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Editorial on the Research Topic
 The Border Between Kitavirids and Nege-Like Viruses: Tracking the Evolutionary Pace of Plant- and Arthropod-Infecting Viruses



Since the disclosure of the citrus leprosis virus C (CiLV-C) genome and the creation of the family Kitaviridae, viruses of the eight accepted species within three genera of kitavirids have become intriguing pieces of the plant-infecting virome. With genomes split into two, three, or four single-stranded (+) RNA molecules, most of the kitaviruses produce non-systemic infections that, in the case of citrus leprosis disease, entail serious economic losses to the citrus crop. Phylogenetic analyses based on the RNA-dependent RNA polymerase proteins indicate that kitavirus closest relatives are a group of unclassified arthropod-infecting viruses tentatively known as negeviruses and nege/kita-like viruses.

Contributions gathered in this Research Topic offer data that broaden the boundaries of the diversity of kitaviruses and nege/kita-like viruses, provide, with a special emphasis on the cilevirus CiLV-C, new insight into the interaction between kitavirids and plants, and increase the understanding of the role of some viral open reading frames (ORF) typical to these viruses. They also demonstrate the vectorial activity of mites of the genus Brevipalpus for some of the newly described kitaviruses and postulate a hypothesis describing the movement of CiLV-C virions in mites. Particular attention to the forces modulating the population structure of CiLV-C, and the likely evolutionary pathways that could give rise to the diversity of viruses in the family Kitaviridae are also addressed.

Five new kitaviruses are reported. The description of three strains of passion fruit green spot virus representing a typical member of the genus Cilevirus revealed, however, that their RNA2 molecules have highly variable 5′-ends, with putative orphan ORFs exclusively found in some of these isolates (Ramos-González, dos Santos, et al.). Hibiscus yellow blotch virus, recently accepted as a cilevirus, has a chimeric genome with an RNA1 similar to that of hibiscus green spot virus (HYBV, genus Higrevirus), and its RNA2 displays a novel organization in the family, truncated at its 5′-end but incorporating an extra ORF at its 3′-end (Olmedo-Velarde et al.). The remaining three kitavirids were found infecting ornamental plants and are indicated as tentative cileviruses, but their genomes also show divergences from the recognized members of the genus. The genomic organization of Solanum violifolium ringspot virus, Ligustrum chlorotic spot virus, and Ligustrum leprosis virus resembles that in cileviruses, excluding the absence of the 5′-end region of the RNA2, upstream of the ORF p61, reminiscent of the HYBV RNA2 (Ramos-González, Chabi-Jesus, et al.). Studies on virion morphology, transmission by Brevipalpus mites, and morphopathology of the infected plant cells complement the molecular characterization of these viruses and improve the integral understanding of the family Kitaviridae.

In parallel, a meta-transcriptomic approach to study the virome of 15 aphids populations infesting barley fields in combination with searches on the transcriptome shotgun assembly (TSA) libraries of several arthropods and plants reveal viruses of a dozen of RNA families, including some novel nege/kita-like viruses (Kondo et al.). Barley aphid RNA viruses 1–4 (BARV 1–4) have non-segmented genomes comprising a large ORF (RdRp) followed by two putative structural protein genes for a predicted glycoprotein and the membrane protein SP24, also present in kitavirids. BARV 1–4 cluster with other nege/kita-like viruses forming new genera tentatively designated as Centivirus and Aphiglyvirus. Phylogenetically, they contribute to filling the gaps between the lineages of negeviruses and kitaviruses.

The interplay of plant-kitavirids is addressed in two studies. The global plant response to the infestation by viruliferous Brevipalpus mites shows that the CiLV-C infection triggers a progressive reprogramming of the plant transcriptome; namely the activation of the SA-mediated pathway, including ROS burst and HR, and the downregulation of the JA/ET-mediated pathways (Arena et al.). The transient expression of the CiLV-C P61 protein mimics the responses typically observed during CiLV-C-plant interaction indicating that P61 is a putative viral effector causing the HR-like symptoms associated with the infection, likely the outcome of an incompatible interaction. Furthermore, using several strategies to drive the ectopic expression of CiLV-C ORFs, the RNA silencing suppressor (RSS) activity of the viral proteins is investigated (Leastro et al.). Although local RSS activities were not found, the expression of P29 and P15 enhances the pathogenicity of potato virus X (PVX) resulting in the death of the infected tobacco plants. Meanwhile, PVX-p61 infection resulted in HR, corroborating the evidence that the expression of this protein activates plant defense mechanisms.

CiLV-C population study presented in this Research Topic includes the largest collection of samples from leprosis-affected citrus trees ever considered, including herbarium samples collected since the early twentieth century (Chabi-Jesus et al.). Eighteen complete or near-complete viral genomes were recovered, and the examination of the dataset suggests that the CiLV-C population consists of the major lineages CRD and SJP, unevenly distributed in citrus orchards, plus a third one called ASU, represented by a single isolate found in an herbarium sample collected in Asuncion, Paraguay, in 1937. Viruses from these three lineages show signs of inter-clade recombination events. The viral origin by recombination of the 5′-end of the RNA2 in cileviruses and their putative acquisition from a heterologous source is also suggested in a study based on the prediction and computational analyses of 3D protein structures of P15 proteins. These small and poorly conserved proteins are encoded by ORFs unique to cileviruses (Ramos-González, Pons, et al.). Beyond cileviruses, recombination seems to be a common feature in the evolution of kitaviral genomes. The recombinant evolutionary origin of kitaviral genomes is emphasized in a thorough study that includes kitaviruses, nege/kita-like viruses, and also virus-like RNA assemblies found by searching TSA, as the quadripartite blunervirus-like RNA detected in Paulownia tomentosa (Morozov et al.).

Finally, the Research Topic presents a paper compiling what is known about cilevirus transmission by Brevipalpus mites (Tassi et al.). It describes the presence of CiLV-C particles aligned in the intercellular spaces between adjacent cells at the caeca and the podocephalic gland of mites, which supports the hypothesis of the virion paracellular movement.
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Passion fruit green spot and passion fruit sudden death are two reportedly distinct viral diseases that recurrently affect passion fruit (Passiflora spp.) groves in Brazil. Here we used a systematic approach that interconnects symptoms, transmission electron microscopy, RT-PCR detection assays followed by Sanger sequencing, and high-throughput sequencing of the RNA of affected passion fruit plants to gain insights about these diseases. Our data confirmed not only the involvement of cileviruses in these two pathologies, as previously suggested, but also that these viruses belong to the same tentative species: passion fruit green spot virus (PfGSV). Results revealed that PfGSV has a positive-sense RNA genome split into two molecules of approximately 9 kb (RNA1) and 5 kb (RNA2), which share about 50–70% nucleotide sequence identity with other viruses in the genus Cilevirus. Genome sequences of five PfGSV isolates suggest that they have more conserved RNA1 (<5% of nucleotide sequence variability) compared to RNA2 (up to 7% of variability) molecules. The highest nucleotide sequence divergence among PfGSV isolates and other cileviruses is in the genomic segment covering from the 5′-end of the RNA2 until the 5′-end of the open reading frame (ORF) p61, which includes the ORF p15 and the intergenic region. This genomic stretch also harbors a novel orphan ORF encoding a 13 kDa protein presenting a cysteine-rich domain. High variability of 5′-end of the RNA2 in cileviruses is discussed in an evolutionary context assuming that they share putative common ancestors with unclassified arthropod-infecting single-strand positive RNA viruses, including mosquito-specific viruses of the group Negevirus (clades Nelorpivirus and Sandwavirus), and other viruses in the family Kitaviridae.

Keywords: Kitaviridae, Negevirus-like lineage, Nelorpivirus, HTS, arthropod-infecting single-strand positive RNA viruses, Passiflora spp.


INTRODUCTION

Passion fruit (Passiflora spp.) crops can be severely affected by viral infections that may cause up to 100% of production losses and limit their commercial expansion around the tropical and near-tropical regions of the world (Fischer and Rezende, 2008; Santos et al., 2015; Atukunda et al., 2018). South America supports the greatest collection of Passiflora spp. where Colombia and Brazil are considered as Passiflora diversity hot spots (Cerqueira-Silva et al., 2016). Several Passiflora spp. are well valued as human food, in the cosmetic industry, for the treatment of some human illnesses, and as ornamentals (Yockteng et al., 2011; Zeraik et al., 2011). In the period 2015–2017, the Brazilian passion fruit harvest represented approximately 65% of the worldwide production (Altendorf, 2018). Passion fruit woodiness disease, caused by a potyvirus, is the major disease affecting the passion fruit crop in that country (Nascimento et al., 2006; Rodrigues et al., 2015; de Oliveira Freitas et al., 2016).

Since the identification in the 1990s, two seemingly different viral diseases known as passion fruit green spot (PfGS) and passion fruit sudden death (PfSD) intermittently occur in passion fruit orchards in Brazil (Kitajima et al., 1997, 2003; Santos Filho et al., 1999). In PfGS disease, spots of approximately 5 mm showing brilliant green borders with or without a central necrotic dip develop on the peel of yellow mature fruits, and necrotic lesions appear on the stems. These stem wounds, which sometimes exhibit deep slits, may also coalesce and encircle the branch leading to the death of the distal end. In leaves, randomly distributed spots intersperse with uneven patches commonly observed alongside the veins. Usually, yellowish foliar lesions arising during the initial stages of the infection gradually turn green island-like spots on the senescent leaves. As a consequence of PfSD disease, affected plants display the major symptoms of PfGS, but they rapidly progress toward death, passing through abundant necrosis, branch death, and finally, the orchard’s collapse (Antonioli-Luizon et al., 2009).

Both PfGS and PfSD diseases are transmitted by false-spider mites of the genus Brevipalpus (Acari: Tenuipalpidae) (Kitajima et al., 2003). Experimental reproduction of PfGS symptoms on leaves and stems was achieved by transferring brevipalpus mites collected from affected field passion fruit plants onto healthy ones (Kitajima et al., 1997, 2003). In addition, the ubiquity of short, bacilliform virus particles (50–70 nm × 100–120 nm) in the cisternae of the endoplasmic reticulum, and viroplasms in the cytoplasm of the infected plant cells suggested the infection by putative cileviruses as their causal agents (Kitajima et al., 2003). From isolated viral dsRNA molecules from PfGS-affected passion fruit plants, a PCR-based molecular detection method allowed the specific detection of a virus tentatively named as passion fruit green spot virus (PfGSV) (Antonioli-Luizon, 2010). This approach revealed the prevalence of PfGSV in PfGS affected plants (Kitajima et al., 2003; Antonioli-Luizon et al., 2009). Amplicon-derived sequences (GenBank accession numbers HM002746 and HM002747) showed < 60% pairwise nucleotide sequence identity to the cilevirus citrus leprosis virus C (CiLV-C) (Antonioli-Luizon, 2010). However, despite the growing body of evidence, PfGSV has not been classified due to the lack of genome sequence data and, consequently, its unclear evolutionary history with other members of the genus Cilevirus.

Genus Cilevirus, family Kitaviridae1 has viruses with short bacilliform and enveloped particles that encapside two molecules of single-strand positive sense [ss(+)] RNA as genome (Freitas-Astúa et al., 2018). CiLV-C and citrus leprosis virus C2 (CiLV-C2) are the only recognized members of this genus (Locali-Fabris et al., 2006; Roy et al., 2013). Both CiLV-C and CiLV-C2 show a narrow range of natural hosts, produce non-systemic diseases and are persistently transmitted by Brevipalpus yothersi mites in a circulative manner (Bastianel et al., 2010; Roy et al., 2015; Ramos-González et al., 2016). RNA genomic molecules of CiLV-C, type-member of the genus, are 3′-polyadenylated. RNA1 molecule, of ∼9 kb, has two open reading frames (ORFs) that encode the RNA-dependent RNA polymerase (RdRp) and the putative 29 kDa capsid protein. The ∼5 kb RNA2 has three ORFs encoding proteins with unknown functions, i.e., the two taxonomically restricted ORFs p61 and p24, and the orphan ORF p15, in addition to the mp that encodes the putative movement protein (MP). ORFs p15 and p61 are separated by a stretch of ∼1000 nts known as the intergenic region (IR). CiLV-C proteins can form homo- and heterodimers, and associate with plant cell membranes producing severe remodeling of the endoplasmic reticulum and the Golgi complex (Leastro et al., 2018).

Phylogenetic analyses including plant-infecting viruses of the families Kitaviridae, Bromoviridae, Closteroviridae, and Virgaviridae, reveal a distant but consistent relationship with an increasing number of arthropod-infecting viruses [ss(+)RNA non-segmented genomes] suggesting that they share a common ancestor (Li et al., 2015; Vasilakis and Tesh, 2015; Shi et al., 2016; Kondo et al., 2019; Vinokurov and Koloniuk, 2019). The genome of some of these viruses, e.g., members of the group Negevirus (proposed genera Nelorpivirus and Sandewavirus) and from the negevirus-like lineage have, besides a large ORF encoding the viral RdRp, the ORF2, and ORF3, which encode a putative glycoprotein and a small membrane-bound protein (Vasilakis et al., 2013; Nunes et al., 2017). These two proteins show structural features, e.g., SP24 (Pfam: 16504), transmembrane domains, signal peptides, which are conserved across their orthologs (P61 and P24 in CiLV-C) in viruses of the family Kitaviridae (Kuchibhatla et al., 2014).

In this current work, we describe the identification and genome sequence of viruses belonging to a tentative new species of cilevirus: passion fruit green spot virus (PfGSV). Analysis by high-throughput sequencing (HTS) and Sanger sequencing of RT-PCR amplicons from PfGS and PfSD diseased plants collected in distantly and economically important growing regions in Brazil indicated the ubiquity of PfGSV in these samples. Genome analysis of the viruses revealed the presence of a putative novel ORF in the RNA2 molecule, which lacks homologous sequences in both the genome of known cileviruses and any other documented nucleotide or amino acid sequence. In this regard, it might represent a new ORF that enlarges the list of orphan and taxonomically restricted genes only detected in members of the family Kitaviridae and related invertebrate-infecting viruses. In parallel, we revealed the genome sequences of two potyviruses found in mixed infections with PfGSV in two out of the three samples analyzed by HTS. Finally, supported by phylogenetic and ancestral trait reconstruction analyses we hypothesize the putative origin of kitaviruses and other unassigned nege-like viruses from arthropod-infecting common ancestors.



MATERIALS AND METHODS


Plant Material

Passion fruit (Passiflora spp.) plants showing PfSD symptoms (green spots on fruits, necrotic lesions on stems, and chlorotic strips alongside the leaf veins) were collected in counties near Sinop (Snp) and Nova Fronteira (NFo), both in the State of Mato Grosso, in Central-North Brazil, in 2016 and 2018, respectively; and in Bom Jesus da Lapa (BJL), State of Bahia, in Northeastern Brazil, in 2008 (Figure 1). A sample from a passion fruit plant (Passiflora sp.) displaying PfGS symptoms was collected in Brasilia (BSB), Distrito Federal, in Central Brazil, in 2003. Samples and viral isolates were identified accordingly with their geographic origins, i.e., Snp1, Snp2, NFo1, BJL1, and BSB1. Straight-line distances between these towns range from 430 to 1396 km (Snp-NFo: 430 km, BSB-BJL: 578 km, Snp-BSB: 880 km, BSB-Snp 934 km, BJL-Snp: 1321 km, and BJL-NFo: 1396 km). Fragments of leaves, stems, and fruits were prefixed in a modified Karnovsky solution (Kitajima and Nome, 1999) for transmission electron microscopy (TEM) analyses as previously described (Chabi-Jesus et al., 2018). Other fragments from the symptomatic samples were conserved at −80°C until RNA extraction.
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FIGURE 1. Symptoms of passion fruit green spot virus (PfGSV)-infected passion fruit plants. (A) Samples of diseased passion fruit plants (Passiflora spp.) were collected in four regions of Brazil. (B) Overview of a PfGSV-affected orchard in Sinop, MT, Brazil. (C) Details of chlorotic and necrotic symptoms on leaves, stems, and fruits. Note the yellow strips along the veins in green young leaves (left) that turn green areas in a yellow background covering the non-infected areas in the oldest leaves (right).




Detection of Passion Fruit Green Spot Virus

Total RNA was extracted from approximately 100 mg of plant samples using TRIzol® Reagent and following the manufacturer’s recommendation (Life Technologies, Foster City, CA, United States). Approximately 500 ng of the RNA templates were used to obtain the cDNA using random hexamer primers and GoScriptTM Reverse Transcriptase Kit as described by the manufacturer (Promega, Madison, WI, United States). Three microliters of each cDNA solution were tested by PCR using three pairs of primers for the detection of PfGSV: RNA1 C13F: 5′-ATTCATGCGTTTCACGGTTA-3′, C13R: 5′-CGAATGCCTCTGACACAACT-3′, and PfGSV: RNA2 C6F: 5′- CGATATTTGATCAATCCGTT-3′, C6R: 5′-CACCTTAAAATT CGAGGGTT-3′, C8F: 5′-TTCATCGCAAGTTCGTATACCT-3′, and C8R: 5′-CTGTTGTGCCAAATCATCAA-3′ (Antonioli-Luizon, 2010). Amplicons were separated on 1% agarose gels in 1X Tris-acetate-ethylenediaminetetraacetic acid (TAE) and visualized with ethidium bromide (0.1 μg/mL). Some amplicons were further purified using Wizard® SV Gel and PCR Clean-Up System (Promega, Madison, WI, United States) and sequenced by the Sanger method.



Sequencing and in silico Assembly of Viral Genomes

RNA extracts independently obtained from samples Snp1 (2016), BSB1 and BJL1 were further purified using RNeasy Mini Kit (QIAGEN, Venlo, Netherlands). Quantification and estimation of the A260/A280 ratio were carried out using a NanoDrop ND-8000 micro-spectrophotometer (Thermo Scientific, Waltham, MA, United States). Five hundred nanograms of each final extract were sent to the Animal Biotech Laboratory at Escola Superior de Agricultura Luiz de Queiroz, University of São Paulo (Piracicaba, Brazil) for HTS using HiSeq 2500 Technology (2 × 150 nt paired-end reads) (Illumina, San Diego, CA, United States). Preparation of the HTS libraries was carried out as previously defined (Ramos-González et al., 2017). Read assembly up to the generation of the viral-sequence-containing contigs were done by using both SPAdes (Bankevich et al., 2012) available in Geneious software package version 11.1.4 (Kearse et al., 2012) and Trinity (Haas et al., 2013). Contigs were annotated using BlastX, implemented in the Geneious software, against both viral genome database2 and a customized local database including the sequences of kitavirids: cileviruses, blunerviruses (Quito-Avila et al., 2013; Hao et al., 2018), and the higrevirus hibiscus chlorotic green spot virus 2 (HGSV-2) (Melzer et al., 2013a). Those contigs producing the best E-value score (∼0) with the cilevirus RNA1 and RNA2 molecules of either CiLV-C (GenBank accession numbers DQ352194 and DQ352195) or CiLV-C2 (JX000024 and JX000025) were selected. A set of 32 primers that generate overlapping amplicons were designed with the program Primer3 (Untergasser et al., 2012) and taking as reference the largest contigs corresponding to each genomic segment of the Snp1 viral isolate (Supplementary Table S1). These primers and the total RNA of the sample Snp1 were subsequently used to validate the HTS and to obtain the sequences of the 5′-ends of both genomic molecules of the viral isolate Snp1 using a RACE SMARTer® RACE 5′/3′ Kit (Clontech Laboratories, Mountain View, CA, United States). For RACE analyses, amplicons were purified, ligated in pGEM-T-easy vector (Promega, Madison, WI, United States), and further sequenced with universal primer pairs M13F/M13R by the Sanger method (Instituto Biológico, SP, Brazil). At least five clones per each type of amplicons were sequenced. Snp1-specific primers were also used to generate the near-complete genome of the viruses in samples Snp2, collected in 2018, and NFo1. Sanger method-generated sequences of the amplicons were assembled using CAP3 assembly (Huang and Madan, 1999) implemented in Geneious (Kearse et al., 2012). Sequences of the assembled genomes were submitted to the GenBank database and assigned to the following GenBank accession numbers: PfGSV_Snp1 RNA1: MK804171 and RNA2: MK804172, PfGSV_BSB1 RNA1 MK804173: and RNA2 MK804174, PfGSV_BJL1 RNA1: MK804175 and RNA2: MK804176, PfGSV_Snp2 RNA1: MN746810 and RNA2: MN746811, and PfGSV_NFo1 RNA1: MN746812 and RNA2: MN746813.



