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Plant viruses cause many of the most important diseases threatening crops worldwide.
Over the last quarter of a century, an increasing number of plant viruses have emerged in
various parts of the world, especially in the tropics and subtropics. As is generally observed
for plant viruses, most of the emerging viruses are transmitted horizontally by biological
vectors, mainly insects. Reverse genetics using infectious clones—available for many plant
viruses—have been used for the identification of viral determinants involved in virus-host
and virus-vector interactions. Although many studies have identified a number of factors
involved in disease development and transmission, the precise mechanisms are unknown
for most of the virus—plant—-vector combinations. In most cases, the diverse outcomes re-
sulting from virus-virus interactions are poorly understood. Although significant advances
have been made towards understanding the mechanisms involved in plant resistance to
viruses, we are far from being able to apply this knowledge to protect cultivated plants
from all viral threats.

The aim of this Special Issue was to provide a platform for researchers interested in
plant viruses to share their recent results related to the various aspects of plant virology:
ecology, virus—plant host interactions, virus—vector interactions, virus—virus interactions,
and control strategies. A total of 15 papers have been contributed by 96 authors from
18 countries to the issue, comprising ten research articles, one short communication, and
four reviews (Figure 1).

Plant virus ecology looks at virus-host-environment interactions and, in a broad sense,
includes studies on biodiversity and evolution. Several papers in this Special Issue focused
on this topic. Martinez-Turifio et al. [1] described how virus host jumping, from Nicotiana
clevelandii to Chenopodium foetidum, can be boosted by adaptation to a bridge plant species,
Arabidopsis thaliana, using mutants of the potyvirus plum pox virus. Kim et al. [2] also
analyzed the host adaptation process by characterizing field isolates of the capillovirus
apple stem grooving virus sampled from two plant hosts, apple and pear trees, revealing
that host adaptation was influenced by the host’s codon-usage. Ferro et al. [3] studied
the complexity of sweepovirus-deltasatellite-plant host interactions by looking at the
diversity of satellite and helper virus natural populations, as well as by performing co-
inoculation experiments to assess the ability of a number of geminivirids to transreplicate
sweet potato leaf curl deltasatellite 1. Montes et al. [4], using a genome-wide association
strategy, identified a number of genes associated with virulence in Arabidopsis thaliana
genotypes infected by the cucumovirus cucumber mosaic virus that were linked to virus
seed transmission. On a more applied aspect, Nancarrow et al. [5] estimated the yield
losses caused by the luteovirus barley yellow dwarf virus-PAV in wheat and barley by
conducting a three-year field study in Australia, highlighting the importance of performing
this type of study under varying conditions for specific cultivar-vector-virus combinations.

High-throughput sequencing (HTS) technologies have become indispensable tools to
characterize plant virus diversity thanks to their ability to detect virtually any virus without
prior sequence knowledge. Three papers published in this Special Issue deal with HTS.
Kutnjak et al. [6] present a critical overview, useful for both beginners and expert scientists
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interested on plant virome projects, of the steps involved in HTS, including available
bioinformatic tools and the steps to be used to implement a structured data analysis.
Maachi et al. [7] used HTS to identify the viruses present in a number of symptomatic
tomato plant samples using two RNA purification methods, illustrating its usefulness with
the first identification of three viruses infecting this crop in Spain. Ben Chehida et al. [8]
went further by showing that nanopore sequencing is a reliable alternative for obtaining
complete genome sequences of geminivirids, which is also applicable to other circular
ssDNA viruses.
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Figure 1. A word cloud created from the titles of every article published in this Special Issue.

The study of the precise interactions established between viruses and plant hosts to
cause a productive infection is a fundamental subject that has received the attention of
three research groups contributing to this Special Issue. Teixeira et al. [9] reviewed the
different levels of geminivirid perception and defense mechanisms acting in the plant
host, as well as the counter-defense strategies evolved by geminivirids to overcome such
mechanisms of resistance. Kumar and Dasgupta [10] reviewed another interesting topic
within the scope of this Special Issue, the movement proteins encoded by virus genomes,
focusing on structural diversity, multifunctionality, and interaction with plant host proteins.
Leastro et al. [11] analyzed the association of the movement and capsid proteins of the
cilevirus citrus leprosis virus C2 with plant cell membranes by using computer predictions
and molecular assays, discussing the implications of their findings for the intracellular
movement of the virus.

Deciphering virus—vector interactions is an emerging research subject in plant virology.
Thus far, studies concerning begomoviruses, an important group of emerging pathogens
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transmitted by the whiteflies of the Bemisia tabaci complex, have been mostly conducted
with tomato yellow leaf curl virus. In this Special Issue, Chi et al. [12] showed that a
vacuolar protein sorting-associated protein from the Asia II 1 whitefly interacts with the
coat protein of the begomovirus cotton leaf curl Multan virus, suggesting that this protein
may play an important role in transmission.

Mixed-infections with two or more plant viruses are frequent in the field, with viruses
being able to interact in multiple and intricate ways. These interactions are generally
categorized as synergistic, antagonistic, or neutral. In this Special Issue, Elvira Gonzélez
et al. [13] experimentally analyzed the interactions between an asymptomatic persistent
virus, the amalgavirus southern tomato virus, and two well-known acute viruses infecting
tomato, the cucumovirus cucumber mosaic virus and the potexvirus pepino mosaic virus,
showing that the persistent virus caused a synergistic effect.

Although a number of biotechnological approaches have been developed to produce
virus-resistant plants in recent years, the use of classical genetic resistance remains the
strategy of choice for practical control of plant viruses. In this Special Issue, Yan et al. [14]
reviewed the genetic resources used in breeding for resistance to one of the most harmful vi-
ral disease affecting tomato globally, tomato yellow leaf curl disease and the begomoviruses
that cause it. The authors also summarized some of the future studies aimed at increasing
the success and durability of genetic resistance to these and related viruses in a scenario
of globalization, climate change, and viral disease emergence. Finally, Sdez et al. [15] re-
ported the search for resistance to a cucurbit-adapted strain of tomato leaf curl New Delhi
virus, a severe threat for cucurbit production worldwide, in cucumber. They identified,
by the first-time, cucumber accessions highly resistant to the virus, and were successful
in characterizing the mode of inheritance and location in the cucumber genome of the
resistance gene.

Overall, the papers in this Special Issue reveal different perspectives of current research
on plant viruses, from applied field studies to investigations into the intricate mechanisms
involved in the tripartite interactions between viruses, plants, and vectors.
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Abstract: Understanding biological mechanisms that regulate emergence of viral diseases, in partic-
ular those events engaging cross-species pathogens spillover, is becoming increasingly important
in virology. Species barrier jumping has been extensively studied in animal viruses, and the critical
role of a suitable intermediate host in animal viruses-generated human pandemics is highly topical.
However, studies on host jumping involving plant viruses have been focused on shifting intra-species,
leaving aside the putative role of “bridge hosts” in facilitating interspecies crossing. Here, we take
advantage of several VPg mutants, derived from a chimeric construct of the potyvirus Plum pox virus
(PPV), analyzing its differential behaviour in three herbaceous species. Our results showed that two
VPg mutations in a Nicotiana clevelandii-adapted virus, emerged during adaptation to the bridge-host
Arabidopsis thaliana, drastically prompted partial adaptation to Chenopodium foetidum. Although both
changes are expected to facilitate productive interactions with elF(iso)4E, polymorphims detected
in PPV VPg and the three elF(iso)4E studied, extrapolated to a recent VPg:eIF4E structural model,
suggested that two adaptation ways can be operating. Remarkably, we found that VPg mutations
driving host-range expansion in two non-related species, not only are not associated with cost
trade-off constraints in the original host, but also improve fitness on it.

Keywords: host jumping; viral evolution; trade-off; plant virus; RNA virus; potyvirus; Plum pox
virus; VPg; eIF4E

1. Introduction

Emerging viral diseases are frequently the result of host jumps, when a pathogen gains
the ability to infect a new species [1,2]. Host jumping has received particular attention in the
case of animal and human diseases, with the host range breadth being a major determinant
of bacterial but also viral emerging outbreaks [3-5]. Interspecies jumping is not uncommon
among plant viruses, as evidenced by the fairly diverse host ranges and large host range
width disparities in viruses derived from a recent radiative evolution [6], as well as by
the frequent inconsistencies observed between the pathogen and host phylogenies [7].
Indeed, the host range expansion is considered pivotal for emergence of plant pathogens,
especially plant viruses [8,9]—a phenomenon frequently linked to epidemic outbreaks in
crops causing substantial yield losses [10,11]. Viral host jumping goes hand in hand with
the concept of adaptive trade-off, according to which a pathogen cannot simultaneously
maximize its fitness in all hosts. Thus, viral adaptation to a particular species normally
implies a fitness cost in alternative species, and generalist viruses infecting numerous hosts
evolve to reach fitness values maximized among hosts, but lower than the optimum they
would have reached if had adapted to a single host [12].

Microorganisms 2021, 9, 805. https:/ /doi.org/10.3390/microorganisms9040805

https:/ /www.mdpi.com/journal/microorganisms



Microorganisms 2021, 9, 805

The genus Potyvirus (family Potyviridae), is one of the most important groups of plant
viruses [13]. The genome of potyviruses is a positive-sense single-stranded RNA of ~10 kb,
whose 5’ end remains attached to the viral genome-linked protein (VPg) [14]. The potyviral
genome is translated into a large polyprotein that is proteolytically processed to render at
least 9 final products [15]. Moreover, frameshifts resulting from RNA polymerase slippage
allow production of additional transframe products [16-18].

The intrinsic disorder that characterizes VPg protein [19-21] enables it to play multiple
functions during viral infection [22-24]. VPg is involved in viral RNA translation probably
both by recruiting host factors to promote translation initiation and by nucleating a protein
complex around the viral RNA that protects it from the RNA silencing mechanism and
facilitates its traffic to polysomes [25]. The interaction of VPg with the eukaryotic translation
initiation factor eIF4E and/or its isoform elF(iso)4E plays an important role in these
functions. Compatibility /incompatibility of this interaction is a typical example of host-
pathogen coevolution, according to which the virus evolves to match the host factor
through adapting VPg, favoured by the large mutational robustness conferred by the
intrinsic disorder of this protein [26], and the plant evolves to avoid such interaction [27,28].
Indeed, the lack of a functional interaction between VPg and eIF4E or elF(iso)4E causes
most cases of recessive resistance to potyviruses [29,30]. However, VPg-eIF4E/(iso)4E
appears to be only one component of a more complex network involving multiple potyviral
components and host factors [31]. This assumption is supported by the identification
of HCPro as another interaction partner of eIlF4E and elF(iso)4E [32] and by the fact
that sometimes breakdown of elF4E-mediated anti-potyvirus resistance has been found
associated with mutations in proteins P1 [33], P3 [34] and CI [35,36].

The potyvirus Plum pox virus (PPV) is the most serious viral agent of stone fruits,
which causes sharka, a devastating disease affecting Prunus species [37]. In nature, PPV
infects most of Prunus species, but it can also infect a wide range of herbaceous plants
under experimental conditions [38,39]. It has been described up to ten different PPV
strains, quite distinct in terms of their host range [40,41]. Among them, PPV-Dideron (D)
is the most widely distributed PPV strain, infecting numerous Prunus species, while PPV-
Cherry (C) is characterised by a restricted natural host range, limited to cherry trees [42,43].
Isolates of these strains also have remarkable differences on infectivity in experimental
herbaceous hosts. SWCMp and Rankovic (R) isolates, respectively belonging to PPV-C
and PPV-D strains, are highly infectious in Nicotiana clevelandii and Nicotiana benthamiana;
however, while the isolate PPV-R (D strain) causes local lesions in Chenopodium foetidum and
systemic infections in Arabidopsis thaliana, PPV-SwCMp (C strain) is not able to infect these
two plant species [39,44]. Using chimeric viral cDNA clones, nuclear inclusion a (Nla),
which includes VPg and a protease domain, was identified as the major pathogenicity
determinant preventing PPV-SwCMp infection in A. thaliana and C. foetidum [44]. In the
course of the same work, Calvo et al. identified specific mutations at the VPg protein of PPV-
SwCMp, arisen as result of adaptation in A. thaliana of a R/SwCMp PPV chimera, which
were suggested would contribute to gain infectivity in this host by enabling compatible
interactions between VPg and elF(iso)4E [44].

In this work, we have confirmed that the VPg mutations detected in the viral progeny
of A. thaliana facilitate the efficient infection of this host. Likewise, we have shown that these
mutations also provide an infectivity gain in a second restrictive host, C. foetidum, without
any trade-off in the original host N. clevelandii. Furthermore, we discuss the possible
relevance of the mutated residues in the viral protein for VPg/elF(iso)4E compatibility and
virus host range definition. The possibility that wild plants serve as bridges that facilitate
“host jumps” and emergence of new diseases is also addressed.

2. Materials and Methods
2.1. Viral cDNA Clones

Three previously obtained PPV full-length cDNA clones were employed. pICPPV-
NK-IGFP [45] and pICPPV-SwCM [46], respectively derive from the Nicotiana-adapted
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PPV isolates, PPV-R, belonging to strain D, and PPV-SwCMp from strain C. The chimeric
clone pICPPV-VPgSwCM-R carries the VPg sequence from PPV-SwCMp into the PPV-R
backbone [44].

Effect of point mutations in the VPg sequence was assayed using three constructs
ad-hoc obtained. Amino acids substitutions P114S or F163L in the VPg protein sequence
were engineered into the chimeric clone pICPPV-VPgSwCM-R, by replacing the nucleotide
triplet CCA by TCA at position 1968-1970 (giving rise to the construct P114S) or substituting
the nucleotide triplet TTC by CTC at position 2017-2019 (construct F163L). The double
mutant carrying both P114S and F163L substitutions (P114S-F163L) was also generated
(Supplementary Figure S1). These point mutations were introduced by using the three-
step PCR-based mutagenesis method [47], using the mutators and flanking primers listed
in Supplementary Table S1. First mutagenic PCR reactions used the plasmid pICPPV-
VPgSwCM-R as template; then, products of these reactions were mixed and employed
as templates for a second round PCR. Final overlapping amplicons, digested with Xhol
(partially in the case of F163L mutagenesis) and Nrul, served to replace the corresponding
fragment from pICPPV-VPgSwCM-R. Double mutant P114S-F163L was obtained following
the same strategy, but by using as template the previously obtained P114S construct
(Supplementary Figure S1 and Supplementary Table S1).

2.2. Viral Inoculation and Plants Growth Conditions

For mechanical hand inoculation, approximately 15 uL of leaf extracts or plasmid
DNAs, (1.0-1.5 ug/uL), were distributed on three leaves of young plants of N. clevelandii,
C. foetidum or A. thaliana (four- to six-leaf stage), previously dusted with Carborundum
powder. Leaf extracts used as inocula were obtained as previously described [44] from
N. clevelandii or A. thaliana leaves already infected. Primary inoculation of A. thaliana plants
was done by bombardment with microgold particles coated with DNA using a Helios gene
gun (Bio-Rad, Hercules, CA, USA) [48]. Microcarrier cartridges were prepared with 1.0 um
diameter gold particles coated at a DNA loading ratio of 2 ug/mg gold and a microcarrier
loading amount of 0.5 mg/shot. One cartridge, shot twice onto two leaves of each plant,
under a helium pressure of 7.0 bar, was employed.

All plants were grown under glasshouse conditions with 16 h of light photoperiod
using natural and supplementary illumination, at a temperature range of 19-23 °C and
67-70% relative humidity. A. thaliana ecotype Columbia (Col-0) seeds were vernalized at
4 °C and in vitro grown on MS medium (Sigma Aldrich, St. Louis, MO, USA) containing
0.5 % (w/v) of sucrose and 1% (w/v) of agar. Once germinated, seedlings were kept for
two weeks in a phytotron (Neurtek, Eibar, Spain) under a 14 h photoperiod, at 22 °C and
50-60% relative humidity. After planted out to soil-vermiculite (3:1), plants were grown in
controlled environment chambers as mentioned above.

2.3. Assessment of Viral Infection

Viral infection was monitored by visual inspection of PPV-induced symptoms and by
immunoblot analysis, as described by Calvo et al. [44]. Infection in C. foetidum plants was
evaluated by registering over time the total number and type of local lesions, discriminating
between doubtful, chlorotic or necrotic lesions of variable intensity.

2.4. Viral Progeny Characterization and Sequence and Structure Analyses

For characterization of the viral progeny, appropriate viral DNA fragments covering
the entire VPg sequence were amplified from systemically infected tissue of A. thaliana
and N. clevelandii, by immune-capture-RT-PCR (IC-RT-PCR), as previously described [44].
Alternatively, viral progeny in C. foetidum was analyzed by direct RT-PCR from total RNA
obtained from individual lesions or entire leaves, employing the FavorPrep Plant Total RNA
Purification Mini-Kit (Favorgen Biotech, Ping-Tung, Taiwan). Amplification of a region
containing the VPg sequence was done using oligos 2295 and 2277, after inoculation with
pICPPV-VPgSwCM-R-derived plasmids or with their viral progenies, or with oligos SM16-
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F and SM17-R after inoculation with pICPPV-NK-IGFP or its viral progeny (Supplementary
Table S1). Sanger sequencing of amplified fragments was performed by Macrogen Europe
(Amsterdam, The Netherlands) using primers SM18-F and/or SM19-R.

For the identification of the C. foetidum elF(iso)4E [Cf-elF(is0)4E] sequence, total RNA
was extracted from C. foetidum leaves, as mentioned above, and cDNA was synthetized
from it by using the Invitrogen SuperScript III Reverse Transcriptase and Invitrogen hex-
americ random primers (both from Thermo Fisher Scientific, Rockford, IL, USA), fol-
lowing manufacturer instructions. From the cDNA product, treated with RNase H, a
Cf-elF(iso)4E gene fragment was amplified by using the Thermo Scientific Phusion High-
Fidelity DNA Polymerase (Thermo Fisher Scientific, Rockford, IL, USA) and a pair of degen-
erate oligonucleotides, SM110-F-deg and SM111-R-deg (Supplementary Table S1), designed
on the basis of the known-sequences of Chenopodium quinoa elF(iso)4E (LOC110697254 and
LOC110692931). Sanger sequencing of the amplified gene fragment was performed by
Macrogen Europe (Amsterdam, The Netherlands) using the same primers employed for
amplification (Supplementary Table S1).

Alignment of multiple protein sequences was carried out with the Clustal Omega web
server [49] (www.ebi.ac.uk/Tools/msa/clustalo, accessed on 1 April 2021) using default
parameters. Sequences of Potato virus Y (PVY) VPg (VPg PVY), human elF4E (h-eIF4E)
and other plant elF(iso0)4E proteins, were retrieved from the Protein Data Bank (PDB,
www.resb.org/pdb/ accessed on 1 April 2021) [50].

Putative spatial localization of specific residues relevant for this study, were mapped
over a HADDOCK-derived model, complexing h-eIF4E and PVY VPg, previously gener-
ated by Countinho de Oliveira et al. [51]. Equivalences between residues of the model and
elF(iso)4Es/PPV VPg were obtained on the basis of corresponding protein alignments. 3D
protein structures were visualized by using PYMOL Molecular Graphics System, version
2.1.1 (Schrodinger).

3. Results
3.1. Point Mutations at the VPg Protein in an Avirulent Chimeric Construct of PPV Promote
Infection of Arabidopsis thaliana

Previous works had shown that, while the PPV-R isolate belonging to the D strain,
efficiently infects A. thaliana, a chimeric construct bearing the VPg sequence from a PPV
isolate belonging to the C strain in the backbone of PPV-R (PPV-VPgSwCM-R) rarely infects
this host [44]. Infection of Arabidopsis by PPV-VPgSwCM-R appeared to be promoted
by emergence of point mutations at the SwWCMp VPg coding sequence [44]. In order to
examine whether the detected changes at VPg sequence are solely responsible for the gain
of infectivity, we assayed the effect of these mutations, proline to serine at position 114
(P114S) and phenylalanine to serine at position 163 (F163L), separately engineered into the
cDNA clone of the PPV-VPgSwCM-R chimera. Besides, although these modifications had
not been concomitantly detected in A. thaliana, both changes were also introduced together
into the chimeric clone (Supplementary Figure S1). The mutated constructs and appropriate
controls were biolistically inoculated in A. thaliana plants (Supplementary Figure S2A).
Viral accumulation was checked by an immunoblot assay at 15 dpi (Figure 1). VPg mutants
P114S and F163L showed similar viral CP accumulation as the PPV-R positive control.
RT-PCR amplification and sequencing of the complete VPg gene showed no sequence
changes in the viral progeny of the three plants infected with each tested mutant. These
results confirm previous assumption launched by Calvo et al. [44] that both P114S and
F163L mutations were able, by themselves, to facilitate adaptation of the PPV-VPgSwCM-R
chimera to Arabidopsis. As expected, the wild type PPV-VPgSwCM-R chimera hardly
accumulates in inoculated plants, being undetectable in two of the three plants tested. A
weak CP signal was detected in the third analyzed plant; however, the analysis of its viral
progeny revealed that a P114S mutation had been introduced in the VPg coding sequence,
further confirming the relevance of this change for adaptation to Arabidopsis.
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Figure 1. Effect of VPg mutations on A. thaliana infection by Plum pox virus (PPV). A. thaliana plants
were inoculated by biolistic with the chimeric clone pICPPV-VPgSwCM-R, its indicated mutant
variants (two independent clones, 1 and 2), or the PPV-R clone pICPPV-NK-IGFP. Extracts from
upper non-inoculated leaves collected at 15 days after inoculation were subjected to CP-specific

immunoblot analysis. Three individual plants (P1, P2 and P3), inoculated with the specified viruses,
were analyzed. An extract of healthy plants (H) was used as a negative control. Blots stained
with Ponceau red showing the large subunit of the ribulose-1,5-bisphosphate carboxylase-oxygenase
(RuBisCO) are included as loading controls. The yellow star indicates that the progeny virus of this
plant had incorporated a mutation in the VPg sequence (P114S).

The double mutant P114S-F163L was also infectious and genetically stable in A. thaliana
plants (Figure 1). Although the existence of certain differences at early times of infection
cannot be excluded, all VPg mutations seem to allow similar viral accumulation, compara-
ble with that of the positive control PPV-R (Figure 1).

To find out whether the two specific mutations in the VPg could have a synergist
contribution to the adaptation to the new host, appropriate competition assays were carried
out. Mixtures of cDNAs, each corresponding to the double mutant and one of the single
mutants, were biolistically inoculated in A. thaliana plants, at concentrations adjusted to
achieve a 1.5:1 ratio, thus conferring some advantage in favour to individual mutations
(Supplementary Figure S2B). Systemic infection was monitored by immunodetection of CP
in upper non-inoculated leaves at 21 dpi. Genotyping of viral progenies was carried out
by IC-RT-PCR amplification and sequencing of the VPg coding sequence from three pools
of two plants infected with each mutant combination. Examination of viral progeny after
the competition F163L vs P114S-F163L did not reveal important differences in the fitness
of any of the two types of viruses, which coexisted in all three analyzed pools of plants,
maintaining the differences between them already existing in the inoculum (Figure 2).
Thus, the change P114S does not seem to provide any competitive advantage when it
is together with the mutation F163L. Similarly, when mutants P114S-F163L and P114S
competed, both viruses coexisted in the three pools of analyzed plants. However, the ratio
of the DNA inoculum was reversed in two of the analyzed pools, and the double mutant,
despite its lesser initial representation, became the majority virus (Figure 2). These results
suggest that the enhancement of viral fitness in A. thaliana conferred by the F163L mutation
in the VPg of PPV-SwCMp might be greater than that provided by the P114S mutation.
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Figure 2. Sequence analysis of viral progeny from Arabidopsis thaliana exposed to mixed infections with competing viruses.
DNAs of pICPPV-VPgSwCM-R chimeric clones modified by the specified mutations were mixed at the indicated ratio
and biolistically inoculated into six A. thaliana plants. Viral progenies were analyzed in pools of two plants by reverse

transcription-polymerase chain reaction (RT-PCR), then sequencing a cDNA fragment covering the VPg coding sequence.
Images show the chromatograms of VPg codons 114 (position 1968-1970 in the viral genome) or 163 (position 2017-2019 in
the viral genome). Identified viruses are indicated beneath the chromatograms; smaller letters indicate lower accumulation.

A similar result was obtained in a replicate assay.

3.2. PPV Adaptation to A. thaliana, via Specific Mutations in VPg, Does Not Have a Fitness Cost
in Nicotiana clevelandii

Changes introduced in the chimeric virus PPV-VPgSwCM-R that facilitate its amplifi-
cation in A. thaliana are expected to be associated with a loss of fitness in N. clevelandii, a
host in which the non-mutated virus is completely adapted. To evaluate this possibility,
four N. clevelandii plants were manually inoculated by hand rubbing with DNAs of the
two single mutants, P114S or F163L, as well as with that of the double mutant P114S-
F163L. Both, PPV-R and the non-mutated chimera, PPV-VPgSwCM-R, were included as
positive controls of infection (Supplementary Figure S2A). The results showed that the
three viruses with mutations in VPg systemically infected N. clevelandii with comparable
efficiency. Overall, the onset and severity of disease symptoms (not shown), as well as
levels of viral CP accumulation, were similar for all the three viruses and indistinguishable
from those induced by the positive controls (Supplementary Figure S3).

Next, competition assays were carried out using mixtures containing DNAs from the
pICPPV-VPgSwCM-R plasmid and each of the mutants derived from it (P114S, F163L and
P114S-F163L), at ratios in which the non-mutated chimera was over-represented (ratio
1.5:1) (Supplementary Figure S2C). N. clevelandii plants were inoculated by hand-rubbing
and systemic infection was confirmed by visual inspection of symptoms and an anti-CP
immunoblot assay (data not shown). Four pools, one per type of inoculum, were prepared
by joining systemically infected tissue from two plants, collected at 21 dpi. A cDNA
fragment covering the complete VPg sequence was amplified by IC-RT-PCR and sequenced
(Figure 3). The results showed that, despite its lower representation in the inoculum, the
mutant F163L was able to completely impose to the non-mutated chimera in all analyzed
plants (Figure 3A). A similar result was observed after confrontation between the double
mutant and the non-mutated chimera. In this case, the double mutant entirely prevailed
in the progeny from three of pools, and it was in progress to do it in the fourth sample
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(Figure 3B). The result derived from competition between P114S and the non-mutated
chimera was more even. The virus with the original VPg sequence was imposed in one of
the four analyzed pools, while the P114S mutant entirely prevailed in two samples and
coexisted with advantage in a third case (Figure 3C). The result of this competition, in
which the mutant was underrepresented in the inoculum, ruled out that the P114S mutation
reduces the virus fitness in N. clevelandii, and suggested that, in fact, it increases fitness.
To further support this assumption, a second competition using comparable amounts of
both viruses (ratio 1:1) was done (Supplementary Figure S2C), and the viral progeny was
analyzed in ten plants, distributed in five pools. The results were in line with previous
findings. This time, the mutant P114S was completely dominant in one pool and the
majority in the remaining four, largely prevailing the non-mutated virus in two of them
(Figure 3C).
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Figure 3. Sequence analysis of viral progeny from Nicotiana clevelandii exposed to mixed infections
with competing viruses. N. clevelandii plants, 8 or 10, were inoculated by hand rubbing with mixtures
containing DNAs of pICPPV-VPgSwCM-R DNA and of one version of this chimera modified with
the mutation F163L (A), P114S plus F163L (B) or P114S (C). Non-mutated /mutated chimera mixtures
at 1.5:1 ratio, were employed for the three competitions. An additional 1:1 ratio mixture was used
for the PPV-VPgSWCM-R vs P114S competition. Viral progenies were analyzed in pools of two
plants by reverse transcription-polymerase chain reaction (RT-PCR) amplification and sequencing
of a DNA fragment covering the VPg coding sequence. Images show the chromatograms of VPg
codons 163 (position 20172019 in the viral genome) and/or 114 (position 1968-1970 in the viral
genome). Viruses identified are indicated beneath the chromatograms; smaller letters indicate lower
accumulation. A similar result was obtained in a replicate assay.
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Overall, these results indicate that specific mutations of VPg, in principle needed for
adaptation in A. thaliana, do not provoke an adverse trade-off in N. clevelandii. On the
contrary, these VPg changes appear to boost PPV fitness in two unrelated hosts.

The competition experiments in A. thaliana reported above did not reveal signifi-
cant synergistic or additive effects of the P114S and F163L mutations in that host. Addi-
tional competition tests were conducted to assess possible accumulative effects of these
mutations in N. clevelandii. Following an identical procedure to the aforementioned,
viral progenies of eight N. clevelandii plants, distributed in four pools, were analyzed
(Supplementary Figure S4). In the competition between F163L and P114S-F163L, the dou-
ble mutant, underrepresented in the inoculum, did not outcompete the single mutant in
any of the samples analyzed. The P114S-F163L mutant was able to reverse its underrepre-
sentation when competing with the P114S single mutant, reflecting that a greater fitness
gain could be associated to F163L mutation. However, such a difference would be very
subtle because the P114S mutant was completely or almost completely imposed in two
samples (Supplementary Figure S4). Thus, in N. clevelandii, the joint presence of the two
mutations in the P114S-F163L mutant does not appear to entail a relevant fitness increase
with respect to any of individual F163L or P114S mutations.

3.3. Changes in VPg Protein Resulting from Adaptation to Arabidopsis thaliana Prompt
PPV-VPgSwCM-R infection in Chenopodium foetidum

Most PPV isolates, including PPV-R (D strain) induce necrotic local lesions in C. foetidum,
compatible with a hypersensitive-like response. In contrast, isolates from strain C, in particular
the isolate PPV-SwCMp, cannot infect this host, thus emulating what happens in A. thaliana [44].
Similarly, the defect of chimera PPV-VPgSwCM-R (VPg from PPV-SwCMp in the backbone
of PPV-R, Supplementary Figure S1) in A. thaliana is extensible to C. foetidum [44]. Having
demonstrated that mutations P114S or F163L at the VPg protein of PPV-SwCMp enable to
rescue infectivity of PPV-VPgSwCM-R in A. thaliana, we decided to check the effect of these
mutations on the infectivity of this chimera in C. foetidum.

First, we tested whether the adaptation of PPV-VPgSWCM-R to A. thaliana facilitated
infection of C. foetidum. For this purpose, C. foetidum leaves were inoculated by hand-
rubbing with leaf extracts from N. clevelandii plants infected with viral progenies of the
PPV-VPgSwCM-R chimera adapted to A. thaliana upon introducing VPg mutations P114S
or F163L. As controls of infection in this host, C. foetidum leaves were also inoculated with
extracts of N. clevelandii plants infected with PPV-R, PPV-SwCMp or the non-mutated
chimera PPV-VPgSWCM-R (Supplementary Figure S5A). To warrant delivery of same
virus amounts, inoculum concentrations were adjusted by dilution with extracts from
healthy N. clevelandii (Supplementary Figure S5B). PPV-R caused a large number of lesions
(more than 60 per leaf) that rapidly necrotized, causing death and dropping of the leaves
sometimes before 9 dpi. As expected, no lesions were observed in leaves inoculated
with PPV-SwCMp. C. foetidum leaves inoculated with the extracts containing the evolved
PPV-VPgSwCM-R populations, displayed abundant lesions, although in lesser amount
than in those inoculated with PPV-R: at 9 dpi, approximately 6.5 and 17 per leaf for the
chimeras with the P114S and F163L mutations, respectively. Moreover, although some of
the lesions caused by the evolved chimeras necrotized, in general they were less severe
than those caused by PPV-R, remaining alive the inoculated leaves even after 15 dpi
(Supplementary Figure S5C and Supplementary Table S2). To assess whether the virus
further evolved in C. foetidum, viral progenies of individual lesions were amplified in
N. clevelandii, and their VPg sequences were determined after IC-RT-PCR amplification.
No changes beyond original modifications introduced during adaptation in A. thaliana
were detected in any of 4 N. clevelandii plants analyzed. A few spots suspected of being
viral lesions were observed in leaves inoculated with the non-mutated PPV-VPgSwCM-R,
however, we were not able to infect N. clevelandii with them, suggesting that either they
had not been correctly identified, or their viral load was very low.

To verify that the apparent adaptation of the PPV-VPgSwCM-R to C. foetidum was in fact
due to the VPg mutations P114S and F163L, the exclusive contribution of these substitutions
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was assessed making use of corresponding mutated cDNA clones (Supplementary Figure S1).
pICPPV-VPgSWCM-R and its mutated forms (P114S, F163L and P114S-F163L), as well as the
PPV-R cDNA clone pICPPV-NK-IGFP were manually inoculated in N. clevelandii plants by
hand-rubbing. Leaf extracts from these infected plants were in turn inoculated into C. foetidum
leaves by hand-rubbing, after adjusting its concentration with extract of healthy N. clevelandii
to warrant delivery of same virus amounts (Supplementary Figure S6). Both mutants, P114S
and, in a greater extent, F163L caused abundant local lesions (Table 1 and Figure 4). As in
the above experiment using the non-cloned mutant viruses, lesions caused by both mutants
were similar and milder than those triggered by PPV-R. Interestingly, simultaneous presence of
both mutations fostered a qualitative change in viral symptoms, as reflected in the PPV-R-like
lesions induced by the P114S-F163L mutant (Table 1 and Figure 4). Some potential lesions were
also detected in a few leaves inoculated with the non-mutated pICPPV-VPgSwCM-R chimera,
mainly at 17 dpi, when all leaves inoculated with the rest of viruses were dead (Table 1).
Viral cDNA from some suspicious lesions could be amplified by IC-RT-PCR, and subsequent
sequencing showed that the wild type VPg sequence had been maintained in five analyzed
viral progenies. These results confirmed that, although the PPV-VPgSwCM-R chimera was not
completely unable to infect C. foetidum, its ability to infect this host is greatly enhanced by VPg
mutations selected during adaptation to A. thaliana.

Table 1. Effect of VPg mutations on the infection of the PPV-VPgSWCM-R chimera in Chenopodium foetidum.

I 1 Total Inoculated Number of Lesions 2
nocuium Leaves 10 dpi 17 dpi
1 chl (1) 4 cht (3)
PPV-VPgSwCM-R 24 470) 1 mec (1)
107 (6)
P114S 24 330 <M (24) DL (24)
F163L 24 400 NI (24) DL (24)
255 chl/nec (15)
P114S-F163L 24 145 nec (8) DL (24)
DL (1)
170 €€ (10)
PPV-R 12 DL (2) DL (24)

2 The numbers of lesions are approximate because many of them merged at indicated days post inoculation (dpi).
The number of leaves is indicated in parenthesis, specifying the different type of lesions: chl chlorotic; ™, necrotic;
?, atypical. DL indicates death leaves.

3.4. Sequence Heterogeneities Between Nicotiana clevelandii, Arabidopsis thaliana and
Chenopodium foetidum elF(iso)4Es map to the eIF4E/VPg Interface

The dysfunction of SwWCMp VPg-containing PPV chimera in A. thaliana was suggested
to be caused by a defect in VPg/elF(is0)4E interaction, because mutations promoting
infection in this host resembled those detected in potyviruses escaping elF4E/(iso)4E-
based resistance [44]. Since the mutations selected in A. thaliana also boosted infection in
C. foetidum, we speculated that common characteristics of elF(iso)4E factors of these two
species, not shared by N. clevelandii elF(iso0)4E, prevented interaction with SwWCMp VPg,
and, thus, the infection by SwWCMp VPg-containing PPV.

Recently, it has been reported the first high-resolution structure of the VPg from a
potyvirus, PVY [51]. This study not only revealed interesting structural data concerning
the VPg folding, but also identified residues implicated in its interaction with an eIF4E
factor. In light of this information, we decided to extrapolate available interaction data
of PVY VPg and elF4E to the proteins subject of interest for our work, by examining
heterogeneities in the primary sequence of PPV VPg variants and those of eIF(iso)4Es from
the three herbaceous hosts here studied.

13



Microorganisms 2021, 9, 805

P114S F163L

% 10.0 mm I 10.0 mm

P114S - F163L

Figure 4. Effect of VPg mutations on Chenopodium foetidum infection by Plum pox virus (PPV).
C. foetidum leaves were inoculated by hand rubbing with leaf extracts of Nicotiana clevelandii plants,
previously infected with two independent clones of pICPPV-VPgSwCM-R, variants of this chimeric
clone mutated as indicated, or pICPPV-NK-IGFP (PPV-R isolate). Eight plants (three leaves per plant)
per construct (four per clone) were inoculated. Representative images taken at 12 dpi under visible
light are shown. Bar, 10.0 mm.

The elF(iso)4E sequences of N. clevelandii [Nc-eIF(iso)4E] and A. thaliana [At-eIF(iso)4E]
were retrieved from NCBI protein database, but that of C. foetidum [Cf-elF(iso)4E] was not
available in public databases and had to be specifically obtained for this analysis. Total RNA
of C. foetidum was retrotranscribed to prepare cDNA, from which to amplify a fragment
encoding a segment of the Cf-elF(is0)4E, by using a pair of degenerated primers designed
based on the elF(iso)4E sequence of C. quinoa. The amplicon covered the regions identified
as relevant for the interaction with VPg by Coutinho de Oliveira et al. [51]. Alignment of
the three eIF(iso)4E sequences (Figure 5A) revealed that Cf-elF(iso)4E was not more similar
to At-elF(iso)4E than to Nc-elF(is0)4E; in fact, the level of identity with the second protein
was slightly higher than with the first one (77.3% vs 73.8%).
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A
N50 Qs7
Fa8 W56
h-eIF4E MATVEPETTPTPNPPTTEEEKTESNQEVANPEHY IKHPLOQNRWALWEFFKNDKSK—--TWQ 5
At-eIF (iso)4E MATDDVN-EPLPAAAELPA----—-————- TEAEKQPHKLERKWSFWFDNQSK-K-GAAWG 47
CESGIF(IE6)VARE B0 5005 5400 § 5 7 o8y & s & o & o 5 o 48%
Nc-eIF (iso)4E MATEAPI-EATEVPPASAT------—-—--- ETVAKQPHKLERRWTFWFDNQSKPKQGAAWG 49
ass 100 153 L85 G88 K95

h-eIF4E ANLRLISKFDTVEDFWALYNHIQLSSNLMPGCDYSLEKDGIEPMWEDEKNKRGGRWLITL kL7

At-eIF(iso)4E
Cf-eIF(iso) 4E
Ne-eIF (iso) 4E

ASLRKAYTFDTVEDFWGLHETIFQTSKLTANAEIHLFKAGVEPKWEDPECANGGKWTWVV 107
BTLKKAYTFDTVEEFWCLYEQVFKPSKLVGNADFHLFKAGVEPKWEDPECAHGGKWT -~V 106%
§SLRKAYTFETVEE FWSLYDQIFKPSKLTANADFHLFKAGIEPKWEDPECASGGKWT --V 107

R157 K159 K162

h-eIF4E NKQQRRSDLDRFWLETLLCLIGESFDDYSDDVCGAVVNVRA--KGDKIATWTTECENREA 175
At-eIF (iso)4E T-ANRKEALDKGWLETLMALIGEQFDE-ADEICGVVASVRPQSKODKLSLWTRTKSNEAV 165
Cf-eIF(iso)4E S-ASRKTNLEGMWTLETLMATLTGEQFDE-ADETCGVVASARS - -RGDKLSLWTRNAANEAV 162%
Ne-eIF (iso)4E T-SSRKANLETMWLETLMALVGEQFDE-SEEICGVVASVRR--§ODKLSLWTKTASNEAT 163
H200
h-eIF4E VTHTGRVYKERLGTL.PPKTVIGYQSHADTATKSGSTTKNRFVV 217
At-eIF (iso)4E LMGIGKKWKEILDVTDKITFNNHDDSRR----SRFT----- v 198
Cf-eIF(iso)4E QMGTGRKWK .- . e e 198+
Ne-eIF (iso)4E OMSIGRKWKEIIDAE-KISYSFHDDSKR----ERSAKSRYTV 200
B
PVY GKNKSKRIQALKFRHARDKRAGFEIDNNDDTIEEFFGSAYRKKGKGKGTTVGMGKSSRRF 60
R -GFNRRQRQKLKFRQARDNRMAREVYGDDSTMADYFGSAYSKKGKSKGKTRGMGTKTRKF 59
SwCM ~GFNRRQRQKLKFRQARDNRMAREVYGDDSTMEEYFGSAYSKKGKSKGRTRGMGTKTRKF 59
P114S  -GFNRRQRQKLKFRQARDNRMAREVYGDDSTMEEYFGSAYSKKGKSKGRTRGMGTKTRKF 59
F163L  -GFNRRQRQKLKFRQARDNRMAREVYGDDSTMEEYFGSAYSKKGKSKGRTRGMGTKTRKF 59
E109 1113 Q116
E114  L118
80 196 5101 V108 D111 M115 G119
PVY INMYGEDPBTEYSFIQFVDPLTIGAQLEENVYADIRDIQERFSEVRKKMVENDDIEMQALGS 120
R ¥NMYGYDPTDYNFVRFVDPLTGHTLDENPLMDINLVQEHFSQTRNDYIGDDKITMQHIMS 119
SwCM ¥NMYGYDPTDYNFVRFVDPLTGHTLDENPLMDIGLVQQHFST IRNEQIGDDKITPQHIMA 119

Pll4as VNMYGYDPTDYNFVRFVDPLTGHTLDENPLMDIGLVQQHFSIIRNEQIGDDKITSQHIMA 119
F163L VNMYGYDPTDYNEVRFVDPLTGHTLDENPLMDIGLVQQHESIIRNEQIGDDKITPQHIMA 119

N121 w132 L1 L166
PVY NTTIHAYFRKDWSDKALKIDLMPHNPLKVCDKTNGIAKFPERELELRQTGPAVEVDVKDI 180
R NPGIVAYYIKDATQKALKVDLTPHNPLRVCDKTATIAGFPEREFELRQTGHPVEVEPNAT 139
SwCM NPGLVAYYVKDATQKALKIDLIPINPLRVCDKTATIAGEFPEREFELRQIGQPTIEVEPSAV 179

Pll4s NPGLVAYYVKDATQKALKIDLIPINPLRVCDKTATIAGEFPEREFELRQIGQPTIVEPSAV 179
F163L NPGLVAYYVKDATQKALKIDLTPHNPLRVCDKTATIAGFPERELELRQTGQPTFVEPSAV 179

PVY DA === QEVEHE 188
R PKINEEGDEEVDHE 193
SwCM PRKANEVEGEEVDHE 193
Pllas PRKANEVEGEEVDHE 193
F163L PKANEVEGEEVDHE 193

Figure 5. (A) Alignment of the translation initiation factors 4E from Homo sapiens (h-eIFAE) (P06730.2) along with elF(iso)4Es
from Arabidopsis thaliana [At-elF(iso)4E] (O04663.2), Chenopodium foetidum [Cf-elF(iso)4E] (partial sequence specifically
obtained for this study) and Nicotiana clevelandii [Nc-elF(iso)4E] (KC625579.1). Residues of elF(iso)4E plant factors aligning
with those interacting residues of h-eIF4E appear in bold and, in case of no conservation among the three plant species, are
orange highlighted. Amino acids encoded by primers used for PCR amplification of the Cf-elF(iso0)4E sequence are italicized.
Asterisks in the numbering of the partial Cf-elF(iso)4E sequence indicate that for the count, missing amino acids were
replaced by the equivalent ones from the full-length sequence of the Chenopodium quinoa elF(iso)4E protein (LOC110697254
and LOC110692931). (B) Alignment of VPg sequences from Potato virus Y (PVY) (QED90173.1) and Plum pox virus (PPV),
Risolate (EF569215) and SwCMp isolate (SHARCO database, http://w3.pierroton.inra.fr:8060, accessed on 1 April 2021).
Two mutations independently arisen at SwWCMp VPg, as consequence of the adaptation in A. thaliana, are shown in red over
a yellow-shaded box. In both panels, specific amino acids perturbed as a result of interaction between h-eIF4E and PVY
VPg, according to Coutinho de Oliveira et al. [51], are highlighted in blue. Residues of PPV VPg aligning with the h-elF4E
-interacting PVY VPg residues appear in bold. Protein sequences were aligned using Clustal Omega program (European
Bioinformatics Institute), then adjusted by minor manual corrections.
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Following, we focussed more closely on regions that are involved in eIF4E/VPg in-
teractions according to data obtained from a complex formed among the human elF4E
(h-eIF4E) and PVY VPg, reported by Coutinho de Oliveira et al. [51]. The main interface
between these two proteins embraces the cap binding pocket of eIF4E, and includes several
residues shown to be perturbed by VPg binding (F48, N50, W56, Q57, A58, L60, G88,
R157, K159 and K162), and a VPg loop containing residues that are affected by interaction
with eIF4E (V108, E109, D111, 1113, E114, M115, Q116, L118, G119 and N121) (Figure 5
and Supplementary Figure S7). When we scrutinize the alignment of the elF(iso)4Es of
A. thaliana, C. foetidum and N. clevelandii along with h-eIF4E, we observed sequence het-
erogeneities between the three plant elF(iso)4Es at three positions that align with some
of the h-eIF4E amino acids directly involved in interaction with PVY VPg: N50, A58 and
K159. However, elF(is0)4Es of A. thaliana and C. foetidum only clustered together at the
position equivalent to that occupied by K159 in h-eIF4E (see K and R in At-elF(iso)4E and
Cf-eIF(iso)4E, respectively) leaving apart the N. clevelandii protein [see S in Nc-elF(is0)4E]
(Figure 5A). Interestingly, one of the VPg mutations facilitating PPV-VPgSwCM-R adapta-
tion to A. thaliana and C. foetidum, P114S, falls into the VPg loop that interacts with the eIF4E
cap-binding domain. This residue is equivalent to PVY M115 (Figure 5B), proposed to form
part of a hydrophobic pocket that buries W56 [51], a residue of h-eIF4E close to A58, in
turn aligned with a polymorphic position of plant elF(iso)4Es (Figure 5A). This observation
suggests that species-specific features governing elF4E/(iso)4E-VPg interactions at this
region are important for susceptibility to different potyvirus variants. However, the lack of
a positive correlation between susceptibility to non-mutated PPV-VPgSwCM-R and the
clustering of such a polymorphic residue (A in A. thaliana and S in both N. clevelandii and
C. foetidum (Figure 5A), precludes drawing straightforward conclusions.

The other VPg mutation associated to PPV-VPgSwCM-R adaptation to A. thaliana and
C. foetidum, F163L, appears to be far from the protein-protein interface defined for PVY VPg
and h-elF4E (Supplementary Figure S7). However, it is very close to PVY L166 (Figure 5B),
a neighboring residue to a flexible loop between two 8 strands, that has been identified
to be perturbed by elF4E binding [51]. Thus, it is tempting to speculate that this target,
outside the cap-binding site/VPg interface, is involved in species-specific interactions still
to be characterized.

4. Discussion

Viral cross-species jump takes place once a virus develops the ability to infect, repli-
cate and disseminate among individuals of a new host species [3,52]. This phenomenon
has been more frequently described for RNA viruses, mainly among Rhabdoviridae and
Picornaviridae family members, and it has been associated with its huge adaptive plastic-
ity [53,54]. From the human health perspective, some of the more remarkable examples of
zoonotic RNA viruses able to break interspecies barrier by the assistance of an intermediate
host are influenza A virus (1AV), human immunodeficiency virus (HIV) and several respiratory
coronaviruses [55-57]. Spillover events are also quite often in plant viruses, linked to
multiple factors, including ecological conditions, genetic plasticity of virus components,
and host factor requirements [8,58]. Genome nature appears to be one of the elements that
determine the capacity of the virus to successfully infect a host variety; and among plant
viruses, single-stranded RNA genome viruses are those with largest host-range breadth [9].

In this study, we have delved into the contribution of two adaptive changes that
affect the VPg protein sequence by promoting infectivity gain of a potyvirus in two non-
permissive hosts. Potyviral VPg has a high content of intrinsically disordered regions,
a characteristic associated with larger mutational robustness which favourably impacts
on viral adaptive plasticity [21,26]. Here, we took advantage of the PPV chimeric clone
pICPPV-VPgSwCM-R that bears the VPg sequence of PPV-SwCMp, an isolate unable to
infect A. thaliana, in the backbone of the infectious PPV-R isolate [44]. We specifically
studied infections in different hosts triggered by mutations at this chimeric clone that
were engineered on the basis of VPg changes known to emerge during adaptation of PPV-
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VPgSWCM-R to A. thaliana [44]. Our results confirm that any of these two mutations, P114S
or F163L, is sufficient to prompt the break of resistance to PPV-VPgSwCM-R in A. thaliana
(Figure 1).

More important, the mutations selected to adapt the chimera to A. thaliana were
also able to boost the infection in a second resistant species, C. foetidum. Although PPV-
VPgSwCM-R is very poorly infectious in both A. thaliana and C. foetidum, it is still able to
carry out a basal replication in both restrictive hosts as evidenced by the emergence of
adaptive mutations in A. thaliana and late-onset sporadic lesions in C. foetidum. VPg muta-
tions selected in A. thaliana promote viral infection in both hosts, but, while in A. thaliana
the mutant viruses reach amplification levels similar to those of well-fitted PPV-R isolate,
the infection they cause in C. foetidum is considerably milder than that induced by PPV-R.
This indicates that mutations facilitating functional interactions of VPg with A. thaliana host
factors, also improve matching with the homologous factors of C. foetidum, but to a lesser
extent (Figure 1, Figure 4, Table 1, Supplementary Figure S5, Supplementary Table S2).

Although the double mutation P114S-F163L was not detected in the natural adaptation
of PPV-VPgSWwCM-R to A. thaliana, we also engineered it in pICPPV-VPgSwCM-R. No
additive or synergistic effects were observed in A. thaliana, where the double mutation
seemed to confer a little better fitness than the single mutation P114S, but did not improve
the F163L performance. In contrast to the effect of the single mutations, concurrence of the
two mutations had a differential impact over the typology of lesions caused by the viral
chimera in C. foetidum, making them similar to those produced by PPV-R. This result further
supports the assumption that the effect of P114S and F163L mutations on the coupling
between PPV VPg and host-specific plant cofactors is different in A. thaliana and C. foetidum
(Figure 4, Table 1).

The nature of the mutations favouring the adaptation of PPV-VPgSWCM-R to A. thaliana
led Calvo et al. [44] to conclude that resistance to PPV-SwCMp in A. thaliana and C. foetidum
is due to incompatible interactions between PPV VPg and plant elF(iso)4Es. The establish-
ment of a productive interaction between VPg and eIF4E factors or its isoforms is critical for
potyviral infection, as demonstrated by many studies connecting specific mutations in VPg
with resistance breakdown events, and numerous examples of e[F4E-mediated plant resistance
against potyviruses [27,28,30,59]. In this sense, the recently solved potyviral VPg structure and
the characterization of a VPg-eIF4E complex have shed light on this issue [51]. By using the
HADDOCK elF4E-VPg model generated in that work, we got positional information about
the two mutation targets linked to SwWCMp VPg adaptation (Supplementary Figure S7). We
observed that one of these targets (P114 in PPV-SwCMp, S114 in the adapted mutant and
M114 in PPV-R) is equivalent to the residue M115 of PVY VPg, which maps to the interface
connecting both interacting molecules and whose involvement in such interaction had been
experimentally validated by Coutinho de Oliveira et al. [51]. Indeed, PVY M115 is proposed to
form part of a hydrophobic pocket in which a specific residue of the cap binding domain of
h-eIF4E (W56) is buried. This residue is spatially close to another involved in the interaction,
A58 of h-elF4E, equivalent to an amino acid varying among the three analyzed plant elF(iso)4E
factors, A. thaliana (A48), C. foetidum (549) and N. clevelandii (S50) (Figure 5A,B). Interestingly,
also positions equivalent to 159 of h-eIF4E, included in the positive patch R157-K159-K162 that
interacts with VPg negative amino acids, also at the interface [51], exhibit variability among
the three herbaceous elF(iso)4E sequences (Figure 5A). The lack of conservation suggests these
regions would confer host-specific interaction performances on the protein. Thus, it is plausible
that P114S mutation aims to achieve a more optimal fit of VPg, meeting particular requirements
for the formation of a complex containing A. thaliana elF(iso)4E. The apparent incongruence
found when analyzing sequences of the elF(iso)4E factors from permissive N. clevelandii (S50
and S147) and non-permissive A. thaliana (A48 and K149) and C. foetidum (549 and R146)
species (Figure 5A) could be explained by the fact that it is the functional capacity, rather than
the primary sequence of the elF4E/(iso)4E plant factors, what decides whether a successful
infection takes place. Something similar was reported by Estevan et al. [60], who observed
that, although Tobacco etch virus (TEV) uses A. thaliana elF(iso)4E as cofactor, a convenient
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trans-complementation occurs by supplying Capsicum annuum elF4E instead of C. annuum
elF(iso)4E.

The second mutation allowing adaptation to A. thaliana, F163L, affects a residue that
does not match any of the PVY VPg amino acids located in the interface with h-eIF4E, as
determined by Coutinho de Oliveira et al. [51]. However, experimental data obtained from
that work showed that the PVY VPg amino acid L166, equivalent to a close neighbor of the
mutated target of PPV VPg, was perturbed by h-eIF4E binding (Supplementary Figure S7).

These observations suggest that PPV-SwCMp VPg can adapt to At-elF(iso)4E by two,
probably independent, mechanisms. First, through P114S mutation, by improving the
interaction of a VPg elF4E-binding domain with the cap-binding domain of elF(iso)4E.
The second substitution, mediated by F163L, is less obvious. Although we cannot dis-
card the occurrence of long-distance allosteric interactions between the residue 163 and
VPg/elF4(is0)4E cap binding domain interface, it seems more likely that this amino acid
might participate in interactions not identified by Coutinho de Oliveira et al. [51] due to
intrinsic limitations of their model. In this respect, it is important to remark that in the work
of these authors, the VPg structure was obtained from a bacterial-expressed protein lacking
the first 37 amino acids. Besides, the VPg-eIF4E complex was generated using the human
factor eIF4E, and in absence of other suggested partners, both from the plant [eIF(is0)4G]
and from the virus (P1, HCPro, CI) (see Section 1). It is clear that, in spite of the high value
of the model reported by Coutinho de Oliveira et al. [51], more sophisticated studies are
required to ascertain the structural details determining the compatibility spectrum between
potyviral VPgs and host elF4E/(is0)4E cofactors.

An important conclusion derived from our work points out to the necessary inter-
vention of an intermediate host to prompt the adaptation to a second non-related host.
As mentioned before, sporadic and mild infections by the non-mutated chimera PPV-
VPgSWwCM-R were detected in C. foetidum; but it is only through mutations affecting
specific amino acids of SwWCMp VPg after adaptation in A. thaliana that a robust infection in
C. foetidum is triggered (Figure 4, Table 1, Supplementary Figure S5, Supplementary Table
S2). The dynamizing role of intermediate bridge species in virus host range expansion has
been described in animal systems, being especially relevant in cases of global pandemics
involving animal-to-humans virus jumping [61-63]. In plants, adaptation of a virus to a
particular host can have expanding ecological consequences once enabling adaptation to
related plants. This has been described for interactions of PVY and plants of the Solanaceae
family, in which PVY mutations that break the resistance generated by a particular e[F4E
allele concurrently confer adaptation to additional plant genotypes with different elF4E
alleles [64]. Our results indicate that a bridge host can also help to break interfamily barri-
ers, which are assumed to frequently restrict the viral host range expansion [9]. The reason
why PPV-VPgSwCM-R cannot adapt by itself to C. foetidum and needs pre-adaptation in
A. thaliana is probably because local lesions cause bottlenecks preventing fitness gain via
natural selection [65,66]. However other obstacles, mainly genetic, but also ecological, can
make bridge species especially necessary for some host jumpings.

Jumping to new hosts usually brings an adaptive cost in the initial host [12]. However,
adaptation of PPV-VPgSwCM-R to A. thaliana does not seem to imply an adverse trade-off
in the previously-adapted host N. clevelandii (Figure 3). There are previous reports showing
fitness losses driven by PPV mutations that are associated to woody-to-herbaceous host
jumpings [46,67,68]. And there are also examples in which the adaptation of PPV isolates to
herbaceous plants did not seem to affect its ability to infect the Prunus species from which
they came [68,69]. However, in these studies a limited trade-off linked to the jump cannot
be rule out, as no competition experiments or fitness quantifications have been conducted
in them. In our case, the adaptive mutations at SwWCMp VPg, selected in A. thaliana, not
only do not impose a trade-off in N. clevelandii, but even confer some better fitness in this
host. This observation suggests that adaptation of PPV-R and PPV-SwCMp to N. clevelandii
is not optimal; probably because these isolates have been replicating in N. clevelandii for a
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long time in human terms, but too short on an evolutionary scale, so they have not been
able to fix mutations that provide small fitness gains.

Overall, this study aims to highlight the importance of bridge hosts, exposing the
possibility that, as in our case, certain adaptive changes not only contribute to the expansion
of the host range as a consequence of the initial jump, but additionally they allow distant
species, directly inaccessible, to become regular hosts. In short, these “encounters” with
one or more “appropriate intermediaries” could act as shortcuts, radically facilitating the
way in which a virus maximizes its host range.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9040805/s1, Figure S1: Sequence of VPg in the polyproteins of the chimeric
construct pICPPV-VPgSwCM-R [44] and its mutated versions. Polyprotein regions derived from Plum
pox virus (PPV) isolates R and SWCMp are shown in grey and orange, respectively. Underlined amino
acids in the VPg protein of SwWCMp were mutated to those depicted in red. Figure S2: Schematic
representation of the experimental approach followed to assess the effect of VPg mutations on Plum
pox virus (PPV) infection in different hosts. (A) Full-length PPV cDNA clones were mechanically
inoculated into Arabidopsis thaliana plants by biolistic (represented by a Gene Gun device), or into Nico-
tiana clevelandii and Chenopodium foetidum plants by hand-rubbing (represented by a Carborundum
bottle). (B,C) Competitions assays between single and double mutants in A. thaliana and N. clevelandii
(B) or between non-mutated chimera and VPg mutants in N. clevelandii (C) were carried out using
eight plants (P1-P8) and mixtures of DNAs at the specified ratios. Amounts of DNAs used as
inocula were adjusted to deliver each virus at specified doses, as the enzymatic pattern rendered after
EcoRI digestion of each construct shows. Fragments yielded by the HindlIll-digested 229 fago DNA
used as molecular-weight size marker (M) are also indicated. Figure S3: Effect of VPg mutations
on Plum pox virus (PPV) infection of Nicotiana clevelandii. N. clevelandii plants were inoculated by
hand-rubbing with DNAs of the chimeric clone pICPPV-VPgSwCM-R, the indicated chimera-derived
mutants (two independent clones, 1 and 2), or the PPV-R clone pICPPV-NK-IGFP. Extracts from
upper non-inoculated leaves collected at 15 days after inoculation were subjected to CP-specific
immunoblot analysis. Two individual plants (P1 and P2) inoculated with the specified viruses, were
analysed. Blots stained with Ponceau red showing the large subunit of the ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) are included as loading controls. Figure S4: Sequence analysis of
viral progeny from Nicotiana clevelandii exposed to mixed infections with competing viruses. Eight
N. clevelandii plants were inoculated by hand-rubbing with DNA mixtures containing the indicated
pICPPV-VPgSwCM-R-derived mutant clones. In the two competitions, the single mutant was over-
represented in the inoculum with respect to the double mutant (ratio 1.5:1). Viral progenies were
analysed in pools of two plants by reverse transcription-polymerase chain reaction (RT-PCR) and
sequencing of a cDNA fragment covering the VPg coding sequence. Images show the chromatograms
of VPg codons 114 (position 1968-1970 in the viral genome) (A) or 163 (position 2017-2019 in the viral
genome) (B). Viruses identified are indicated beneath the chromatograms; smaller letters indicate
lower accumulation. Figure S5: Effect of VPg mutations on Nicotiana clevelandii infection by Plum
pox virus (PPV). (A) Schematic representation of the experimental approach. (B) Prior to C. foetidum
inoculation, extracts from upper non-inoculated leaves of N. clevelandii plants infected with the
different viruses, collected at 10 days after inoculation, were subjected to coat protein (CP)-specific
immunoblot analysis to estimate virus accumulation, thus allowing to adjust the inoculum doses.
Increasing dilutions of the extracts from plants infected with the mutant viruses are indicated. The
lower signal observed for the PPV-SwCMp sample is a consequence of the significantly poorer recog-
nition of PPV-SwCMp CP compared to PPV-R CP by the choice antibody. Blots stained with Ponceau
red showing the large subunit of the ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO)
are included as loading controls in both cases. (C) Images of C. foetidum leaves taken under visible
light at 15 days post infection, after being inoculated with extracts of infected N. clevelandii plants.
Bar, 5 mm. Figure S6: Assessment of viral titers in Nicotiana clevelandii extracts employed to inoculate
Chenopodium foetidum plants. N. clevelandii plants were inoculated by hand-rubbing with DNA of
the chimeric clone pICPPV-VPgSwCM-R, the indicated chimera-derived mutants (two indepen-
dent clones, 1 and 2), or the PPV-R clone pICPPV-NK-IGFP. Extracts were prepared from upper
non-inoculated leaves collected at 7 days post inoculation and their virus titers were adjusted with
extracts from healthy leaves on the basis of a previous quantitative anti-CP immunoblot assay. The
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adjusted extracts were inoculated by hand-rubbing in C. foetidum leaves. Equalization of viral titers
in the inocula was verified in the CP-specific immunoblot shown in the figure. Blots stained with
Ponceau red showing the large subunit of the ribulose-1,5-bisphosphate carboxylase-oxygenase (Ru-
BisCO) are included as loading controls. Figure S7: HADDOCK-derived structure of the human eIF4E
(h-eIF4E) (blue molecule) in complex with the VPg of Potato virus Y (PVY) (PVY VPg) (red molecule),
obtained by Countinho de Oliveira et al. [51], in which the following residues are highlighted: (i) PVY
VPg residues perturbed by h-elF4E binding (in salmon); (ii) residues in PVY VPg equivalent to those
of Plum pox virus VPg mediating adaptation of the chimeric virus PPV-VPgSwCM-R to Arabidopsis
thaliana and Chenopodium foetidum, P114 [that match one amino acid specified in (i)] and F163 (both in
red); (iii) h-eIF4E residues perturbed by PVY VPg binding, whose equivalents are conserved among
A. thaliana, Nicotiana clevelandii and C. foetidum (in cyan); and iv) residues in h-elF4E perturbed by
PVY VPg binding, whose equivalents in elF(iso)4E from A. thaliana, N. clevelandii and C. foetidum
are not fully conserved (in bright blue). Structural details were visualized using PyMOL. On the
left, h-eIFAE:PVY VPg complex, pointing key residues addressed in this study. On the right, both
molecules, separately disposed, indicating all residues reported to be perturbed after protein:protein
interaction, according to Counthino de Oliveira et al. [51]. Table S1: Primer list. Table S2: Effect of
specific mutations at the VPg of the Plum pox virus, isolate SWCMp (strain C), on the infection of
Chenopodium foetidum.
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Abstract: Apple stem grooving virus (ASGV; genus Capillovirus) is an economically important virus.
It has an approx. 6.5 kb, monopartite, linear, positive-sense, single-stranded RNA genome. The
present study includes identification of 24 isolates—13 isolates from apple (Pyrus malus L.) and
11 isolates from pear (Pyrus communis L.)—from different agricultural fields in South Korea. The coat
protein (CP) gene of the corresponding 23 isolates were amplified, sequenced, and analyzed. The CP
sequences showed phylogenetic separation based on their host species, and not on the geography,
indicating host adaptation. Further analysis showed that the ASGV isolated in this study followed
host adaptation influenced and preferred by the host codon-usage.

Keywords: ASGV; coat protein; host adaptation; RNA virus; virus evolution

1. Introduction

An understanding of the molecular evolution of viruses is essential to design
knowledge-based control strategies. Relatively fewer studies are available on plant viruses
covering sequence origin, mutation rates, selection pressure, reassortment, and recombina-
tion [1] Previous studies suggest point-mutations, recombination, and reassortments as
major driving forces in evolution for the natural selection. The mechanisms of adaptation
and selections contributing a virus fitness are yet to be explored exactly [2].

