study (Figure 2), while variability was 15.2% at the nt level
and 20% at the aa level.

QTAQIPHVDID AGTCELL IOSARYI T

QTAQIPHVDIDEﬁGTGELL TOSARYET

QTAQIPHVDIDGHGTGELL IOSARYTT

Figure 2. Amino acids alignment of the five 2C" gene of the AILV isolates sequenced in this study
(AILV-B, -S, -G, -C, and -V) and that reported in the GenBank (AILV: X28754), showing the positions
of major variabilities (I, I, and III). Regions with high homology are highlighted in gray. 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 on the amino acid sequence alignment of the 2C<?
genes of all the AILV isolates and those of other nepoviruses of subgroups A, B, and C
allocated the AILV isolates into three clusters within a clade composed of viruses belonging
to subgroup B; AILV-V and AILV-X87254 were allocated into two clusters separated from
all the other isolates (Figure 3).
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Figure 3. Phylogenetic tree generated from alignment of the complete RNA-2 polyprotein amino
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acid sequences of members belonging to subgroups A, B, and C of the genus Nepovirus. GenBank
accession numbers of the sequences used are shown in brackets. The viruses used in the 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, and -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). Cowpea mosaic virus (CPMV) was used as an outgroup species. Bootstrap
values above 50% are shown at branch points (1000 replicates).

3.6. Recombination Analysis

The recombination analysis conducted on the RNA2 sequences of the AILV isolates
generated high P-values, at least in five implemented methods, which were taken as
indicators of significant intraspecific recombination sites occurring in different regions of
the genomic RNA of the AILV isolates (Table 4).

Table 4. Recombination crossover analysis of genomic RNA2 of AILV isolates, using the ‘Recombina-
tion Detecting Program’ RDP4 1.

Domain

Isolate

Position (nt) Parental Isolates (Major x Minor) RDP4 (p Value) !

2A
2A
2B
2B
2C
2C
3'UTR

AILV-C
AILV-G
AILV-C
AILV-C
AILV-G
AILV-C
AILV-G

251-300 AILV-V x AILV-B RGBMC3sS (4.516 x 10764)

730-800 AILV-S x AILV-V RGBMC3sS (1.462 x 10-67)
1292-1406 AILV-V x AILV-C RGBMC3sS (1.124 x 10~71)
1304-1408 AILV-V x AILV-B RGBMC3sS(4.734 x 1038)
2245- 2851 AILV-B x AILV-V RGBMC3sS (1.561 x 10~27)
2762-2961 AILV-B x AILV-V RGBMC3sS (1.053 x 10-2%)
4450-4621 AILV-B x AILV-C RGBMC3sS (2.573 x 10~45)

! RDP4-implemented methods supporting the corresponding recombination sites: R (RDP), G (GENECONV), B
(BOOTSCAN), M (MAXCHI), C (CHIMAERA), 35eq (3s), and S (SISCAN). The P-value shown in brackets is the
greatest p-value among those calculated using RDP4-implemented methods and the corresponding method is
shown by underlined letters in bold type.

4. Discussion and Conclusions

This study aimed to provide additional molecular information on the subgroup B
nepovirus AILV by analyzing the genome sequences of AILV isolates infecting different host
species, to be added to the only complete genome sequence (RNA1 and 2) of a grapevine
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AILV isolate present in GenBank. The complete sequencing of five RNA2 coding region
segments of AILV from different host species showed the presence of a high genomic
variability (ca. 17.8% at nt level and 14.1% aa level). Another highlight of this study was the
first-time finding of AILV in chard (Beta vulgaris) plants, associated with vein mottling and
yellowing. Unfortunately, it was not possible to corroborate this result further by analyzing
other symptomatic chard plants in the field, since the discovery of AILV in chard occurred
after the crop had been eradicated.

This study highlighted the sequence variations in the RNA2 of AILV from different
hosts and the presence of three stretches of amino acid sequences in the CP gene of the
AILV-X87254 isolate that were significantly different from those found in our isolates.
However, a comparison of the nucleotide sequence between this partial fragment (1820 nt
long and including the CP and a portion of the 3'UTR region) and the sequences of the AILV
isolates under study showed from 85% to 95% identity. It is hard to determine whether
these variations were due to some sequencing errors of this partial fragment or to gene
recombination events in this AILV isolate. In this context, our study predicted several
different potential recombination sites involving the AILV genomes of different hosts, and,
in particular, those of grapevine (AILV-V), artichoke (AILV-C), and chard (AILV-B). This
recombination, and particularly in these host types, was almost expected, since these are
plant species that often share the same agricultural habitats and in consideration of the
fact that recombination events are quite frequent in nepoviruses [33]. It is likely that these
recombinations are due to the existence of common vectors in nature, which could facilitate
the encounter of different AILV isolates in the same plant. The existence of interspecific
recombinants of AILV would provide indirect evidence for the existence of common
nematode vectors capable of transmitting AILV to different host species, considering that,
to date, the natural transmission of AILV by nematodes has not been experimentally proven
for all known plant species. In fact, nematodes indiscriminately visiting different host
species, from which they can acquire and/or transmit the virus, may have favored the
“coexistence” of different isolates in the same plant and\or in infected seedlings, and
consequently, possible gene recombinations among them.

Experimental work to study the ability of Longidorus attenuatus and L. apulus to transmit
AILV isolates from one host species to another could help to clarify the evolutionary
pathway of this virus.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15112170/s1, Table S1: List of primers used in 5’- and 3’-RACE
and RT-PCR assays for amplifying and subsequent sequencing of genomic RNA2 of AILV isolates. V:
degenerate nucleotide with A\C\G.
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