Northern Blot Assays

Ten micrograms of denatured RNA from both PfGSV_Snp1-infected and healthy passion fruit plants were separated in 1% agarose gel containing formaldehyde. The assay also included RNA extracts from CiLV-C-infected and healthy sweet orange plants. Non-radioactive probes were generated using the PCR DIG-labeling kit (Roche Diagnostics, Mannheim, Germany) according to the manufacturer’s instructions. Each probe was obtained in independent reactions adding 1 ng of DNA fragments corresponding to each PfGSV_Snp1 or CiLV-C_CRD ORF (p29 or p24) and the appropriate primer pairs. DNA labeling was verified comparing the amplicon sizes of DIG PCR products with the unlabeled DNA fragments. Hybridization and detection were carried out as recommended by the Dig Luminescent Detection Kit manual (Roche Diagnostics, Mannheim, Germany). The presence of bands in the blots was revealed using the BCIP-NBT substrate.



Genome, Protein, and Phylogenetic Analyses

Viral ORFs were identified in silico by the ORF finder3. Conserved domain architecture, presence of signal peptide, and predictions of transmembrane helices, subcellular localization and isoelectric points of viral proteins were done by using SPARCLE4 (Marchler-Bauer et al., 2017), Pfam v 32.0 EMBL-EBI5, SignalP 5.0 (Almagro Armenteros et al., 2019), TMHMM Server 2.06 (Sonnhammer et al., 1998), Deeploc v1 (Almagro Armenteros et al., 2017), and ExPASy Compute pI/Mw tool7. The presence of coiled-coil regions was detected using the neural network-based tool DeepCoil (Ludwiczak et al., 2019). Database searching for remote protein homology detection was carried out using the MPI Bioinformatics Toolkit (HHblits, HHpred, and HMMER)8 (Hildebrand et al., 2009; Finn et al., 2011; Remmert et al., 2012; Zimmermann et al., 2018). Nucleotide and predicted amino acid sequences were aligned using the CLUSTAL algorithm (Chenna et al., 2003) implemented in MEGA X version 10.0.5 (Kumar et al., 2018) and MAFTT (Katoh and Standley, 2013), respectively. Additionally, alignments and predicted secondary structures of deduced amino acid sequences of the putative viral proteins were obtained using PROMALS (PROfile Multiple Alignment with predicted Local Structure) (Pei and Grishin, 2007) and PRALINE (Profile ALIgNmEnt) (Bawono and Heringa, 2014).

For phylogenetic analyses, besides the sequences from known kitaviruses and negeviruses, others from non-classified ss(+)RNA viruses were retrieved from GenBank after a BLAST search (cut-off E-value < e–10) using PfGSV and Negev virus (NC_030294.1) sequences as the query. Some plant-infecting viruses of the family Virgaviridae were included in the study as an external group. Phylogenetic informative regions of the multiple sequence alignments (MSAs) were selected using BMGE software (Criscuolo and Gribaldo, 2010) implemented in https://ngphylogeny.fr (Lemoine et al., 2019). Substitution models with the lower Bayesian information criterion scores for each MSA were determined using MEGA X version 10.0.5 (Kumar et al., 2018). For the MSA of the RdRp proteins, the sequences of the domains methyltransferase and helicase, and RdRp encoded by the RNA1 and RNA2 molecules, respectively, of the blunerviruses blueberry necrotic ring blotch virus strains Giorgia and RL (BNRBV_Giorgia and BNRBV_RL, respectively) and tea plant necrotic ring blotch virus (TPNRBV) were concatenated as previously studied (Quito-Avila et al., 2013). Phylogenetic relationships were inferred by using MrBayes v3.2.6 implemented in Geneious prime software package version 2019.2.3 (Kearse et al., 2012). MCMC convergence was obtained for four independent runs of 6 million generations, which were sufficient to obtain a proper sample for the posterior probability, assessed by effective sample sizes (ESSs) above 200. The posterior probabilities of the clades were determined by a 50% majority consensus of the trees retained. Trees were edited and visualized using Interactive Tree Of Life (iTOL) v4 (Letunic and Bork, 2019).

Ancestral trait reconstruction was carried out using the Bayesian Binary MCMC (BBM) analysis implemented in RASP v4.2 (Yu et al., 2019). The 14,142 post-burn-in trees from the RdRp Bayesian Inference analysis using MrBAYES were input into RASP to estimate the probabilities of ancestral hots at each node on the condensed tree generated by RASP. Hosts were coded as Arthropods, Plants, Anemones, and Nematodes. MCMC chains were run simultaneously for 5,000,000 generations and the reconstructed state was sampled every 1,000 generations. The fixed model JC + G (Jukes-Cantor + Gamma) was used for the BBM analysis.



RESULTS


Identification of Passion Fruit Green Spot Virus in Symptomatic Passion Fruit Plants

The occurrence of PfGSV was assessed in passion fruit plants showing symptoms ascribed to the PfGS and PfSD diseases, i.e., circular necrotic spots on fruits, and chlorotic and necrotic lesions on their leaves and stems (Figures 1B,C). The presence of the suspected virus was first verified by RT-PCR assays using the primer pairs C6, C8, and C13 (Antonioli-Luizon, 2010). All the samples tested positive with at least one of the primer pairs used, and amplicons of the expected sizes were visualized (Supplementary Figure S1). However, the plant organ used for the RNA extractions apparently affected the efficiency of these tests. Only a quarter of the symptomatic stem samples were RT-PCR positive whereas 100% of the leaf samples were positive (Supplementary Figure S1). Amplicons obtained using the C6 and C13 primer pairs showed 98–99.2% nucleotide sequence identity with fragments of the PfGSV genome (GenBank accession numbers HM002746 and HM002747). In addition to the molecular detection, virus-like particles with a bacilliform shape of approximately 50 nm width × 100 nm length were observed in the cytoplasm of parenchymal cells of the passion fruit leaves of the sample Snp1 by TEM (Figure 2). Presumed viral particles were always found in the lumen of cytosolic vesicles whereas electron-dense and vacuolar viroplasms occupied large areas of the cytoplasm.


[image: image]

FIGURE 2. Electron micrograph of passion fruit green spot virus (PfGSV)-infected passion fruit leaves. (A,B) Micrographs of thin sections of tissues from green patches on senescent passion fruit leaves, collected in commercial fields near Sinop, State of Mato Grosso, Brazil. Large, electron-dense and vacuolated inclusions (viroplasms) (∗) are present in the cytoplasm of parenchymal cells. Short, bacilliform particles, presumed PfGSV virions, can be seen accumulating within cisternae of the endoplasmic reticulum, either in cross- (v) or longitudinal (arrow) sections.




Passion Fruit Green Spot Virus Genome Resembles That of Known Cileviruses

Genome sequences of five isolates of PfGSV were obtained from distinct diseased plants. Isolates Snp1, BSB1, and BJL1 were assembled from HTS reads and Snp2 and NFo1 by Sanger sequencing of overlapping amplicons obtained by RT-PCR.

HTS libraries from the BSB1 and BJL1 isolates contained the highest PfGSV RNA matched reads with 3.9 and 4.2%, respectively, out of the total recovery reads (Supplementary Table S2). Snp1’s library contained the lowest percentage of viral-derived reads (2.8%), probably indicating a lower viral load in that sample. Regardless of the origin of libraries, the numbers of reads corresponding to the RNA2 molecules surpassed those derived from the RNA1 molecules. The minimum value of mean coverage per viral base reached 9,369X and it corresponded to the RNA1 molecule of the Snp1 isolate. The 5′-ends of the RNA1 and RNA2 molecules of the Snp1 isolate were obtained by RACE.

Excluding the poly-A tails at their 3′-end, the genome of PfGSV_Snp1 consists of 13,523 splits into two molecules designated as RNA1 and RNA2 with 8,740 and 4,783 nts, respectively (accession numbers MK804171 and MK804172). Near-complete RNA1 molecules of the isolates BSB1 (MK804173), BJL1 (MK804175), Snp2 (MN746810), and NFo1 (MN746812) include 8,694; 8,717; 8,541 and 8,554 nts; whereas their near-complete RNA2 consist of 4,752; 4,769, 4,578 and 4,545 nts (MK804174, MK804176, MN746811, and MN746813), respectively. Shorter molecules in the isolates BSB1, BJL1, Snp2, and NFo1 may be a direct consequence of the strategies deployed during their sequencing. Despite this, when compared with PfGSV_Snp1 molecules, more than 95% of the genome of each isolate was recovered.

Pairwise comparisons of the genomic molecules of the isolate Snp1 with those from Snp2, NFo1, and BSB1 revealed a high nucleotide sequence identity (RNA1 > 99.1% and RNA2 > 97.3), whilst with the BJL1 isolate the values were slightly lower (RNA1: 95.5% and RNA2: 93.3%) (Table 1). Due to the high nucleotide sequence identity between the PfGSV isolates, Snp1 will be considered the type variant of PfGSV. Therefore, further analysis will be focused on Snp1, and also on isolates BSB1, and BJL1, which collectively were collected from distant geographic regions and whose genomes were more extensively obtained.


TABLE 1. Nucleotide (nt) and deduced amino acid (aa) identities of passion fruit green spot virus (PfGSV).

[image: Table 1]Seven putative ORFs with more than 200 nts were detected in the PfGSV genomes, two in the RNA1 and five in the RNA2 (Figure 3A). ORFs p15 and p13, in the 5′-end of the RNA2, encompass the largest discrepancies among the coding nucleotide sequences of BJL1 with the other isolates. Comparisons of PfGSV_Snp1 with known cileviruses revealed the highest nucleotide and deduced amino acid sequences identities with CiLV-C2 isolates Hw and Co (Table 1). At the genomic level, the highest identity values corresponded to RNA1 molecules (∼72.0%); while the RNA2 segments are more divergent (∼64.0%), even though they harbor the p24 ORF that is the most conserved ORF across cileviruses. In the comparisons with the CiLV-C2 isolates, P29, P15, and P61 proteins accounted for the lower levels of amino acid identities. In general, regardless of the evaluated gene, deduced protein or virus, the lowest values of identity always corresponded to the comparisons between PfGSV and CiLV-C.
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FIGURE 3. Genomic structure of passion fruit green spot virus. Graphic representation of (A) the PfGSV-Snp1 genome and its comparisons with the RNA2 molecules from PfGSV_BJL1 and (B) the cileviruses CiLV-C and CiLV-C2. Solid bars indicate the ORFs. RdRp: RNA-dependent RNA polymerase; p29: putative coat protein; MP: putative movement protein; p15, p13, p11, p61, and p24: proteins with unknown functions. ORFs p7 and that identified with an asterisk in the IR of CiLV-C and CiLV-C2 have been poorly described. An: poly(A) tail.


From the seven putative polypeptides encoded by the genome of PfGSV, the RdRp (RNA1) is the largest one, encoding a 2506 aa protein (285.9 kDa). In PfGSV_Snp1 this protein shows the viral methyltransferase domain (Pfam: PF01660) located near to the NH2-terminus of the protein. RdRp also includes the viral helicase_1 (Pfam: PF01443) and the RdRP_2 (Pfam: PF00978) domains, both localized in the second half of the protein, being the RdRP_2 motif the nearest to the COOH-terminus. P29_Snp1 (RNA1: 258 aa; 26.6 kDa), the putative coat protein, although with a relatively low level of amino acid identity with isolates of the citrus infecting-cileviruses (<33% with CiLV-C and <65% with CiLV-C2, Table 1), shows stretches of highly conserved residues among cileviruses. Eighteen out of the first 32 amino acids at the NH2-terminus of these proteins are conserved, while five other positions display residues with similar biochemical characteristics (Supplementary Figure S2). Alignment of P15 (RNA2: 131 aa; 14.8 kDa) from the PfGSV isolates with those from cileviruses displays 20 invariable amino acid residues. Some of them are conserved Cys residues likely essential for the P15 functioning, as previously described for CiLV-C (Ramos-González et al., 2016). Nonetheless, P15_Snp1 has an amino acid identity of < 15% in comparison with its cognates from CiLV-C strains, being, in general, the most divergent protein among cileviruses (Table 1).

The largest protein encoded by the RNA2 is the putative glycoprotein P61 (543 aa; 61.0 kDa). In silico analyses of P61_Snp1 revealed the presence of a signal peptide, which is likely cleaved between the positions 25 and 26, residues Ser-Lys-Gly/Arg-Phe. Besides three putative N-glycosylation sites at positions 249, 310, 340 in the mature peptide, P61_Snp1 also shows two adjacent transmembrane domains located near the COOH-terminus of the protein (positions 442–466 and 471–498). Similar structural features are conserved through the P61 of the isolates BJL1 and BSB1. MP_Snp1 (RNA2: 295 aa; 32.6 kDa) analysis revealed the presence of the 3A motif (Pfam: 00803) involved in the cell-to-cell movement of some plant-infecting viruses of the 30K superfamily (Melcher, 2000). This protein also has the typical “D motif”, which occurs in the MPs encoded by a diverse group of plant viruses (Mushegian and Elena, 2015).

P24 protein is the most conserved among those encoded by cileviruses. P24_Snp1 (207 aa; 23.8 kDa) has 88.0 and 60.8% amino acids sequence identity, respectively, with its cognate proteins from CiLV-C2_Co and CiLV-C_CRD (Table 1). All the studied isolates of PfGSV has the SP24 motif (Pfam: 16504), which, besides in cileviruses, is found in several arthropod-infecting viruses such as chroparaviruses, negeviruses, negevirus-like viruses, and in plant-infecting viruses of the genera Higrevirus and Blunervirus (Kuchibhatla et al., 2014; Nunes et al., 2017; Viljakainen et al., 2018). The alignment of P24 proteins from cileviruses reveals a less conserved NH2-terminus (approximately first 30 aa) that in the case of P24_Snp1 also shows a high density of positively charged residues (five Arg and three Lys) (Supplementary Figure S3). P24_Snp1 has several helices that might determine four transmembrane domains: TM1 (residues 46–62), TM2 (82–100), TM3 (112–130), and TM4 (150–169). Particularly, residues comprised between positions 48 and 59 are predicted to form a coiled-coil domain (Supplementary Figures S3C,D).



The Intergenic Region in the RNA2 From PfGSV Is Shorter Than Those of Known Cileviruses and Harbors a Novel Orphan ORF

In their RNA2 molecules, between the ORFs p15 and p61, the cileviruses CiLV-C and CiLV-C2 have a stretch of non-coding nucleotide sequences known as the IRs. In the PfGSV strains Snp1, BJL1, BSB1, these regions are 834, 839, and 834 nts in length, respectively (Figure 3A). Following the trend observed in the comparisons among the ORFs and deduced proteins encoded by the PfGSV genomes (Table 1), the nucleotide sequence identity between IRs from the isolates Snp1 and BSB1 are higher (99.0%) than that from the isolates Snp1 and BJL1 (91.3%). When compared with other cileviruses, the stretch of nucleotide sequences between p15 and p61 in PfGSV isolates are 17–35% shorter than those displayed in CiLV-C2 (strains Co: 1007 nts, Hw: 1078 nts, and Fla: 1048 nts), and 25–43% smaller than those in CiLV-C (strains CRD: 1130 nts and SJP: 1135 nts) (Figure 3B). The alignments of regions between the ORFs p15 and p61 from PfGSV, CiLV-C and CiLV-C2 show, at best, 45% nucleotide sequence identity (Table 1).

Besides the relatively low sequence identities, the stretch between the ORFs p15 and p61 in the PfGSV isolates Snp1, Snp2, NFo1, and BSB1 display an ORF (p13) with 330 nts that encodes a putative polypeptide of 110 residues, highly conserved, and ∼13 kDa (Figure 3A) (Table 1). It is noteworthy that due to the existence of the ORF p13 the use of the term IR to designate the stretch of nucleotide sequences between p15 and p61 in PfGSV, at least conceptually, is no longer conceivable.

P13 protein has no apparent homology with any protein available in public databases. A thorough analysis using the HHblits, HHpred, and Smart tools revealed amino acid motifs that may be essential for the understanding of the putative origin and function of this protein. P13, estimated pI: 8.59, displays 11 positively charged residues (10 Arg + 1 Lys) and four regularly distributed Cys residues in a stretch of 15 amino acids that also contains two His residues: Cys58-Phe-Arg-Cys-Glu-Ser-Cys-Arg-Phe-Cys-Ile-Leu-Glu-His-His72 (Figure 4). This sequence shows a slight identity with motifs identified in the cytokine-induced anti-apoptosis inhibitor 1 (CIAPIN1, PF05093), and PGC7/Stella/Dppa3-like domain (PGC7_Stella, PF15549). The Cys-rich motif is embedded within a larger region that, according to Smart, shows a remote identity with the FDB domain found in FBox and BRCT domain-containing plant proteins (Doerks et al., 2002). A sequence of 26 residues in the COOH-terminal region of P13 shows a moderate identity with the Chitin-binding domain type 3 (InterPro IPR003610). In PfGSV_BJL1, the locus of its putative ORF p13 is shorter. With only 282 nts, it encodes a smaller protein of 94 aa, ∼11.1 kDa, that shares almost the same sequence over the first 40 residues with P13_Snp1 (Figure 4).
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FIGURE 4. Deduced amino acid sequence alignment of proteins P13 and P11 from passion fruit green spot virus isolates Snp1, BSB1, and BJL1. Solids boxes on top of alignments label domains with remote identity in proteins P13, as identified by HHblits, HHpred, and Smart tools. White letters represent conserved amino acids across the three proteins. Magenta and mustard backgrounds highlight arginine (R), cysteine (C), and histidine (H) residues.




The Pattern of Subgenomic RNAs From PfGSV Resembles That Resultant From CiLV-C Transcription

Total RNA extract from the PfGSV_Snp1-infected plant was analyzed by Northern blot assay. The test also included RNA extract from CiLV-C-infected sweet orange leaves whose detected bands were used as molecular weight markers. Hybridizations were carried out using probes derived from the ORFs p29 and p24 of each virus. The identity of bands in each profile was assigned after a comparison between our results and those shown in a Northern blot analysis of CiLV-C previously obtained (Pascon et al., 2006).

Two bands were identified in the blots corresponding to the RNA1: gRNA1 and sgRNA1 (Figure 5). Relative amounts of these bands indicated much more accumulation of that corresponding to the sgRNA1, which harbors the ORF p29 according to the probe used in this test. In blots hybridized with the p24-derived probes, besides the band of the gRNA2, three other bands were identified as sgRNA2, sgRNA3, and sgRNA4. sgRNA4, the most abundant and with the lowest molecular weight of the three bands, comprises the ORF p24 region. sgRNA2 and sgRNA3 likely act as the mRNA for the expression of the ORFs p61 and mp, respectively. New hybridizations using an ORF p13 -specific probe need to be carried out to confirm whether a weak band with a molecular weight slightly higher than, and as abundant as, the sgRNA2 band in the PfGSV blots is the sgRNA from which the P13 protein may be expressed (Figure 5, lane H). No signal was detected in any of the lanes where RNA extracts from healthy plants were run (lanes A, C, E, and G). Other bands that remained unidentified seem to be the results of either partial degradation or defective products derived from the viral replication or transcriptional processes.
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FIGURE 5. Passion fruit green spot virus RNA’s profile in infected plants. Northern blot hybridization using 10 μg of total RNA extracts from PfGSV-infected passion fruit plant (D,H), which was compared with that of CiLV-C in sweet orange plant (B,F). Digoxigenine (DIG-11-dUTP)- labeled probes were individually generated by PCR using specific primers for p29 and p24 ORFs from CiLV-C isolate CRD and PfGSV isolate Snp1. In lanes A and C, and E and G 10 μg of total RNA extracts from healthy sweet orange and passion fruit plants were assayed, respectively. The solid arrow indicates a band in the lane H that may correspond to sgRNA molecules for the putative expression of P13 protein.




Combined Phylogenetic and Ancestral Reconstruction Analyses Suggest That Direct Ancestors of Kitavirids Likely Colonized Arthropods

Phylogenetic analyses of the RdRp and MP sequences revealed a closer relationship between PfGSV and strains of CiLV-C2, CiLV-C, and, although to a lesser extent, with other viruses in the family Kitaviridae (Figure 6 and Supplementary Figure S4). In the RdRp tree, viruses of the genera Cilevirus and Higrevirus shared the same clade with Saiwaicho virus, an unassigned monopartite virus found in Drosophila suzukii (Medd et al., 2018), while blunerviruses divided their clade with Beihai barnacle virus 2, an unassigned monopartite found infecting a crustacean (Shi et al., 2016). These two clades besides the clade comprising nelorpiviruses and two other unassigned ss(+)RNA viruses also found in arthropods, partook a polytomy, suggest either simultaneous speciation events or, more likely, absence of enough data to figure out how those lineages are related. Regardless of this, the inferred phylogenetic tree based on RdRp suggested the probable existence of common ancestors between plant-infecting kitaviruses and a number of arthropod-infecting viruses. In the MP tree, which as expected only included plant-infected viruses, a closer phylogenetic relationship was observed between cileviruses, then with the blunerviruses, and finally with the furoviruses oat golden stripe virus and sorghum chlorotic spot virus (Supplementary Figure S4).
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FIGURE 6. Molecular phylogenetic analysis of plant-infecting viruses of the family Kitaviridae. The midpoint-rooted Bayesian maximum clade credibility tree was inferred using a Markov Chain Monte Carlo (MCMC) of 6 million generations using the amino acid sequences of RNA dependent RNA polymerase (RdRp) of members of the family Kitaviridae (genera Cilevirus, Higrevirus, and Blunervirus), arthropod-infecting viruses, and viruses of the family Virgaviridae. Dataset included 443 positions and its evolutionary history was inferred based on the model LG + G + I + F (Le and Gascuel, 2008). Figures next to nodes indicate values of posterior probability branch support. Scale bar indicates the average number of amino acid substitutions per site. Passion fruit green spot virus sequences are highlighted in red.