The adaptation of viruses to novel hosts is a general evolutionary phenomenon of
invasion and adaptation to a new niche. The new host may present challenges at the level
of viral entry into cells, replication, and transmission/exit. Similarly, the new host may
encode different/stringent defense mechanisms, which the newly invading virus has to
overcome. Only a small minority of the initial pool of viral genotypes may survive these
hurdles and that subsequent adaptation will likely lead to improved adaptation [3].

Parallel evolution, i.e., independent evolution of similar or identical features in distinct
lineages subject to similar selection pressures [4], were reported extensively in both natural
and experimental populations of microbes—most often viruses [4—6], bacteria [7], yeast [8],
and protozoa [9]. Differences in the founding genotypes may result in divergent evolution-
ary trajectories [10,11]. It is, therefore, important to know the dynamics of evolution that
could be predicted through parallel evolution.
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Apple stem grooving virus (type species, genus Capillovirus) is an economically important
virus of pome fruits and citrus, particularly plant species of Malus and Pyrus [12]. A virion
of apple stem grooving virus (ASGV) contains monopartite, linear single-strand positive-
sense 6.7-7.4 kb RNA genome. As host plants are often asymptomatic, the virus survives
long enough, unnoticed, to adapt to woody plant hosts.

Although ASGV is latent in most commercial rootstock—scion combinations, serious
disease burden is evident in apples grown on Malus sieboldii rootstocks in Japan [13]. In
pear, ASGV claimed black necrotic leaf spot disease where a decline up to 50% has been
estimated [14].

Looking into the importance of the virus, we assessed the dynamics of evolution to
examine the molecular basis of adaptation in a viral population under host-derived natural
selection in apple and pear plants.

2. Materials and Methods
2.1. Sample Collection

Apple and pear plant samples were collected from major agricultural areas in South
Korea (Figure 1) in the years 2008 and 2009. Petal and leaf tissues were collected from
randomly chosen trees in each field. All collected tissues were stored at —80 °C until
plant total RNA was extracted using the Easy-Spin™ (Intron Co., Seongnam, Korea) RNA
extraction kit following manufacturer’s instructions.

Pocheon
Chungju
Namyangju Bonghwa
Yeongj
Anseong &
Cheonan Mungyeong
Asan Andong
Cheongsong
Uiseong
Naju Miryang
i
QO : Apple
e | @ : Pear
Jinju Hadong

Figure 1. Geography of plant samples collected in this study for apple stem grooving virus amplification.

2.2. cDNA Amplification

Primers for the ASGV coat protein (CP) gene were designed as: forward primer 5'-AGG
CWA TCA GCG GCT GTG-3' and reverse primer 5'-AGA GTG GAC AAA CTC TAG ACT
CTA GAA A-3'. A reference sequence (GenBank AB004063) was used to design the primers.
The cDNA synthesis was carried out in a 5 pL reaction mixture. Briefly, 0.1 ng to 5 pg
plant total RNA, 20 pmol reverse primer was taken. The volume was made up to 3 uL.
with DEPC-treated water. The mixture was incubated for 5 min at 65 °C, followed by
chilling on ice. Before incubating reaction mixture for 60 min at 42 °C, 1x reaction buffer
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(Promega Co., Madison, WI, USA), 1 mM final concentration of ANTP mix and 1 unit of
AMV Reverse Transcriptase was added. The product of reverse transcription was directly
used in downstream PCR or stored at —20 °C.

A final volume of 25 puL reaction mixture—comprised of 1x Taq buffer, 200 pM
dNTPs mix, 1.5 mM MgCly, 10 pM of each forward and reverse primer, 1 unit of Taqg DNA
Polymerase (Cat# M7660, Promega Co.), and 5 uL of reverse transcription product—were
incubated in a thermal cycler. The incubation program was executed as—denaturation for
3 min at 94 °C, followed by amplification for 35 cycles (94 °C for 30 s, 55 °C for 30 s, and
72 °C accordingly as 1 min per kb amplicon). The amplification was followed with a final
extension of 10 min at 72 °C. The PCR product was visualized on 1% agarose gel.

2.3. Phylogenetic Analysis

Amplified PCR amplicons were sequenced in both orientations, assembled and an-
alyzed. The sequences were then submitted to the GenBank (Table S1). The ASGV se-
quences identified in this study were aligned with the previously available sequences in
the databases. The evolutionary history was inferred from the nucleotide sequences using
the MUSCLE method based on K2+G model (Figure 4). The bootstrap consensus tree was
inferred using 100 replicates representing the evolutionary history. The tree is drawn to
scale, with branch lengths measured in the number of substitutions per site.

Nucleotide sequences were translated into amino acid sequences. The evolutionary
history of the amino acid sequences was inferred using the MUSCLE method, based on the
JTT+G best-fit-model (Figure 5). The bootstrap consensus tree was inferred from 100 repli-
cates representing the evolutionary history. All other options followed as described above.

2.4. Protein Structure Prediction

Multi-aligned amino acids sequences were analyzed using Geneious Pro 8 (Biomatters
Co., Auckland, New Zealand). Secondary structures were predicted using the original
Garnier Osguthorpe Robson algorithm (GOR I) provided by the EMBOSS suite embedded
in Geneious Pro 8. Tertiary structures were predicted and modeled using the i-TASSER
server [15].

2.5. Codon-by-Codon Behavior Analysis for Synonymous and Non-Synonymous Substitutions

Among the sequences identified in this study, only fully characterized ASGV CP
sequences were selected. These sequences were analyzed to determine the cumulative
behavior of sequence variation in a codon-by-codon manner with the synonymous and
non-synonymous analysis program [16].

2.6. Codon-by-Codon Maximum Likelihood Analysis of Natural Selection

For each codon, estimates of inferred synonymous (s) and nonsynonymous (n) substi-
tutions were presented along with the numbers of sites that were estimated to be synony-
mous (S) and nonsynonymous (N). These estimates were produced using joint maximum
likelihood reconstructions of ancestral states under a Muse-Gaut model of codon substi-
tution and Tamura-Nei model of nucleotide substitution. For estimating ML values, a
tree topology was automatically computed. The test statistic dN-dS was used to detect
codons that had undergone positive selection; where, dS is the number of synonymous
substitutions per site (s/S) and dN is the number of nonsynonymous substitutions per
site (n/N). The analysis involved 25 Korean ASGYV isolates. The codon positions included
were 1st + 2nd + 3rd + Noncoding. All positions containing gaps and missing data were
eliminated. There were 675 positions in the final dataset. Evolutionary analyses were
conducted in MEGAG®6 [17].

2.7. Preferred Codon Usage of ASGV CP Gene

Codon usage of ASGV CP genes was analyzed using Geneious Pro 8 with multi-
aligned nucleotide and the corresponding amino acid sequences. Codon usage of ASGV
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was analyzed in two ways. First, a correspondence analysis for codon usage was performed
for all Chinese and Korean isolates. Second, codon usage frequencies among apple and
pear isolates were processed on the codon usage database and codon usage analyzer [18].

3. Results

A total of 24 amplicons were sequenced in both orientations. Sequencing results
confirmed ASGV sequences. The sequences were 710-711 nucleotides long covering
complete coat protein gene coding sequence (CDS) except the stop codon (i.e., TAG and, in
some cases, a T before the stop codon). The sequences were then submitted to the GenBank
(JN792471 to JN792494).

3.1. Phylogenetic Analysis of ASGV Showed Host-Specificity

To determine ASGV host-specificity, 56 CP sequences, including 24 isolates identified
in this study (i.e., 13 isolates from apple, 11 isolates from pear) and a former Korean isolate
(GenBank AY596172) from pear, identified prior to this study, were used. Phylogenetic
analysis based on nucleotide sequences revealed clustering of clear distinct patterns corre-
sponding to their isolation hosts. Additionally, intermediate groups were also observed
(Figure 4).

Most ASGYV isolates worldwide were categorized in clade 4. Countries from which
the isolates were reported are the Latvia, Serbia, and Turkey in Europe; China, India, and
Korea in Asia; and Brazil in the Americas. Regardless of the location, ASGV were easily
distinguished by their isolation hosts. Similar to the clade 4, ASGV isolates from China in
intermediate? was also separated to their geography.

Interestingly, clade 3 contains Korean isolates identified on apple trees. Along with
this, the clade 3 contains a Japanese isolate identified on apple trees. Most importantly, all
isolates collected from pear trees from the distant regions were categorized in intermediate
clade 1, referred to as the Korean pear group, and the clade 2. These distant regions
included Anseong (GenBank JN792487), Asan (GenBank JN792486), Cheonan (GenBank
JN792488), Kimcheon (GenBank JN792484), Naju (GenBank JN792493), Namyangju (Gen-
Bank JN792491), and Sangju (GenBank JN792485). To conclude, the distinctly located
isolates showed high identities based on their isolation host—e.g., the two pear isolates
Cheonan (GenBank JN792492) and Hadong (GenBank JN792494) showed 95.6% nucleotide
identities and clustered in the clade 2 (Figures 2, 4 and S1).

The isolates from the pear group exhibited significant differences in nucleotide se-
quence identity up to 10% against the apple isolates (Figure 6). Four apple isolates cluster
into clade 1, GenBank JN792472 (Pochen), JN792479 (Uiseong), and JN792480 (Uiseong)
(Figure 4). Although the pear isolates were collected from far flung distant areas, the
pear isolates showed close relationship with each other and were distinguished from the
apple isolates (Figures 1 and 4). Isolates from apple and pear identified from the same or
nearby regions did not show much relevance. For example, the accession with GenBank
JN792492 from Yeongju in pear and JN792478 from Andong in apple were collected from
nearby regions were clustered in distinct clades 2 and intermediate! clade, respectively
(Figures 4 and 5). Similarly, the two accessions from Yesan (GenBank JN792474 (apple) and
JN792489 (pear)) shared only 90.0% nucleotide and 91.5% amino acid identities with each
other (Figures S1 and S2). The distribution of the Yesan isolates into distinct clades, i.e.,
clade 4 and intermediate’ clade (Figures 4 and 5) indicates the isolation host specificity
(also evident from Figures 2 and 3).
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Figure 2. Apple stem grooving virus (ASGV) coat protein gene nucleotide sequence identities. MUSCLE alignment was
used implemented in Sequence demarcation tool (SDTV1.2).
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Figure 3. Apple stem grooving virus (ASGV) coat protein amino acid sequence identities. MUSCLE alignment was used

implemented in Sequence demarcation tool (SDTV1.2).
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The CP sequences were translated to amino acid sequences and aligned using the
MUSCLE algorithm. The phylogenetic analysis showed that the amino acids sequences
were similar to the nucleotide sequences in context with host relevance (Figure 5). Contrary
to the nucleotide sequence tree, the amino acid sequence tree showed low bootstrap
support, which may mean that the amino acid sequence variation was lower than the
nucleotide sequences.

Both phylogenies followed the same clustering trend (Figures 4 and 5). The Korean
apple isolates had GIn®, Ala?, Leu®, Gly38, Lys48, Lys%, Glul03, Arg104, Alal08, Serl10,
Ile!', and Arg199 residues, whereas the Korean pear isolates had Led’, Gly27, Ser38, Arg48,
Arg%, Glul03, Lysw4, Glul%, Met!10 val'’7, and Lyslg9. The results of the amino acid
sequence analysis showed differences between the apple and pear isolates in terms of
amino acids residues. These changes suggest that the differences could be expressed in
their structure. To explore these differences, secondary structures of the peptide chains
were predicted.

The secondary structure predictions showed categorization corresponding to the
phylogenetic groupings of nucleotide and amino acid sequences. Representative schematic
diagrams of the predicted secondary structures are shown in Figure S4. Amino acid residue
variations are reflected in the secondary structure prediction. Residue variations in the
apple isolate group included GIn®, Ala?’, Leu®’, Gly38, Lys*, Lys%, Glu'®, Arg!®, Alal®,
Ser!10, 11e!7, and Arglgg, compared to the pear isolates and reflected helix length, strand
and coil structure, and appearance of the beta-turn.

Among these variations, the most distinguishable locus was located between the 100th
and 130th amino acids. At this locus, the apple isolates had shorter helix structure than
the pear isolates, due to a change in residues at the 110th position; the pear isolates had
a methionine residue instead of serine as in the apple isolates. Similarly, Lys'*® residue
substitution in the pear isolate group for Arg'®® in the apple isolate group resulted in clear
differences in the secondary structure. This residue difference changed the length of the
helix structure and appearance of the beta-turn structure (Figure S4).

Furthermore, all these variations in the secondary structure are reflected in the tertiary
structure prediction model. From the phylogenetic analyses based on the amino acid
sequences, a total of eight isolates were selected and the tertiary structures were determined
for comparisons between the apple and pear groups. From the pear group, the isolates
GenBank JN792486, JN792484, IN79247, JN792485, and JN792472 were selected and from
the apple group, the isolates GenBank JN792477, N 792483, and JN792475 were selected
(Figure S6). These were representative of the subgroups observed in the phylogenetic tree
of the amino acid sequences.

The predicted structures differed significantly from each other. In particular, GenBank
JN792486 and JN792484 were the most divergent among the eight isolates. Their structure
predictions were quite different from the structure of the apple isolate group; the N-terminal
region was folded in a different direction compared with that in the apple isolate group.
In contrast, three other sequences had similar structures to the apple isolate group. In
addition, all isolates showed structural differences corresponding to their clustering in the
amino acid phylogenetic tree (Figure S2).
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Figure 4. Phylogenetic analysis of apple stem grooving virus (ASGV) coat protein gene nucleotide.
The tree is divided into distinct and intermediate clades. The Korean isolates identified in this study
are shown with bold. Taxon names are color coded by isolation host (red for apple and blue for
pear). The bootstrap support value is displayed on each branch node. The tree was generated using
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Figure 5. Phylogenetic analysis of apple stem grooving virus (ASGV) coat protein amino acid
sequences. The tree was divided into distinct and intermediate clades. The Korean isolates identified
in this study are shown with bold. Taxon names are color coded by isolation host (red for apple
and blue for pear). The bootstrap support value is displayed on each branch node. The tree was
generated using Maximum Likelihood with JTT+G best-fit-model implemented in MEGAX.

3.2. Comparisons of Nucleotide and Protein Sequences

Few differences were observed when phylogenetic trees based on amino acid and
nucleotide sequences were compared. For instance, the maximum nucleotide and amino
acid sequence identities of Korean ASGV isolates were 92.8% and 96.4%, respectively
(Figure 6). As predicted, the amino acid sequence alignment showed fewer differences
compared to the nucleotide sequences. The cumulative codon-by-codon behavior analysis
for synonymous and non-synonymous substitutions showed a higher rate of synonymous
(dS) than non-synonymous (dN) substitutions indicating purifying selection (Figure 7).
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Figure 6. Multi-aligned sequence comparisons between nucleotides and amino acids. Identities of nucleotide and amino
acid sequences were different from each other. Black highlighted positions represent differences between residues and the
consensus sequence. Nucleotide sequences showed various residue substitutions coding for the same amino acids.
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Figure 7. Cumulative behavior (codon-by-codon) of Korean isolates of Apple stem grooving virus.
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3.3. The CP Gene Corresponds with the Host Codon Usage Frequency

The differences in the nucleotide sequences might better be explained by variation in
codon usage. Specifically, Chinese and Korean isolates were clearly separated according
to their hosts. More precisely, codon usage of the ASGV CP gene from Korea and China
illustrated that isolates could be distinguished by the isolation country as well (Figure 8).
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Figure 8. Correspondence analysis with codon usage of apple stem grooving virus (ASGV) coat protein gene from Korea
and China. Codon usage of ASGV corresponded with the host and country of collection. Region with red boundary line
indicates in majority the Korean ASGV collected from apple. The area with a blue boundary shows Korean ASGV collected
from pear. Region with a pink boundary indicates Chinese ASGV collected from apple. Region with green circumference
indicates Chinese ASGV collected from pear.

For the Korean ASGV isolates, the codon usage ratio was examined codon-by-codon
via a maximum likelihood analysis of natural selection. Codon usage variations appeared
throughout the entire sequence of the CP gene. Specifically, these variations were not
relevant to their genomic distance on the CP gene. The dS rate was higher than the dN rate
for all codons among the 237 residues (Figure 9a). To characterize codon usage variation
tendencies, the usage of every codon between isolates obtained from apple and pear were
compared on the multiple sequence alignment. We analyzed 208 dN among a total of
237 residues for the Korean ASGV CP gene. The codon usage analysis showed variations
between the CP gene of apple and pear isolates at 95 loci among 18 amino acids. Moreover,
apple isolates showed more variation (showing more diversity) in codon usage than the
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pear isolates. Apple isolates showed variation at 79 loci as compared to 56 loci in pear
isolates. Both the variation and variety of the codon usage was high in the apple isolates
when compared with pear isolates. For example, there was more codon usage variety
for glutamine residues among apple isolates, whereas the codon usage was conserved in
pear isolates. Similarly, codon usage variations for other amino acids were more highly
conserved in pear isolates than apple isolates. Except for those variants, most codon use
was similar for the entire CP gene (Figure 9b).
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Figure 9. Codon usage analysis of Korean apple stem grooving virus (ASGV) coat protein gene. (a) Maximum likelihood
analysis of natural selection codon-by-codon. The analysis involved 25 nucleotide sequences with 675 positions of ASGV
codons. Most nucleotide substitutions were synonymous over the entire coat protein gene of Korean ASGV. (b) Analysis of
ASGYV codon usage at loci of synonymous substitutions compared with host preferred codon usage frequency. Substitutions
of virus gene codons tended to follow the preferred codon usage of the isolated host.

Among these variants, codon usages of apple isolates seem to follow the codon usage
frequency of the apple host at 21 amino acid residues loci (Figure 9b). In pear isolates,
the codon for Cys'® was UGU only, whereas among the 13 apple isolates, six were UGC
and five were UGU. In apple, the UGC codon was 3.4% more frequent than UGU. In
pear isolates, for Asp73, the codon was GAC, whereas among the 13 apple isolates five
were GAU and six were GAC. The frequency of GAG was 6% higher than that of GAC in
apple isolates. Codon usages for Glu were tended to follow the apple gene codon usage.
Compared to pear isolates, apple isolates were more likely to follow host codon usage
frequency. Codon usage frequency for Glu was similar across pear isolates, with only a
0.2% difference. However, GAG was 6.1% more frequent than GAA in apple isolates. In
apple isolates, Glu*® was represented by the GAG and GAA codons six and five times,
respectively, whereas in pear isolates, only the GAA codon was observed. Similarly, in
apple isolates, for Glu®’, GAG and GAA appeared eight and three times, respectively,
whereas, in pear isolates, they appeared one and eight times, respectively. At the 205th
locus, in apple isolates, GAG and GAA were observed five and six times, respectively,
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whereas among pear isolates, only the GAA codon was observed. At the 226th locus,
GAG was observed only in apple isolates, whereas GAA was exclusively observed in
pear isolates.

Codon usage variations in apple isolates for Gly'?’, Gly??8, Tle”!, Lys, Leu®!, Leu'?,
Leu!*!, Pro'®, Arg?!4, Val'?, Tyr®, and Tyr!”* were similar to the apple host codon usage.
The codon usage frequency was similar for the similar amino acid, for instance, the codon
frequency of apple for glutamine represented a difference of 1 percent only. Furthermore,
analysis of Chinese ASGV isolates showed similar trend. These results indicate that the
codon usage follows host codon usage frequency (Figure S3).

4. Discussion

Mutations, recombinations, and reassortments are the major driving forces explored
extensively in plant virus evolution [2]. Even single amino acid mutations result in dramatic
changes in the biological properties of viruses, such as symptom severity and systemic
infectivity. Increased symptom severity in tolerant zucchini cultivars attributed to the point
mutations in Zucchini yellow mosaic virus sequence [19]. Similarly, the loss and recovery
of the systemic infectivity to cucumber mosaic virus in squash linked to a single amino
acid mutation in the CP (Thompson et al., 2006).

In a similar way, recombination of viral genomes could also change the biological
properties of viruses. RNA-RNA homologous recombination and virus evolution studies
have a long history [20]. Most studies have examined phylogenetic relationships and viral
genome recombination [1,21,22]. Furthermore, the effects of viral genome recombination
have been studied using artificial recombinant genomes to demonstrate the loss and
recovery of viral infectivity [23]. Genome reassortment is yet another driving force of
evolution in multi-partite viruses. Studies on plant virus genome reassortment have mostly
been conducted with the cucumber mosaic virus mainly due its split genome organization,
i.e., three-segments [24,25].

In this study, 24 ASGV CP isolates (i.e., 13 isolates from apple and 11 isolates from
pear) were amplified and analyzed along with 01 former Korean isolates from pear. The
amplicons were sequenced in both orientations. Mix infection of a sample with different
isolates remains a major possibility; however, was not studied. The sequences were
then analyzed to identify the forces driving plant virus evolution. Phylogenetic analyses
showed interesting categorizations of the ASGV CP gene. All the analyzed isolates could
be categorized in two groups through their corresponding hosts, pear or apple. First,
recombinations among virus CP gene were analyzed. All apple and pear isolates were
infected with different viruses, Apple chlorotic leaf spot virus (ACLSV) and Apple stem
pitting virus, in different combinations. These viruses were classified in the same virus
family, Flexiviridae [26,27]. To determine the relationship between recombination and
phylogenetic categorization, we analyzed recombination in ASGV CP genes with co-
infected virus genes. According to the viral infection status, most apple isolates were
co-infected with ACLSV, whereas pear isolates were not. However, we did not detect any
recombination event reliable/acceptable among viral species (data not shown).

Second, to explain the categories detected, we took clues from studies regarding host
adaptation of viruses. Previous host adaptation studies have examined different viral
species with various experimental hosts. Ohshima et al. (2002) analyzed the molecular vari-
ability of 66 isolates of turnip mosaic virus (TuMV) isolated from several hosts. In TuMV,
phylogenetic categorization showed host and geographical differences. Sacristan et al.
(2005) assayed the infectivity of cucumber mosaic virus during the 10th passage of virus
inoculation to examine host adaptation. After 10 passages of inoculation, viral accumula-
tion significantly increased on newly introduced hosts. Similarly, viruses on woody plants
showed similar phenomena. Symptom severity changed when the viruses were introduced
to different hosts [28,29].

Molecular analysis has been conducted to characterize the biological properties of
viruses that have adapted to the introduced hosts. RNA genome sequence variations were
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analyzed to determine the evolutionary history of viruses through the host passages and
examine changes in amino acid sequence substitutions [30,31].

All sequences were categorized into two major groups accordingly as per their hosts.
The bifurcation is evident both in nucleotides and amino acids sequence analysis. These
groups showed significant differences in predicted CP structures. Torres et al. (2005)
and Pinel-Galzi et al. (2007) previously suggested selective forces and pathways of virus
evolution. The present genome variation analysis elucidated the direction of the virus
evolution pathway. Together, these studies suggested that genomic evolution is still
occurring, and that the direction can be determined. Similar to that in previous studies, we
found evidence of evolution in the ASGV CP, with phylogenetic differences corresponding
to the hosts in both nucleotide and amino acid levels (Figures 4 and 5). The synonymous
microevolution of viral and host genomes suggests that viral genomic evolution is related to
adaptation to newly introduced hosts. As Taqg DNA polymerase (Cat# M7660, Promega Co.)
was used for amplification, there might be some un-intended errors/mutations introduced
in the amplicons due to lack of the polymerase proof reading activity. However, a trend of
host-related adaption while amplifying multiple samples indicate a minimal impact of the
PCR induced mutations.

The phylogenies based on nucleotide and amino acid sequences showed interesting
variations. The variations were mostly caused by silent mutations in the genome as
an index of wobble hypothesis. All codon usage differences followed the phylogenetic
categorization corresponding to their isolated hosts. To explain the relationship between
phylogenetic categorization and hosts, viral gene codon usages were compared with host
codon usage frequencies. We found that the codon usage variations followed the host
codon usage frequency. Most variations that agreed with host codon usage appeared in
isolates from apple. For 20 loci of the ASGV CP, more than 5 isolates from apple had higher
frequencies of codon similarity to the hosts, whereas pear isolates had lower frequencies of
codon similarity. Pear isolates also followed the higher frequency host codons at least at
two loci.

In plant evolution studies, codon usage has not been considered an important selective
force [32]. However, the dicots- and monocots-infecting sobemoviruses were categorized
in the same groups [10]. Nevertheless, studies of plant virus evolution that examine codon
usage were not considered useful to better understand host specificity. Unlike studies
of plant viruses, in animal viruses, codon usage is considered an important factor in
phylogenetic relationship along with base composition [33]. Additional studies of animal
viruses suggested that relationships in codon usage between the host and the virus are
driving forces of virus evolution [34]. Moreover, viral protein codon adaptation to the host,
as observed in viral proteins, does not require host-specific recognition [35].

We detected host adaptation with synonymous changes in the CP gene among apple
isolates of ASGV. In addition, codon usage for the ASGV CP gene was conserved in isolates
from pear compared with those from apple. A study on the evolutionary trajectory of
Turnip mosaic virus reported higher nucleotide diversity among viral genomes that had been
introduced to new hosts [3]. Codon usage among pear isolates was conserved, unlike the
high frequency of codon variations of pear. Conserved codon usage followed tendencies
for low frequency codon use of hosts. Our results are similar to the analyses of codon
usage bias of Antoniw and Adams (2003). Codon usage variation among apple isolates
may, therefore, constitute evidence of ASGV adaptation to hosts. As far as protein structure
analysis is concerned, the structural variability was evident in the 3D conformations of the
two groups of CP (Supplementary Figure S3).

Based on the ASGV CP gene, host preference/adaptation is evident from the
nucleotide and protein sequence analysis (Figures 4 and 5). More importantly, non-
synonymous nucleotide substitutions were common showing significant separation in
accordance with their hosts. Synonymous substitutions of the CP gene reflect parallel
evolution. Variations among synonymous nucleotide substitutions follow host codon
usage frequency. This indicated that viral genomes evolve alongside host molecular factors.
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Mutational selection, therefore, may drive microevolution within translational selection
forces, especially host codon usage frequency.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/microorganisms9061111/s1. Figure S1. Percentage nucleotide identities of Korean Apple
stem grooving virus (ASGV) coat protein gene using MUSCLE alignment implemented in SDTv1.2.
Figure S2. Percentage amino acid identities of Korean apple stem grooving virus (ASGV) coat pro-
tein gene using MUSCLE alignment implemented in SDTv1.2. Figure S3. Synonymous (dS) and
Non-synonymous (dN) substitution of the apple stem grooving virus (ASGV) coat protein gene
(a). Codon usage of ASGV from apple and pear reported sequences from China (b). Figure S4. Sec-
ondary structure prediction of Korean apple stem grooving virus (ASGV) coat protein. Amino acid
se-quences were rearranged corresponding to the phylogenetic analysis categorization of nucleotide
sequences. Boxes rep-resent the significant differences between the two clades from the phylogenetic
analysis. Predicted secondary structure results showed similar categorization of nucleotide phyloge-
netic analysis. Secondary structures were predicted using the original Garnier Osguthorpe Robson
algorithm (GOR I) provided by the EMBOSS suite embedded in Geneious Pro 8. Figure S5. Protein
model prediction of selected Korean apple stem grooving virus (ASGV) coat protein sequences using
i-TASSER. Phylogenetic relationship of the isolates is also shown. The accessions used for model
prediction were under-lined. Table S1. List of coat protein gene sequences used in the nucleotide
sequence analyses.
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Abstract: Sweepoviruses are begomoviruses (genus Begomovirus, family Geminiviridae) with ssDNA
genomes infecting sweet potato and other species of the family Convolvulaceae. Deltasatellites
(genus Deltasatellite, family Tolecusatellitidae) are small-size non-coding DNA satellites associated
with begomoviruses. In this study, the genetic diversity of deltasatellites associated with sweep-
oviruses infecting Ipomoea indica plants was analyzed by further sampling the populations where
the deltasatellite sweet potato leaf curl deltasatellite 1 (SPLCD1) was initially found, expanding
the search to other geographical areas in southern continental Spain and the Canary Islands. The
sweepoviruses present in the samples coinfected with deltasatellites were also fully characterized
by sequencing in order to define the range of viruses that could act as helper viruses in nature.
Additionally, experiments were performed to assess the ability of a number of geminivirids (the
monopartite tomato leaf deformation virus and the bipartite NW begomovirus Sida golden yellow
vein virus, the bipartite OW begomovirus tomato leaf curl New Delhi virus, and the curtovirus
beet curly top virus) to transreplicate SPLCD1 in their natural plant hosts or the experimental host
Nicotiana benthamiana. The results show that SPLCD1 can be transreplicated by all the geminivirids
assayed in N. benthamiana and by tomato leaf curl New Delhi virus in zucchini. The presence of
SPLCD1 did not affect the symptomatology caused by the helper viruses, and its effect on viral DNA
accumulation depended on the helper virus-host plant combination.

Keywords: Geminiviridae; Begomovirus; sweepoviruses; DNA satellites; Deltasatellite; helper virus
range; transreplication

1. Introduction

Begomoviruses (genus Begomovirus, family Geminiviridae) have circular, single-stranded
DNA (ssDNA) genomes composed of one or two genomic components. They are encapsi-
dated in twinned quasi-icosahedral (geminate) particles [1]. Begomoviruses are responsible
for many economically important crop diseases worldwide and are transmitted in nature
by whiteflies (Hemiptera: Aleyrodidae) of the Bemisia tabaci complex [2,3]. The sweep-
oviruses are begomoviruses infecting sweet potato (Ipomoea batatas) and other species of
the family Convolvulaceae that group in a cluster basal to the main phylogenetic groups
in the genus, the Old World (OW) and the New World (NW) begomoviruses [4,5]. In
the last twenty years, a number of sweepoviruses have been identified in various parts
of the world, e.g., [5-15]. The sweepoviruses have the typical genomic organization of
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the monopartite begomoviruses originating from the OW [1,16]. The virion-sense strand
encodes the coat protein (CP) with function in particle formation and is essential for viral
transmission by B. tabaci and the V2 protein that is involved in viral movement. The
complementary-sense strand encodes the replication-associated protein (Rep), the replica-
tion enhancer protein (REn), the transcriptional activator protein (TrAP), and the C4 protein
with diverse functions including virus movement and symptom development. In addition
to their specific functions, V2, Rep, TrAP, and C4 proteins have been shown to suppress
gene silencing. An intergenic region (IR) has a predicted stem-loop structure and contains
the nonanucleotide TAATATTAC conserved among geminivirids and iterons, which are
repeated short-sequence motifs close to the TATA box of the Rep promoter that are Rep
binding sites and, together with the stem-loop structure, form the origin of virion-sense
DNA replication.

Three classes of DNA satellites associated with begomoviruses have been identified:
betasatellites [17], alphasatellites [18], and deltasatellites [19]. Deltasatellites contain several
genome features: small genome size (about a quarter begomovirus DNA component), lack
of coding capacity, two stem-loop structures (one containing a conserved nonanucleotide
TAATATTAC and another situated close to begomovirus iteron-like sequences), a short
region with high sequence identity with the betasatellite conserver region, and an A-rich
region [20]. Deltasatellites are classified in the genus Deltasatellite (family Tolecusatellitidae),
which includes twelve accepted species [21-23], three of them include members associated
with the sweepovirus sweet potato leaf curl virus (SPLCV) [19,24]. To date, the complex
sweepovirus-deltasatellite has been found in the OW (continental Spain, the Spanish Ca-
nary Islands, and Portugal) [19,25] and the NW (Venezuela and Puerto Rico) [19,24]. Sweet
potato leaf curl deltasatellite 1 (SPLCD1), the first sweepovirus-associated deltasatellite
characterized, was found infecting sweet potato in the Canary island of Lanzarote (Spain)
and a few blue morning glory (Ipomoea indica) plants that were analyzed in a small area of
southern continental Spain (Malaga province) [19]. I. indica is widely grown ornamentally
in the Mediterranean basin, including the coastal areas of Spain, where it is frequently
naturalized. Considering the vegetative mode of propagation of sweet potato and I. in-
dica plants, the report of SPLCV infecting sweet potato and other Ipomoea spp. in several
countries around the world, and the fact that at least one of the sweepovirus-associated
deltasatellites, SPLCD], is transmitted by B. tabaci [26], the actual distribution of these
deltasatellites could be wider than reported.

Available data about diversity and helper virus range of deltasatellites associated with
sweepoviruses, and deltasatellites in general, are very limited. Experimentally, it has been
shown that SPLCD1 can be transreplicated by two monopartite OW begomoviruses: tomato
yellow leaf curl virus (TYLCV) and tomato yellow leaf curl Sardinia virus (TYLCSV) [26]. In
some cases, the presence of SPLCD1 reduces the accumulation of the helper begomovirus
and symptomatology [26].

In this study, the genetic diversity of deltasatellites associated with sweepoviruses
infecting I. indica plants was analyzed by further sampling the populations where SPLCD1
was initially found, expanding the search to other geographical areas in southern continen-
tal Spain and the Canary Islands of Tenerife and Gran Canaria. The sweepoviruses present
in the samples coinfected with deltasatellites were also fully characterized by sequencing
in order to define the range of sweepoviruses that could act as helper viruses in nature.
Additionally, experiments were performed to assess the ability of a number of geminivirids
(a monopartite and a bipartite NW begomovirus, a bipartite OW begomovirus, and a
curtovirus) to transreplicate SPLCD1 in their natural plant hosts or the experimental host
Nicotiana benthamiana. The results show that SPLCD1 was transreplicated by all the gemi-
nivirids assayed at least in N. benthamiana, that SPLCD1did not affect the symptomatology
caused by the helper viruses, and that their effect on viral DNA accumulation depended
on the helper virus-host plant combination.
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2. Materials and Methods
2.1. Plant Samples

Leaf samples from 89 I. indica plants were collected in southern continental Spain
(Murcia, Granada, Mélaga, and Cédiz provinces) and the Spanish Canary Islands (Tenerife
and Gran Canaria) in 2015 (Figure 1 and Table 1). Each sample consisted of a few leaves
that were transported to the laboratory and held at 4 °C until analysis. Samples from
the Canary Islands were dried before being transported to the laboratory. Geographical
coordinates and presence of leaf symptoms were recorded (Table S1).

I - Murcia
. %

Canary
Islands

IV - Tenerife Il - Cadiz

QO Sweepovirus
) Sweepovirus + deltasatellite
© Uninfected

Figure 1. Maps showing the locations of the Ipomoea indica plants sampled in southern continental
Spain (Murcia (I), Granada (II), Malaga (II), and Cadiz (III) provinces) and the Canary Islands
(Tenerife (IV) and Gran Canaria (V)) and analyzed in this work. Samples infected with sweepoviruses
(red circles), sweepoviruses plus deltasatellites (yellow circles), and uninfected (blue circles) are
indicated in the images.
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Table 1. Ipomoea indica samples analyzed in this study. Additional details are given in Table S1.

Province/ Number of Number of Symptomatic Samples Number of Infected Samples
Island Samples Yellow Veins (%) Leaf Curling (%) Sweepoviruses (%)  Deltasatellites (%)
Murcia 5 1(20.0) 1(20.0) 5 (100.0) 1(20.0)

Granada 5 0(0.0) 0(0.0) 5 (100.0) 5 (100.0)
Malaga 52 5(9.6) 5(9.6) 46 (88.5) 38(73.1)
Cadiz 3 0(0.0) 0(0.0) 3(100.0) 2(66.7)
Tenerife 12 3(25.0) 3(25.0) 0(0.0) 0(0.0)

Gran Canaria 12 8 (66.7) 7 (58.3) 0(0.0) 0(0.0)
Continental Spain ! 65 6(9.2) 6(9.2) 59 (90.8) 46 (70.8)
Canary Islands 2 24 11 (45.8) 10 (41.7) 0(0.0) 0(0.0)

Total 89 17 (19.1) 16 (18.0) 59 (66.3) 46 (51.7)

1 Murcia, Granada, Malaga, and Cédiz provinces. 2 Tenerife and Gran Canaria islands.

2.2. DNA Extraction and Cloning

Total DNA was extracted from about 2 cm? leaf tissue using a CTAB-based purification
method [27]. Circular ssDNA was amplified by rolling circle amplification (RCA) with
$29 DNA polymerase using the TempliPhi DNA Amplification Kit (GE Healthcare, Little
Chalfont, UK). Amplified products were initially digested with the restriction enzyme
Hpall, a four-base cutter enzyme, to screen for the putative begomovirus-infected sam-
ples. Then, RCA products of the selected samples were digested with the six-base cutter
restriction enzymes BamHI, EcoRI, Hindlll, Ncol, Pstl, and Sacl to identify those that cleave
the begomoviral and deltasatellite genomes at a single site. RCA products of ~2.7 kbp
obtained by digestion with Ncol, putatively corresponding to begomovirus genomes, were
cloned into a covalently closed pGEM-T-Easy Vector (Promega, Madison, WI, USA), while
those of ~0.7 kbp digested with Pst], putatively corresponding to deltasatellite genomes,
were cloned into pBluescript II SK(+) (Stratagene, San Diego, CA, USA). Inserts of selected
clones were sequenced at Macrogen Inc. (Seoul, Korea).

2.3. Sequence Analysis

Sequences were assembled with SeqMan, part of the Lasergene sequence analysis pack-
age (DNAStar Inc., Madison, WI, USA) and then analyzed with the BLASTn algorithm [28]
for sequence similarity searches in GenBank. Sequences of sweepoviruses and deltasatel-
lites were aligned using MUSCLE [29], and pairwise comparisons of all the sequences
obtained in this work and selected sequences retrieved from GenBank (Tables S2 and S3)
were carried out with the program Sequence Demarcation Tool (SDT) v. 1.2 [30]. For phylo-
genetic inference, the maximum likelihood method was used with sequence alignments
performed using MUSCLE in MEGA?7 [31]. The best-fit model of nucleotide substitution
was determined based on corrected Akaike information criterion and Bayesian information
criterion as implemented in MEGA?7 [31]. The coefficient of evolutionary differentiation
of the SPLCV and SPLCD1 genomes obtained in this work and other isolates previously
reported from Spain was estimated using the maximum composite likelihood model with
the MEGA 7 program [31].

The identification of potential recombinant fragments within sweepovirus and deltasatel-
lites genomes was performed using the seven methods (RDP, GENECONYV, BOOTSCAN,
MAXIMUM CHI SQUARE, CHIMAERA, SISTER SCAN, and 3SEQ) included in the RDP4
package [32] with default settings from the alignment generated by CLUSTAL V algorithm
implemented in MEGA 7 [31]. Only recombination events detected using at least four
methods with p-values lower than 102 were considered.

2.4. Plant Agroinoculation

For agroinoculation assays, Agrobacterium tumefaciens cultures harboring each con-
struct were added at 1:1000 dilution to YEP liquid media containing kanamycin (50 ug/mL)
and rifampicin (50 pg/mL) and grown for 2 days at 28 °C. Cultures were centrifuged at
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3100 g for 20 min at room temperature and then resuspended in 10 mM MES (pH 5.6),
10 mM MgCl,, and 150 uM acetosyringone, adjusting optical density at 600 nm to 1.
Infectious clones of SPLCV and SPLCD1 [26], tomato leaf curl New Delhi virus-Spain
(ToOLCNDV-ES) (a cucurbit-adapted strain hereinafter called simply “tomato leaf curl New
Delhi virus” or “ToLCNDV”) DNA-A and DNA-B [33], Sida golden yellow vein virus
(SiGYVV) DNA-A and DNA-B [34], tomato leaf deformation virus (ToLDeV) [35], and beet
curly top virus (BCTV) [36] have been described previously. Plants inoculated with A.
tumefaciens C58C1 cultures containing empty vector (mock) served as negative controls.

N. benthamiana at the four-leaf stage and tomato cv. Moneymaker, Malvastrum coro-
mandelianum, and zucchini cv. Milenio plants at the two-leaf stage were inoculated with
A. tumefaciens cultures containing clones of viral DNA components and SPLCD1 by stem
puncture inoculation. For that, 0.2 mL of A. tumefaciens culture was expelled from a 1 mL
syringe fitted with a 27G x 1/2” needle into three puncture wounds made in the stem.
Inoculated plants were maintained in an insect-free growth chamber (25 °C during the day
and 18 °C at night, 70% relative humidity, with a 16 h photoperiod at 250 umoL s Im=2of
photosynthetically active radiation) until analyzed. At least two independent experiments
were performed for each virus-deltasatellite combination.

2.5. Virus and Deltasatellite Detection and Quantification

For molecular hybridization assays, apical leaves of agroinoculated plants were used
for tissue blot of petiole cross-sections (tissue printing) performed on positively charged
nylon membranes at 28 days post-inoculation. Hybridization was carried out as previously
described [34] using digoxigenin-labelled DNA probes specific to SPLCD1 [26] and each
genomic component of SiGYVV [34], ToLDeV [35], TOLCNDV [33], and BCTV [34]. The
probes were prepared by PCR according to the DIG-labelling detection kit (Roche Diagnos-
tics, Mannheim, Germany). Plants were visually evaluated periodically for symptoms.

For relative quantitative real-time PCR, total DNA was extracted from the leaves used
for tissue printing using the DNeasy Plant Mini Kit (Qiagen, Madison, WI, USA). Several
pairs of both forward and reverse PCR primers were designed using the PrimerQuest
Tool (Integrated DNA Technology, Coralville, IA, USA) and tested for specificity using a
standard curve obtained by serial dilution of known quantities of plasmids containing one
copy of each viral genome component or the deltasatellite. Additionally, efficiencies of
PCR amplification were tested to be close to 100% to select the primers finally used for the
assays (Table S4). Reactions were conducted in a QuantStudio 5 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). For that, 1 uL of total DNA was analyzed
using the PowerUp SYBR Green Master Mix (Thermo Fisher Scientific, Waltham, MA,
USA). PCR reactions were performed as follows: 50 °C for 2 min, 95 °C for 2 min, and
40 cycles of 95 °C for 155, 56.5 °C for 15 s and 72 °C for 1 min. Each sample was analyzed in
triplicate and virus and deltasatellite genomes were quantified by the 2~#4¢t method [37],
normalizing the amount of target DNA to the amount of plant reference gene DNA (protein
phosphatase 2A gene for N. benthamiana [38] and elongation factor-1« for zucchini [39]).

Statistical analyses and graphing to compare the effect of the deltasatellite on gem-
inivirid accumulation were performed using Graphpad Prism 6.0 software (GraphPad
Software Inc., San Diego, CA, USA). Unpaired t test with Welch’s correction or Mann—
Whitney test were used, respectively, depending on normal or not normal data distribution
(Kolmogorov-Smirnov test). Outlier values were identified by the ROUT method. Differ-
ences between means were considered significant when p < 0.05.

3. Results
3.1. Widespread Presence of Sweepoviruses and Associated Deltasatellites Infecting Ipomoea indica
in Spain

Fifty-nine out of sixty-five I. indica samples collected from four provinces in southern
continental Spain were putatively infected by geminivirids based on the detection of
a ~2800 bp DNA fragment after digestion of the RCA products with Ncol. In addition,
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46 out of these 59 samples were also putatively infected by deltasatellites based on the
detection of a ~700-bp DNA fragment after digestion of the RCA products with PstI
(Table 1). From these samples, 35 full-length sweepovirus genomes (GenBank Accession
numbers MW574018-MW574052) and 92 deltasatellite molecules (MW587160-MW587196
and MW587198-MW587252) were obtained (Table S1). The 24 I. indica samples collected in
the Canary Islands of Tenerife and Gran Canaria tested negative both for sweepoviruses
and deltasatellites.

A number of the I. indica plants sampled showed yellow vein (19.1%) and/or leaf
curling (18.0%) symptoms (Table 1 and Table S1). No relation was established between
these symptoms and infection by sweepoviruses and/or deltasatellites.

Pairwise comparisons using the SDT program showed that the sweepovirus genome
sequences obtained in this work could be divided in two major groups (Figure S1). One of
the groups that contained 29 sequences with 87.6-99.6% nucleotide identity between them
showed the highest identities (94.0-98.9%) with sequences of SPLCV isolates previously
described in Spain (EF456741, EF456743, EU839576, EU839578, and FJ151200 [5]). Three
subgroups, I to III, can be differentiated in this group, showing 96.5-99.6%, 96.4-99.3%,
and 92.8-98.4% identity within them, respectively. Thus, in accordance with the current
taxonomic guidelines for the genus Begomovirus (an isolate having >91% nucleotide identity
in full-length genome or DNA-A component to an isolate assigned to a recognized species
should be considered to belong to that species) [40], these 29 isolates belong to the species
Sweet potato leaf curl virus. Similarly, the three subgroups could be considered as different
strains (>94% threshold) within that species. The other group consisted of six sequences
(MW574021, MW574031, MW574041, MW 574043, MW574045, and MW574050) with 94.2—
97.7% identity between them that showed the highest identities (92.8-95.8%) with an
isolate of sweet potato mosaic virus (SPMV) from Brazil (F]969831) [13] or with the FJ151200
SPLCV isolate, but all of them showed a >91% identity with both SPMV and SPLCV isolates.
The fact that these six isolates have >91% identity with isolates previously assigned to two
different species, Sweet potato leaf curl virus and Sweet potato mosaic virus, and following
the species demarcation criteria in the genus [40], both species should be merged, the
species Sweet potato mosaic virus being abolished. Further analysis including all available
sweepovirus sequences will determine whether the six abovementioned sequences could
be considered to belong to a new strain also containing the isolates previously classified in
the species Sweet potato mosaic virus.

A recombination analysis performed on the sweepovirus genomes obtained in this
work, also including closely related SPLCYV isolates previously reported from Spain and
a SPMV isolate from Brazil using the seven methods included in the RDP4 package [32],
revealed a complex recombination pattern for all the sequences (Figure S2A). Thus, 25 dif-
ferent recombination events were identified and statistically supported by at least three
methods, each present in 1-14 sequences, making a total of 66 recombinant fragments in
the set of sequences analyzed (Figure S2B). The identified recombinant sequences included
five out of the six sweepovirus genomes occupying an intermediate phylogenetic position
between SPLCV and SPMYV isolates.

Sequencing of the 93 PstI clones confirmed that they corresponded to full-length
deltasatellite sequences, with one exception that resulted in being a sweepovirus-deltasatellite
chimera (see below). Pairwise comparisons using the SDT program showed that the
deltasatellite genome sequences obtained in this work were closely related, showing
89.1-100.0% identity between and 90.8-99.9% within sequences of SPLCD1 isolates previ-
ously described from Spain and Portugal [19,25] (Figure S3). In accordance with the
proposed <91% species demarcation threshold for the genus Deltasatellite [22], these
92 deltasatellite isolates should be classified in the species Sweet potato leaf curl deltasatellite 1.

A phylogenetic analysis of all sweepovirus genomes obtained in this work (highlighted
in blue in Figure 2) showed them grouped in four clades. Clades I, II, and III also contained
SPLCV isolates previously characterized from Spain [5], thus supporting the pairwise
sequence identity results described above. A fourth clade (marked with a yellow star
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in Figure 2) included the six sequences showing a >91% identity with both SPLCV and
SPMYV isolates plus the Brazilian isolate of SPMV (FJ969831) [13]. Thus, the mentioned
six sequences somehow occupied an intermediate position between SPLCV and SPMV
isolates. This is in agreement with the pairwise comparison results that strongly suggested
that the species Sweet potato mosaic virus should merge with Sweet potato leaf curl virus
(Figure S1). No obvious geographical structure was observed for any of the four clades,
with isolates from Malaga province present in all of them. Although the low number of
sequences from other regions precluded drawing definitive conclusions, the estimate of
the coefficient of evolutionary differentiation for each population pair and all populations
together showed that in most cases the genetic diversity within populations was higher
than among populations (Table S5).
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Figure 2. Phylogenetic tree illustrating the relationships of the sweepovirus genomes obtained in this work (highlighted in
blue) with closely related sweet potato leaf curl virus (SPLCV) isolates previously reported from Spain and one representative
isolate of all other sweepovirus species. Samples were obtained from Murcia (blue dots), Granada (green dots), Malaga
(gray dots), and Cadiz (red dots) provinces in southern continental Spain and the Canary Islands (yellow dots). I to III
represent major SPLCV clades, and the yellow star corresponds to the clade including sweepovirus described in this work
with an intermediate position between SPLCV and sweet potato mosaic virus isolates. The tree was constructed by the
maximum likelihood method with the MEGA 7 program using the best fit model, GTR + G+I [31], and bootstrap values
(1000 replicates) are shown for supported branches (>70%). The bar below the tree indicates 0.050 nucleotide substitutions
per site. Additional details on the sequences and sweepovirus names are included in Tables S1 and S2.

A phylogenetic analysis of all deltasatellite sequences available in GenBank including
the genomes obtained in this work (highlighted in blue in Figure 3) showed that the
SPLCD1 sequences grouped in a single major clade. Numerous minor short-branched
clusters, many of them with no bootstrap support, were shown within that major clade. This
is in agreement with the pairwise comparison results that showed that the deltasatellites
characterized in this work were closely related between them and with the SPLCD1 isolates
previously described from Spain and Portugal. As it was shown for SPLCV, no obvious
geographical clustering was evident for SPLCD1 isolates, and the estimate of the coefficient
of evolutionary differentiation also showed that in most cases the genetic diversity within
populations was higher than among populations (Table S5). Moreover, no significant
recombination events were identified with RDP4.
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Figure 3. Phylogenetic tree illustrating the relationship of isolates of the deltasatellites obtained
in this work (highlighted in blue) with sweet potato leaf curl deltasatellite 1 (SPLCD1) isolates
previously reported from Spain and Portugal and one representative isolate of all other deltasatellite
species. Samples were obtained from Murcia (blue dots), Granada (green dots), Mélaga (gray dots),
and Cadiz (red dots) provinces in southern continental Spain and the Canary Islands (yellow dots).
The tree was constructed by the maximum likelihood method with the MEGA 7 program using the
best fit model T92 + G [31], and bootstrap values (500 replicates) are shown for supported branches
(>70%). The bar below the tree indicates 0.50 nucleotide substitutions per site. Additional details on
the sequences and deltasatellite names are included in Tables S1 and S3.

3.2. Detection of a Sweepovirus-Deltasatellite Chimera

Sequencing of one of the clones with the characteristic size of deltasatellites resulted
to be a sweepovirus-deltasatellite chimera (Figure 4). The chimera was found in sample
ii16 collected in Malaga province. The insert of this clone (MW587197) was determined to be
699 bp in length, and a BLASTn search showed significant identity with available sequences
of deltasatellites for only about half of the length (coordinates 99-443). This DNA fragment
included the right half of the conserved stem-loop structure of the deltasatellite, and the
A-rich region and showed 97.4% identity to the equivalent region of a deltasatellite isolated
from the same sample (MW587238). BLASTn analysis of the remaining insert (coordinates
448-98) showed significant identity with sweepovirus sequences. This DNA fragment
contained the sweepovirus intergenic region (including the stem-loop structure containing
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the conserved nanonucleotide TAATATTAC) and a truncated replication-associated protein
and showed 92.0% identity to the corresponding genome region of the SPLCV isolate cloned
from the same sample (MW574045). One of the boundaries between the sweepovirus and
the deltasatellite moities of the chimera included four nucleotides not present in the
putative parental sequences (CCGAA, in black in Figure 4).

5'...AAGTATGGATCCGAACAGTGCAGCC...3’

SPLCV-SPLCD1 chimera
ES-LM7556_ii26-15
699 nt

Rep*

\ pstl

3'...AATCGGGTTTGCTAATAAAC...5’

Figure 4. Schematic representation of the chimeric sweepovirus-deltasatellite molecule identified in
an Ipomoea indica plant from Maélaga province (sample ii26). The viral moiety (partial sequence of
sweet potato leaf curl virus including a truncated replication-associated protein, Rep *) is represented
in orange, and the deltasatellite moiety (partial sequence of sweet potato leaf curl deltasatellite 1) is
represented in blue. Nucleotides in black (CCGAA) are not present in the putative parental sequences.
The stem-loop structure containing the conserved nanonucleotide TAATATTAC is shown at the top
of the graph. The restriction site used for cloning is indicated (PstI).

3.3. Transreplication of Sweet Potato Leaf Curl Deltasatellite 1 by Old World and New World
Begomoviruses as Well as by a Curtovirus in Nicotiana benthamiana Plants

N. benthamiana plants agroinoculated with the geminivirids TOLCNDV (a bipartite
OW begomovirus), SiGYVV (a bipartite NW begomovirus), ToLDeV (a monopartite NW
begomovirus), or BCTV (a curtovirus) or combinations thereof with SPLCD1 were assessed
for virus and deltasatellite accumulation (Table 2, Figure S4) and symptom development
(Figure 5).

Agroinoculation with all viruses and virus-deltasatellite combinations resulted in
virtually all N. benthamiana plants becoming systemically infected by the viruses, as shown
by tissue print hybridization of apical leaves with probes specific for each geminivirid
genome or for DNA-A and DNA-B components in the case of bipartite begomoviruses
(Table 2, Figure S4).

In the case of agroinoculation with TOLCNDV, SiGYVYV, or ToLDeV in combination
with SPLCDI], all the plants infected by the virus were also infected by the deltasatellite,
thus showing that these begomoviruses were able to transreplicate SPLCD1 in N. benthami-
ana plants. In the case of plants inoculated with BCTV plus SPLCD1, the deltasatellite was
detected only in 50% of the plants infected with the virus (7 out of 15 in Experiment 1 and
8 out of 15 in Experiment 2), thus showing that the curtovirus BCTV is also able to act as
a helper virus for SPLCD1 in this host, although not as efficiently as the begomoviruses
tested. Positive (SPLCV, SPLCV + SPLCD1) and negative (mock) control plants became
infected and remained healthy, respectively.
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Plants infected by TOLCNDV showed leaf yellowing and mild curling as well as a
severe reduction in plant growth (Figure 5A), those by SiGYVV showed mild leaf curling
(Figure 5B), those by ToLDeV showed leaf deformation (Figure 5C) and those by BCTV
showed leaf yellowing and curling as well as a severe reduction in plant growth (Figure 5D).
Co-infection with the deltasatellite did not alter the symptoms caused by each geminivirid.

Table 2. Infectivity of sweet potato leaf curl deltasatellite 1 (SPLCD1) in the presence of various geminivirids in Nicotiana

benthamiana plants.

Number of Infected Plants/Number of

Agroinoculated Plants Total (%)
Virus (+Deltasatellite) Experiment 1 Experiment 2
Virus SPLCD1 Virus SPLCD1 Virus SPLCD1
ToLCNDV 14/15 0/15 15/15 0/15 96.7 0.0
ToLCNDV + SPLCD1 15/15 15/15 15/15 15/15 100.0 100.0
SiGYVV 15/15 0/15 15/15 0/15 100.0 0.0
SiGYVV + SPLCD1 15/15 15/15 15/15 15/15 100.0 100.0
ToLDeV 15/15 0/15 15/15 0/15 100.0 0.0
ToLDeV + SPLCD1 15/15 15/15 15/15 15/15 100.0 100.0
BCTV 15/15 0/15 15/15 0/15 100.0 0.0
BCTV + SPLCD1 15/15 7/15 15/15 8/15 100.0 50.0
SPLCV (positive control) 12/12 0/12 12/12 0/12 100.0 0.0
SPLCV + SPLCD1 (positive control) 12/12 12/12 12/15 12/12 100.0 100.0
Mock (negative control) 0/15 0/15 0/15 0/15 0.0 0.0

ToLCNDYV, tomato leaf curl New Delhi virus; SiGYVYV, Sida golden yellow vein virus; ToLDeV, tomato leaf deformation virus; BCTV, beet
curly top virus; SPLCV, sweet potato leaf curl virus.

3.4. Transreplication of Sweet Potato Leaf Curl Deltasatellite 1 in the Natural Plant Hosts of
Helper Geminivirids

The geminivirids shown to act as helper viruses of SPLCD1 in N. benthamiana were
also tested for their ability to transreplicate the deltasatellite in some of their natural plant
hosts, i.e., zucchini for TOLCNDV, Malvastrum coromandelianum for SIGYVV and tomato for
ToLDeV and BCTV.

Agroinoculation of tomato plants with ToLDeV or BCTV alone or in combination with
SPLCDI1 resulted in most of the plants being infected by the virus (Table 3). The plants
infected with ToLDeV or BCTV showed leaf deformation and leaf curling, respectively.
None of the virus-infected plants became infected by the deltasatellite assessed by tissue
print hybridization.

Agroinoculation of M. coromandelianum with SiGYVV alone or in combination with
SPLCD1 resulted in approximately 50% of the plants being infected by the virus (Table 3),
which showed yellow mosaic leaf symptoms. None of the virus-infected plants became
infected by the deltasatellite as assessed by tissue print hybridization.

Agroinoculation of zucchini with TOLCNDYV alone or in combination with SPLCD1
resulted in almost 100% of the plants being infected by the virus (Table 3, Figure S5), which
showed leaf mosaic and curling symptoms (Figure 6). The deltasatellite was detected in
approximately 50% of the virus-infected plants (5 out of 15 in Experiment 1 and 9 out
of 14 in Experiment 2) (Table 3). The presence of the deltasatellite did not modify the
symptoms caused by TOLCNDV (Figure 6).

3.5. Effect of Sweet Potato Leaf Curl Deltasatellite 1 on Accumulation of Helper Geminivirids:
Dependence on the Virus-Host Combination

The accumulation of geminivirids acting as helper for the replication of SPLCD1 was
determined by relative quantification with real-time PCR in agroinoculated plants in the
presence or absence of the deltasatellite at 30 days post-inoculation (Table S6, Figure 7).
Genome quantification for TOLCNDV, SiGYVV, ToLDeV, BCTV, and SPLCV (used as a
control) was determined in N. benthamiana plants and for TOLCNDV also in zucchini
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plants. For ToOLCNDV and SiGYVYV, the accumulation of both DNA-A and DNA-B genome
components was determined separately.

ToLCNDV  ToLCNDV+0&sat

TolLDeV ToLDeV+dsat

Figure 5. Symptoms caused by (A) tomato leaf curl New Delhi virus (ToLCNDV), (B) Sida golden
yellow vein virus (SiGYVV), (C) tomato leaf deformation virus (ToLDeV), and (D) beet curly top
virus (BCTV) alone or in combination with sweet potato leaf curl deltasatellite 1 (8sat) on agroinocu-
lated Nicotiana benthamiana plants. Mock-inoculated plants (M) are shown at the left of each panel.
Photographs of representative plants were taken at 30 days post-inoculation.
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Table 3. Infectivity of sweet potato leaf curl deltasatellite 1 (SPLCD1) in the presence of various geminivirids in zucchini,
Malvastrum coromandelianum, and tomato plants.

Number of Infected Plants/Number of Agroinoculated Plants

T t 1 0/0
I;;(a)rsltt Virus (+Deltasatellite) Experiment 1 Experiment 2 Experiment 3 otal (%)
Virus SPLCD1 Virus SPLCD1 Virus SPLCD1 Virus SPLCD1

ToLCNDV 15/15 0/15 15/15 0/15 - - 100.0 0.0
Zucchini ToLCNDV + SPLCD1 15/15 5/15 14/15 9/15 - - 96.6 46.6
Mock (negative control) 0/15 0/15 0/15 0/15 - - 0.0 0.0

SiGYVV 17/32 0/32 16/32 0/32 - - 51.5 0.0

M.c. SiGYVV + SPLCD1 16/32 0/32 15/32 0/32 - - 48.4 0.0
Mock (negative control) 0/15 0/15 0/15 0/15 - - 0.0 0.0

ToLDeV 15/15 0/15 60/60 0/60 48/48 0/48 100.0 0.0

ToLDeV + SPLCD1 14/15 0/15 55/60 0/60 103/108 0/108 93.9 0.0

Tomato BCTV 15/15 0/15 66/66 0/66 - - 100.0 0.0
BCTV + SPLCD1 15/15 0/15 57/66 0/66 - - 88.8 0.0

Mock (negative control) 0/15 0/15 0/15 0/15 0/15 0/15 0.0 0.0

M. c., Malvastrum coromandelianum; —, not done.

ToLCNDV

ToLCNDV+dsat

Figure 6. Symptoms caused by tomato leaf curl New Delhi virus (ToOLCNDV) alone or in combination
with sweet potato leaf curl deltasatellite 1 (dsat) on agroinoculated zucchini plants. Mock-inoculated
plants (M) are shown at the left of each panel. Photographs of representative plants were taken at
30 days post-inoculation.

In N. benthamiana plants, accumulation of both DNA-A and DNA-B genome compo-
nents of TOLCNDV increased in the presence of SPLCD1 in the two experiments performed
(Figure 7A). On the contrary, in the case of SiGYVV, accumulation of both DNA-A and
DNA-B decreased in the presence of SPLCD1 in both experiments (Figure 7C). Similarly,
the accumulation of the ToLDeV genome also decreased in the presence of SPLCD1 in both
experiments (Figure 7D). In the case of the curtovirus BCTV, no effect of the presence of
SPLCD1 on viral genome accumulation was observed in either of the two experiments
(Figure 7E). In the only experiment analyzed for SPLCV, used as a control, the negative
effect of the deltasatellite on viral genome accumulation previously described [26] was
confirmed (Figure 7F). Interestingly, in contrast to what was observed in N. benthamiana
plants, the presence of SPLCD1 did not influence the accumulation of TOLCNDV DNA-A
or DNA-B in zucchini plants in any of the two experiments performed (Figure 7B). A
summary of the statistical analysis results is presented in Table S7.
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Figure 7. Relative quantification by real-time PCR of helper geminivirids alone (-dsat) or in combi-
nation with sweet potato leaf curl deltasatellite 1 (+dsat). (A,B) Tomato leaf curl New Delhi virus
(ToLCNDV) DNA-A and DNA-B in Nicotiana benthamiana and zucchini, respectively. (C) Sida golden
yellow vein virus (SiGYVV) DNA-A and DNA-B, (D) tomato leaf deformation virus (ToLDeV)
DNA, (E) beet curly top virus (BCTV) DNA, and (F) sweet potato leaf curl virus (SPLCV) DNA in
N. benthamiana. Data (2~22CT, Table S6) correspond to plants agroinoculated in two independent
experiments (Exp.1, Exp.2) analyzed at 30 days post-inoculation. For SPLCV, included as a control,
only Experiment 1 was analyzed. Each circle (DNA/DNA-A) and square (DNA-B) represents one
infected plant. Open circles and squares correspond to outlier values. Mean and standard error
values are indicated in each graph. Significant differences are labelled with asterisks (n.s., p > 0.05;
*,p <0.05 *, p <0.01; ***, p <0.001; ****, p < 0.0001). Additional details of the statistical analysis are
provided in Table S7.
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4. Discussion

Deltasatellites are ssDNA molecules associated with begomoviruses belonging to
different phylogenetic lineages including Old World and New World begomoviruses and
sweepoviruses, being unique in that they are non-coding in contrast with alphasatellites
and betasatellites [20,41,42]. Deltasatellites have been found in scattered regions around
the world including the Americas, Europe, Asia, and Australia [19,20,23-25,41], but little is
known about their genetic diversity and role in diseases caused by begomoviruses.

In this work the diversity of deltasatellites and their natural helper sweepoviruses
infecting I. indica plants was analyzed by further sampling in Mélaga province, the region
where SPLCD1 was detected for the first time [19], expanding the sampling to other
geographical areas of the coastal zone of southern continental Spain and the Canary Islands.
RCA methodology, which allows ssDNA amplification without previous knowledge of
nucleotide sequence, has been used to reveal the actual variability present in natural
populations. Sequencing of a high number of deltasatellite full-length genomes from
continental Spain (92 isolates from 46 samples) revealed a rather homogeneous population
with low genetic diversity, which in addition did not seem to be geographically structured.
None of the samples from the Canary Islands of Tenerife or Gran Canaria were infected
by sweepovirus, a somehow surprising result considering that sweepoviruses infecting
sweet potato were previously characterized from Tenerife [5]. In another of the Canary
Islands, Lanzarote, sweepoviruses and deltasatellites have also been identified in sweet
potato [5,19].