Ancestral trait reconstruction analysis based on the consensus RdRp phylogenetic tree indicated the likely hosts of most recently ancestors of kitaviruses (Figure 7). Nodes 84 and 101, which represent the common ancestors between viruses of the genera Cilevirus-Higrevirus and Blunervirus, respectively, with their closest arthropods-infecting relatives, are supported by more than 90% of trees, and they most likely infected arthropods (95%), as inferred by the RASP analysis. Similarly, the analysis of node 102, representing the most recent common ancestor of nelorpiviruses (group Negevirus) and kitaviruses, also indicated with a high probability (>99%) an arthropod-infecting virus. Node 98, although represented in the topology of the consensus tree, is not taken into account due to its relatively low support value (42%).
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FIGURE 7. Ancestral state reconstructions performed by the Bayesian Binary MCMC analysis as implemented in RASP v4.2 using the RdRp MrBayes rooted tree. Pie charts at each node represent ancestral host estimations. Each node is internally identified with a number and the figures immediately at their right indicate their frequency in the consensus tree. The probabilities of particular hosts in major nodes are as follows: Node 84 – Arthropods (Arth) 96.15%, Arth + Plants (P) 3.40%, P 0.26%; Node 101– Arth 95.89%, Arth + P 3.55%, P 0.31%; Node 102 – Arth 99.08%, Arth + P 0.80%.




Mixed Infections of Potyviruses and PfGSV in Passion Fruit Plants Affected by PfGS Disease

The near-complete genome sequences of two potyviruses, soybean mosaic virus (SMV) and cowpea aphid-borne virus (CABMV), were assembled from reads obtained from the analyses of the samples collected in Brasilia and Bom Jesus da Lapa, respectively. The genome of SMV_BSB1 (GB accession number MN124783) comprises 9,510 nts and shows the highest nucleotide sequence identity (97.7%) with SMV strain G4 (FJ640979) (Seo et al., 2009). Translated polyprotein of SMV_BSB1, 3,069 residues, shares 97.85% amino acid sequence identity with the SMV_Gulupa found infecting passion fruit plants in Colombia (Jaramillo-Mesa et al., 2018). The genome of CABMV_BJL1 (GB accession number MN124782) consists of 9,936 nts and encodes a polyprotein of 3,182 aa. Comparisons of CABMV_Snp1 with known potyviruses revealed both the best nucleotide (88.61%) and deduced amino acid (92.14%) sequence identities with CABMV_MG-Avr (HQ880243) (Barros et al., 2011). In the analysis of the HTS library obtained from the sample collected in Sinop, virus sequences other than that from PfGSV were not detected.



DISCUSSION

We have revealed the genome of five novel bipartite viruses found in passion fruit plants affected by either passion fruit green spot (PfGS) or passion fruit sudden death (PfSD) diseases. Our results not only complement previous works that suggested the presence of cileviruses as causal agents of these pathologies (Kitajima et al., 2003; Antonioli-Luizon, 2010), but also indicate that these viruses belong to the same tentative cilevirus species, previously named as PfGSV (Kitajima et al., 1997). In addition, we detected mixed infections between PfGSV and the potyviruses SMV and CABMV in two out of the three samples analyzed by HTS. Accordingly, in the current discussion relevant aspects involving PfGSV-caused diseases emanates from the evaluation of the symptoms showed by the sample Snp1, in which PfGSV was the only virus detected in the HTS analysis, and by other passion fruit plants experimentally infected by PFGSV using viruliferous brevipalpus mites under controlled conditions in a greenhouse (unpublished results).

Both the shape and size of detected virus particles, as well as the cytopathic effects observed in the cells of the diseased passion fruit tissues, matched with those previously noted in PfSD-affected plants (Kitajima et al., 2003) and, in general, with those described for cileviruses, and the anatomy of the cells affected by their infections (Freitas-Astúa et al., 2018). PfGSV genomes encompass the six typical cilevirus ORFs subdivided into two RNA molecules with ∼9 and 5 kb (Figure 3) (Freitas-Astúa et al., 2018). Besides the two genomic RNA molecules, four sgRNA molecules were detected in passion fruit infected plants (Figure 5), whereas, a fifth sgRNA, from which P13 protein might be translated, still needs more in wet analyses to confirm its identity. Despite this, the array and number of PfGSV-specific sgRNAs, particularly those derived from its RNA2, resemble more the sgRNA expression pattern revealed by CiLV-C (Pascon et al., 2006), than that shown by CiLV-C2, whose RNA2 sgRNA profile comprises only two molecules (Roy et al., 2013). Moreover, comparisons of nucleotide and deduced amino acid sequences from PfGSV with the cognates from CiLV-C and CiLV-C2 (Table 1) validated that PfGSV isolates are distinct from known viruses and, taken together, support their definitive assignment to a new species of the genus Cilevirus, family Kitaviridae.

RNA2 of PfGSV isolates Snp1, Snp2, NFo1, and BSB1 harbors a seventh ORF (p13) (Figure 3) potentially encoding a protein lacking recognizable homologs. P13 displays 10 residues of Arg, intermingled with other amino acids, rendering a positively charged protein that might account for its likely interaction with either proteins or nucleic acids (Chandana and Venkatesh, 2016). P13 also has Cys residues that make it resemble small cysteine-rich proteins (CRPs) encoded by hordei-, furo-, tobra-, beny-, peclu-, and carlaviruses (Koonin et al., 1991; Yelina et al., 2002). However, unlike those CRP encoded in the 3′-termini of viral genomes, ORFp13 is placed in the 5′ half of the RNA2 molecule probably suggesting its different transcriptional regulation and accumulation pattern. In-depth bioinformatic analyses of P13 protein indicated it harbors motifs showing the best, although weak, identities with those in proteins involved in transcriptional regulation, e.g., FDB and PGC7/Stella/Dppa3 -like domains (Figure 4). Remarkably, besides P13, P15 also shows Cys residues, which likely contribute to a putative Zn-finger structure (Ramos-González et al., 2016). Studies with CRP from, e.g., tobacco rattle virus and beet necrotic yellow vein virus revealed that Cys residues are essential for protein stability and/or their activity as RNA silencing suppressors (Chiba et al., 2013; Sun et al., 2013; Fernández-Calvino et al., 2016). While P13 expression from the RNA2 of PfGSV_Snp1 still needs to be proven, a thought-provoking question is what would be the likely selective advantage provided by this gene. Clearly contrasting with CiLV-C and CiLV-C2, PfGSV has been identified naturally infecting more than a dozen species of plants belonging to nine families (unpublished data), and their lesions in infected plants are less restricted than those produced by the citrus-infecting cileviruses (Freitas-Astúa et al., 2018; Ramos-González et al., 2018) (Figure 1C). It should be noted that the putative allele of the p13 ORF in the isolate BJL1 (BJL1 allele) produces a truncated version of the protein with ∼11 kDa. Further variability studies including more than 30 isolates are underway in our laboratory aiming to assess the prevalence of the p13 alleles in the PfGSV population. Besides its presence in four out of the five isolates included in this study, preliminary results indicate the predominance of the Snp1 type (unpublished data).

A broader examination of the first third of the PfGSV RNA2 molecule highlights the variability of this region in PfGSV and in general across cileviruses. Considering PfGSV as a reference, this stretch of nucleotide sequence (i) contains two divergent alleles for the p13 ORF (represented by the alleles Snp1 or BJL1), (ii) is 17–43% shorter than those in other cileviruses, (iii) includes the p13 ORF that is absent in CiLV-C and CiLV-C2, and (iv) accommodates the p15 ORF, the less conserved among the cileviruses (Table 1). Variability between the RNA2 IR in CiLV-C and CiLV-C2 has been previously emphasized (Melzer et al., 2013b; Roy et al., 2013; Ramos-González et al., 2016). CiLV-C and CiLV-C2 harbor a putative small ORF encoding a 7 kDa protein whose position inside the IR reveals a contrasting structural array between the IR of these two viruses. Early studies on the IR led us to hypothesize the occurrence of continuous illegitimate (non-homologous) recombination processes inter- or intra-species of cileviruses (Ramos-González et al., 2016).

Phylogenetic inferences using RdRp confirmed previous reports indicating close genetic and evolutionary links between plant-infecting viruses of the family Kitaviridae and several arthropod-infecting viruses (Figure 6) (Vasilakis et al., 2013; Kallies et al., 2014; Nunes et al., 2017; Kondo et al., 2019; Vinokurov and Koloniuk, 2019). Particularly, the analysis of the RdRp tree indicated that kitavirids might have emerged via a divergent lineage from which other plant-infected viruses, e.g., members of the family Virgaviridae, have likely evolved, further underpinning that the diversity of arthropod viruses is the source from where several plants and animal viruses evolved (Shi et al., 2016; Dolja and Koonin, 2018). Through combined analyses based on the RdRp tree and the genome structure of known negeviruses, negevirus-like viruses, and members of the family Kitaviridae, it might be speculated that their putative direct ancestors colonized arthropods and displayed unsegmented ss(+)RNA genome with a poly-A tail and three major ORFs arranged in the following order: 5′-ORF1 (RdRp)-ORF2 (putative glycoprotein)-ORF3 (SP24 motif-containing protein)-3′. While circulating negeviruses and negevirus-like viruses keep this general genome structure (Vasilakis et al., 2013), kitavirids show segmented genomes where the orthologs of ORF1 and ORFs 2–3 lie in distinct RNA molecules. In particular, cileviruses might epitomize one of the outgrowths of this evolutionary process in which the high-variable 5′-end of the RNA2, placed upstream the p61 ORF (putative glycoprotein), represents a block of sequence that lacks in the genome of the known negeviruses and negevirus-like viruses.

The shaping of current cilevirus genomes might have undergone the action of evolutionary forces biased not only by their plant hosts but also by their vectors. Horizontal gene transfer among viruses, or even between viruses and plants, has been suggested as a suitable mechanism for the acquisitions of new genes by plant virus genomes, as properly explained in the case of the binary movement block genes of the kitavirus hibiscus green spot virus 2 (Solovyev and Morozov, 2017). Moreover, blunerviruses and cileviruses encode a 30K MP displaying their best identities with those from virgavirids (Supplementary Figure S4) from which it could likely have been integrated by recombination (Quito-Avila et al., 2013). These two examples suggest that gene acquisition processes could have happened before the diversification of cileviruses and blunerviruses or, otherwise, they came about more than twice during the evolution of current kitavirids. This latter scenario seems to fit better with the speciation processes from two different nodes suggested by the RdRp-based analyses (Figures 6, 7).

Moreover, brevipalpus mites, the known vectors of cileviruses, also act as hosts and vectors of viruses grouped in the genus Dichorhavirus, one of the two genera of rhabdoviruses showing segmented genomes (Dietzgen et al., 2018). Genome segmentation of an ancestral mononegavirus into dichorhaviruses has been suggested as likely linked to their unique vector (Kondo et al., 2017). If any, monopartite nege-like viruses infecting brevipalpus mites have not been detected yet. However, besides a number of negeviruses (Agboli et al., 2019), Saiwaicho virus (Medd et al., 2018), aphis glycine virus 3 (Feng et al., 2017), and Tetranychus urticae kitavirus (Niu et al., 2019), have been recovered from herbivore arthropods. In such a way, the role of arthropods acting as a bridge between ancestral nege-like viruses and plants seems to be probable.

In this work, we have revealed the genomic sequence of viruses belonging to a putative new species of cilevirus. Deeper studies on molecular variability and prevalence of PfGSV isolates, degree of susceptibility of passion fruit cultivars to virus infection and vector infestation, specificity of the virus-mite interactions, relationship between dynamic of mite populations, e.g., density and seasonal fluctuations, and plant symptom severity will provide us with robust tools to detect and control the infection by PfGSV and to reveal the factors that determine the outbreak of two different diseases with the same etiological agent. Our current study has expanded our knowledge about cileviruses since PfGSV is only the third virus of the genus with a complete genome revealed and, so far, the only one able to infect passion fruit plants. This latter fact is of particular significance because differently from CiLV-C and CiLV-C2, whose primary host is sweet orange (Citrus sinensis) trees introduced in America only after the colonization ca. 500 years ago, the mean host of PfGSV is native to South America (Ocampo Pérez and Coppens d’Eeckenbrugge, 2017). If, as it is speculated, South America is the center of origin of brevipalpus-transmitted viruses (Freitas-Astúa et al., 2018), a group that besides the cileviruses includes the ss(−)RNA bipartite viruses of the genus Dichorhavirus (Dietzgen et al., 2018), virus-host co-evolutionary history of PfGSV is much larger than that of the CiLV-C or CiLV-C2. More importantly, they might shed light on the complex evolutionary processes involving kitavirids and related arthropod-infecting viruses. Comprehensively, high variability involving the presence of orphan or taxonomically restricted genes in the RNA2 of cileviruses launch these viruses as an excellent system to study the mechanisms determining the birth of new genes, as well as, the role of these genes enabling the viral fitness to novel conditions (Khalturin et al., 2009; Schlötterer, 2015; Johnson, 2018; Van Oss and Carvunis, 2019).
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Aphids (order Hemiptera) are important insect pests of crops and are also vectors of many plant viruses. However, little is known about aphid-infecting viruses, particularly their diversity and relationship to plant viruses. To investigate the aphid viromes, we performed deep sequencing analyses of the aphid transcriptomes from infested barley plants in a field in Japan. We discovered virus-like sequences related to nege/kita-, flavi-, tombus-, phenui-, mononega-, narna-, chryso-, partiti-, and luteoviruses. Using RT-PCR and sequence analyses, we determined almost complete sequences of seven nege/kitavirus-like virus genomes; one of which was a variant of the Wuhan house centipede virus (WHCV-1). The other six seem to belong to four novel viruses distantly related to Wuhan insect virus 9 (WhIV-9) or Hubei nege-like virus 4 (HVLV-4). We designated the four viruses as barley aphid RNA virus 1 to 4 (BARV-1 to -4). Moreover, some nege/kitavirus-like sequences were found by searches on the transcriptome shotgun assembly (TSA) libraries of arthropods and plants. Phylogenetic analyses showed that BARV-1 forms a clade with WHCV-1 and HVLV-4, whereas BARV-2 to -4 clustered with WhIV-9 and an aphid virus, Aphis glycines virus 3. Both virus groups (tentatively designated as Centivirus and Aphiglyvirus, respectively), together with arthropod virus-like TSAs, fill the phylogenetic gaps between the negeviruses and kitaviruses lineages. We also characterized the flavi/jingmen-like and tombus-like virus sequences as well as other RNA viruses, including six putative novel viruses, designated as barley aphid RNA viruses 5 to 10. Interestingly, we also discovered that some aphid-associated viruses, including nege/kita-like viruses, were present in different aphid species, raising a speculation that these viruses might be distributed across different aphid species with plants being the reservoirs. This study provides novel information on the diversity and spread of nege/kitavirus-related viruses and other RNA viruses that are associated with aphids.
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INTRODUCTION

Aphids (order Hemiptera: superfamily Aphidoidae) are phloem feeders and important insect pests that affect a wide range of crops. Aphid infestation can reduce both the yield and quality of crops by direct feeding and transmitting symptomatic plant viruses (Powell et al., 2006). Many aphid species act as vectors for a number of agriculturally important plant viruses (Ng and Perry, 2004; Brault et al., 2010). Most aphid-vectored plant viruses do not replicate within the aphids and are transmitted by either a non-circulative (non-persistent) or a circulative (persistent) manner (Ng and Perry, 2004; Whitfield et al., 2015; Dader et al., 2017); however, some plant rhabdoviruses (negative-sense RNA genome, family Rhabdoviridae) are transmitted by aphids through the circulative (persistent) manner and replicate within their vectors (Whitfield et al., 2018).

In cereal crops (within the family Poaceae), such as wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.), aphids can cause great yield losses by directly feeding on the phloem sap and more significantly by transmitting several yellow dwarf disease-causing viruses (Jarosova et al., 2013; Krueger et al., 2013), such as barley yellow dwarf, cereal yellow dwarf and wheat yellow dwarf viruses (positive-sense RNA viruses, genera Luteovirus and Polerovirus, family Luteoviridae) (King et al., 2011). These viruses are transmitted in a circulative (persistent) and non-propagative manner by common aphid species that infest cereals, such as the bird cherry-oat aphid (Rhopalosiphum padi), corn leaf aphid (R. maidis), greenbugs (Schizaphis graminum), English grain aphid (Sitobion avenae), and rose-grain aphid (Metopolophium dirhodum) (Miller et al., 2002; Parry et al., 2012).

In addition to harboring numerous plant viruses, aphids are known to host several insect-specific single stranded DNA viruses [Myzus persicae densovirus (MpDNV) and Dysaphis plantaginea densovirus (DplDNV)] (van Munster et al., 2003; Ryabov et al., 2009) and positive-sense RNA viruses, the latter of which includes three picornaviruses: the Rhopalosiphum padi virus (RhPV) and aphid lethal paralysis virus (ALPV), both of the family Dicistroviridae, and the Brevicoryne brassicae virus (BrBV) of the family Iflaviridae (Moon et al., 1998; van Munster et al., 2002; Ryabov, 2007); and two unclassified RNA viruses: rosy apple aphid virus (a calici-like virus) and Acyrthosiphon pisum virus (APV) (distantly related to the members of the family Solinviviridae) (vandenHeuvel et al., 1997; Ryabov et al., 2009). Many of these viruses were discovered because of their phenotype alternations of the host aphids (Teixeira et al., 2016). More recently, analyses using next-generation sequencing (NGS) have identified several novel aphid-infecting viruses, including six positive-sense RNA viruses: three flavi-like viruses [Macrosiphum euphorbiae virus 1 (MeV-1); two jingmenviruses, Wuhan aphid virus 1 and 2 (WhAV-1 and -2)] (Shi et al., 2016b; Teixeira et al., 2016), a tetra-like virus (Aphis glycine virus 2), a nege-like virus [Aphis glycine virus 3 (ApGlV-3)] (Feng et al., 2017) and a sobemo-like virus (Macrosiphum euphorbiae virus 3) (Teixeira et al., 2018); a negative-sense RNA phlebo-like virus (Aphis citricidus bunyavirus) (Zhang et al., 2019); and a DNA densovirus (Macrosiphum euphorbiae virus 2) (Teixeira et al., 2018). Nevertheless, little is known about the viromes of aphid populations, particularly those that infest cereal plants in the field.

During the past decades, an increasing number of the novel “insect–infecting viruses” have been identified from mosquitoes (order Diptera). These viruses have a host range that is restricted to insects and are related to human arthropod-borne viral pathogens (so called arboviruses), such as dengue, Zika and West Nile viruses (family Flaviviridae), chikungunya virus (family Togaviridae) and Rift Valley fever virus (family Phenuiviridae) (Bolling et al., 2015). One of these insect–infecting virus groups has been proposed as the taxon “Negevirus,” consisting of alpha-like viruses from mosquitos and sandflies (order Diptera) (Vasilakis et al., 2013; Vasilakis and Tesh, 2015). Negevirus particles are likely “spherical or elliptical” in shape with diameter of 45–55 nm (Vasilakis et al., 2013; Nabeshima et al., 2014; Kawakami et al., 2016; O’Brien et al., 2017; Zhao et al., 2019). Their genomes consist of a non-segmented, positive-sense RNA, approximately 9 to 10 kb in length and comprises three open reading frames (ORF). The second and third ORFs encode two structural proteins, a predicted glycoprotein (ORF2), and a predicted membrane protein SP24 (ORF3) (Kuchibhatla et al., 2014; Fujita et al., 2017; Zhao et al., 2019; Colmant et al., 2020). Based on phylogenetic analysis, this taxon could be separated into two groups at the genus level, namely “Nelorpivirus” and “Sandewavirus” (Kallies et al., 2014). Negeviruses are distantly related to members of three plant virus genera, Cilevirus, Higrevirus, and Blunervirus (Vasilakis et al., 2013; Kallies et al., 2014; Nunes et al., 2017; Ramos-González et al., 2020). These genera have recently been assigned as the members of the family Kitaviridae (Walker et al., 2019). Kitaviruses have bi-, tri- or tetra-partite positive-sense RNA genomes (Locali-Fabris et al., 2006; Melzer et al., 2013; Hao et al., 2018), and some of them, such as citrus leprosis virus cytoplasmic type (CiLV-C, a cilevirus, which is prevalent in several countries of the American continent), have non-enveloped bacilliform particles and are transmitted by false spider mites, Brevipalpus spp. (class Arachnida) (Tassi et al., 2017; Freitas-Astua et al., 2018). Recently, a meta-transcriptomic approach on invertebrates expanded the diversity of nege- and nege-like viruses infecting or associated with mosquitos and flies (Webster et al., 2015, 2016; Shi et al., 2017; Medd et al., 2018; Sadeghi et al., 2018; Pettersson et al., 2019) and other invertebrates (Shi et al., 2016a; Debat, 2017; Feng et al., 2017; Nunes et al., 2017; Schoonvaere et al., 2018; Kondo et al., 2019). Nevertheless, there is still very limited information about the relationships between negeviruses and kitaviruses and also the evolutionary history of these two virus groups.

In this study, a meta-transcriptomic approach was used to investigate the viromes of aphid populations collected from a barley field for three consecutive years, 2016–2018. We identified at least 60 virus-like sequence contigs related to RNA viruses such as nege/kita-, flavi/jingmen-, tombus-, phenui- and luteoviruses, including eight putative novel RNA viruses. In particular, our study reveals the new nege/kita-like virus lineages with the members that are associated with aphid species and, thus, enhances our knowledge on the diversity and evolution of insect viruses that are related to plant viral pathogens.



MATERIALS AND METHODS


Collection of Aphids and Species Identification

Collection of aphids were performed in the experimental field at the Institute of Plant Science and Resources (IPSR) in Okayama University, Kurashiki, Japan (34°59’ N and 133°77’ E) on April and May in 2016–2018. Aphids (total 15 aphid samples) were obtained from the colonies that infest leaves and ears of barley cultivar “Golden Promise”, “Morex”, “Kikai Hadaka”, “Minori Mugi”, “Ryofu”, “Kobin Katagi”, and three landraces (OUK327, OUU094, and OUU659), and then aphids samples were stored at −80°C until further analysis.

To determine the aphid species, a 658-bp fragment of mitochondrial DNA from the 5′ region of the mitochondrial cytochrome c oxidase subunit 1 (COI) gene, was analyzed (Foottit et al., 2008). Total genomic DNA was extracted from a portion of each aphid sample by using DNeasy Blood and Tissue Kit (Qiagen, Venlo, Netherlands). The COI sequence of mitochondrial DNA was amplified by PCR using QuickTaq HS Dye Mix (Toyobo, Osaka, Japan) with the primer pair “LepF and LepR” (Supplementary Table S1; Foottit et al., 2008). PCR fragments were purified using the Wizard SV Gel and PCR Clean-Up System (Promega, United States) and then sequenced using the conventional Sanger sequencing method with an ABI3100 DNA sequencer (Applied Biosystems, Foster City, CA, United States). The amplified COI fragments were subjected to a BlastN search and Neighbor Joining (NJ) tree construction (see below).



RNA Extraction and RT-PCR

Total RNA from each aphid sample (pools of roughly 20–40 individual aphids from each colony) was extracted using TaKaRa RNAiso Plus Reagent (TaKaRa Biotech. Co., Shiga, Japan), following the manufacturer’s instructions. The total RNA fraction was analyzed by electrophoresis in a 1% (W/V) agarose gel in 1 × TAE buffer. For reverse transcription (RT)-PCR to detect virus-like sequences, cDNAs were synthesized using MMLV reverse transcriptase (Thermo Fisher Scientific, Waltham, MA, United States) with random hexamers, following the manufacturer’s instructions. The cDNAs were then used as templates for PCR amplification with QuickTaq HS Dye Mix. The primer sets used to amplify virus-like sequences are provided in Supplementary Table S1. The 16S ribosomal RNA of aphids was used as a reference target gene for RT-PCR using a primer set “Apisum16S_F and Apisum16S_R” for Acyrthosiphon pisum (Supplementary Table S1; Koramutla et al., 2016). To confirm the presence of primary and secondary parasitoid wasps, we selected two primer sets “L.testa_RpL3_F and L.testa_RpL3_R” and “DcarpF and DcarpR” for amplification of the ribosomal protein L3 (RpL3) gene of a putative primary parasitoid species (Lysiphlebus testaceipes, Hymenoptera: Braconidae) (this study) and the 16S rRNA gene of a putative secondary parasitoid species (Dendrocerus carpenteri, Hymenoptera: Megaspilidae) (Supplementary Table S1; Chen et al., 2006). PCR conditions used were as follows: an initial denaturation step at 94°C for 2 min; followed by 30 or 35 cycles of: denaturing at 94°C for 10 seconds, annealing at 53°C or 55°C for 30 seconds, then extension at 72°C for 1 min, then finishing with a final extension step at 72°C for 10 min. PCR products were then purified and subjected to Sanger sequencing.

To determine the major uncertain or unknown regions of virus-like sequences, RT-PCR was performed using the specific primer sets, and PCR fragments were then sequenced using the Sanger method. Sequences of the primers used in the RT-PCR are provided listed in Supplementary Table S1 or are available upon request.



Next-Generation Sequencing and Read Assembly

Total RNA fractions were prepared separately from 15 aphid samples (each population from a single colony) and according to the year of aphid collection, pooled into three groups: pool-1 (total 81.9 μg, RNA integrity number: RIN = 8.1) consisted of samples from 2016 (5 aphid populations, BaA1-16-1 to -5), pool-2 (total 12.4 μg, RIN = 9.1) consisted of samples from 2017 (2 aphid populations, BaA2-17-6 and -7) and pool-3 (total 36.9 μg, RIN = 9.1) consisted of samples from 2018 (8 aphid populations, BaA3-18-8 to -16) (Table 1). Each RNA sample pool was depleted of rRNA using a Ribo-Zero kit (Illumina, San Diego, CA, United States) and then used for synthesis of a cDNA library using the TruSeq RNA Sample Preparation kit v2 (Illumina). The cDNA library obtained was subjected to deep sequencing using the Illumina HiSeq 2000 or 4000 platform (Illumina, pair-end 100 bp reads). Deep-sequencing was performed by Macrogen Inc (Tokyo, Japan). Raw reads (pool-1: 58,056,740; poo1-2: 58,030,114 and pool-3: 53,125,246) were trimmed by removing the adapter sequences and de novo assembled using the CLC Genomics Workbench version 11 (CLC Bio-Qiagen, Aarhus, Denmark). The assembled-contigs derived from each sample pool (over 1.0 kb contigs) were subjected to local Blast searches against the viral reference sequence (RefSeq) dataset of NCBI1 (the E-value cut-off is >0.05 for local BlastN). To roughly estimate the other sequence read origins for each NGS data set, we also conducted local Blast analyses against the following genome sequences: (1) aphid (R. padi) transcript data obtained from AphidBase2; (2) insect parasitoid wasp (M. demolitor, a larval lepidopteran endoparasitoid) transcript data from NCBI; (3) an aphid endosymbiotic bacterium (Buchnera aphidicola str. Ak, a blue alfalfa aphid Acyrthosiphon kondoi endosymbiont, accession no. CP002645) genome sequences; and (4) R. padi mitochondrion (accession no. KT447631) genome sequences. Mapping of sequence reads to each virus-like contigs or gap-filling virus-like sequences determined using RT-PCR was done using the Read Mapping algorithm of the CLC Genomics Workbench.


TABLE 1. List of the aphid samples collected from the barley field.
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Sequence Analysis and Database Search

Open reading frames were identified using Enzyme X v3.3.33. Pairwise sequence comparisons were performed using the Sequence Demarcation Tool version 1.2, with the MUSCLE alignment (Muhire et al., 2014). The conserved protein domains were searched using the NCBI conserved domain database4. Putative transmembrane domains were predicted using the TMHMM server version 2.045 (Krogh et al., 2001). Blast or reverse Blast searches were run on the non-redundant (nr) DNA and protein databases from NCBI (nucleotide collection, nr/nt; transcriptome shotgun assembly, TSA).



Phylogenetic Analyses

Maximum-likelihood (ML) tree construction was carried out as described previously with minor modifications (Kondo et al., 2015, 2016). Multiple amino acid alignments were obtained by using MAFFT online version 76, set to the default parameters (Katoh and Standley, 2013). Ambiguous portions of the alignment were removed using Gblocks online version 0.91b7 with the stringency levels lowered for all parameters (Talavera and Castresana, 2007). ML trees were then generated using the PhyML 3.0 online program8 with automatic model selection by Smart Model Selection (Guindon et al., 2010; Lefort et al., 2017). The NJ trees (Saitou and Nei, 1987) were constructed based on the multiple alignments using MAFFT. Then the phylogenetic trees were refined using FigTree version 1.3.1 software9.




RESULTS AND DISCUSSION


Identification of Aphid Species Collected From the Barley Field

In April and May in 2016–2018, we collected a total of 15 aphid population samples from the colonies on the barley plants that were grown in the experimental field of IPSR, Okayama (Table 1). Analysis of the mitochondrial COI sequence using genomic PCR and sequencing indicated that the aphid species collected were R. padi (the bird cherry-oat aphid), R. maidis (the corn leaf aphid), and S. avenae (the English grain aphid) (Table 1 and Supplementary Figure S1 and data not shown). R. maidis may be the predominant species of aphid populations in this barley field because R. maidis was obtained during each year of sampling and was also the main species collected of the aphid populations (10 out of 15 samples) (Table 1). Nevertheless, further intensive surveys are required to determine the actual aphid population and their dynamics in the field.



Aphid Transcriptomic Analysis Using NGS

To investigate the virome of these aphid samples, total RNA samples were pooled according to the year of sampling (pool-1 to pool-3) and subjected to transcriptomic analysis using NGS. The de novo assembled contigs that were larger than 1.0 kb (pool-1: 10,133; pool-2: 15,562; and pool-3: 10,324 contigs) were subjected to local Blast (tBlastX) analyses (Figure 1A). Most of the contigs were associated with aphids (63–91% contigs), with much fewer portions being associated with wasps (3–22%) and endosymbionts (2 or 3%). Aphid samples of the pool-1 might be highly parasitized by parasitoids (22% contigs), such as L. testaceipes compared with those of other pools (7% or 3%) (Figure 1A and data not shown). Among the total contigs (>1 kb), at least 60 contigs (pool-1: ∼43 contigs; pool-2: 5 contigs; and pool-3: 12 contigs) were virus-related sequences, with the length ranging from 1,102 to 23,141 nt (Figures 1A,B and see below). The proportions of sequence reads related to viral sequences largely differed among three libraries; 13%, 0%, and 2% for pool-1, pool-2, and pool-3, respectively (Figure 1B).
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FIGURE 1. Number of de novo-assembled contig sequences in the three libraries (pools 1–3) derived from the barley aphid transcriptomic analysis using NGS. (A) Distribution of the contigs based on organisms (aphids, parasitoid wasps, endosymbiont bacterium, viruses, and others) analyzed using BlastN matches with an e-Value < 0.05 for the selected reference sequence data (transcriptomic or genomic sequences) (see Section “Materials and Methods”). (B) The number of raw reads mapping to virus-like contig sequences related to different viral groups (families or proposed taxa). Charts show the percentage of raw read, estimated using a read mapping approach, according to the virus groups in each library, except for pool-2, where only a small number of virus-like contigs were identified. C = the number of virus-like contigs.




Identification of Virus-Related Sequences From the Aphid Transcriptomes

Local Blast analyses revealed that the virus-like contigs present in the aphid transcriptomes have sequence similarity to relatives or members of the virus families, the Kitaviridae (or proposed Nelorpivirus and Sandewavirus), Flaviviridae, Tombusviridae, Phenuiviridae, Narnaviridae, Chrysoviridae, Partitiviridae, Rhabdoviridae, and Luteoviridae (Figure 1B and Table 2). Notably, virus-like reads were predominantly mapped to virus-like contigs associated with nege/kitaviruses (25%), flavi/jingmenviruses (49%), and tombus-like virus (25%) in pool-1; and nege/kitaviruses (39%), flavi/jingmenviruses (35%), and luteoviruses (26%) in pool-3 (Figure 1B). The three luteovirus-like contig sequences in pools 1 and 3 are likely derived from plant viruses including barley yellow dwarf virus (a well-known luteovirus, family Luteoviridae). The detailed analysis of luteovirus, or luteo-like virus sequences identified in the current study will be reported elsewhere as a part of the ongoing barley virome project conducted in this barley field.


TABLE 2. Major virus-like sequences from the barley aphid transcriptomes.
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We performed RT-PCR to verify the presence of virus-related RNAs in the aphid samples using the specific primer sets (Supplementary Table S1). The virus targets were successfully amplified from the aphid RNA samples (Supplementary Figures S2).



Characterization of Nege/Kita-Like Virus Sequences

We identified four contigs that resembled almost complete (coding complete) nege/kitavirus-like genome sequences (BaA1_c12; BaA3_c89; BaA3_c1889; and BaA3_c133, 8,890–10,318 nt in length) with 18,472–328,424 mapped reads (Figure 2 and Table 1). Some other smaller fragments of nege/kitavirus-like sequences were also present in pools 1 and 3, but not in pool-2 (Figure 2 and Table 1). Each of the three sets of contigs, “BaA1_c42 and BaA1_c165,” “BaA1_c14 and BaA1_c63,” and “BaA1_c637,” and “BaA1_c28720” are most likely derived from three different variants of a single viral strain, respectively (Figures 2B,D). RT-PCR and sequencing were carried out to determine their sequence gaps and, thus, semi-entire virus-like sequences were obtained (namely, BaA1_c42/165 and BaA1_c14/63, 9,322 and 8,395 nt with 303,799 and 283,449 mapped reads, respectively) (Figure 2D). In the case of contigs BaA1_c637 (1,390 reads) and BaA1_c28720 (210 reads), an attempt to connect their sequences using RT-PCR failed, possibly because of a very low level of virus titer in the samples (data not shown). These two newly assembled contigs derived from four above-mentioned virus-like sequences have large replicase-like ORFs (ORF1) followed by two putative structural protein genes for predicted glycoprotein and membrane protein SP24 (ORFs 2 and 3) (Kuchibhatla et al., 2014; Solovyev and Morozov, 2017), except for the BaA1_c12 contig, which has an additional small ORF in its 3′-proximal region, or the BaA1_c14/63 contig, which lacks the 3′-terminal region sequence (Shi et al., 2016a; Figure 2 and Supplementary Figures S3, S4).
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FIGURE 2. Genome organization of nege/kita-like virus sequences identified from the transcriptomes of barley aphids, Rhopalosiphum padi; R. maidis, and Sitobion avenae. (A) Wuhan house centipede virus 1 genome. (B) Hubei nege-like virus 4 genome (a reference sequence lacking the 3′ terminal part) and a related novel aphid virus (named barley aphid RNA virus 1, BARV-1) (C) Wuhan insect virus 9 genome (a reference sequence) and the second novel aphid virus (named barley aphid RNA virus 2, BARV-2). (D) The third and fourth novel aphid viruses (named barley aphid RNA virus 3 and 4, BARV-3 and -4) genome. The open boxes in the genomic RNA represent open reading frames (ORFs). The conserved domains in viral replicase are shown (methyltransferase, Mtr; FtsJ-like RNA ribosomal methyltransferase, AdoMet/FtsJ; RNA helicase, HEL; RNA-dependent RNA polymerase, RdRp). Other putative conserved domains (putative glycoprotein and SP24 protein) are indicated as gray highlights within the ORFs. Virus-like contigs identified from this study are shown as blue bars or blue lines. The sequence gaps between the two contigs for BARV-3 (BaA1_c42 and BaA1_c165) and BARV-4 (BaA1_c14 and BaA1_c63) were determined using RT-PCR and sequencing. The nucleotide sequence identities between a reference virus and a virus-like contig are shown in parentheses with black color. The nucleotide sequence identities between two virus-like contigs are shown in blue color with no parentheses. Read depth coverage throughout the assembled virus-like contigs together with two gap-filling virus-like sequences determined using RT-PCR (BaA3_c42/165 and BaA1_c14/63) is presented below the schematic structures of the viral genomes. The Y-axis shows the mapping-read coverage with the maximum read depth (read number) on each virus-like sequence. Green and red colors indicate positive and negative strand of sequence reads, respectively.


The nucleotide sequence and encoded proteins of BaA1_c12 are almost identical (>99% nucleotide and 99–100% amino acid identities) to those of the Wuhan house centipede virus 1 (WHCV-1) (Supplementary Table S3), suggesting that the BaA1_c12 sequence is derived from a strain of WHCV-1, infecting two aphid species (R. padi and S. avenae) that infested barley plants. The two contigs BaA3_c89 and BaA1_c637 (lacking 3′-terminal region sequence) showed 97% nucleotide identity with each other and 71% nucleotide identity with Hubei virga-like virus 4 (HVLV-4) (Figure 2B and Table 3). A BlastP search revealed that the two contigs share moderate levels of amino acid sequence identity (45–58%) with HVLV-4 (Table 3). Although taxonomic criteria for species demarcation have not been established for nege-like viruses, both of the two HVLV-4-like sequences most likely represent a novel nege/kita-like virus that infects R. padi and S. avenae (BaA1_c637) or R. maidis (BaA3_c89) [our tentative cut-off value for the species classification criteria for nege-like viruses is <90% amino acid identities of RNA-dependent RNA polymerase (RdRp) sequences], rather than being a strain of HVLV-4; therefore we tentatively designated the virus as barley aphid RNA virus 1 (BARV-1).


TABLE 3. Nege/kita-like virus sequences identified from the barley aphid transcriptomes using Blast search.

[image: Table 3]Contig BaA3_c1889, derived from R. maidis, appeared to be a novel nege/kita-like virus related to Wuhan insect virus 9 (WhIV-9) because they share moderate levels of identities at the nucleotide (72%) and amino acid (66%–80%) sequence (Tables 2 and 3). We named this putative nege/kita-like virus as barley aphid RNA virus 2 (BARV-2). Two contigs, BaA3_c133 and BaA1_c14/63 (lacking 3′-terminal region sequence), together with BaA1_c42/165 (almost identical to the BaA3_c133 contig) also showed similar levels of nucleotide identity (72%) with WhIV-9 and its relatives, Hubei Wuhan insect virus 9 (HWIV-9) (Table 3). Their proteins showed lower levels of amino acid sequence identity (41%–58%) than those of the BaA3_c1889 contig (Table 3). In addition, they shared 77% nucleotide and 69% amino acid sequence identities between each other. Thus, contigs BaA3_c133 and BaA1_c42/165, and BaA1_c14/63 appear to represent two novel nege/kita-like viruses, which we tentatively designated as barley aphid RNA virus 3 and 4 (BARV-3 and -4), and it associated with R. padi (BaA1_c14/63, BARV-4); R. maidis (BaA3_c133, BARV-3); or R. padi, R. maidis, and S. avenae (BaA1_c42/165, BARV-3) (Table 2 and Supplementary Figure S2A).



Search for Nege/Kita-Like Virus Sequences Using the TSA Database

Recently, the presence of several nege/kita-like viruses and related virus-like sequences, has been reported from invertebrate meta-transcriptome analyses or surveys of insect transcriptomic datasets (Shi et al., 2016a; Kondo et al., 2019). To further explore the presence of unknown nege/kitavirus-like sequences, we conducted tBlastN searches against publicly available TSA datasets using BARV-1 and BARV-2 sequences as queries. The search identified several TSA sequences derived from hemipteran, hymenopteran, and dipteran species with a few plant species that represent nearly complete (>9.0 kb lengths) or partial viral genome sequences (Supplementary Table S2 and data not shown). Two plant TAS sequences from a tree species, Paulownia tomentosa (family Paulowniaceae) (Fan et al., 2016), most likely represented the segments of a novel RNA virus belonging to the blunervirus-lineage (Supplementary Table S2 and also see Figure 3).
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FIGURE 3. Phylogenetic relationships of the nega/kitaviruses and their related viruses and other virus-like sequences. The maximum likelihood (ML) phylogenetic tree was constructed using PhyML 3.0 based on a multiple amino acid sequence alignment of the replicase protein or its candidate sequences. A model LG + I + G + F was selected as a best-fit model for the alignment. The tree was rooted using the midpoint rooting method. Virus names referring to plant-infecting viruses (genera Cilevirus, Higrevirus, and Blunervirus, family Kitaviridae) and insect-infecting or associated viruses are followed by the GenBank accession numbers of their sequences. The selected members of the proposed groups “Sandewavirus” and “Nelorpivirus” are displayed as collapsed triangles (see Supplementary Table S3 for the virus names in the collapsed triangles). Nege/kitavirus-like transcriptome shotgun assembly (TSA) sequences, discovered by this study (see Supplementary Table S2) or our previous study (Kondo et al., 2019), were also included in this analysis. A library of insect mixtures (WHCCII, insect virus 4) for the meta-transcriptomic analysis included two aphid species, a parasitoid wasp, and several other insects (Shi et al., 2016a). The hosts, or possible hosts, for nege/kitaviruses or virus-like sequences present in TSAs are marked with symbols (circles, squares, and triangles, respectively). Vertical dashed lines indicate that most of those viruses or virus-like sequences potentially encode conserved small proteins (SP24 family) (Kuchibhatla et al., 2014). The selected members of distantly related virus lineage, belonging to the plant virgavirus-related lineage (tobacco mosaic and cucumber mosaic viruses), insect tobamo-like virus group (Hubel virga-like viruses 1 and 2), and invertebrate virus group A (Hubel virga-like viruses 15, 16, and 17) (Kondo et al., 2019), were used as the outgroups. The scale bar represents amino acid distances. The numbers at the nodes are bootstrap values of >50%.