This study also gave insight into the nature of the helper sweepoviruses able to
transreplicate deltasatellites, specifically SPLCD1. Most of the sweepovirus isolates to
which SPLCD1 was found associated in I. indica plants belonged to the species Sweet potato
leaf curl virus. Interestingly, sweepoviruses identified in three samples from Mélaga and all
three samples from Cédiz occupied a phylogenetic position intermediate between SPLCV
and SPMV isolates. SPMV isolates have been previously reported only from Brazil and
South Africa [8,13]. Pairwise comparisons strongly suggested that the species Sweet potato
mosaic virus should merge with Sweet potato leaf curl virus but defining a distinct SPLCV
strain should include isolates previously identified as SPMV and the six abovementioned
Spanish isolates. Five out of these six sweepovirus isolates were found in co-infection with
SPLCD], thus expanding the sweepovirus range to which this deltasatellite is associated
in nature.

Recombination between begomoviruses is frequent and contributes significantly to
viral diversity, speciation, and evolution (e.g., [43,44]). The significance of this phenomenon
has been well illustrated for sweepoviruses [5,45]. Recombination events have been iden-
tified in all sweepovirus genomes described in this work, including those recombinants
that revealed that isolates previously described as SPMV should be considered members of
a novel strain of Sweet potato leaf curl virus. Deltasatellites described in this work, in their
turn, did now show any evidence of recombination between them or with deltasatellites
previously described, including representatives of all accepted deltasatellite species.

What has been identified in this work is a recombination event that must have led to
the formation of a deltasatellite-sweepovirus chimera with the typical size of a deltasatellite.
The putative parentals involved in the generation of this chimeric molecule by recombi-
nation were isolates of SPLCV and SPLCD1 closely related to isolates present in the same
I. indica sample (MW574045 and MW587238). A chimera also containing sweepovirus
and deltasatellite sequences was found previously in a sweet potato plant sampled in the
Canary Islands [19]. This chimera had the typical size of a sweepovirus, and about 70% of
its length had high nucleotide identity with an isolate of sweet potato leaf curl Canary virus
(V2, CP, and truncated REn genes plus complete IR) cloned from the same sample. The
remaining chimera corresponded to almost the full-length sequence of a SPLCD1 genome.
Interestingly, in both chimeras one of the recombination points contained an incomplete
stem-loop derived from the deltasatellite. In geminivirids, the conserved stem-loop has
been identified as a recombination hotspot [46,47]. Vegetative propagation is the method of
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choice for sweet potato, I. indica, and other ornamental species of the genus Ipomoea. This
favors virus accumulation and perpetuation, mixed infections, and occurrence of recom-
bination [5,45,48]. This phenomenon may result in the rapid generation of new genomes
with adaptive advantages, which could accelerate their evolution and favor the expansion
of the host range and, therefore, the emergence of novel diseases (e.g., [44,49,50]). The
same mechanism that originates viral recombinants could generate the virus-deltasatellite
chimera found in this study.

Phylogenetic analysis of a number of deltasatellites associated with NW begomoviruses
in Cuba [20] or sweepoviruses in Spain [19] have revealed some clustering related to ge-
ographical origin and plant host. However, in the present study, no clear grouping of
deltasatellites was observed related to the geographical origin of the I. indica samples.

In order to deepen the understanding of the role that deltasatellites may have on
begomovirus diseases and epidemiology, the helper virus range of SPLCD1 was studied
experimentally. Previous to this work, the experimental helper virus range of SPLCD1,
in addition to SPLCV, was limited to two monopartite OW begomoviruses, TYLCV and
TYLCSV [26]. In this work, using N. benthamiana as a plant host, the helper virus range
was successfully extended to a bipartite OW begomovirus, TOLCNDV; a bipartite NW
begomovirus, SIGYVV; a monopartite NW begomovirus, ToLDeV; and a curtovirus, BCTV.
These compelling results indicate that SPLCD1 has a broad range of helper viruses in-
cluding members of all major groups of begomoviruses and extending to members of a
different virus genus in the family, the genus Curtovirus. This helper virus range is wider
than that of other deltasatellites for which this has been studied in N. benthamiana: Sida
golden yellow vein deltasatellite 1 (SiGYVD1) and tomato yellow leaf distortion deltasatel-
lite 2 (ToYLDD2), deltasatellites naturally associated with bipartite NW begomoviruses.
SiGYVD1 and ToYLDD2 were maintained by the monopartite NW begomovirus ToLDeV,
in addition to their respective natural helper begomoviruses, but not by the monopartite
OW begomoviruses ACMV, TYLCV, and TYLCSV or the curtovirus BCTV [34]. On the
other hand, the first deltasatellite to be described, TOLCD, naturally associated with the
monopartite OW begomovirus tomato leaf curl virus, was reported to be experimentally
transreplicated in Datura stramonium plants by TYLCV, the bipartite OW begomovirus
African cassava mosaic virus, and BCTV [41]. There is no information available about
maintenance of TOLCD by NW begomoviruses or sweepoviruses.

In this work, the transreplication of SPLCD1 by ToLCNDYV, SiGYVV, ToLDeV, and
BCTV was also assessed in their natural host plants. The only positive result was obtained
with TOLCNDV in zucchini, with about half of the virus-infected plants also infected by the
deltasatellite. The fact that SPLCD1 can be transreplicated by TOLCNDV in zucchini may
have significant epidemiological importance. This virus has a wide host range, infecting
more than 40 plant species [51], and although the primary host is tomato, it also infects
other economically important crops such as potato, pepper, and cucurbits. In fact, the
isolate used in this work belongs to a strain introduced in the Mediterranean basin, very
probably from the Indian subcontinent, adapted to cucurbits [33,52]. Considering the wide
host range of TOLCNDV and its ability to transreplicate SPLCD1 at least in zucchini, as
well as the transmissibility of the deltasatellite by whiteflies [26], co-infections involving
ToLCNDV and SPLCD1 could provide an opportunity for this complex to expand to other
crops and geographical regions where it could have unpredictable consequences.

Previous to this work, the influence of deltasatellites on helper virus accumula-
tion had not been thoroughly addressed, with only a few analyses done by quantifying
densitometry of Southern blots for a number of deltasatellite/begomovirus combina-
tions. Summarizing, in most of the deltasatellite/begomovirus combinations agroinoc-
ulated in N. benthamiana plants (SPLCD1/SPLCYV, SPLCD1/TYLCV, SPLCD1/TYLCSV,
SiGYVD1/SiGYVYV, and ToYLDD2/ToYLDV), the begomovirus accumulation decreased
in the presence of the deltasatellite [26,34]. In contrast, no effect on virus accumula-
tion was observed when other plant hosts were agroinoculated, including the combina-
tions SPLCD1/SPLCV/I. setosa, SPLCD/TYLCV /tomato, SiGYVD1/SiGYVV /M. coro-
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mandelianum, and ToYLDD2/ToYLDV /Sidastrum micranthum [26,34]. In the case of the
combinations SiGYVD1/ToLDeV and ToYLDD2/ToLDeV in N. benthamiana, no effect of
the deltasatellite on viral accumulation was observed either [34]. In the present work,
real-time PCR was used as a more accurate proxy for viral genome quantification. In the
case of SPLCD1/SiGYVV and SPLCD1/ToLDeV in N. benthamiana, the presence of the
deltasatellite decreased the begomovirus accumulation as it has been shown for most of
the abovementioned cases. On the contrary, accumulation of the curtovirus BCTV was not
affected by the presence of the deltasatellite.

A particular and interesting case is the response of TOLCNDV to the presence of
SPLCDL. This is the first time that a deltasatellite has been shown to increase the accumula-
tion of a helper geminivirid, in this case in N. benthamiana plants. On the other hand, this ef-
fect was not observed in zucchini plants, a natural host for the cucurbit-adapted TOLCNDV
isolate used in this study [33], where SPLCD1 did not affect virus accumulation. The results
of virus quantification obtained in this study, including those for TOLCNDV, were consis-
tent in the two independent experiments performed for each deltasatellite/geminivirid
combination and for both genome components (DNA-A, DNA-B) in the case of bipar-
tite begomoviruses. This adds robustness to the otherwise surprising results obtained
for TOLCNDV that would reveal the complexity of the deltasatellite/geminivirid /plant
host interactions.

The contrasting effect of deltasatellites on helper virus accumulation depending on the
virus-host combinations found in this study and in previous research [26,34], exemplified
in the case of SPLCD1/ToLCNDYV combination, has been described for other DNA satellites
associated with begomoviruses. Thus, the accumulation of Euphorbia yellow mosaic virus
(EuYMV) DNA-A increases in the presence of Euphorbia yellow mosaic alphasatellite
(EuYMA) in two plant hosts, Euphorbia heterophylla and N. benthamiana [53]. However,
the presence of EuYMA causes a reduction in the accumulation of EuYMV DNA-A in
Arabidopsis thaliana. For EuYMV DNA-B, no differences in its accumulation are observed
in the presence or absence of EuYMA in both N. benthamiana and A. thaliana, but results
in E. heterophylla show an increase of EuYMV DNA-B accumulation in the presence of
EuYMA [53].

In most cases where a possible effect of deltasatellites on the symptomatology caused
by the helper geminivirid has been assessed, no symptom modifications have been ob-
served, despite the effect on virus accumulation that was observed for some of the deltasatel-
lite/virus combinations [26,34,41]. The only exception is the effect of SPLCD1 on the
symptoms caused by TYLCV and TYLCSV in N. benthamiana or tomato [26]. In this case,
although the symptoms were qualitatively identical in the absence or presence of the
deltasatellite, in the latter case milder leaf yellowing and curling was observed.

In nature, known deltasatellites seem to have a narrow helper virus range because
closely related isolates of a single begomovirus species have been reported per deltasatellite
species [19,20,23,34,41]. However, in the present study SPLCD1 was found associated with
two distinct SPLCV strains, suggesting that a somewhat broader helper virus range could
occur naturally. This situation is different from what is observed for betasatellites that are
frequently found associated with begomovirus isolates belonging to different species [42].

A narrow helper virus range of deltasatellites in turn would restrict the plant host
range that deltasatellites could potentially infect. However, the promiscuous replicative
nature of deltasatellites that is being revealed in this and other studies [26,34,41], coupled
with global trade and whitefly transmission, could facilitate dissemination of deltasatellites
to diverse agrosystems with unforeseeable outcomes.

Although deltasatellites and betasatellites are clearly related [19], there are fundamen-
tal differences between them, including the non-coding nature of the formers. This feature
hinders trying to address the identification of deltasatellite motifs/sequences involved
in the interaction with their helper viruses and pathogenesis. Anyhow, mutation studies
similar to those successfully performed with betasatellites [54,55] could help to decipher
how deltasatellites are able to be transreplicated by different helper geminivirids and
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whether any of the hypotheses proposed for betasatellite-begomovirus recognition, the
“universal Rep” hypothesis or the “universal iteron” hypothesis” [56], could also be applied
to these small non-coding DNA molecules.
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Abstract: Virulence, the effect of pathogen infection on progeny production, is a major determinant
of host and pathogen fitness as it affects host fecundity and pathogen transmission. In plant-virus
interactions, ample evidence indicates that virulence is genetically controlled by both partners.
However, the host genetic determinants are poorly understood. Through a genome-wide association
study (GWAS) of 154 Arabidopsis thaliana genotypes infected by Cucumber mosaic virus (CMV), we
identified eight host genes associated with virulence, most of them involved in response to biotic
stresses and in cell wall biogenesis in plant reproductive structures. Given that virulence is a main
determinant of the efficiency of plant virus seed transmission, we explored the link between this
trait and the genetic regulation of virulence. Our results suggest that the same functions that control
virulence are also important for CMV transmission through seeds. In sum, this work provides
evidence of a novel role for some previously known plant defense genes and for the cell wall
metabolism in plant virus interactions.

Keywords: Arabidopsis thaliana; Cucumber mosaic virus; genome-wide association studies; plant-virus
interaction; seed transmission; virulence

1. Introduction

Viruses are major plant pathogens due to the detrimental effect of their infections
on the host (i.e., to their virulence) [1]. Indeed, they have great impact on agronomic
production worldwide, being the second most important cause of economic losses in crops
only behind fungi [2] and accounting for the largest fraction of plant emerging diseases [3].
Hence, understanding the genetic basis of virulence in plant-virus interactions is central in
minimizing the damage of virus epidemics.

Although virulence can be intuitively viewed as a pathogen-controlled trait, a large
body of evidence indicates that in plant-virus interactions it is modulated by both host
and pathogen genetic determinants [4-7]. Plant virus genes and even single mutations
determining virulence have been extensively characterized, e.g., [8,9]. In parallel, plant
genetic determinants have been also studied although at a lesser extent [8,10,11]. Interest-
ingly, most of the works on the “host side” addressed the question from a plant pathology
perspective. In this context, virulence is often defined either as the virus capacity to gain
entrance to the plant or as the virus ability to induce symptoms, generally in the vegetative
structures [12]. On the one hand, the use of the former definition of virulence led mostly to
the identification of plant genes conferring resistance/immunity to virus infection, such as
those related to the plant hypersensitive response, RNA silencing machinery or systemic
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acquired resistance [13-15]. On the other hand, host genes regulating virus cell-to-cell and
long-distance movement, and plant photosynthesis and development [5,11,16] have been
identified as virulence determinants when symptom severity was used as a proxy. Notably,
most of these studies quantified virulence as a qualitative trait (susceptibility vs. immunity
and mild vs. severe symptoms), which may limit the power of the approach to identify
genetic determinants by reducing the information contained in qualitative variables as
compared with analyses based on quantitative ones [17]. Moreover, virulence is also mani-
fested in other plant traits, such as their ability to reproduce and survive, which are often
not considered in the above-mentioned studies [18] but are relevant in agricultural settings
and central in other ecological contexts in which virus infections are also commonplace.

Accumulating data indicates that, besides being of agronomic importance, plant
viruses are also major ecological agents in wild ecosystems. Viral infections can drastically
reduce the number of individuals in wild plant populations by decreasing the competitive
or reproductive abilities of infected individuals [3,19,20]. As a consequence, wild plants
evolved quantitative resistance and tolerance in response to infection [21-23], which sug-
gests that viruses shape the genetic composition of the host population. Indeed, there is
evidence that virus infections may act as a selective force for wild plant populations [23].
In wild ecosystems, the main impact of virus infections on the host population is through
their detrimental effect on plant fitness [1]. Thus, analyses of virulence from an ecological
or evolutionary perspective generally used the effect of infection on plant progeny as a
proxy, but very little is known on the host genes regulating the effect of virus infection on
plant fitness [18,24]. Certainly, the development of plant symptoms in vegetative structures
may potentially impact plant fitness and it is likely that both traits have genetic associa-
tions [10]. However, the effect of infection on plant growth and on plant reproduction are
not necessarily linked, e.g., [20,25,26]. Hence, the host genetic determinants of virulence as
the effect of virus infection on plant progeny production are still poorly understood.

Under this definition, virulence has a direct impact not only on the host fitness but
also on the pathogen’s. For instance, for plant viruses that are horizontally transmitted
through insect vectors or by contact, it affects the number of available hosts [1]. More
importantly, seed production is a major fitness component for vertically transmitted plant
viruses, which accounts for at least 25% of all known species [27]. Indeed, we have recently
shown that virulence is one of the main determinants of Cucumber mosaic virus (CMV) and
Turnip mosaic virus (TuMV) seed transmission rate in Arabidopsis thaliana [28]. These results
suggest that these two traits might have at least partially overlapping genetic regulations,
although such link has not been explored yet.

To address these questions, we utilized the interaction between Cucumber mosaic virus
(CMV, Bromoviridae) and Arabidopsis thaliana (from here on “Arabidopsis”, Brassicaceae)
as model. CMYV is the plant RNA virus with the broadest host range, infecting about
1200 species in more than 100 plant families, including Arabidopsis [29]. This virus is
horizontally transmitted by aphids and in Arabidopsis is also seed transmitted with an
efficiency that depends on the host per virus genotype x genotype interaction, indicating
that the host is involved in controlling this trait [28]. CMV is commonly found in wild
populations of Arabidopsis at up to 80% prevalence [21], and therefore the Arabidopsis—
CMYV interaction is relevant in nature. Indeed, recent work strongly suggests that CMV
infection selects for defenses in Arabidopsis populations of the Iberian Peninsula [23]. This
geographic region has been shown to contain the largest Arabidopsis genetic diversity in
Eurasia due to its role as refugia during the last glaciations [30,31]. Accordingly, substantial
genetic variation has been described for relevant adaptive traits including diversity for
responses to pathogens [23,32-34]. For instance, the infection of ten Iberian Arabidopsis
genotypes, representing the variation of the species in this region, with different CMV and
TuMV strains showed that virulence (quantitatively measured as the effect of infection on
viable seed production) is also controlled by both virus and host genetic determinants [4,23,26].

In this work, we aim at characterizing the Arabidopsis genetic determinants associated
with the effect of CMV infection on plant progeny production as a measure of virulence,

62



Microorganisms 2021, 9, 692

and to explore the link between the generic control of virulence and of CMV seed trans-
mission rate. To do so, we performed a genome-wide association study (GWAS) with
154 Arabidopsis genotypes from the Iberian Peninsula, for which annotated genomes are
publicly available [35] and using Arabidopsis seed production in infected and non-infected
plants as the quantitative relevant trait. We further investigated whether the identified
genetic determinants of virulence play also a role in modulating CMV seed transmission
rate.

2. Materials and Methods
2.1. Plant Material

We used 165 Arabidopsis genotypes from the Iberian Peninsula (Figure 1 and Table S1).
Genotypes were collected from different populations and selected to cover the genetic
and environmental diversity of the species in the region [36,37]. This collection spanned
800 km x 700 km, populations being spaced 384.9 & 3.7 km on the average (from 20.2
to 1038.1 km). Altitudes ranged from 123 to 1670 m above sea level. Each sample was
genetically different based on previous single nucleotide polymorphism (SNP) genotyping
and genome sequences [38,39]. Similar sets of Arabidopsis genotypes have been previously
shown to be powerful for fine mapping of genomic regions associated with natural variation
of quantitative traits, such as plant life history traits, including seed weight [40], seed
dormancy [41], and flowering time [39] both under field and greenhouse conditions.

Figure 1. Geographic distribution of Arabidopsis thaliana genotypes analyzed in this study. Circles
indicate population locations. Colors indicate genetic groups as defined in [39] (group 1: purple,
group 2: blue; group 3: red; group 4: green). Grey dots indicate genotypes eliminated from
the analysis.

All genotypes used in this study were propagated by selfing during two generations
by the single seed descent procedure, in a glasshouse supplemented with lamps to pro-
vide a long-day photoperiod. This allowed for the reduction of residual heterozygosity
that might contain some wild individuals but also removed any potential maternal and
grand-mother effects. Seeds were stratified (darkness, 4 °C) for 7 days before germination at
25/20 °C day/night, 16 h light in a greenhouse. Ten-day-old seedlings were transferred to
4 °C, 8 h light, for vernalization for 8 weeks. After vernalization, plants were transplanted
to 0.43 L pots containing a 3:1 peat-vermiculite mix and returned to the greenhouse, where
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they were kept at 25/20 °C day /night and 16 h light (intensity, 120 to 150 mol s/m?) until
the end of the experiment.

2.2. Virus Isolate and Inoculation

Fny-CMV (GenBank accession numbers NC_002034, NC_002035 and NC_001440)
was derived from biologically active clones [42] by in vitro transcription with T7 RNA
polymerase (New England Biolabs, Ipswich, MA, USA), and transcripts were used to infect
Nicotiana benthamiana plants for virus multiplication. Six Arabidopsis plants per genotype
were mechanically inoculated with N. benthamiana CMV-infected tissue ground in a solution
containing 0.1 M Na,HPOy, 0.5 M NaH;POy, and 0.02% DIECA (0.01 M phosphate buffer
(pH 7.0), 0.2% sodium diethyldithiocarbamate), and four plants per genotype were mock-
inoculated with inoculation buffer. Inoculations were carried out when plants were at
developmental stages 1.05 to 1.06 [43]. After inoculation, all individuals were randomized
in the greenhouse. The efficiency of inoculations was determined by detecting virus
presence in all plants. To do so, 15 days post-inoculation three disks with a diameter
of 4 mm were collected from different systemically infected rosette leaves. From these
plant samples, total RNA extracts were obtained using TRIzol® reagent (Life Technologies,
Carlsbad, CA, USA), and 10 ng of total RNA was added to a Brilliant III Ultra-Fast SYBR
green qRT-PCR master mix (Agilent Technologies, Santa Clara, CA, USA) according to the
manufacturer’s recommendations. Specific primers were used to amplify a 154-nt fragment
of the CMV MP gene [28]. Each plant sample was assayed in duplicate on a LightCycler
480 II real-time PCR system (Roche, Indianapolis, IN, USA). The rate of inoculation success
was 98.8%. A similar procedure was used to confirm CMV absence in mock-inoculated
plants.

2.3. Quantification of Virulence

Seeds were harvested at complete plant senescence, and the total seed weight per plant
(SW) was obtained for infected and mock-inoculated plants. Virulence (V) was estimated
as 1 minus the ratio of the total seed weight of each infected plant (SW;) to the averaged
total seed weight of mock inoculated (SWy,) plants from the same genotype.

Seed viability was measured as the germination percentage of 200 seeds per plant.
Germination assays were carried out at least 60 days after harvesting to avoid differences
on seed dormancy. Relative differences in seed viability between infected and control
plants were used to correct V values such that only viable seed production was reflected.

2.4. Efficiency of Virus Seed Transmission

The efficiency of CMV seed transmission was estimated as the percentage of infected
seeds that gave rise to infected progeny in grow-out tests. One-hundred seeds per replicate
were washed in a 10% bleach solution. Then, seeds were placed into Petri dishes containing
Murashige-Skoog medium, stratified for 5 days at 4 °C, and germinated in a growth cham-
ber at 22 °C, under 16 h of light (intensity, 120 to 150 mol s/m?). Following [28], seedlings
at 15 days poststratification were pooled in groups of 5 for a total of 20 groups per replicate.
These groups were tested for the presence of CMV via qRT-PCR as described above. The
percentage of virus-infected seeds (ST) was estimated using a Poisson distribution as:
p=1— (1 — y/m), where p is the probability of virus transmission by a single seed, y is
the number of positive samples, 1 is the total number of samples assayed (1 = 20), and k is
the number of seedlings per sample (k = 5).

2.5. Data Treatment and Statistical Analyses

In the 165 Arabidopsis genotypes, we analyzed the average variance in V across
plants of the same genotype. Within-genotype variance in this trait larger than two-fold
the average variance in the whole set of genotypes was considered as indicative of an
unreliable estimate of V. Nine Arabidopsis genotypes showed such inflated variance and
were eliminated from the analysis and two more were deleted due to low number of
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replicates because of inoculation failure, and thus that the final dataset used for the GWAS
contained 154 genotypes. We explored the phenotypic variation of V across Arabidopsis
genotypes using the following general linear mixed model (GLMM): V = u + Genotype + ¢,
where j1 is the overall mean of the phenotypic data, “genotype” corresponds to the genetic
differences among the selected Arabidopsis genotypes, and ¢ is the residual error term.
Normality of the residuals was achieved through (V + 2)>3 transformation (Kolmogorov—
Smirnov test p-value = 0.143). The factor “genotype” was treated as a random factor.

Broad-sense heritability was estimated as W2, = Vg /(Ve + Vi), where V¢ is the among-
genotypes variance component and V is the residual variance. Variance components were
determined using GLMMs by the Restricted Maximum Likelihood (REML) method [44]
as implemented in the R-library Ime4 [45]. Statistical analyses were conducted using R
version 3.6.0 [46].

2.6. Genome-Wide Association Study (GWAS)

The 154 Arabidopsis genotypes have been genotyped for 4,932,457 million single
nucleotide polymorphisms (SNPs) evenly spaced across the genomes [35]. Following [39],
only SNPs present in at least 55% of the genotypes and with minor allele relative frequency
(MAF) > 0.03 were considered in this study, resulting in a total of 2,071,858 SNPs from
which 88.6% were present in all accessions. GWAS was run for virulence using the Farm-
CPU (fixed and random model circulating probability unification) as implemented in the
R package GAPIT v3 [47]. FarmCPU minimizes false positives by accounting for linkage
disequilibrium between SNPs, which reduces model overfitting as compared to other meth-
ods [48]. To determine the optimal number of principal components to include, forward
model selection using the Bayesian information criterion (BIC) was conducted. The Man-
hattan plot was constructed with R library rMVP [49]. Following previous studies [50-52],
a threshold of —logjo(p) > 4 was considered to identify SNPs associated with natural
variation of the trait measured in this study. Within this set of SNPs, we conservatively
focused on those below the false discovery rate (FDR) threshold in order to minimize false
positives/negatives. For our data set, FDR = 1 x 10~8. The functional annotation of SNPs
was carried out using SnpEff v.4.1 [53] and the TAIR database v.10 [54]. Gene ontology
(GO) annotation enrichment was tested with PANTHER v16.0 using the binomial test [55]
and visualized using SimRel for semantic similarity measure with a threshold of C = 0.7, as
implemented in REVIGO [56].

2.7. Bayesian Sparse Linear Mixed Model (BSLMM)

BSLMM as implemented in the GEMMA (genome-wide efficient mixed model associ-
ation) software was used to infer the genetic architecture of CMV virulence in Arabidop-
sis [57], which allows testing whether the analyzed trait is determined by many loci of
small effect (polygenic) or rather determined by a few loci of large effector (oligogenic).
Monte Carlo Markov chains (MCMCs) were run for 10 million generations (recording every
ten steps), with 10% discarded as burn-in. MAF cut-off was set at 3% and a normalized
kinship matrix, more appropriate if SNPs with large effects have low MAF, was included.
Normalized kinship matrix was estimated with Tassel 5.2.70 software [58]. The proportion
of phenotypic variance explained by the available genotypes (PVE) was used as an esti-
mator of the heritability of a given phenotypic trait. PVE is a flexible Bayesian equivalent
of the narrow-sense heritability (42). BSLMM also estimated the proportion of genetic
variance explained by sparse effects (PGE); that is, the proportion of variance explained by
loci with large effects.

2.8. Selection of SNPs Linking CMV Virulence and Seed Transmission Rate

A Random Forest (RF) analysis was made to determine the SNPs associated with both
CMYV virulence and seed transmission rate. In this analysis, we used seed transmission rate
estimates of 35 Arabidopsis genotypes with extreme virulence phenotypes as the response
variable, and as the input, only the SNPs associated with CMV virulence as determined by
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GWAS (—logio(p) > 4). Arabidopsis genetic group [39] and CMV virulence values were
included as covariates (randomForest R package [59]). The model was run for 2000 trees
and mtry = 2, as estimated with the trainControl function from the caret R package [60].
Significant association of each SNP with the response variable was estimated based on the
empirical null distribution of SNPs with no importance in this variable following [61], as
implemented in the ¥2VIM R package [62]. The relative importance of each SNP in CMV
seed transmission rate was quantified as % increase in mean square error (MSE), that is,
the increase in the error made by the RF in predicting the trait when the SNP is removed
from the analysis.

3. Results
3.1. Natural Variation for CMV Virulence in Arabidopsis Genotypes

Overall, CMV-infected plants developed symptoms ranging from mild mosaic to
leaf necrosis (Figure S1). Virus infection reduced plant progeny production, showing
medium-high virulence in Arabidopsis genotypes (V = 0.637 &= 0.035; that is, infected plants
produced on average 64% less seeds than mock-inoculated ones). However, virulence
greatly varied across Arabidopsis genotypes, from plant sterilization (V = 1 in 13 genotypes)
to overcompensation of the effect of infection on plant progeny production (negative values
of V in 16 genotypes, with minimum values of —1.869 in genotype Lam-0) (Figure 2 and
Table S1). This ample variation did not depend on the Arabidopsis genetic group (F = 1.801;
p = 0.150) but did vary according to the plant genotype (F = 12.619; p = 1 x 107%).
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Figure 2. Frequency distributions of Cucumber mosaic virus (CMV) virulence in 154 Arabidopsis thaliana
genotypes.

The broad-sense heritability of CMV virulence in Arabidopsis showed moderate-high
values: 1%, = 0.68. Therefore, there was significant genetic variation among the studied
Arabidopsis genotypes for the analyzed trait, such that the utilized population allowed a
meaningful GWAS.

3.2. Genetic Architecture of Virulence in Arabidopsis

The 154 Arabidopsis genotypes accounted for 2.07 million SNPs, which were included
in a BSLMM to evaluate how much of the variance in CMV virulence was explained by
these SNPs. A moderate percentage of the phenotypic variance was explained by the
genotyped SNPs [PVE: 51%; 95% ETPI (equal-tail probability intervals): 15-76%]. The
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strength of association of a SNP with CMV virulence above or equal to 0.25 was considered
an indication of a large effect SNP that contributed the most to the phenotype. These
large effect variants explained 58% (PGE: 58%; 95% ETPI: 32-96%) of the variance in
CMV virulence. The number of SNPs with a large effect size was low (mean: 10; 95%
ETPI: 4-18). Thus, the BSLMM indicated that Arabidopsis genetic architecture of CMV
virulence involved few SNPs with detectable large effects.

In parallel with the BSLMM, we performed a GWAS. The results indicated that
223 SNPs were significantly associated with CMV virulence in Arabidopsis (—logio(p) > 4),
with effect size varying from 0.08 to 0.42 (Table S2). To provide global insights into the
biological processes associated with CMV virulence, we performed a GO term enrichment
analysis based on the 223 detected SNPs (Figure 3). We identified 37 enriched GO terms
(p<1x 10~3), which were reduced to 30 after eliminating redundant terms (Table S3). Sim-
ilarity analyses of these 30 GO terms indicated that the largest clusters grouped functions
related to response to stress (eight GO terms), cell wall biogenesis and cellular metabolisms
(four GO terms each) and glucosinolate catabolism (three GO terms). GO terms in these
four categories accounted for 63% of all enriched terms (Figure 3). Most other terms corre-
sponded to general housekeeping functions (Table S3). One exception was SNP enrichment
in genes related to seed coat development, a function highly related to progeny production
(Figure 3).
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Figure 3. Scatterplot of enriched gene ontology (GO) terms for Arabidopsis determinants of CMV
virulence. Color scale indicates significance of the term enrichment (—log;(p). Dot diameter indicates
fold enrichment.

Only eight of the 223 SPNs passed the FDR threshold (FDR-adjusted p-value <
3 x 1073 and —logio(p) > 8) (Figure 4), representing most of the SNPs with the largest
effects in virulence (effect size > 0.20) (Table S2). With few exceptions (nine SNPs, four
of them affecting the same gene), the rest of the 215 SNPs had effects lower than 0.20.
Therefore, only a reduced number of SNPs with large effects size were strongly associated
with CMV virulence in Arabidopsis, in agreement with BSLMM.

Altogether, our analyses indicate that Arabidopsis genetic determinants of CMV
virulence are mainly involved in functional categories associated with stress response and
cell wall biogenesis. Of the identified SNPs, a few have detectable large effects and are
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—log1o(p)

strongly associated with the analyzed trait, whereas a larger number of SNPs are less
strongly associated with virulence, most of them with smaller effect size.

Chromosome

Figure 4. Manhattan plot illustrating the Arabidopsis thaliana genomic regions associated with CMV virulence. Dashed line
indicates false discovery rate (FDR) threshold. Color scale represents single nucleotide polymorphism (SNP) density.

3.3. Arabidopsis Genetic Determinants of CMV Virulence Identified by GIWAS

We focused on the eight SNPs that passed the FDR threshold (Figure 4). MAF values
for these SNPs varied between 0.08 and 0.11. For all of them, the minor variant had a
negative effect on CMV virulence (Table 1).

Table 1. SNPs significantly associated with virulence according to FDR threshold.

SNP ? Protein Description FDR Effect
C5_26478732 GMD1 Cell wall metabolism 892 x 10711 042
C3_10139431 PLL18 Cell wall metabolism 6.53 x 1077 —0.40
C4_11603821 HSP20-like Abiotic stress response 1.81 x 1077 —0.22
C3_16927277 ZAT8 Biotic and abiotic stress response ~ 3.96 x 107° —0.30
(C3_8500254 RTFL13 Flowering time 2.05 x 1075 -0.23
C1_20023793 AT1G53635 Unknown 9.81 x 1074 -0.23
C4_5465990 ORTHL DNA methylation 1.56 x 1073 —0.21
C2_6211877 LURP1 Biotic stress response 251 x 1073 —0.22

@ Each SNP is named by the chromosome (C) in which it is located and its position in the chromosome.

The two Arabidopsis SNPs with the strongest association with CMV virulence were
located at genes encoding a GDP-d-mannose 4,6-dehydratase (GMD1) and a peptate
lyase-like protein (PLL18) (FDR < 6.53 x 1077). Both genes are involved in cell wall
metabolism [63,64]. Of the remaining six SNPs strongly associated with virulence, three
were involved in response to biotic and abiotic stresses: heat shock protein 20-like (HSP20-
like), the zinc finger protein ZAT8 and the late upregulated in response to Hyaloperonospora
parasitica protein 1 (LURP1) [65-69]. Another two were related to different biological
processes such as flowering time (ROTUNDIFOLIA like 13 protein, RTFL13) [70] and
DNA methylation (ORTHRUS-like protein, ORTHL) [71], and one had unknown function
(AT1G53635). To confirm the association of these SNPs with CMV virulence, we performed
General Linear Models (GLMs) comparing CMV virulence in Arabidopsis genotypes with
different variants in the eight detected SNPs. In all cases, analyses indicated significant
differences (F1140-152 > 8.74; p < 3.6 x 1079), supporting the role of these SNPs in the
analyzed trait, with minor variants always showing a reduced virulence (Figure 5).
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Figure 5. Distribution of CMV virulence across Arabidopsis genotypes harboring major (blue) and minor (red) variants of
the eight SNPs strongly associated with this trait. Each SNP is indicated by the chromosome (C) and the position in which it
is located, and the corresponding gene is shown in grey.

In summary, the Arabidopsis SNPs strongly associated with CMV virulence are located
in genes mostly involved in cell wall biogenesis and in stress response in agreement with
GO term enrichment analyses, and minor variants of the SNPs in these genes generally
reduce CMV virulence.

3.4. Link between Arabidopsis Genetic Determinants of CMV Virulence and Seed Transmission

To analyze the potential genetic links between CMV virulence and seed transmission
rate in the Arabidopsis genome, we selected 35 plant genotypes representing extreme
virulence phenotypes in which we estimated the per cent of CMV seed transmission (ST)
(Table S1). ST varied from absence of infected seeds (genotypes Cdc-3, Iso-4 and Lum-0) to
100% of infected seeds (genotypes Alm-0, Amu-0, Ang-0 and Aul-0). Then, we performed
a RF analysis including the 223 SNPs associated with CMV virulence as predictors of
virus seed transmission rate. The RF detected only seven of these SNPs as significantly
associated with this trait (p < 0.041) (Table 2). None of the eight SNPs strongly associated
with virulence was so with virus seed transmission rate.

Table 2. SNPs significantly associated with CMV seed transmission rate according to Random Forest
(RF). CIPK2: calcineurin B-like (CBL)-interacting protein kinase 2; JAL4: Jacalin-related lectin 4;
MACS5C: MOS4-ASSOCIATED COMPLEX SUBUNIT 5C protein. MEG: Maternally expressed gene.

SNP 2 Protein Description p-Value % Inc. MSE P
C5_2202898 CIPK2 Response to abiotic stress 0.012 8.11
C5_2198824 MAC5C Cell wall metabolism 0.012 2.77

C5_11777493 AT5G31963 Unknown 2 %1071 0.83
C2_7038732 MEG Embryogenesis 2x 10716 0.73
C3_15811438 AT3G44030 Unknown 0.041 0.72
C1_12253373 JALA Response to biotic stress 0.041 0.53
C1_16528990 AT1G43750 Unknown 0.033 0.49

@ Each SNP is named by the chromosome (C) in which it is located and its position in the chromosome. b Per cent
of increase in the mean square error (MSE).
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GLMs comparing CMV seed transmission rate in Arabidopsis genotypes with different
variants in the seven SNPs indicated significant differences only for the two with the
highest % MSE (F1 34 > 8.74; p < 0.033) (Figure 6). The two SNPs associated with both
CMV virulence and seed transmission rate were located in genes encoding the calcineurin
B-like (CBL)-interacting protein kinase 2 (CIPK2) and the MOS4-ASSOCIATED COMPLEX
SUBUNIT 5C protein (MAC5C). The former is a calcium regulated protein [72], and the
latter has been reported as being involved in cell wall metabolism [73].

C5_2198824 C5_2202898
(MAC5C) OABG 08 - (CIPK2) oT BG

B =l ISR =B

Virulence CMV seed Virulence CMV seed

transmission transmission

Figure 6. Distribution of CMV virulence and seed transmission rate across Arabidopsis genotypes harboring major (blue)
and minor (red) variants of the two SNPs associated with both traits. Letters indicate the nucleotide at each SNP for the

major and minor variants. Seed transmission rate is shown as ST /100 to fit in the same scale as virulence. Each SNP is

indicated by the chromosome (C) and the position in which it is located, and the corresponding gene is shown in grey.

Hence, Arabidopsis genes involved in both CMV virulence and seed transmission
rate control stress responses and cell wall metabolism.

4. Discussion

Most analyses of the host genetic determinants of plant virus virulence have identified
genes involved in symptom development and/or plant susceptibility [8,11]. In contrast,
genes associated with the effect of virus infection on plant progeny production are poorly
characterized [74]. Identifying this genetic control is of great relevance to understand plant—
virus interactions from an agronomic and ecological perspective: first, seed production is a
key trait for wild plant population dynamics and a trait of agronomic importance [75,76].
Second, it modulates the chances for virus horizontal transmission (i.e., determines the
number of available susceptible individuals) [1], and is central for viruses that disperse
through seeds [27,77]. Here, through a GWAS including 154 plant genotypes, we identified
Arabidopsis genes involved in the effect of CMV infection on seed production and we
explored the potential link of these genes with the efficiency of virus seed transmission.

We identified SNPs in eight plant genes strongly associated with the effect of CMV
infection on seed production. Three of these genes (HSP20-like, ZAT8 and LURP1) were
related to the response to biotic and abiotic stresses. The first two genes have been shown
to be overexpressed in response to heat and salinity [78,79]. However, there is also evidence
of their role in plant response to pathogens. For instance, many HSPs have been reported
to alter their expression patterns upon infection by multiple pathogens [80]. Indeed, in N.
benthamiana and rice HSP20 expression has been shown to change upon infection by Impa-
tiens necrotic spot virus and Rice stripe virus, respectively, facilitating virus replication and
within-host movement [68,81]. Similarly, Arabidopsis transcription factor ZAT8 knock-out
mutants have been reported to have higher susceptibility to Pseudomonas syringae [67], and
in the same host other transcription factors of the ZAT family are responsive to infection by
viruses, including CMV [82]. The third gene, LURPI, is also regulated in response to biotic
stresses, being required for basal defense to Hyaloperonospora arabidopsidis [69]. Interestingly,
our results are not the first evidence of a link between defenses to H. arabidopsidis and CMV.
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Another well-characterized resistance gene to this oomycete (RPPS) is allelic to RCY-1,
which confers resistance to the isolate Y of CMV [83]. These results and ours suggest that
H. arabidopsidis and CMV infection may trigger common defense pathways. In nature, Ara-
bidopsis plants are commonly infected by both CMV and H. arabidopsidis, both pathogens
imposing selective pressures on the host [21,23,84], such that common defense pathways
would be selectively advantageous while minimizing energy investment at the same time.
The evolutionary processes leading to this common solution is an interesting avenue of
future research. It should be noted that the expression of HSP20-like, ZAT8 and LURP1 has
been mostly studied in vegetative plant tissues, and their effect has been generally linked
to reduced pathogen load and/or lower effect of infection on plant growth. The association
of these three genes with the effect of infection on seed production might be explained if:
(i) their differential expression in vegetative tissues affects plant reproduction, or (ii) these
genes are also differentially regulated in plant reproductive organs. In any case, our results
provide tentative evidence of a novel function for these genes in plant-virus interactions.

Perhaps more interestingly, the SNPs with the strongest association, and the largest
effect, with virulence were located in genes related to the cell wall metabolism (GMD1 and
PLL18). Current information on changes in the composition, structure and function of plant
cell walls in response to infection has been largely restricted to non-viral pathogens [85,86].
The scant work on plant-virus interactions focused on the association between cell wall
modifications and virus cell-to-cell and, to a lesser extent, systemic movement. For instance,
pectin methylesterases and hydroxyproline-rich glycoproteins are needed for efficient
Tobacco mosaic virus and Potato virus Y movement in tobacco and potato, respectively [87-89].
It could be argued that GMD1 and PLL18 work in a similar way: certain variants of these
proteins might facilitate virus cell-to-cell and systemic colonization from entry points at
plant leaves and therefore promote the invasion of reproductive structures. However, none
of the two proteins encoded by these genes are significantly expressed in Arabidopsis
leaves. Rather, their expression is largely restricted to flowers and pollen grains as they
are mainly involved in the synthesis and remodeling of cell walls in these organs [63,64].
Hence, we hypothesize that CMV infection alters the functioning of these proteins, leading
to the malformation of cell walls in flowers and/or pollen, which may affect plant fertility
and therefore seed production. Arabidopsis genotypes with variants in these genes less
prone to CMV effects would suffer less from infection. Further functional analyses of
these GMD1 and PLL18 upon virus infection will allow testing this hypothesis. Regardless
the mechanism involved, our results reveal a new role of the cell wall in plant-virus
interactions as a regulator of the effect of infection on plant fitness. The identification
of four large effect size SNPs that did not pass the FDR threshold but were significantly
associated with CMV virulence within a gene encoding the prolyl 4-hydroxylase 11 (P4H11)
(Table S2), which is also involved in cell wall biogenesis [90], and the results of our GO
term enrichment, further support this conclusion.

The other two Arabidopsis genes strongly associated with CMV virulence were
RTFL13 and ORTHL. RTFL13 has been shown to be a regulator of flowering time that
is expressed during cambium formation in Arabidopsis inflorescences [70]. There is ample
evidence of the link between flowering time and the effect of virus infection on seed pro-
duction [25,26,91]. Although the genetic bases are unknown, flowering genes are thought
to control this process [18]. In agreement, RTFL13 would be a candidate gene to be involved
in such control. As for ORTHL, an epigenetic regulator of embryogenesis [92], any effect of
virus infection on embryo development would directly impact plant fitness. Our results
suggest that such effects would occur through alterations of the epigenetic regulation of
plant reproduction. Indeed, virus infections have been repeatedly shown to alter plant
epigenetics (including DNA methylation) [93,94]. Hence, the identification of these two
genes as potential regulators of CMV virulence support the idea that at least part of the
host control of this trait occurs at the plant reproductive stage, and independently of the
virus effects on vegetative structures.
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Although none of the Arabidopsis SNPs strongly associated with CMV virulence were
also modulating virus seed transmission rate, our RF analysis identified two SNPs that
were linked to both traits: CIPK2 and MAC5C. CIPK2 is a protein kinase associated to
calcineurin B-like protein (CBLs), which is a group of calcium sensors. In plants, calcium
fluxes are important for sensing a variety of stimuli, including abiotic conditions and
pathogens, and in these processes both CBLs and CIPKs are involved [72,95]. For instance,
tobacco CIPK2 has been shown to be involved in tolerance to drought [72]. Although
in Arabidopsis the role of CIPK2 is not known, other CIPKs (such as CIPK6) have been
demonstrated to induce plant resistance to pathogens when silenced. Thus, it could be
hypothesized that CIPK2 acts in a similar way in response to CMV. Interestingly, CIPK2
is highly expressed in flowers [96], which may explain its common role in virulence and
seed transmission: the differential expression of CIPK2 may induce local resistance to the
virus in flowers, minimizing the effects of infection in seed production and preventing
seed invasion. Similarly, MACS5C, part of the secondary cell wall regulation network [73],
is expressed during seed germination [97]. In infected seeds, MAC5C may contribute
to minimize the effect of CMV presence on secondary wall metabolism, promoting seed
viability and favoring virus seed transmission. As part of the MAC complex, MAC5C also
has a role in plant resistance to pathogens [98]. The specific mechanism by which MAC5C is
involved in plant defenses is not well characterized [99]. However, this work was restricted
to analysis in plant vegetative structures. Similarly to CIPK2, MAC5C could also influence
virulence and seed transmission rate by restricting virus invasion of reproductive organs.
It is worth mentioning that here we did not quantify CMV load in the reproductive plant
organs, which would have contributed to understand whether certain variants of these
two genes prevent virus invasion. On the other hand, we show that variants with lower
virulence had higher seed transmission rate, suggesting a negative correlation between
both traits, which is in agreement with our previous results [28], strengthening the evidence
of a role of these genes as multi-trait regulators.

In summary, this work identifies genes related to stress response and cell wall
metabolism as potential regulators of the effect of virus infection on plant progeny pro-
duction and of virus seed transmission rate. Although functional analyses are needed to
validate these results, our GWAS provides tentative evidence of novel roles for these plant
genes in plant-virus interactions, opening a new avenue of future research.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/microorganisms9040692/s1, Figure S1: Symptoms induced by CMV infection in Arabidopsis.
Upper line shows mock-inoculated plants and lower line CMV-infected plants of Arabidopsis
genotypes Cem-0 (A and E), Gra-0 (B and F), Ses-0 (C and G) and Vas-0 (D and H). Table S1:
List of Arabidopsis genotypes utilized in the GWAS and average virulence (V) and seed transmission
rate (ST) values per genotype; Table S2: SNPs in the Arabidopsis genome associated with CMV
virulence; Table S3: GO enriched terms in the 223 host SNPs associated with CMV virulence in
Arabidopsis thaliana.
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Abstract: Barley yellow dwarf virus (BYDV) is transmitted by aphids and significantly reduces the
yield and quality of cereals worldwide. Four experiments investigating the effects of barley yellow
dwarf virus-PAV (BYDV-PAV) infection on either wheat or barley were conducted over three years
(2015, 2017, and 2018) under typical field conditions in South-Eastern Australia. Plants inoculated
with BYDV-PAV using viruliferous aphids (Rhopalosiphum padi) were harvested at maturity then
grain yield and yield components were measured. Compared to the non-inoculated control, virus
infection severely reduced grain yield by up to 84% (1358 kg/ha) in wheat and 64% (1456 kg/ha) in
barley. The yield component most affected by virus infection was grain number, which accounted for
a large proportion of the yield loss. There were no significant differences between early (seedling
stage) and later (early-tillering stage) infection for any of the parameters measured (plant height,
biomass, yield, grain number, 1000-grain weight or grain size) for either wheat or barley. Additionally,
this study provides an estimated yield loss value, or impact factor, of 0.91% (72 kg/ha) for each
one percent increase in natural BYDV-PAV background infection. Yield losses varied considerably
between experiments, demonstrating the important role of cultivar and environmental factors in
BYDV epidemiology and highlighting the importance of conducting these experiments under varying
conditions for specific cultivar-vector-virus combinations.

Keywords: barley yellow dwarf virus; BYDV; wheat; barley; yield loss; vectors; aphids

1. Introduction

Cereals, a staple food in many parts of the world, are continually threatened by abiotic
(e.g., temperature, water, and nutrition stress) and biotic (e.g., weeds, pests, and diseases)
factors. It has been estimated that plant diseases cost the global economy approximately
USD 220 billion each year [1]. Diseases caused by viruses result in significant economic
losses worldwide through crop failure and yield and quality losses, as well as increased
input costs associated with disease management and prevention [2]. Barley, cereal, and
maize yellow dwarf viruses (referred to collectively throughout this manuscript as YDVs)
belong to the family Luteoviridae and are among the most widespread and important
viruses affecting cereals worldwide. They commonly infect wheat (Triticum aestivum),
barley (Hordeum vulgare), oat (Avena sativa), and other species belonging to the family
Poaceae. Currently, ten barley yellow dwarf (BYDV), cereal yellow dwarf (CYDV), and
maize yellow dwarf virus (MYDV) species are listed on the ICTV master species list: BYDV-
kerll, BYDV-kerlll, BYDV-MAYV, BYDV-PAS, and BYDV-PAV have been assigned to the
Luteovirus genus; CYDV-RPS, CYDV-RPV, and MYDV-RMYV have been assigned to the
Polerovirus genus; and BYDV-GPV and BYDV-SGV have not been assigned to a genus [3].
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BYDV-PAV, BYDV-MAYV, CYDV-RPV, and MYDV-RMYV have been found in Australia [4,5],
where BYDV-PAV is considered the most abundant YDV species, particularly in the South-
Eastern Australian state of Victoria [4,6-9]. YDVs are phloem-limited viruses which are
persistently transmitted from infected to healthy plants by aphids [10,11]. The bird cherry-
oat aphid (Rhopalosiphum padi) and the corn aphid (Rhopalosiphum maidis) are the most
common vectors of YDVs in Australia [12].

Symptoms of YDV infection include yellowing and/or reddening of leaves, stunted
growth, and reduced root biomass [11], however infection can also be symptomless. Numer-
ous studies have reported significant yield losses due to YDV infection [13-19], and losses
of up to 93% have been reported in field experiments after artificial inoculation [18,20]. In
Australia, cereals such as wheat, barley, and oats are widely grown, and yield losses of
up to 72 kg/ha have been reported for each 1% increase in virus incidence (percentage of
plants infected), resulting in losses of up to 3790 kg/ha [17,19,21]. Symptoms and yield
losses associated with YDV infection are usually more severe when plants are infected
at the early growth stages [11,22-24]. The impacts of YDV infection can vary depending
on factors such as virus species, host cultivar, plant growth stage at the time of infection,
aphid vector, and environmental conditions [13,15,24-26].

Despite the implementation of the latest disease management strategies and an in-
creased use of insecticides to control virus vectors over the past thirty years, YDVs still
occur with high incidence in cereal fields in South-Eastern Australia, particularly in higher-
rainfall regions [7,9]. Furthermore, a recent study found that YDVs were more prevalent,
and occurred with higher incidence, in cereals in the region throughout 2014-2017 [7] than
had previously been reported more than thirty years earlier [8]. Therefore, it is likely that
yield losses associated with YDVs in South-Eastern Australia have been underestimated in
recent years due to a lack of current yield loss data.

Four field experiments were conducted over three years with varying seasonal condi-
tions to quantify the effects of BYDV-PAYV, the most prevalent YDV species found in cereals
in South-Eastern Australia, on yield and yield components of wheat and barley that are
currently grown in the region. This study aimed to provide current yield loss data that
can be used to obtain a more accurate and updated estimation of the impact of YDVs in
South-Eastern Australia.

2. Materials and Methods
2.1. Field Sites and Experiments

Four field experiments to quantify the effects of BYDV-PAV infection on plant growth,
yield, and yield components of field-cultivated wheat and barley under typical conditions
were conducted at two sites in the Wimmera region, Victoria in South-Eastern Australia.
Experiments 1 (2015), 2 (2015), and 3 (2017) were conducted at the Agriculture Victoria
Plant Breeding Centre at Vectis (36°44’ S, 142°6' E). Experiment 4 (2018) was conducted at
the Agriculture Victoria Wimmera Research Station at Longerenong (36°40’ S, 142°18' E).
The Vectis and Longerenong field sites are both located in the Wimmera region and are
approximately 18 km apart. The long-term (1990-2018) mean annual maximum temperature
and mean annual rainfall of the Wimmera region were 21.6 °C and 404 mm, respectively (
www.bom.gov.au; www.longpaddock.gld.gov.au/silo, accessed on 5 February 2021) [27]. Each
experiment was designed using a randomized block design with 6 replicates (Figure 1A,B)
and was direct-seeded using a cone seeder (P] green, Grovedale, Australia) with 183 mm row
spacing and a target establishment density of 150 plants/m?. The wheat cultivar Yitpi was
evaluated in experiment 1, the barley cultivar Hindmarsh was evaluated in experiment 2,
while the wheat cultivar Mace was evaluated in experiments 3 and 4. Yitpi, a commonly
grown cultivar in the Wimmera region, has recently been replaced by Mace. Field sites were
maintained using agronomic practices typical for the region.
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Figure 1. (A) The experimental layout in wheat and barley; (B) Field inoculation cages used to cover
the virus-treated plots during inoculation; (C) Widespread leaf-yellowing symptoms of barley yellow
dwarf virus (BYDV) background infection observed in non-inoculated control plots of wheat in 2017
in South-Eastern Australia.

2.2. Virus Propagation and Aphid Colony

The isolate of BYDV-PAV used to inoculate the virus-treated plots in each field experiment
was collected from an infected oat plant in Horsham, Victoria, Australia with the virus identity
confirmed by tissue blot immunoassay (TBIA) [9] and reverse transcription-polymerase
chain reaction (RT-PCR) [28]. Viruliferous R. padi were maintained on infected wheat plants
(cv. Yitpi) contained in cages in plant growth chambers at 20 °C with a 14:10 h light:dark
photoperiod. Aphids were allowed a virus acquisition period of at least 7 days before they
were used to inoculate plants in the field experiments.

2.3. Inoculation of Virus-Infected Plots with BYDV-PAV

In experiments 1 and 2, the three treatments were: (1) early BYDV inoculation (BYDV 1,
inoculated at the seedling stage, Zadoks growth stage Z12 where two leaves had emerged) [29];
(2) later BYDV inoculation (BYDV 2, inoculated at the early tillering stage, Z22, where
two tillers were visible); and (3) a non-inoculated control. In experiments 3 and 4, the
two treatments were early BYDV inoculation (inoculated at the seedling stage, Z12)
and a non-inoculated control. In each experiment, treatments were applied to plots
180 cm x 3 rows (1.62 m2) in size. Plots of wheat and /or barley selected for BYDV-PAV
infection were inoculated with the virus by placing plant sections containing viruliferous
R. padi alongside each row of plants within the plot. All plants within the plot were then
covered with a large field cage (Figure 1B) for 3-5 days to contain the aphids and prevent
virus contamination of control plots. Plants within each inoculated and control plot were
sprayed with pyrethrum (Yates, active ingredient: pyrethrins) and Confidor (Bayer, active
ingredient: imidacloprid) insecticides immediately after the cages were removed. All plots
were then sprayed with insecticide as part of the normal spray program throughout the
growing season.
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2.4. Assessment of BYDV-PAV Incidence

In each experiment, 45-60 whole tillers were randomly collected from individual
plants from each plot before maturity and tested for BYDV-PAV to assess inoculation
success and levels of background infection using TBIA [9]. The number of positive tillers
in the samples collected from each plot was recorded and the percentage of positive tillers
was calculated.

2.5. Harvest Assessments

At plant maturity, the height of 12-15 plants in each plot was measured, recorded,
and averaged. The above-ground portion of all plants from each plot was then hand
harvested, placed into large paper bags, and transported to the laboratory, where plant
biomass was measured. Samples were threshed using a Hans-Ulrich Hege 16 laboratory
thresher (Wintersteiger, Ried im Innkreis, Austria). Grain was then aspirated with a
vacuum separator (Kimseed, Wangara, Australia), counted using a Numigral seed counter
(CHOPIN Technologies, Cedex, France), weighed, and 1000-grain weight was calculated.
Grain size was assessed by passing each grain sample through 2.8 mm, 2.5 mm, and 2.2 mm
sieves using a Sortimat laboratory sorting machine (Pfeuffer GmbH, Kitzingen, Germany)
and calculating the percentage of grain in each range. Harvest index was calculated by
dividing the grain yield (g) by plant biomass (g). In experiments 3 and 4, grain protein (%)
and moisture content (%) were measured using a CropScan 3000B whole-grain analyzer
(Next Instruments, Condell Park, Australia). Additionally, the number of heads in each
plot was counted in experiments 3 and 4, then the total grain weight per head and the
number of grains per head were calculated.

2.6. Weather Data

All rainfall and temperature data used to represent the Wimmera region, and therefore
the Vectis and Longerenong field sites, were obtained from the Bureau of Meteorology
(BOM) website (www.bom.gov.au) and SILO (www.longpaddock.qld.gov.au/silo) [27]
from weather station number 79,028 (accessed on 5 February 2021), which was located in
the paddock adjacent to the Longerenong field site. Long-term rainfall and temperature
values were calculated using all available data from 1961-2018 while average annual
temperature and rainfall data were used to demonstrate the variation in weather conditions
in the Wimmera region in each year of the field study (Table 1).

Table 1. Three-monthly annual rainfall (mm) and mean maximum temperature (°C) for the years
2014-2018 and three-monthly long-term mean rainfall (mm) and long-term mean maximum tempera-
ture (°C) for the years 1961-2018 for the Wimmera region, South-Eastern Australia.

Year Jan-Mar Apr-Jun Jul-Sep  Oct-Dec

2014 36 133 64 33

. 2015 88 77 60 28
Rainfall (mm) 2016 69 110 222 108
2017 56 135 128 112

2018 24 82 79 42

Long-term mean 1961-2018 67 107 132 97
2014 30.9 18.4 l6.4 27.3
Mean maximum temperature (°C) 2015 291 171 154 29.3
2016 30.2 18.4 14.8 24.0
2017 30.3 17.9 15.3 27.2
2018 30.6 19.0 16.0 26.7
Long-term mean 1961-2018 28.9 17.8 15.2 24.5

2.7. Data Analysis

Grain weights from each plot were converted to grain yield (kilograms per hectare,
kg/ha) prior to analysis. Yield losses (kg/ha) were calculated by subtracting the mean
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yield of the inoculated plots from the mean yield of the non-inoculated control plots with
percentage yield loss also calculated. Means and standard errors of the means (SEMs) were
calculated using GenStat 14th Edition (VSN International, Hemel Hempstead, UK). The
normality of residuals was checked using quantile-quantile plots (Figures S1-54). Analysis
of variance (ANOVA) and Tukey’s honestly significant difference (HSD) test were used to
analyze data from experiments 1 and 2. Experiments 3 and 4 consisted of two treatments,
therefore paired, two-sided t-tests were used to analyze data from experiments 3 and 4
instead of ANOVA. The relationship between the natural BYDV-PAV background infection
present in the non-inoculated control plots (x) and grain yield (y) in experiment 3 was
tested for normality using the Shapiro-Wilk test and analyzed using polynomial linear
regression and Pearson’s product moment correlation. Normality, ANOVA, t-tests, linear
regression analysis, and correlations were performed using R version 4.0.0 (R Foundation
for Statistical Computing, Vienna, Austria), and differences were considered statistically
significant at p < 0.05. Figures were produced in SigmaPlot (Systat Software, San Jose,
CA, USA).

3. Results

During the three years of this study, four individual field experiments were conducted
to quantify yield losses associated with BYDV-PAV infection under varying seasonal
conditions in the Wimmera region, South-Eastern Australia. Weather conditions varied
between the 3 years of the study (Table 1), resulting in different rainfall, grain yield, green
bridge, and background virus infection (Figure 1C) each year, and higher levels of BYDV-
PAV background infection were observed in non-inoculated control plots of wheat in 2017
(22-60%) compared to 2015 (4-19%) and 2018 (3-17%).

3.1. Experiment 1 (2015); Wheat (cv. Yitpi)

When comparing the early and later BYDV-PAV-inoculated treatments to the non-
inoculated control treatment, plant height was significantly reduced by both early (17%)
and later (14%) infection (Figure 2A,B). Plant biomass was significantly reduced by 50% by
early infection and 39% by later infection (Figure 2C). Grain yield was significantly reduced
by both early and later infection; early infection reduced grain yield by 84% (1358 kg/ha)
while later infection reduced grain yield by 75% (1214 kg/ha) (Figure 2D). Grain number was
also significantly reduced by 84% (p < 0.001) by early infection and by 74% (p < 0.001) by later
infection, while harvest index was reduced by 69% (p < 0.001) by early infection and by 60%
(p < 0.001) by later infection. Thousand-grain weight was not significantly affected by either
early (p = 0.37) or later (p = 0.17) infection; similarly, grain size (measured as the proportion
of grain in each of the >2.8 mm, 2.5-2.8 mm, 2.2-2.5 mm, and <2.2 mm size ranges) was not
significantly affected by either early (p > 0.41) or later (p > 0.19) infection. When comparing
the early and later BYDV-PAV infection treatments to each other, there were no significant dif-
ferences between early and later infection in any of the parameters measured (i.e., plant height
(p =0.57), plant biomass (p = 0.12), grain yield (p = 0.61), grain number (p = 0.54), harvest index
(p =0.72), 1000-grain weight (p = 0.87), or grain size (p > 0.72)) (Figure S5 and Table S1). The
typical virus symptom of leaf yellowing/reddening was observed in plots inoculated with
BYDV-PAV, and the stunted growth of plants in the inoculated plots was obvious at harvest
(Figure 2A, left). Due to the plants maturing earlier than expected as a result of the hot and
dry conditions of 2015, not all of the wheat samples collected to assess BYDV-PAV incidence
in each plot contained enough sap for an accurate estimation of virus incidence, however the
mean incidence was at least 63% in the inoculated plots and 9% in the non-inoculated control
plots, and the majority of plants in the inoculated plots were symptomatic. Additionally, a
previous study showed that natural YDV background infection was low in the Wimmera
region in 2015 [7]. Rainfall was 37% below average, and the mean maximum temperature
was 1.1 °C above the long-term mean (Table 1).
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Figure 2. The effect of early (BYDV 1), later (BYDV 2), or no (Control) barley yellow dwarf virus-PAV
(BYDV-PAV) inoculation on: (A) plant growth of wheat (left) and barley (right); (B) plant height;
(C) plant biomass; (D) grain yield of wheat in experiment 1 (2015) and (E) plant height; (F) plant
biomass; (G) grain yield of barley in experiment 2 (2015) in South-Eastern Australia. Error bars
represent standard error; means with the same letter are not significantly different at p < 0.05.

3.2. Experiment 2 (2015); Barley (cv. Hindmarsh)

When comparing the early and later BYDV-PAV-inoculated treatments to the non-
inoculated control treatment, plant height was not significantly affected by either early or later
infection (Figure 2A,E), but plant biomass was significantly reduced by 38% by early infection
and 31% by later infection (Figure 2F). Grain yield was significantly reduced by both early and
later infection; early infection reduced grain yield by 60% (1352 kg/ha) while later infection
reduced grain yield by 64% (1456 kg/ha) (Figure 2G). Grain number was also significantly
reduced by 56% (p = 0.002) by early infection and 62% (p < 0.001) by later infection, while
harvest index was reduced by 35% (p = 0.051) by early infection and by 47% (p = 0.009) by later
infection. While 1000-grain weight was not significantly affected by either early (p = 0.06) or
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later (p = 0.18) infection, grain size was significantly affected by infection at both times; when
compared to the non-inoculated control treatment, significantly more smaller grains (<2.2 mm
in size) were obtained after both early (69%, p = 0.001) and later (59%, p = 0.005) infection, and
significantly fewer larger grains (2.2-2.5 mm in size) were obtained after both the early (47%,
p <0.001) and later (38%, p = 0.005) infection. When comparing the early and later BYDV-PAV
inoculation treatments to each other, there were no significant differences between early and
later infection in any of the parameters measured (i.e., plant height (p = 0.82), plant biomass
(p = 0.70), grain yield (p = 0.94), grain number (p = 0.92), harvest index (p = 0.66), 1000-grain
weight (p = 0.80), or grain size (p > 0.66)) (Figure S6 and Table S2). The typical virus symptom
of leaf yellowing was observed in plots inoculated with BYDV-PAV, and the stunted growth
of plants in the inoculated plots was visible at harvest (Figure 2A, right). Most of the barley
samples collected to assess BYDV-PAV incidence in each plot did not contain enough sap for
accurate estimation of virus incidence; however, the mean BYDV-PAV incidence was at least
20% in the inoculated plots and 3% in the non-inoculated control plots, and the majority of
plants in the inoculated plots were symptomatic.