Phylogenetic Relationships Among Nege/Kita- and Nege/Kita-Like Viruses

To understand the relationships between newly discovered nege/kita-like viruses, viral-like TSAs and reported nege/kitaviruses, we conducted ML phylogenetic analysis based on amino acid alignment of their replicase and replicase-like sequences. The ML tree showed that the BARV-1 variants clustered with HVLV-4 and its relatives, WHCV-1 and Wuhan insect virus 8 (WhIV-8) (referred to as “group 1”); whereas the BARV-2, -3, and -4 form a well-supported clade with the relatives of WhIV-9, and HWhIV-9, and ApGIV-3 from Aphis glycines (the soybean aphid) (referred to as “group 2”) (Figure 3). These two virus groups together with other nege/kita-like viruses and arthropod virus-like TSAs, fill the phylogenetic gaps between negevirus-related (nelorpiviruses and sandewaviruses) and kitavirus-related (cile/higreviruses and blunerviruses) lineages (Vasilakis et al., 2013; Kallies et al., 2014; Nunes et al., 2017; Figure 3 and Supplementary Table S2). Our phylogenetic analysis, thus, suggests that novel groups 1 and 2 of nege/kita-like viruses including aphid-infecting viruses belong to two new distinct genera, tentatively designated as “Centivirus” (after Wuhan house centipede virus 1) and “Aphiglyvirus” (after Aphis glycines virus 3), respectively. Members of these two proposed genera, together with two proposed taxa of arthropod-restrictive viruses, “Nelorpivirus” and “Sandewavirus,” which all have non-segmented genomes, could be classified into a novel viral family or be assigned to the family Kitaviridae. However, it is to too early to establish a family for these viruses or to assign them into the Kitaviridae, because there is no reliable statistical support for these lineages within the currently available phylogenetic trees (Kallies et al., 2014; Nunes et al., 2017; Kondo et al., 2019; Ramos-González et al., 2020; Figure 3). The result of molecular phylogenetics indicate that the two major lineages of kitaviruses (cile/higreviruses and bulunerviruses) are not monophyletic, which all have two or multi-segmented RNA genomes and separately encode their replicase (RdRp) and SP24 family protein on the different segments (Locali-Fabris et al., 2006; Melzer et al., 2013; Hao et al., 2018), suggesting that genome segmentation possibly occurred independently during the evolution of kitaviruses. As previously proposed for plant rhabdoviruses (Kondo et al., 2017), the genome segmentation event may be associated with the vector mites (Brevipalpus spp.), at least in the case of the cile/higreviruses lineage.



Host Ranges and Spread of Nege/Kita-Like Viruses

WHCV-1 (a centivirus) was identified from the house centipede (Scutigeridae sp., phylum Arthropoda) and also from three other arthropods, spiders, and insects (WHCCII, insect mix 4) (Shi et al., 2016a). Because the last sample WHCCII included two aphid species (Hyalopterus pruni and Aulacorthum magnolia), a parasitoid wasp (Aphelinus sp., Hymenoptera), and some other insects such as dipterans, an orthopteran, and a coleopteran (Shi et al., 2016a), WHCV-1 may have a wide host range within arthropods (centipedes, spiders, and insects, including aphids as described in this study). Other centiviruses, WhIV-8 and HVLV-4, were also identified from the same insect pool (WHCCII) along with WhIV-9 (an aphiglyvirus), but their insect host ranges are still uncertain (Shi et al., 2016a). WHCV-1 and the two novel viruses, BARV-1 and BARV-3, were detected in four aphid colonies from the 2016 sample (WHCV-1 and BARV-1) or six aphid colonies from both 2016 and 2018 samples (BARV-3); whereas other viruses or variants were detected in a single aphid colony from the 2016 (BARV-4) and 2018 samples (BARV-2) (Supplementary Figure S2A). Notably, WHCV-1 and BARV-3 were detected in three different aphid species, R. padi, R. maidis and S. avenae collected in 2016 (Supplementary Figure S2A). Intriguingly, our preliminarily results showed the presence of these aphid virus-related sequences in the barley plant samples from the same field in the same year (HK and MF unpublishded results). Therefore, barley and/or other plants may potentially reserve aphid viruses and facilitate the horizontal transmission of the viruses among aphid populations, similarly to what was reported previously for an aphid picornavirus (RhPV) (Gildow and Darcy, 1988; Ban et al., 2007). WHCV-1-, BARV-3- and BARV-4-related sequences were identified in the TSA datasets derived from the Polish wheat (Triticum polonicum) (Supplementary Figure S5). WhIV-8- and BARV-2-like sequences were found in an allopolyploid bean species (Glycine dolichocarpa, Fabaceae) or the pomegranate (Punica granatum, Lythraceae) (Supplementary Figure S5 and Supplementary Table S2), and some insect-specific viruses (densoviruses and dicistroviruses) have also been found from plant materials, such as cucumber, bean, Brassica oleracea, red cestrum (Solanaceae), maize and sea barley (van Munster et al., 2005; François et al., 2014; Maina et al., 2017; Wamonje et al., 2017; Roumi et al., 2020). Thus, these findings support the notion that plants serve as passive vectors for the transmission of aphid viruses.

WhIV-9, an aphiglyvirus from the WHCCII insect pool, has been identified from a dragonfly (Odonata sp., order Odonata) (Shi et al., 2016a), whereas WhIV-9-like TSA sequences was also found in D. carpenter, an aphid hyperparasitoid wasp (Figure 3 and Supplementary Table S4). The presence of WhIV-9-like sequences in the hyperparasitoid wasp may suggest that the virus could be horizontally transmitted between this wasp and an aphid host through a primary parasitoid. In cereal aphids, such as S. avenae, the attack of hyperparasitoids against primary parasitoids has been observed in the field (Holler et al., 1993). In our meta-transcriptome analyses, some aphid populations might be infected with the primary parasitoids, although it is still unknown whether the hyperparasitoids are also present in the IPSR field (Supplementary Figure S2A). A primary parasitoid (L. testaceipes), but not a secondary parasitoid (D. carpenteri), was detected in the aphid samples using RT-PCR (Supplementary Figure S6). It has been reported that an RNA virus, Lysiphlebus fabarum virus, related to BrBV (an aphid iflavirus), was found in an aphid parasitoid wasp (Lysiphlebus fabarum) (Lüthi et al., 2019). Its closest related virus, Venturia canescens picorna-like virus, replicates in both a parasitoid wasp and a lepidopteran host (Reineke and Asgari, 2005). An aphid picornavirus ALPV has been detected in the honey bees and its predator hornet Vespa velutina (Hymenoptera) (Granberg et al., 2013; Yang et al., 2019). Therefore, further studies are necessary to understand the dynamics and spread of nege/kita-like viruses among barley aphid populations, including their parasitoid and hyperparasitoid hymenopterans.



Characterization of Flavi-Like Virus Sequences

In addition to the nege/kita-like viruses (centi- and aphiglyviruses), we identified several contigs related to other RNA viruses, such as flavi/jingmen- and tombus-like virus sequences (Figure 1 and Table 2). WhAV-1, a jingmenvirus, which belongs to a recently identified group of the four-segmented RNA viruses related to unsegmented flaviviruses (Shi et al., 2016b; Temmam et al., 2019), was one of the major constituents of flavi/jingmenvirus-like reads (Figure 1 and Table 2). Sequence homology analyses suggest that at least three variants of WhAV-1 (1a, 1b, and 1c variants) were associated with barley aphids (Supplementary Figure S7A and Supplementary Table S4). The “1b” variant of WhAV-1 (the BaA3_c535 contig and some others), which is related to the reference viral sequence sharing ∼87% nucleotide and ∼95% amino acid sequence identities, was found in five aphids colonies containing all three species from the 2016 sample and R. maidis from the 2018 sample (Supplementary Figure S2B). In contrast, the “1a” (the BaA1_c139 contig) and “1c” (the BaA1_c13 contig) variants, which are related to the reference sequence sharing 91% and 78% nucleotide and 92% and 87% amino acid sequence identities, were only detected in an R. padi colony from the 2016 sample (BaA1_c139) and in two aphid colonies (R. padi and R. maidis) from the 2016 sample (BaA1_c13), respectively (Supplementary Figure S2B and data not shown). WhAV-1b sequences (BaA3_c535, c172, c296, and c581 for RNA segments 1–4) have been deposited into the DDBJ data bank as a representative genome sequence (Table 2). In the phylogenetic tree, based on the non-structural protein NSP1 (NS5-like, RdRp) encoded in segment 1, jingmenviruses are divided into two different clades; the WhAV-1 variants and a second aphid-associated jingmenvirus, WhAV-2, form a subclade within the clade consisting of insect and some other arthropod jingmenviruses; whereas the second clade contains jingmenviruses infecting ticks (class Arachnida), such as jingmen tick virus, which may be a novel tick-borne arbovirus that infects humans and other mammals (Jia et al., 2019; Supplementary Figure S7B). WhAV-1 sequences were identified in the aphid-free barley samples as mentioned above (HK and MF unpublishded results), and interestingly, a variant of WhAV-2 was found in a pea plant transcriptome (Pisum sativum, accessions MK948535–8, deposited by Y.Z.A. Gaafar and H. Ziebell) (Supplementary Figure S2B and Supplementary Table S2), raising a speculation that jingmenviruses that infect aphids may have been horizontally transmitted among aphid populations, with plants as the reservoirs (Gildow and Darcy, 1988; Ban et al., 2007).

Another type of flavivirus-like sequences seems to be the minor populations among aphid flavi-related viruses (Table 2). The BaA1_c359 contig is derived from a variant Sitobion miscanthi flavi-like virus 1 (SmFLV-1, MH778148 deposited by T. Li), showing 92% nucleotide and 98% amino acid sequence identities (Supplementary Table S4). The BaA1_c652 contig (probably together with BaA1_c1578 and c891 contigs) sharing 73% nucleotide and 62% amino acid sequence identities with that of MeV-1 from European M. euphorbiae populations (Teixeira et al., 2016) and the BaA3_c3690 together with its two variants BaA1_c326 and c33 (a partial sequence) contigs showing 67–68% nucleotide and 44–59% amino acid sequence identities with that of SmFLV-1, are likely to represent two novel flavi-like viruses. Thus, we tentatively named barley aphid RNA virus 9 (BARV-9) and barley aphid RNA virus 10 (BARV-10) (Figure 4A and Table 2). The complete coding sequence of BARV-3 (BaA3_c3690) is 21,997 nt in length, similar to the genomes of MeV1 (22,780 nt) and SmFLV-1 (23,131 nt) (Figure 4A). The single large ORF of BARV-9 encodes a putative polyprotein of 7,081 amino acids, containing putative helicase, NS3 serine protease, and RdRp motifs, but not the motifs predicted for structural proteins and methyltransferase (Figure 4A). In the phylogenetic tree based on polyproteins (Figure 4B), aphid-associated flavi-like viruses form a clade and clustered with some invertebrate flavi-like viruses, whereas its sister clade contains several invertebrate flavi-like viruses and a plant virus, Gentian Kobu-sho-associated virus (Kobayashi et al., 2013; Bekal et al., 2014; Shi et al., 2016b; Remnant et al., 2017), that still have an uncertain taxonomic status. SmFLV-1 and BARV-9 variants were found in two aphid colonies (R. padi and S. avenae) from the 2016 sample and SmFLV-1 probably also in a R. maidis colony from the 2018 sample in which low levels of viral RNA accumulation was detected using RT-PCR, whereas no virus reads were found in the NGS data, thus expanding its aphid host range. BARV-9-like TSA sequences were also found in S. avenae (Supplementary Figure S5). BARV-10 variants were detected in two R. maidis colonies from the 2016 and 2018 samples (BaA1_c326) or an R. padi colony from the 2016 sample (BaA1_c33) (Supplementary Figure S2B). Similar to the nege/kita-like viruses, multiple flavi-like viruses belonging to at least three viruses (BARV-9, BARV-10 and SmFLV-1) were present in barley aphid populations that infest the IPSR field; however, their prevalence in the aphid populations seems to be much lower than that of nege/kita-like viruses and a jingmenvirus (WhAV-1) (Table 2 and Supplementary Figure S2).
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FIGURE 4. Genome organizations and phylogenetic relationships of flavi-like viruses. (A) The genome structures of flavi-like viruses, Sitobion miscanthi flavi-like virus 1, Macrosiphum euphorbiae virus 1, and two novel flavi-like viruses (named barley aphid RNA virus 9 and 10, BARV-9 and -10) from Rhopalosiphum padi, R. maidis, and Sitobion avenae. Conserved domains for viral polyproteins or other proteins are shown as gray or red highlights within the ORFs (Macro domain, a high-affinity ADP-ribose binding module; SMC super family, chromosome segregation ATPase; BrkB, This family may act as a virulence factor; S7, Flavivirus NS3 serine protease; HEL, RNA helicase; AdoMet, S-adenosylmethionine-dependent methyltransferases; RdRp, RNA-dependent RNA polymerase). Virus-like contigs derived from this study are represented as black bars or blue lines and other information is the same as shown in Figure 2. Read depth coverage throughout the assembled virus contig is shown below the schematic structure of the viral genome. (B) Phylogenetic relationships of flavi-like viruses. The ML phylogenetic tree was constructed using a multiple amino acid sequence alignment of the polyprotein or its candidate sequences. The scale bar represents amino acid distances. The numbers at the nodes are bootstrap values of >50%.




Characterization of Tombus-Like Virus Sequences

Recently, the diversity of the tombusvirus-like lineage has been greatly expanded by the discovery of a large number of tombus-like viruses from invertebrates (Shi et al., 2016a). One of these viruses, Wuhan insect virus 21 (WhIV-21), was detected in the WHCCII insect pool; the same pool in which the above mentioned viruses were detected. In this study, we found a variant of WhIV-21 (BaR1_c277 and c31 contigs, sharing 83% and 73% nucleotide and 90% and 50% amino acid sequence identities with WhIV-21) in R. padi and S. avenae aphids from the 2016 sample, but not from R. maidis (Table 2, Supplementary Figure S2B, and Supplementary Table S4). The complete coding sequences of WhIV-21 were verified using RT-PCR and sequencing (Supplementary Figure S7C). The read numbers of WhIV-21 (198,247 reads for BaR1_c277, and 690,152 reads for BaR1_c31), whose sequences were also detected in the barley samples (HK and MF unpublishded results), were higher than those of jinmenviruses and similar to some nege/kitaviruses (Table 2). The ML phylogenetic tree, based on RdRp sequences encoded by the RNA1 segments, showed that WhIV-21 is clustered with a bee pathogen, Chronic bee paralysis virus (CBPV, proposed genus “Chroparavirus”), and several invertebrate tombus-like viruses (Shi et al., 2016a; Bigot et al., 2017; Supplementary Figure S7D). Similar to CBPV, which may form a ellipsoidal virion, the WhIV-21 RNA2 segment seems to encode two proteins; a putative virion glycoprotein and SP24 homolog that probably have features of the major structural components, similar to what was previously proposed for CBPV and some negeviruses (Kuchibhatla et al., 2014; Solovyev and Morozov, 2017).



Characterization of Other Novel Aphid-Associated Virus Sequences

Two negative-sense RNA virus-like sequences (BaA1_c346 and BaA2_c4524, both minor read numbers within the data set) represent phenuiviruses (family Phenuiviridae) (Figure 5A and Table 2). These two sequences are closely related to each other (82% nucleotide and 94% amino acid sequence identities) and their encoded proteins (2,344 or 2,345 amino acids) are distantly related to L proteins (RdRp) of phenui-like viruses, such as Hubei bunya-like virus 2 from a dragonfly (35% amino acid sequence identity) (Shi et al., 2016a; Supplementary Table S4). We tentatively named this potentially novel virus as barley aphid RNA virus 5 (BARV-5). The BaA1_c346 related sequences were detected in all aphid colonies (R. padi, R. maidis and probably S. avenae) from the 2016 sample, whereas the BaA2_c4524 sequence was only detected in R. maidis aphids from the 2017 sample (Supplementary Figure S2B). In the phylogenetic tree, based on L proteins, BARV-5 was clustered with some invertebrate phenui-like viruses that will probably be classified as the members of a novel genus (or genera). A neighboring clade consisted of recently discovered phenui-like viruses that have bi- or tripartite RNA genomes and are associated with plants, fungi, and invertebrates, belonging to the proposed viral genera (Navarro et al., 2018; Tokarz et al., 2018; Lin et al., 2019; Figure 6B). Similar to these phenui-like viruses, BARV-5 may also have additional RNA segment(s) encoding other viral proteins, such as the nucleocapsid protein. In addition to the phenui-like virus, one negative-sense mononega-like virus sequence (BaA2_c20409, a 1.6 kb fragment) was detected in R. maidis aphids from the 2017 sample (Table 2 and Supplementary Figure S2B). This contig sequence showed a moderate level of sequence similarity (40% amino acid identity) with the L protein of Linepithema humile rhabdo-like virus from the queen samples of the Argentine ant (Linepithema humile) (Viljakainen et al., 2018; Supplementary Table S4) and forms a clade of unassigned non-segmented RNA viruses (order Mononegavirales), together with Hubei rhabdo-like virus 3 and Tacheng tick virus 6 (Shi et al., 2016a) (data not shown).
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FIGURE 5. The genome organization and phylogenetic relationships of phenui- and phenui-like viruses. (A) The genome structure of the putative L segments of a phenui-like virus (named barley aphid RNA virus 5, BARV-5) identified from Rhopalosiphum padi, R. maidis, and Sitobion avenae or R. maidis transcriptomes. The conserved domain for viral L proteins is shown as a red highlight within the ORF (RNA-dependent RNA polymerase, RdRp). Virus-like contigs in this study are shown as a black bar or a blue line, together with their read numbers in parentheses, and the nucleotide sequence identity between two virus-like contigs is shown. Read depth coverage throughout the assembled virus contig is shown below the schematic structure of the viral genome. (B) Phylogenetic relationships of BARV-5 and other selected phenuiviruses (family Phenuiviridae) and phenui-like viruses. The ML phylogenetic tree was constructed using a multiple amino acid sequence alignment of the L proteins or its candidate sequences. The selected members of the genera within the family Phenuiviridae are displayed as a collapsed triangle (see Supplementary Table S3 for the virus names in the collapsed triangle). Some members of family Leishbuniyaviridae were used as the outgroups. The scale bar represents amino acid distances. The numbers at the nodes are bootstrap values of >50%.
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FIGURE 6. Genome organizations and phylogenetic relationships of narna- and narna-like viruses (A,B) and chryso-and chryso-like viruses (C,D). (A,C) The genome structures of two novel narna-like viruses (named barley aphid RNA virus 6 and 7, BARV-6 and -7) in panel (A) and a chryso-like virus (named barley aphid RNA virus 8, BARV-8) in panel (C). rORF: reverse-frame ORF. (B,D) Phylogenetic relationships of two novel narna-like viruses BARV-6 and -7, yeast narnaviruses and invertebrate narna-like viruses (B), and BARV-8, chrysoviruses (the members of genus Alphachrysovirus) and chryso-like viruses (D). The ML trees were constructed using multiple amino acid sequence alignments of the RdRp sequences. Two narna-like viruses (Zhejiang mosquito virus 3 and Hubei narna-like virus 21) (B) or some members of genus Betachrysovirus (D) were used as the outgroups, respectively. The scale bar represents amino acid distances. The numbers at the nodes are bootstrap values of >50%.


Two positive sense RNA virus-like sequences (BaA2_c1487 and BaA3_c16152) were identified in R. maidis aphids from the 2017 sample (BaA2_c1487, a complete coding 2.6 kb sequence) and the 2018 sample (BaA3_c16152, a fragment of 2.0 kb) (Table 2, Figure 6A and Supplementary Figures S2B). Both sequences potentially encoded an RdRp related to that of a narna-like virus (Aedes angustivittatus narnavirus) sharing 34% (BaA2_c1487) or 30% (BaA3_c16152) amino acid sequence identities (Fauver et al., 2019; Supplementary Table S4). We named these two putative narna-like viruses as barley aphid RNA virus 6 and 7 (BARV-6 and -7). Although the BaA3_c16152 contig lacks terminal region sequences, BARV-7 may have a genome that potentially encodes a reverse-ORF, as previous studies have proposed for some narna-like viruses, such as Hubei narna-like virus 21 and Zhejiang mosquito virus 3 (Cook et al., 2013; DeRisi et al., 2019; Dinan et al., 2020; Figure 6A). In the phylogenetic tree, BARV-6 and -7 grouped together with yeast narnaviruses (family Narnaviridae) and many invertebrate-associated narna-like viruses (Figure 6B).

Two dsRNA virus-like contigs (BaA2_c19028 and BaA2_c18060) were derived from an R. maidis colony from the 2016 sample (Table 2, Figure 6C, and Supplementary Figures S2B and data not shown). According to BlastP search results, both sequences were most closely related to the segments S1 and S4 of Shuangao chryso-like virus 1, with 37% and 24% amino acid sequence identities, respectively (Shi et al., 2016a) (Supplementary Table S4). However, we did not find the possible segments corresponding to S2 and S3. We tentatively named this chryso-like virus as barley aphid RNA virus 8 (BARV-8). Phylogenetically, chrysoviruses are grouped into two distinct clusters that are currently classified into Alphachrysovirus and Betachrysovirus (Kotta-Loizou et al., 2020; Figure 6D). BARV-8 (S1 segment, RdRp) is placed within the clade of alphachrysoviruses and forms a subclade with chryso-like viruses derived from dipterans (Shi et al., 2016a). In addition, in two aphid colonies (R. maidis and probably R. padi) from the 2016 sample, we also identified another dsRNA virus-like sequence (BaA2_21290, a 1.3 kb fragment) (Table 2 and Supplementary Figure S2B) whose RdRp sequence was closely related to that of invertebrate alphapartiti-like viruses (Hubei partiti-like virus 25–28, 55%–66% amino acid identities) from spiders or dragonflies (Shi et al., 2016a) and alphapartitiviruses that infect plant and filamentous fungi (Supplementary Table S4 and data not shown).




CONCLUSION

In the current study, we discovered at least 60 virus-like sequences related to nege/kita-, flavi/jingmen-, tombus-, phenui-, mononega-, narna-, chryso-, partiti-, and luteoviruses from 15 aphid population samples (R. padi, R. maidis, and S. avenae) that were collected from a barley field in the spring of 2016, 2017, and 2018. From these sequences we identified eight potentially novel RNA viruses belonging to nege/kita-, flavi-, phenui-, mononega-, narna- and chrysovirus lineages, as well as some previously described RNA viruses. Moreover, based on the phylogenetic analyses, we proposed novel genera, Centivirus and Aphiglyvirus, for aphid associated nege/kita-like viruses and their relatives. Our data provide novel information on the diversity of aphid-associated viruses in aphid populations infesting the barley field. Our study, along with others, has discovered that some aphid-associated viruses are present in different aphid species and in plant-derived samples. This raises the speculation that aphid-associated viruses may be distributed across varieties of aphid species, with plants being the reservoirs. Since aphid virus-like sequences are also present in the hyperparasitoid wasp, it would also be interesting to explore the possible horizontal transmission of viruses between aphids and primary parasitoids and/or hyperparasitoids. To deepen our understanding on the population dynamics and spread of aphid viruses in the field, investigation of horizontal virus transmissions between insects and plants as well as between insects and their parasitoids is an important topic for future research. Some aphid viruses cause diseases in their hosts, for example, rapid population decline and phenotype alternations of insect performances (Williamson et al., 1988; vandenHeuvel et al., 1997; Moon et al., 1998; van Munster et al., 2002), implying their potentiality to be used as biological control agents against aphid pests (van Munster et al., 2005; Feng et al., 2017). On the other hand, a densovirus (DplDNV) that induces the production of winged morphs in the rosy apple aphids (Ryabov et al., 2009) is regarded as a conditionally mutualistic symbiont because this relationship facilitates the movement of aphids between the host plants (Roossinck, 2011, 2015). Moreover, a recent study reported that an insect virus (APV) facilitates host aphid adaptation to the host plant by suppressing the plant’s defense response, demonstrating the unique interactions among virus, aphid and plant (Lu et al., 2020). Our data lay the foundation for further exploration of the ecological roles of aphid-associated viruses in barley ecosystem, either in a beneficial or harmful way as mentioned above. The physiological and ecological roles of aphid-specific viruses in aphid populations in the field warrant further investigation.
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Citrus leprosis virus C (CiLV-C) belongs to the genus Cilevirus, family Kitaviridae, and is considered the most devastating virus infecting citrus in Brazil, being the main viral pathogen responsible for citrus leprosis (CL), a severe disease that affects citrus orchards in Latin America. Here, proteins encoded by CiLV-C genomic RNA 1 and 2 were screened for potential RNA silencing suppressor (RSS) activity by five methods. Using the GFP-based reporter agroinfiltration assay, we have not found potential local suppressor activity for the five CiLV-C encoded proteins. However, when RSS activity was evaluated using the alfalfa mosaic virus (AMV) system, we found that the p29, p15, and p61 CiLV-C proteins triggered necrosis response and increased the AMV RNA 3 accumulation, suggesting a suppressive functionality. From the analysis of small interfering RNAs (siRNAs) accumulation, we observed that the ectopic expression of the p29, p15, and p61 reduced significantly the accumulation of GFP derived siRNAs. The use of the RSS defective turnip crinkle virus (TCV) system revealed that only the trans-expression of the p15 protein restored the cell-to-cell viral movement. Finally, the potato virus X (PVX) system revealed that the expression of p29, p15, and p61 increased the PVX RNA accumulation; in addition, the p29 and p15 enhanced the pathogenicity of PVX resulting in the death of tobacco plants. Furthermore, PVX-p61 infection resulted in a hypersensitive response (HR), suggesting that p61 could also activate a plant defense response mechanism. This is the first report describing the RSS activity for CiLV-C proteins and, moreover, for a member of the family Kitaviridae.

Keywords: RNA silencing suppressor, citrus leprosis virus C, RSS activity, hypersensitive response, family Kitaviridae


INTRODUCTION

Organisms have a primary cellular defense mechanism known as RNA silencing. RNA silencing has a fundamental “sequence specific gene regulatory feature” (Kakumani et al., 2013) and plays an important role in defense against invading microorganisms (pathogens), especially viruses (Pumplin and Voinnet, 2013). This defense mechanism is activated by double-stranded RNA from high genome amplification of invasive microorganisms, transposons or ectopic expressed genes (Aravin et al., 2001; Pumplin and Voinnet, 2013; Guo et al., 2016). Briefly, double-stranded RNAs are processed by dicer-like RNases (DCLs) in small RNAs (siRNAs) of 20–24 nt in size (Hamilton and Baulcombe, 1999; Matranga and Zamore, 2007; Borges and Martienssen, 2015) then the small RNAs are loaded onto Argonaute (AGO) proteins to guide the silencing of DNA or RNA elements by a specific recognition of sequence complementarity (Hammond et al., 2000; Ding and Voinnet, 2007; Pumplin and Voinnet, 2013; Nakanishi, 2016; Pisacane and Halic, 2017). On the other side, in counter-defense against the RNA silencing antiviral defense, viruses evolved to encode suppressors of RNA silencing proteins (RSS) (Voinnet et al., 1999; Roth et al., 2004; Li and Ding, 2006; Burgyan and Havelda, 2011; Csorba et al., 2015; Moon and Park, 2016) which may differ by their ability to suppress intracellular and/or intercellular silencing machinery (Li and Ding, 2001; Lu et al., 2004, 2005; Merai et al., 2006; Garcia and Pallas, 2015; Samuel et al., 2016).

As reviewed by Martinez-Perez et al. (2019), several viral RSSs have been identified using different procedures (Moissiard and Voinnet, 2004; Roth et al., 2004; Qu and Morris, 2005; Li and Ding, 2006; Gupta et al., 2018; Yang et al., 2018; Martinez-Perez et al., 2019). The most common assay is the “patch” technique (Voinnet et al., 1998) a system that uses Agrobacterium tumefaciens cultures harboring the putative RSS and a reporter gene infiltrated on Nicotiana benthamiana leaves, in which the natural silencing process of the overexpressed reporter gene is delayed by the presence of an RSS. The RSS screening based on viral vector, such as potato X virus (PVX), in which the expression of an RSS is associated with a more aggressive viral infection (Voinnet et al., 1999), is also widely used. Functional complementation of defective viral mutants (Chiba et al., 2006; Powers et al., 2008) or viral vectors in which the RSS is correlated with symptoms appearance (Guilley et al., 2009) have been used to identify RSS in the last decade.

Recently, a new approach to screen for RSS activity based on a viral system derived from alfalfa mosaic virus (AMV) has been presented, which revealed a correlation between the presence of necrotic lesions on inoculated leaves and RSS activity (Martinez-Perez et al., 2019).

Citrus leprosis virus C is the type member of the genus Cilevirus, family Kitaviridae (Locali-Fabris et al., 2012; Freitas-Astua et al., 2018; Quito-Avila et al., 2020). It is the main viral pathogen responsible for the citrus leprosis, a re-emergent disease that considerably affects citrus production in Latin America. “Its genome is composed of two linear positive sense ssRNA segments with the presence of 5’cap structure and a 3’ poly(A) tail, organized in six open reading frames (ORFs). The first segment (RNA1) has two ORFs that code for a replication-associated protein containing conserved domains of methyl transferase, helicase, and RNA dependent RNA polymerase, and the capsid protein (p29)” (Locali-Fabris et al., 2006; Pascon et al., 2006; Leastro et al., 2018). The second segment (RNA2) encodes four proteins: (i) p15, a small protein for which a specific function needs to be determined, but potentially involved with virus replication as suggested by its involvement in the formation of vesicles thought ER remodeling (Leastro et al., 2018); (ii) p61, which exhibits features of glycoprotein (Kuchibhatla et al., 2014; Leastro et al., 2018) with biological activity on remodeling the ER system and redistributing the Golgi apparatus (Leastro et al., 2018); (iii) p32 which has the function of a movement protein (MP) (Leastro et al., unpublished); and (iv) p24, an integral membrane protein with the ability to form vesicle-like spherical structures in association with the ER, which strongly suggests the involvement of this protein in viral replication and assembly (Leastro et al., 2018). Those features, in addition to membrane topology presented for the p24 protein (Leastro et al., 2018) combined with its homology to virion membrane proteins of plant and arthropod viruses (Kuchibhatla et al., 2014; Leastro et al., 2018) suggest a potential structural role as a matrix protein. The natural infection by citrus leprosis-associated viruses results only in localized lesions in field conditions; for a yet unknown process, these viruses seem to be unable to infect phloem tissues and, therefore, are unable to become systemic in their hosts.

Molecular aspects related to the mechanism of cileviruses infection have been elucidated in recent years; however, some important features remain to be explored. Currently, there is no information about the RSS activity of the proteins encoded by the cileviruses. In this work, we provide a step further in the molecular understanding of how these viruses cause infection. Here, we screened the CiLV-C proteins to identify potential RSS activity by using five systems well-described in the literature. We show that the CiLV-C p29, p15, and p61 proteins have suppressor activity, thus elucidating the functionality of p15, and characterizing additional functions for the capsid protein (p29) and the putative glycoprotein (p61). Furthermore, the p61 expression on the PVX infection context generates a hypersensitive response (HR), suggesting that this protein could also activate a plant defense response mechanism.



MATERIALS AND METHODS


DNA Manipulation

An infectious cDNA 3 construct of AMV that expresses green fluorescent protein-GFP (pGFP/MP/CP) (Sanchez-Navarro et al., 2001) was used to express the potential RSS proteins by exchanging the GFP gene. The introduction of the Human influenza hemagglutinin epitope (HA) at the N- or C-terminus of the GFP was performed as previously described (Martinez-Perez et al., 2019). The resultant pGFP:HA/MP/CP construct expressed the GFP with the HA epitope at the C-terminus and allowed the exchange of the GFP gene by using the NcoI and NheI sites. The CiLV-C genes p29, p15, p61, MP, and p24 (GenBank accessions YP_654539.1, YP_654540.1, YP_655441.1, YP_654542.1, and YP_6545543.1, respectively) were amplified by PCR with specific primers containing the BspHI/NheI (p29), PciI/NheI (p15 and p24), or NcoI/NheI (p61 and MP) restriction sites. The corresponding fragments were inserted into an AMV RNA 3 clone. The insertion of the p61 with the HA at its N-terminus (pHA:p61/MP/CP) was performed as previously described (Martinez-Perez et al., 2019). The specific primers for p61 frame shift amplification generated an amplicon carrying the 5’NcoI and 3’NheI restrict sites plus a stop (TAA) sequence after the fifth codon. This PCR product, previously digested, was cloned into the pGFP:HA/MP/CP construct, as aforementioned, to generate the construction pp61(fs)stop:HA/MP/CP. The AMV construction harboring the RSS gene of tobacco etch virus (TEV) HCPro (GenBank accession DQ986288) was obtained from Martinez-Perez et al. (2019).

For transient expression of the proteins, the amplified genes above described carrying stop codons were introduced in the expression cassette of the plasmid pSK35S-MPTSWV:HA-PoPit (Leastro et al., 2015) by exchanging of the tomato spotted wilt virus (TSWV) MP. The cassettes resulting were under the control of 35S constitutive promoter from cauliflower mosaic virus (CaMV) and the terminator from the potato proteinase inhibitor (PoPit) (Leastro et al., 2015). Then, the corresponding expression cassettes (35S-ORFstop:HA-PoPit) were subcloned into the pMOG800 binary vector by using the restriction sites HindIII (for p15 and p61) and XhoI (for p29, MP, and p24). The leader peptidase (Lep) construct used as negative control was obtained from Peiro et al. (2014).

For the PVX assay, the heterologous viral genes were introduced in a PVX expression vector (Lu et al., 2003). For that, the CiLV-C corresponding genes were amplified by PCR with primers carrying SalI restriction site. The amplicons were digested and cloned into the plasmid pGR107, previously digested with SalI and dephosphorylated. HCPro and coat protein (CP) of carnation mottle virus (CarMV) (GenBank acc.: AJ304989) were obtained from Martinez-Perez et al. (2019).



N. benthamiana Wild Type and 16c RNA Silencing Suppression Assay

To study the effect of different viral factors in intracellular and intercellular RNA silencing suppression, we performed the agroinfiltration technique using wild type or GFP transgenic N. benthamiana plants (line 16c) (Hamilton et al., 2002; Burgyan and Havelda, 2011). pMOG800 binary constructions harboring the HCPro and p29, p15, p61, MP, and p24 CiLV-C genes were introduced into C58C1 cells and kept overnight at 28°C in Luria-Bertani (LB) broth with rifampicin and kanamycin. pMOG(GFP) construct carrying the eGFP gene was used to trigger the silencing of the GFP transgene of 16c tobacco plants or to generate small RNAs (siRNAs) in both wt and 16c line of N. benthamiana. In co-infiltration experiments, we performed a mixture in equal volume (OD600 = 0.5) of A. tumefaciens culture containing pMOG-GFP binary plasmid and individual cultures harboring each of the above mentioned viral factors. A mixture consisting of equal volume of A. tumefaciens cultures carrying pMOG(GFP) or empty pMOG800 were used as controls. Three independent experiments were performed, each one included the infiltration of 10 plants per construct. The plants were grown under two-step cycle of 10 h of darkness at 18°C and 14 h of light at 20°C or under conditions of 23°C day 18°C night and 16 h light/8 h dark regime maintained in FITOTRON® plant chamber. Agroinfiltrated leaves were photographed at 6 days post-inoculation (dpi) under long-wavelength UV light (UVGL-58 Handheld UV lamp; UV Products) by using a tripod and a Nikon D3000 digital camera at F11 aperture value and 1/10 s shutter speed (Yaegashi et al., 2012; Martinez-Perez et al., 2019).



Alfalfa Mosaic Virus Necrotic Response Assay

Plasmids of the pGFP:HA/MP/CP chimeric AMV RNA 3 constructs harboring the HCPro, p29, p15, p61, MP, and p24 viral factors were linearized with PstI and transcribed with T7 RNA polymerase (Takara Bio USA, Inc.) following the manufacturer’s instructions. Transgenic N. tabacum plants that express the polymerase proteins P1 and P2 of AMV (P12 plants) (Van Dun et al., 1988) were grown and inoculated with RNA transcripts, as described previously (Taschner et al., 1991). P12 protoplasts were extracted and 2.5 × 105 protoplasts were inoculated by the polyethylene glycol method (Loesch-Fries et al., 1985) with 15 μL of the transcription mixture.

On the surface of the P12 mechanically inoculated leaves, the presence of necrotic lesions was monitored for 2 weeks post-inoculation with onset of lesions observed at 4 dpi. Three independent experiments were performed, each one included the infiltration of three or four leaves from three plants per construct.



Turnip Crinkle Virus Complementation and Co-infiltration Assays

The turnip crinkle virus (TCV) assay was performed in two different approaches: (i) as an infectious RNA transcript referred to as TCV-sGFP complementation assay or (ii) via agroinfiltration referred to as PZP-TCV-sGFP co-infiltration assay (Powers et al., 2008). In the first method, the movement-deficiency phenotype of a TCV CP deletion mutant that expresses GFP (TCV-sGFP) is complemented in trans. In the second approach, the presence of an RSS is identified by an increase of the GFP signal in the whole leaf previously agroinfiltrated with PZP-TCV-sGFP constructs (Martinez-Perez et al., 2019). For the TCV-sGFP complementation assay, three N. benthamiana leaves per plant and three plants per construct were agroinfiltrated with A. tumefaciens cultures (strain C58) carrying the pMOG-empty or expressing the Lep, as negative controls, or the pMOG800 constructs expressing HCPro, p29, p15, p61, MP, and p24 at OD600 = 1 (Powers et al., 2008). Next, the pTCV-sGFP plasmid was linearized with XbaI and, 1 day post-infiltration, TCV-sGFP infectious RNA transcripts were mechanically inoculated onto the abaxial surfaces of the infiltrated leaves as referred by Martinez-Perez et al. (2019). Local movement was evaluated at 3 dpi, with the aid of a Leica MZ16F fluorescence stereomicroscope. For the co-infiltration assay, the A. tumefaciens cultures aforementioned were mixed with an Agrobacterium culture carrying the PZP-TCV-sGFP construct at an OD600 = 0.0025 (Powers et al., 2008) and then infiltrated in N. benthamiana leaves. The GFP signal of the infiltrated leaves was monitored at 5 dpi with a Leica MZ16F fluorescence stereomicroscope. Each assay was repeated three times by inoculation of three N. benthamiana leaves per plant and three plants per construct.



Potato Virus X Pathogenicity Assay

PVX-derivatives either containing the HCPro, CarMV CP, p29, p15, p61, MP, or p24 were constructed by cloning each ORF into the SmaI (for HCPro and CarMV CP) or SalI (for CiLV-C ORFs) sites of pGR107 downstream of the duplicated PVX CP promoter (Jones et al., 1999). N. benthamiana plants were agroinfiltrated (OD600 = 0.5) (Martinez-Perez et al., 2019) with A. tumefaciens strain C58C1 harboring the helper plasmid pSoup and electroporated with each of the recombinant construct. The empty pGR107 was used as negative control. Total RNA extraction was performed at 4 days post-infiltration from upper non-infiltrated leaves using VWR Life Science AMRESCO RiboZolTM RNA Extraction Reagent following the manufacturer’s instructions. Three independent experiments were performed, each one included the infiltration of three plants per construct. Three weeks later, entire plants were photographed. The symptom development was monitored for up to 30 days post-infiltration.



Northern Blot Assays

Total RNA was extracted from P12 protoplasts at 16 h post-inoculation and from N. benthamiana leaves expressing transiently tested proteins in combination with the TCV (at 5 dpi), PVX (at 4 dpi) and 16c agroinfiltration systems (at 4 dpi), using VWR Life Science AMRESCO RiboZolTM RNA Extraction Reagent. After electrophoresis through formaldehyde-denatured gel, the RNAs were transferred to positively charged nylon membranes (Roche Mannheim, Germany) (Leastro et al., 2017) and fixed with a UV cross-linker (700 × 100 μJ/cm2). Hybridization and detection was conducted as previously described (Pallas et al., 1998) using a dig-riboprobe (Roche, Mannheim, Germany) complementary to the 3’UTRs of the AMV RNA 3 and TCV. For detection of the genomic (g) and sub genomic (sg) PVX RNAs, northern blot assays were performed by overnight hybridization with a 500 nt length digoxigenin (DIG)-labeled-riboprobe complementary to the 3’ end region of the PVX CP gene.

For the analysis of the small RNAs, total RNA was extracted from 0.1 g of N. benthamiana infiltrated leaves at 4 days post-infiltration, using TRI Reagent (Sigma-Aldrich, Steinheim, Germany). Nine micrograms of the total RNAs were electrophoresed through a 17% denaturing polyacrylamide gel and transferred to positively charged nylon membranes (Roche, Mannheim, Germany). RNAs were fixed, hybridized and detected as described above with the difference that the hybridization was performed at 38°C using a mix of three 50 nt dig-riboprobe complementary to nt: 707–756, 761–810, 881–930 of the GFP gene (GenBank accession U76561).

For analysis of mGFP expression, RNAs were extracted at 4 days post-infiltration and hybridized using dig-riboprobe complementary to the complete sequence of the GFP gene.