3.3. Experiment 3 (2017); Wheat (cv. Mace)

When comparing the BYDV-PAV-inoculated treatment to the non-inoculated control
treatment, plant height was significantly reduced by 6% (Figure 3A), while plant biomass
was significantly reduced by 15% (Figure 3B) due to virus infection. Grain yield was reduced
by 18% (1038 kg/ha, Figure 3C), and grain number was reduced by 15% (p = 0.050) by
virus infection, however these differences were not statistically significant at the p <0.05
level. While infection did not significantly affect the number of heads per plot (p = 0.99), it
did significantly reduce the grain weight per head (p = 0.04) and the number of grains per
head (p = 0.01) by 17% and 15%, respectively. There were no significant effects of BYDV-PAV
infection on harvest index (p = 0.35), 1000-grain weight (p = 0.54), grain size (p > 0.08), grain
protein (p = 0.43), or grain moisture (p = 0.20) (Figure S7 and Table S3). The typical virus
symptom of leaf yellowing/reddening was observed in both inoculated and control plots
(Figure 1C); however, stunted plant growth in the inoculated plots was not visually obvious
at harvest. The mean BYDV-PAV incidence was 89% in the inoculated plots and 37% in the
non-inoculated control plots. Linear regression analysis performed to quantify the relationship
between grain yield and the unusually high level of natural BYDV-PAV background infection
observed in the non-inoculated control plots revealed a negative linear relationship between
the two (Pearson’s correlation coefficient R = —0.88, p = 0.0197) after confirming the normality
of the data using the Shapiro-Wilk normality test (W statistic = 0.9185, p = 0.274, significance
level = 0.05) (Figure 4). Grain yield decreased by 0.91% (72 kg/ha) for each 1% increase in
natural BYDV-PAV background infection (Figure 4). Rainfall in Horsham was average in 2017,
while the mean maximum temperature was 1.1 °C above the long-term mean (Table 1).

3.4. Experiment 4 (2018); Wheat (cv. Mace)

When comparing the BYDV-PAV-inoculated treatment to the non-inoculated control
treatment, plant height was significantly reduced by 15% (Figure 5A), while plant biomass
was significantly reduced by 39% (Figure 5B) due to BYDV infection. Grain yield was
reduced by 41% (923 kg/ha, Figure 5C), and grain number was reduced by 34% (p = 0.01) by
BYD-PAV infection. While virus infection did not significantly affect the number of heads
per plot (p = 0.15), it did significantly reduce the grain weight per head (p < 0.001) and the
number of grains per head (p = 0.001) by 32% and 24%, respectively. Thousand-grain weight
was significantly reduced by 10% (p < 0.001) by BYDV-PAV infection. Similarly, grain size
was significantly affected by virus infection with 15% more smaller grains (2.5-2.8 mm
in size, p = 0.04) and 18% fewer larger grains (>2.8 mm in size, p = 0.04) obtained after
virus infection when compared to the non-inoculated control treatment. There were no
significant effects of BYDV-PAV infection on harvest index (p = 0.16), grain protein (p = 0.07),
or grain moisture (p = 0.81) (Figure S8 and Table S4). The typical virus symptom of leaf
yellowing/reddening was observed in both inoculated and control plots, however the
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stunted growth of plants in the inoculated plots was not obvious at harvest. The mean
BYDV-PAV incidence was 85% in the inoculated plots and 10% in the non-inoculated control
plots. Rainfall in Horsham was 44% below average in 2018 while the mean maximum
temperature was 1.5 °C above the long-term mean (Table 1).
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Figure 3. The effect of early (BYDV) or no (Control) BYDV-PAV inoculation on: (A) plant height; (B)
plant biomass; (C) grain yield of wheat in experiment 3 (2017) in South-Eastern Australia. Error bars
represent standard error; means with the same letter are not significantly different at p < 0.05.
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Figure 4. The negative linear relationship between grain yield (kg/ha) and natural background
incidence of BYDV-PAV in non-inoculated control plots of wheat in experiment 3 (2017) in South-
Eastern Australia revealed by regression analysis.
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4. Discussion

This study quantified yield losses associated with BYDV-PAV infection in cereals
grown under field conditions in South-Eastern Australia. In four experiments conducted
over three years, we report yield reductions of up to 84% (1358 kg/ha) in wheat and 64%
(1456 kg/ha) in barley, along with an estimated yield loss impact factor of 0.91% (72 kg /ha)
for each one percent increase in natural BYDV-PAV infection in wheat. Although a previous
study of yield losses associated with an isolate of CYDV-RPV in Victoria was published
more than 30 years ago [24] and showed yield losses of up to 79% as a result of virus
infection, our study quantifies yield losses associated with BYDV-PAV, the most prevalent
YDV species found in cereal fields in the region [7]. Despite the implementation of the
latest control strategies, grain yield and quality losses resulting from virus infection are still
common and often devastating [30]; however, the impact of viruses on cereal production
in South-Eastern Australia is still often underestimated. In some years, YDVs are prevalent
and can occur with high incidences in cereals in South-Eastern Australia [7]. Although
the losses reported in this study were the result of artificially introduced aphids, they
demonstrate the severe yield losses that can result from BYDV-PAV infection in the region,
particularly when high numbers of viruliferous aphids are present. Combined with the
recently updated YDV incidence data [7], this yield loss information will assist with the
provision of a more accurate understanding of the impacts of YDV infection in currently
grown cereal cultivars in South-Eastern Australia.

Yield losses due to BYDV-PAV infection were recorded each year of the experiment
but were particularly severe and obvious in the hot and dry year of 2015, where virus
infection severely reduced already low yields. While severe yield losses such as these have
previously been reported in cereals [13,16,18,20,31,32], the same severe losses were not
observed in our experiments in 2017 or 2018; however, the 41% yield loss recorded in 2018
(experiment 4) was still severe and similar to those reported by others [14,22-25]. The high
level of natural BYDV-PAV background infection present in the non-inoculated control
plots in wheat in 2017 (experiment 3) is likely to have reduced the difference between the
inoculated and non-inoculated treatments, thereby masking the severity of yield losses
resulting from BYDV-PAYV infection.

Linear regression analysis of grain yield with natural BYDV-PAV background infection
detected in the non-inoculated control plots revealed a negative linear relationship between
the two, showing a decrease in yield of 0.91% (72 kg/ha) for each 1% increase in natural
BYDV-PAV infection; similar negative relationships between yield loss and BYDV incidence
were reported by others [16,17,21,23,24]. The lowest and highest incidence levels used for
regression analysis were 22% and 60%, respectively, so any predictions based on incidence
levels outside of this range would be based on extrapolation; also, it is not known if
linearity still applies to the relationship when incidences are outside of this range. It is
not known when the background infection occurred, and other YDV species may also
have been present in the non-inoculated control plots so the incidences used for regression
analysis may be a slight underestimation.

The effects of early (inoculated at the seedling stage) and later (inoculated at early
tillering) inoculation with BYDV-PAV was assessed in wheat (experiment 1) and barley
(experiment 2) in 2015. Significant reductions in yield, grain number, plant biomass, and
harvest index were recorded after both early and later infection, in both wheat and barley,
when compared to the non-inoculated control plots. Additionally, there was no statistically
significant difference between early and later BYDV-PAV infection in grain yield or any
other parameter measured (grain number, 1000-grain weight, grain size, plant height,
biomass, and harvest index) in either wheat or barley when the two inoculation times were
compared to each other, showing that significant yield losses can occur in wheat and barley
following both early and later infection. While the majority of BYDV yield loss studies
report greater yield losses from early BYDV infection and that yield losses associated with
late infection are not significant [23,24], other studies have reported lower but significant
yield losses from late inoculation, particularly in susceptible cultivars [11,14,16], while
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others have reported no significant differences in yield between early and later inocula-
tion [15,16,22]. This variation seems to be influenced by factors such as cultivar, virus
isolate, time of inoculation, and environmental conditions, among others. In this study, the
early inoculation was done at the seedling stage (Z12-13) and the later inoculation was
done at early-tillering (Z21-22), while in a number of other studies, late inoculation was
done at or after early stem extension (Z30) [22,24]. Therefore, our later inoculation was
applied at a relatively early growth stage in comparison to some other studies.

In each experiment, yield losses resulting from BYDV-PAV infection were accompanied
by similar-sized reductions in grain number per plot while 1000-grain weight and grain size
were affected to a lesser extent and differences were only significant in some experiments,
indicating that the yield losses were primarily due to the presence of less grain rather than
smaller grain. Furthermore, virus infection did not significantly affect the number of heads
per plot but did significantly reduce the number of grains per head and the weight of grain
from each head. Thousand-grain weight and grain size were not significantly affected by
infection in wheat in experiment 1 (despite the severe yield loss observed) or experiment
3, but were significantly affected in experiment 4. In cereals, the number of tillers per
plant [14,24,33], heads per meter, seeds per head, along with 1000-grain weight [15,16,31,34],
number of heads with aborted terminal spikelets [24], and grain size/quality [17,25] have
all been reported to be significantly affected by BYDV infection in some hosts and/or
cultivars. Although leaf symptoms typical of BYDV infection were observed in each
experiment, stunted plant growth was only obvious at harvest in experiments 1 and 2
(Figure 2A,E) and was not noticeable at harvest in experiments 3 or 4, despite the 39%
reduction in biomass and 41% yield loss recorded in experiment 4. The reduced visibility
of the effects of BYDV infection at harvest in experiment 4 suggests that infection at these
levels is unlikely to be noticed in the field, which in turn is likely to have contributed to
the continued underestimation of the importance of BYDV noted in previous studies [21].
It is not clear why the effects of BYDV infection were so much more obvious in wheat
in experiment 1 than experiment 4. Plant height and biomass were reduced by a similar
amount in each experiment, however harvest index (the ratio of grain yield to above-
ground plant biomass) calculations show that BYDV infection affected yield more than
plant biomass in experiment 1 but not in experiments 3 or 4. Differences in factors such
as growing conditions and cultivar, among others, are likely to have contributed to the
difference in harvest index between 2015 and 2018.

The effects of BYDV infection on parameters such as yield, grain number, grain size,
grain weight, harvest index, and symptom expression vary between experiments and
studies, and can be influenced by several factors. Environmental factors such as soil
moisture, rainfall, and temperature, and their effects on plants, vectors, and viruses, are
likely to have contributed to the variation in results between studies and experiments.
While it has been suggested that plants infected with BYDV and other viruses may be
more drought tolerant than non-infected plants [35-37], the results of this study do not
support these findings. While describing BYDV in 1953, Oswald and Houston [11] noted
that damage caused by BYDV infection was particularly severe in a drought year, and
others have also reported more severe yield losses from BYDV infection in years of lower
rainfall [15,25,38,39]. Given that the root system of a plant infected with BYDV is also often
just as stunted, and sometimes even more so, than the visible, above-ground portion of the
plant [11,40-43], it has been suggested that the roots of infected plants may be too shallow
to reach or obtain adequate water and nutrients in dry conditions [11]. This is one possible
explanation for the especially severe yield losses observed in experiment 1, as 2015 was the
second year in a row of well below average rainfall in the region (Table 1).

Differences in factors such as YDV species/isolate, host cultivar, time of infection,
and aphid vector species are also likely to have contributed to the variation in results
between studies and experiments. For example, when Monneveux et al. [39] reported
higher yield losses due to BYDV infection in the drought year of 1988 than the average
rainfall year of 1987, they also reported that the same severe yield losses were not observed

87



Microorganisms 2021, 9, 645

in lines that were tolerant to BYDV. Others have also reported significant differences in
the response of different cultivars to BYDV infection, especially between susceptible and
resistant cultivars [13,14,25]. Given that different wheat cultivars were used in 2015 and
2018, this is also likely to have contributed to the different results obtained in those years.
Furthermore, Baltengberger et al. [13] reported more severe symptoms and greater yield
losses in plants infected with both BYDV-PAV and CYDV-RPV than they did in plants
inoculated with one isolate or the other singly. A high level of Septoria tritici was also
observed in experiment 3 and may also have played a role, as significant interactions
between BYDV and other diseases have been reported [44,45]. Thus, some of the yield loss
reported here may be attributed to other factors that have not been analyzed or captured
here, but some of which have been discussed.

In conclusion, the four randomized, replicated field experiments conducted in this
study quantified the yield losses associated with BYDV-PAV infection in cereals grown
in South-Eastern Australia. The results of these experiments demonstrate the potential
for severe yield losses that can result from infection with BYDV-PAYV, the most prevalent
species of BYDV in South-Eastern Australia, showing yield losses of up to 84% (1358 kg/ha)
in wheat and 64% (1456 kg/ha) in barley due to BYDV infection. Additionally, an estimated
yield loss impact factor of 0.91% (72 kg/ha) for each one percent increase in natural BYDV-
PAV infection was obtained for wheat. Yield losses varied between experiments and years,
demonstrating that losses can be influenced by many factors, such as cereal cultivar and
environmental factors, and illustrating the importance of conducting these experiments
under varying conditions. The results of this study will assist with the provision of more
accurate estimates of current yield losses in cereals due to BYDV infection and a more
accurate understanding of the importance of BYDV in Victoria and more broadly in South-
Eastern Australia.
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Abstract: High-throughput sequencing (HTS) technologies have become indispensable tools assisting
plant virus diagnostics and research thanks to their ability to detect any plant virus in a sample
without prior knowledge. As HTS technologies are heavily relying on bioinformatics analysis
of the huge amount of generated sequences, it is of utmost importance that researchers can rely
on efficient and reliable bioinformatic tools and can understand the principles, advantages, and
disadvantages of the tools used. Here, we present a critical overview of the steps involved in HTS as
employed for plant virus detection and virome characterization. We start from sample preparation
and nucleic acid extraction as appropriate to the chosen HTS strategy, which is followed by basic
data analysis requirements, an extensive overview of the in-depth data processing options, and
taxonomic classification of viral sequences detected. By presenting the bioinformatic tools and a
detailed overview of the consecutive steps that can be used to implement a well-structured HTS data
analysis in an easy and accessible way, this paper is targeted at both beginners and expert scientists
engaging in HTS plant virome projects.
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1. Introduction

High-throughput sequencing (HTS) technologies have become an integral part of
research and diagnostics toolbox in life sciences, including phytopathology and plant
virology [1]. HTS enables the untargeted acquisition of extremely large amounts of se-
quence data from diverse sample types and thus represents an ideal and unique solution
for the generic detection of highly diverse viruses. In the past decade, sequencing prices
have significantly decreased, and the technology has become accessible to many more
research and diagnostic labs. From the first uses of HTS for detection of plant viruses in
2009 [2-5], the use of this technology for detection of known and new plant viruses and the
characterization of viromes in different plant species has intensified dramatically. Many
different bioinformatics tools have been developed and different pipelines have been used
to detect and identify plant viruses represented in HTS datasets. The variation in results
associated with the use of different pipelines in different labs has highlighted the signif-
icance of understanding different approaches [6]. Arguably, one of the main challenges
for less experienced users of HTS is to understand, select, and properly use tools for the
analysis of HTS data intended for detection and identification of plant virus sequences. In
this review, we aim to present the different and often complementary approaches used for
analysis of HTS data for the detection of plant viruses. We provide a short introduction to
the laboratory work required and then describe the possible steps in data processing for the
detection of plant viruses, including quality control and trimming of the sequences, de novo
assembly, sequence similarity searches, and taxonomic classification of the identified viral
sequences. By including a short glossary (Figure 1), checklists, and comparison tables, we
aim to present the topic to the widest possible audience and thus encourage the use of HTS
technologies by researchers with limited experience in the field.
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Glossary of terms

BLAST:
Barcodes:

Bit-score (in BLAST):

Command line:

Contigs:

Coverage:

De novo assembly:

Demultiplexing:

E-value (in BLAST):

High-throughput sequencing (HTS):

ICTV:

Index hopping (or cross-talk, bleeding):
K-mers:

Mapping:

Metagenomics:

Phred quality score:

Pipeline (bioinformatics):

Reads:

Sequence identity:

Sequencing library:

Scaffolding:

Single Nucleotide Polymorphism (SNP):

Trimming:

VANA:

Virome:

Adapters:

specific DNA molecules added to the ends of the nucleic acid fragments during the sequencing
library preparation.

Basic Local Alignment Search Tool: an algorithm to find sequences similar to a query sequence
in a database.

specific, identifiable sequences within adapters that allow samples to be mixed together in the
same sequencing run/lane and then separated again during analysis.

a normalized score that reflects the size of the database, which you would need to search to find
a match with at least this score by chance. The value is independent of the database used. Higher
values indicate higher significance.

text-only computer interface, enabling input of commands only by typing.

longer nucleotide sequences assembled from overlapping shorter sequencing reads (see de novo

assembly).

might refer to at least two different descriptors. When expressed in percentage (%) it refers to the
length of the reference genome which is “covered” by read/contig data after mapping (also called
length coverage or horizontal coverage). This information gives an idea about the completeness
of the sequenced genome. When expressed in per (X), it indicates how many times on average
every single position of the reference genome is covered by reads after mapping, which gives
information about the sequencing depth (also called read depth or vertical coverage).

combining shorter overlapping sequencing reads to obtain longer sequences (contigs) without
using a reference genome.

a process of discriminating sequencing reads from different samples sequenced in the same
run/lane (based on the sample-specific barcode sequences).

expected number of random hits for the given query sequence in the database used. A lower E-
value means a higher significance.

a type of sequencing, where multiple molecules are sequenced in parallel (also massively parallel
sequencing) resulting in millions of sequencing reads. Sometimes also referred to as next
generation sequencing (NGS), although the latter term does not cover newer HTS sequencing
technologies, such as nanopore sequencing or PacBio sequencing.

International Committee on Taxonomy of Viruses.

erroneous assignment of sequencing reads to a sequencing library.

all possible sub-sequences of a sequence with length K.

alignment of sequence reads against a reference genome.

study of the genetic material of all the organisms present in a given sample.

a measure of an error probability associated with a corresponding nucleotide in the read.

a connected compilation of data analysis algorithms and/or software, which enable integrated

analysis of specific data sets.

individual sequences generated during a HTS run. In case of short-read (e.g., Illumina)
sequencing, typically millions of short sequences are generated (ranging from 50-300 bp), while
Oxford Nanopore Technologies or PacBio sequencing results in fewer yet much longer sequences
(up to several kb or even few Mb, depends on the input).

the percentage of nucleotides (or amino acids) identical between two nucleotide (or protein)
sequences.

a collection of DNA molecules with added adapter (and possibly barcode) sequences, which can
be sequenced using an appropriate HTS platform.

linking together contigs in a scaffold sequence by introducing known sequences (e.g., from
long read data or mate pair libraries) and/or gaps of approximately known length.

single nucleotide substitutions within a sequence.

a bioinformatic process of removing the nucleotides from the ends of the sequencing reads,
usually based on their specific sequence (e.g. primers or adapters) or based on low sequence
quality values.

Virion-associated nucleic acid extraction: procedure to extract viral RNA (or DNA) from plant
fractions enriched in viral particles.

all of the viruses and virus-like organisms associated with a particular organism, sample or
ecosystem.

Figure 1. Glossary of terms commonly used in bioinformatics analysis of high-throughput sequencing (HTS) data for plant

virus detection.
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2. What Should I Anticipate and How Should I Prepare?

Modern sequencing platforms can generate massive amounts of data, and not all
laboratories wishing to use HTS in their projects have the necessary infrastructure and
bioinformatics expertise, which, for example, is one of the main challenges identified for the
adoption of these technologies in diagnostic laboratories [7]. The cost of the bioinformatics
analysis in a HTS project was estimated to be around 15% of the total cost of a program (an
example for whole genome analysis in cancer research), and it includes the salary of the
bioinformatician and cost of data storage [8].

Some commercial sequence analysis software is able to handle HTS data (see Section 4.3.8),
with dedicated modules for common operations (e.g., mapping and assembly). These
software solutions are usually easy to use, regardless of the user’s bioinformatics skill,
but they are also quite expensive and might be limited for some analyses (specific ap-
plications). Furthermore, some “all in 1” viral-detection focused pipelines are available
(see Section 4.3.8), which require only limited bioinformatics knowledge or only the help
of a skilled computer scientist at the installation stage.

However, for in-depth analysis of plant virus sequence data that goes beyond detection
and species classification, the use of dedicated bioinformatics software, without an easy-to-
use graphical user interface, is often needed to optimize time and efforts. These programs
have in a large part been developed and optimized for the Linux platform; they can be
used in the command line only and so require specific computing skills. Considering
the number of steps with the average HTS analysis pipeline and the number of samples
studied, automation quickly becomes a priority. This can be achieved by writing scripts as
well as grouping and ordering all the steps of the analysis, which also require expertise in
programing languages (e.g., shell, Python, R). Finally, for the interpretation of the analysis
results, skills beyond pure bioinformatics are needed. A close collaboration between a
bioinformatician and a plant virologist (or a plant virologist trained in bioinformatics) is
needed to achieve a meaningful interpretation of the results.

Beyond the skills of users, IT resources must also be addressed. The amount of data
generated by each project must be anticipated in order to have raw data storage space
available beforehand and to ensure that data is safely stored at least for several years after
the end of projects. Depending on the sequencing platform, the total size of the raw data
can become very large. For example, the Illumina NextSeq platform can generate from
120 to ~300 Gbases (Gb) per run, leading to file sizes varying between 39 and 170 Gb
depending on the read length. A stable and fast internet connection is often needed to
facilitate the efficient transfer of large data files. The computing resources also need to
be anticipated. For time-efficient analysis, it is often necessary to have a more powerful
machine than an average workstation to run the various parts of pipelines, regardless of
the software used. An alternative to the acquisition of a powerful computer is making
use of online bioinformatics platforms and cloud computing solutions. These platforms
generally have a structure adapted to the use of software making high demands on system
resources (e.g., computing clusters). Many research centers or universities host a Galaxy
instance, which represents a very good alternative to the Linux platforms, in a more “user
friendly” interface.

3. Starting the Project: How Do I Prepare Samples and Sequence Nucleic Acids?

Sampling, nucleic acids extraction, viral enrichment, and sequencing library prepara-
tion are essential steps before HTS itself. Since these steps can influence the sequencing
results, we briefly summarize here the most important considerations for some of these
processes. An extensive description of how to control all of these steps is in prepara-
tion in forthcoming international guidelines for the use of HTS tests for the diagnostic
of plant pests [9]. After obtaining the nucleic acids suitable for further analysis using
HTS, the approximate amount of sequence data required per each sample should be esti-
mated according to the goals of the study. If an external sequencing provider will perform
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HTS, this number, together with some general characteristics of the samples, should be
communicated with the provider.

3.1. Input Material and Nucleic Acids Preparation

The extraction step separates the nucleic acids (including viral nucleic acids) from
other cellular components. There are many methods that can be used to obtain high-quality
nucleic acids intended for HTS [10-13]. The efficiency of an extraction method is evaluated
by the quantity of nucleic acids obtained, their integrity, and the absence of contaminants
that inhibit the enzymatic activities involved in the preparation of sequencing libraries.
Irrespective of the chosen nucleic acid extraction procedure and library preparation method-
ology, it is recommended to collect several samples per plant or that tissue from distributed
locations on a plant is combined into a single sample to overcome the uneven distribution
of viruses, especially in the case of low titer viruses. Different types of nucleic acids can be
used as inputs for HTS, which can be combined with different viral enrichment methods.
No method is universal [11,14]; each favors certain viral families or certain experimental
objectives [15]. For example, total RNA or small RNA sequencing might be most straight-
forward and universal to use for single samples. On the other hand, for sequencing of
pools of many samples, or to optimize the detection of viruses with a low titer, methods
that allow the enrichment of viral nucleic acids such as Virion-Associated Nucleic Acids
extraction (VANA) or the purification of double-stranded RNA might be preferred. The
choice for one of the approaches should be based on the research question and study design.
The purpose of the following sections is to help make the most appropriate choices for
sample preparation.

3.1.1. Total RNA/DNA

Extraction of total RNA and/or, to a lesser extent, DNA is a widely used approach
for HTS analysis of plant tissues infected with viruses. Simple and robust, the method
can be carried out according to several standard extraction protocols in solid phase or
in liquid phase or using commercial kits (mostly based on silica-membrane or magnetic
bead purification). The extraction and sequencing of total DNA can be sometimes used
specifically for the detection of DNA viruses, while sequencing of total RNA is a very
generic approach and can be used for detection of all types of DNA and RNA viruses and
viroids [15]. The high abundance of nucleic acids from the host plant co-extracted with
viral nucleic acids can greatly limit the sequencing sensitivity. The relative proportion
of viral sequences in the total extracted RNA can be increased by the depletion of the
plant ribosomal RNA [16,17] and the proportion of sequences of circular DNA viruses in
extracted DNA can be enriched by rolling circle amplification [18-20].

3.1.2. Small RNA (sRNA)

The plant immune system responds to the presence of viruses by activating a defense
response that leads to the cleavage of double-stranded forms of viral RNA into small RNAs
(sRNA) of 21 and 22 nucleotides (nt) as well as, more marginally, of 24 nt [21]. The analysis
of sSRNAs facilitates the reconstruction of the complete genomes of infecting RNA and
DNA viruses or viroids, as well as those of integrated endogenous viral elements (EVEs) if
they are transcribed [2,15,22,23]. Since sRNAs are more stable than longer RNA molecules,
the method is promising for use in old or even ancient plant samples [24], and since only
very short reads are needed to sequence sSRNAs, the method is relatively cost efficient.
On the other hand, de novo assembly from short sequences might not work very well for
targets present at a very low titer [15] and might lead to chimeric sequences in case of
multiple infections with different virus strains [25]. For the same reason, pooled samples
used in metagenomic studies including a large number of plants are not recommended to
be analyzed with sSRNA sequencing. Due to their short lengths, analyses of recombination
events on a read level are also not feasible with sSRNA [22].
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3.1.3. Virion-Associated Nucleic Acids (VANA)

The extraction of Virion-Associated Nucleic Acids (VANA) enriches the samples in nu-
cleic acids of viral origin by semi-purifying the viral particles by ultracentrifugation. Viral
particles are separated from most of the organelles and plant debris by one or two differen-
tial ultracentrifugation cycles depending on the viral family and the plant material. After
purification of the particles and a nuclease treatment to degrade non-protected nucleic acids,
the viral nucleic acids are extracted according to a standard extraction protocol also used for
the extraction of total RNA/DNA. Initially developed for the biochemical characterization
of viral particles in the 1970s, VANA was used in pioneering studies of prospecting for
viral diversity in wild asymptomatic plants before the advent of HTS [26,27]. Then, the
approach was extended to the preparation of nucleic acids intended for HTS [28,29]. It
achieves balanced enrichment in high-quality viral RNA and DNA and allows the use of
up to several hundred grams of starting material. However, it is based on the stability
of the viral particles mainly determined by the pH and the concentration of salts in the
extraction buffer. Unsuitable for high throughput, and relying on numerous laboratory
operations, the approach only identifies the encapsidated viral nucleic acids as well as
the viruses of the Endornaviridae family, which are devoid of capsids but encapsulated in
membranous vesicles [28,30]. Moreover, certain viral families are difficult to purify, and
VANA is also not the method of choice for the extraction of viruses from plants with high
content of phenolic and polysaccharide compounds [31].

3.1.4. Double-Stranded RNA

The majority of plant viruses have RNA genomes, accounting for 75% of the total
number of viruses reported [32]. While plants do not produce large quantities of double-
stranded (ds)RNAs, RNA viruses generate high molecular weight dsRNA structures during
replication, so their enrichment is a popular strategy used for virus diagnostics [10,13,33,34].
The extraction of dsRNA purifies nucleic acids from double-stranded RNA viruses but also
from most single-stranded RNA viruses, viroids as well as from some DNA viruses [35-38].
This approach allows the detection of a very wide range of RNA virus species [30,39].
Sequencing of dsRNA is likely not the most effective method for the detection of negative
sense single-stranded RNA viruses [37]. It is also a laborious approach, even if a number
of modified protocols have been developed to overcome this limitation [13,34,40-42].

3.2. Library Preparation and Sequencing

Following nucleic acid extraction, different methods have been developed for library
preparation using commercially available kits and automated systems. As inputs, the
extracted and possibly virus-enriched nucleic acids described in the previous sections
can be used. The type of the library preparation and exact protocol is dependent on
the input nucleic acids (e.g., total RNA or DNA, sRNA, dsRNA). Specific libraries are
prepared for different HTS platforms. The library preparation step usually consists of
fragmenting the nucleic acids and the ligation of short oligonucleotides (adaptors) at one
or both extremities of the fragments in order to allow the sequencing. There are two main
groups of HTS platforms: (i) short read HTS (also termed next-generation sequencing—
NGS), producing reads up to several hundred nucleotides, and (ii) long read HTS (also
termed single molecule sequencing—SMS), producing reads up to hundreds of kilobases
(kb). Currently, the most commonly used sequencing platform is Illumina (short read HTS),
and, for long read HTS, Pacific Biosciences (PacBio) and Oxford Nanopore Technologies.
Nanopore sequencing is rapidly developing and is expected to be more widely used in the
future [43]. Most of the available protocols recommend assessing the quality and quantity
of the nucleic acids before library preparation. The integrity and purity of the nucleic
acids can be assessed using spectrophotometric and fluorescence-based assays. For some
enrichment approaches (e.g., VANA, dsRNA extraction), the concentrations of the obtained
nucleic acids can be below the input required for library preparation so that a random
amplification step may be required prior to library construction [13].
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Several samples can be pooled and sequenced in the same sequencing run (mul-
tiplexing). In this case, the oligonucleotides ligated to the nucleic acids during library
preparation also include unique barcode sequences that are specific for each sample. After
sequencing, the reads are allocated to the appropriate sample according to the barcode
used. Most commonly, the raw sequencing read data output is converted to a fastq file
format. The fastq files represent an input for the bioinformatics analysis described in the
following paragraphs.

Important consideration, when preparing samples for sequencing, is also, how many
samples to pool in the same sequencing run/lane, i.e., how many reads (or nucleotides) are
needed for the sensitive detection of different possible viruses in the plant sample. The
answer is not straightforward, and it might depend on the sequencing approach, type of
the matrix (host plant species, different parts of the plant), present virus(es), and other
variables [15,17,38], such as, e.g., season, but also the sensitivity of the bioinformatics
pipeline used (e.g., reads vs. contigs analysis) [6]. Some starting general recommendations
regarding this problem are given in this primer; however, these need to be adjusted after
performing a pilot study on a specific system, considering employed sample preparation,
sequencing, and analysis approach.

3.3. Contamination

Contamination is common in all sensitive molecular diagnostic methods and has been
reported in HTS diagnostics [44,45]. Contamination has been shown to enter sequencing
systems in diverse ways, from sample cross-contamination [46] to external contamina-
tion of consumables [47]. Whilst some of the most commonly used HTS platforms from
[llumina were subjected to significant hardware and procedural changes as a result of
within-instrument DNA carry over, contamination can still be a significant issue in sensi-
tive molecular diagnostics applications. The fundamentals of contamination control for
diagnostics remain consistent. Key to achieving this is the separation of procedures into dif-
ferent locations, operating a one-way system (from clean reagents to DNA samples) within
those locations and using negative controls at various stages to identify contamination.
Sample-to-sample and reagent contamination are common in any molecular technique.
Physically separating steps involving samples, purified DNA, and clean reagents is the best
approach to preserve the integrity of future experiments. Known healthy control samples
(not blanks), included from NA-extraction through to sequencing should be included
in each run to identify incidences of contamination but are frequently excluded due to
cost constraints.

4. How Do I Analyze the Data?

Figure 2 outlines typical steps that can be followed once the fastq file has been obtained.
The first is a quality control (QC) check. This is followed by pre-processing steps, including
trimming low-quality bases, removing adapter sequences, and discarding very short and
low-quality reads, followed by further QC filtering (Section 4.1). Then, reads passing QC
are ready for analysis either directly or after assembly into contigs (Section 4.2). Reads
or contigs can optionally be mapped to a host reference genome, and, in this way, host
sequences can be removed (Section 4.3.3). Then, reads or contigs are used to query a
database of known viral sequences or motifs (Sections 4.3.2-4.3.5). Results need to be
carefully inspected for correct taxonomic classification (Section 4.3.7). The described steps
can be performed using the tools indicated in the flow chart (Figure 2) or other available
tools. Finally, the same analyses can also be performed using user-friendly free software
with graphical user interfaces (GUI) available online or using commercial software as
described in Section 4.3.8.
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Sharing data
Further bioinformatic analyses

Figure 2. Flowchart representing different approaches for the analysis of HTS data for the detection of plant viruses. Boxes
represent different steps in data analysis and interpretation. Arrows connect different possible sequences of the analysis
steps. As an example, a non-exhaustive list of possible analysis tools is added in the square brackets at each of the analysis

steps. Tools designated with * are intended for use with long-read or, specifically, nanopore sequencing data. Pointing

hands lead to the text sections (or figures) with more detailed description of the corresponding steps.

4.1. Demultiplexing, Quality Control, and Trimming

Each sequencing platform produces a series of quality metrics associated with the
data produced from each sequencing run. A discussion of the metrics with the sequencing
data provider is important before accepting any sequencing data.

If the run was successful, the first step is the demultiplexing of barcoded samples,
which is usually carried out using the sequencing platform software or performed by the
sequencing data provider. In the event that data has not been demultiplexed, third-party
tools such as Cutadapt [48] can be used to demultiplex the Illumina data by looking for
specific barcode sequences present in the samples. Alternatively, demultiplexing tools
developed by the sequencing platform provider are frequently accessible as stand-alone
tools, such as I[llumina’s bel2fastq software [49], or Oxford Nanopore Technologies’ guppy
scripts [50].

Barcode misassignments, also termed index hopping/cross-talk/bleeding, can occur
due to the technical reasons during each sequencing run and result into erroneous assign-
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ment of a small fraction of reads from one sample to another one [51]. This represents a
problem when using HTS for detection purposes, since it might often be difficult to distin-
guish index hopping from, e.g., very low titer virus infection in the sample. The amount of
index hopping differs between different sequencing platforms, but it was, e.g., shown to
be higher for newer Illumina sequencing devices using nonpatterned flow cells [52]. To
mitigate this problem, it is advised to know the identity of all the samples sequenced in
the same sequencing run or/and to use dedicated controls of the procedure. For example,
including a control sample containing a known virus (which is not expected to be present
in other samples in the run) could help estimate the amount of the crosstalk from the
control sample to other samples, and vice versa. In addition, using unique double indexes
in sequencing library preparation can largely reduce the amount of the index hopping [53].

Adapter sequences introduced during the library preparation process need to be re-
moved. Tools such as Cutadapt [48], Trimmomatic [54], and Porechop [55] or NanoFilt [56]
can be used to carry out this process, with the latter two working specifically for data
generated using nanopore sequencers. At this step, contaminant filtering for synthetic
molecules and/or spike-in is also recommended.

Sequencing data are usually provided in the fastq format, which consists of four lines
per sequence [57], including a sequence identifier, raw nucleotide sequence, a separator
line (containing + sign), and sequence quality values.

Nucleotides with a low-quality score should be removed to ensure that only high-
accuracy bases remain. With Illumina data, values such as Q20 (1% error) and Q30 (0.1%
error) are often used when trimming data, but this value depends on the application and
the sequencing platform used. If accuracy is of the utmost importance (e.g., for detection
of SNPs), selecting a higher quality score will be beneficial. If accuracy is less important
(e.g., for detection of virus), then relaxing constraints on quality when trimming will allow
more data to be available for downstream applications.

Quality control reports can be generated by tools such as FastQC [58], MultiQC [59],
or, specifically for nanopore sequencing data, Poretools [60] or NanoStat [56]. This allows
for the visual inspection of metrics such as per base sequence quality, sequence length
distribution, and GC (guanine-cytosine) content. These reports can be generated both
before and after trimming, to assess the impact of trimming on different quality parameters.
A number of tools exist to trim sequencing reads based on quality scores, sequence length,
or other metrics. These include but are not limited to Sickle [61], Trimmomatic [54], Cu-
tadapt [48], BBDuk (https:/ /sourceforge.net/projects/bbmap/, accessed on 13 April 2021)
and NanokFilt for nanopore sequencing data [56]. Illumina data, particularly longer MiSeq
reads, suffer from lower quality toward the 3’ end of the read. Many trimming strategies
start at the 3’ end of such reads and determine the position at which the quality (or the
average quality in a region) is high enough to keep.

The order in which these processes are carried out can vary, and some tools can be
used to carry out multiple steps at the same time. The final output should be a series of
demultiplexed samples with reads that have an acceptable sequence quality and no longer
contain sequences added during the sequencing process (e.g., adapters, barcodes).

4.2. De Novo Assembly

HTS technologies provide us with shorter (e.g., Illumina) or longer (e.g., Oxford
Nanopore Technologies, PacBio) sequence reads, which usually need to be assembled
in silico to reconstruct complete or near-complete genomes. Compared to bacteria or
eukaryotes, most viral genomes are very small. Nevertheless, high mutation rates and the
great diversity of some viral populations [62] can represent a challenge for in silico genome
reconstruction. Assembling a genome is similar to solving a “Jigsaw puzzle”. Similar to a
puzzle, there could be pieces fitting together (overlapping reads), missing pieces (regions
with low coverage, sequencing bias), and damaged parts (sequencing errors). The process
for which individual reads are combined to form longer contiguous sequences is named
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de novo sequence assembly, and the nucleotide fragments obtained through this process are
called contigs [63].

The intrinsic features of short vs. long read output, from the computational point of
view, has led to the development of two major groups of assembly algorithms: (i) de Bruijn
graph (DBG) and (ii) the overlap-layout-consensus (OLC) methods. In the first case, DBGs
are constructed using k-mers, which are substring of the reads of length k; whereas for
OLC, the overlap graphs are constructed directly from reads, eliminating the redundant
ones. The use of k-mers is more widely applied for the assembly of short reads, whilst the
OLC approach is most appropriate for long read data [63,64].

For short HTS reads, many de Bruijn graph assemblers are available, such as SOAPden-
ovo2 [65], ALLPATHS-LG [66], ABySS [67], Velvet [68], IDBA-UI [69], and (rna)SPAdes [70-72].
One of the first and most widely used and cited assemblers [73] in viral metagenomics [6]
is the open-source software Velvet, which is followed by the more user-friendly and
commercially-available CLC Genomics Workbench (https:/ /digitalinsights.qiagen.com,
accessed on 13 April 2021) and Geneious Prime (https:/ /www.geneious.com, accessed
on 13 April 2021). The latter has the advantage of providing a graphical interface for
command-line assembly programs such as Velvet and Spades.

Different factors can positively influence the quality of the de novo assembly, e.g., a
preliminary filtering step to eliminate the genomic host plant reads [23] or the selection
of appropriate k-mer values based on the read length [6]. Moreover, approaches in which
de novo assemblies using different k-mer values are generated and then reassembled can
generally improve the completeness of de novo genome assemblies, but this can be a
laborious and computationally lengthy process. Usually, higher sequencing depth and
a higher fraction of viral reads in the dataset will positively affect the completeness of
assembled viral genomes; however, extremely high coverage might have a negative effect
on the completeness of the assembly when using some assemblers; thus, in such cases, the
assembly of subsampled data might give better results [15]. Since reads of some viruses
can be present in a very low number, it is important not to set too low cut-offs for contig
length [6], e.g., a number around or slightly above the 2x length of an average read length
is recommended. Finally, the use of an additional scaffolding step when using paired-
end data can sometimes further increase the length of a contig. Nevertheless, despite
improvements in de novo assembly algorithms, 3" and 5” ends of viral genomes usually
cannot be obtained in full through de novo assembly.

Although long-read HTS platforms can produce reads close to full-length viral genomes,
a major issue that could affect the de novo assembly step is the higher error rate (5-15%)
of these technologies [74]. Long-read assemblers can algorithmically correct base errors
before/when building contigs. PBcR [75], Canu [76], Falcon [77], and Pomoxis [78] are
some of the OLC-based de novo assemblers available. Long read nanopore sequencing has
recently been successfully applied to virus discovery, detection, and reconstruction of virus
genomes; in these studies, Canu is the most cited assembler [79-82].

Contigs generated by de novo assembly can be used in subsequent similarity searches,
and finally, viral contigs can be used for phylogenetic or recombination analysis. If this is so,
it is important to check the quality of the contig by mapping the trimmed reads (explained
in Section 4.3) to the viral contig followed by visual inspection of the mapping and to check
the completeness of expected open reading frames contained in such contigs. For contigs
generated by de novo assembly of nanopore sequencing reads, additional quality checking
steps might be needed such as assembly polishing [81] or correction of the consensus
sequences using quality data of mapping reads [82].

When the presence of specific viruses is already known, viral genomes can be recon-
structed by mapping the reads (explained in Section 4.3) to the closest reference sequences
obtained from sequence databases (after initial similarity searches, Section 4.3). Then, this
is followed by the extraction of new consensus sequence from the mapping, which is an
approach known as reference guided assembly. Sometimes, parts of the viral genomes

100



Microorganisms 2021, 9, 841

are obtained by de novo assembly and other parts are obtained through reference guided
assembly; such an approach is also known as combined assembly.

4.3. How Do I Find and Classify Viral Sequences in My Data?

Identification of viral reads/contigs in massive HTS datasets is most frequently per-
formed by comparing sequences against known and annotated sequences in databases.
This can be done on the level of reads or contigs de novo assembled from the reads. Since
longer sequences in almost all cases improve the ability to identify similarities regardless of
the method or databases used, an assembly of quality checked raw reads is generally recom-
mended prior to similarity searches. At the same time, a prior assembly will also generally
reduce the computing time needed for the similarity search steps, as up to millions of reads
can be assembled in a single contig. The annotation of HTS reads, or contigs, on the basis
of similarity with known viral sequences can be performed using three main strategies:
homology searches with tools such as Basic Local Alignment Search Tool - BLAST [83],
read/contig mapping against reference viral genomes using tools such as BWA [84], and
the search for encoded, conserved protein motifs using tools based on Hidden Markov
Models (HMMs) such as HMMER [85]. Each of these approaches and, in turn, each of
the specific programs used to perform them, has advantages and drawbacks. In many
cases, they should be seen as complementary rather than mutually exclusive possibilities.
Several additional alternatives have also been proposed. For example, the use of e-probes
(short unique pathogen-specific reference sequences) [86] or the analysis of the frequency
of specific k-mer sequences (see Section 4.3.5). A summary of tools commonly used for
similarity searches is presented in Table 1.

Table 1. Summary of the most commonly used similarity search strategies with advantages and limitations for each of

the strategies.

Tool Name Advantages Limits and Considerations Important Thresholds

BLASTx or BLASTn High sensitivity Slow, intensive use of Minimum percentage of
computing power if a large identity; length of identified
database is used, BLASTx region of similarity; minimal
needed for the detection of e-value, bit-score.
divergent novel viruses,
BLASTn needed for the
detection of viroids and
noncoding regions of viral
genomes or satellites;
performance improved by
prior assembly of contigs.

MegaBLAST Faster than BLASTn, Less sensitive than BLASTn, Minimum percentage of

handles longer sequences only useful for detection of identity; length of identified

nucleotide sequences very region of similarity; minimal
similar to the ones in the used  e-value, bit-score.
database; performance
improved by prior assembly
of contigs.

BLASTp High sensitivity Slow, need to translate Minimum percentage of

nucleotide sequences to
proteins first; performance
improved by prior assembly
of contigs; not applicable for
viroids or noncoding regions
of viral genomes or satellites.

identity; length of identified
region of similarity; minimal
e-value, bit-score.
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Table 1. Cont.

Tool Name

Advantages

Limits and Considerations

Important Thresholds

DIAMOND

Faster than BLASTx

Less sensitive, annotation less
accurate than BLAST;
performance improved by
prior assembly of contigs; only
available for searches against
protein databases; not
applicable for viroids or
noncoding regions of viral
genomes or satellites.

Minimum percentage of
identity; length of identified
region of similarity; minimal
e-value, bit-score; use
sensitive mode.

Burrows-Wheeler
transform-based mapping
algorithms (e.g., BWA or
Bowtie2)

Does not require prior
assembly of contigs, high
sensitivity for short sequences

Only allows detection of
known agents. Difficult to
adjust mapping stringency to

Mapping stringency (e.g.,
mismatch penalties, gap
open/extension penalties,

(1) allow detection of
divergent isolates while (2)
avoiding cross-mapping
between related agents; prior
assembly of contigs reduces
cross-mapping between
related agents.

percent of read length
matching reference, minimum
percentage of identity)

HMMER or HMMScan

High efficiency for detection Minimal e-value.

of distant homologs

Annotation more complex for
protein families shared
between cellular organisms
and viruses; not applicable for
viroids or noncoding regions
of viral genomes or satellites.

K-mer based classification
algorithms (Kraken or
Taxonomer)

C/Q ratio for Kraken (advise
the manual).

Fast Requires large computer
memory; accuracy may be
limited for the shorter
genomes of plant viruses; the
confidence scoring of the
results is not straight forward.

4.3.1. Databases

The database(s) against which sequences are compared is/are of utmost importance
for the efficiency and completeness of the annotation process. The more complete the
collection of viral sequences, the greater the likelihood of detecting and identifying the
presence of a virus. For BLAST and BLAST-like approaches, the most used databases are
the non-redundant nucleotide database (nr/nt, named also just nt) hosted by the NCBI, the
non-redundant GenBank protein database (nr) or the viral RefSeq database. The GenBank
non-redundant nucleotide and protein databases are the most comprehensive and most
frequently updated public databases, limiting the time from discovery of a novel virus
to its availability for comparisons (provided the local version of these databases is also
regularly updated). However, the size of these databases has the drawback of increasing
the computing time/power needed to perform a comparison. The reduced viral RefSeq
database has the benefit of a better annotation/curation at the expense of the number of
included sequences and of less frequent updates. For read mapping approaches, smaller
dedicated databases are generally used, such as a subset of all viral sequences from the
NCBI nt database, viral RefSeq, or a smaller, locally developed and curated database
(for example, one or several isolates of every virus known to infect the crop of interest).
For conserved protein motifs searches, the most common databases are PFAM [87] and
CDD [88]. The identification of viral sequences is critically dependent upon the quality of
the database(s) used. For example, some plant-derived proteins might also be misidentified
as viral if only a virus sequence database is used for similarity searches, because some viral
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proteins are related to plant encoded proteins. Typical examples are heat shock proteins (i.e.,
Hsp70h) found in closteroviruses [89] or reverse transcriptase proteins of Caulimoviridae
that have homologs among retrotransposons. Wrongly annotated sequences in the public
databases can also lead to erroneous annotations.

Although this is generally not implemented at the moment, comparing the identified
viral sequences with databases of retrotransposons [90] or to databases created from the
systematic screening of plant genomes for integrated viral sequences [91-93] may provide
an efficient strategy to differentiate transcripts derived from integrated viral elements from
autonomously replicating viruses.

4.3.2. BLAST and BLAST-Like Approaches

BLAST programs are the most widely used and among the most accurate in detecting
sequence similarity [94]. The BLAST suite [95] comprises different algorithms, each with
its own use:

1. BLASTn can be used to compare a nucleotide sequence with a nucleotide database. It
is less computationally intensive than BLASTX, but because of the higher divergence
rate of nucleotide sequences, it is less efficient for the annotation of novel viruses not
represented in the database used.

2. BLASTp can be used to compare a protein sequence with a database of protein
sequences.

3. BLASTx can be used to compare a nucleotide sequence translated in all six reading
frames with a database of protein sequences. While computationally intensive, it is
the most efficient BLAST program for the annotation of novel viruses.

4. tBLASTn can be used to compare a protein sequence with all six possible reading
frames of a nucleotide database and is often used to identify proteins in new, unanno-
tated genomes.

5. tBLASTx can be used to compare all six reading frames of a nucleotide sequence with
all six reading frames of a nucleotide database. It is the costliest in computation time.

6.  MegaBLAST can be used to compare nucleotide sequences expected to be already
present or closely related to those in a nucleotide database. It can be much faster than
BLASTn and is able to handle much longer sequences but deals less efficiently with
very divergent sequences.

Short sequences may lead to false positives in BLAST searches, and for this reason,
other approaches should be preferred for very short reads or contigs. All BLAST programs
return a table of results, which contain several parameters, among which some are particu-
larly important to check: the identity threshold (threshold for the percentage of identical
nucleotides between the query sequence and a hit in a database), e-value (expected number
of random hits in the used database for a given query sequence), and query coverage
(percentage of the query sequence covered by the database hit). It is very important to
consider that some of these values depend on the size of the database used and that the
use of too stringent parameters (e.g., identity threshold >85% and e-value smaller than
10-10) may lead to a failure to detect some divergent viruses [6]. BLAST is very widely
used, but it remains, in the case of millions/billions of reads analyses, a time-consuming
algorithm. Restricting the database used to specific taxa (e.g., viruses) can speed up BLAST
searches, but care should be taken, as this frequently leads to the identification of viral
reads that on closer examination, using complete databases, are in fact host sequences
(e.g., plant sequences). An extremely fast but considerably less sensitive alternative to
BLAST is BLAT (BLAST-Like Alignment Tool) [96]. Another faster alternative to BLASTx
is DIAMOND [97], which runs at 500-20,000x the speed of BLAST while maintaining a
high level of sensitivity, especially if using the sensitive mode. However, the DIAMOND
annotations have been observed to be less optimal in virus species identification than
BLAST ones (ML and TC personal observations).
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4.3.3. Mapping Reads (or Contigs) to Reference Database

Mapping tools are commonly used as a filtering step to remove host genome sequences
or as a complement to similarity searches on short nucleotide sequences. Reads originating
from the host genome can be partially removed by mapping the complete dataset to
reference genomic sequences of corresponding host (if available) and then using only
unmapped reads for further analyses. A reference genome sequence of the host must be
chosen carefully, since it can affect the analysis. Choosing divergent variety /genotype of
the host might reduce the efficiency of the host reads removal. Furthermore, reference host
genomes might contain contaminating or genome-integrated viral sequences; thus, some
viral reads can be lost in this step.

Mapping tools can be also used to perform the alignment of reads or contigs against a
reference viral database (e.g., NCBI Viral RefSeq database or a custom developed database
containing one or more complete or partial viral genomes). In comparison to BLAST
programs, most of the mapping tools such as Bowtie2 [98] or BWA [84] build an index
for the reference genome or the reads, increasing the speed of the analysis if used against
a limited, virus-specific database. The mapping strategy is potentially more sensitive to
detect viruses with low number of reads in analyzed datasets [6], in particular when using
21-24 nt sSRNA sequences. Consequently, it is also sensitive to cross-sample contamination
due to index-hopping, which may require the development of strategies to set a positivity
threshold. On the other hand, mapping strategies are inefficient at detecting novel viruses
or viroids that are absent from the database used. Mapping stringency parameters (see
Table 1) critically affect the outcome of the analyses and should be optimized keeping in
mind the objective of the experiment. Too stringent parameters may result in the failure
to detect divergent viral isolates. Too relaxed parameters may also give rise to erroneous
results through the mapping of related host genes on a viral genome or through cross-
mapping the reads of a virus on the genome of a related virus. These problems can be
minimized by first mapping all HTS reads against the reference viral database. Then, any
reads that map to a virus are remapped against the host genome sequence. If the mapping
score is higher for the host genome, the read is discarded. Tools such as Pathoscope [99]
can help with cross-mapping between virus species by weighting reads that map to more
than one viral sequence. An efficient strategy, besides counting the number of mapped
reads on a particular reference genome, considers the portion of this genome covered by
the mapped reads and depth of coverage, the percent similarity between mapped reads,
and the reference or other similar indicators to eliminate potential false positive results.
Including suitable reference samples as controls during sample preparation and sequencing
can help to eliminate such errors [9]. Similar to reads, contigs generated by de novo assembly,
can also be mapped to the reference databases. The longer the contig, the fewer erroneous
mapping results are expected. However, the same recommendations for careful inspection
of mapping results apply.

4.3.4. Protein Domain Searches

Searching for known viral domains by matching translated amino acid sequences of
reads/contigs with Hidden Markov Models (HMMs) of known protein domains using
programs such as HMMER [100] or HMMScan is a popular alternative to BLASTx. With
this method, sequences are first translated in all possible reading frames, and the translated
protein sequences are compared to a database of conserved protein motifs such as Protein
Families database—PFAM [87], viral profile HMMs—vFAM [101], and Conserved Domains
Database—CDD [88]. These approaches are faster than BLAST-based homology searches
and more effective than mapping or BLAST searches for the detection of very distant
homologs [102] and therefore possibly for the detection of novel, very divergent viruses.
Similar to BLAST, a significance e-value is calculated, allowing the evaluation of the
significance of a match. This e-value can be used to filter results, striking a balance between
low values and the reporting of false-positives, and high values and the failure to detect a
divergent virus.
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4.3.5. K-mer Approaches and Machine Learning-Based Approaches

Nucleotide k-mer-based approaches can be used to annotate sequences based on the
presence and frequency of specific k-mers. Comparing these frequencies is computation-
ally less demanding and faster than sequence alignment but requires a lot of computer
memory. Even if most of the k-mer-based classification tools, such as Kraken [103,104],
Kaiju [105], or Taxonomer [106], are not dedicated toward the detection of plant viruses,
they can be used for such purpose. Kodoja [107] uses a combination of such tools for the
taxonomic classification of plant viruses in metagenomic data. Most of the tools are not
very user friendly, and the use of k-mer tools for plant virus detection is fairly new; thus,
some questions remain to be answered, e.g., the usability of k-mer tools on small RNA
datasets [107].

Methods based on machine learning are being developed for the detection of viral
sequences in metagenomics datasets. Several tools have already been published, e.g.,
ViraMiner [108], DeepVirFinder [109], or Virnet [110] for human virus detection purpose.
Given a metagenome with known composition, machine learning approaches attempt to
find some meaningful patterns that allow differentiating the host from the virus. When the
unknown metagenome dataset is provided, the software should be able to discriminate
virus sequences from host sequences using the learnt pattern. Machine learning tools
are new in this field; thus, we still lack their in-depth comparison with the more known
approaches discussed above.

4.3.6. Which Analysis Approach Should I Choose?

The variety in similarity-based search approaches is striking. Choosing the most
relevant one will depend on criteria such as the aims of the study (diagnostic, metage-
nomics) and the time/computational power available. Whichever program/approach is
selected, it is important to consider its limitations and to properly set the key parameters
to avoid false-positive or false-negative results. Fast programs can be used as a filtering
step and then validated by slower approaches, or alternatively, two approaches can be
used to validate each other, or multiple approaches can be used in parallel, for example an
optimized approach for the detection of known viruses and a separate approach for novel
virus discovery. If computational time or power is not a serious limitation, combining
several approaches may enhance the ability to obtain an accurate annotation [111]. Here,
we provide a checklist, identifying the most important considerations, which should be
taken into account when analyzing HTS data (Figure 3).

Moreover, when analyzing the data obtained from long-read technologies, one should
pay special attention to using approaches that enable the efficient processing of such data.
Mapping algorithms have been developed for the processing of long read data with higher
error rates, such as Minimap?2 [112]. For BLASTx-like similarity searches, algorithms that
can handle frame-shift mutations (caused by the relatively higher error rates), such as
DIAMOND [97], are preferred. Assembly and polishing of long read data can improve
further processing [113] and improve the chances for the correct identification of viral
sequences in the data.
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Most important considerations to keep in mind during the data processing
I Quality control and sequence preprocessing

a.  What is the average quality of the sequences? [For Illumina, the Phred values histogram have the peak
around 37-40]

b.  Isthe size distribution of sequences in accordance to library preparation approach? [For example, peak at
21-24 bp for sSRNAs]|

¢. Do you have a sufficient number of reads for the detection limit you want to achieve? [In general, we
recommend 3 - 5 million reads (150-250 nucleotides long) per sample for total RNA-seq or 1-4 million reads
for sSRNAs. A million reads would suffice for both in most cases. However, in some cases, e.g., for detection
of viruses in fruit trees, much more reads will be needed.]

d.  Are there not too many read duplicates? [In case of lots of reads duplicates, for example> 20%, there might
have been too many PCR cycles during the library preparation, leading to a low diversity library which
lowers the limit of detection.]

e.  Arethe adaptor, primer, barcode sequences, spiked sequences etc. removed?
f.  Ifthe end of the reads is of lower quality, did you consider quality trimming?
II.  Denovo assembly

a.  Are the parameters set according to the input sequence data? [For example, k-mer length for de Brujin
graph assemblers.]

b.  Are the cut-off values set to accommodate detection of widest possible range of viruses? [Coverage, contig
length cut-offs: set contig length cut-off at low lengths, e.g., twice the length of the reads to detect also
possible low-titer viruses assembled only in short contigs.]

III.  Similarity searches

a.  Does the method or combination of methods you use allow for detections of known and unknown viruses
and viroids? [Perform similarity searches both on level of nucleotide and translated protein sequences.|

b.  Isthe database used up to date?

c.  How reliable are the viral hits? Are the E-values etc. interpreted correspondingly to the used database? [Use
more stringent filtering parameters or expect much more false-positive hits with smaller, e.g., virus only
databases; check the relevant results manually and by another analysis approach.]

d.  What portion of the length of the viral genome is covered by the reads / contigs, and how many
reads/contigs are assigned to the virus? [If only a very small fraction of genome is covered or very small
number of reads is assigned, it might be a false positive.]

e.  What fraction of the reads is assigned to be of viral origin, and does this more or less agree with your
expectations based on the literature and your experience? [The expected number of viral reads depends
partially on factors you can control such as quality of RNA extraction, addition of tRNA removal step, but
it can also be out of your control since this also depends on the host plant and the viral load]

f.  Can any of the hits be a process or index-crosstalk contaminations?

g Can any of the viral sequences correspond to inactive viral sequences integrated in the host genome or host
sequences with reported similarity to host genes?

h.  What are the % identities between the reads/contigs and the detected virus? Are detected viruses new or
known viral species (go to Figure 4)?

Figure 3. Checklist of the most important considerations to keep in mind during HTS data processing for detection of
plant viruses.

4.3.7. Taxonomic Classification

To assign viruses to taxonomic ranks, demarcation criteria specifically set for different
viral genera need to be followed. Often, identities <75% at the nucleotide or protein level are
indicative of a new viral species; however, the threshold might be also lower or higher, such
as at <91% for begomoviruses. Identities <60% might be indicative of a new viral genus;
however, the threshold might be also lower or higher, such as <45% within Betaflexiviridae
family. As noted, these criteria differ substantially between virus families and genera,
but up-to-date information is published by the International Committee on Taxonomy of
Viruses (ICTV) in the latest taxonomy reports [114,115] that can be found online (https:
/ /talk.ictvonline.org/taxonomy/, accessed on 13 April 2021). Once a sequence is identified
to a family or genus level, a pairwise sequence comparison (PASC) webtool [116] to
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support virus classification, hosted by NCBI (https:/ /www.ncbi.nlm.nih.gov/sutils /pasc/,
accessed on 13 April 2021), can quickly provide an indication on how a new sequence
fits in that genus or family. In cases where virus sequence identity is near the limit of the
identity cut-off values for different species, additional information and/or justification
may be required for their definite classification. These could include biological information
such as host species, vector species, or symptom types, and if enough isolates have been
sequenced, population genomics approaches can also be employed [117].

Strains of viruses do not fall under official taxonomy. Rather, they are definitions
utilized by communities of practice around virus species and would thus require a review
of the literature concerning the specific virus species to be able to classify the sequence
to a particular strain or phylotype. This is a process that generally includes phylogenetic
analysis of the identified sequence with published virus (reference) sequences.

The approach described above can be rather straightforward if complete genomes of
viruses with a single genome segment have been assembled. However, things can become
more ambiguous in situations where a new virus has multiple genome segments or have
been incompletely assembled, resulting in several contigs corresponding to different parts
of a viral genome. The individual contigs for a novel virus may be equally distantly related
to several known viruses and can then show the highest level of similarity with different
viruses, which could lead to the erroneous interpretation that several new viruses are found
in the same sample. This issue will often manifest itself in the previous step of similarity
searches, and, to resolve this, the first recommended step is to identify the taxonomic
position of all the best hits identified for the different viral contigs. If several best hits
fall within the same genus or family, one could suspect they may correspond to the same
virus. The next step would be to investigate the general viral genome structures in the
identified genus or family from the ICTV reports and ascertain if the different best hits
correspond to the same or different genomic regions for that type of virus. If they are all
different, it is likely that a single new species is present; if the same region is covered by
multiple contigs that differ significantly from each other, then the scenario of multiple new
viruses belonging to a similar taxonomic group is more probable. A checklist in Figure 4
contains the most important points to keep in mind for the taxonomic classification of viral
sequences obtained by HTS.

Sequences of new viruses belonging to previously undescribed families and/or genera
can often only be reliably aligned by using the translated amino acid sequences of conserved
genes such as polymerases and coat proteins. In these cases, phylogenies generated with
viruses from related genera or families are needed to determine the exact taxonomic
position. Additional criteria, such as number of open reading frames and overall genomic
organization, need to be considered when classifying a virus as a member of a new genus
or family. When there is uncertainty, viruses can be categorized as unclassified new species
until new evidence arises that can support a definite classification.

Irrespective of the situation encountered, to become an officially recognized new
species, generally, a near complete genome sequence, including the complete coding
sequence information, is required by the ICTV to assign a “sequence only” virus to a
species level. If relevant supportive biological data are available, that rule is more relaxed
and will be determined by the relevant virus family study groups.
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Taxonomic classification
1. If you obtained one or more single apparently full-length sequences of clearly distinguishable viruses:
a.  What taxonomic group does the virus correspond to, based on database annotations?

b.  What are the taxonomic demarcation criteria for the identified taxonomic group
(https://talk ictvonline.org/taxonomyy/)?

c.  If falling within a known family or genus, how does the sequence fit, based on taxonomic criteria of that group
(https://www .ncbinlm.nih.gov/sutils/pasc/)?
i, If clearly falling within or outside of a taxonomic group based on sequence demarcation and genome
organization criteria, define species or new species. Perform phylogenetic analysis with other isolates
from same and related species for support.

. Define strains based on literature if relevant.

ii. If not clearly falling within or outside of the corresponding group, consult disdplinary literature for
guidance, or define as unclassified related virus and refer to ICTV.

d.  If falling outside of known taxonomic groupings based on ICTV criteria, perform phylogenetic analysis of
conserved proteins with most closely related virus groups to determine evolutionary position. Based on these
analyses, suggestions can be made for new taxonomic groupings for consideration by the ICTV.

II.  If you obtained apparently partial sequences or sequences corresponding to multiple genome segments of one or more
viruses:

a. Do sequences show highest similarity to same or different viruses?

i.  If highest similarity is always the same virus, follow checklist starting from step La. using each
individual contig to check for consistency in step I.c. If inconsistent, perform phylogenetic analysis of
individual contigs for evolutionary consistency.

ii. If highest similarity is to different viruses, check if sequences correspond to the same taxonomic
grouping at family or genus level

e If yes, check if contigs cover the same or different parts of the viral genome

o If contigs cover different parts of the genome, they probably correspond to asingle
virus, follow checklist starting from step La. using each individual contig to check for
consistency in step Lc. If inconsistent, perform phylogenetic analysis of individual
contigs for evolutionary consistency.

o If contigs cover the same part of the genome, separate contigs covering similar regions
and analyze them individually following the checklist from La. checking for consistency
in step Lc. If inconsistent, perform phylogenetic analysis of individual contigs for
evolutionary consistency.

Figure 4. Checklist of the most important considerations during taxonomic classification of plant viruses detected by HTS.

4.3.8. “Quick Start” Methods

Depending on the computational background of the user, there are different ways
to approach the analysis. Many software solutions are available for detecting the pres-
ence of (plant) viruses in HTS datasets, which have been summarized recently by several
reviews [118,119]. For beginners or newcomers in the field, all these tools can be over-
whelming. The quick-start guide (Figure 5) might be handy to select an appropriate tool
or pipeline.

108



Microorganisms 2021, 9, 841

Quick-start guide to start analyzing HTS data for virus detection

Where do I get (test) data?

Using well-characterized datasets is crucial to evaluate the classical performance criteria of an analysis pipeline, such as
diagnostic sensitivity (depending on false negatives), reproducibility and false discovery rate (depending on false positives).

What? More information Links

https://doi.org/10.1094/
PHYTO-02-18-0067-R
(accessed on 13. 4. 2021)

10 [lumina sRNA datasets used in performance
testing study involving 21 labs

https://github.com/plantvirology/COST_Action
_PT/releases (accessed on 13. 4. 2021).

7 semi-artificial datasets composed of real Illumina
RNA-seq datasets from virus-infected plants spiked ~ https://doi.org/10.5281/

with artificial virus reads, 3 real datasets and 8 zenodo.4584718 https://gitlab.com/ilvo/VIROMOCKchallenge
completely artificial datasets. Fach dataset addresses ~ (accessed on13. 4. 2021) (accessed on 13. 4. 2021).

specific challenges that could prevent virus

detection.