Statistical Analysis

Each assay reported here was performed in triplicate unless specifically noted otherwise. Standard deviation (±SD) represents data from three biological samples with at least three replicates for each sample. Student’s t-test was performed to determine the significant differences between control specified and viral factor (sample) at each experiment. Significant difference is demonstrated by values lower than p < 0.05. ∗, ∗∗, or n.s represent p < 0.05, 0.01, or no significant difference, respectively. The graphs represent the relative accumulation of the RNAs corresponding to the average of three northern blot analyses from three independent experiments. The mean values, obtained from the band quantification, were normalized to the control mean values. The bands were quantified using ImageJ version 2.0cr software with ISAC plugin.



Western Blot Analysis

P12 leaves inoculated with RNA3 chimeric constructions at 3 days post-inoculation were processed with 250 μL of Laemmli loading buffer 1X (Laemmli, 1970). After boiling for 5 min, 25 μL of the mixture were subjected to 12% SDS-PAGE. Proteins were detected on Western blots using a mouse monoclonal anti-HA antibody (Sigma-Aldrich, Steinheim, Germany) and a secondary anti-mouse peroxidase labeled antibody (Sigma-Aldrich, Steinheim, Germany) together with a chemiluminescence substrate (AmershamTM ECLTM Prime Western Blotting Detection Reagent). The chemiluminescence detection was performed with a Fujifilm LAS-3000 detector and the membranes were exposed for 5 min.



RESULTS


The CiLV-C Encoded Proteins Do Not Suppress Local GFP Silencing Using the 16c RSS System

N. benthamiana 16c plants maintain a visual phenotype of overexpression of the green fluorescent protein (GFP) when the co-transiently expressed tested proteins have RSS activity (Voinnet et al., 1998). To test if any of the CiLV-C proteins have the capacity to suppress local RNA silencing, N. benthamiana 16c leaves were simultaneously co-infiltrated with individual A. tumefaciens cultures containing the binary vector pMOG-GFP, as gene silencing inducer, and pMOG800 constructs containing the viral factors tested for potential RSS. pMOG-HCPro and pMOG-empty constructs were used as positive and negative controls, respectively. When co-infiltrated pMOG-GFP plus pMOG-HCPro, the epidermal leaf cells of 16c plants maintained GFP visual expression under UV illumination after 6 dpi (Figure 1A). In contrast, the leaves co-infiltrated with pMOG-CiLV-C ORFs plus pMOG-GFP, showed decreased GFP expression at 6 dpi, similar to that visualized for the negative control (pMOG-empty) (Figure 1A).
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FIGURE 1. Transient expression of CiLV-C encoded proteins in Nicotiana benthamiana 16c and northern blot analysis of the accumulation of GFP derived small RNAs (siRNAs). (A) Fluorescent images of N. benthamiana 16c leaves co-infiltrated with agrobacterium suspension carrying pMOG800 binary vector containing individual CiLV-C ORFs and eGFP used to trigger the silencing of the GFP transgene. The schematic representation corresponds to the expression cassette used for transient expression of the CiLV-C proteins indicated, HCPro and GFP. The ORFs were cloned between CaMV 35S promoter and potato proteinase inhibitor terminator (PoPit). pMOG-HCPro and pMOG empty co-infiltrated with pMOG-GFP were used as positive and negative controls, respectively. The GFP fluorescence was not observed in leaves infiltrated with each of the CiLV-C proteins at 6 days post-infiltration. Three independent experiments were performed, each one included the infiltration of 10 plants per construct. (B) Northern blot analysis of GFP mRNA extracted at 4 dpi from the leaves infiltrated with the combination constructs above referred were performed using a dig-riboprobe complementary to the GFP gene. rRNA stained with ethidium bromide indicates equal loading of samples. The graph represents the relative accumulation of mGFP RNAs corresponding to the average of three northern blot from three independent experiments. The value of the averages obtained from the band quantification was normalized in relation to the respective negative control (pMOG-empty). The bands were quantified using the ImageJ version 2.0cr software with ISAC plugin and error bars represent standard deviation. Statistical analysis were done using Student’s t-test. Black asterisks (∗) indicate significantly increased viral gene accumulation compared to the control. ∗∗, p < 0.01; n.s, no significant difference. P-values were obtained from pairwise comparations between control vs. viral factor. (C) Northern blot of GFP-specific siRNA extracted from N. benthamiana wt and 16c patches at 4 dpi co-infiltrated with constructs expressing the GFP plus constructs expressing the HCPro (positive control) and p29, p15, p61, MP, and p24 CiLV-C proteins, using a mix of three 50 nt riboprobes complementary to the GFP gene (Martinez-Perez et al., 2019). Negative control (empty) corresponds to patches co-infiltrated with agrobacterium cultures carrying the GFP construct and the empty binary plasmid. Small RNAs of 21 and 24 nt are indicated. rRNA stained with ethidium bromide indicates equal loading of samples. (D) The graph represents the relative accumulation of GFP siRNA, referred to the construct carrying the GFP (empty) from three independent experiments. The value of the averages obtained from the band quantification was normalized in relation to the respective negative control (empty). Error bars represent standard deviation. Statistical analyses were done using Student’s t-test. Red asterisks (∗) indicate significantly decreased viral gene accumulation compared to the control. ∗∗, p < 0.01; ∗, p < 0.05; n.s, no significant difference.


To confirm the results obtained after visual observation, we analyzed the accumulation of GFP mRNA in all combinations tested at 4 dpi. Northern blot analyses revelated a clear positive correlation between the visual GFP expression with abundant mRNA accumulation in leaves expressing the HCPro RSS. For the other tested proteins, the mGFP accumulation was significantly lower (Figure 1B). We also co-expressed, in all possible combinations, groups of two, three or four CiLV-C proteins plus the GFP inducer in 16c plants. However, no increment of the GFP fluorescence was observed in any of the analyzed combination (data not shown).



Transient Expression of the p29, p15, and p61 Proteins in N. benthamiana (wt and 16c Line) Alters siRNA GFP Accumulation

Viral RNA silencing suppressors act in different key components of the RNA silencing, including the block on the production of small RNAs (siRNAs) (Anandalakshmi et al., 1998; Silhavy et al., 2002; Mann et al., 2016). We evaluated whether the CiLV-C proteins were able to interfere in the yield of the small RNA molecules originated from the transiently expressed GFP. To do this, transgenic 16c and wild type N. benthamiana leaves were infiltrated with a binary construct carrying the GFP together with constructs carrying a well-known RSS, the HCPro (positive control) or the different CiLV-C ORFs. Northern blot analysis of the accumulation of the GFP-derived siRNAs at 4 dpi revealed that the p29, p15, and p61 reduced significantly the accumulation levels of the small RNAs in both 16 and wt N. benthamiana plants (Figure 1D). The northern blot image is representative of all replicates obtained by the infiltration of 16c and wt N. benthamiana leaves. Similar reduction was observed with the HCPro positive control. In contrast, a clear signal was detected in the leaves infiltrated with the MP, p24, and pMOG-empty binary vectors (Figure 1C). These results indicate that the p29, p15, and p61 CiLV-C proteins may act as silencing suppressors.



The Heterologous Expression of the p29, p15, and p61 CiLV-C Proteins Using AMV System Generate Necrotic Lesions on the Inoculated Leaves

Some methods are not always sensitive for identifying viral proteins with suppressive activity. To overcome that, we tested a new and sensitive method based on alfalfa mosaic virus RNA 3 expression vector and transgenic N. tabacum p12 plants. For this method, the RSS activity correlates with the appearance of necrotic lesions and increased accumulation of the AMV RNAs (Martinez-Perez et al., 2019). All CiLV-C genes were cloned into the AMV RNA3 carrying the HA epitope fused at their C-termini (Figure 2A). Chimeric AMV RNA 3 transcripts were inoculated on P12 leaves and the phenotypic lesions were monitored for 2 weeks. Chimeric AMV RNA 3 carrying the HCPro and GFP genes were used as positive and negative controls, respectively. P12 plants inoculated with AMV transcripts expressing the p29, p15, and p61 proteins showed necrotic lesions such as those observed for the positive control (Figure 2A). When P12 leaves were inoculated with transcripts expressing the MP and p24 proteins, no symptoms were observed. Absence of symptoms was also observed in the plants inoculated with the negative control (data not shown). No extra symptoms were visualized with longer infection time (30 dpi) in systemic leaves. In order to confirm the expression and stability of the corresponding proteins in absence of any necrotic lesions (Martinez-Perez et al., 2019), extraction of total proteins was performed at 3 dpi from P12 leaves inoculated with the corresponding chimeric AMV constructs. All proteins, except the p61, were detected using a monoclonal anti-HA antibody (Figure 2B). In a previous study, we also failed to detect the p61 protein by Western blot assay (Leastro et al., 2018). To confirm that the necrotic phenotype observed with the AMV construct carrying the p61 protein correlated with its expression, P12 leaves with an RNA 3 variant containing a frameshift version of the p61 gene were inoculated. P12 leaves inoculated with transcripts expressing the p61 with the HA epitope fused either at its N- or C-terminus showed necrotic lesions. However, no symptoms were observed when P12 leaves were inoculated with the p61 frameshift version (Supplementary Figure S1), indicating the correlation between the necrotic phenotype and the p61 expression.
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FIGURE 2. The p29, p15, and p61 proteins trigger necrotic response in P12 Nicotiana tabacum leaves. (A) Inoculation of P12 leaves with the AMV RNA 3 derivative in which its GFP gene was exchanged by the tobacco etch virus HCPro and CiLV-C ORFs (p29, p15, p61, MP, and P24) fused at their C-terminal with the HA epitope. The schematic representation shows the GFP:HA/MP/CP AMV RNA 3, in which the open reading frames corresponding to the green fluorescent protein (GFP), the movement protein (MP), and the coat protein (CP) are represented by large boxes. Short red box corresponds to the HA epitope, meanwhile arrows represent subgenomic promoters. The NcoI and NheI restriction sites used for insertions of the assayed proteins are indicated. Necrotic response is observed in leaves inoculated with AMV RNA 3 construction expressing the HCPro (positive control), p29, p15, and p61 proteins at 4 days post-inoculation. The dotted red circles indicate the region of viral transcript inoculation. High magnification shows the necrotic lesions. Three independent experiments were performed, each one included the inoculation of three plants per construct; (B) Western blot analysis of the accumulation of proteins carrying the HA epitope in P12 leaves at 3 dpi. Red dots indicate the corresponding band for each protein.


Next, we evaluated the capacity of the p29, p15, and p61 proteins to increment the AMV accumulation, since the presence of an RSS in AMV RNA 3 incremented its accumulation in P12 protoplasts (Martinez-Perez et al., 2019). For this purpose, the constructs described above were transfected into P12 protoplasts. The quantification of the relative AMV RNA 3 accumulation form northern blot analysis at 16 h post-transfection revealed that the expression of p29, p15, and p61 induces an increment of the AMV RNAs accumulation compared with the GFP control (Figure 3). Taken together, these findings further indicate potential RSS activity for the three CiLV-C encoded proteins.


[image: image]

FIGURE 3. Northern blot analysis of the accumulation of AMV RNA 3 RNA in P12 protoplasts at 16 h post-inoculation, using a dig-riboprobe complementary to the 3’UTR of the AMV. Transcripts correspond to the AMV RNA 3 derivative carrying the p29, p15, p61, MP, and p24 proteins of CiLV-C and GFP protein (negative control). Mock corresponds to the non-infected P12 plant. The localization of RNA 3 and subgenomic RNAs (sgRNA) are indicated. The graph represents the relative accumulation of AMV RNA 3, referred to the construct carrying the GFP from the average of three independent experiments. The value of the averages obtained from the band quantification was normalized in relation to the respective negative control (GFP). The bands were quantified using the ImageJ version 2.0cr software with ISAC plugin and error bars represent standard deviation. Statistical analysis were done using Student’s t-test. Black asterisks (∗) indicate significantly increased viral accumulation compared to the control. ∗∗, p < 0.01; ∗, p < 0.05; n.s, no significant difference. P-values were obtained from pairwise comparations between control vs. viral factor.




The CiLV-C p15 Protein Trans-Complements an RSS Defective Turnip Crinkle Virus and Increases the Genomic Viral Accumulation

To gain additional insights into the RSS functionality for the CiLV-C proteins that show suppression activity, we tested an additional approach for RSS screening based on the functional complementation of a movement-defective TCV mutant (Powers et al., 2008). Leaves infiltrated with the correspondent binary constructions expressing the viral factors at 1 dpi were mechanically inoculated with the movement defective TCV-sGFP transcripts. Foci formation not limited to three or five cells was visualized by expression of the RSS HCPro and CiLV-C p15 and MP proteins (Figure 4A, complementation assay). The remaining CiLV-C proteins did not trans-complement the TCV-sGFP movement as observed in the negative controls (Lep and empty) (Figure 4A). To discard that the transport complementation observed for the TCV-sGFP construct could be due to an intrinsic movement function of the assayed protein, the infiltrated leaves were also inoculated with transcripts of a previously characterized TCVΔ92-sGFP construct that has a deletion into the MP ORF, which abolishes the TCV movement but still supports transcription of the subgenomic RNA (Powers et al., 2008). In all cases, except for MP, GFP expression was visualized in individual cells (Supplementary Figure S2), indicating that the ability of p15 and HCPro to complement TCV-sGFP movement was due to an RSS activity rather than an intrinsic movement function, as observed for the CiLV-C MP.
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FIGURE 4. The p15 protein complements the movement of an RSS defective turnip crinkle virus (TCV) mutant. (A) TCV assay based on the complementation or increment of fluorescence of the movement-deficiency phenotype of a TCV CP deletion mutant replaced by GFP (TCV-sGFP). For TCV-sGFP complementation assay, three N. benthamiana leaves per plant were infiltrated with pMOG800 constructs carrying HCPro (positive control), p29, p15, p61, MP, p24, or pMOG-empty and pMOG-Lep as negative controls. Infectious RNA transcripts of the TCV-sGFP were mechanically inoculated 1 day post agroinfiltration. Cell-to-cell movement was evaluated at 3 dpi. For pZP/TCV-sGFP co-infiltration assay, pZP/TCV-sGFP was co-infiltrated with pMOG800 empty and Lep (negative controls) or pMOG800 carrying HCPro (positive control), p29, p15, p61, MP, and p24 CiLV-C genes. The increment of GFP fluorescence was monitored at 5 dpi. White bars correspond to 500 μm–10 mm. (B) Northern blot analysis showing accumulation of TCV-sGFP genomic (gTCV) and subgenomic (sgTCV) RNAs, using a dig-riboprobe complementary to the TCV 3’UTR at 5 dpi. rRNA stained with ethidium bromide indicates equal loading of samples. The graph represents the relative accumulation of gTCV and sgTCV RNAs from three independent experiments. The value of the averages obtained from the band quantification was normalized in relation to the respective negative control (empty). The bands were quantified using ImageJ version 2.0cr software with ISAC plugin and error bars represent standard deviation. Statistical analyses were done using Student’s t-test. Black asterisks (∗) indicate significantly increased viral accumulation compared to the control, while red asterisks (∗) indicate significatively decreased viral accumulation. ∗∗, p < 0.01; ∗, p < 0.05; n.s, no significant difference. P-values were obtained from pairwise comparations between control vs. viral factor.


Next, we further tested the RSS activity of the CiLV-C proteins using the PZP-TCV-sGFP co-infiltration assay, whereby the presence of RSS activity is associated with an increase of the GFP signal (Powers et al., 2008; Martinez-Perez et al., 2019). To do this, leaves of N. benthamiana were co-infiltrated with individual cultures of A. tumefaciens transformed with PZP-TCV-sGFP and pMOG binary constructs carrying the HCPro and all CiLV-C genes. Leaves expressing the p15 protein resulted in a visual increase of GFP signal, in accordance to the HCPro positive control (Figure 4A, co-infiltration assay). In contrast, the other CiLV-C proteins tested did not increment the GFP fluorescent signal (Figure 4A), as observed for the negative controls (Lep and empty). The observation that the CiLV-C MP did not increase the visualized GFP signal further reaffirms that the capability of this protein to restore the transport of the movement defective TCV-sGFP construct correlates with its intrinsic movement function rather than to an RSS activity. Northern blot analyses of the viral RNAs derived from the TCV-sGFP construct showed a significant increase in viral RNAs accumulation in leaves expressing HCPro and p15 proteins, when compared to the negative controls (empty and Lep) (Figure 4B).



The p29 and p15 Proteins Enhance Pathogenicity of a PVX Infectious Construct, While PVX-p61 Infection Generates a Hypersensitive Response

Using a PVX infectious system, it has been shown that an increase in the severity of the PVX infection suggests the presence of an additional gene with RSS activity (Voinnet et al., 1999; Martinez-Perez et al., 2019). To further test the RSS activity of the CiLV-C proteins we used a recombinant pGR107 PVX construct (Lu et al., 2003) to express the five CiLV-C proteins. N. benthamiana leaves were agroinfiltrated with the different PVX derivatives and symptoms development was monitored for 4 weeks. At 4 dpi, all PVX constructs elicited systemic mosaic, mottling, and interveinal chlorosis. At 10 dpi, plants infected with the PVX-p29 and PVX-p15 showed strong symptoms of necrosis in younger leaves, stunted growth, and leaf curling, resulting in complete death at 20 dpi. The same dead phenotype was observed with the positive controls carrying the HCPro (PVX-HCPro) or the CarMV CP (PVX-CP CarMV) (Martinez-Perez et al., 2019; Figure 5). At 3 dpi, the infiltrated and first upper leaves infected with PVX-p61 construct exhibited clear hypersensitive response unable to contain the pathogen and causing systemic mosaic symptoms (Figure 5). For the plants infected with the PVX constructs expressing the MP and p24 CiLV-C proteins, symptoms were similar to those observed for the PVX-empty negative control, but with a little more mosaic (Figure 5). To correlate disease severity with PVX viral accumulation, we performed northern blot analysis at 4 dpi. The quantification of the relative PVX subgenomic RNA accumulation revealed that constructs carrying the p29, p15, and p61 genes and the two positive controls (HCPro and CP CarMV) induced an increment of the PVX RNA accumulation compared with the wild type PVX (Figure 6). These results indicate that p29, p15, and p61 significantly enhanced the pathogenicity of PVX by increasing virus accumulation.
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FIGURE 5. RSS activity of CiLV-C proteins using the potato virus X (PVX) assay. Symptom phenotype of wild type PVX (negative control) and PVX expressing the HCPro, CP CarMV (positive controls), p29, p15, p61, MP, and p24 CiLV-C proteins in N. benthamiana plants at 20 dpi. The schematic representation corresponds the pGR107 PVX infectious construct containing ClaI, XmaI, SmaI, and SalI sites downstream of the duplicated PVX CP promoter (red arrow), used for the insertion of the indicated viral ORFs.
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FIGURE 6. The p29, p15, and p61 expression increase the PVX accumulation. Northern blot analysis showing accumulation of the subgenomic (sgPVX) PVX RNAs using a dig-riboprobe complementary to the 3’ end region of the PVX CP gene at 4 dpi. rRNA stained with ethidium bromide indicates equal loading of samples. Mock corresponds to uninfected plant. The graph represents the relative sgPVX RNA accumulation. The values correspond to the averages of three different experiments in which the data are normalized to the negative control (PVX-empty). The bands were quantified using ImageJ version 2.0cr software with ISAC plugin and error bars represent standard deviation. Statistical analysis were done using Student’s t-test. Black asterisks (∗) indicate significantly increased viral accumulation compared to the control, while red asterisks (∗) indicate significatively decreased viral accumulation. ∗∗, p < 0.01; ∗, p < 0.05; n.s, no significant difference. P-values were obtained from pairwise comparations between control vs. viral factor.


On the other hand, the infection derived from PVX-p61 construct presented two different phenotypes in the first upper non-infiltrated leaf, showing a clear hypersensitive response (see HR, Figure 7) together with regions showing mosaic, mottling, and inward leaf curling symptoms (a mosaic of symptoms – MS) (see MS, Figure 7A). The HR phenotype derived from the PVX-p61 construct was clearly distinguished from the necrotic response derived from the PVX-HCPro and PVX-empty variants (Figure 7). In order to correlate the HR phenotype with the presence of the p61 gene, RT-PCR analysis was performed using specific p61 ORF primers from inoculated (IL) and upper (UL) leaves showing either HR or MS phenotypes. The expected p61 amplicon was detected only in the infected tissue showing the HR phenotype (Figure 7B, see lines IL and HR), indicating a direct correlation between this phenotype and the presence of p61 gene. The absence of the p61 amplicon in the infected tissue showing MS phenotype also indicates the low genetic stability of the PVX-p61 construct. For the others PVX derivatives assayed, RT-PCR analysis using specific ORF primers and performed at 14 dpi rendered the expected amplicons in upper non-inoculated leaves, indicating their genetic stability (Supplementary Figure S3).
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FIGURE 7. The p61 expression on PVX infection generates a hypersensitive response (HR) phenotype. (A) N. benthamiana plant infiltrated with pGR107 PVX construct expressing p61 CiLV-C protein. Symptoms of hypersensitive response (HR) and a mosaic of symptoms (MS) are presented in the same upper leave from PVX-p61 infection at 3 dpi. The MS phenotype is also visualized in wild type PVX-empty infection. Necrotic lesions are observed in N. benthamiana plants infiltrated with pGR107 PVX construct expressing the RSS HCPro protein. (B) RT- PCR analysis to detect the p61 gene (1.650 bp) in inoculated (IL) and upper (UL) leaves of N. benthamiana plants inoculated with pGR107-p61 construct, exhibiting HR and MS symptoms. C+, RT-PCR from N. benthamiama leaves transiently expressing the p61 (positive control); C-, RT-PCR from uninfected plant sample. The marker band size of 1.500 bp is indicated. M, 1 kb DNA ladder (ThermoFisher Scientific Inc., United States).