How do I choose an analysis pipeline?

The choice of a suitable analysis pipeline depends on the type of data, the application, available resources and bioinformatics
skills. Regardless of these considerations, each pipeline must roughly contain the different analysis steps as explained in the
main text (chapter 4) and in Figure 2. Some suggestions for pipelines for analyzing Illumina RNA-seq data for virus detection
are given below (summarized on hitps://gitlab.com/ilvo/phbn-wp2-training) (accessed on 13.4.2021).

Bioinf tics skill . R ded t f .
lotnrormaties skt Available resources .ecor'nmen edtypeo Suggested software (more info: Table 2)
level pipeline
VirFind*, VirusDetect*, IDTaxa, Kaiju
Low to moderate Low Web- or cloud-based tool ) ° . )
*dedicated to plant virus detection
o et Y e T e 4 oy CLC Genomics Workbench, Geneious Prime
Moderate, willing to pay ~ GUI-based commercial

Low to moderate Pre-built pipelines available at: hitps://gitlab.com/ilvo

license fee software .
/phbn-wp2-training (accessed on 13.4.2021).
Moderate, limited to GUI-based open source VirTool, Galaxy with Kodoja plug-in installed
Low to moderate .
open source software software Ask your I'T department to set up a local instance.
i i iaf #
. Moderate to high Dedicated command-line Vlruchetect, virAnnot, Kodoj a , Angua
Moderate to high . #*Available as conda package, which eases
(Linux-based OS) software packages . .
installation.
Custom-built pipeline Combination of selected tools for each step
. Moderate to high combining different mentioned in Figure 2, automated using a shell
High . X . o s .
(Linux-based OS) command-line software script or pipeline building software (e.g.,
packages Snakemake, Nextflow).

How do I interpret the data?

The interpretation of the results is highly dependent on the pipeline you use. Make yourself familiar with the different steps of
the chosen pipeline and possible drawbacks of each step by thoroughly reading the manual(s). A helpful guide to identify the
weak points of your pipeline can be the checklist in Figure 3. Also, the taxonomic classification of your sequences should not be
taken for granted, and should be considered carefully as explained in Figure 4. Finally, a confirmation of your virus/viroid
presence by an independent technique is strongly recommended as discussed in chapter 4.4.1.

Figure 5. Quick-start guide assisting selection of analysis approaches for plant virus detection from HTS data.

Among these options, easy-to-use pipelines that do not require extensive computa-
tional expertise might be a good start. These pipelines present a user-friendly interface
on-line or directly on the computer. A first group of pipelines can be considered as “all
in one”: they automatically start on the raw data to deliver the final results as a list of
viruses detected. They may or may not allow the adaptation of parameters. A second
group corresponds to pipelines for which the different steps of the process have to be
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done separately and independently. This is the case when using commercial software such
as CLC Genomics Workbench or Geneious Prime, which both also enable the building
of customized “all-in-one” workflows. Table Al summarizes the pros and cons of the
most common “easy-to-use” analysis solutions. Ease of use may generate a false sense
of confidence in the results and, as with all pipelines, understanding of the steps and
the parameters of the pipelines, as well as critical interpretation of the results is always
required.

4.4. What to Do When The Data Analysis Is Concluded?
4.4.1. Identity Confirmation by an Independent Technique

As for many other test methods, HTS may sometimes provide false-positive results.
Therefore, if consequential, it is important that HTS results are confirmed.

The need to confirm the identity of a pest depends on the context of the analysis
and on the type of organism identified (e.g., identification of a quarantine compared to
an endemic pest). The results must be confirmed in cases considered critical to national
or international plant protection programs. These are the detection of a pest in an area
where it is not known to occur or in a consignment originating from a country where it is
declared to be absent; and also, when a pest is identified by a laboratory for the first time
(EPPO PM 7/76, 2019). The identity of any uncharacterized pest with potential risks to
plant health should also be confirmed by another test. Whilst a virus in its common host
is unlikely to require confirmation (if not regulated), it may be useful if associated with
different symptoms (e.g., an emerging strain).

When confirmation is needed, it is recommended to use a test or a combination of tests
based on different biological principles (e.g., ELISA or targeted PCR instead of resequencing
the sample using the same protocol). If available, validated tests should be used and a
new sample extract obtained for analysis. The selection of confirmatory tests depends on
the performance characteristics required; the general characteristics of methods for plant
virology have been reviewed [120]. If no other tests are available to confirm the identity
of the pest (i.e., poorly characterized and uncharacterized organisms), primers should be
designed and tested, based on the HTS sequence data and available sequence information
in the sequence databases. Alternatively, generic primers that enable the amplification
of viruses within a genus or family, including the targeted one(s), followed by Sanger
sequencing of the amplicons could be used to confirm the identity.

4.4.2. Biological Characterization Post HTS Detection

Based on HTS, the list of thus far unknown or poorly characterized viruses for which
only genome data are available is rapidly increasing [121]. This presents a challenge for
the further steps necessary to determine the causative relationship to a disease and guide
phytosanitary diagnostic laboratories on data interpretation and recommendations. Viruses
for which only genome data are available can indeed be taxonomically assigned, but the
real challenge is to attribute biological meaning to their detection. The interpretation of the
biological relevance applies mainly to poorly characterized and uncharacterized or newly
discovered viruses. For example, the viral sequences detected may correspond to a bona
fide virus infecting other organisms associated with the sample, including bacteria, fungi,
or arthropods [122,123] or to viral sequences integrated into the plant genome [124,125].
As stated previously [125], relevant scientific expertise is essential for sound biological
interpretation of HTS results, in particular when identifying a target with a low titer, a
poorly characterized species, an uncharacterized organism, or sequences integrated in
the host genome [6,126]. In this latter case, careful phylogenetic analysis, including retro-
transposons and viruses reported only from integration events in plant genomes [91-93]
may provide critical information on whether the sequences identified correspond to an
autonomously replicating (episomal) virus or to cellular transcripts from integrated viral
elements. This may need to be validated by specific experiments to confirm or disprove an
episomal replication scenario.
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The extent to which additional biological characterization is performed depends
largely on the potential risk the organism(s) would pose to plant health, although the
acquisition of such data may take time or may not be possible (e.g., lack of human and/or
financial resources). The scaled and progressive scientific framework proposed by Mas-
sart et al. [125] is a useful tool for guiding the biological characterization and the risk
assessment of an uncharacterized or poorly characterized plant virus detected by HTS.

4.4.3. Sharing Data to Leverage Knowledge

After the detection of the virus in the laboratory, the researcher or diagnostician
faces an important dilemma: when and how to share data publicly. As shown by recent
examples [127-129], pre-publication data sharing between laboratories brings valuable
information to address the risks raised by a virus. Sharing data will give a more global
picture of its geographical repartition, its genetic diversity, its host range and symptomatol-
ogy, allowing a contextualized risk analysis and avoiding unnecessary regulatory action.
When shared, the genome information usefulness is leveraged. Data sharing must also
include metadata from the sample (e.g., origin, species, cultivar, time point, organ of sam-
pling). Nevertheless, data sharing is not always easy due to regulatory implications, and
for commercial work, laboratories may be bound by confidentiality agreements [7]. In
addition to sharing sequence data itself, sharing of analysis pipelines, protocols, and expe-
riences between labs can greatly contribute to the harmonization of the field and provide
useful resources for newcomers to the field. The recently established Plant Health Bioin-
formatics Network (PHBN) aims to foster this approach and provide protocols, pipelines
(https:/ /gitlab.com/ilvo/phbn-wp2-training, accessed on 13 April 2021), and reference
datasets (https://gitlab.com/ilvo/VIROMOCKchallenge, accessed on 13 April 2021) [130]
that can be widely employed. It also aims to organize community efforts to advance certain
aspects of plant health bioinformatics (https://gitlab.com/ilvo/PHBN-WP4-RNAseq_
Community_Screening, accessed on 13 April 2021).

4.4.4. Recombination Analysis

Recombination is common in some genera of plant viruses, and the presence of recom-
bination events can have impacts on downstream analysis such as phylogenetics. Thus,
identification of recombination is a useful first step, prior to further genome analysis.
The most popular software solutions, which detect recombination patterns comparing
full or partial viral genomes and run on Windows, are RDP4 [131], SimPlot [132], and
TreeOrder Scan [133]. ViReMa (Viral Recombination Mapper) can be used for the detection
of recombination junctions, as well as insertion/substitution events and multiple recombi-
nations within single reads [134], and it has been successfully applied for the analysis of
recombination events in plant virus genomes [22,135,136].

4.4.5. Additional Bioinformatics Analyses

Further analyses, beyond viral detection and taxonomic classification, can be per-
formed on HTS data, depending on the goal of the study. For instance, the large amount of
sequence data generated by HTS allows a good resolution of the within-host genetic diver-
sity of the viral populations [22]. Assessing the genetic diversity within and among viral
populations can provide a better understanding of virus evolution and help to determine
population genetic parameters or epidemiological patterns [137,138]. This can be done
using single nucleotide polymorphism (SNP) calling algorithms, which need to allow the
detection of low-frequency variants expected in virus populations. Phylogenetic relation-
ships among the detected and previously known viruses can also be investigated using fast
neighbor-joining algorithms [139], more precise maximum likelihood approaches [140,141],
or Bayesian analysis approaches [142]. Freeware phylogenetic analysis suites, such as
MEGAN [143], or phylogenetic analysis algorithms integrated within commercial software,
such as CLC Genomics Workbench and Geneious Prime, can be used. Studying the time of
emergence of viral species and strains including the distribution of the genetic diversity
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across geographical sites can be done using software such as BEAST [144], TempEst [145]
and SPAGeDI [146].

5. Conclusions and Outlook

In this review, we aimed to provide an informative primer on the generation and
analysis of HTS data for the detection of plant viruses. Even though the field of HTS is
transforming rapidly and new platforms and analysis tools are being developed constantly,
the basic concepts of data analysis reviewed here will remain relevant in the future. In
the next few years, we expect a great increase in the use of the long-read HTS platforms.
New algorithms and pipelines for analysis of data will continually be developed, building
on some of the concepts described above. These developments are likely to focus on two
main areas. Firstly, the adoption of deep learning approaches will likely be more and more
integrated into the field of virus detection, on different levels, from similarity searches to
the estimation of detection confidence levels, to enable the more robust detection of virus
sequences that are more distantly related to those we currently recognize. Secondly, with
the further development of nanopore sequencing-based platforms, potentially facilitating
on-site HTS analysis of samples, we will need faster and more memory-efficient analysis
approaches to enable rapid data analysis, potentially away from centralized facilities.
Moreover, guidelines are being developed to enable the validation and verification of
HTS-based detection of plant pathogens in research and diagnostic settings, which also
include bioinformatics steps of the analysis [9]. These guidelines will provide detailed
information on how to use appropriate controls and which specific results parameters
to use to ensure the validity of the results, which is briefly covered in Figures 3 and 4 in
this text. Finally, we encourage the readers to use this guide as a starting point for the
selection of appropriate analysis approaches and to get further informed about the specifics
of the algorithms (Figure 5). By combining knowledge on the analysis approaches with a
sound plant virology background, we can maximize the potential of these technologies
and provide sound interpretation of the results.
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Appendix A

Table Al. List of selected easy-to-use analysis solutions for detection of plant viruses with their pros and cons.

Pipeline Brief Description Web Link/Publication Pros Cons
* Easy to use: single . Uses complete NCBI
command to run one or
. GenBank database for
multiple datasets . .
simultaneous! viruses (divided along host
¥ type) for reference mapping
. Performs de novo assembly : .
A and identity searches. NCBI
and reference mapping in
R . 2 GenBank sequences are
parallel, including optional
. poorly curated and may lead
host genome subtraction and
. 2 . to reports of wrong results.
identified contigs through R Creating and formattin
BLASTn and BLASTx. 8 6
. Automatic results new custom or up-to-date
- NCBI GenBank reference
organization and library is not ver:
hito: presentation in html table strai itforwar d Zn d read
Virus discovery using tp: . providing key metrics on 6 Y
. / /virusdetect.feilab.net, formatted updates are not
VirusDetect sRNA and RNAseq . coverage, sequence depth,
accessed on 13 April 2021 ; uploaded very regularly to
sequences virus and genus name, and .
[147] link to visual map and NCBI the VirusDetect webpage.
P . Currently requires Linux
GenBank reference . Co
sequence environment, which is an
. Options to modify key 1r¥1ped1m'er'1t for many
assembly, mapping, and diagnosticians.
S ’ . Default reporting cutoff
reporting parameters. settings are optimized for
° Windows version with ) ST
. . siRNA to minimize false
visual interface and L
. . positives due to
automatic quality control : .
. ; index-hopping; however,
and trimming to be released
in 2021. they may 1§ad to the
. Available via user account non—report}ng of low
. concentration viruses.
online.
. Open source modern
graphical optimized for
cloud computing.
o User and group control with
password protection, sample
data management, security,
and QA features. .
. Support for multiple ° Requires some
www.virtool.ca, accessed on PP X computational skills for user
4 workflows and versioned P . -
HTS sample manager 13 April 2021 databases for viral and (or help of informatician) to
Virtool with virus detection, https://github.com/ non-viral pathogens install as a local server on
discovery and virtool/virtool, accessed on ¢ Can process short and long Linux operating system.
analysis workflows 1;’: April 2021 reads (llumina). o L;I;;l::isfsﬂvlg’t:\?ncgange
[36] . Result visualization, p
S . workflow.
filtering, and sorting.
. HTTP API for automation or
integration with other
services such as LIMS.
. Can also be controlled via
the command line for more
complex tasks.
. Wide options to modify
assembly, mapping,
annotation, and clustering ° Requires a Linux
parameters. environment, which is an
i o Performs parallel analysis of impediment for many
fCom'man‘cii-hne'tool samples from the same diagnosticians.
virAnnot or virus detection [148] dataset. . Need a cluster access for the

and viral diversity
estimation

Estimation of viral diversity
through Operational
Taxonomic Units (OTUs).
Easy results visualization
with Krona and phylogenic
trees.

annotation step.

Requires a good knowledge
of command-line and Unix
packages installation.
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Table A1. Cont.

Pipeline Brief Description Web Link/Publication Pros Cons
° g;\’ﬁﬁ:ble via user account ° Analyliis by onllir;e version
. . http:/ /virfind.org, accessed . . can take several days.
VirFind thne virus ans April 2021 8 . Performs reference mapping, R Output only in text files:
discovery tool ) de novo assembly, and X ded f
[149] conserved domain searches experience needec for
. further interpretation.
in parallel or subsequently.
. Simple: can be executed
with one command buthasa e Requires a Linux
number of parameters/tools environment, which is an
that can be tweaked impediment for many
o Uses full nt and nr GenBank diagnosticians.
databases so is sensitive . Dependent on locally stored
Command-line tool https:/ / fred fera.co.uk/ . Manual inspection of results nt and nr GenBank
Angua for virus detection smcgrelg/A angua3, accessed with a local MEGAN databases.
on 13 April 2021 installation improves ° BLASTx stage can take a
accuracy long time.
. Supports single and ° Manual inspection of results
paired-end analysis with a local MEGAN
. Supports BLASTn/MEGAN installation is required.
parallelization
. Available as Galaxy plug-in
or as command-line tool that
. can be installed using conda. e Requires a Linux
k-mer based httPs:/ / glthu}?.com/ . k-mer based rather than environment for the
Kodoja command-line tool for abalzar}/ kodoja, accessed on assembly and mapping, command-line tool, which is
virus detection 13 April 2021 which makes it more an impediment for many
(1071 sensitive and diagnosticians.
computationally less
intensive.

. Undescribed virus or viral
strain will not be detectable
using this pipeline.

. L]
g e e o
etection using g .
Truffle e-probes based [150] . Requires felatively low S?r‘gse;e:ai Ezosfssi;\igher
approach computatlonal resources. o Requires a Linux
environment, which is an
impediment for many
diagnosticians.
. Both standalone and web
server avallable. L. . Not specifically made for
. . http:/ /kaiju.binf.ku.dk/, ° Qulc}i( anallstlls qot requiring virus detection.
Kaiju Onhng metagenomic accessed on 13 April 2021 any xnowledge m . Protein based, hence blind
analysis tool bioinformatics and data f o
[105] analysis. or non codlng sequences
° Prepared downloadable (viroids, satellites).
databases available.
. Web-based platform. ° %1m1t m da;; I;pload,l unlless
Workﬂow system for https:// usegalaxyx?rg, . Open source. if you establish own local
Galaxy computational accessed on 13 April 2021 . Vast choice of computational galaxy sgryer.
analyses [151] biology tools ° Not specifically made for
8y : virus detection.
. Easy-to-use visual interface ° Not possible to change
i of results. parameters of the workflow.
Online metagenomic https:// ld‘seq.net/ saccessed o Quick analysis not requiring e Complementary software
ID-Seq analysis tool on 13 April 2021 any knowledge in needed for reads alignment.
(152] bioinformatics and data

analysis.

Not specifically made for
virus detection.
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Table A1. Cont.

Pipeline Brief Description Web Link/Publication Pros Cons

Geneious
Prime

. Graphical interface.

. Multiple plugins available,
including some frequently
used freeware assembly
algorithms.

Software for https: ° Automated, customizable

molecular biology and  //www.geneious.com, workflows.

sequence analysis accessed on 13 April 2021 . Constant release of updated
versions and customer
support.

. Nice and efficient
visualization tools.

. Free trial version available.

. Licensed, including license
fee;

. HTS data analysis requires
computational resources.

CLC
Genomics insights-portfolio/analysis- versions and customer .
Workbench

. Graphical interface.
https:/ /digitalinsights. ®  Automated, customizable

i giagen.com/products- workflows. . Expensive ongoing licensin
SC(;nt;gre(eh:;i:’iin of overview /discovery- . Constant release of updated fee}:) gomg s
) HTS data analysis requires
and-visualization/qiagen- suApport L. computational resources.
clc-genomics-workbench/, o Nice and efficient
accessed on 13 April 2021 visualization tools.

. Free trial version available.

molecular biology
analysis tools
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Abstract: We used high-throughput sequencing to identify viruses on tomato samples showing
virus-like symptoms. Samples were collected from crops in the Iberian Peninsula. Either total RNA or
double-stranded RNA (dsRNA) were used as starting material to build the cDNA libraries. In total,
seven virus species were identified, with pepino mosaic virus being the most abundant one. The
dsRNA input provided better coverage and read depth but missed one virus species compared with
the total RNA input. By performing in silico analyses, we determined a minimum sequencing depth
per sample of 0.2 and 1.5 million reads for dsSRNA and rRNA-depleted total RNA inputs, respectively,
to detect even the less abundant viruses. Primers and TagMan probes targeting conserved regions
in the viral genomes were designed and/or used for virus detection; all viruses were detected by
qRT-PCR/RT-PCR in individual samples, with all except one sample showing mixed infections.
Three virus species (Olive latent virus 1, Lettuce ring necrosis virus and Tomato fruit blotch virus) are
herein reported for the first time in tomato crops in Spain.

Keywords: high-throughput sequencing (HTS); tomato; virus; dsRNA; total RNA; OLV1; LRNV;
ToFBV

1. Introduction

Tomato (Solanum Lycopersicum L.) is one of the most important vegetable crops. The
worldwide production of tomato in 2019 was more than 182 million tons (FAOSTAT, 2019;
http:/ /www.fao.org/faostat/; accessed on September 2020). Spain is one of the world’s
leading producers of tomato plants for fresh consumption, second in the European Union
after Italy (Eurostat 2019; https://ec.europa.eu/eurostat/371; accessed on September
2020). Tomato cultivation in Spain is very intensive, with significant acreage devoted to
greenhouse production. The major threats to tomato intensive cultivation are viral diseases,
which are responsible for significant yield and fruit quality losses, causing important
economic damage [1]. The main viruses frequently reported to affect tomato crops include
tomato yellow leaf curl virus (TYLCV), pepino mosaic virus (PepMV), tomato spotted
wilt virus (TSWV) and tomato chlorosis virus (ToCV), with all four of them having been
reported in the Iberian Peninsula (EPPO). Nevertheless, emerging viruses, i.e., those
recently reported and the incidence or geographic range of which increase rapidly [2],
often cause the most important problems. A recent example of an emerging virus infecting
tomato crops in the Iberian Peninsula is tomato brown rugose fruit virus (ToBRFV) (EPPO).
The availability of sensitive and reliable virus discovery and detection techniques is crucial
for diagnosing and controlling viral diseases, as well as anticipating problems that are
potentially caused by major, emerging, or new viruses.

High-throughput sequencing (HTS) technologies enable, in a relatively short period of
time, the characterization of plant viromes, allowing both the detection of known viruses
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and the discovery of novel ones [3]. These technologies have been successfully used with
several crop species, including tomato plants [4-9]. The application of HTS to samples
from tomato crops in China revealed the presence of 22 viruses, of which five of them had
not been reported previously to infect plants of this species [8]. Another study, comparing
the diversity of viral populations between tomato plants and neighboring Solanum nigrum
plants using HTS, showed a large variability in virome richness, but with little overlapping
of the viruses found in both species [9]. In addition to its detection potential, different works
have shown that HTS can increase the resolution of virus population genetics and evolution
studies and also allows the determination of the complete or near-complete genomes of
novel viruses without any prior knowledge [3,10]. To date, different starting materials
have been used for metagenomic studies, including double-stranded RNA (dsRNA), total
RNA depleted of ribosomal RNA (rRNA-depleted total RNA), virion associated nucleic
acids (VANA) and small RNAs (sSRNAs). The comparison between methods using different
starting materials has shown differences in the spectrum of viruses or viroids that can be
detected. Previous works have shown that the outcome of rRNA-depleted total RNA-based
methods tends to be virus-dependent; sSRNA sequencing is better than rRNA-depleted
total RNA for the detection of viroids [10,11] and both dsRNA and VANA allowed for the
enrichment of virus sequences in the samples [12].

Here, we used the rRNA-depleted total RNA and dsRNA approaches to identify
the viruses present in tomato samples from plants exhibiting virus-like symptoms. We
compared the virus diversity and mapping reads between two replicates from total RNA
extractions. In addition, we adopted an in silico approach to determine the minimum
sequencing depth needed to detect the less abundant viruses in our sample pools. We
identified seven known virus species, three of which are reported for the first time in tomato
plants in Spain: Lettuce ring necrosis virus, Olive latent virus 1, and Tomato fruit blotch virus.

2. Materials and Methods
2.1. Plant Material

Twenty samples of tomato leaves exhibiting symptoms suggesting viral infection
were collected during the 20152020 period from different locations in Spain and Portugal
(Table 1). A portion of leaf tissue from each sample was placed in 1.5-mL tubes, frozen in
liquid nitrogen, and stored at —80 °C until RNA extraction.
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2.2. Nucleic Acid Extraction, Library Construction and Sequencing

For the total RNA extraction, 100 mg of leaf tissue from each individual sample was
ground until attaining a fine powder with a mortar and pestle in the presence of liquid
nitrogen. Total RNA was extracted using TRI Reagent (Sigma-Aldrich, St. Louis, MO, USA)
following the manufacturer’s protocol. For the dsRNA extraction, 100 mg of leaf tissue
from each sample was pooled and ground. dsRNA was purified using the protocol from
Valverde et al. [13] with Whatman CF-11 cellulose powder (GE Healthcare Life Science
Corp., Piscataway, NJ, USA). Both preparations were subjected to RNase-free DNase
I treatment (New England Biolabs, Ipswich, MA, USA), following the manufacturer’s
protocol, to remove traces of DNA, and the dsRNA preparation was also treated with
RNase A (Machery-Nagel, Duren, Germany), following the protocol described in [14],
to remove single-stranded RNA traces. After these treatments, the preparations were
cleaned up by phenol/chloroform extraction [14] and their integrity was confirmed using
gel electrophoresis. The quantity of the total RNA was assessed using a Nanodrop™
One Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) and a Qubit™ 3.0 Fluorometer (Thermo Fisher Scientific), and individual samples
were normalized to a final concentration of 20 ng/uL. Two identical pools denoted Tom1
and Tom2 were prepared by adding 7.5 uL from each total RNA sample to obtain a final
amount of 3 ug of total RNA in 150 uL of sterile MiliQ water. The dsRNA sample (denoted
as TomDS) had a final volume of 50 uL in sterile MiliQ water. The samples were sent to
Macrogen (Seoul, Korea) for library preparation and sequencing. The quality and quantity
of the RNA in the three samples were further analyzed using a 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA). For the three samples, cDNA libraries were synthesized
using a TrueSeq Stranded Total RNA sample preparation kit (Illumina, San Diego, CA,
USA) with ribosomal depletion using a Ribo-Zero plant kit (Illumina). Sequencing was
performed with the Illumina NovaSeq 6000 platform to obtain 150 bp paired-end reads.

2.3. Bioinformatic Analysis

Raw reads were analyzed using the custom bioinformatic pipeline implemented in
the R language, as described in Figure 1. Paired-end reads in fastq format served as
the input. The quality of the raw reads was screened using the FastQC program (http:
/ /www.bioinformatics.babraham.ac.uk/projects/fastqc; accessed on May 2020). Adapters
and low-quality reads (Phred < 30) were trimmed from each data set using Trimmomatic
v0.39 [15]. After this step, paired-end reads were repaired using BBMap [16]. Host reads
were filtered out by aligning reads to the host genome (Tomato genome version SL2.4)
using Bowtie2 [17]. Unmapped reads were subjected to de novo assembly using Trinity
v2.10 [18]. For virus detection, contigs were aligned against a custom plant virus nucleotide
database using BLASTn [19]. To build the virus database, viral sequences fitting the
criteria of host: Viridiplantae and sequence length: 800-23,000 nt were downloaded from
NCBI Virus (https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/; accessed on May 2020).
The database was built using makeblastdb, and low-complexity sequences were filtered
out with dustmasker [20]. Sequences sharing 98% at both nucleotide (nt) and amino
acid (aa) levels were collapsed using cd-hit [21]. After BLASTn, viral hits were filtered
using the following criteria: contig length between 0.5 to 14 kb, e-value lower than 1074,
and length of alignment between the query and the hit > 300 nt. Pyfasta v0.5.2 (https:
/ /pypi.org/project/pyfasta/; accessed on May 2020) was used to retrieve the sequences of
the reference viruses detected. Only one random accession for each virus was retrieved
in the case that more than one accession for the same virus was found by BLASTn. These
viral sequences were used as the reference to re-map the filtered reads using BWA with the
mem algorithm [22]. From these alignments, virus genome coverage and average depth
were calculated using SAMtools [23] and our own R script. To compare the percentage of
identity of a given virus across the three datasets, a consensus sequence was generated
using SAMtools and the Seqtk tool [24]. In cases where we could not obtain good consensus
sequences, the longest contigs were used for these comparisons (Table S1). To determine
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the closest viral isolate, the consensus or the contig sequences of each virus were screened
against its taxon using the NCBI database with BLASTn. The presence of divergent viral
sequences was investigated by mapping contigs against a custom plant virus protein
database using BLASTx [19], using the same filters as mentioned above. Although we did
not find any novel viruses in this work, our pipeline included a step to analyze potential
new viral species: ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder/; accessed on
May 2020) to predict ORFs of new putative viruses, and BLASTx against non-redundant
proteins NCBI database to find the closest virus species. Subsets of reads used to determine
the minimum number of reads needed to detect the viruses present in the datasets were
obtained with Seqtk [24], using different seed values (100 and 120) in case two replicates
were generated.
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Figure 1. Bioinformatic workflow for the detection of known viruses and for novel virus discovery. Schematic representation
of the bioinformatics pipeline followed in this work implemented in the R language. Specific programs (blue rectangles)
used for each step (white rectangles) are indicated; applied filters are framed in light blue rectangles.

2.4. Conventional RT-PCR and qRT-PCR

All viruses were detected in individual samples by qRT-PCR, except southern tomato
virus (STV), which was detected by conventional RT-PCR using the primer pair described
in Table S2, Expand Reverse Transcriptase (Roche, Basel, Switzerland) and NXT Taq PCR
Kit (EURx, Gdarisk, Poland) according to the manufacturer’s instructions. Primers and
probes for PepMV were published elsewhere [25]. For the other viruses, forward and
reverse primers, together with TagMan probes, were designed to target conserved regions
of the CP gene, except for tomato fruit blotch virus (ToFBV) for which we used the RdRp
gene, using the PrimerQuest Tool from IDT (https:/ /eu.idtdna.com; acceded on September
2020). The specificity of all the primers and probes was confirmed in silico by a BLASTn
search against the NCBI database. Primers’ and probes’ sequence information and the
length of the amplicons are detailed in Table S2. For virus detection by gqRT-PCR, the KAPA
PROBE FAST One-Step qRT-PCR kit (Roche, Basel, SZ) was used. Each 10-uL reaction
consisted of 5 uL of 2x Master Mix, 0.2 uL of forward /reverse primers (10 uM) and probe
(10 uM), 0.2 uL of 50x RT-Mix, 0.2 uL of 50 x ROX high, 2 pL of DEPC-treated water and
2 uL of RNA (20 ng/uL). The performance of the primers/probe pairs was determined by
calculating the PCR amplification efficiency of the reaction from a standard curve of five
1:10 serial dilutions of the pooled total RNA sample (200 ng/uL) (Table S2).
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3. Results
3.1. HTS Using Two Different RNA Inputs: Total RNA and dsRNA

Twenty samples from leaves of tomato plants exhibiting virus-like symptoms were
collected from 2015 to 2020 from different locations in the South of Spain and Portugal
(Table 1). The sampled plants exhibited a wide range of disease symptoms suggestive of
viral infection, i.e., vein clearing, leaf distortion, leaf curling, necrotic spots or mosaics
on leaves (Table 1). Figure 2 shows representative examples of symptoms found in two
different greenhouses, displaying fruit blotching, uneven ripening and necrosis. From
these samples, we prepared two different RNA inputs. Total RNA was purified from
individual samples and then pooled; dsRNA was extracted in a single preparation from an
equivalent pool of samples. We sequenced two different libraries from the total RNA pool,
representing two technical replicates (Tom1 and Tom2) and one from the dsRNA extraction
(TomDS).

(8) (D)

Figure 2. Tomato plants and fruits exhibiting virus-like symptoms. (A,B) correspond to the green-
house where sample R19-07 was collected in Murcia. Tomato fruits exhibited fruit blotching and
discoloration. (C,D) correspond to another greenhouse in Almeria where sample R19-12 was col-
lected, and tomato plants exhibited necrosis.

After sequencing the three libraries, we obtained 86,284,538, 84,739,174 and 64,540,826
reads for Tom1, Tom2 and TomDS, respectively (Table 2). The raw reads were analyzed
following the pipeline described in Figure 1. These were trimmed and filtered to remove
low-quality bases, and tomato-derived sequences were extracted by mapping against the
tomato genome (Table 2). As expected, the percentage of reads mapping to the plant
genome was much lower using dsRNA (25.7% of the clean reads) than using total RNA as
the input (around 48% of the clean reads) (Table 2). Hence, a total of 44,121,432, 43,524,150
and 47,320,422 filtered reads corresponding to 51.9%, 52.1% and 74.3% of the clean reads
were further used for virus identification in Tom1, Tom2 and TomDS, respectively (Table 2).
Although the number of raw reads sequenced for the two total RNA samples was higher
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than for the dsRNA sample (around 80 M compared to around 60 M), the number of reads
after the application of different quality filters was similar for the three libraries (Table 2).

Table 2. Summary of sequencing and mapping results.

Tom1 Tom2 TomDS
Reads % Reads % Reads %
Raw reads 86,284,538 84,739,174 64,540,826
Clean reads 85,026,574 98.54 83,516,356 98.56 63,715,596 98.72
Host mappings 40,905,042 48.11 39,992,206 47.89 16,395,174 25.73
Filter reads 44,121,532 51.89 43,524,150 52.11 47,320,422 74.27
Viral contigs 63 51 55
Unique viruses 7 7 6
Viral reads 6,790,296 7.99 7,159,776 8.57 20,491,882 32.16

3.2. Comparison of Viral Species Found in Two Technical Replicates Using Total RNA as the Input

In order to evaluate the reproducibility of the library construction and sequencing, the
results from the two independent libraries, Tom1 and Tom2, were compared. The filtered
reads were de novo assembled, and long contigs were mapped by BLASTn against our own
plant virus database (Figure 1 and Table 2). After filtering the BLASTn results, we obtained
a total of 63 and 51 contigs, with an average length of 2788 nt and 3076 nt, that mapped to
viral sequences for Tom1 and Tom2, respectively (Table 2). To ensure high confidence in
the detection of viruses, we set a minimum threshold of the assembled contig of 500 nt in
length. In both replicates, we identified the same seven virus species (Table 3). No novel
viruses were found by BLASTx using our pipeline.

Table 3. Summary of mapping of reads against identified viral genomes.

s " Ref. Tom1 Tom2 TomDS
Vi A i G egmen .
trus ceession enome 8 Length ~ Reads  AD  PC Reads = AD  PC  Reads AD  PC
OLVI  DQO8399%6  (+)ssRNA 3702 390 9 9797 364 9 8968 678 50 062
TYLCV  HF548826  (+)ssDNA 2787 1694 65 100 1596 60 9964 1344 69 9017
ooy KEOIS280 o RNAL 8596 1106 4 9692 1076 15 9416 222112 3441  98.15
o KJ815045 RNA2 8249 2736 2 9933 2794 B3 952 235672 3759 99.79
STV KT438549 dsRNA 3463 1782 63 9884 1812 64 9864 3459440 7319  99.19
MK517477 RNAL 5811 39452 878 9978 41,498 930 9978 255152 5665  99.88
Toppy  MKSIZAZS o L. RNAZ 3ed3 17810 626 9975 17760 628 9945 79414 2892 9956
o MK517479 ss RNA3 2872 72830 2096 9951 81684 2417 99.65 500460 6360  99.93
MK517480 RNA4 1946 47102 2938 100 51060 3158 100 317660 7309 100
PepMV  NC_004067  (+)ssRNA 6450 6431722 7687 100 6809266 7686 100 15351220 7831 100
NC_006051 RNA1 7651 13116 223 9976 10716 183 9948 14738 258  99.12
Ry NCTOOB2 (b, RNA2 1830 17546 1258 9989 15668 1124 9995 10,512 758  99.89
NC_006053 s RNA3 1527 108412 6655 9876 95402 6507 9941 38700 3458 9712
NC_006054 RNA4 1417 34508 3226 99.86 29080 2749 9852 4780 462 9647

AD: average read depth; PC: percentage of reference sequence covered by reads.

To calculate the average sequencing depth and the genome coverages, the filtered
reads were mapped against the reference sequences of the identified viruses. In the cases
where multiple accessions were found for the same virus species, the accession of the
reference sequence used to map the reads was randomly selected. Viral reads constituted
7.99% and 8.57% of the clean reads for Tom1 and Tom2, respectively (Table 2). The number
of reads mapping to viral genomes varied from 390 (Tom1) and 364 (Tom2) reads, counted
for olive latent virus 1 (OLV1), to 6,431,722 (Tom1) and 6,809,266 (Tom?2), for PepMV
(Table 3). The average sequencing depth varied from nine for OLV1 in either Tom1 and
Tom?2 to ~7690 for PepMYV in either Tom1 and Tom?2 (Table 3). The lowest percentage of
coverage along the corresponding viral genome was found for OLV1 (97.97% in Tom1 and
89.68% in Tom?2) and RNA1 from ToCV (96.92% in Tom1 and 94.16% in Tom?2) (Table 3).
For the other virus species, the percentage of coverage was higher than 98% (Table 3). The
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nucleotide sequence identity among the viruses found in the two replicates was higher
than 98.9% (Table S1). Overall, our results indicate that reproducibility using total RNA
after rRNA depletion is very high, as no significant differences were observed among the
results obtained here for the two replicates.

3.3. Viral Species Found Using Total RNA or dsRNA as the Input

Procedures for sample preparation and RNA extraction for dsSRNA and total RNA
were obviously different, but the amount of plant material used for both methods was the
same, allowing some comparisons. Since Tom1 and Tom?2 are almost identical replicates,
only the comparison between TomDS and Tom1 is described. Fifty-five assembled contigs,
with an average length of 3698 nt, derived from TomDS, mapped with our plant virus
database, representing six virus species previously found in the analysis of the total RNA
sample (Tables 2 and 3). The virus species not detected using dsRNA as the input was OLV1,
although we found some mappings when reads were aligned against the OLV1 reference
sequence (Table 3). For TomDS, the number of reads mapping to the identified reference
virus sequences was substantially higher compared to the number of reads in Tom1 (32.16%
versus 7.99%) (Table 2). This result was expected, as the dsSRNA extraction method enriches
preparations in virus-specific products, in this case in the replicative form of the ssRNA
viruses [13]. Accordingly, the number of reads mapping to each viral genome, the average
depth of sequencing and the percentage of the viral genome covered by the reads were
similar or much higher for TomDS than for Tom1 (Table 3). The exceptions were TYLCYV,
for which the number of reads mapping to its genome and the average depth were slightly
lower in TomDS (1344 and 69, respectively) than in Tom1 (1694 and 65, respectively), and
RNAs 2, 3 and 4 from lettuce necrosis ringspot virus (LRNV), for which these numbers
were significantly lower in TomDS than in Tom1 (Table 3). The nucleotide sequence identity
between the viruses found in TomDS compared to Tom1 varied from 96.2% for PepMV to
99.9% for RNA4 from ToFBV (Table S1). In conclusion, the dsRNA-based method seemed
to provide better enrichment in viral reads and the assembly of longer contigs than the
total RNA-based method for RNA viruses, with some apparent exceptions.

3.4. In Silico Analysis of the Minimum Sequencing Depth Needed to Detect the Less
Abundant Viruses

In an attempt to determine the minimum number of reads needed to detect the
viruses infecting our tomato samples, we performed three different in silico simulations by
decreasing the number of initial raw reads used in the bioinformatic analysis. For this, three
subsets of raw data, consisting of 50% (Subset 1), 37.5% (Subset 2) and 25% (Subset 3) of
the original Tom1 and TomDS reads were extracted randomly and analyzed following the
same pipeline described previously (Tables 4 and S3). We next measured three parameters
in these datasets: number of mapped reads, percentage of coverage and average read depth
along the viral genomes.

Table 4. Summary of results obtained after subsetting the raw reads.

Subset 1 (50%) Subset 2 (37.5%) Subset 3 (25%)
Tom1 TomDS Tom1 TomDS Tom1 TomDS
Reads % Reads % Reads % Reads % Reads % Reads %
Subset 40,000,000 30,000,000 30,000,000 22,500,000 20,000,000 15,000,000

Clean reads 39,416,281 9854 29,616,416 9872 29,562,358 9854 22,212,742 9872 19,708,041  98.54 14,809,024  98.73
Host mappings 19,544,446 4958  7,618386 2572 14223278 4811 5714092 2572 9,483,289 4812 3808670 2572
Filter reads 20,455,554  51.90 21,998,030 7428 15,339,080 51.89 16,498,650 7428 10,224,752  51.88 11,000,354  74.28
Viral contigs 50 56 43 40 36 40
Unique viruses 7 6 7 6 7 6
Viral reads 3,033,136 14.83  9,245404 4203  2,275725 1484 6,934,690 4203 1515690  14.82 = 4,622,820  42.02

After the analysis of the different subsets (Tables 4 and S3), we found the same
viruses as when using the full datasets (seven species for Tom1 and six for TomDS), but
there were differences in the estimated parameters. The percentage of unmapped reads
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against the tomato genome did not vary with the subsetting either for Tom1 or TomDS
(Tables 2 and 4). Although the number of contigs mapping to the plant virus database
decreased with the subsets, the average contig length was not always lower, with the
Subset 3 in Tom1 being higher (3167 nt) than for the full dataset in Tom1 (2788 nt). The
number of reads mapping to the reference viruses decreased across the three subsets
(Tables 2 and 4); however, the percentage of the mapped reads was maintained among the
three different subsets as compared to the full datasets (approximately 14.82% for Tom1
and 42% for TomDS) (Table 4). In general, the average read depth decreased across the
different subsets, with the only exception being PepMV in TomDS, for which the average
depth was maintained across the subsets (Figure 3 and Table S3). For the viruses in which
the percentage of coverage using the full datasets was higher than 89%, there were only
slight differences in the percentage of coverage when decreasing the sequencing depth
(Figure 3 and Table S3). Four additional subsets, consisting of 12.50% (Subset 4), 6.25%
(Subset 5), 3.13% (Subset 6) and 1.5% (Subset 7), were made (Table S3). For OLV1 in Tom1
and using 12.5% (Subset 4) of the total reads, 25 reads were mapped to the viral genome,
with an average depth of 1.57 (Table S3), but no contigs longer than the minimum threshold
could be assembled (Table S3). For TYLCV in TomDS, decreasing the raw reads to 3.13%
(Subset 6) resulted in 38 reads mapping to its viral genome, with an average depth of 3.58
(Table S3), but again no contigs could be assembled. This in silico analysis was repeated
using two new random subsets of 37.5% (Subset 2) and 25% (Subset 3) of the full datasets
obtaining reproducible results (Table S3). In conclusion, to detect viruses infecting our
sample pool, we could have decreased the initial sequencing depth to 25% of the full
datasets for the total RNA input, from 80 M to 20 M, and to 6.25% for the dsRNA input,
from 60 M to 3.75 M, and still identify the same virus species.

3.5. Viruses Already Reported to Infect Tomato Plants in Spain

Four viruses that are frequently reported in tomato crops were detected in our samples:
PepMYV, STV, ToCV and TYLCV. To identify their closest virus isolates in the databases,
assembled contigs were further aligned by BLASTn against the specific virus taxon using
the NCBI nr/nt database. We performed qRT-PCR or conventional RT-PCR to determine
the presence of these viruses in the individual samples used for the pools (Tables 1 and S2).
PepMV (family Alphaflexiviridae, genus Potexvirus), a (+)ssRNA virus, was the most
abundant virus in our sample pools, with more than 28 M reads across the three datasets:
more than 13 M reads in both total RNA samples, and more than 15 M reads in the dsRNA
sample (Table 3). Thirteen contigs, almost covering the complete genome with the typical
genome features described for PepMV, were determined from the three samples, all of
them mapping with the highest identity against both CH2 and EU strains. We detected
PepMYV using qRT-PCR in 19 out of 20 samples, 13 of them in mixed infections with viruses
from both strains, and the other six infected only with viruses from the CH2 strain, which
seemed to accumulate at higher concentrations in most of the samples (Table 1).

STV (family Amalgaviridae, genus Amalgavirus), which possesses a dsSRNA genome,
was the second virus for which a higher number of reads mapped along its genome in the
dsRNA sample (more than 3 M), although very few viral reads were obtained from the
total RNA samples (1782 in Tom1 and 1812 in Tom?2) (Table 3). We were able to assemble
almost the full viral genome from reads derived from the three datasets, obtaining three
different contigs, one per dataset, that shared a percentage of identity higher than 99.9%
among them (Table S1). These sequences contained the two overlapping ORFs described
for STV: a putative CP and the RdRp protein. All the contigs showed a nucleotide identity
of more than 99.9% with a sequence from Canada (MK610257.1). STV was detected in 16
out of 20 individual samples using conventional RT-PCR (Table 1).
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Figure 3. Comparison of average read depth and percentage of viral genomes covered by reads in Tom1 and TomDS. (A) Bar
plots showing the logarithm of the average read depth for each viral genome in Tom1 (upper) and TomDS (bottom). (B) Bar
plots showing the percentage of viral genomes covered by reads in Tom1 (upper) and TomDS (bottom). Full datasets: white
bars; Subset 1: gray bars; Subset 2: dotted bars; Subset 3: black bars.

ToCV (family Closteroviridae, genus Crinivirus), with a bipartite (+)ssRNA genome,
was the fourth most abundant virus among the seven viruses identified, with 457,789 reads
in TomDS and around hundred times less in the total RNA samples (3842 in Tom1 and
3870 in Tom?2) (Table 3). A unique 8585-nt contig, covering almost the complete genome of
RNA 1 from ToCV, was determined from the dsRNA sample. It shared 99.9% nucleotide
identity with RNA 1 from the ToCV isolate from Spain (KJ200304.1). Multiple contigs were
determined from Tom1 and Tom2 with a length shorter than 5777 nt, showing the highest
identity with the same ToCV strain. Three contigs, ranging from 8195 nt to 8239 nt in length,
that corresponded to the near complete genome of RNA 2 were determined from the three
datasets respectively. These contigs showed more than 99.8% nt identity with RNA2 from
the ToCV isolate from Spain (KJ200305.1). ToCV was detected in eight out of 20 individual
samples by qRT-PCR (Table 1).

TYLCV (family Geminiviridae, genus Begomovirus), a (+) ssDNA virus, was detected
using the two different RNA inputs but, with the exception of OLV1, it was the virus for
which we obtained the lowest number of reads mapping to its genome (around 1694 and
1596 in Tom1 and Tom2 and 1344 in TomDS) (Table 3). Different contigs ranging from 685 nt
to 2212 nt were found to derive from TYLCV across the three datasets. A BLASTn analysis
of these sequences revealed a nucleotide similarity above 97% with other TYLCV sequences
belonging to the Israel strain (TYLCV-IL). No insertion characterizing the TYLCV-IS76
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isolates was detected in the non-coding intergenic region of these sequences [26]. Based on
qRT-PCR of individual samples, TYLCV was detected in seven out of 20 samples.

3.6. Viruses Not Previously Reported to Infect Tomato Plants in Spain

We also identified three virus species that, to our knowledge, were not previously
reported or not frequently reported to infect tomato plants in Spain: LRNV, OLV1 and
ToFBV [27,28]. To further understand these observations, we determined the consensus
sequences from the reads mapping to virus reference genomes. As for the other viruses,
we detected the presence of these three viruses in the individual samples using qRT-PCR
(Tables 1 and S2).

LRNV (family Aspiviridae, genus Ophiovirus) is a four-segmented (—)ssRNA virus,
and was detected in the pooled sample using the two RNA extraction approaches. We
determined the consensus sequences for the four LRNV RNA segments (RNA 1 to 4).
The RNA 1 consensus sequence (MW594439) was 7604 nt in length, covering 99% of the
reference segment (AY535016), sharing a 99.4% identity with it. This RNA comprises
two ORFs, which are 582 nt and 6834 nt in length, respectively. The RNA 2 consensus
sequence (MW594440) was 1826 nt in length, lacking only 4 nt at the 5" end compared to
the reference RNA2 sequence (AY535017). Our sequence shared 99.2% at the nt level and
99.1% at the amino acid level with its RN A2 reference. The RNA 3 consensus sequence
(MW594441) was 1505 nt (lacking 22 nt in total from both ends compared to the reference
sequence, AY535018). Its veRNA has one ORF of 1311 nt that encodes the CP protein. The
CP showed a 99.1% amino acid identity with the CP of this reference isolate. The consensus
sequence of RNA 4 (MW594442) was 1378 nt in length, covering 97% of the LRNV RNA 4
genome (AY535019) and sharing a 99.1% of nucleotide identity. The presence of LRNV was
confirmed in the pooled sample as well as in four out of 20 individual samples by qRT-PCR
using specific primers and probes targeting the CP (Tables 1 and S2). The samples in which
the virus was detected were from crops in Almeria (Southeastern Spain) collected in 2015,
2019 and 2020, with the highest accumulation of this virus in samples collected in 2020
(Table 1), as determined by qRT-PCR.

ToFBV (family Kitaviridae, genus Blunervirus) is a four-segmented (+)ssRNA virus,
recently discovered to infect tomato plants in Italy and Australia [27]. The consensus
sequences were determined for the four RNAs, and these were 5779 nt (RNA1, MW594435),
3586 nt (RNA2, MW594436), 2869 nt (RN A3, MW594437), and 1926 nt (RNA4, MW594438)
in length, covering the full length of the four ToOBFV RNA segments of isolate Fondi2018
from Italy (MK517477, MK517478, MK517479, and MK517480). The percentages of nu-
cleotide identity of the consensus sequences against the reference sequences were 98.8%,
98.8%, 99.6% and 99% for RNAs 1 to 4, respectively. Five out of 20 individual samples were
positive according to qRT-PCR using specific primers and probes targeting a conserved
region of the RdARp (RNAT1) (Tables 1 and S2). Four samples were collected in Murcia in
2016, 2017 and 2019, and one in Portugal in 2015 (Table 1).

OLV1 (family Tombusviridae, genus Alphanecrovirus), with a (+)ssRNA genome, was
the least abundant virus in our datasets (Table 3), and was only detected using the total
RNA extraction method. Unlike the other two previous viruses, we compared contigs
against the NCBI database to describe this virus, as the determined consensus sequence
contained a very high proportion of unknown nucleotides. Four contigs, ranging from
641 nt to 1847 nt, were determined, covering a partial sequence of the RdRp protein and
the full sequence of the CP. The contig covering the full CP gene shared 95.2% of nucleotide
identity with isolate OLV1 Anhui from China (MK376952.1) and 98.1% amino acids with
isolate A4P2 from Portugal (AHE40781.1). Two out of 20 samples were infected with
OLV1 by qRT-PCR using specific primers and probes targeting the CP; both samples were
collected in 2015 in Almeria and Portugal, respectively (Table 1).
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4. Discussion

HTS was used to identify viruses present in a pool of twenty samples of tomato
leaves showing virus-like symptoms collected in areas where tomato cultivation is very
important. We first assessed the reproducibility of the sequencing method by generating
a replicate of the total RNA with a ribosomal depletion sample; after analysis, we did
not find important differences between replicates in terms of virus species detected or
the number of reads mapping to each reference virus genome. In contrast, our data
suggest that the extraction method seems to have an impact on the viruses that could be
identified by HTS, in agreement with previous reports. For instance, Kutnjak et al. [10]
compared siRNA and VANA approaches and found that both provided highly similar
viral mutational landscapes, but VANA allowed for better recovery of complete viral
genomes and detection of recombinant genomes [10]. In another example, rRNA-depleted
total RNA was found to be superior to siRNA for the identification of citrus tristeza virus
(CTV) (family Closteroviridae, genus Closterovirus) and citrus dwarfing viroid (CDVd)
(family Pospiviroidae, genus Apscaviroid) infecting grapefruit, rendering better coverage
for CTV but not for the viroid [29]. Another study showed that the performance of
these two approaches tended to be virus-dependent, but in general longer contigs and
higher genome coverage were obtained by rRNA-depleted total RNA than by sSRNA
sequencing [11]. Ma et al. [12] compared dsRNA and VANA approaches in assessing
the virus diversity in wild plant populations. In their experimental system, the dsSRNA
approach revealed a broader and more comprehensive diversity for RNA viruses than
VANA [12]. Gallo-Garcia et al. [30] used total RNA and dsRNA as inputs to assess the
virus populations in cape gooseberry (Physalis peruviana L.). They found higher sequence
diversity for a specific virus species in total RNA as compared to dsRNA, but the total RNA
extraction method failed to detect viruses present at low concentrations [30]. Hence, these
and other authors have suggested the use of rRNA-depleted total RNA and dsRNA as
complementary methods to obtain a comprehensive picture of the viruses present in a field
sample [3,30]. In our case, and contrary to what was described by Gallo-Garcia et al. [30],
rRNA-depleted total RNA performed better because seven, as opposed to six, viral species
were detected using rRNA-depleted total RNA versus dsRNA. However, we cannot rule
out the possibility that this difference may be due to the different pooling strategies used
here. Although there were reads mapping to OLV1 in the dsRNA sample, the percentage
of read coverage along the viral genome was only 0.62% (Table 3). This coverage was
rendered by a fragment of 22 nt inside a read of around 109 nt that had been sequenced
many times, hence the high average depth found (Table 3). However, this read had no
significant hits against the NCBI database, not even with OLV1. Both methods allowed
almost complete coverage of the genomes of the most abundant viruses (PepMV, STV,
LRNYV, ToFBV), however, the average depth was higher using the dsRNA approach in most
of the cases. Interestingly, we noticed that total RNA generated more reads for LRNV, a
(—)ssRNA virus, and for TYLCV, a ssDNA virus. This latter result was not surprising, as
during TYLCV replication no dsRNA replicative intermediates are formed [31].

Some previous works have discussed the possibility of the application of HTS for
routine plant virus diagnostics, mentioning different parameters to take into consideration,
such as sensitivity, specificity and reproducibility [32]. Al Rwahnih et al. [33] compared
the sensitivity of HTS to biological indexing for plant material certification in grapevines
and concluded that it may reach a high sensitivity level, with the advantage of being time
effective as compared to conventional methods [33]. In addition, Candresse et al. [34]
used HTS to detect sugarcane white streak virus (family Geminiviridae, genus Mastervirus)
in two quarantined sugarcane plants, showing the importance of including this method
to assess plant health status [34]. However, sequencing large numbers of individuals or
samples, which is often needed to obtain an overview of the plant viruses present in a
population, is still challenging, despite falling HTS costs over the last decade. Furthermore,
the need for a high-quality RNA input for library preparation and the complexity of
the bioinformatics analyses should be taken into consideration when approaching HTS
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studies. One of the main methodological decisions for pool sequencing is the balance
between the number of samples to be pooled and the sequencing depth required to detect
all viruses present in the pool. According to the literature, the pool composition of different
metagenomic studies for plant viromes varied from four to 50 individual samples per
pool [9,12,35-39]. Skums et al. [40] provided a mathematical approach for a pooling
strategy for the massive sequencing of human viruses, since the complex nature of these
samples imposed restrictions on the pool design [40]. Here, we tried to address the problem
of minimum reads needed to detect the less abundant viruses in a pool by following an in
silico approach. The libraries for the two strategies used were sequenced with a different
initial sequencing depth: 80 M for the total RNA replicates and 60 M for the dsRNA
sample. In theory, this sequencing depth would correspond to 4 M reads per sample for
the total RNA and 3 M reads per sample for the dsRNA input. We have demonstrated
that we were able to detect the same viruses from the full datasets and from the three
different subsets composed of 50%, 37.5% and 25% of the initial reads, and even for two
additional subsets composed of 12.5% and 6.25% of the initial reads in the case of dsRNA.
The less abundant viruses identified in the full datasets were OLV1 in the case of the total
RNA replicates and TYLCV in the case of the dsSRNA sample. However, the percentage
of coverage decreased in the subsets, so the level of confidence in the detection of these
viruses also decreased. TYLCV and OLV1 were detected in seven and two individual
samples, respectively, and at very high Ct values (higher than 28 in most of the samples),
suggesting the low accumulation of these viral RNAs in the pooled sample. In conclusion,
we believe that 1.5 M reads per sample could have been used for assessing the tomato
virome when using rRNA-depleted total RNA. In the case of using dsRNA as the input, a
minimum of 0.2 M reads per sample could have been used as the initial sequencing depth.
Generalizing these results is difficult, as different crops under different environmental
conditions infected by different sets of viruses may require other sequencing depths. Using
a low number of reads in a de novo assembly, it is possible that bioinformatics analysis fails
to build significantly long contigs; hence, some virus derived reads could be disregarded
during the bioinformatic analysis. The high output noise generated by this technique
and/or possible contaminations demonstrate the necessity of using conventional detection
methods as a complementary tool for the confirmation of the presence of a virus.

Three viruses known to infect tomato plants, and to induce important crop losses,
were detected in our samples. PepMV was detected in 19 samples by means of qRT-
PCR, confirming the HTS results. Two strains, EU and CH2, were detected in mixed
infections in 13 out of 19 PepMV-infected samples. This high incidence could be due to the
generalization of cross-protection as a means of disease control in the South of Spain [41],
though generalized single and mixed infections of PepMYV isolates of these two strains
were already reported in the region before the extended use of cross-protection [42]. The
detection here of ToCV and TYLCV is not surprising as both are prevalent viruses across
the southern and eastern regions of Spain and both are transmitted by whiteflies [43—46].
A survey of STV incidence was conducted on different tomato fields in Spain in 2018,
revealing that STV was widespread [47]. Moreover, this virus was detected in different
tomato varieties and nurseries, but STV-infected tomato plants did not show any disease
symptoms [47]. Apart from the four viruses mentioned above, there are other viruses
known to be widespread and of major concern for tomato plants, including, for instance,
TSWYV, potato virus Y, cucumber mosaic virus [1] and the emergent ToBRFV, but none of
these were detected in our samples.

In addition to viruses frequently cited in tomato plants, three viruses that are seldom
if ever cited to infect these species were detected in this study. The first report of LRNV was
in lettuce (Lactuca sativa) crops in 1996, associated with lettuce ring necrosis disease. LRNV
is transmitted by the soil-borne fungus Olpidium brassicae [48]. However, no additional
information on the distribution and the epidemiological status of the virus could be found
in the literature. Although in our study LRNV was detected in samples showing necrosis,
vein clearing and yellow mosaic, these symptoms can be hardly associated with it, because
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it was detected in mixed infections in all the positive samples. OLV1 was isolated for the
first time from olive trees in the Apulia region of Southern Italy [49]. Infected olive trees
had normal flowers and fruits and did not show disease symptoms except for occasional
fasciation and bifurcations of leaves and twigs [49]. Since then, OLV1 has been reported in
different hosts in various countries [50,51], and in 2010 it was reported for the first time in
tomato plants in Poland, associated with necrotic spots on the leaves [28]. The presence
of this virus in the plants of different tomato cultivars was restricted to local lesions or
to necrotic areas [28]. This may suggest that the surrounding crops may constitute the
primary natural source of virus inoculum in the greenhouse-grown tomato, and that
the daily manipulation of tomato plants by workers could play a key role in its spread.
ToFBV is a new blunervirus that was recently reported in Italy and Australia, and it was
associated with blotchy ripening and dimpling of the tomato fruits [27]. TOFBV could not
be transmitted mechanically to either tomato or a set of various herbaceous plants, and
thus Koch'’s postulates have not been fulfilled yet for this virus. Generally, kitaviruses share
important epidemiological aspects such as symptomatology, lack of systemic movement
and mite-mediated transmission [52].

The analysis of the individual samples, carried out to detect the seven viruses, revealed
the extent of mixed infections, and the almost universal mixed infections of any of the
viruses with CH2 and/or EU isolates of PepMV. Multiple viruses could infect a single plant;
for instance, LRNV was detected in plants infected with OLV1, TYLCV and ToCV. ToFBV
was detected in mixed infections with TYLCV and ToCV. Mixed infections can affect the
virus’s replication and movement competence, transmission capacity, virulence, host range
and symptom severity [53]; therefore, more studies must be conducted to assess the impact
of mixed infections in tomato and other crops. Mixed infections also prevented us from
associating virus detection with disease symptoms—using the data collected during our
sampling, no obvious correlation could be established between observed symptoms and
the detection of any of the three viruses discussed above.

HTS is a very powerful technique for virus discovery and detection, and this emerged
clearly from our study. We identified viruses that were present in tomato crops several years
ago (samplings were conducted in 2015) but which remained unreported. The increased
ability to detect new or infrequent viruses using this technique raises several questions
relating to how to deal with them from a crop protection point of view, as well as the
complexity of their biological characterization, particularly for the newly-identified plant
viruses and viroids, and their impact at biosecurity, commercial, regulatory and scientific
levels [54]. Here, we have reported for the first time the presence of OLV1 in tomato crops
in Portugal and the South of Spain, and the presence of LRNV and ToFBV in tomato crops
in the South of Spain. However, broader surveys are needed to assess the prevalence and
potential impact of these viruses, including surveys of alternative hosts that may serve as
virus reservoirs, in order to better understand their epidemiological status.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.
3390/microorganisms9051043 /51, Table S1. Comparison of percentage of identity of virus sequences
among the three samples; Table S2. Primers and probes used for viral detection by qRT-PCR and
conventional RT-PCR for STV; Table S3. Summary of results obtained after mapping the reads from
different subsets against identified viral genomes.
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Abstract: Next-generation sequencing (NGS), through the implementation of metagenomic protocols,
has led to the discovery of thousands of new viruses in the last decade. Nevertheless, these protocols
are still laborious and costly to implement, and the technique has not yet become routine for everyday
virus characterization. Within the context of CRESS DNA virus studies, we implemented two
alternative long-read NGS protocols, one that is agnostic to the sequence (without a priori knowledge
of the viral genome) and the other that use specific primers to target a virus (with a priori). Agnostic
and specific long read NGS-based assembled genomes of two capulavirus strains were compared to
those obtained using the gold standard technique of Sanger sequencing. Both protocols allowed the
detection and accurate full genome characterization of both strains. Globally, the assembled genomes
were very similar (99.5-99.7% identity) to the Sanger sequences consensus, but differences in the
homopolymeric tracks of these sequences indicated a specific lack of accuracy of the long reads NGS
approach that has yet to be improved. Nevertheless, the use of the bench-top sequencer has proven
to be a credible alternative in the context of CRESS DNA virus study and could offer a new range of
applications not previously accessible.

Keywords: MinION; nanopore sequencing; rolling circle amplification; viral metagenomics; CRESS
DNA; capulavirus; homopolymer

1. Introduction

Recent advances in metagenomics applied to viruses has fostered a greater inventory
of the viral diversity [1-4]. Hence, the large scale sampling of oceanic water [5,6], plants,
animals, and humans [7-10], extreme environments [11], or the mining of genomic and
transcritptomic data [12-15] have completely shifted our understanding of viral diversity
and the function of viruses in host populations or even at the global ecosystem scale.
However, these inventories remain largely incomplete, and the current knowledge of
the virus diversity probably only represents the contour of the extant diversity [4]. The
collection of hundreds of new genome sequences with, sometimes only remote resemblance
to known viruses led to the acceptance of genome from metagenomic studies as genuine
and legitimate taxonomic material for the description of new viruses [16-21], even without
knowledge of the phenotype or the host associated to these viruses [17,22].

Yet, as access to metagenomics is usually costly and requires sophisticated technical
expertise in data management and analysis [23,24]; for day-to-day analysis, classical Sanger
sequencing remains more common [25]. Also, despite the potential of third generation
sequencing technique to provide, in real time, hundreds of sequences with read length
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of more than 15 kb [26,27], the resulting assembled genomes remains tainted with doubt.
Indeed, assembly of the low base quality reads is required to obtain more accurate contigs
but may results in chimeric genomes, or miss less frequent variants [17,28,29]. It would
thus be beneficial to evaluate the use of third generation sequencing as an alternative to
the gold standard of cloning and Sanger sequencing for everyday virus characterization.
Indeed, several studies have successfully employed third-generation sequencing for virus
detection or full genome recovery. It has been largely used to detect and sequence full
genomes of a range of animal and human viruses, including influenza [30], Ebola [31],
Dengue [32], Zika [33], or SRAS-Cov-2 [34]. Recently the method was also successfully
applied to plant viruses for some yam infecting viruses [29], maize yellow mosaic virus [35]
and plum pox virus [36].

Here, within the context of the study of circular replication-associated protein encod-
ing single stranded (CRESS) DNA viruses (from the Cressdnaviricota phylum), we harness
the power of third-generation sequencing for routine full genome assembly of viruses.
A breakthrough in CRESS DNA virus studies was associated with the development of
protocols using isothermal rolling circle amplification (RCA) in frequent association with
enzymatic restriction, cloning and Sanger sequencing [37]. Metagenomic protocols using
RCA were soon developed and greatly improved our knowledge of the CRESS DNA virus
diversity [38,39]. Yet, the use of Illumina based protocols remains laborious and expensive
for day-to-day viral genome characterization and sequences analysis usually requires
the use of complex bioinformatics tools. The field would thus benefit from the develop-
ment of a more convenient protocol on the MinION platform from the Oxford Nanopore
Technologies (ONT). Indeed, recent studies have paved the way towards using nanopore
sequencing, either from direct sequencing of total DNA extracts or after the application
of RCA, to achieve full genome sequencing of CRESS-DNA viruses in general [40-42] or
viruses from the Geminiviridae family in particular [43-45].

Two alternative protocols for use on the MinION bench-top sequencing device were
designed in this study and the assemblies of the nanopore-sequenced reads of multiple
strains of capulaviruses infecting a Medicago arborea plant [46] were compared to the Sanger
genome sequences. Capulavirus is one of the nine genera of the Geminiviridae family [47].
This family is composed of plant-infecting viruses with genomes comprising one or two
circular ssDNA of 2.5-5.2 kb encapsidated in twinned icosahedral (geminate) particles.
They are transmitted by a high range of hemipterans (whiteflies, leathoppers, aphids, and
treehoppers) [48,49]. Whereas members of the Geminivirus family were first described in
1993 (ICTV), the standardization of RCA based protocols lead to an explosion of its known
diversity and the family regularly counts new genus-level lineage addition [47,50-52].
Following the description of the Euphorbia caput-medusae latent virus (EcmLV), the genus
capulavirus has been proposed [53]. Their genome length ranged between 2.7 and 2.8 kb
with two intergenic regions. The replication-associated protein (Rep) is expressed from a
spliced complementary-strand transcript. A unique feature of capulavirus genomes is a
complex arrangement of possible MP-encoding ORFs located in the 5" direction from the
coat protein gene (cp) [47]. It is known to be transmitted by only two species of aphids:
Aphis Craccivora [49] and Dysaphis plantaginea [54].

Our analysis revealed that MinION sequencing followed by read assembly results
in genome sequences mostly similar to the consensus of the virus population that was
obtained after Sanger sequencing of multiple isolates. The two alternate protocols used, one
that does not required knowledge of the viruses present within the sample (without a priori)
and the other designed to specifically amplify a given virus (with a priori), were successful
for full genome assembly of the two capulavirus strains. MinION assembled consensus
sequences present with more differences in the homopolymeric tracks but remain closely
related to any sequence of the sample than any Sanger sequence to one another. Overall,
both nanopore-based protocols are adapted to the genome size of the CRESS DNA viruses
and the cost of the method is on par with the Sanger sequencing approach.
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2. Material and Methods
2.1. Sampling and DNA Extraction

Leaf samples of an apparently asymptomatic Medicago arborea were collected in
November 2019 at Montferrier-sur-Lez (France). The sample was stored at —20 °C before
use. Total DNA was extracted using the DNeasy Plant DNA extraction kit (Qiagen, Hilden,
Germany), following the manufacturer’s instructions. DNA extract was stored at —20 °C
before use. From a previous analysis [46], using a PCR amplification and Sanger sequenc-
ing, two strains of the capulavirus Trifolium virus 1 (TrV1-B and TrV1-C) were identified
into the sample.

2.2. Full Genome Cloning and Sanger Sequencing

Pairs of abutting primers were designed to recover the full-length genome of TrV1-B
and TrV1-C isolates. A two-step amplification was achieved, including a first amplification
step using either the primer pair 3580F-CAPULUZARB-1F: 5'-ACT TGC CTG TCG CTC
TAT CTT CTC CCT TGG AGA TGT AAT CTG CCA CGT CAG-3/, and PR2-CAPULUZARB-
2R: 5'-TTT CTG TTG GTG CTG ATA TTG CGG AGT TTT TGA GGA ACG AGG AAT ACT
TAG AGC TTC A-3’ for amplifying TrV1-B genomes or the primer pair 3580F-CAPUCORO-
1F: 5’-ACT TGC CTG TCG CTC TAT CTT CAA CTG TCC TCC CTT TGC AAT GTA GTC
AGC C-3’ and PR2-CAPUCORO-2R: 5'-TTT CTG TTG GTG CTG ATA TTG CCG AGG
AGC GAG GAC TTC TTA AGG CAA GT-3'for amplifying TrV1-C genomes. Amplification
was carried out using the GoTaq® Master Mix Kit (Promega Corporation, Madison, WI,
USA) and the following conditions: an initial denaturation at 95 °C for 5 min, 8 cycles at
94 °C for 30 s, 60 °C for 30 s, 72 °C for 3 min, and a final extension step at 72 °C for 10 min.
A common second amplification step was then performed using the primer pair (3580F:
5'-ACT TGC CTG TCG CTC TAT CTT C-3' and PR2: 5'-TTT CTG TTG GTG CTG ATA
TTG C-3') and the GoTaq® Master Mix Kit (Promega Corporation, Madison, W1, USA).
The amplification conditions were as followed: an initial denaturation at 95 °C for 5 min,
25 cycles at 94 °C for 30 s, 60 °C for 30 s, 72 °C for 3 min, and a final extension step at 72 °C
for 10 min. Amplification products of approximately 2.7-2.8 kb were gel purified, ligated
to pGEM-T (Promega, Madison, WI, USA) and sequenced by standard Sanger sequencing
using a primer walking approach.

2.3. Minion Sequencing

Two alternative protocols for MinION sequencing were used. In the first protocol,
called hereafter the RCA-MinION protocol, a RCA amplification was performed using Phi29
DNA polymerase (Illustra TempliPhi Amplification Kit, GE Healthcare, Chicago, IL, USA)
by mixing 2 uL of total plant DNA extract with 5 uL of Sample Buffer before incubation at
95 °C during 3 min. After cooling at room temperature, 0.2 pL of enzyme mix and 5 pL
of Reaction Buffer were added before incubation at 30 °C for 6 h followed by 20 min of
polymerase deactivation at 65 °C. RCA products were cleaned-up using 2 x of Sera-Mag
Select Size Selection beads (GE Healthcare) and the 10 uL eluate were digested with 1 uL of
T7 Endonuclease I (NEB), 2 uL of 5x buffer in a 10 pL reaction volume at 37 °C during 1 h.
The fragments were purified with a 1x Sera-Mag Select Size Selection beads and eluate with
10 uL of purified water. Library construction for MinION sequencing was performed using
the PCR Barcoding Kit (SQK-PBK004), following the manufacturer’s instructions but using
SeraMag Select Size Selection beads (GE Healthcare) for DNA purification. Sequencing
was performed as described below for the PCR-MinION procedure. Two Flongles (flow cell
dongle) FLO-FLG001 were used for sequencing. Whereas in the first Flongle, a single RCA
amplicon was sequenced, in the second, three distinct RCA amplicons were multiplexed.
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In the second protocol, called hereafter the PCR-MinION protocol, a two-step amplifi-
cation was carried out. In the first PCR, both sets of abutting primers (3580F-CAPULUZARB-
1F/PR2-CAPULUZARB-2R and 3580F-CAPUCORO-1F/PR2-CAPUCORO-2R) described
above for respectively amplifying the genomes of strains TrV1-B and TrV1-C and the
GoTaq® Master Mix Kit (Promega Corporation, Madison WI, USA) were employed. The
amplification conditions were as follows: an initial denaturation at 95 °C for 5 min, 15 cycles
at94 °Cfor 30s, 60 °C for 30 s, 72 °C for 3 min, and a final extension step at 72 °C for 10 min.
The second amplification step was performed using the cDNA Primer (cPRM) supplied in
the PCR-cDNA Sequencing Kit (SQK-PCS109) and the LongAmp Taq 2X Master Mix Kit
(New England Biolabs, Evry, France). The amplification conditions were as followed: an
initial denaturation at 95 °C for 30 s, 20 cycles at 95 °C for 15 s, 62 °C for 15 s, 65 °C for
3 min, and a final extension step at 65 °C for 6 min. The amplicons were purified using
Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA) and MinION sequencing
library was constructed using the PCR-cDNA Sequencing Kit (SQK-PCS109), following
manufacturer’s instructions. Sequencing was then performed on Flongle (FLO-FLG001)
using MinKNOW software 19.06.8. Three Flongles were used, two for TrV1-B (Flongle 13
and Flongle 14) and another one for TrV1-C (Flongle 15).

2.4. MinION Sequence Assembly

For the reads obtained through the two MinION protocols, accurate basecalling was
performed using Guppy (v4.09 or 4.015; [55]). Demultiplexing and adapter removal was
then performed using Porechop v0.2.4 [56]. Quality of the reads was investigated using
NanoPlot v1.33.0 [57].

The demultiplexed reads obtained from RCA-MinION procedure were assembled with
FLYE 2.6 [58], using the “meta” and “plasmid” parameters and when possible circularized
as monomers using a homemade script. Contigs were then subjected to a BLASTn search
against a CRESS DNA reference sequence database obtained from GenBank. CRESS DNA
contigs were then polished using Medaka v1.2.2 [59]. PCR-MinION sequences higher than
1500 nt for one run (TrV1-C) and 2000 nt for the two other run (TrV1-B), were assembled
using Canu v1.8 [60]. CRESS DNA contigs were filtered using BLAST as described above.
Contigs coverage was estimated after mapping the raw reads back to the assembled CRESS
DNA sequences using Minimap2 v2.17 [61] (Figure 1).

2.5. Sequence Comparison and Phylogenetic Analysis

All the available capulavirus full genome sequences were downloaded from GenBank
on 4 March 2021 and aligned with the sequences of strains TrV1-B and TrV1-C obtained after
Sanger sequencing using MAFFT v7.475 [62]. A maximum likelihood (ML) phylogenetic
tree was inferred using FastTree2 [63] using the “gtr” and “gamma” parameters. Branch
supports were tested using SH-like local supports. Tree edition was performed using the
ape R package [64]. In order to properly classify the sequences obtained, an analysis that
include a subset of representative capulavirus from GenBank and the Sanger sequence
obtained in this study was performed using SDT1.2 [65].

Sequences obtained using the three distinct protocols (i.e., Sanger, PCR-MinION, and
RCA-MinlION procedures) were aligned together with MAFFT v7.475 before manual edit
of the alignment. A home-made R script was used for sequence comparison and mutation
count. Mutations were classified in three categories: substitution, insertion/deletion
(INDEL) and homopolymer length variation (HLV) (Figure 1). ML trees were inferred from
these alignments using FastTree2 as described above.
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Figure 1. Schematic representation of the three distinct sequencing methodologies used including the molecular biology
procedure (purple boxes) the sequencing procedure (light blue boxes), the bio-informatics procedure (red boxes) and the
method comparison (orange boxes).
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3. Results and Discussion
3.1. Sanger Sequences

A total of 46 sequences were obtained after cloning and Sanger sequencing. These
sequence groups in two distinct clades (Figure S1) that share a mean identity of 90.3%.
Within the first clade (1 = 19), sequences present with identity ranging from 99.5 to 100%
with each other and were most similar to the isolate BG2_capuz_47 of the B strain of TrV1
(GenBank accession number MW698819) with a minimum identity of 99.7%. Within the
second clade (n = 27), sequences present identity ranging from 99.0 to 100% with each
other and were most closely related to the isolate BG2_coro_02-2 of the C strain of TrV1
(GenBank accession number MW698820) with a minimum identity of 99.1%. Therefore,
our two groups of sequences belong to two distinct strains (TrV1-B and TrV1-C) of the
capulavirus Trifolium virus 1 species (Figure S1). It is important to notice here that among
the 46 isolates, five of the TrV1-B isolates and seven of the TrV1-C isolates present with
defective genomes. Two of the TrV1-B defective isolates have deletions that encompass a
fraction of the V3 gene, two other isolates have deletions within the gene of the replication-
associated protein and one last has a deletion that encompasses the rep gene. Four sequences
of the TrV1-C isolates have deletions that encompass a fraction of the CP gene. Among
these, the deletions also span a fraction of the V3 gene or the rep gene, depending on the
isolate. One isolate has a deletion that encompasses a fraction of all the gene encoded in the
complement strand. These twelve defective sequences were excluded from downstream
analysis. The genomic organization of the remaining sequences confirms the presence of a
short intergenic region (SIR) and a long intergenic region (LIR), a characteristic inverted
repeat potentially capable of forming a stem-loop structure that included a conserved
nonanucleotide sequence TAATATTAC present at almost all geminivirus virion-strand
replication origins, the cp, a spliced complementary-strand intron-containing transcript
which expresses replication-associated protein gene (rep), a large complementary-sense
OREF (C3) that is completely embedded within the rep gene, and a complex arrangement
of possible MP-encoding ORFs located in the 5’ direction from the cp gene, which is a
unique feature of Capulavirus genomes [47]. Four and three sequences of the TrV1-B and -C
strains, present truncated ORFs. The full genome sequences of the isolate without ORFs
truncation are available on GenBank under the accession numbers MW698819-MW698821
and MW768713-MW?768736.

3.2. Long Read Sequencing and Assembly

The RCA-MinION generated reads that confirmed the presence of both TrV1-B and
TrV1-C strains in the Medicago arborea sample (Figure 2). The raw sequencing statistics
are available in Table 1. From Flongle 1 and Flongle 2, 188,123 and 273,088 raw reads
were obtained from which 110,830 (59%) and 152,076 (56%) barcoded reads passed the
quality control (Figure 52), respectively. The median read length was 1154 bp with a longest
read of 10,491 bp. From Flongle 1, only 27 reads (0.02%) mapped with the capulavirus
references. From Flongle 2, barcodes were retrieved from 65,413 reads, 40,242 reads and
46,421 reads for each of the three barcodes, respectively. From 6 to 8.5% of those reads
mapped with the capulavirus sequences. Although it was performed on the same DNA
extract, RCA amplification yielded more than two order of magnitude less viral sequence
for the Flongle 1 amplification than those performed for Flongle 2. It highlights known
bias of the RCA amplification [66,67] that were already evidenced in the context of CRESS
virus amplification [68]. All the four distinct sequence sets (one barcode sample from
Flongle 1 and three for Flongle 2) were then submitted to the assembly and circularization
pipeline. For each of the four barcodes, unique contigs corresponding to the full genome
sequences of the two strains were obtained. The four TrV1-B sequence lengths ranged
from 2745 to 2769 bp and were at least 99.5% similar to any Sanger sequence. One of the
TrV1-B sequences (RCA-Minion_10_2, Flongle 2 barcode 10, Table 1) present with a region
that seems to be mis-assembled (100 nt in length, see grey tracks in Figure 3A). The four
TrV1-C sequences length ranged from 2763 to 2771 bp and were at least 99.1% similar to any
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Sanger sequence. Again, a probable mis-assembly (68 nt in length, grey tracks in Figure 3B)
was present within one sequence (RCA-Minion_01_1). As none of the raw minion reads
supported the presence of this putative recombinant region, it has not been taken into
consideration for further analyses.

Table 1. Long read sequencing statistics.

FlongleId  Raw Reads l;{a::ss Ba;v]:;de TliiII::ilzd Cag:ille‘\i‘;irus 11::21(;? I;iz:‘;g -II-:G%:;‘ "]l:fsis-tg
Assembly Assembly
1 188,123 162,263 1 110,830 27 14 13 2745 2771
10 65,413 4809 3230 1579 2769 2764
2 273,088 215,143 1 40,242 3423 2244 1179 2748 2763
12 46,421 2803 1585 1218 2746 2765
13 492,922 386,099 - 385,029 380,933 380,933 - 2731 -
14 414,665 371,700 - 370,755 367,381 367,381 - 2739 -
15 768,144 714,730 - 602,579 337,338 - 337,338 - 2754

The PCR-MinION generated reads that also confirmed the presence of TrV1-B and
TrV1-C strains after RCA-MinION and Sanger sequencing. From Flongle 13, Flongle 14,
and Flongle 15, 492,922, 414,665, and 768,144 raw reads were obtained from which 386,099
(78.3%), 371,700 (89.6%), and 714,730 (93.0%) reads passed the quality control (Table 1,
Figure S2). The median length of the passed reads was 643 bp with a longest read of 9816
bp. From Flongle 13, 14 and 15, 380,933 reads (98.7%), 367,381 reads (98.8%) and 337,338
reads (47.2%) mapped with the TrV1-B and -C reference sequences. All the three read sets
were then submitted to the assembly. For every Flongle, contigs corresponding to the full
genome sequence of the TrV1-B and TrV1-C Sanger references were obtained. The two
TrV1-B sequences length ranged from 2731 to 2739 bp and were at least 99.7% similar to any
Sanger sequence. The TrV1-C sequence is 2754 bp length and were at least 99.3% similar to
any Sanger sequence (Figure 2).

3.3. Sequences Comparison

In order to more precisely determine the nature of the differences between the se-
quences obtained through the different procedures, per capulavirus strains, all the full
genome sequences obtained were compared to the consensus of the Sanger sequences.
With more than 99.1% nucleotide identity for both the RCA-MinION and PCR-MinION
sequences, the two methods demonstrate their ability to recover full genomes that are
accurately assigned to strains TrV1-B and -C and whose sequence are representative of the
viral population they originate. However, none of the assemblies obtained from MinION
sequences was 100% identical to the Sanger sequence.

Beside mis-assemblies (grey tracks on Figure 3), the differences between sequences
were classified in three categories with substitution (green ticks on Figure 3), INDEL (blue
ticks) and HLV (red ticks). It must be noticed here that HLVs are a category of INDELs but
were count separately as HLVs are recognized as the main source of errors in nanopore
sequencing [69-72].
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Figure 3. Diagram presenting the positions of the mutations along the genome of the TrV1-B (A) and
TrV1-C (B) isolates and assemblies. Concentric circles represent each complete genome sequence
obtained, with from the center to the outer, Sanger sequences in brown, RCA-MinION in blue and
PCR-MinION in purple. Substitutions, INDELs and homopolymer length variations are represented
with green, blue and red ticks respectively. Grey areas represent large deletions. Positions are relative
to reference sequences MW698819 for TrV1-B and MW698820 for TrV1-C. The origin of replication
(v-ORl) is indicated on top and the ORFs are represented on the outside of the figure.
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First, Sanger sequences differ from each other (and to the consensus) mostly with
substitutions (accounting for 79.5% of the variations) and more marginally with HLVs
(19.4% of the variations) and INDELs (1.5% of the variations) (Figure 2). Except for two
of the TrV1-C sequences, all the other Sanger sequences were unique and the number
of variations between all these sequences was up to 12 and 27 for TrV1-B and TrV1-C,
respectively. A total of 46 and 113 polymorphic sites were present in the Sanger sequences
for TrV1-B and TrV1-C, respectively (Figure 3). Whereas these polymorphic sites tend be
more frequently present within non-coding regions (binomial test p-value of 0.090 and
0.016 for TrV1-B and TrV1-C, respectively), these sites had globally more mutations among
all the Sanger sequences (binomial test p-value of 3.7 x 1073 and 7.7 x 10° for TrV1-B and
TrV1-C, respectively). Whereas sequencing errors can explain a fraction of the mutation,
with the high accuracy of Sanger sequencing in mind (per base Phred quality score of
50 [73]), one can expect that most of the variations uncovered during the analysis are
genuine and represent the biological variation associated with the diversity of the viral
population infecting the plant [74-76].

The analysis of the RCA-MinION and PCR-MinION sequences revealed a different
pattern of polymorphism. Two sequences, one of TrV1-B and one of TrV1-C, both assembled
from a restricted number of reads (Flongle 1, RCA-MinION_01-1 and RCA-MinION_01-2)
were, as expected, less accurate. Coverage of the assembly, (e.g., representing the mean
number of times every position of an assembly was read) is therefore a good indicator
of the reliability of the resulting assembly (Figure 4). Among the nine other MinION
sequences assembled, seven present with no substitution to the consensus and one with ten
substitutions (Figure 2). Through the TrV1-B sequences there was few common mutations:
only a single HLV was common between Sanger and MinlON assemblies (Figure 3A). PCR-
MinION and RCA-MinION sequences presented four common HLVs (Figure 3A). For TrV1-
C, Sanger sequences presented one substitution, no INDEL and three HLVs in common
with MinION sequences (Figure 3B). PCR-MinION and RCA-MinION sequences presented
one common substitution, three common HLVs and no common INDELs (Figure 3B).
As these sequences were obtained after the assembly of reads, we were unable to catch
the diversity of the distinct variants forming the viral population but rather to obtain a
sequence very similar to the consensus of that population. Conversely to the reduced
number of substitutions in comparison to the consensus, the assemblies present with larger
numbers of INDELs (from 1 to 3) and HLVs (2 to 16). Some of these variations were also
found in the Sanger sequences and it is probable that the assemblies actually represented
some of the variability within the population. Nevertheless, for six INDELs and 38 HLVs,
no corresponding mutations were found, and most would induce frameshift or protein
truncation (Figure 3). Despite the use of a dedicated sequence correction program, multiple
HLVs remained in the assembled sequences.

3.4. Defective Genome and Sequence Coverage

Defective genomes are frequently detected within geminivirus populations [77]. For
instance, twelve of the Sanger sequences displayed large deletions in comparison to full
reference genomes. As MinlON raw sequences are obtained after direct reads of either
PCR or RCA amplicons, they should capture the diversity of defective genomes of the viral
populations. Indeed, to obtain full genome assemblies using the PCR-MinION procedure, a
selection of the reads approaching full genome size was required. The analysis of coverage
of the reads (Figure 4) confirms the pervasive nature of defective genomes for both the
TrV1-B and -C strains. The highest coverage was obtained for regions encompassing the
stem-loop and reads were frequently missing most of the coding regions (see the blue lines
for RCA-Minion). Importantly, it must be noticed here that the coverage inferred using
the PCR-MinION procedure are not representative of the global population but rather
represent the subset of virus that contains the priming site of the abutting primers used in
the PCR (indicated with the verticals red dotted lines in Figure 4). The results indicate that
every position of the TrV1-B strains present with a high coverage, most of the amplicons of
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TrV1-C were defective for a region encompassing the whole CP gene (from position 147

to 1559).
A. TrV1-B C3
v3 “RepA
—v3 , —RepA
ORI _Va, e, Rep

104 ¢

0.8
S 06
©
@
(0]
>
o
[ &2
L 04
k=
[2]

0.2

0.0+ :

T | I T T T
0 500 1000 1500 2000 2500

position (nt)

relative coverage

T T T T T
0 500 1000 1500 2000 2500
position (nt)

Figure 4. Coverage plot along the reference genome of TrV1-B (A) and TrV1-C (B). The coverage,
interpreted here as the fold coverage of a given position divided by the maximum coverage of the
whole genome, is represented with a brown line for Sanger sequences, a blue line for RCA-MinION
sequences and a purple line for PCR-MinlON sequences. MinION coverage are interpolations of
the raw coverages presented here in grey on the background. The position of the abutting primers
used in the PCR-MinION procedure is indicated by the vertical red dotted line. Positions are relative
to the reference genome MW698819 for TrV1-B and MW698820 for TrV1-C. ORFs of these reference
genomes are symbolized with horizontal arrows on top of the figure. The Origin of replication is
indicated with an arrow. The position 1 of each sequence correspond to the nick-site within the stem
loop structure.
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4. Conclusions

From an asymptomatic sample of Medicago arborea, two distinct strains of the ca-
pulavirus TrV1 have been cloned and sequenced by the Sanger methodology. Using both
the a priori and the agnostic nanopore-based procedures, both TrV1-B and TrV1-C strains
were detected, and full genome sequences were assembled. Despite being very similar
to the consensus of Sanger sequences, mutations specific to the MinION assemblies were
detected mostly within homopolymeric regions of the genomes, which is in agreement with
other studies that have also pinpointed higher number of errors associated with homopoly-
mer lengths [78,79]. Whereas it could be argued that the HLV errors would be reduced with
the increasing accuracy of sequencing, the development of a new base caller technologies
and correction algorithm [80], current MinION sequences assemblies may be avoided for
some specific applications were the exact nucleotide sequence is required. Otherwise, for
other applications, such as virus discovery, virus classification, or recombination analysis,
MinION assemblies represent a competitive alternative to Sanger sequencing. Although,
similarly to other NGS protocols, MinION based studies require the use of sophisticated
bioinformatics tools for data management and analysis and despite the specific drawbacks
on sequence quality, bench top sequencer such as the MinION would probably become
routinely used in the laboratory. It allows a real-time detection and diagnostic of multiple
viral strains or virus species in a single run. For niche applications, such as the exploration
of geminivirus genomes, which do not exceed 10 kb, nanopore sequencing is poised to push
the cost and performance limits of sequencing technologies. The high reactivity offered
by the platform would make it more and more democratized as a mobile real-time plant
disease diagnostic tool.
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Abstract: Geminiviruses are circular single-stranded DNA plant viruses encapsidated into geminate
virion particles, which infect many crops and vegetables and, hence, represent significant agricul-
tural constraints worldwide. To maintain their broad-range host spectrum and establish productive
infection, the geminiviruses must circumvent a potent plant antiviral immune system, which con-
sists of a multilayered perception system represented by RNA interference sensors and effectors,
pattern recognition receptors (PRR), and resistance (R) proteins. This recognition system leads to
the activation of conserved defense responses that protect plants against different co-existing viral
and nonviral pathogens in nature. Furthermore, a specific antiviral cell surface receptor signaling is
activated at the onset of geminivirus infection to suppress global translation. This review highlighted
these layers of virus perception and host defenses and the mechanisms developed by geminiviruses
to overcome the plant antiviral immunity mechanisms.

Keywords: PAMP-triggered immunity; effector-triggered immunity; RNA silencing; viral suppres-
sors; NIK1; PTT; ETI; geminiviruses

1. Introduction

Geminiviruses are circular single-stranded DNA viruses grouped into one of the
largest and most successful families of plant viruses (Geminiviridae family) [1]. Collectively,
the geminiviruses cause devasting diseases in a large variety of economically relevant
crops and vegetables, resulting in the most diverse symptoms. The broad-range host
spectrum of the viruses from the Geminiviridae family may be associated with the large
capacity of geminiviruses to overcome the multilayered antiviral immune system of the
plant cell, which is broadly divided into RNA interference (RNAi), pathogen-associated
molecular pattern (PAMP)-triggered immunity (PTI), and effector-triggered immunity (ETI)
(see Abbreviations) [2]. Signaling from the cell surface, PTI is the first line of plant defense
mediated by immune pattern recognition receptors (PRRs), which detect and interact with
conserved molecular motifs from the pathogens, PAMPs [3]. As a second line of defense,
ETI is mediated by intracellular immune receptors that specifically recognize, directly or
indirectly, viral effectors delivered into the cytosol by the pathogens.

RNAIi or RNA-silencing-derived antiviral immunity is a well-characterized plant
antiviral immunity mechanism, which has been shown to operate against virtually all plant
viruses [4,5]. Likewise, ETI, also referred to as resistance (R) gene-mediated immunity,
has long been recognized as an efficient plant defense layer against viruses [6,7]. Studies
with plant viruses pioneered in describing hallmarks in ETI responses, including the
hypersensitive response (HR), salicylic acid accumulation, and systemic acquired resistance
(SAR) [8-10]. In addition, several viral effectors (avirulence gene products) and their
cognate R proteins have been characterized [2]. Emerging evidence has demonstrated that
the classical PTI characterized in nonviral pathogen—plant interactions also operates against
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plant viruses [11,12]. These multilayered immune defenses are activated and suppressed
by viral components or effectors, functioning as virulence factors in susceptible genotypes
and as avirulence (Avr) factors in resistant genotypes.

Like any other plant virus, geminiviruses both activate and suppress RNA-silencing-
mediated antiviral immunity. Infected hosts accumulate geminivirus-derived small inter-
fering RNA (siRNA) of 21-24 bp, and almost all geminivirus proteins have been shown
to suppress critical steps in the RN A-silencing mechanism [13]. Evidence that viral PTI
functions against geminiviruses includes the finding that PTI upstream receptors are vir-
ulence targets of geminivirus proteins, which can also suppress downstream PTI-like
responses, fulfilling the concept that PTI must be inhibited for successful infection [14,15].
Likewise, some geminiviruses proteins have been shown to activate and suppress ETI-like
responses [16]. As further evidence that plants deploy ETI to fight geminiviruses, the
tomato Ty-1 locus, which confers resistance to tomato yellow leaf curl virus (TYLCV),
encodes a nucleotide-binding leucine-rich repeat (NLR) domain-containing protein, a
reminiscent structural configuration of typical ETI receptors [17]. This review focuses on
RNA silencing and the antiviral innate immunity mechanisms that plants deploy to fight
viruses and the strategy that geminiviruses evolved to overcome these defense barriers.
Virtually all geminiviral proteins, which carry a primary function (movement, replication,
encapsidation) required to complete the virus life cycle, evolved to accommodate virulence
functions as well. Although not covered in this review, hormone signaling has been shown
to be connected with anti-geminiviral immunity. For in-depth information on this topic,
the reader is referred to a recent review in the molecular interplay between hormones and
geminiviruses [18].

2. Structural and Functional Organization of the Geminivirus Genome

The Geminiviridae family encompasses circular single-stranded DNA viruses that are
packed into icosahedral, geminate virion particles. The family is further divided into
nine genera (Begomovirus, Mastrevirus, Capulavirus, Curtovirus, Becurtovirus, Eragrovirus,
Grablovirus, Topocuvirus, and Turncurtovirus), according to the genome organization
and phylogenetic relationship of the geminivirus species and types of the transmissible
insect vectors [19].

The geminiviruses can be either monopartite with a single genomic configuration
(DNA-A-like) or bipartite with two genomic components, designated DNA-A and DNA-
B, with a coding capacity ranging from 4 to 8 viral proteins (Figure 1). Their genome
is transcribed into bidirectional transcriptional units from the origin of replication (Ori).
The functional structures of Ori include a conserved stem-loop structure and the nonanu-
cleotide sequence TAGTATTAC that constitutes the site of replication initiation by the viral
replication initiator protein (Rep), encoded by the complementary-sense strand and, hence,
also designated C1 (AC1) [1]. The remaining complementary-sense strand-encoded viral
proteins are designated C2 (AC2), which functions as a transcriptional activator protein
(TrAP); C3 (AC3), or replication enhancer protein (REn); C4 (AC4), a pathogenicity determi-
nant; and C5 (AC5), not identified in all geminivirus genomes. The virion strand encodes
V1 (AV1); the coat protein (CP); V2 (AV2), which exhibits movement functions; and V3, not
present in all geminivirus genomes.
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Figure 1. Genomic organization of geminiviruses (Geminiviridae family). The Geminiviridae family includes nine genera
represented by monopartite or bipartite species. LIR denotes the long intergenic region; SIR, the short intergenic region;
and CR, the common region. The open reading frame (ORF) C1/AC1 encodes the replication initiator protein (Rep) and
C3/AC3 encodes the replication enhancer protein (Ren), which are associated with replication. The ORF C2/AC2 encodes
a transcriptional activator protein (TrAP) that controls the transcription of viral and host genes; C4/AC4 is a virulence
factor. The capsid protein (CP) is indicated in the monopartite and bipartite genomes, as V1 and AV1. In monopartite
species, V2 represents the movement protein (MP). V3, present in some genomes, is an inhibitor of gene silencing. ORFs
with asterisks (*) have not been functionally assayed. In bipartite begomoviruses, MP (BC1) is encoded by the DNA-B,
which also encodes the nuclear shuttle protein, NSP (BV1), which facilitates the nucleocytoplasmic movement of viral DNA.
Bipartite begomoviruses are often associated with ssDNA satellites, i.e., the alphasatellites, which encode a replication
protein (Rep), and the betasatellites, which encode the virulence-related fC1 protein. A-rich is a conserved adenine rich
region of the DNA satellites, and SCR is the satellite conserved region. Adapted from [1]

The B component of bipartite geminiviruses encodes BC1 and BV1. BV1 is a nuclear
shuttling protein (NSP) that facilitates the intracellular transport of viral DNA from the
nucleus to the cell periphery and assists BV1, the classic movement protein (MP), to move
the viral DNA to the adjacent, uninfected cell via plasmodesmata [20]. Some geminiviruses
are often associated with DNA satellites, designated beta- and alphasatellites, which af-
fect geminiviral pathogenicity and symptom development [21,22] (Figure 1). The genus
Betasatellite belongs to the family Tolecusatellitidae, whereas the Alphasatellite genus belongs
to the Alphasatellitidae family. These circular ssDNA satellites are approximately 1-1.4 kb
ssDNA; alphasatellites encode a replication-associated protein (Rep), whereas the betasatel-
lites encode BC1 involved in symptom induction and suppression of transcriptional and
post-transcriptional gene silencing.
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3. RNA-Silencing-Mediated Antiviral Mechanisms

RNA silencing, also designated RNA interference (RNAi), is a primary antiviral
defense mechanism of plant cells that is activated by double-stranded (ds) RNAs [4,23].
The dsRNA-induced gene-silencing mechanisms are divided into three phases: biogenesis,
amplification, and effector phases. The type IIl RNases dicers (DCLs) carry out the siRNA
biogenesis phase by recognizing and processing dsRNA derived from several sources,
including viral dsRNA or micro (mi)RNA precursors. DCL2 and DLC4 generate short
dsRNAs of 21 and 22 nucleotides (nt), whereas DCL3 processes dsRNA precursors into
24-nt siRNAs [24-28].

As a plant DNA virus, geminiviruses can generate dsRNA triggers (precursors) via
different mechanisms, including overlapping transcripts from a divergent transcription of
virus genes, structured (hairpin) transcripts, or dsRNA synthesized from viral mRNA by
the host RNA-directed RNA polymerase (RARP or RDR) (Figure 2). These dsRNA precur-
sors are then cleaved by DCLs and converted into virus-derived small interfering RNAs
(vsiRNAs) [29,30]. In the amplification phase, vsiRNAs are amplified by RARP or RDR and
are subsequently stabilized by HUA enhancer 1 (HEN1)-mediated 2'O-methylation, which
protects the 3’-end of siRNAs from uridylation activity and subsequent degradation [31-33].

The effector phase initiates with the assembly of newly synthesized vsiRNAs with
one member of the effector AGO (argonaute) family into RNA-induced silencing com-
plexes (RISCs) or RNA-induced transcriptional silencing complexes (RITSs), which target
complementary RNA or DNA for silencing (Figure 2) [34-36]. RISC acts at the post-
transcriptional level and targets viral RNAs for degradation through cleavage (slicing)
or translational arrest, leading to post-transcriptional gene silencing (PTGS). RITS is in-
volved in transcriptional gene silencing (TGS) through DNA or histone methylation and
heterochromatin formation.

In PTGS-mediated antiviral defense, DCL2 and DCL4 often process dsRNA precursors
into 21- and 22-nt siRNAs that interact with AGO1 and AGO2 [28,30,37]. PTGS predomi-
nantly involves RNA cleavage via the endonucleolytic activity of AGO1 [38]. Recent studies
have identified AGO-mediated translational repression as an additional RNA-silencing
mechanism against plant viruses [39-42]. Loss-of-function mutations have implicated
AGO1 and AGOI10 in translational repression, whereas the AGO2-mediated translational
suppression has been studied through an in vivo reporter assay [43-46]. The mechanism of
AGO-mediated translational repression in plants is still poorly understood, but it seems to
depend on the complementary site for siRNA or miRNA on mRNA. Targeting the 5’UTR
enables AGO1-RISC to sterically hinder ribosomal recruitment [45], whereas siRNA target-
ing sites within the open reading frame (ORF) may impair ribosome elongation [45]. At the
3’ UTR on mRNA, AGO1-RISC may repress translational initiation by interfering with 485
initiation complex formation, resembling the mechanism observed in animal cells [45,47].

Plants also deploy siRNA-directed TGS as an antiviral defense against DNA viruses [48].
The TGS mechanism is often used by plant cells to control endogenous gene expression.
In this case, the RNA polymerase (pol) IV transcript is converted into dsSRNA by RNA
pol IV-associated RDR2 (RNA-dependent RNA polymerase 2) [49]. Then, DCL3 cleaves
dsRNA to produce 24-nt siRNA, which is transported to the cytoplasm for AGO4 loading
and RITS assembling. The AGO4:siRNA complex is redirected to the nucleus to target the
complementary transcript of RNA polymerase V, synthesized in the opposite direction
from the RNA pol IV transcript. Therefore, siRNA correctly positions AGO4 that recruits
the Novo DNA methyltransferase DRM2-containing RNA-directed DNA methylation
(RADM) complex to methylate DNA on the target locus [49-52]. The RNA-directed DNA
methylation is often directed to promoter regions to interfere with gene expression at the
transcriptional level.
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Figure 2. Geminivirus-induced RNA silencing and viral suppressors. Geminivirus particles are delivered into the cytoplasm,
where they are uncoated and CP-bound viral ssDNA complexes are imported into the nucleus. (1) In the nucleus, the viral
ssDNA is converted into dsDNA, the replicative form. (2) Then, viral ssRNAs are synthesized and are recognized by the
RNA-silencing machinery, initiating the biogenesis phase by converting ssRNA to dsRNA via RDR2 (RNA-dependent RNA
polymerase 2 in the nucleus) or RDR6 (in the cytoplasm) with the help of suppressor gene silencing 3 (SGS3), which stabilizes
the substrates for (3) dicer (DCL)-mediated processing into 21-, 22-, or 24-nt siRNAs (virus-derived small interfering RNA;
vsiRNA). (4) HUA Enhancer 1 (HEN1)-methylated siRNAs are then amplified by RDR1 or RDR6 enhancing siRNA-mediated
viral immunity. (5) During the effector phase, Argonaute 4 (AGO4) and AGO1/2 (in the cytoplasm) interact with siRNAs
to form RNA-induced transcriptional silencing complex (RITS) and RNA-induced silencing complex (RISC), respectively.
(6) In the nucleus, RITS targets the viral transcribed genome and sequesters the RNA-dependent DNA methylation (RADM)
complex, which remodulates the chromatin for transcriptional gene silencing (TGS) of the viral genome. (7) In the cytoplasm,
RISC mediates post-transcriptional gene silencing (PTGS) inhibiting the transcription of viral genes via degradation of viral
mRNAs. (8) Viral siRNAs generated in the biogenesis and amplification phases are systemically spread via plasmodesma
in a barely any meristem 1 (BAM1)- or BAM2-dependent process. For successful infection, geminiviral suppressors of
RNA silencing or (VSRs) can act at all levels of TGS and PTGS to suppress siRNA- or RNA interference-mediated antiviral
immunity. (9) AC4/C4, Rep, BC1, and V2 inhibit biogenesis of siRNA; (10) BC1, V2, AC2/C2, C4 suppress amplification
of siRNA; and (11) BC1, Rep, AC2/C2, and V2 impair the effector phase. Furthermore, the geminivirus suppressors of
RNA silencing, Rep, V2, AC4/C4, AC2/C2, and AC5, may interfere with downstream events of TGS. AC4 also interferes
with siRNA systemic translocation by targeting BAM1/2. Some geminiviral suppressors interfere with RNA silencing
by targeting siRNA (Rep and C4) and long non-coding RNAs (IncRNAs; V2). They also act by activating or inducing the
expression of endogenous suppressors of RNA silencing. See Figure 1 for the designations of the viral proteins. The figure
was created with BioRender.com.

4. Geminiviral Suppressors of PTGS and TGS

As an adaptive antiviral defense mechanism, RNA silencing is induced during infec-
tion, and virus-derived siRNAs accumulate at high levels. Likewise, geminivirus infection
induces siRNA accumulation [24]. Cabbage leaf curl virus (CabLCV) infection in Ara-
bidopsis and African cassava mosaic virus (ACMYV) infection in Nicotiana benthamiana and
cassava have been associated with the biogenesis of 21-, 22-, and 24-nt vsiRNAs derived
from the coding and the intergenic regions of these geminiviruses [5,24,53,54]. In these
previous studies, all 24-nt vsiRNAs and a large fraction of 22-nt vsiRNAs were gener-
ated by DCL3 and DCL2, respectively, demonstrating the assembly of several distinct
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silencing pathways in geminivirus—plant interactions [24]. In addition to siRNAs, long
non-coding RNAs (IncRNAs) accumulate in plants infected by TYLCV [55]. These long
RNAs can be derived from intergenic sequences and antisense sequences of natural tran-
scripts and may mimic endogenous targets to compete with TYLCV-related siRNAs by a
yet unknown mechanism.

Antiviral TGS is considered a primary defense pathway against geminiviruses. Ac-
cordingly, reverse genetics studies have demonstrated that loss-of-function mutants of
TGS components increase hypersensitivity to geminivirus infection and interfere with host
recovery [48,52]. DCL3 is essential to combat DNA viruses because antiviral immunity
persists in dcl2 and dcl4 mutants but not in dcl3 mutants. Loss of DCL3 function enhances
Begomovirus pathogenicity and abolishes 24-nt vsiRNAs biogenesis [24,52]. In TGS, gem-
iniviral ssDNA is converted into the replicative form dsDNA, which is recognized by
RNA polymerase IV, in the nuclei of infected cells [48]. The RNA pol IV-transcribed single-
stranded RNA is converted to dsRNA by RDR2 and then processed by DCL3 into 24-nt
vsiRNAs. AGO4 is loaded with 24-nt vsiRNAs, which target the complementary nascent
transcript of the RNA pol IVb complex, recruiting the RADM complex for viral DNA methy-
lation. The Histone H3 lysine 9 (H3K9) methyltransferase (kyp2/suvh4) is also involved
in chromatin modification of the viral genome, resulting in epigenetic modification of the
viral genome [56].

Many plant viruses have evolved viral suppressors of RNA silencing (VSRs) as a
virulence strategy [57-60]. The geminiviral VSRs are multifunctional proteins displaying
host defense-suppressing activities and viral life cycle-supporting functions. They can
interfere with both PTGS and TGS in all three steps of the processes (Figure 2). They also act
downstream of TGS, directly or indirectly affecting DNA methylation [13]. Mechanistically,
geminiviral VSRs either suppress the activity or repress the accumulation (expression) of
RNA-silencing machinery components.

Rep, also designated AC1 (bipartite geminiviruses) and C1 (monopartite geminiviruses),
has been shown to function as an efficient VSR at both PTGS and TGS (Figure 2). Tomato
yellow leaf curl Sardinia virus (TYLCSV) Rep directly reduces methyltransferase 1 (MET1)
and chromomethylase 3 (CTM3) expression in infected plants, interfering with the cycle
of DNA methylation and TGS (Figure 2) [61]. Wheat dwarf virus (WDV) Rep suppresses
PTGS by binding to 21-nt single-stranded and double-stranded vsiRNAs, thereby prevent-
ing their association with the respective AGOs to impair RNA silencing of viral genes [62].
Likewise, TrAP (AC2 or C2) suppresses antiviral TGS and PTGS via different mechanisms
depending on the cognate TrAP-encoding geminivirus genome. Among the effective mech-
anisms for suppressing RNA silencing, TrAP either directly interacts with silencing host
factors or transactivates expression of host suppressors of RNA silencing; thereby, the TrAP
silencing-suppressing function is often coupled to its transcriptional activity that targets
and transactivates not only viral gene promoters but also host genes [63-66]. Both AC2
and C2 have been shown to interact with and inhibit common host RNA-silencing factors,
including adenosine kinases (ADKs), H3K9me?2 histone methyltransferase, SU(VAR)3-9
homolog 4/kryptonite (SUVH4/KYP) involved in TGS [66-68], AGO1 and RDRS, in-
volved in PTGS [69], and calmodulin-like protein (rgs-CaM), an endogenous suppressor
of PTGS [63,65]. Beet severe curly top virus (BSCTV) C2 also interacts with and stabilizes
S-adenosyl-methionine decarboxylase 1 (SAMDC1); thereby, C2 interferes with the host
defense mechanism of DNA methylation-mediated gene silencing by attenuating the 265
proteasome-mediated degradation of SAMDCT1 [70]. In addition to directly interacting
with calmodulin-like protein 39 (rgsCaM), AC2 from tomato golden mosaic virus (TGMV)
induces the expression of rgsCaM, which may target silencing suppressors of RNA viruses
for degradation via the autophagy pathway [63]. Likewise, AC2 proteins from the mung-
bean yellow mosaic virus-Vigna (MYMV) and ACMYV have been shown to target promoters
and regulate gene expression of endogenous silencing suppressors, including the Werner
exonuclease-like 1 (WEL1T) gene [65].
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C4/AC4 is also part of the virus arsenal against antiviral RNA silencing by interacting and
sequestering dsRNA precursors from DCL cleavage and siRNA from RISC loading [71,72].
C4 interacts with 21-nt vsiRNAs to prevent the spread of vsiRNAs and, hence, suppresses
RNA silencing systemic immunity [72,73]. TYLCV C4 strongly associates with the in-
tracellular kinase domain of the plasmodesma-localized RLKs, barely any meristem 1
(BAM1) and BAM2, required for systemic immunity [73]. C4 from cotton leaf curl Mul-
tan virus (CLCuMuV) also interacts with and inhibits S-adenosyl methionine (SAM), the
universal donor of methyl groups in methylation reactions [74]. Therefore, C4 decreases
SAM and HENT1 activities indirectly and interferes with the viral genome’s methylation
and PTGS [74]. Additionally, C4 protein accessorizes Rep in the suppression of TGS via
downregulation of MET1 and interaction with AGO4 [61,75]. The AC5/C5 ORE, located
downstream of AC3/C3 in the complementary sense of DNA overlapping a region of the
CP sequence, has been recently described as a potent suppressor of RNA silencing [76].
Mungbean yellow mosaic India virus (MYMIV) AC5 affects dsSRNA production by sup-
pressing sense ssSRNA-induced gene silencing and interferes with TGS by inhibiting the
expression of a CHH cytosine methyltransferase in N. benthamiana [76].

AV2 and V2 also suppress antiviral RNA silencing in the amplification phase and
interfere with host methylation activities, downstream events of TGS [77-79]. TYLCV
V2 interacts with and inhibits the suppressor of gene silencing 3 (SGS3), the cofactor of
RDRG6; thereby, affecting vsiRNA amplification [80]. V2 may also sequester the RDR6/SGS3
intermediate/substrate dsRNA with 5" overhang ends from SGS3 association, further
interfering with vsiRNA amplification [77,80]. Likewise, V2 from the curtovirus beet
curly top virus (BCTV) has been recently shown to suppress post-transcriptional gene
silencing (PTGS) by impairing the RDR6/SGS3 pathway [77,78]. CLCuMV V2 interacts
with long dsRNA to prevent DCL processing, whereas tomato yellow leaf curl China
virus (TYLCCV) V2 interacts with siRNAs to prevent AGO incorporation [70,81]. V2
also suppresses TGS by interacting with histone deacetylase 6 (NbHDAG®6) and interfering
with the recruitment of MET1 by HDAG6 resulting in decreased methylation of the viral
genome and consequent increase in TYLCV pathogenicity [79]. Mulberry crinkle leaf virus
(MCLV), a newly characterized geminivirus species, encodes a novel viral protein V3, which
has been shown to suppress antiviral RNA silencing by a yet unknown mechanism [82].
CabLCV BVI (NSP) induces asymmetric leaves 2 (AS2) expression that activates DCP2
decapping activity and, in turn, accelerates mRNA turnover rate and inhibits siRNA
accumulation [83].

Geminiviruses are often associated with alpha- and betasatellites, which encode
efficient suppressors of viral genome methylation in infected plants and PTGS [84,85].
The betasatellite genome-encoded BC1 protein functions as an efficient VSR via different
mechanisms [22]. TYLCCNV BC1 has been shown to inhibit S-adenosyl-L-homocysteine
hydrolase (SAHH) activity, a methyl cycle enzyme required for TGS, interfering with
the host methylation-mediated virus defense pathway [85]. Furthermore, C1 from dif-
ferent betasatellites affects vsiRNA amplification by inducing the calmodulin-like pro-
tein (CaM), a negative regulator of RDR6 expression [86,87]. This scenario demonstrates
that geminiviruses are very efficient in suppressing all steps in RNA-silencing-mediated
antiviral mechanisms.

5. Does PAMP-Triggered Immunity Operate against Geminiviruses? What about
Effector-Triggered Immunity?

In plant-virus interactions, the host immune system often recognizes viral compo-
nents or effectors to activate defenses [2]. The plant antiviral innate defense consists of a
two-level perception system represented by the cell surface receptor, PRR, and the intracel-
lular immune receptors, the resistance (R) proteins [6]. PRRs are represented by two classes
of transmembrane receptors, the receptor-like kinases (RLKSs) and receptor-like proteins
(RLPs). These PRRs recognize PAMPs exclusively expressed by pathogens, or endogenous
danger signals released by host plants during infection, designated damage-associated
molecular patterns (DAMPs) [88]. Activation of RLKs and RLPs often requires a coreceptor
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to form an active immune complex [89]. Mechanistically, PAMPs/DAMPs function as
ligands that induce dimerization/oligomerization of single-pass transmembrane receptor
PRRs with RLK coreceptors to initiate signaling via phosphorylation-induced activation of
the immune complexes [88]. Downstream events of PTI activation include ROS accumu-
lation, followed by MAP kinase cascade activation, induction of PTI-associated defense
genes, ethylene and salicylic acid synthesis, and callose deposition [90] (Figure 3).
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Figure 3. Antiviral innate immunity, interactions with viral suppressors and bacterial PTI (1). Under normal, resting
conditions, NSP-interacting kinase 1 (NIK1) is bound to the flagellin receptor FLS2 (Flagellin-sensitive 2) and coreceptor
BAKI1 (Brassinosteroid insensitive 1-associated receptor kinase 1) to prevent autoimmunity. (2) Upon bacterial infection, the
bacterial PAMP (pathogen-associated molecular pattern) flg22 is sensed by FLS2, inducing its oligomerization with BAK1,
which results in phosphorylation-mediated activation of the immune complex to initiate PAMP-triggered immunity (PTI),
activating the mitogen-activated protein kinase (MAPK) cascade and inducing defense genes. (3) Activated BAK1 also
phosphorylates NIK1 at Thr-474, which in turn inhibits further PTI (4) and activates the NIK1-mediated antiviral signaling
pathway, mediating ribosomal protein 10 (RPL10) phosphorylation. (5) Phosphorylated RPL10 is translocated to the nucleus,
where it interacts with L10-interacting Myb domain-containing protein (LIMYB) to repress protein ribosomal (RB) genes and
translational factors, suppressing global translation. (6) In infected cells, the geminivirus particles are disassembled in the
cytoplasm and the CP-viral ssDNA complex is directed to the nucleus where (7) the viral ssDNA is converted into dsDNA
for replication and transcription of the viral genome. (8) Begomoviruses-derived nucleic acids also function as viral PAMPs
inducing NIK1 dimerization with itself or an unidentified viral PAMP recognition receptor (PRR) to transduce the antiviral
signal that culminates in translational suppression. Then, viral mRNA is not efficiently translated impairing infection.
(9) The begomovirus nuclear shuttling protein (NSP) counters the activation of this defense pathway by binding to the NIK1
kinase domain and, hence, prevents phosphorylation and transduction of the antiviral signal that otherwise would impair
infection. (10) In resistant genotypes, NSP may also function as an avirulence (AVR) factor to activate effector-triggered
immunity (ETI) via resistance (R) protein recognition, inducing hypersensitive response (HR) and cell death. (11) The PTI
and ETI products (ROS, SA, JA, NO, H,O;) can induce defense genes and systemic acquired resistance (SAR). Geminivirus
suppressors of innate immunity include (12) C4 that inhibits PTI by interacting and inhibiting FLS2 and along with Rep
inhibits SA- and ROS-dependent signaling; C4 and C2 inhibit HR and cell death. (13) Furthermore, the betasatellite 3C1
inhibits the MAP kinase cascade. The question marks indicate either events not well clarified or unknown. See Figure 1 for
the designations of the viral proteins. The figure was created with BioRender.com.
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Although geminiviral PAMPs and their cognate PRRs have not been identified, several
lines of evidence indicate that PTI is part of the host defense arsenal against geminivirus
infection. First, the C4 protein from TYLCV has been shown to associate with a classical
PRR, the bacterial flagellin receptor FLS2 (Flagellin-sensitive 2), and inhibits early PTI
responses [14] (Figure 3). TYLCV C4 also interacts with NSP-interacting kinase 1 (NIK1),
an antiviral immune leucine-rich repeat receptor-like kinase (LRR-RLK) that protects plants
against begomoviruses [15]. NSP from CabLCV associates with the almost universal core-
ceptor of PRRs, the Brassinosteroid insensitive 1-associated kinase 1 (BAK1) [91]. NSP
interaction with the BAK1 kinase domain may prevent phosphorylation and activation
of the coreceptor in the same fashion as it does with the receptor-like kinase NIK1 [92].
Second, geminiviral proteins also activate and suppress downstream immune events of
PTI activation (Figure 3). Rep from different geminiviruses induces PTI-associated marker
genes and SA-dependent defenses [93,94]. However, when co-expressed with TYLCV C4
protein, Rep redirects C4 to the chloroplasts, where it acts as a PTI suppressor by reducing
SA- and ROS-dependent defense signals [93]. The C4 immune-suppressing function co-opts
a protein trafficking route directed by protein myristoylation/de-myristoylation process-
ing [95]. Upon geminivirus infection, a fraction of the membrane-bound N-myristoylated
C4 protein is de-myristoylated and translocated to the chloroplast. Inside the chloroplast,
non-myristoylated C4 interacts with the thylakoid membrane-bound plant calcium-sensing
receptor (CAS) and hampers SA biosynthesis and mediated defenses [95]. Finally, the
betasatellite 3C1 protein from TYLCCV has been shown to interfere with PTI-induced
MAPK activation and downstream responses by targeting mitogen-activated protein kinase
kinase 2 (MKK?2) in Arabidopsis thaliana and N. benthamiana (Figure 3) [96-98].

The second level of microbe perception by the host plant is mediated by intracellular
immune receptors (R proteins), which recognize pathogen avirulent effectors to activate
ETI[3,93,99]. ETI represents a more specific and robust line of host defense, often associated
with programmed cell death, HR that restricts the pathogen to the site of infection [100].
Most, but not all, antiviral R proteins harbor a nucleotide-binding leucine-rich repeat
(NLR) domain, reminiscent of nonviral intracellular R proteins, which are further classified
into coiled-coil (CC)-NLR or Toll/interleukin 1 receptor-like (TIR)-NLR proteins [2,6,101].
The natural Ty-2 resistance locus to TYLCV encodes an NB-LRR protein, named TYNBSI,
which might mediate ETI-like resistance. However, the geminiviral effector that would
interact specifically with TYNBSI to activate ETI remains to be determined. Therefore, the
underlying mechanism for TYNBSI activation to mediate resistance is still elusive [17].

Compelling evidence that plants deploy ETI against geminiviruses results from infectivity
assays demonstrating that geminiviruses induce and suppress HR and ETI-like responses.
In Arabidopsis, CabLCV infection induces HR- and senescence-related genes without de-
veloping a visible cell death phenotype [102]. More specifically, TYLCV, cotton leaf curl
Kokhran virus (CLCuKoV) and ACMYV Rep, bean dwarf mosaic virus (BDMV) and bean
golden yellow mosaic virus (BGYMV) NSP, and CLCuKoV V2 have been shown to induce
HR (Figure 3) [81,103,104]. In contrast, the C2 proteins from the papaya leaf curl virus
(PaLCuV) and CLCuKoV have been shown to inhibit V2-mediated HR, and C2 from tomato
leaf curl New Delhi virus (TOLCNDV) suppresses NSP-mediated HR [105,106]. Likewise,
TYLCV infection reduces cell death in tomato plants, which is induced by the inactivation
of heat shock protein 90 (HSP90) and suppressor of the G2 allele of skp1 (SGT1), via an
unknown TYLCV-mediated cell death suppression mechanism [107]. In contrast, the under-
lying mechanism for the cell death-suppressing activity of C4 from tomato leaf curl Yunnan
virus (TLCYnV) has been recently unraveled [16]. C4 interacts with hypersensitive induced
reaction 1 (HIR1), promotes its degradation by impairing HIR1 self-oligomerization, and
hence inhibits the HIR1-mediated HR, increasing virus pathogenicity. Although several
lines of evidence indicate that both monopartite and bipartite begomoviruses induce and
suppress HR, with few exceptions, the mechanisms underlying these viral activities are
still far from understood.
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6. Transmembrane Receptor-Mediated Antiviral Inmunity via Translational Suppression

As obligate intracellular parasites, viruses interact extensively with the host cell func-
tions to complete their life cycle. Independent of the repertoire of viral genome—encoded
proteins, all viruses are dependent on the host protein synthesis machinery to translate
viral messenger RNAs (mRNAs) [108-110]. Therefore, many host cell-intrinsic immune
defenses target translation factors to inhibit protein synthesis in the infected cells [108,110].
Among the translational control-mediated immune defenses, plant cells employ an LRR-
RLK to sense viruses at the cell surface and activate a defense pathway that culminates
in suppressing host and viral mRNA translation [12,111-113]. This translational control
in antiviral immunity is mediated by the LRR-RLK NIK1, which was first identified as a
virulence target of the begomovirus-encoded NSP [92,114]. NIK1 belongs to the subfamily
IT of LRR-RLK, which is further subdivided into phylogenetically related subclades, includ-
ing a NIK antiviral subclade (NIK1-NIK3) and a somatic embryogenesis receptor kinase
(SERK1-5) subclade of coreceptors in innate immunity [115]. In Arabidopsis, this subfamily
of RLKs encompasses14 proteins that harbor four complete LRRs (with 24 residues) and
a fifth incomplete LRR (with 16 residues) arranged in a single continuous block within
the N-terminal extracellular domain, a single-pass transmembrane segment, and a highly
conserved serine/threonine kinase domain at the C-terminal cytosolic side [116]. As a
common property of the LRR-RLK subfamily II members, they often serve as coreceptors
of multiple signaling receptors [89]. Accordingly, BAK1/SERKS3, the best-characterized
member of this subfamily II, acts as a coreceptor for the Brassinosteroid insensitive 1 (BRI-1)
receptor in developmental signaling and several different PRRs in innate immunity. In
addition to structural conservation, NIK1 also shares other properties with members of the
LRR-RLK subfamily II [117]. The phosphorylation of the threonine (Thr) residue position
474 constitutes a critical regulatory mechanism for NIK1 activation [113,118]. Likewise,
the activation site of BAK1/SERK3, SERK4, and SERK1 lies in a conserved position with
NIK1 Thr-474 within the activation loop of the kinases [117]. Like BAK1/SERK4, which is
activated upon PAMP-induced oligomerization of PRRs, NIK1 has been recently shown to
be activated by begomoviruses-derived nucleic acids that may act as viral PAMPs. NIK1
may serve as a coreceptor for a yet unknown viral PAMP-sensing PRR.

According to the current model for the NIK1-mediated antiviral signaling, at the onset
of infection, Begomovirus-derived nucleic acids act as viral a PAMP to activate NIK1 via
phosphorylation on Thr-474 (Figure 3) [12,118]. As a member of the LRR-RLK subfamily
1T, NIK1 may function as a coreceptor of a yet-to-be-identified immune receptor that may
recognize the viral PAMPs for the assembly of the active immune complex. Alternatively,
NIK1 may undergo viral PAMP-induced dimerization with itself or its paralog NIK2. This
latter hypothesis is based on in vitro phosphorylation assays demonstrating that NIK1 un-
dergoes dimerization and autophosphorylation [92]. Phosphorylation-induced activation
of NIK1 mediates the phosphorylation of the downstream component ribosomal protein
(RP) L10 on the Ser-104 residue, which in turn is redirected to the nucleus [119,120]. Acti-
vated NIK1 also undergoes sequential autophosphorylation at Thr-469 that antagonistically
inhibits NIK1 activation providing a mechanism to fine-tune the extent of RPL10 phos-
phorylation [117,118]. In the nucleus, RPL10 interacts with the transcriptional repressor
L10-interacting Myb domain-containing protein (LIMYB) to fully repress the expression of
ribosomal protein genes and translational regulatory factors [113]. Prolonged repression of
translational-machinery-related genes leads to the suppression of global host translation.
Begomoviral mRNAs cannot escape this translational regulatory mechanism of plant cells;
they are not translated efficiently, impairing infection. NSP from begomoviruses counters
this activation mechanism by binding to the NIK1 kinase domain and preventing phos-
phorylation at Thr-474, thereby enhancing Begomovirus pathogenicity [92,117]. In infected
cells, RPL10 is trapped into the cytosol and is not translocated to the nucleus to mount the
defense against begomoviruses. NIK1 overexpression titrates the viral suppressor NSP and
restores the RPL10 nuclear localization upon NIK1 activation [118].
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The NSP binding site on NIK1 was mapped to an 80-amino acid stretch within the ac-
tivation loop, overlapping the essential Thr-474 for activation [92]. Therefore, NSP binding
on the NIK1 kinase domain may cause stereochemical constraint on NIK1 phosphorylation
at Thr-474, suggesting that NSP inhibition is upstream to NIK1 phosphorylation [120].
Consistent with this observation, the replacement of Thr-474 with the phosphomimetic
aspartate residue creates a constitutively activated NIK1 mutant, NIK1-T474D, which is
barely inhibited by the viral suppressor NSP [117]. Furthermore, expression of the gain-
of-function mutant NIK1-T474D in Arabidopsis enhances resistance to CabLCV, and, in
tomato plants, increases resistance to tomato yellow spot virus (ToYSV) and tomato severe
rugose virus (ToSRV) [111,113]. This enhanced resistance phenotype has been associated
with repression of translation-related regulatory genes, reduced loading of coat protein
viral mRNA in actively translating polysomes, lower infection rate, and reduced viral
DNA accumulation in systemic leaves [111]. However, a pitfall in this engineered defense
strategy may be the side effects on development from impairing protein synthesis in trans-
genic crops under field growth conditions. Expression of NIK1-T474D in Arabidopsis causes
stunted growth, although, in tomato plants, the transgenic lines are phenotypically indistin-
guishable from the untransformed lines under greenhouse standard conditions [111,113].
This difference in developmental performance between these plant species may be due
to their differential intrinsic capacity to withstand the deleterious effect of translational
inhibition under environmentally controlled conditions, which may not be sustained under
field conditions.

Recent studies have shown that NIK1 not only plays an essential role in the trans-
lational control of antiviral immunity but regulates bacterial PTI negatively [121]. NIK1
interacts with the bacterial PAMP flagellin receptor, FLS2, and its coreceptor BAK1 to
prevent autoimmunity under normal, non-infected conditions (Figure 3). However, during
Pseudomonas infection, the bacterial PAMP flagellin induces FLS2 and BAKI1 oligomer-
ization and transphosphorylation, forming an active immune complex to initiate PTI
signaling. The active FLS2-BAK1 immune comple, in turn, phosphorylates NIK1 on
Thr-474, strengthening the NIK1 interaction with FLS2-BAK1 and concurrently activating
the NIK1-mediated antiviral signaling. Significantly, bacterial flagellin (PAMP)-induced
phosphorylation of NIK1 requires both FLS2 PRR and BAK1 coreceptor, indicating that
NIK1 acts downstream of receptor signaling [121]. These results may implicate NIK1
as a coreceptor in receptor-mediated antiviral signaling that senses viral PAMPs via yet-
unknown viral PRRs [12]. Furthermore, they demonstrate that a bacterial PAMP can induce
NIK1 activation via the immune complex FLS2-BAK1, thereby allowing bacteria to activate
antiviral immunity prior to virus infection. However, the finding that NIK1 suppresses
antibacterial immunity further complicates the attempts to target NIK1-mediated antiviral
signaling for engineered resistance against begomoviruses.

7. Conclusions

In RNA-silencing-mediated antiviral immunity, two mechanisms are fundamental to
protect plants against invading nucleic acids from viruses, PTGS and TGS. PTGS is used
as a defense mechanism against RNA and DNA viruses, whereas TGS targets virus DNA.
PTGS acts at the post-transcriptional level by directing mRNA targets to degradation or
translational suppression. In contrast, TGS represses transcription of target loci by con-
trolling the chromatin methylation status and heterochromatin formation. Geminiviruses
have evolved different suppressing strategies of host RNA-silencing-derived antiviral
defenses. The geminiviral suppressors of RNA silencing can interfere with PTGS, TGS,
and downstream events of TGS. They also act by activating or inducing the expression
of endogenous suppressors. The immune-suppressing activities of geminiviruses may
account for their broad host range and compromise the success of siRNA-based strategies
for engineering host resistance.

The interactions of the plant’s innate immune system with geminiviruses are far less
understood. Nevertheless, growing evidence has demonstrated that the classical plant PTI
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limits geminivirus infection similarly to nonviral pathogens. Geminiviral proteins have
been shown to target PTI components to both induce and suppress PTI-like responses.
Furthermore, begomoviruses-derived nucleic acids act as viral PAMPs and activate the
transmembrane receptor NIK1, which shares with PTI coreceptors conserved regulatory
mechanisms for activation. However, geminiviral PAMPs and their cognate PRRs have yet
to be identified, and hence, the mechanism of geminiviral PTT activation remains unknown.
Likewise, plants may deploy ETI as part of the defense arsenal to combat gemi-
niviruses. Accordingly, geminivirus infection induces ETI-like responses, including cell
death, HR, ROS, SA accumulation in resistant genotypes, and at least one isolated resis-
tant gene to TYLCV encodes an NLR protein, although the cognate geminiviral effector
(Avr gene) is missing. The current studies designed to uncover geminiviral PTI- and
ETI-suppressing functions are limited as they mostly target conserved features between
the antiviral and anti-nonviral pathogen immunity. The discovery of geminiviral PAMPs
and their cognate PRRs, intracellular R proteins, and the matching geminiviral effectors
will potentially shed light on the mechanism of antiviral PTI and ETI activation uncovering
specific and conserved features and their specific roles in resistance against viruses.
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ACMV African cassava mosaic virus
ADKs Adenosine kinases

AGO Argonaute

AS2 Asymmetric leaves 2

Avr Avirulence

BAK1 Brassinosteroid insensitive 1-associated receptor kinase 1
BAM1 Barely any meristem 1

BCTV Beet curly top virus

BDMV Bean dwarf mosaic virus
BGYMV Bean golden yellow mosaic virus
BRI-1 Brassinosteroid insensitive 1
BSCTV Beet severe curly top virus
CabLCV Cabbage leaf curl virus

CAS Calcium-sensing receptor

CC-NLR Coiled-coil nucleotide-binding leucine-rich repeat
CLCuKoV  Cotton leaf curl Kokhran virus
CLCuMuV  Cotton leaf curl Multan virus

cp Coat protein

CTM3 Chromomethylase 3

DAMPs Damage-associated molecular patterns
DCLs Dicers

dsDNA Double-stranded DNA

DRM2 DNA (cytosine-5)-methyltransferase 2
dsRNA Double-stranded RNA

ETI Effector-triggered immunity

FLS2 Flagellin-sensitive 2
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H3K9
HEN1
HIR1

HR
HSP90
JA
Kyp2/suvh4
LIR
LRR-RLK
IncRNAs
MAPK
MET1
miRNA
MKK2
MP
mRNA
MYMIV
MYMV
NbHDA®6
NB-LRR
NIK1
NLR
NSP

nt

ORF

Ori
PaLCuV
PAMP
pol

PRR
PTGS
PTI

R

RdDM
RdARP or RDR
REn

Rep
rgs-CaM
RISC
RITS
RLK
RNAi
ROS

RP

SA
SAHH
SAM
SAMDC1
SAR
SERK1-5
SGS3
SGT1
SIR
siRNA

Histone H3 lysine 9

Hua enhancer 1

Hypersensitive induced reaction 1
Hypersensitive response

Heat shock protein 90

Jasmonic acid

suvh4/kryptonite2

Long intergenic region

Leucine-rich repeat receptor-like kinase
Long non-coding RNAs
Mitogen-activated protein kinase
Methyltransferase 1

MicroRNA

Mitogen-activated protein kinase kinase 2
Movement protein

Messenger RNA

Mungbean yellow mosaic India
Mungbean yellow mosaic virus-Vigna
Nicotiana benthamiana histone deacetylase 6
Nucleotide-binding site-leucine-rich repeat
NSP-interacting kinasel
Nucleotide-binding leucine-rich repeat
Nuclear shuttling protein

Nucleotides

Open reading frame

Origin of replication

Papaya leaf curl virus
Pathogen-associated molecular pattern
Polymerase

Pattern recognition receptor
Post-transcriptional gene silencing
PAMP-triggered immunity

Resistance

RNA-directed DNA methylation
RNA-dependent RNA polymerase
Replication enhancer protein
Replication initiator protein

Regulator of G-protein signaling calmodulin-like

RNA-induced silencing complex

RNA-induced transcriptional silencing complex

Receptor-like kinase

RNA interference

Reactive oxygen species

Ribosomal protein

Salicylic acid
S-adenosyl-L-homocysteine hydrolase
S-adenosyl methionine
S-adenosyl-methionine decarboxylase 1
Systemic acquired resistance

Somatic embryogenesis receptor kinase 1-5
Suppressor gene silencing 3

Suppressor of the G2 allele of skpl
Short intergenic region

Small interfering RNA
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ssDNA Single-stranded DNA
ssRNA Single-stranded RNA

TGMV Tomato golden mosaic virus

TGS Transcriptional gene silencing

Thr Threonine

TIR-NLR  Toll/interleukin 1 receptor-like nucleotide-binding leucine-rich repeat
TLCYnV Tomato leaf curl Yunnan virus

ToLCNDV  Tomato leaf curl New Delhi virus

ToSRV Tomato severe rugose virus

ToYSV Tomato yellow spot virus

TrAP Transcriptional activator protein

TYLCCV  Tomato yellow leaf curl China virus
TYLCSV Tomato yellow leaf curl Sardinia virus

TYLCV Tomato yellow leaf curl virus

UTR Untranslated region

vsiRNAs  Virus-derived short interfering RNAs
VSRs Viral suppressors of RNA silencing
WDV Wheat dwarf virus

WEL1 Werner exonuclease-like 1
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Abstract: Of the various proteins encoded by plant viruses, one of the most interesting is the move-
ment protein (MP). MPs are unique to plant viruses and show surprising structural and functional
variability while maintaining their core function, which is to facilitate the intercellular transport of
viruses or viral nucleoprotein complexes. MPs interact with components of the intercellular channels,
the plasmodesmata (PD), modifying their size exclusion limits and thus allowing larger particles,
including virions, to pass through. The interaction of MPs with the components of PD, the formation
of transport complexes and the recruitment of host cellular components have all revealed different
facets of their functions. Multitasking is an inherent property of most viral proteins, and MPs are
no exception. Some MPs carry out multitasking, which includes gene silencing suppression, viral
replication and modulation of host protein turnover machinery. This review brings together the
current knowledge on MPs, focusing on their structural variability, various functions and interactions
with host proteins.

Keywords: callose; coat protein; plasmodesmata; triple gene block; viral suppressor; virus movement;
virus replication complex

1. Introduction

The process of infection of plants with viruses is broadly divided into two types;
local and systemic. Local infection is often subliminal and is characterized by intracellular
confinement of virus within and nearby the site of infection, while the systemic infection
is progressive throughout the host and involves first, the short-distance movement of the
virus from the infected cell to surrounding cells followed by long-distance movement using
the host vasculature preferably the phloem tissue [1]. However, some phloem-limited
viruses often skip the first route and are directly injected into the phloem by their vector
interested in the phloem sap. In general, the plant viruses show a “symplastic” life cycle,
i.e., from entry into the host cell to it accumulates in multiple copies; all occur in the
cell symplast. The local intercellular virus spread in the host largely occurs through the
symplastically connected cells via the plasmodesmata (PD, Figure 1) until they encounter
the host vasculature for long-distance systemic infection [1,2].

The intercellular transport through PD depends upon its size exclusion limit (SEL),
defined by the size of the largest molecule, which can pass through. Although solely
dependent upon the hydrodynamic stokes radius [3], the PD SEL is highly dynamic and
varies with cell-type, ambient light, temperature and developmental stages, being higher
in some newly formed mesophyll cells compared to the fully differentiated mature cells [4].
Not surprisingly, the size of most viruses, (e.g., tobacco mosaic virus, TMV =300 x 18 nm)
or their nucleic acids, whether in the free or folded state, exceeds the SEL of most PDs
(~60 nm) [5,6]. This indicates that the SEL of PD is modified during virus infection leading
to systemic movement of viral progenies. Most of the plant viruses, if not all, encode a
class of structurally diverse protein(s) known as movement protein (MP) that facilitates
such intercellular adjustments for virus movements. These MPs have been reported to
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interact with various host factors to ensure successful virus movement across cells [5].
In general, the MPs perform the function of interacting with the viral genome, targeting
them to PDs and modifying the SEL of PD, a process often termed as “gating”. The
idea of synchronous coupling of virus replication and intercellular movement of viral
genomes through MP-assisted PD-gating has further divided the movement into sub-
stages involving post replication interactions, movement of an infection unit from the
replication site to the gated PDs and the actual intercellular transport. This has further
expanded the list of MP interacting partners [1,2,5,6].
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Figure 1. The symplastic and apoplastic pathways between adjacent plant cells and the model illustrating plasmodesmata
(PD) structure with-associated cytoskeletal components and proteins governing PD permeability. Abbreviations: CalS—
callose synthases; NCAPP—non-cell-autonomous pathway proteins; PAPK—plasmodesmal-associated protein kinase;
PDCB—plasmodesmata-associated callose-binding proteins; PDLP—plasmodesmata-located proteins; RGP—reversibly

glycosylated polypeptide; Syta—synaptotagmin A.

Despite sharing a common function, there exists a large variation among MPs and
their mechanisms of action. In recent years, a number of functions-associated with MPs,
namely the mechanisms of modifying the PD SEL, formation of a viral transport complex,
interaction with host components and suppression of RNA silencing, have been revealed.
In addition, there are other viral proteins that mimic the functionality of MPs. In this
review, we have chosen to bring together recent findings on MPs, interactions that they
share and the division of labor that they show with other ancillary proteins required for
the intercellular movement of plant viruses. Several other previous in-depth reviews
present an exhaustive discussion on various aspects governing the intra-, and intercellular
movement of viruses and the reader is guided to these for a more holistic understanding of
this topic [7-14]. Additionally, we request readers to go through the reviews [5,15-18] to
get an overview of the historical perspective and earlier findings, specifically on MPs and
their interactions.
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2. PD and PD Associated Proteins (PDAPs): The Facilitators of Virus Movement

PDs (Figure 1) are membrane-lined interconnected channels formed primarily upon
entrapment of components of the endoplasmic reticulum (ER) in the course of phrag-
moplast formation during cytokinesis. PDs are centrally occupied by the appressed ER
(desmotubule; DT), which brings about cytoplasmic continuity at the interface of adjacent
cells. Surrounding the DT is a continuous channel of variable size called cytoplasmic sleeve,
which is delimited by the plasma membrane (PM) [19] and is available for intercellular
trafficking. Various PD-associated proteins (PDAPs; Figure 1) regulate PD permeability [20]
and thus can affect the intercellular movement of viruses. The cytoskeleton proteins actin
and myosin connect DT to PM through helically arranged globular particles and spoke-like
tubular structures, thus, regulating the size of the cytoplasmic sleeve [21]. The SEL is
negatively regulated by the deposition of callose ([3-1,3-glucan). Callose is synthesized by
callose synthase (CalS) and degraded by glucanases [22]. Calreticulin, a highly conserved
Ca?* sequestering chaperone protein, restricts the exit of misfolded proteins from the
ER and accumulates in the PD [23]. The Arabidopsis calreticulin-1 (AtCRT1) shows a 22
amino acid (aa) PD-localizing signal sequence and accumulates around DT in PD, thereby
blocking the movement of molecules across PD cytoplasmic sleeves [23,24]. Centrin is
a Ca2+—binding contractile nano-filament protein localized in the PD-neck region, which
negatively regulates the PD permeability upon dephosphorylation. Formin is an evolu-
tionarily conserved integral membrane protein that regulates permeability by stabilizing
and tethering the actin filaments to the PD membrane [25]. Lipid rafts are sterol- and
sphingolipid-rich PM microdomains that regulate the callose homeostasis across PD [26].
Other PD-associated proteins affecting PD permeability include non-cell-autonomous path-
way proteins (NCAPP) located near the orifice [27], PD-associated protein kinase (PAPK),
carries out phosphorylation of NCAPP and other-associated proteins [9,27], PD-associated
callose-binding proteins (PDCBs) abundant at PD neck region near the callose deposition
site and affecting the callose metabolism [28], plasmodesmata-located proteins (PDLPs)
promote callose deposition [29], lipid raft anchored protein (remorin) and reversibly glyco-
sylated polypeptide (RGP) [30,31]. The Arabidopsis synaptotagmin A (SYTA) tethers the
ER-PM contact sites across PD where it helps in endocytic recycling [32], tropomyosin
binds to actin and regulates the myosin-actin binding, and myosin motor proteins act for
the establishment of actin cables across PD and driving the cytoskeletal movements [33].
The locations of the above are depicted diagrammatically in Figure 1.

3. Types of MPs

With the pioneering study on temperature-sensitive mutants of TMV and the discovery
of a virus-encoded nonstructural 30 kDa MP that assists the virus for its local spread [5,34],
a large number of MPs have been discovered in several virus genera (Table 1). The criteria
for a protein to qualify as MP is based upon: (a) loss of virus spread upon removal or
mutation of the putative MP encoding gene fragment (b) use of transgenic plants expressing
viral MPs or use of MPs of other related viruses for complementing viral movement where
MP is removed or made non-functional (c) localization of MP-reporter gene fusions to the
PD and (d) comparison of its sequence with a previously known viral MP.
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Functionally, one or more than one viral proteins act as MP and facilitate virus inter-
cellular movement by primarily influencing the host cellular systems for the regulation of
PD permeability. On this basis, MPs can be divided into three major types: (a) PD-gating
MPs that modify the PD SEL without any structural modifications in the PD (b) Tubule
forming MPs that bring about structural modifications in PD by aggregating and forming
“multisubunit tubular structures” that serve as conduits for the passage of virus particles
and (c) MPs that facilitate virus movement across the cell by either /both gating the PDs
and forming tubules. In addition, some of the viral proteins act as suppressors of RNA
silencing (VSRs).

3.1. Viral Proteins (MPs) That Increase PD SEL without Any Structural Modifications in PD

The phenomenon of increasing the SEL of PD to allow macromolecular exchange,
including the movement of virus particles, is termed as “gating”. Although the exact
mechanism of gating still needs to be deciphered, to date, many models have been proposed.
The PD-gating was initially observed in TMV MP-expressing transgenic plants, which
showed a movement of much larger dextrans (9400 kDa) across PD compared to the
SEL in control plants (700-800 kDa) [35]. In addition, the fluorescent dextrans were
observed even far away from the primary microinjected site indicating that either the
TMV MP itself moves across PD or initiates a series of diffusible signals that dilate PD
at the distant site [122]. PD-gating may occur by a pore size increase caused by callose
degradation upon action by 3-1,3-glucanases (BGs). This causes an increase in the radius
of the cytoplasmic sleeve, allowing virus movement [123]. There is also the possibility
that the decrease in callose is attributed to downregulation or complete suppression of the
callose synthase gene [124,125]. It is also proposed that the gating through MP may be
due to its interaction with some PD-associated host proteins. An increased rate of TMV
systemic spread and cell-to-cell movement was observed in tobacco plants with increased
ankyrin ANK1 protein levels. ANK1 is normally a cytoplasmic protein, which upon virus
infection is recruited to PD by the TMV MP. ANK, when coexpressed with TMV MP, caused
reduction of callose deposits, thereby relaxing the callose sphincters at PD [36]. Among
the PDLPs, which are known to be recruited by the tubule forming viruses (explained
later), the PDLP5 initiates PD closure through callose deposition by stimulating callose
synthase. The pdlp5-1 mutants in tobacco reported an increase in cell-to-cell movement of
TMYV, although the actual interaction still needs further investigation [126]. In addition,
the stress and damage to the cell wall upon virus entry causes methanol release from
existing and newly synthesized pectin methylesterase (PME), which digests pectin and
releases methanol vapors that activate the methanol-inducible genes (MIGs), including
BG and NCAPP. BG promotes callose degradation, while NCAPP is a cellular factor that
stimulates intracellular trafficking important for MP functioning [20,27]. New reports
of PD lacking cytoplasmic sleeves [127] and lack of unambiguous electron microscopic
evidence of PD dilation upon virus infection have made the existence of alternate options
for intercellular movement of viruses a distinct possibility. Among the various virus
genera, the intercellular movement through PD-gating is observed in viruses belonging
to the genera Dianthovirus, Carmovirus, Closterovirus, Luteovirus, Potyvirus, Tobamovirus,
Tombusvirus and some geminiviruses (e.g., Begomovirus). In addition, the PD-gating is
also observed in genera Benyvirus and Rhabdovirus and in some members of the family
Alphaflexiviridae, Betaflexiviridae, and Virgaviridae (Table 1).

3.1.1. Characteristics of the TMV MP-The “30 K” Superfamily MPs
Tobamoviral MPs

With around 37 species, the Tobamoviruses constitute the largest genus of the family
Virgaviridae, having TMV as their type genus [128]. TMV requires a 30 kDa movement
protein for their intercellular movement (Table 1; Figure 2).
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Figure 2. Model for intercellular movement of TMV: The TMV movement protein (MP) at the peripheral endoplasmic
reticulum (ER) binds to viral RNA to form a vVRNP complex (TMV MP-vRNA), which is joined by replicase to form a VRC.
The VRC is delivered to PD either through calreticulin-containing ER-derived vesicle gliding through cell cytoskeleton
constituted by the microtubule and ER-actin network (1; red arrows) [8,11] or under the influence of an MP-PLS [32,47,48],
the VRC moves along the ER to PD, rafting over cytoskeleton driven by the myosin motor proteins (2; black arrows).
Once the VRC reaches the PD, several PDAPs and other viral and host factors cumulatively work for PD “gating” [129].
Gating may occur by MP-mediated severing of actin microfilaments or by recruitment of specific 3-1,3-glucanases for
callose degradation. Additionally, the MP also interacts with the ANK host factor for downregulating callose. The cell wall-
associated PME cause PD targeting of MP and assist gating [36,130]. The MP-PLS is recognized by SYTA, a tethering protein
across ER-PM contact sites. These sites are recruited by MP for gating [32,49]. The microtubule near VRC may cause MP
degradation via 26 s proteasome [6]. The MPB2C, a microtubule-associated plant factor, causes microtubular accumulation
and binds to TMV-MP at the late infection stage to hinder its intercellular movement function [131]. Abbreviations: ANK—
ankyrin repeat-containing; MPB2C—movement protein-binding 2C; PDAPs—PD-associated proteins; PLS—plasmodesmata
localization signal; PME—pectin methyltransferase; SYTA—synaptotagmin A; VRC—viral replication complex; vVRNP—
viral ribonucleoprotein.

Many other movement proteins have properties similar to that of TMV P30, and
on the basis of this and their predicted secondary structure, they are grouped as the
“30 K” superfamily [37]. Thus, a detailed study of the TMV MP generally serves as a
blueprint for characterizing other similar MPs. Transmission electron microscopic studies
revealed TMV MP to be localized in PD [38]. TMV MP binds to the vRNA in a sequence
non-specific manner and facilitates its intercellular movement through PD in the form of
ribonucleoprotein complexes (RNPs). In addition to PD, it also localizes to the peripheral ER
membrane, where it forms viral replication centers (VRCs) [39,40]. The viral replicase acts
synergistically with TMV MP, binds to RNP and facilitates its spread in PD desmotubule
by lateral diffusion [41]. The presence of MP at ER cytosolic face, its association with the
MT network for facilitating the VRC movement and the presence of the whole VRC-MP
complex at the PD later was also demonstrated by fluorescence immunolabeling and
electron microscopy [42]. The subcellular distribution and activation of TMV MP gating
function is host-dependent and is regulated by C- terminal phosphorylation at Thr-256,
Ser-257, Ser-261, and Ser-263 with either of the two host kinases, casein kinase 2 (CK2)
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and plasmodesmal-associated protein kinase (PAPK) sharing identical molecular weights.
The regulation is, however, sequential, with initial activation of TMV MP gating function
through phosphorylation at a single site, leading to successful virus intercellular movement
followed by its inactivation by further phosphorylation events. This also provides a
rationale behind the TMV infecting the plants (N. tabacum) even in the presence of the
phosphorylation-based inactivation mechanism [43—46]. The plasmodesmal localization
signal (PLS) in TMV MP resides in the 50-aa at the N-terminal end and is the first example
of PLS in plant virus MP [47]. Other less efficient regions (from aa positions 61 to 80 and
from 147 to 170) that functionally mimic PLS are also reported [47,48]. The MP PLS binds
to the plant SYTA, which is localized to the plasma membrane, but more concentrated
across PD where it tethers the ER-PM contact sites. These sites are then recruited by MP for
remodeling the PD permeability [32,48-50]. This concept of MP-PLS to reach PD via SYTA
interaction, however, does not support the ER-actin cytoskeletal involvement in the delivery
of MP to PD since the PLS with its hydrophilic stretch of 50 aa lacks the features displayed
by proteins interacting with the ER [40]. TMV RNP movement through ER membrane
occurs by simple diffusion assisted by the host cytoskeletal elements. TMV spread depends
upon myosin XI-2 [51]. TMV MP localization at PD was inhibited when the actin and
ER membrane networks were disrupted. However, disruption of MT had no effect upon
TMV intercellular movement, although, at permissive temperatures, TMV MP showed
interaction with MT. In addition, the mutant plants with reduced MT dynamics were less
susceptible to TMV [11]. These contradictory findings of PD localization either through
MP-PLS or through ER-actin network indeed need further investigation. Moreover, there
is still no direct evidence to show the interaction of MP with PD [11]. However, reports
of indirect interaction of MP with callose through callose metabolism enzymes [52] and
PDAPs for regulating the PD aperture [20] appear convincing. The TMV MP interacts with
A. thaliana calreticulin-1 (AtCRT1) both in vivo and in vitro and co-resides with it at PD.
Under stress and under overexpressed conditions, the increased calreticulin levels interfere
with the TMV MP PD localization and instead directs it to the microtubular network away
from PD [23]. As explained earlier, the PME initiates MIGs, including BG and NCAPP,
that aid PD permeability and the intercellular movement of viruses. TMV MP interacts
with PME in vitro, and deletion of domains responsible for this interaction hindered the
ability of MP to facilitate the spread of viral infection [53]. Interestingly, plants expressing
anti-sense PME showed delayed systemic spread of TMV [54].

In the case of TMV infection, it is observed that once the virus from the initially
infected cell starts moving to the adjacent cells, the spread is even faster, and it seems
that the MP initiates favorable conditioning of the surrounding cells before the cell is
actually approached by the VRNA [55]. This prior conditioning event can be attributed
to the early synthesis of TMV MP from the genomic vVRNA and movement of TMV MP
to the surrounding cells through PD-gating without even associating with the VRC. The
former is possible due to the presence of an internal ribosome entry site that initiates
prior translation of MP straightaway from the genomic RNA before even the synthesis of
subgenomic RNA [56-58], while the latter can be explained by the interactome repertoire
of MP, which includes the various PDAPs and other factors regulating the PD SEL [20]. The
TMV-MP-mediated enhancement of systemic RNA silencing by facilitating the movement
of siRNA across PD [59] also supports the function of TMV MP as an independent cellular
conditioner for virus movement.

Dianthoviral MPs

The RNA2 component of red clover necrotic mosaic virus (RCNMV), a Dianthovirus
encodes for a 35 kDa MP (P35, Table 1) that belongs to the 30 K superfamily, and like TMV,
it does not require capsid protein for intercellular movement [60]. Localization studies
of the GFP-fused MP mutants established a correlation between MP targeting to the cell
wall and intercellular movement [61]. In addition, complementation studies of mutant
MP with wild-type, alanine scanning mutagenesis and turnip crinkle virus-based GFP
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assay revealed definite domains for movement, complementarity and cell wall localization,
PD-gating, cooperativity and RNA silencing suppression in RCNMV MP [62]. Using
GFP-fused MP, Kaido et al. [63,64] showed colocalization of MP and replicase to the ER, for
which C-terminal 70 aa of MP was crucial.

Geminiviral MPs

Among geminiviruses (Table 1), the DNA from the nuclei is shuttled to the cytoplasm
via coat protein (CP; V1 ORF) in monopartite geminiviruses (e.g., Begomoviruses and
Mastreviruses), while in bipartite, it is through the DNA B-encoded nuclear shuttle protein
(NSP/BV1) [85,86]. Subsequent cytoplasmic localization to PD and further intercellular
movement in monopartite geminiviruses is through an MP encoded by the V2 ORF or
V3 OREF (e.g., beet curly top virus, a Curtovirus) or by the DNA-B encoded MP (BC1) in
bipartite ones. Functional variation occurs in MP among monopartite viruses, for e.g.,
MPs in monopartite Begomoviruses has DNA-binding property, while MPs encoded by
monopartite Mastreviruses do not bind to DNA [85,86]. Hence, it needs the viral CP to
form a complex with the DNA, and the CP-DNA complex is then carried across PD by
the MP. Such differences in the delivery of DNA from the nucleus to PD and across it are
also found among bipartite Begomoviruses, for, e.g., abutilon mosaic virus (AbMV) shows
“couple skating model” where NSP remains intact with the DNA from the nuclei and the
NSP-DNA complex is then carried to PD and across it by the MP [132], while BDMV shows
“relay race model” where the NSP hands over the viral DNA to MP from the nucleus into
the cytoplasm, which is then carried to and across PD [133].

Similar to TMV, the MPs encoded by geminiviruses, squash leaf curl virus (SLCV) and
cabbage leaf curl virus (CaLCuV) interact with Arabidopsis SYTA protein. Mutation in the
SYTA gene hampered the intercellular movement of these viruses. It is proposed that the
interactions of both MPs, encoded by CaLCuV and TMV with SYTA directs them to be
loaded on early endosomes, which are then carried away by a recapture pathway to dock
at the PD [134].

3.1.2. The Triple Gene Block (TGB) Proteins

The triple gene block (TGB1, TGB2 and TGB3) is a specialized and evolutionary con-
served group of nonstructural viral movement proteins found in 9 genera of plant viruses
belonging to the families Alphaflexiviridae, Benyviridae and Betaflexiviridae (Table 1). Their
structural features, interactions and role in the intercellular movement of the virus have
been extensively reviewed ([12,18], and references therein). In addition to PD-gating and
assisting the intercellular movement of plant viruses (Figure 3), the TGB proteins display a
myriad of other functions in host cells [89]. The Potexvirus TGBp1 localizes partially in
the nucleus and nucleolus, where it interacts with nucleolar proteins fibrillarin and coilin.
These proteins may take part in the formation of viral cytoplasmic RNPs and thus take part
in the long-distance movement of the viruses. The TGBp1 protein is also known to remodel
the host actin and microtubular arrangement and putatively assist the virus movement-
independent host protein trafficking to plasmodesmata [89]. The hordeiviral TGBp1 binds
to host BSr1 R-protein and elicits hypersensitive response [90]. The potexviral TGBp1s have
strong RNA interference suppression activities [91], a property described in detail later.
The pepino mosaic virus (PepMV) TGBp1 interacts with host ROS scavenging enzyme
catalase 1, resulting in the weakening of the ROS-mediated plant defense mechanism [92].
The potato virus X (PVX) TGBp2 plays a role as the molecular adaptor in viral replication
by interacting with the C-terminal domain of RdRp and forming chain-mail-like aggregates
around RdRp that further localizes TGBp3 aggregates to enhance viral replication [93]. The
PVX TGBp3 is responsible for virus-induced unfolded protein response under ER stress
and upregulates the ER-resident and ubiquitin ligase chaperones [89].
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Figure 3. Model for TGB-mediated movement of PVX: The TGB1 organizes the "X-body’ (protective center of virus
replication and assembly) and recruits TGB2 and TGB3 to it. TGB2 bridges the RARp/dsRNA-TGBp3 interaction in the
X-body. The vVRNA in the X body replicates and forms VRC with ribosomes and viral RdRp [9]. The TGB1 alone or with CP
binds to the vRNA at the VRC to form a vRNP complex (TGB1-vRNA /TGB1-vRNA-CP) that either directly reaches PD
(orange arrows) or binds to the TGB2 and TGB3-associated vesicles and reaches PD along the ER through actin and myosin
motor proteins guided by TGB3 (blue arrows) [8,17,129]. Alternatively, the VRC can be delivered to PD by TGB2 and TGB3
without vesicles (brown arrows). TGB2 facilitates the VRC fusion to PD. TGB1 and TGB2 perform PD-gating by interacting
with remorin and f-1,3-glucanase-associated host factor TIP1, respectively, causing callose reduction. Subsequently, the
VRNP complex is delivered to the adjacent cell leaving back TGB2 and TGB3 for recycling via endocytic pathway (black
arrows) [18]. According to a recent alternative model (blue background) [93], the VRNA binds to RdRp in the cytoplasm
forming the core replication unit later joined by TGB1, TGB2, TGB3 and CP to form a “cytoplasmic X-body”, which either
joins the ER-associated perinuclear X-body (red dashed arrow) or directly reach the PD through TGB3 guided movement
forming cap like complexes at PD (green dashed arrow). Abbreviations: BG1—f3-1,3-glucanases; CP—coat protein; PDAPs—
PD-associated proteins; RARp—RNA-dependent RNA polymerase; TGB—triple gene block; TIP—TGB12K-interacting
proteins; VRC—virus replication complex; VRNA—rviral RNA; vVRNP—yviral ribonucleoprotein.

3.1.3. Potyviral MPs

PD-gating for intercellular movement is also observed in members of genus Potyvirus,
the largest group of flexible filamentous viruses, where virus-encoded proteins destined for
different functions helps in virus cell-to-cell movement. The PD located protein P3N-PIPO
is a dedicated MP in the Potyvirus, turnip mosaic virus (TuMV) [76]; it directs the viral
cylindrical inclusion protein (CI) to form PD-associated conical structures that assist in
intercellular movement (Figure 4).

It has been recently shown that the CP with its vVRNA interacting conserved core
and C-terminal domain also participates in intercellular trafficking of the virion [77]. The
well-known potyviral RNA silencing suppressor HC-Pro helps in Potyvirus movement
by increasing the PD SEL in coordination with CP [78]. TuMV P3N-PIPO recruits the
PM-associated Ca?*-binding protein 1 (PCaP1) to PD. PCaP1 can sever actin filaments,
which is required for the intercellular movement of the virus [79]. Notably, both P3N and
PIPO domains of TuMV P3N-PIPO are essential for intercellular movement. The PIPO
domain is important for its interaction with CI, while the P3N domain for its interaction
with P3. The Potyvirus 6 kDa (6 K2) membrane protein interacts with the host ER for the
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biogenesis of cytoplasmic membranous vesicles, the site for virus replication. The shared
N terminus of P3BN-PIPO interacts with P3, which recruits the 6 K2-induced vesicles to the
PD, where they are docked at the Cl-induced conical structures that assist in intercellular
movement [80].
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Figure 4. Model for movement of TuMV: The TuMV virion movement involves a multifaceted interaction between virus-
encoded proteins 6 K2, VpG, NIb, CI and P3N-PIPO and host-encoded PM localized Ca®*-binding protein PCaP1. The TuMV
MP P3N-PIPO interacts with PCaP1 for its localization to PD. After translation, the virus-encoded proteins for replication
along with the assisting host proteins get assembled into clusters of 6 K2 vesicles. The ER-derived P3 aggregates interact
with 6 K2 via the P3C domain and accumulate in the 6 K2 vesicle cluster. Along with PD, the P3N-PIPO also localizes to the
6 K2 clusters via P3. The CI also gets recruited to two sites- the PD, by interaction with P3N-PIPO-associated with PCaP1 at
PD and-6 K2 clusters by interaction with P3-colocalized P3N-PIPO where probably they participate in replication. The PD
recruited CI forms a CI-P3N-PIPO complex to which more CI molecules join via self-interaction resulting in the formation
of conical structures. The CI also self-integrates to form a cytosolic pinwheel-like structure. The CK2 vesicle cluster either
combines with CI, P3 and P3N-PIPO to form a virus-induced cytosolic viroplasm or is directly delivered to PD and docked
at the PBN-PIPO-associated conical CI structures. Upon reaching the PD, the viral RNA is encapsidated by CP to form
an intact virion or RNP complex, which is delivered to the neighboring cell by the CI. Adapted and modified from [80].
Abbreviations: Cl—cylindrical inclusion; HF—host factor; NIb—nuclear inclusion protein; PDAPs—PD-associated proteins;
PM—plasma membrane; RARp—RNA-dependent RNA polymerase; SYTA—synaptotagmin A; TuMV—turnip mosaic
virus; VpG—viral protein genome-linked.

3.2. Viral Proteins (MPs) That Increase PD SEL by Structural Modifications Caused by Tubular
Aggregates

The intercellular movement in some viruses involves intact virions to be moved
across the cell [9]. These viruses modify the normal PD architecture for their intercellular
movement by forming specialized structures (tubules) across cells by the oligomerization
of their MP and, sometimes, CP [135]. In the transiently transfected protoplasts and/or
insect cells, the MPs of these viruses undergo oligomerization and form tubular structures
that protrude out from the plasma membrane indicating that in general, the MP in itself is
capable of tubule formation. Neither CP nor any other host cellular structure (e.g., PDs) is
needed for the formation of tubules [96,108,109,136]. The tubule formation for intercellular
movement is found in viruses belonging to the genera Caulimovirus, Tospovirus, Umbravirus
and members of subfamily Comouvirinae of the family Secoviridae (Table 1).

3.2.1. Caulimoviral MP

In Caulimoviruses, the most studied movement protein is that of its type species
cauliflower mosaic virus (CaMV). Its tubule forming RNA-binding MP is a 38 kDa protein

192



Microorganisms 2021, 9, 695

encoded by the ORF1 (P1; Table 1; Figure 5) [96,97]. The tubule-forming capacity of CaMV
MP was also demonstrated in infected protoplasts and insect cells [96]. CaMV MP interacts
with host PDLPs, the MP receptors at PD [98], but the actual mechanism of tubule formation
involving PD desmotubule replacement, increase in SEL and oligomerization of MP to
form tubule is still unclear. Intact virions traversing the PD through a tubular structure

have been clearly revealed by electron microscopy [99].
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Figure 5. Model for tubule formation by MP in CaMV and GFLV (A) The CaMV vDNA transcribes in the nucleus to 195
and 35S RNA, which translate in the cytoplasm. The 195 RNA encodes a 58 kDa P6 protein that forms ribosomes rich IB
(virus factory), the center for other virus proteins translation (e.g., P1-MP, P3, P4-CP, etc.) by 355 RNA. The MP reaches PD
through vesicular transport via secretory pathway (black arrows), resulting in multiple MP copies that form tubule across
PD. Once the virus attains a threshold copy number in IB, the P6 protein detaches as a vesicle and is assisted by CHUP1 to
move over the actin filament network. After the virion reaches PD, the MP interacts with the virion (vVDNA+56 kDa CP)
through P3. PDLPs (also an MP receptor) and AtSRC2.2 at the PD help in the virion delivery. The virion delivery to the
next cell putatively occurs through a tread-milling mechanism where there is unidirectional addition of vDNA-P3-CP-MP
subunits assembly at one end and subsequent disassembly at the other, causing the virion delivery [7,137]. (B) The virion
delivery is similar in GFLV, but here the MP first reaches the calreticulin-rich sites on the PM and thereafter, it reaches the
PD by diffusion (red arrows). The PDLP is also delivered to PD by diffusion through PM, where it reaches via a secretory
pathway in association with class XI, XI-K and XI-2 myosin [11,129]. Abbreviations: AtSRC2.2—Arabidopsis thaliana soybean
response to cold; CaMV—cauliflower mosaic virus; CHUP1—chloroplast unusual positioning protein; GFLV—grapevine
fanleaf Nepovirus IB—inclusion bodies; PDLP—plasmodesmata localized protein; vDNA—viral DNA.

3.2.2. Tospoviral MP

In the tomato spotted wilt virus (TSWV), a Tospovirus, the NSy protein is the MP
as displayed by its properties of oligomerization and formation of tubular structures in
infected protoplasts and insect cells. It forms and extends the tubule across PDs, assist-
ing the intercellular movement of the non-enveloped nucleocapsids [108]. In the thrips
vector Frankliniella occidentalis, TSWV NSy, protein is functionally linked with autophagic
pathways, not involved in assisting the intercellular movements [110].

3.2.3. Umbraviral MP

The ORF-4 of the groundnut rosette virus (GRV), an Umbravirus, encodes for 28 kDa
protein that is PD-localized, binds to both ssDNA and ssSRNA cooperatively in a sequence
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nonspecific manner and induces tubule formation on the protoplasts surfaces in N. ben-
thamiana [111,112]. Umbraviruses do not encode for their own CP and require a helper
Luteoviridae member for virion formation and vector transmission. This reduces MP
dependency on CP, and as indicated by the protoplast experiments, among Umbravirus
members, MP in itself is self-sufficient for tubule formation and intercellular movement of
virion [138].

3.2.4. MPs of Comoviruses, Fabaviruses, and Nepoviruses

As indicated by the mutagenesis studies, the tubule forming MPs in members of sub-
family Comovirinae, Comoviruses, Fabaviruses, and Nepoviruses have molecular weights of
48/58 kDa, 37 kDa and 3843 kDa, respectively (Table 1) and are products of polyproteins
encoded through their RNA-2 [96]. Tubule formation by the MP of cowpea mosaic virus
(CPMV), a Comovirus, was demonstrated in both infected protoplasts/insect cells and
infected plant material where clear tubular structures containing virus particles superseding
the PD desmotubule were observed under an electron microscope. Studies using antisera
and mutagenesis confirmed the 48 kDa moiety of the 58 K/48 K protein to be crucial
for tubule formation [136,139]. Tubule formation was also observed in grapevine fanleaf
Nepovirus (GFLV; Figure 5) and broad bean wilt virus 2 (BBWV-2) a Fabavirus [100,101,109].
The MPs of these viruses have different binding affinities for CP. Both CPMV and BBWV-2
encode a large CP of 35-40 kDa and a small CP of 20-25 kDa, but the MP of the former
binds to the large CP, whereas in the latter, it binds to the small CP [140,141]. The C-
terminal domain of MP was found to be crucial for this interaction; a CPMV MP with
C-terminal deletion showed an empty tubule with no virions [103], a similar deletion
in GFLV MP abolished the interaction with CP and restricted the systemic spread [102].
However, whether the C-terminal deletion abolished the interaction of CPMV MP with the
CP is not clear. Combining both, it was postulated that in both CPMV and GFLYV, the C
terminal domain of MP is crucial for association with CP and virion formation so that an
intact virion moves intercellularly via tubules. The tubule formation was later-associated
with the N-terminal and central region of the CPMV MP, while the virion incorporation
in the tubules was defined as a function of its C-terminal domain [104,105]. Deletion and
point mutation studies in CPMV MP showed that initially, the MP is targeted to plasma
membrane involving its oligomerization (involving aa 228-251); later, it accumulates in
spots after possible interaction with some host protein (involving aa 252-276). Finally,
tubules assemble (involving aa 293-298 of MP) from the spots, which traverse the PD,
replacing the desmotubules. The process culminates with the delivery of the virion in an
adjacent uninfected cell and disassembly of the tubule [106,107]. The host PDLPs have no
role in the transfer of viral particles, but they may act as PD receptors for MP, assisting
them in oligomerization to form tubules [98].

3.3. MPs That Increase PD SEL with or without Any Structural Modifications across PD

Apart from the exclusive nature of either gating or tubule forming, members of the
family Bromoviridae harbor certain MPs that apparently perform both gating as well as
tubule forming functions (Table 1). The MPs of viruses belonging to genera Alfamovirus,
Bromovirus, Cucumovirus, and Ilarvirus of family Bromoviridae increase the PD-SEL, are
PD-localized, bind to RNA and show molecular weights between 32 and 36 kDa. They are
encoded by the 3a gene fragment of RNA3 [117,142].

Among these members, a significant variation is observed between species and strains
regarding the requirement of CP for the movement-related functions of MPs [113,114,143].

The intercellular movement of the alfalfa mosaic virus (AMV) requires both MP and
CP. The MP induces tubule formation and exhibits RNA-binding capacity in a sequence
nonspecific manner. An intact virion formation is not necessary for the intercellular
movement of the virus; however, the association of MP with CP is crucial, as observed by
restricted intercellular movement following mutation of CP [113].
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While most of the brome mosaic virus (BMV) strains do not require CP for intercellular
movement [115], the tubule forming M1 strain [114] requires CP in addition to its MP when
its intercellular movement was tracked in Chenopodium sp. The MP interacts with N.
benthamiana protein (NbNACal), which apparently regulates its localization on PD [116].

In another Bromovirus, the cowpea chlorotic mottle virus (CCMV), MP is sufficient (no
CP required) for intercellular movement. Interestingly, the rate of intercellular movement
is host-dependent, being faster in an experimental host (N. benthamiana) than its natural
host (cowpea), as demonstrated when CP was replaced by an enhanced GFP [144]. When
the MP gene of BMV and CCMV were exchanged, and the CP expression was impaired, the
recombinant CCMV harboring BMV MP showed restricted movement, while no effect on
intercellular movement was observed in the case of recombinant BMV harboring CCMV MP.
This qualifies MP as the chief determinant of the virus-specific CP functions for intercellular
movement in Bromovirus [145]. However, considering the above facts, the CP and MP
interaction and dependency need to be further examined in light of the differential response
observed between virus strains and species as well as their host.

The cucumber mosaic virus (CMV) tubule forming MP is PD-localized and binds to
ssRNA [118]. CMV MP requires CP assistance for intercellular movement. However, the
CP-dependency was abolished when a truncated MP was used, having 33 aa removed from
C-terminal [119]. The truncated MP, as observed through atomic force microscopy, showed
a strong binding affinity for viral RNA and formed a more condensed RNP complex
compared to a native MP requiring CP [120]. The CMV MP showed tubule formation
on the protoplast surface; however, no such tubules were observed in CMV-infected N.
clevelandii as observed by quantitative immunogold labeling of the MP of CMV. However,
the MP was observed at both the entry and the central cavity of the PD pore, as well as
the distant connecting sieve elements. In addition, CMV having a mutation in the 3a gene
encoding the MP was still able to infect tobacco both locally and systemically, although
protoplasts containing such mutants showed no tubule formation [117].

The MP of prunus necrotic ringspot virus (PNRSV), an Ilarvirus, also binds to ss RNA
in a sequence-nonspecific manner. A 33 aa domain at the N-terminal of MP is crucial for ss
RNA binding as found out by deletion mutagenesis followed by Northwestern analysis.
The N-terminal location of the RNA-binding domain in MPs encoded by Ilarviruses and
Alfamoviruses are different from MPs encoded by other members of the family Bromoviridae
where the similar domain lies at the C-terminal. This may have evolutionary implications
showing phylogenetic divergence among viruses belonging to the family Bromoviridae [121].

Members of the family Bromoviridae also show high functional variability in the
dependence of their MPs on CP as well as tubule formation. With the current findings, a
correlation between CP interaction and tubule formation by the MP can be established.
MPs requiring CP for virus movement may form tubule, and the ones, which do not require
CP may move by gating the PD. However, it requires further conclusive studies involving
both the variability in virus species and strains as well as the host range to establish this
functional relationship.

3.4. MPs as RNA Silencing Suppressors

RNA interference (RNAIi) is a fundamental mechanism of regulation of gene expres-
sion in eukaryotes both at the transcriptional and post-transcriptional level by specific
mRNA degradation through complementary small RNA [146]. RNAi is used by plants
as an important anti-viral defense through degradation of the viral RNA [147]. Some
viruses mount a counter-defense at the sites of VRC from RNAi by compartmentalization
using subcellular structures, e.g., ER spherules or by speeding up the replication and
systemic infection process outpacing the mobile RNAi signals [148]. Most viruses, however,
mount counter-defense by expressing proteins called viral suppressors of RNA silencing
(VSRs) [147]. The VSRs are generally multifunctional in nature, and some of them, in
addition to the inhibition of specific steps of the RNAi pathway, is also involved in virus
replication and movement. Interestingly, a large number of MPs have also been shown to

195



Microorganisms 2021, 9, 695

have VSR activities (Table 1). Although there is a report that the TMV MP controls its own
propagation via promoting the spread of host RNA silencing [149], most of the other viral
MPs act as VSR and suppress the host defense system (Table 1; Figure 6).

viral dsknA  TIMMMIMIIT H Pns6, MP40, P38
lDCLs —2b, HC-Pro, P6, P35, P38

Cleavage by dicer w
l HC-Pro, yb
I—

sirna T TIO IOD

Passenger strand — — RISC complex formation
degradation _q

TGB1 RISC-siRNA
Target complex
recognition recycling

RISC-siRNA-MRNA complex ...AR= [T
e 7% mm

RdRp mediated
siRNA amplification

l mRNA
degradation P4, P50
Systemic spread in

_____ neighboring cells

(Long distance movement of
silencing signals)

Figure 6. Schematic illustration of the action points of the MPs or movement assisting proteins
acting as VSRs over basic RNAi mechanism layout: The PVX TGB1 targets AGO1 and causes its
degradation through the proteasome pathway [150]. The RRSV Pns6 targets the upstream step of
viral dsRNA formation [151]. The ACLSV P50 is a suppressor of systemic silencing by inhibiting the
systemic movement of silencing signals [152]. The CLBV MP40 acts as a local silencing suppressor by
putatively affecting the dSRNA and siRNA generation [153]. The P4 movement protein in Luteovirus
has been recently identified as a systemic RNA silencing suppressor [84]. The P6 protein of CaMV
acts as a silencing suppressor by indirectly blocking the DCL4 [154]. The 2b protein of CMV act
as a silencing suppressor by interacting with DCL1, AGO1 and 4, siRNA biogenesis and RdRp
downregulation [155]. The Potyvirus HC-Pro selectively binds to siRNA of different sizes, blocks
HENT methyltransferase, binds and inhibits HEN1, prevents AGO1 loading, downregulates AGO1
by upregulating its corresponding micro RNA and may be involved in AGO3 cleavage, interact with
RAV?2 factor, thus blocking the siRNA biogenesis [155]. The BSMV yb binds to siRNA [156]. The PCV
P15 interacts with AGO1 and prevents the siRNA binding [156]. The RCNMYV P35 suppresses RNAi
probably by sequestering DCL1 and using its helicase activity for its own replication [62]. The P38
CP, which assists TCV movement, is an RNAi suppressor, which binds to AGO 1 and 2, upregulating
the DCL1 for antagonizing the functions of DCL3 and 4, binding to dsSRNA and preventing primary
siRNA biogenesis and upregulating AGO1 specific miRNAs [155]. The B4 protein of BBTV is a
silencing suppressor; however, the exact target for suppression is not found yet [157]. Abbreviations:
VSRs—viral suppressors of RNA silencing; PVX—potato virus X—RRSV—rice ragged stunt virus;
ACLSV—apple chlorotic leafspot virus; CLBV—citrus leaf blotch virus; CaMV—cauliflower mosaic
virus; CMV—cucumber mosaic virus; DCL—dicer-like; AGO—Argonaute; siRNA—small interfering
RNA; RARp—RNA-dependent RNA polymerase; HC-Pro—helper component proteinase; HEN1—
HUA enhancer 1 (small RNA methyltransferase); BSMV—barley stripe mosaic virus; PCV—peanut
clump virus; RCNMV—red clover necrotic mosaic virus; TCV—turnip crinkle virus; CP—coat
protein; BBTV—banana bunchy top virus.
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In this regard, it is important to note that either the MP in itself or another movement-
associated protein may act as VSR (e.g., Luteoviral P4 or Potyviral HC-Pro) [84,158] or the
replicase-type proteins involved in the formation of transport complexes, such as VRCs
(e.g., 126 kDa TMV replicase) [159]. The synchronicity of transfer of VSRs with the viral
genome also plays a critical role in preventing the viral genome from degradation through
RNAi and thus promotes pathogenicity. If the MPs having VSR activity get transferred to
the new cell first and then the viral genome enters it through plasmodesmata, the former
can condition the new cell for the proper proliferation of the latter. If the MPs are a part
of VRCs (e.g., 126 kDa TMV replicase), the VSR activity should go hand-in-hand with the
viral infection [130,160,161].

4. Conclusions

It is abundantly clear that MPs have evolved diverse mechanisms to accomplish
their goal of ensuring the transport of viruses across the host imposed natural barriers
(e.g., rigid cell walls) and provoke a successful, productive systemic infection. Although
highly variable, MPs interact with a plethora of viral as well as host factors, facilitating the
movement of the viral genomes to and through PD. Studies on viral MPs indicate that the
virus movement is spatially and temporally coupled with replication, encapsidation and
suppression of host RNAi-mediated defense, and all this involves a close association of viral
MPs with the host PD, cell cytoskeleton, endomembrane system and the secretory pathway.

Further progress in our understanding of their actions will probably be achieved by
revealing finer details of their structures and interactions with components of PD and
other viral proteins. Whether MPs also play a role in the tissue tropism of certain viruses
may be revealed by better understanding the functions of various PD types in tissues
and their interactions with MP. A new aspect of the function of MPs is emerging when
one considers their role in non-cell-autonomous functions in plants, a subject which may
have implications in viral pathogenicity. Several outstanding questions that can be put
forward are:

What is the role of the tertiary structure of MPs on their interactions with key proteins
of PD? How does the specific function of MP change upon post-translational modifications?
Are there variants of PD-localization signal in MPs structurally different from each other?
If yes, then how do the various membrane contact sites/receptors differentiate between
these signals? Is it possible that the limited non-cell-autonomous functions known in plants
are intimately modified by MPs? Is cellular conditioning at the infection front before the
virus spread a general phenomenon acquired by viruses of the “30 K” superfamily clan, or
the mechanism extends to other viruses with non-related MPs too? How does the role of
MPs known in RNA silencing suppression impact their effect on the intercellular spread of
viruses? In tubule-forming viruses, what is the mechanism by which MP modifies the PD
components in forming the tubules?

Finally, one can look forward to further developments in super-resolution- and fluo-
rescent probe-based 3-D microscopic techniques for a clearer picture of the interactome of
MPs. In addition, the detailed study on MP interaction and function can yield a significant
amount of information about the response of the host cellular machinery, not only towards
viral infection but also may provide a novel handle for the better understanding of cellu-
lar machinery for intercellular movement of macromolecules and other substances (both
cellular and foreign) across PD.
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Abstract: Although citrus leprosis disease has been known for more than a hundred years, one of its
causal agents, citrus leprosis virus C2 (CiLV-C2), is poorly characterized. This study described the
association of CiLV-C2 movement protein (MP) and capsid protein (p29) with biological membranes.
Our findings obtained by computer predictions, chemical treatments after membrane fractionation,
and biomolecular fluorescence complementation assays revealed that p29 is peripherally associated,
while the MP is integrally bound to the cell membranes. Topological analyses revealed that both the
P29 and MP expose their N- and C-termini to the cell cytoplasmic compartment. The implications of
these results in the intracellular movement of the virus were discussed.

Keywords: membrane association; topology; cilevirus; movement protein; p29 capsid protein

1. Introduction

Citrus leprosis disease, caused by viruses belonging to the genera Cilevirus and Di-
chorhavirus, has economic importance in the Americas, especially in citrus groves in Brazil.
The infection is characterized by the formation of chlorotic and necrotic circular localized
lesions in citrus leaves, fruits, and stems [1].

Citrus leprosis virus C (CiLV-C) is a member of genus Cilevirus, family Kitaviridae,
and a prevalent citrus leprosis-associated virus in South and Central America [1], with
the exception of Colombia. Although CiLV-C was reported in that country more than
10 years ago, this virus is currently rarely found in Colombian citrus orchards, where it
was replaced by citrus leprosis virus C2 (CiLV-C2) [2-5]. CiLV-C and CiLV-C2 are the only
accepted members of genus Cilevirus.

Cileviruses have a bisegmented positive ssRNA genome carrying a 5'-cap structure
and a 3'-poly (A) tail. For CiLV-C, its RNA1 codes for the protein precursor of the RNA-
dependent RNA polymerase (RdRp) and the capsid protein (p29) [6-8], while the RNA
2 codes for an RNA silencing suppressor (RSS) protein (p15) [9], the viral movement
protein (p32) [10], and the putative glyco (p61) and matrix (p24) proteins [7,11]. In addition
to p15 RSS activity, the p29 and p61 are proteins that also show the ability to suppress
RNA silencing [9]. CiLV-C2 RNA1 and RNA 2 present a nucleotide identities of 58 and
50%, respectively, compared to the corresponding CiLV-C RNA sequences. Additionally,
CiLV-C2 RNAs have a longer 3 UTR and an extra ORF (p7) in RNA2 [2].

Membrane-associated viral proteins can induce substantial cellular remodeling in the
processes of viral replication and virion assembly. This intracellular disorder is usually
associated with changes in organelles to form viral replication sites [12,13]. Viral proteins
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can also interact with cell membranes to facilitate the intracellular viral spread [14-16].
Association between viral movement components and host membranes seems to be an
essential factor for virus transport, being a feature constantly identified in this class of viral
proteins [7,17-21]. Despite the fact that recent studies have clarified some functional aspects
for the CiLV-C proteins, no similar information is available for other accepted or tentative
cileviruses, as passion fruit green spot virus (PfGSV). This group of viruses has been
rather poorly investigated and thus, generating new data about other species of agronomic
importance, such as CiLV-C2, can represent an important advance in understanding the
citrus leprosis pathosystem.

Therefore, in the present study, we examined biochemical properties of the capsid
(p29) and movement (MP) proteins encoded by CiLV-C2. Here, we reported the association
of CiLV-C2 MP and p29 with biological membranes. Our findings obtained by computer
predictions, chemical treatments after membrane fractionation, and biomolecular fluores-
cence complementation assay revealed that the p29 is peripherally associated, while the
MP is integrally bound to the cell membranes. Topological analyses revealed that p29 and
MP expose their N- and C-termini to the cell cytoplasmic compartment. These results
allowed us to propose a topological model of the association of CiLV-C2 p29 and MP with
cell membranes.

2. Materials and Methods
2.1. DNA Manipulation

For the membrane association assay, the p29 and MP genes [10] were amplified with
specific primers carrying the Ncol/Nhel sites using the TaKaRa Taq DNA polymerase
(TaKaRa Bio Inc) following the manufacturer’s specifications. All amplified genes were
fused at their C-terminus with the human influenza hemagglutinin (HA) epitope. To do
this, the genes were cloned into the vector pSK35-TSWVNSm:HA-PoPit [18], replacing the
NSm gene. The correct in-frame insertions were confirmed by plasmid DNA sequencing.
The expression cassettes corresponded to each CiLV-C2 isolated gene flanked by the 355
constitutive promoter from the cauliflower mosaic virus (CaMV) and the terminator from
the potato proteinase inhibitor (PoPit) [18]. Next, the expression cassettes were cloned into
the pMOGS800 binary vector by using the HindlIII restriction site.

For bimolecular fluorescence complementation (BiFC) assay, the p29 and MP genes
were amplified with specific primers, containing the Ncol/Nhel restriction sites, and cloned
into the pSK BiFC plasmids [18,22], which permitted the fusion of the N- or C-yellow
fluorescent protein (YFP) fragments at their N- or C-termini. The resultant expression
cassettes were subcloned into the pMOGB800 binary vector as previously reported [7].

The pMOG vectors carrying the chrysanthemum stem necrosis orthotospovirus
(CSNV) NSm, tobacco mosaic virus (TMV) 30K MP, and leader peptidase (Lep) proteins
with the HA epitope fused at their C-terminus and the unfused green fluorescent protein
(GFP) were described in previous works [7,18].

2.2. Computer Analysis

Computer analysis from deduced amino acid sequences of the CiLV-C2 p29 (YP_00950
8071.1) and MP (YP_009508075.1), CiLV-C MP (ABC75825.1), CSNV NSm (AII20574.1),
TMYV 30K MP (AAD19281.1), and also for the Lep (WP_112485673.1) and GFP, were per-
formed using computer tools MPEx [23], TMHMM server version 2.0 (http:/ /www.cbs.dtu.
dk/services/ TMHMM/), AG prediction server version 1.0 (http://dgpred.cbr.su.se/index.
php?p=home), HMMTOP version 2.0 (http://www.enzim.hu/hmmtop/index.php), OC-
TOPUS (https:/ /octopus.cbr.su.se), SOUSI (http:/ /harrier.nagahama-i-bio.ac.jp/sosui/),
and TMpred (https://embnet.vital-it.ch/software/ TMPRED_form.html).

2.3. Subcellular Fractionation, Chemical Treatment, and Western Blot Analyses

Nicotiana benthamiana leaves were agroinfiltrated (ODggo = 0.5) with the pMOGS800
construct carrying the CiLV-C2 p29 or MP ORFs fused to the HA epitope. As controls,

206



Microorganisms 2021, 9, 418

we used N. benthamiana leaves agroinfiltrated with constructs expressing the HA-tagged
Lep protein, unfused GFP, and HA-tagged NSm of CSNV. At 3 days post-infiltration (dpi),
approximately 1.5 g of N. benthamiana leaves expressing the tested proteins were ground in
lysis buffer (20 mM de HEPES, pH 6.8; 150 mM potassium acetate; 250 mM mannitol; 1 mM
MgCl,, and 50 uL of protease inhibitor cocktail for plant cell, Sigma-Aldrich, St. Louis, MO,
USA). The homogenate was clarified by low centrifugation at 3000 x g for 10 min at 4 °C,
then the obtained supernatant was ultracentrifuged at 40,000 x g for 40 min at 4 °C to yield
the soluble (S30) and the crude (P30) microsomal fraction as reported previously [7,24].
Next, the P30 membrane-rich fraction was resuspended in lysis buffer, divided in six equal
parts, and subjected to the chemical treatments with lysis buffer, 100 mM Na,COs3 (pH 11),
2,4, or 8 M urea, and held for 30 min on ice. All fractions were analyzed by western blot
in 12% SDS-PAGE gels as referred to previously [18] using an anti-HA antibody or an
anti-GFP antibody (Thermo Fischer Scientific, Waltham, MA, USA).

For Triton X-114 analysis, the P30 fraction was resuspended in the lysis buffer con-
taining 1% Triton X-114 and incubated on ice for 30 min. The mixture was clarified by
centrifugation at 10,000 g for 20 min at 4 °C. The resultant supernatant was incubated
at 37 °C for 10 min and centrifuged at 10,000 g for 10 min at room temperature to form
the aqueous (AP) and organic phases (OP). Finally, the OP was resuspended in lysis buffer
with the same volume obtained in the aqueous phase, and the fractions were analyzed by
western blot in 12% SDS-PAGE gels, as above mentioned. Percentage values of relative
protein accumulation was measured using Fiji Image] program Ver 2.0 with ISAC plugin.
A reference value equivalent to 100% was given based on the pixel quantification of the
controls treated with lysis buffer.

2.4. Bimolecular Fluorescence Complementation Assays

Agrobacterium tumefaciens cultures (C58) transformed with the constructs carrying
the p29 or MP with the N-YFP or C-YFP fragments were co-infiltrated (ODgq = 0.4) with
agrobacterium cultures carrying BiFC constructs containing the counterparts of the YFP
addressed to cytosol/nucleus (N-YFPcyt and C-YFPcyt) or to the lumen of the endoplasmic
reticulum (ER) (C-YFPer and N-YFPer) in N. benthamiana leaves. The plants were main-
tained in a FITOTRON growth chamber under conditions of 24 °C day/18 °C night at
16 h light/8 h dark and 70% humidity regime. The preparation for agroinfiltration was
conducted as described previously [7]. At 4 dpi, fluorescence reconstitution was observed.
To increase the expression, in order to allow a better visualization of the fluorescence signal,
all protein pair combinations were co-expressed with the silencing suppressor HCPro from
the tobacco etch virus.

2.5. Confocal Laser Scanning Microscopy

Fluorescence images of the leaf discs from N. benthamiana were captured with the aid
of a confocal laser scanning microscope Zeiss LSM 780 model. YFP was excited at 514 nm
and emission was captured at 520-560 nm. The images were prepared using Fiji Image]
program (version 2.0r).

3. Results and Discussion
3.1. The CiLV-C2 p29 and MP Are Membrane-Associated Proteins

Computer analysis from deduced amino acid sequences of the CiLV-C2 p29 and MP
was performed using several computer tools. In the analysis, we also included the deduced
amino acid sequences of the CSNV NSm and TMV 30K MP, which have been shown to
be peripheral membrane proteins [18,19], as well as for the Lep, CiLV-C MP and GFP, two
integral membrane-, and one non-membrane-associated proteins, respectively [7,19,24].
Highlighted, they revealed the presence of three hydrophobic regions (HR) for CiLV-C2 MP
that encompass the residues 79-97 (HR1), 113-131 (HR2), and 167-185 (HR3), and two for
p29: 3-21 (HR1) and 178-196 (HR2) (Figure 1 and Table S1). Two transmembrane-spanning
domains were predicted for the CiLV-C2 MP: 76-98 (TM1) and 160-170 (TM2), which
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HRI1 3-21: AG =0.25
HR2 178-196: AG = 1.02
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overlap in part with the predicted HR1 and HR3, respectively (Figure S1 and Table S1).
Complete predictions for all proteins are presented in Table S1. Taken together, these
analyses suggested that CiLV-C2 p29 and MP are potentially membrane-associated proteins.
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Figure 1. Hydrophobic prediction analyses of the citrus leprosis virus C2 (CiLV-C2) movement protein (MP) and capsid
protein (p29). Hydrophobic regions (HR) were predicted for p29 and MP. A schematic representation of the proteins
highlighting the HRs can be found at the top of each picture (in orange). Hydrophobic profile of the proteins is shown in the
graphics generated with MPEXx tool. The red lines show the mean values using a window of 19 residues and the yellow line
indicates the predicted HRs. Values of AG of the HR are indicated.

In order to confirm these predictions and examine the membrane association of CiLV-
C2 p29 and MP, we prepared subcellular microsomal fraction from N. benthamiana leaves
transiently expressing the CiLV-C2 p29 or MP ORFs fused to the HA epitope. As controls,
we used N. benthamiana leaves agroinfiltrated with constructs expressing the HA-tagged
Lep protein, unfused GFP, and HA-tagged NSm of CSNV, which corresponded to the
transmembrane-, cytosolic-, and membrane-associated proteins, respectively. High-speed
ultracentrifugation was performed to separate the plant leaf lysed extract, containing the
abovementioned proteins, into pellet (P30) and supernatant (S30) fractions. Treatment
with NayCOj3 is known to render microsomes into membrane sheets, releasing soluble
luminal proteins [20], while urea treatment should release all polypeptides bound to the
membrane, except for the integral membrane proteins [21,24]. We observed that the HA-
tagged p29 and MP remained mostly associated with the P30 membranous fraction after
NapCOj3 treatment (Figure 2A, P30 78% for p29, and P30 99% for MP), suggesting that these
proteins are tightly associated with the membrane. The Lep and NSm controls remained
in the membranous fraction (Figure 2A, P30 100% Na,CO3) and the majority of the GFP
protein remained in the soluble fraction (Figure 2A, P30 79% NayCO3), as expected. After
the urea treatments and specially after the more aggressive treatment with 8 M urea, the
HA-tagged MP and Lep proteins remained in the pellet fraction (100% for both proteins),
indicating that the CiLV-C2 MP is fully integrated to cell membranes. On the other hand,
a considerable proportion of the HA-tagged p29 protein was observed to be associated
with the soluble fraction (43%) after 8 M urea treatment. Similar behavior was observed
for the CSNV NSm control (79%, 8 M) suggesting that p29 is peripherally associated with
the membrane.

To confirm the cell membrane association of the p29 and MP proteins, the P30
membrane-rich fraction was treated with Triton X-114. This treatment generated two
phases, the aqueous (AP) and organic phases (OP), in which the integral membrane pro-
teins should be portioned into the OP, meanwhile the AP should contain non-integral
membrane proteins and soluble proteins [25]. As expected for an integral membrane

208



Microorganisms 2021, 9, 418

protein, the Lep and MP were recovered from the OP (Figure 2B); meanwhile, p29 and
GFP were mostly recovered from the AP (77% for p29 and 95% for GFP). Taken together,
these findings indicate that the MP behaves as a membrane-spanning protein and the p29
is physically—but not integrally—associated with membranes.

A UREA
Lysis buffer Na,CO3 2M 4aM 8M
P30 S30 P30 S30 P30 S30 P30 S30 P30 S30

100% 0% 78% 22% 81% 19% 76% 24%  57% 43%
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28% 72% 21% 79% 11% 89% 27% 73% 25% 75% 'ﬁ
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Nsm | . - -

B

1% Triton X-114
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Q.
5% 95% 100% 0%
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O s

Figure 2. Membrane association analysis of CiLV-C2 p29 and MP proteins. (A) Segregation into
membranous and soluble fraction of p29 and MP proteins expressed in planta. All analyzed pro-
teins were expressed in Nicotiana benthamiana leaves by agroinfiltration. As controls, we used leaf
protein extracts containing free enhanced green fluorescent protein (eGFP) (non-membrane), the
hemagglutinin (HA)-tagged Lep (leader peptidase) (integral membrane), and HA-tagged NSm of
chrysanthemum stem necrosis orthotospovirus (CSNV) (peripheral membrane) proteins. The su-
pernatant from ultracentrifugation after membrane fractioning (S30) and comparable pellet (P30),
untreated or submitted to alkaline or urea (2, 4, or 8 M) treatments, were analyzed by western blot
using anti-NtGFP antibody or anti-HA antibody (Thermo Fisher Scientific). Relative quantification
values are presented. (B) Triton X-114 partitioning assay of CiLV-C2 p29 and MP. The P30 fractions
subjected to treatment with Triton X-114 were separated in aqueous (AP) and organic (OP) phases.
Equivalent amounts of fractions were analyzed by western blot. The GFP and Lep proteins were
used as controls.

3.2. The CiLV-C2 p29 and MP Have the N- and C-Termini Exposed to the Cell
Cytoplasmic Compartment

In the next step, the subcellular compartments in which the N- or C-termini of the
P29 and MP proteins are exposed were analyzed by BiFC. A. tumefaciens cultures (C58)
transformed with the constructs carrying the p29 or MP with the N-YFP or C-YFP frag-
ments were co-infiltrated with agrobacterium cultures carrying BiFC constructs containing
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the counterparts of the YFP addressed to cytosol/nucleus (N-YFPcyt and C-YFPcyt) or to
the lumen of the endoplasmic reticulum (C-YFPer and N-YFPer) in N. benthamiana leaves.
All protein pair combinations are shown in Table S2. At 4 dpi, the reconstitution of the
fluorescent-competent YFP structure was visualized. Fluorescence reconstitution was visu-
alized when the two YFP halves were co-expressed in the endoplasmic reticulum (ER) or
cytosol (positive controls: N-YFPcyt + C-YFPcyt or N-YFPer + C-YFPer; Figure 3i,ii); how-
ever, no fluorescence signals were observed when the two YFP halves were co-expressed in
different subcellular compartments (negative controls: N-YFPcyt + C-YFPer or N-YFPer
+ C-YFPcyt; Figure 3iii,iv). When p29, carrying the N-YFP fused at its N- (N-YFP-p29)
or C-terminus (p29-N-YFP), was co-expressed with the C-YFPcyt, the reconstitution of
the YFP fluorescence was observed in aggregates through the cytoplasm (Figure 3v,vi).
Cytoplasmic YFP fluorescence was observed for the MP, carrying the N-YFP fragment
fused at its N- (N-YFP-MP) or C-terminus (MP-N-YFP-MP), when co-expressed with C-
YFPcyt in N. benthamiana leaves (Figure 3ix,x). The fluorescent signal was also visualized
into the nucleus for the MP-N-YFP + C-YFPcyt combination (Figure 3ix, red arrows). No
fluorescence signal was visualized when the p29 and MP constructs were co-expressed
with the N-YFP or C-YFP fragments targeted to the ER (Figure 3vii,xi). Taken together,
these findings indicate that both the N- and C-termini of p29 and MP are exposed to the
cytoplasmic face. Furthermore, when MP is present within the nucleus, its C-terminus
is exposed to the inner nuclear membrane, corroborating the previous findings of the
cileviruses MP, to access the cell nucleus [10].

@®Cyt+ Cyt
YFP Merged ®ER+ ER @Cyt+ ER @®ER + Cyt
; - RED SOW
§ K
=
)
@]
®p29+ ER
p29@+  cyt ®p29 + Cyt p29@+ ER
w Y e ol v A, (V"') ER lumen
Cytoplasm
A p29
o
<
5 MP.+'l Cyt
5 s : ER lumen
X CMIEY
V1 Cytoplasm
(ix) . (o MP

Figure 3. Membrane association and topology of the CiLV-C2 p29 and MP proteins. Subcellular localization (cytosolic
face orER lumen) of the N- or C-termini of the CiLV-C2 p29 and MP proteins. The proteins carrying the N-terminal (e)
or C-terminal () YFP fragments fused at their N-(e /--ORFs) or C-termini (ORFs-e /) were transiently co-expressed in
N. benthamiana leaves with the corresponding complementary yellow fluorescent protein (YFP) fragment addressed to
the cytosol face (e-cyt or «-cyt) or the lumen of the ER (e-ER or --ER). Positive and negative controls are presented in the
pictures (i-iv). Images reveal the topology of the C-termini (v,ix) or N-termini (vi,x) of the respective CiLV-C2 proteins.
Negative YFP signal was observed when the CiLV-C2 p29 and MP carrying the N-YFP fragment at their N- or C-termini
were co-expressed with counterpart YFP fragment (C-YFP) addressed to the ER lumen (vii,xi). Blue and red arrows indicate
the cell cytoplasm and nucleus, respectively. Hypothetical topologic models for the p29 and MP proteins are represented
(viii,xii). HR, hydrophobic region. All images contain two pictures corresponding to the YFP signal or merged with bright
field. The fluorescence was monitored at four days post-infiltration using a confocal Zeiss LSM 780 model. Bars correspond
to 50 pm.

These results, together with the subcellular fractionation assays and prediction anal-
ysis, allowed us to propose a topological model of association of the CiLV-C2 p29 and
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MP with cell membranes. Our model posited that the p29 is peripherally associated with
the membrane, while the MP is an integral protein, whereby the full-length molecules
for both proteins are oriented towards the cytoplasmic face of the biological membrane
(Figure 3viii, xii).

The membrane coupling capacity shown for CiLV-C2 p29, also observed previously
for the CiLV-C p29, could justify the capacity of the cilevirus p29 to move along the ER
system [7], suggesting their putative involvement in the intracellular viral spread and/or
the initiation of viral replication in the newly infected cells [10].

3.3. The MPs of CiLV-C2 and CiLV-C Could Have a Similar Membrane Topology

The integral membrane-associated topology of CiLV-C2 MP with both N- and C-
termini exposed to cytosolic face suggests the presence of at least two membrane-spanning
domains. It is possible that the HR1 and HR3 strongly hydrophobic regions (HR1 AG 5.65
and HR3 AG 5.33, Figure 1) that overlap in part with the predicted transmembrane (TM)
regions could represent the two TM segments, and HR2 could be inserted peripherally
to cell membranes. In this sense, it is interesting to mention the presence of charged
residues in TM2/HR3, which are rare but can be found in membrane-spanning regions [26]
where Lys and Arg, in particular, can be accommodated by their “snorkeling” into the
lipid headgroup region [27]. Charged amino acids are also consistently located at the
TM flanking regions [26] where basic amino acids act as stronger topological signals than
acidic amino acids [28,29], but both types of charged residues are predominantly located
near the cytoplasmic end of the TM segments [26], as observed in the proposed model.
However, we did not rule out that HR2 could also be a TM segment; thus, we presented
all possible models of association of the MP with the membrane (Figure S2). In contrast
to CiLV-C2 MP membrane orientation, Leastro et al. [7] hypothesized that CiLV-C MP
could be a multi-pass membrane protein with three TM segments, exposing the N- and C-
termini to the ER-lumen and the cytosol, respectively. This hypothesis was suggested due
to the absence of YFP reconstitution signal from the CiLV-C MP N-terminus to any of the
evaluated subcellular compartments, probably due to an incompatible right orientation
of the two YFP fragments, and by the prediction of three hydrophobic domains in the
protein [7]. Given the cytoplasmic exposure of the N-terminus of CiLV-C2 MP (suggesting
the presence of two TM regions) and the partial similarity between both cileviruses MPs
(see alignment, Figure S1), it is more likely that CiLV-C MP topology behaves just like the
models proposed herein for CiLV-C2 MP.

3.4. Cilevirus MPs Are the First Members of the 30K Superfamily Showing a Transmembrane
Association Pattern

The CiLV-C2 MP belongs to the 30K superfamily [10]. This family includes MPs from
DNA and RNA viruses that show conserved motives, corresponding to seven predicted
-strands connected by putative loops with different sequence patterns and a conserved
aspartic acid residue, called the “D motif”, at the end of strand 3 [30]. Although there
is similarity between the CiLV-C2 MP topology with other 30K MPs [18,19,21,31,32], the
transmembrane association-pattern identified here is rarely noticed for members of this
family. Almost all 30K MPs have been presented as proteins peripherally associated with
the membrane [18,19,21]; the exception is the genetically related CiLV-C MP [7]. Interest-
ingly, the transmembrane association pattern observed for the MP of both cileviruses has
been noticed for viral movement factors not belonging to the 30K superfamily [14,16,20].
The open question is to understand why this model diverges from the rest of the MPs
assigned to the 30K superfamily and if this feature results or not in a biological fitness or
benefit. It is worth mentioning that, although both CiLV-C and CiLV-C2 MPs have been
proven to be functional to rescue the defective alfalfa mosaic virus (AMYV), turnip crinkle
virus (TCV), and TMV cell-to-cell movement-mutants, including the systemic transport
of AMV [10,24], the cileviruses do not move systemically in their natural or experimental
plant hosts [4]. It has been hypothesized that members of this genus evolved from an
ancestor arthropod virus that became capable of infecting plants after acquiring the move-
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ment protein from one or more plant virus(es) [4]. Although we have strong evidence that
the cileviruses systemic movement limitation is not due the functional restrictions in their
MPs [10], why cileviruses do not have the ability to move systemically within their plant
hosts remains unanswered.

4. Conclusions

The capsid protein (p29) of CiLV-C2 is peripherally associated with cell membranes
with the N- and C-termini exposed to the cytosol. The movement protein (MP) of CiLV-C2
is a transmembrane protein with the N- and C-termini exposed to the cytosol. The amino
acid sequence analysis suggested that both CiLV-C2 and CiLV-C MPs could have a similar
transmembrane topology. The cilevirus MPs are the first members of the 30K superfamily
showing a transmembrane association pattern.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2076-260
7/9/2/418/s1.
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Abstract: Cotton leaf curl Multan virus (CLCuMuV) is one of the major casual agents of cotton
leaf curl disease. Previous studies show that two indigenous whitefly species of the Bemisia tabaci
complex, Asia II 1 and Asia II 7, are able to transmit CLCuMuV, but the molecular mechanisms
underlying the transmission are poorly known. In this study, we attempted to identify the whitefly
proteins involved in CLCuMuV transmission. First, using a yeast two-hybrid system, we identified
54 candidate proteins of Asia II 1 that putatively can interact with the coat protein of CLCuMuV.
Second, we examined interactions between the CLCuMuV coat protein and several whitefly proteins,
including vacuolar protein sorting-associated protein (Vps) twenty associated 1 (Vtal). Third, using
RNA interference, we found that Vtal positively regulated CLCuMuV acquisition and transmission
by the Asia II 1 whitefly. In addition, we showed that the interaction between the CLCuMuV coat
protein and Vtal from the whitefly Middle East-Asia Minor (MEAM1), a poor vector of CLCuMuV,
was much weaker than that between Asia Il 1 Vtal and the CLCuMuV coat protein. Silencing of Vtal
in MEAMI1 did not affect the quantity of CLCuMuV acquired by the whitefly. Taken together, our
results suggest that Vtal may play an important role in the transmission of CLCuMuV by the whitefly.

Keywords: whitefly; begomovirus; Vtal; virus transmission; coat proteins

1. Introduction

Plant viruses pose considerable threats to the production of many crops in modern
agriculture [1]. The majority of plant viruses are transmitted by insect vectors (vector
borne) [2]. In the past decades, geminiviruses, a subgroup of vector-borne plant viruses,
have caused extensive epidemics in many crops, most notably in developing countries [3].
Among the nine genera in the family Geminiviridae, Begomovirus is the largest genus,
containing over 400 species [4,5]. Begomoviruses are transmitted by whiteflies of the
Bemisia tabaci complex, which comprises over 40 cryptic species, in a persistent circulative
manner [2,3,6].

So far, studies concerning whitefly transmission of begomoviruses have been mostly
conducted with tomato yellow leaf curl viruses (TYLCV). As learned from these studies,
once TYLCV is acquired by the whitefly, the virus goes through the food canal to reach the
filter chamber, from where it crosses the midgut wall and reaches the whitefly hemolymph;
the virus then infects whitefly primary salivary glands and is secreted with saliva during
feeding [7]. During this process, TYLCV hijacks clathrin-mediated endocytosis and the
endosomal network to cross the midgut barrier of the whitefly vector [8,9]. Moreover,
the coat protein (CP) of TYLCV may interact with many whitefly proteins, thereby fa-
cilitating virus transmission [3,10-12]. Two recent reviews on whitefly transmission of
begomoviruses indicate that the transmission efficiency of a given virus may vary with
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different whitefly species, and different viruses may be transmitted with disparate effi-
ciencies by a given whitefly species [3,10]. These variations indicate that the transmission
mechanisms among different whitefly-begomovirus combinations may vary, highlighting
the need for unravelling transmission mechanisms with previously unexplored whitefly
species or begomoviruses.

Cotton leaf curl Multan virus (CLCuMuV) is one of the major casual agents of cotton
leaf curl disease, one of the most significant constraints in cotton production in South
Asia [13]. CLCuMuV was the major virus causing cotton leaf curl disease in South Asia
in the 1990s and seemed to have been displaced by the Burewala strain of the cotton leaf
curl Kokhran virus (CLCuKoV-Bur) at the beginning of this century [13,14]. In recent
years, however, field surveys in India have revealed the rebound of CLCuMuV and the
association of the recombinant variants of this virus with the breakdown of resistance in
cotton [15,16]. The field surveys also indicate that in some regions in northwest India,
CLCuMuV became the dominant virus in the cotton field, a sign of displacement of
CLCuKoV-Bur by CLCuMuV [17].

Laboratory studies on the transmission of CLCuMuV by different whitefly species
show that the virus can be efficiently transmitted by Asia Il 1 and Asia II 7, two indigenous
species of whiteflies from Asia, but can be hardly transmitted by other species of whiteflies,
including MEAM1, Mediterranean (MED) and Asia 1 [18,19]. In this study, first we used
split-ubiquitin yeast two-hybrid assay to identify Asia IT 1 whitefly proteins that putatively
interact with the CP of CLCuMuV. Next, we used yeast two-hybrid and pull-down assay
to detect the interaction between CLCuMuV CP and several putative whitefly proteins,
including vacuolar protein sorting-associated protein (Vps) twenty associated 1 (Vtal).
We then used RNA interference to investigate the role of Vtal in the acquisition and
transmission of CLCuMuV by Asia II 1. In addition, we examined the function of Vtal in
MEAM]I, a poor vector of CLCuMuV, in its transmission of the virus. Our findings provide
new insights into the transmission of CLCuMuV by whiteflies.

2. Material and Methods
2.1. Plants, Insects, and Viruses

For plants, cotton (Gossypium hirsutum L. cv. Zhemian 1793 and Xinhai 21) and tobacco
(Nicotiana tabacum L. cv. NC89) were used. Plants were grown in insect-proof greenhouses
under natural lighting at controlled temperatures of 25 + 3 °C and 14 h light/10 h darkness.
Infectious clones of CLCuMuV isolate GD37 (GenBank accession number: JN968573) with
its conjugated beta-satellite (GenBank accession number: JN968574) were introduced into
3—4 true-leaf-stage tobacco plants. Next, Asia II 1 transmission was used to obtained
CLCuMuV-infected tobacco plants. Infection of plants was verified by symptom inspection
and PCR detection of the virus using primers CLCuMuV-PCR-F and CLCuMuV-PCR-R
(Table S1).

For insects, two whitefly species, namely Asia II 1 (mtCOI GenBank accession number:
DQ309077) and MEAM1 (mtCOI GenBank accession number: KM821540), were used.
Cultures of the two species were originally established from whiteflies collected from the
field and have been maintained on cotton plants (cv. Zhemian 1793). Maintenance of
whitefly cultures and all experiments were conducted in climate chambers at 26 & 2 °C,
in 14 h light/10 h darkness, and at 60-80% relative humidity. The purity of each of the
whitefly cultures was monitored every 2 months using the mtCOI PCR-RFLP technique
and sequencing, as previously reported [20]. All female adult whiteflies were within 7 days
post-emergence when used in experiments.

2.2. Yeast Two-Hybrid System

The split-ubiquitin yeast two-hybrid system (Dualsystems Biotech, Zurich, Switzer-
land) was used to identify Asia II 1 whitefly proteins that interact with the CLCuMuV
CP [11]. A cDNA library of Asia II 1 whitefly was constructed in the prey plasmid, Sfil-
digested pPR3-N, with the EasyClone cDNA library construction kit (Dualsystems Biotech,
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Zurich, Switzerland). The quality of the cDNA library was determined as per the kit
manual. The titer of the cDNA library of Asia II 1 was over 2 x 10° cfu/19.5 uL, with
an average insert size of over 1.0 kb, meeting the requirements of a standard cDNA li-
brary. The CLCuMuV CP gene was ligated into the bait plasmid pDHB1 using primers
CLCuMuV-CP-pDHB1-infusion-F and CLCuMuV-CP-pDHBI1-infusion-R (Table S1). The
recombinant plasmid pDHB1-CLCuMuV CP was introduced into yeast strain NMY51, and
the expression of the CLCuMuV CP in yeast was verified by Western blotting using anti-
TYLCV CP mouse monoclonal antibodies (mAb) (provided by Professor Xue-Ping Zhou,
Institute of Biotechnology, Zhejiang University). Next, the cDNA library was introduced
into yeast cells containing the pDHB1-CLCuMuV CP. Yeast clones were selected on triple
dropout (TDO) medium (S.D./-His/-Leu/-Trp) containing 2.5 mM of 3-aminotriazole
(3-AT). The yeast cells were then resuspended in 0.9% NaCl solution (to OD600 = 1.0)
and later restreaked on quadruple dropout (QDO) medium (S.D./-Ade/-His/-Leu/-Trp)
containing 2.5 mM of 3-AT to verify interactions. In addition, a yeast beta-Gal assay kit
(Thermo Scientific, Waltham, MA, USA) was used to examine the interactions by detecting
beta-galactosidase activity in yeast clones. Finally, plasmids were recovered from yeast and
transformed into Escherichia. coli strain DH5«x and then sequenced.

For the verification of interaction, plasmids recovered from yeast clones were trans-
formed into yeast cells containing the pDHB1-CLCuMuV CP using the method described
above. The full length of whitefly genes was cloned into the plasmid pPR3-N with
primers Vtal-pPR3-N-infusion-F, Vtal-pPR3-N-infusion-R, pPR3-N-infusion-F, and pPR3-
N-infusion-R (Table S1) and analyzed using procedures as described above.

2.3. Bioinformatics Analysis

The whitefly genes whose coding proteins were verified to interact with the CLCu-
MuV CP were annotated using BLAST (http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi).
Gene Ontology (GO) enrichment analysis was then performed using the OmicShare tools
(http:/ /www.omicshare.com/tools).

2.4. Cloning of Vtal in Asia I 1 and MEAM1

The predicted full length of MEAM1 Vtal was found on the NCBI database (Genbank
accession code: LOC109029924). Therefore, we cloned MEAM1 Vtal and submitted it to
the NCBI database under accession number NW380743. The full length of Vtal in the Asia
II 1 whitefly was amplified by the SMARTer RACE 5’ /3’ kit (Clontech, Kyoto Japan), as per
the manufacturer’s protocol, with primers 5’ race-Vtal, 5’ race-Vtal, and 3’ race-Vtal-CS1
(Table S1). Total RNAs extracted from the Asia II 1 whitefly using TRIzol reagent (Ambion,
Waltham, MA, USA) were used in RACE. Next, Asia Il 1 Vtal was cloned and submitted to
the NCBI database under accession number MW346674.

2.5. Pull-Down Assay

The full length of the CLCuMuV CP gene was cloned into pGEX-6p-1 for fusion with
glutathione S-transferase (GST) using primers CLCuMuV-CP-pGEX-6p-1-F and CLCuMuV-
CP-pGEX-6p-1-R (Table S1). The full length of Vtal was cloned into pMAL-c5x for fusion
with maltose-binding protein (MBP) using primers Vtal-pMAL-c5x-F and Vtal-pMAL-c5x-
R (Table S1). Recombinant proteins were expressed in E. coli strain BL21. After purification,
the GST-CLCuMuV CP and GST (control) were allowed to bind to glutathione agarose
beads (GE Healthcare, Boston, MA, USA) for 2 h at 4 °C. The beads were then washed
and incubated with MBP-Vtal or MBP (control) at 4 °C for 4 h. Next, the beads were
washed and boiled, and the bead-bound proteins were separated using SDS-PAGE and
detected using Western blotting with anti-MBP rabbit polyclonal antibodies (pAb) (Abcam,
Cambridge, UK).
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2.6. Double Strand RNA (DsRNA) Synthesis and Membrane Feeding

DNA templates for dsRNA synthesis were amplified by PCR using primers with the T7
promoter at both ends, namely Vtal (Asia Il 1)-T7-F, Vtal (Asia Il 1)-T7-R, Vtal (MEAM1)-
T7-F, and Vtal (MEAM1)-T7-R (Table S1). DsRNA synthesis was conducted with a T7
high-yield RNA transcription kit (Vazyme, Nanjing, China). Next, dsSRNA was purified,
and the quality and concentration were determined using agarose gel electrophoresis and
Nanodrop (Thermo Fisher, Waltham, MA, USA). For membrane feeding, dsRNA-targeting
Vtal or GFP (control) was added to 15% sucrose solution to make the final concentration
200 ng/uL. Whiteflies were collected and released into artificial diet feeding chambers, as
described before [8]. The duration of membrane feeding was 48 h.

2.7. Analysis of Gene Expression Level

Total RNAs of the whitefly were extracted using TRIzol reagent as per the manufac-
turer’s instructions. cDNA was synthesized from 1 ug of RNA using the PrimeScript RT
reagent kit (Takara, Kyoto, Japan). qPCR was performed on the CFX96™ Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA) with SYBR Premix Ex Taq II (TaKaRa,
Kyoto, Japan). Primers 3-actin-qPCR-F and 3-actin-qPCR-R were used as internal controls.
Vtal (Asia II 1)-qPCR-F and Vtal (Asia II 1)-qPCR-R were used for Asia Il 1 Vtal, and Vtal
(MEAM1)-qPCR-F and Vtal (MEAM1)-qPCR-R were used for MEAM1 Vtal. All primes
are listed in Table S1.

2.8. Virus Acquisition and Quantification of CLCuMuV in the Whitefly

For virus acquisition, whiteflies were collected and allowed to feed on CLCuMuV-
infected tobacco plants. Forty-eight hours later, virus quantification was performed. For
the whitefly whole body, whitefly adults were collected as groups of 15 and lysed in lysis
buffer (50 mM KCl, 10 mM Tris, 0.45% Tween 20, 0.2% gelatin, 0.45% NP40, 60 mg/mL
proteinase K, with pH 8.4). As for organs, 4 midguts or primary salivary glands were
collected as one sample, and hemolymph from 4 whiteflies was treated as one sample. The
collection and preparation of whitefly organs were conducted, as described before [18].
qPCR was conducted, as described above, with primers -actin-qPCR-E, 3-actin-qPCR-R,
CLCuMuV-qPCR-F, and CLCuMuV-qPCR-R (Table S1).

2.9. Virus Transmission

Plants of tobacco (cv. NC89) and cotton (cv. Xinhai 21) were used. When tobacco
plants were used, female adult whiteflies that had fed on virus-infected plants for 48 h
were collected as groups of 10 and then transferred to be placed on a 3—4 true-leaf-stage
tobacco seedling using clip cages [21] to feed for 48 h. Three replicates were conducted,
with each containing 6-10 plants. The whiteflies were then removed, and the plants were
sprayed with imidacloprid (20 mg/L) to kill all the eggs. The infection status of test plants
was examined by symptom inspection and PCR detection of viral DNAs, as described
above, 30 days post-inoculation.

When cotton plants were used, female adult whiteflies that had fed on virus-infected
plants for 72 h were collected as groups of 10 and then transferred to feed on a 1-2 true-leaf-
stage cotton seedling (enclosed in leaf-clip cages) for 72 h. Three replicates were conducted,
with each containing 6-10 plants of both tobacco and cotton. After that, observations were
conducted using the same procedure as that for tobacco except that the infection status of
the plants was conducted 70 days post-inoculation.

2.10. Statistical Analysis

All qPCR data were calculated using 2~ =% as normalized to whitefly actin. For the
comparison of gene expression level and quantity of viruses, an independent ¢-test was
used. For the comparison of transmission efficiency, percentage data were arcsine-square-
root-transformed for statistical analysis using an independent {-test and back-transformed
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for presentation. All statistical analyses were conducted using SPSS 20.0 Statistics (IBM,
Armonk, NY, USA) and Microsoft Excel (version 2016, Microsoft, Redmond, WA, USA).

3. Results
3.1. Identification of Asia II 1 Whitefly Proteins That Interact with the CLCuMuV CP

We used the split-ubiquitin yeast two-hybrid system to identify proteins in the Asia
II 1 whitefly that potentially interact with the CLCuMuV CP. The expression of the bait
plasmid pDHB1-CLCuMuV CP in yeast was verified using Western blotting (Figure S1),
showing the functionality of the bait plasmid pDHB1-CLCuMuV CP. After screening of the
Asia II 1 whitefly cDNA library using this yeast two-hybrid system, more than 300 positive
clones were isolated and the sequencing results indicated that plasmids in these positive
clones encode 200 unique proteins. To examine the interactions between the CLCuMuV CP
and whitefly proteins encoded by the plasmids recovered from positive clones, we chose
70 proteins to examine their interaction with the CLCuMuV CP using the yeast two-hybrid
system. Of these proteins, 54 were found to interact with the CLCuMuV CP. A BLAST
search of the NCBI database was then conducted for the 54 proteins, and the names of the
protein sequences that share the highest homology were obtained (Table 1).

Table 1. List of Asia Il 1 proteins that putatively interact with the CLCuMuV CP as identified by the yeast two-hybrid system.

No. Accession Protein Name

1 XP_018912286.1 gelsolin-related protein of 125 kDa-like

2 XP_018897713.1 complement component 1 Q subcomponent-binding protein, mitochondrial isoform X2

3 XP_018906592.1 aquaporin AQPcic-like

4 XP_018902985.1 dnaJ homolog subfamily C member 7

5 XP_018896724.1 myosin regulatory light chain 2

6 XP_018913048.1 transmembrane protein 189

7 XP_018912886.1 biogenesis of lysosome-related organelles complex 1 subunit 5 isoform X4

8 XP_018902682.1 tubulin beta-1 chain

9 XP_018908832.1 vesicle-associated membrane protein 7 isoform X1

10 XP_018909667.1 ugar transporter SWEET1-like

11 XP_018905417.1 ornithine decarboxylase antizyme 1

12 XP_018903031.1 calmodulin isoform X1

13 XP_018896738.1 protein lifeguard 4-like

14 XP_018906525.1 hsp70-Hsp90 organizing protein 3-like

15 XP_018917594.1 glycosylphosphatidylinositol anchor attachment 1 protein

16 XP_018899531.1 vesicle-trafficking protein SEC22b

17 XP_018898178.1 chloride intracellular channel exc-4

18 XP_018901458.1 thioredoxin-2-like

19 XP_018911715.1 matrix metalloproteinase-14 isoform X1

20 XP_018905472.1 microtubule-associated protein futsch-like

21 XP_018899425.1 CD9 antigen

22 XP_018902269.1 protein YIPF6

23 XP_018917580.1 transport and Golgi organization protein 11 isoform X1

24 XP_018911339.1 translocation protein SEC62

25 XP_018900653.1 heat shock 70 kDa protein cognate 3

26 ADG03467.1 heat shock protein 20

27 XP_018903943.1 FAS-associated factor 1

28 XP_018914247.1 calcium-transporting ATPase sarcoplasmic/endoplasmic reticulum type isoform X1
29 XP_018910594.1 ABC transporter G family member 20-like

30 XP_018911729.1 dna] homolog subfamily C member 25-like

31 XP_018908958.1 heat shock 70 kDa protein cognate 4

32 XP_018903618.1 phosphate carrier protein, mitochondrial-like

33 XP_018907161.1 transmembrane protein 104 homolog

34 XP_018907534.1 elongation factor Tu-like

35 XP_018902665.1 vesicle transport through interaction with t-SNAREs homolog 1A
36 XP_018904067.1 vesicle-associated membrane protein 2-like isoform X1

37 XP_018908256.1 probable RNA polymerase II nuclear localization protein SLC7A60S
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Table 1. Cont.

No. Accession Protein Name
vacuolar protein sorting-associated protein vacuolar protein sorting-associated protein (Vps)
38 XP_018896173.1 twenty associated 1 homolog
39 XP_018898014.1 calreticulin
40 XP_018918053.1 microtubule-associated protein RP/EB family member 1-like
41 XP_018896547.1 protein jagunal
42 XP_018901184.1 nucleolar GTP-binding protein 2
43 XP_018901406.1 splicing factor 45
44 XP_018913448.1 ras-related protein Rab6
45 XP_018897712.1 complement component 1 Q subcomponent-binding protein, mitochondrial isoform X1
46 XP_018908611.1 uncharacterized protein LOC109038112
47 XP_018911543.1 uncharacterized protein LOC109040175
48 XP_018910467.1 uncharacterized protein LOC109039442 isoform X2
49 XP_018916418.1 uncharacterized protein LOC109043611
50 XP_018906808.1 uncharacterized protein LOC109036858
51 XP_018897050.1 uncharacterized protein LOC109030509
52 XP_018910780.1 uncharacterized protein LOC109039648
53 XP_018905235.1 uncharacterized protein LOC109035881
54 XP_018908284.1 uncharacterized protein LOC109037882
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3.2. Bioinformatics Analysis of Whitefly Proteins That Interact with the CLCuMuV CP

Using GO analysis, the whitefly proteins that putatively interact with the CLCuMuV
CP were assigned to 13 biological processes (BPs) or seven molecular functions (MFs)
or two cellular components (CCs) (Figure 1). Specifically, of the 13 BPs, cellular process
contained the majority of proteins (19). Further analysis of these proteins indicated that
some proteins can be further classified into vesicle-mediated transport (GO: 0016192),
including calmodulin (CALM), vesicle transport protein SEC22 (SEC22), vacuolar protein
sorting-associated protein (Vps) twenty associated 1 (Vtal), Ras-related protein Rab-6A
(RAB6A), and vesicle-associated membrane protein 7 (VAMP?).
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Figure 1. Gene Ontology (GO) analysis of the 54 Asia II 1 whitefly proteins that putatively interact with the CLCuMuV CP,
as indicated by the yeast two-hybrid system. Different colors represent different GO categories (BP: biological process; MF:
molecular function; CC: cellular components). GO annotation was conducted using Blast2GO software, and the figure was
generated using OmicShare tools (http:/ /www.omicshare.com/tools).

3.3. Verification of Interaction Using Yeast Two-Hybrid and Pull-Down Systems

For verification of the interaction between the CLCuMuV CP and prey proteins, we
selected the five proteins in the GO category vesicle-mediated transport (GO:0016192) for
further analysis using the yeast two-hybrid system. The full-length open reading frames
of the five genes were amplified and ligated into pPR3-N, and then these prey plasmids
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and the bait plasmid pDHB1-CLCuMuV CP were co-transformed into yeast cells. Among
the five proteins, the full lengths of calmodulin (CALM), vesicle transport protein SEC22
(SEC22), and vacuolar protein sorting-associated protein (Vps) twenty associated 1 (Vtal)
were found to interact with the CLCuMuV CP (Figure 2A). Since Vtal has been reported
to regulate virus-host interactions, we subjected it to further analysis [22,23]. Analysis of
beta-gal activity confirmed the interaction between Vtal and the CLCuMuV CP (Figure 2B).
And in the pull-down assay, when the fusion protein GST-CLCuMuV CP was used as a
bait protein and the fusion protein MBP-Vtal used as the prey protein, the prey protein
could co-elute with the GST-fused CLCuMuV CP (Figure 2C). These results suggest that
Vtal from Asia II 1 whitefly can interact with the CLCuMuV CP both in vivo and in vitro.

A B

CLCuMuV

control 1 control 2 control CP+Vtal

Positive Positive Negative CLCuMuV
control 1 control 2 control CP+SEC22

GST - - + + = -
B GST-CLCuMuV CP- - - - + +
» & MBP £« = LI LS
MBP-Vta1 = & = -+ = &
r -
Positive Positive Negative CLCuMuV
control 1 control 2 control CP+CALM
= & A GST-CLCuMuV CP e

GST  ——

Figure 2. Verification of interaction between the CLCuMuV CP and whitefly proteins. The interaction
between the full length of calmodulin (CALM), vesicle transport protein SEC22 (SEC22), and vacuolar
protein sorting-associated protein (Vps) twenty associated 1 (Vtal) with the CLCuMuV CP in yeast
(A). Positive control 1: pDHB1-CLCuMV-CP+pOst1-Nubl; positive control 2: pDHB1-large T+pDSL-
p53; negative control: pPDHB1-CLCuMV-CP+pPR3-N. Beta-gal activity in yeast cells (B). Pull-down
assay between CLCuMuV CP and Vtal (C).

3.4. Functional Characterization of Vtal in Asia II 1 Transmission of CLCuMuV

To examine the function of Vtal, Asia II 1 whiteflies were fed with Vtal dsRNA.
Following dsRNA feeding, the expression of Vtal in whiteflies was down-regulated by
27.4% as compared to controls (Figure 3A). Next, the whiteflies were transferred to feed
on CLCuMuV-infected tobacco plants for 48 h for virus acquisition. Knockdown of Vtal
resulted in a significant decrease in the relative virus quantity in the whiteflies” whole
body, midgut, and hemolymph but did not cause a significant change in the relative
virus quantity in primary salivary glands (Figure 3B). Further, transmission trails were
performed. When tobacco plants were used as test plants, knockdown of Vtal resulted in a
significant decrease in CLCuMuV transmission, as shown by percentages of plants with
viral symptoms but not by viral detection using PCR (Figure 4A,B). Similar results were
found when cotton plants were used as test plants (Figure 4C,D). These results suggest that
Vtal plays an important role in CLCuMuV acquisition and transmission by Asia IT 1.
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Figure 4. Effects of Vtal knockdown on CLCuMuV transmission by Asia II 1. Whiteflies that had
acquired CLCuMuV were collected and transferred to feed on tobacco (A,B) or cotton (C,D). On each
of the two test plants, 3 replicates were conducted for both dsGFP and dsVtal, with each replicate
containing 6-10 plants. * stands for significant difference (independent t-test, p < 0.05).

3.5. The Role of Vtal in CLCuMuV Transmission by MEAM1

Asia II 1 was able to readily transmit CLCuMuV, while MEAMI1 can only transmit
this virus with very low efficiency [18]. To explore whether Vtal plays a role in CLCuMuV
transmission by MEAM1, we first compared the amino acid sequence of MEAMI1 Vtal
with that of Asia II 1 Vtal and found that six amino acids are different between the two
Vtals (Figure 5). The yeast two-hybrid system was then used to compare Asia II 1 Vtal and
MEAMI Vtal in interaction with the CLCuMuV CP. Yeast cells were resuspended to certain
ODs and then cultured on quadruple dropout medium (SD/-Leu/-Trp/-His/-Ade) con-
taining 2.5 mM of 3-AT. When OD600 was 1.0, yeast cells containing the pDHB1-CLCuMuV
CP and pPR3-N-MEAM1 Vtal did not grow, but cells containing pDHB1-CLCuMuV CP
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and pPR3-N-Asia II 1 Vtal grew to noticeable colonies. To further determine whether there
is any detectable interaction between the CLCuMuV CP and MEAMI1 Vtal, we adjusted
OD600 to 2.0. Under this condition, yeast cells containing the pDHB1-CLCuMuV CP and
pPR3-N-MEAM]1 Vtal grew to colonies, but they were much smaller than those containing
the pDHB1-CLCuMuV CP and pPR3-N-Asia I 1 Vtal (Figure 6A). Analysis of beta-gal
activity in yeast cells containing different combination of plasmids revealed that the inter-
action between MEAM]1 Vtal and the CLCuMuV CP was very weak, if any, as judged by
the unappreciable yellow color in the solution (Figure 6B). Knockdown of MEAM1 Vtal
resulted in significant down-regulation of the Vtal expression level by 44.4% (Figure 6C).
Following virus acquisition, knockdown of Vtal did not change the quantity of CLCuMuV
acquired by MEAMI1 in two independent experiments (Figure 6D). These results suggest
that Vtal plays a minor, if any, role in CLCuMuV transmission by the MEAM1 whitefly.
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Figure 5. Comparison of amino acid sequences of Asia Il 1 Vtal and MEAM1 Vtal. Alignments were performed using
DNAMAN. Dark blue indicates consensus in amino acids between the two sequences, and light blue or white indicates

divergence in amino acids.
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Figure 6. The role of Vtal in CLCuMuV transmission by MEAM1. The yeast two-hybrid assay was
performed to compare the affinity of the CLCuMuV CP to Asia Il 1 Vtal and MEAM1 Vtal. Yeast
cells containing different combination of plasmids were resuspended to OD600 being 1.0 and 2.0
and then cultured on quadruple dropout medium containing 2.5 mM of 3-AT (A). Positive control 1:
pDHB1-CLCuMV-CP+pOst1-Nubl; positive control 2: pDHB1-large T+pDSL-p53; negative control:
pDHB1-CLCuMV-CP+pPR3-N. Yeast beta-gal assay kit was used to examine the interactions (B).
Further, knockdown of MEAM1 Vtal was performed, and the whiteflies were then set to acquire
CLCuMuV for 48 h. MEAM1 Vtal expression level (1 = 4 for dsGFP or dsVtal) (C), and quantity
of CLCuMuV in whitefly whole body in two experiments (n = 4-5 for dsGFP or dsVtal in each
experiment) (D). * stands for significant difference (independent t-test, p < 0.05 for C,D).
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4. Discussion

In this study, using the yeast two-hybrid system, we identified 54 candidate Asia
II 1 proteins that putatively interact with the CLCuMuV CP (Table 1). GO enrichment
analysis showed that these proteins may be responsible for 13 different biological processes
(Figure 1). Based on the molecular function of the identified proteins, we selected five
proteins to verify their interactions with the CLCuMuV CP using the yeast two-hybrid
system and confirmed the interaction of Vtal with the CLCuMuV CP using the GST pull-
down assay (Figure 2). Next, we found that RNA interference of Vtal in Asia I 1 reduced
the virus quantity in the whitefly and the efficiency of virus transmission (Figures 3 and 4).
It should be noted that decreases in virus quantity were significant in the whitefly midgut
and hemolymph but not in primary salivary glands upon Vtal silencing (Figure 3). This
might be due to the fact that the silencing efficiency of Vtal is lower in primary salivary
glands than that in the midgut and hemolymph. Moreover, knockdown of Vtal in Asia
II 1 results in significant decreases in the virus transmission efficiency, as indicated by
symptom inspection, but the decrease is not significant when examined by PCR (Figure 4).
The possible reason for the discrepancy is that PCR is very sensitive, so it may amplify even
trace amounts of viral DNAs in whitefly-inoculated plants. However, symptom appearance
requires the accumulation of a substantial amount of viruses, which is a better indicator
of successful inoculation. In addition, we showed that MEAM1 Vtal, the sequence of
which is slightly different from that of Asia IT 1 Vtal, exhibited much lower affinity to the
CLCuMuV CP than Asia II 1 Vtal, and RNA interference of MEAM1 Vtal did not affect
the quantity of virus acquired by MEAMI (Figures 5 and 6).

In eukaryotic cells, Vtal functions as a cofactor of vacuolar protein sorting 4 (Vps4) by
impacting its oligomerization, thereby regulating the activity of Vps4 to modulate endo-
somal sorting complexes required for transport (ESCRT) [24]. ESCRTs include ESCRT-0,
ESCRT-I, ESCRT-II, and ESCRT-III and are involved in regulating the function of multivesic-
ular bodies, which are an endosomal-membrane-trafficking and protein-sorting station [25].
In the context of virus—host or virus—vector interactions, the role of Vtal is little known.
The mammalian homologue of Vtal, LIP5, positively regulates the budding of human
immunodeficiency virus type 1 in human cells [23]. In addition, deletion of MIT domains
of Spodoptera frugiperda Vtal reduces the replication of Autographa californica multiple nucle-
opolyhedrovirus [22]. In this study, we found that Vtal positively regulates CLCuMuV
transport across the midgut of Asia II 1 whiteflies following viral acquisition, as well as the
efficiency of virus transmission. This may be due to the fact that Vtal affects the ESCRT
machinery via its action on Vps4, and the ESCRT machinery regulates vesicle trafficking,
which has been shown to regulate whitefly transmission of begomoviruses [8,9]. Further,
our recent findings show that the early endosome plays an important role in begomoviruses
intracellular transport and an endocytic receptor can regulate vesicle transport of bego-
moviruses in whitefly midgut cells [9,12]. These results suggest that endosomal trafficking
is important for the transport of both CLCuMuV and TYLCV across epithelial cells in the
whitefly midgut. However, the unambiguous dissection of the role of endosomes and Vtal
in Asia II 1 transmission of CLCuMuV warrants further investigations.

For a given begomovirus, different whitefly species may transmit with disparate
efficiencies [3,10]. Case studies have shown that this can be attributed to the differential
capacity of the virus to cross barriers within the body of different whitefly species [18,26,27].
For example, the relatively high and low efficiencies in transmitting CLCuMuV by Asia II 1
and MEAM1 were found to be associated with the relatively high and low efficiencies of the
virus to cross the midgut wall of the two species of whiteflies [18]. Here, we found that Vtal
from Asia II 1 positively regulates CLCuMuV transport across the midgut and transmission,
and MEAM]1 Vtal does not seem to play a role in CLCuMuV transmission. Additionally,
Asia IT 1 Vtal displays a stronger affinity to the CLCuMuV CP than MEAM1 Vtal. Hence,
we propose that Vtal may be a significant factor in determining the disparate efficiencies of
CLCuMuV transmission by Asia I 1 and MEAM]1, possibly through its different functions
in facilitating the virus to cross physiological barriers such as the midgut in the vector body.
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Interestingly, a comparison of the amino acid sequences of MEAM1 Vtal and Asia IT 1 Vtal
showed that they differ in only six amino acids. The divergence at the six amino acids may
directly contribute to the differential transmission of CLCuMuV by MEAM1 and Asia II 1.
Of course, more empirical studies are needed to verify this hypothesis.

In summary, we identified 54 proteins from the Asia II 1 whitefly that putatively
interact with the CLCuMuV CP. We showed that Asia Il 1 Vtal positively regulates the
acquisition and transmission of CLCuMuV by the Asia II 1 whitefly. We further found
that Vtal from MEAM]I, a poor vector of CLCuMuV, interacts with the CLCuMuV CP
weakly and does not seem to play a role in CLCuMuV transmission by this whitefly.
Taken together, our findings indicate that the protein Vtal may be an important factor in
determining the efficiency of CLCuMuV transmission by a given species of whitefly, and
provide new insight into the interaction between single strand DNA (ssDNA) viruses and
their insect vectors.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076
-2607/9/2/304/s1, Figure S1: The expression of pDHB1-CLCuMuV CP in yeast. Expression of
CLCuMuV CP bait fusion protein was detected by western blot using anti-TYLCV CP antibodies;
Table S1: Primers used in this study.
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Abstract: Southern tomato virus (STV) is a persistent virus that was, at the beginning, associated
with some tomato fruit disorders. Subsequent studies showed that the virus did not induce apparent
symptoms in single infections. Accordingly, the reported symptoms could be induced by the
interaction of STV with other viruses, which frequently infect tomato. Here, we studied the effect
of STV in co- and triple-infections with Cucumber mosaic virus (CMV) and Pepino mosaic virus
(PepMYV). Our results showed complex interactions among these viruses. Co-infections leaded to
a synergism between STV and CMV or PepMV: STV increased CMV titer and plant symptoms at
early infection stages, whereas PepMV only exacerbated the plant symptoms. CMV and PepMV co-
infection showed an antagonistic interaction with a strong decrease of CMV titer and a modification
of the plant symptoms with respect to the single infections. However, the presence of STV in a
triple-infection abolished this antagonism, restoring the CMV titer and plant symptoms. The siRNAs
analysis showed a total of 78 miRNAs, with 47 corresponding to novel miRNAs in tomato, which
were expressed differentially in the plants that were infected with these viruses with respect to
the control mock-inoculated plants. These miRNAs were involved in the regulation of important
functions and their number and expression level varied, depending on the virus combination. The
number of vsiRNAs in STV single-infected tomato plants was very small, but STV vsiRNAs increased
with the presence of CMV and PepMV. Additionally, the rates of CMV and PepMV vsiRNAs varied
depending on the virus combination. The frequencies of vsiRNAs in the viral genomes were not
uniform, but they were not influenced by other viruses.

Keywords: persistent virus; Amalgaviridae; synergism; antagonism; vsiRNAs; miRNAs; mixed-
infections

1. Introduction

Southern tomato, Pepino mosaic, and Cucumber mosaic viruses (STV, PepMV, and
CMYV, respectively) infect tomato (Solanum lycopersicum) crops worldwide. CMV and
PepMYV are two pathogenic or acute viruses that are responsible for important economic
losses [1,2]. STV is a persistent double-stranded RNA (dsRNA) virus belonging to the
genus Amalgavirus (family Amalgaviridae), whose genome is 3.5 kb in length, which contains
two overlapping open reading frames (ORFs): ORF 1 encodes for the 42 kDa putative coat
protein (CP or p42) and ORF 2 encodes for the RNA-dependent RNA-polymerase (RdRp)
by +1 ribosomal frameshifting [3,4]. STV is only transmitted by seed, with rates up to
80% and no viral particles have been detected until now [3,5,6]. High virus incidence has
recently been reported in two important Spanish tomato producer areas, such as the Gran
Canarias and Valencian Community [5,7]. Despite that STV was first associated with some
fruit symptoms, such as lack of maturation and color alterations, it was recently shown that
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the virus is not responsible of any apparent plant symptom in tomato plants infect by only
STV [5,6]. Hence, the reported symptoms could be induced by other pathogenic or acute
viruses, such as PepMV, CMV, or Tomato mosaic virus (ToMV), which frequently appear in
mixed infection with STV in tomato crops or by interaction of STV with other viruses [8,9].

PepMV is a (+) polarity single stranded RNA (ssRNA+) virus belonging to the genus
Potexvirus (family Flexiviridae) whose genome is 6.4 kb in length and contains five ORFs:
ORF 1 encodes for the RdRp, ORF 2, 3, and 4 for the triple gene block proteins (TGB),
involved in virus movement, and ORF 5 for the CP [10-12]. PepMV induces symptoms of
leaf mosaic and alteration of fruit color and maturation, but the symptom severity depends
on several factors, such as the virus strain and crop conditions. PepMYV is transmitted
by contact and by seed with very low rates up to 0.06% [13,14]. No commercial tomato
varieties with natural resistances against PepMV are available, so disease control has only
been achieved by cross protection with mild PepMYV strains [15,16].

CMV is a tripartite ssRNA+ virus that belongs to the genus Cucumovirus (family
Bromoviridae): RNA 1 is 3.4 kb in length that contains the ORF 1a encoding a RdRp subunit;
RNA 2 is 3.1 kb in length and contains the overlapping ORFs 2a y 2b, encoding the other
RdRp subunit and the RNA silencing suppressor (VSR) 2b protein; RNA 3is 2.2 kb in length
and it contains the two separated ORFs 3a and 3b encoding for the cell-to-cell movement
protein and CP, respectively [17]. CMV infects a broad spectrum of plants species (more
than 1200 plant species in 100 families), including tomato and pepper (Capsicum annuum)
and the main way of virus transmission is by aphids in a semi-persistent manner. Symptoms
that are induced by CMV depend on the host species and the presence of RNA satellite
molecules: in tomato, the most common symptoms induced by CMV are plant stunting,
mosaic, and leaf deformation, but the presence of the CARNA-5 satellite enhances the
disease severity, inducing leaf and fruit necrosis and plant death [18,19]. There are no
commercial tomato varieties with natural resistances against CMV, and the only manner to
minimize the CMV impact is by controlling the aphid populations into the crops.

When plants are infected by RNA viruses, viral dsSRNAs (generated during virus repli-
cation) activate the post transcriptional gene silencing (PTGS), a plant defense mechanism
that produces the degradation of invasive RNAs in small molecules of 21-24 nt (Virus
small interfering RNAs, vsiRNAs). PTGS is also involved in the degradation of highly
structured plant mRNA rendering micro RNAs (miRNAs), which are small RNA molecules
that are equivalent in length to vsiRNAs. miRNAs are involved in the regulation of gene
expression in many crucial plant processes, such as development, reproduction, and stress.
The modification of the miRNA expression level could lead to disease development [20,21].
In addition, vsiRNAs that are derived from viruses could mimic plant miRNAs by sequence
homology targeting and regulating post-transcriptionally some host genes [22,23]. In the
case of persistent viruses, the information about the effect of viral infection regarding on
both vsiRNA and miRNAs populations is scarce. The low production of vsiRNAs in plants
infected with STV has recently been reported, but the virus can modify the populations of
some miRNAs in tomato plants [6].

Mixed-infections with two or more plant viruses are frequent in fields and they can
interact in multiple and complicate ways [24]. The interaction can be synergistic, increasing
the replication of at least one of the viruses and/or enhancing symptoms. Synergistic
interactions are known to be predominantly produced by unrelated viruses that infect
the same host cells. The mechanism underlying the synergistic relationships are not
well determined, but numerous viral and /or host products might be involved. The best
characterized are those involving potyviruses (genus Potyvirus, family Potyviridae) as
one of the viral partners. In this case, potyviral VSRs are involved in the increase of
multiplication and plant symptom enhancing of other viral partner [25,26]. In the opposite
site, antagonistic interactions between closely viruses (cross protection or mutual exclusion)
may occur. In the cross protection, a previous infection with one (protecting) virus prevents
or interferes with the subsequent infection by other homologous (challenging) virus [16,27]
whereas, in the mutual exclusion, two or more viruses infect simultaneously a plant. Several
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mechanisms have been proposed for the cross protection phenomenon, such as the CP
of the protecting virus can prevent the CP disassembly of the challenging virus, which is
necessary for infection or the sequence-specific degradation of the challenging virus RNA
as consequence of PTGS activation by the protecting virus [28,29]. The mechanism for
mutual exclusion is still obscure, but it has been proposed that a plant might be considered
to be an environment structured spatially for plant virus infections, and cells could only
become infected by only one virus [30].

The number of studies on viruses in mixed infection has increased lately, providing
valuable knowledge that may be useful in controlling complex diseases. However, infor-
mation regarding interactions between persistent and acute viruses in is very scarce. In
this work, we studied the interactions of the persistent STV and the acute PepMV and
CMYV in tomato. Plant symptoms, virus RNA accumulation, and miRNA and vsiRNA
accumulation were assessed in single, double, and triple infections.

2. Materials and Methods
2.1. Plant Material, Virus Infection Assay and Sample Preparation

Tomato seedlings var. Roque were analyzed by RT-qPCR to determinate the presence
and/or absence of STV [5]. The absence of ToMV and PepMYV, the main tomato seed-
borne viruses, was assessed by conventional RT-PCR and RT-qPCR, respectively [31,32].
PepMYV and CMV isolates (kindly provided by Drs. A. Alfaro and M.I. Font) were collected
in tomato fields from Southern Spain in 2015 and 2016, respectively, and maintained in
Nicotiana benthamiana plants. To exclude possible mixed infections with other viruses, the
plants that were infected with these CMV and PepMYV isolates were tested by ELISA for
the most common viruses infecting tomato in the collection region, such as CMV, ToMV,
Tomato spotted wilt virus (TSWV), and Parietaria mottle virus (PMoV) [33-37].

Mechanical inoculation was performed by the homogenization of 1 g of CMV or
PepMV infected N. benthamiana plants in inoculation buffer (0.01M Na,HPO; and 0.01M
Nap;HPOy, pH 7.2) and rub-inoculation by using carborundum in the two first tomato (var.
Roque) true leaf [38]. For double infection with CMV and PepMYV, the tomato plants were
mechanically inoculated with an equivalent mix (w/w) of N. benthamiana plants infected
with each virus. The assay consisted of a total of 71 tomato plants with the following virus
combinations: five, eight, and 10 plants were single-infected with PepMV, CMV, and STV,
respectively; 10 plants were co-infected with STV and PepMYV, 10 were co-infected with STV
and CMYV, and eight were co-infected with CMV and PepMYV, and, finally, 10 plants were
triple-infected with STV, CMV, and PepMV. As control, 10 plants were mock-inoculated
by using only the inoculation buffer. Because STV is not a mechanically transmitted
virus, tomato plants that tested positive for STV by RT-qPCR were used as STV-single
infected plants or were inoculated with CMV and/or PepMYV to obtain the corresponding
co- or triple-infections. Tomato plants were kept in a greenhouse with ventilation and the
presence and accumulation of STV, CMV, and PepMV was evaluated by RT-qPCR at five,
10, 15, and 20 days post inoculation (dpi). Plant symptoms consisting in leaf deformation
and mosaic were recorded in this period. A scale of symptom severity was established
scoring from 0 to 3, where 0 corresponded to no symptomless, and 1, 2, and 3 to mild,
moderate, and severe symptoms, respectively (Figure 1). Plant height and weight were
measured at the end of the experiment (20 dpi).
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Figure 1. Mosaic and deformation leaf symptoms showed by tomato plants infected with Southern
tomato, Pepino mosaic, and Cucumber mosaic viruses (STV, PepMV, and CMYV, respectively) in single
and mixed infections. Symptoms were considered as mild, moderate or severe (Panels B, C, and
D, respectively). The right part of (Panel D) shows a strong leaf deformation in the plant shoots
in tomato plants with severe symptoms. Panel A shows a symptomless leaf corresponding to a
mock-inoculated tomato plant. (Panel E) shows three tomato leaves showing mild, moderate, or
severe symptoms (from left to the right).

For sample preparation, 0.1 g of apical leaves were ground in a power homogenizer
TissueLyser (Qiagen, Germany) with liquid nitrogen. The total RNA was extracted by
using a phenol:chloroform:isoamyl alcohol standard protocol followed by ethanol precipi-
tation [39].

2.2. Conventional RT-PCR and RT-gPCR Assays

CMYV and PepMYV conventional RT-PCR was performed from the total RNA extracts.
The RNA extracts were denatured in the presence of 0.8 1M of the corresponding reverse
primer and cDNA was obtained with the SuperScript IV kit (ThermoFisher, Waltham,
MA, USA) at 55 °C for 20 min. and 80 °C for 10 min. PCR was done with 0.5 pM
of the corresponding forward and reverse for each virus and the Taq polymerase kit
(ThermoFisher, Waltham, MA, USA) following the manufacturer’s instructions. The PCR
conditions were cDNA denaturation at 94 °C for 5 min., 35 cycles of DNA amplification at
94 °C for 30 s, 55 °C for 30 s, and 72 °C for 40 s, and a final DNA chain extension of 72 °C
for 5 min. The amplification products were separated by electrophoresis in 2% agarose
gels and visualized by UV after staining with GelRed (Sigma-Aldrich, San Luis, MS, USA).
Specific PCR products were purified with Qiagen minElute PCR purification kit (Qiagen,
Hilden, Germany) and sequenced by Sanger with an ABI 3130 XL capillary sequencer
(Applied Biosystems, Foster City, CA, USA). CMV and PepMV nucleotide sequences were
deposited in GenBank under the accession numbers MT785769 and MT785770, respectively.

STV quantification was performed by RT-qPCR with primers and TagMan probe set
previously designed in the CP (1189-1257 nts) region [5]. PepMV quantification was done
using a primers and TagMan probe set that was designed in a TGB2 conserved region
(5126-5213 nts) that allowed for amplifying all virus isolates [32]. For CMV quantification,
primers and TagMan probe were designed by using the software Primer Express (Ther-
moFisher, USA) on basis of the CP nucleotide sequence (1533-1610 nts) that was obtained
from conventional RT-PCR. RT-qPCR was performed with the One step PrimeScript RT-
PCR Kit (TaKaRa, Shiga, Japan) in LightCyler 480 (Roche, Basilea, Switzerland) following
the manufacturer instructions with some modifications. The total RNAs extracts (50 ng)
were denaturalized in presence of 0.2 uM of both forward and reverse primers 95 °C for
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5 min. Subsequently, a mix containing the 10 uL one-step RT-PCR buffer III, 2 U Ex Taq HS,
0.4 uL PrimeScript RT Enzyme Mix I, and 0.2 uM specific TagMan probe was added to a
final volume of 20 uL. The thermal cycling conditions were: reverse transcription at 42 °C
for 15 min., incubation at 94 °C for 10 s, and 40 cycles of DNA amplification at 94 °C for 5 s
and 60 °C for 20 s. The total RNA extracts of mock-inoculated tomato plants were used as
negative RT-qPCR control. The specificity of all virus primer and probe sets were assessed
to avoid unspecific cross-amplifications.

Table S1 shows all the primers and probe sequences and their respective applications.

2.3. Preparation of RNA Transcripts and Standard Curve

The templates for in vitro transcription were obtained by conventional RT-PCR from to-
tal nucleic acid extracts of STV-infected tomato and CMV- or PepMV-infected N. benthamiana
plants, as described in Section 2.2. A modified version of the reverse primers (the T7 pro-
moter sequence was added at the 5’-terminus) used for RT-qPCR were used for in vitro tran-
scription (Table S1). The transcription reaction was done with the Megascript T7 Kit (Ther-
moFisher, Waltham, MA, USA) following the manufacturer’s instructions. To eliminate the
contaminant cDNA, the RNA transcript reaction was treated twice with RNasa free DNasa
set (ThermoFisher, Waltham, MA, USA) and then purified by the phenol:chloroform:isoamyl
method [39]. The final transcript concentration was estimated with a nanodrop 1000 spec-
trophotometer (ThermoFisher, Waltham, MA, USA), and molarity was assessed with the
formula: pmol of ssRNA = pug of ssRNA x (106 pg/1 ug) x (1 pmol/340 pg) x (1/Nb),
in which 340 is the average molecular weight of a ribonucleotide and Nb the number of
bases of the transcript. The Avogadro’s constant (6.023 x 10?% molecules/mol) was used
to calculate the number of RNA transcript copies. In order to generate external standard
curves, 10-fold serial dilutions containing 10'1-10' RNA copies of each transcript in total
RNA extracts from mock-inoculated tomato plants were analyzed by RT-qPCR. For each di-
lution, three repeats (technical replicates) were done, and the Ct mean value was calculated.
Quantitative optimal range were obtained from 10! to 10* virus RNA copies/ng of total
RNA for STV, from 1019 to 10* virus RNA copies/ng of total RNA for CMV and from 101!
to 10° copies/ng of total RNA for PepMV. For all of the viruses, standard curves showed a
strong linear relationship with very high correlation coefficients of R? = 0.99, low variation
coefficient (<0.5%), and high amplification efficiencies (>99%).

2.4. High-Throughput Small RNA Sequencing

For the elaboration of the small RNA libraries, three independent biological replicates
were used from tomato plants that were infected with STV, CMV, or PepMYV, or the different
virus combinations. Each biological replicate consisted of a mix of total RNA extracts that
were obtained from two or three tomato plants at 15 dpi. As control, small RNA libraries
from mock-inoculated plants were synthetized. RNA concentration and purity were de-
termined using the Qubit® RNA assay Kit in a Qubit® 3.0 Fluorometer (ThermoFisher,
Waltham, MA, USA) and the NanoPhotometer® spectrophotometer (IMPLEN, Los Angeles,
CA, USA), respectively. The RNA integrity was determined in the Agilent Bioanalyzer
2100 system with the RNA Nano 6000 assay Kit (Agilent Technologies, Santa Clara, CA,
USA). cDNA was obtained from 1 ug of total RNA of each biological replicate by using
the NEBNext® Multiplex Small RNA library Prep Set for Illumina® (Sigma Aldrich, San
Luis, MS, USA) and then sequenced by using the Illumina NextSeq550 platform (Illumina,
San Diego, CA, USA). cDNA libraries were uploaded to the NCBI platform and published
under the Bioproject PRINA625104 and PRJNA574043. The reads were cleaned by trim-
ming the sequencing adapters and low-quality reads were filtered using SeqTrimNext
software applying the standard parameters for Illumina short reads [40]. The biological
replicate distribution was analyzed by Principal Component Analysis (PCA) to reduce
the dimensionality of the dataset. The length of the reads was restricted from 21 to 24 nts.
The identification and quantitation of miRNAs were performed through Oasis 2.0 pipeline
analysis (https:/ /tools4mirs.org/software/precursor_prediction/oasis/, Access date, 7
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March 2021): reads were aligned with the STAR program in the database RNAbase 2.1
(ftp:/ /mirbase.org/pub/mirbase/ Access date, 7 March 2021), the known miRNAs were
quantified with the FeatureCounts program (https://www.biostars.org/p/259542/ Ac-
cess date, 7 March 2021), whereas the prediction and quantification of novel miRNA were
done with the miRDeep2 program (http:/ /www.bioconductor.org/packages/release/bioc/
vignettes/DESeq2/inst/doc/DESeq2.html Access date, 7 March 2021) [41]. For vsiRNA,
the total clean reads were aligned with the different virus sequences of STV, CMV, and
PepMV (GenBank accession numbers KJ174690.1, AB188234 and K]018164).

2.5. Statistical Analysis

For plant symptoms, weight and height, and virus titer, the data were statistically
analyzed using a mixed model PROC MIXED in the SAS software. Plant effect was included
as a random effect, whereas time or inoculation was included as a fixed effect. Least Square
Difference (LSD) was used for mean comparisons. The assumption of normal distribution
of data was assessed using the normal probability plot of the residuals and the assumption
of homoscedasticity using the Levene’s test. A 95% of confidence interval was considered
in all cases. For miRNA differential expression analysis, a FDR adjusted p-value < 0.05
corresponding to a log Fold-change > 0.56 was considered to be statistically significant.

3. Results
3.1. Characterization of Field CMV and PepMYV Isolates Used in this Work

The CMV and PepMYV isolates showed nucleotide identities of 100% with the Japanese
CM95 isolate (GenBank accession no. AB188236.1) in the 325 nt CP amplified region and
with the European EU_CAHNS isolate (GenBank accession no. JQ314457.1) in the 545 nt
TGB3 amplified region, respectively. ELISA results analysis showed that PepMV and
CMV isolates were no infected with other viruses, such as ToMV, TSWV, and PMoV: three
replicates were used of each virus isolate and negative absorbance values were observed
for ToMV (from 0.038 to 0.161), TSWV (from 0.047 to 0.075), and PMoV (from 0.039 to
0.059), whereas the positive control ranged from 0.903 to 2.076.

3.2. Effect of STV in Symptoms of Tomato Plants Mixed- Infected with PepMV and/or CMV

STV-infected tomato plants were single inoculated with PepMV or CMV, and with a
combination of both viruses, to study the effect of STV in mixed infection. Leaf deformation
and mosaic (severity scoring from 0 to 3, where 0 correspond to symptomless and 1, 2, and
3 to mild, moderate, and severe symptoms, respectively) were observed in infected tomato
plants at different times (5, 10, 15, and 20 dpi) (Figure 1). Additionally, height and weight
of tomato plants of different plant groups was taken at 20 dpi.

The leaf symptoms severity values (mean of plants symptoms on each group) in
tomato plants infected with STV, CMV, and PepMYV in single and/or mixed infections
varied depending on the time and the virus combination (Figure 2). As expected, both STV
single-infected and mock-inoculated plants remained symptomless for all the times [5,6].
At 5 dpi, only the STV + CMYV co-infected plants showed mild symptoms (1.25), whereas
no symptoms were observed in CMV-single infected plants. At 10 dpi, symptoms of
STV + CMV co-infected plants were moderate (2.12), whereas those of STV + PepMV
co-infected ones were mild (1.47). At this time, CMV and PepMYV single-infected plants
only showed mild symptoms (1.24 and 1.06, respectively). Regarding CMV + PepMV co-
infection, these plants showed mild symptoms (1.00), whereas STV + CMV + PepMV triple-
infected ones remained symptomless. At 15 dpi, the symptoms severity of STV + CMV
co-infected plants decreased (from 2.12 to 1.55), whereas those of STV + PepMV double-
infected ones increased (from 1.47 to 1.97). At this time, symptom severity of CMV
single-infected plants (1.00) was lower than STV + CMYV co-infected ones and higher in
PepMV single-infected plants (2.63) than STV + PepMYV co-infected ones. In contrast, the
s