DISCUSSION

In this study, we reported that citrus leprosis virus C, the type member of the genus Cilevirus, harbors three proteins with RNA silencing suppressor activity, using different assays for the RSS screening (N. benthamiana 16c plants, AMV system, siRNA accumulation, RSS defective TCV and PVX pathogenicity system). We observed that three CiLV-C proteins showed RSS activity in almost all evaluated systems but were unable to suppress the local silencing using the 16c assay. These findings show that the method based on N. benthamiana 16c is not a foolproof system to screen RSS viral proteins, indicating the continuous need to use other methods to find RSS functionality of unknown viral genes. Agrobacterium co-infiltration assay is a relatively quick and easy method to identify RSS proteins, but some RSS are not detected due to their mode of action, sensitivity or lack of intracellular suppression activity (Lu et al., 2004). Regarding the inability of the CiLV-C proteins to suppress the local silencing in 16c plants, two hypotheses can be raised: (1) the p29, p15, and p61 could have a weak suppressive activity at the cellular level or (2) these proteins would not act at the local RNA silencing process, performing their blocking activity in another step of the silencing defense machinery. Unfortunately, it was not possible to test the ability of the CiLV-C proteins to prevent the systemic spread of the GFP transgene silencing signal in 16c plants and, therefore, further experiments are needed to address this question. It is interesting to note that although the p29, p15, and p61 CiLV-C proteins were unable to induce the local RSS in 16c plants, their expression in wild type or transgenic N. benthamiana 16c, reduced considerably the accumulation of small RNAs, indicating that the “patch” technique is more efficient by analyzing the small RNAs accumulation derived from the reporter gene rather than to perform the screening only by detecting the fluorescent signal. Collectively, these data suggest that these viral proteins interfere in a step after dsRNA production, whereby the decrease of siRNA accumulation can be explained by a possible binding of the proteins to 21 and 24 nt siRNAs. Revealing whether the p29, p15, and p61 have affinity for 21 or 24 nt siRNAs would help clarify this issue.

In contrast to the negative results obtained with the “patch” technique based on the 16c plants, the cis-expression of the p29, p15, and p61 induced a phenotype of necrotic lesions in AMV infection context, increasing the viral RNA accumulation. Also, these three cilevirus proteins caused a substantial reduction of siRNA accumulation when transiently expressed in leaf patches of 16c and wild type N. benthamiana plants and enhanced the PVX pathogenicity, incrementing its viral RNA accumulation. Taken together, these data indicate that the p29, p15, and p61 are silencing suppressors of CiLV-C. Examples of multiple-components RNA silencing suppression viral mechanisms have been reported for criniviruses, closteroviruses, geminiviruses, emaraviruses, and potyviruses (Lu et al., 2004; Vanitharani et al., 2004; Canizares et al., 2008; Gupta et al., 2018; Rodamilans et al., 2018). This plurality of proteins with silencing suppressor activity from a single viral entity may indicate a constant viral adaptation to counteract the plant defense mechanism.

In our previous study, we showed that p15 is localized into the nucleus of N. benthamiana epidermal cells with unknown function (Leastro et al., 2018). Here, we clearly identified the p15 RSS activity using four different methods. The nuclear localization of p15 strongly suggests that this protein accesses the nucleus possibly to block RNA silencing. This same feature has been demonstrated for other RSS viral proteins, i.e., the 2b proteins of cucumber mosaic virus (CMV), which nuclear localization is a prerequisite for an efficient suppression of PTGS (Lucy et al., 2000). In arabidopsis, the siRNA processing, which encompasses RdRP activity, Dicer processing and Ago mediated target cleavage are all intimately linked in the nucleus (Castel and Martienssen, 2013).

The suppression of RNA silencing activity of unknown viral genes has been identified from screening based on functional complementation of defective viral mutants (Chiba et al., 2006; Powers et al., 2008; Martinez-Perez et al., 2019). The p15 was able to rescue the cell-to-cell movement of the RSS defective TCV and to increase the GFP signal, further supporting that p15 is a silencing suppressor of CiLV-C. In contrast, the p29 and p61 CiLV-C proteins were incapable to rescue the viral movement and to increment the GFP expression in this system. The PVX p25, a viral protein that has been previously reported incapable of suppressing local silencing, acting exclusively in steps associated with intercellular suppression silencing (Voinnet et al., 2000) also was unable to rescue the movement of the RSS TCV defective construct (Powers et al., 2008). On the other hand, p29 and p61 RSS activities were identified from small RNA accumulation analyses and with the AMV and PVX system. Taken together, these data suggest that these proteins may affect the RNAi pathway (Mallory et al., 2002) differently than p15. The TCV system was unable to identify RSS activity for those suppressors that act blocking the spread of silencing signal (Powers et al., 2008), suggesting that p15 probably acts at the level of local silencing, however, it seems to be a weak local suppressor, given its inability to suppress local silencing in 16c plants.

We recently proved that cilevirus movement protein (p32) is efficiently able to generate viral cell-to-cell and long-distance spread in heterologous systems (Leastro et al., unpublished), indicating that limitation of the cileviruses to systemically infect their hosts (Freitas-Astua et al., 2018) is not due to a functional restriction in their MPs. In this sense, although speculative, we infer that the putative weak suppression activity observed for the CiLV-C RSS proteins could explain, at least in part, the systemic movement impairment, since the RNA silencing could hinder the vascular transport of viruses, which inhibits viral entry into the phloem (Yelina et al., 2002; Vuorinen et al., 2011). Our above suggestion is reinforced from RSS studies with the proteins of orchid fleck virus (OFV-citrus), a dichorhavirus also involved in the citrus leprosis complex (Roy et al., 2013). As demonstrated for CiLV-C, the identified RSS protein encoded by OFV also shows inability to suppress local RNA silencing in 16c plants (Leastro et al., unpublished) and dichorhaviruses also have limitations to systemically infect their hosts. The observation that the incapacity of cileviruses to infect their hosts is not limited to one host, but to more than 50 different natural and experimental host species (Garita et al., 2014) opens the possibility that a general mechanism (e.g., plant RNA silencing) could be responsible for impairing the long movement of these citrus leprosis-associated viruses. However, further experiments are needed to address this question.

The p29 and p15 significantly enhanced the PVX accumulation and symptoms severity, including death of tobacco plants. Similar results were previously observed in plants agroinfiltrated with PVX recombinants expressing several viral suppressor proteins (Brigneti et al., 1998; Pfeffer et al., 2002; Thomas et al., 2003; Delgadillo et al., 2004; Canizares et al., 2008; Gupta et al., 2018; Martinez-Perez et al., 2019). We observed that the p61 also enhanced the PVX accumulation, although symptom severity was not maintained over time due to the instability of the PVX-p61 construct. However, during the onset of the PVX-p61 infection, a clear hypersensitive necrosis was observed similar to that visualized during the transient expression of the p61 protein (Leastro et al., 2018). A hypersensitive-like response has been suggested as an outcome of CiLV-C infection in arabidopsis plants (Arena et al., 2016) and our data further reinforces the idea that, together with the RSS activity, p61 could also activate a plant defense response mechanism, acting as a pathogenicity determinant. On this context, recently Arena et al. (unpublished) also showed that the expression of p61 protein triggers HR and furthermore mimics plant responses to viral infection.

Collectively, our findings establish that p29, p15, and p61 proteins possess RSS activity. Thus, we elucidated at least part of the functionality of the p15 protein, and provided some additional functions for the capsid protein (p29) and the putative glycoprotein (p61) of the citrus leprosis virus C.
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FIGURE S1 | Confirmation of p61 expression on AMV infection using a frameshift version of p61 gene. Nicotiana tabacum P12 leaves inoculated with three variants of the AMV RNA 3 construct, which express the p61 ORF with the HA epitope fused at its N- (HA:p61) or C- (p61:HA) termini or with a frameshift mutation in the 5’terminal region (p61fs). The schematic representation shows the GFP:HA/MP/CP AMV RNA 3, in which the open reading frames correspond to the green fluorescent protein (GFP), the movement protein (MP) and the coat protein (CP) are represented by large boxes. In the assayed AMV constructs the GFP gene is changed with the different p61 indicated versions. Necrotic response observed at 4 dpi. Arrows represent subgenomic promoters and doted circles delimited the inoculated leaf area. Three independent experiments were performed, each one included the infiltration of three leaves per plants and three plants per construct.

FIGURE S2 | The CiLV-C p15 does not complement movement of the TCVΔ92-sGFP mutant. N. benthamiana leave were infiltrated with pMOG800 expressing the HCPro and CiLV-C MP and p15 proteins. Infectious RNA transcript of the TCVΔ92-sGFP construct were mechanically inoculated one day post agroinfiltration. Cell-to-cell movement evaluated at 3 dpi. White bars correspond to 0.5–2 mm.

FIGURE S3 | RT- PCR analysis to confirm the genetic stability of the PVX constructs expressing the CiLV-C p29 (792 bp), p15 (393 bp), p61 (1614 bp), MP (894 bp) and p24 (645 bp) proteins. RT-PCR performed from upper leaves of N. benthamiana plants infected at 14 dpi using specific primers for each gene. C+, RT-PCR from N. benthamiama leaves transiently expressing the HCPro (positive control); C−, RT-PCR from uninfected plant sample. The marker band size of 300, 650, 1,000, and 1,500 bp are indicated. M, 1 kb DNA ladder.
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Citrus leprosis virus C (CiLV-C, genus Cilevirus, family Kitaviridae) is an atypical virus that does not spread systemically in its plant hosts. Upon its inoculation by Brevipalpus mites, only localized lesions occur, and the infection remains limited to cells around mite feeding sites. Here, we aimed to gain insights into the putative causes of viral unfitness in plants by expanding the limited knowledge of the molecular mechanisms underlying plant/kitavirid interactions. Firstly, we quantified the CiLV-C viral RNAs during the infection in Arabidopsis thaliana plants using RT-qPCR and systematized it by defining three stages of distinguishing subgenomic and genomic RNA accumulation: i) 0–24 h after infestation, ii) 2–4 days after infestation (dai), and iii) 6–10 dai. Accordingly, the global plant response to CiLV-C infection was assessed by RNA-Seq at each period. Results indicated a progressive reprogramming of the plant transcriptome in parallel to the increasing viral loads. Gene ontology enrichment analysis revealed the induction of cell growth-related processes at the early stages of the infection and the triggering of the SA-mediated pathway, ROS burst and hypersensitive response (HR) at the presymptomatic stage. Conversely, infected plants downregulated JA/ET-mediated pathways and processes involved in the primary metabolism including photosynthesis. Marker genes of unfolded protein response were also induced, suggesting a contribution of the endoplasmic reticulum stress to the cell death caused by the viral infection. Finally, we transiently expressed CiLV-C proteins in Nicotiana benthamiana plants to undertake their roles in the elicited plant responses. Expression of the CiLV-C P61 protein consistently triggered ROS burst, upregulated SA- and HR-related genes, increased SA levels, reduced JA levels, and caused cell death. Mimicry of responses typically observed during CiLV-C–plant interaction indicates P61 as a putative viral effector causing the HR-like symptoms associated with the infection. Our data strengthen the hypothesis that symptoms of CiLV-C infection might be the outcome of a hypersensitive-like response during an incompatible interaction. Consequently, the locally restricted infection of CiLV-C, commonly observed across infections by kitavirids, supports the thesis that these viruses, likely arising from an ancestral arthropod-infecting virus, are unable to fully circumvent plant defenses.
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Introduction

Viruses that accomplish plant systemic infections replicate in the entry cell and use it as the source for local infections in contiguous cells, invade, and spread throughout the plant via the vascular system. Upon challenging a resistant host, viral multiplication and/or movement may be compromised. Differently from the majority of plant viruses, citrus leprosis virus C (CiLV-C, genus Cilevirus, family Kitaviridae) is unable to systemically infect any of its natural or experimental host species, even those belonging to distant plant families (Nunes et al., 2012; Arena et al., 2013; Garita et al., 2014). Invariably, CiLV-C remains restricted to cells around the vector-mediated inoculation sites, where symptoms of viral infection are chlorotic or necrotic spots (Bastianel et al., 2010). Despite the constraint in systemic infection for CiLV-C, it causes citrus leprosis, the most important viral disease affecting the citrus industry in Brazil, the world leader in sweet orange production. Annually, prevention and control of citrus leprosis cost approximately 50 million dollars, mainly for the chemical control of the viral vector, mites of the species Brevipalpus yothersi (Bassanezi et al., 2019). Endemic in the Americas, CiLV-C has spread throughout the main citrus-producing areas of the Latin American subregion (Ramos-González et al., 2018).

CiLV-C has two positive (+) sense single-stranded genomic RNA molecules with six open reading frames (ORFs). RNA1 (8,745 nts) harbors two ORFs encoding the RNA-dependent RNA polymerase (RdRp) and the putative coat protein (P29). RNA2 (4,986 nts) presents four ORFs encoding the putative movement protein (MP) and the P15, P61, and P24 proteins with unknown functions (Locali-Fabris et al., 2006; Pascon et al., 2006). While the p15 ORF is considered an orphan gene with no homologs in any other viral species, p61 and p24 are taxonomically restricted ORFs also present in insect-infecting negeviruses and other nege-like viruses (Tautz and Domazet-Lošo, 2011; Kuchibhatla et al., 2014). P61 and P24 from kitaviruses and their related insect-infecting viruses show conserved structural features such as transmembrane domains and signal peptides (Kuchibhatla et al., 2014). CiLV-C RNA1 drives the transcription of one subgenomic RNA (sgRNA) of 0.7 kb for the expression of the p29 gene, and RNA2 generates three coterminal sgRNAs of 3, 1.5, and 0.6 kb from where P61, MP, and P24 are translated, respectively (Pascon et al., 2006).

The reasons behind CiLV-C’s inability to systemically infect plants are still unknown. There is speculation that the viral unfitness might be due to defective viral movement factors, an effective plant immune system that CiLV-C is unable to overcome, or even a combination of these and other ignored factors. Since a recent study revealed the functionality of cilevirus MP (Leastro et al., submitted), alternative hypotheses, such as those involving efficacious plant defenses preventing CiLV-C spread, gain strength. Plant innate defense mechanisms against pathogens are based on a two-layered immune system that uses cell surface receptors and intracellular plant resistance (R) proteins to respectively recognize pathogen-associated molecular patterns (PAMPs) or effectors (Cui et al., 2015; Couto and Zipfel, 2016; Garcia-Ruiz, 2019). Metabolic changes induced during plant defense can result in a burst of reactive oxygen species (ROS) that may culminate in a hypersensitive response (HR) (Xia et al., 2015). The transcriptional reprogramming resulting in the defense responses is mediated by the action of interconnected phytohormonal-dependent pathways and directed according to the nature of the injury. Typically, the salicylic acid (SA) pathway confers resistance to biotrophic pathogens and antagonizes the jasmonate/ethylene (JA/ET) pathways that in turn induce defenses against herbivores and necrotrophic pathogens (Pieterse et al., 2012). The SA pathway is involved in the activation of the HR, acting together with ROS molecules to trigger the resistance response (Xia et al., 2015). Furthermore, activation of the plant immune system and the induction of HR have been linked to endoplasmic reticulum (ER) stress (Poór et al., 2019). The excessive accumulation of proteins in the ER triggers the unfolded protein response (UPR), a mechanism that prevents the dangerous accumulation of unfolded proteins, but surpassed a threshold, UPR leads to a chronic stress condition that eventually triggers HR (Williams et al., 2014).

Several viral proteins have been identified as elicitors of the plant immune system. For instance, the P0 protein from poleroviruses elicits an HR that is associated with the Nicotiana glutinosa protein RPO1 (Resistance to Poleroviruses 1), a likely immune receptor of P0 (Wang et al., 2015). Likewise, the P38 protein from turnip crinkle virus (TCV) is recognized by the Arabidopsis thaliana R protein HRT (HR to TCV), which activates an HR-mediated resistance (Cooley et al., 2000; Pumplin and Voinnet, 2013). In a clear correlation between over-accumulation of viral proteins in the ER and HR, the transient expression of the P25 protein from potato virus X in N. benthamiana plants induces ER stress and UPR, leading to ER collapse and cell death (Aguilar et al., 2019). Besides triggering HR, viral proteins can modulate hormonal defense pathways to establish mutualism with its vector (Casteel and Falk, 2016). For example, the NIa-Pro (Nuclear inclusion a-protease) protein from turnip mosaic virus (TuMV) interferes with ET-mediated responses, resulting in defense suppression and, consequently, the enhanced performance of its vector, the aphid Myzus persicae (Casteel et al., 2015). Viruses that depend on vectors to move from infected to healthy host plants use this strategy of decrease antiherbivory defense as an effective means to improve their transmissibility (Abe et al., 2012).

A previous study conducted in A. thaliana plants revealed that CiLV-C infection triggers ROS burst and cell death, induces the classical antiviral mechanisms of RNA silencing and SA pathway, suppresses the JA-dependent response, and favors the colonization of the mite vector. A preliminary model of the interaction using this information was depicted (Arena et al., 2016), but many underlying mechanisms of CiLV-C infection remain to be uncovered, for instance, the kinetics of viral accumulation in infected plants, the global plant response to the virus infection, and the viral effector that triggers such response. Here we aim to expand our knowledge on the molecular plant/CiLV-C interplay. Firstly, to describe the CiLV-C accumulation along the course of the infection, we quantify viral genomic and subgenomic RNAs using RT-qPCR. Then, to unravel novel mechanisms of plant response to the viral infection, we evaluate the transcriptome profile of infected A. thaliana plants by RNA-Seq. Finally, to test the hypothesis that specific CiLV-C proteins could trigger plant responses to the viral infection, the putative elicitor activity of each virus protein was assessed by expressing them in Nicotiana benthamiana plants. The current work contributes to the identification of mechanisms involved in the development of citrus leprosis disease and provides insights around the atypical restraint of the systemic movement of CiLV-C. In practical terms, we provide data supporting a comprehensive plant transcriptome analysis that can be further explored to unravel common or unique mechanisms of plant gene expression operated during the plant infection by kitavirids.



Materials and Methods


Plant Material

Seeds from A. thaliana ecotype Columbia (Col-0) were obtained from the Arabidopsis Biological Resource Center (ABRC, http://www.arabidopsis.org). A. thaliana and N. benthamiana plants were grown in a controlled growth chamber Adaptis AR A1000 (Conviron, Winnipeg, Canada) at 23 ± 2°C and a 12 h photoperiod. Four-week-old plants were used in the experiments.



Mite Rearing

The population of mites was initially obtained from a single female collected from a citrus orchard and identified as B. yothersi using phase-contrast microscopy as reported elsewhere (Beard et al., 2015). Nonviruliferous mites were reared onto the unripe fruits of Persian lime (Citrus latifolia Tanaka), a genotype immune to CiLV-C. Viruliferous mites were obtained by transferring the nonviruliferous mites from the Persian lime to sweet orange fruits with citrus leprosis symptoms infected with CiLV-C strain SJP (Ramos-González et al., 2016). Fruits were prepared as described before (Rodrigues et al., 2007). Mites were reared for several generations and were evaluated for the presence of CiLV-C by RT-PCR (Locali et al., 2003) before their use in the experiments.



Kinetics of CiLV-C Accumulation Experiment

Quantification of CiLV-C RNA loads was performed in A. thaliana plants infested with B. yothersi viruliferous mites at ¼, ½, 1, 2, 4, 6, 8, and 10 dai. A. thaliana plants were infested with 15 mites (five per each of three rosette leaves), transferred with a brush under a stereoscopic microscope. Each time point had 10 biological replicates. Harvested leaves were flash-frozen in liquid N2 and stored at −80°C until RNA extraction. Plant RNA was purified with the RNeasy Plant Mini Kit (Qiagen, Venlo, Netherlands); RNA concentration and purity (A260/A280) were determined in NanoDrop ND-8000 micro-spectrophotometer (Thermo Scientific, Waltham, USA), and cDNA was synthesized using RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA).



Absolute Quantification of CiLV-C p29 and RdRp Genes

Absolute quantification of p29 and RdRp was assessed by RT-qPCR using TaqMan assays. Reaction mixes were prepared with the TaqMan® Fast Universal PCR MasterMix 2× kit, as recommended by the manufacturer (Thermo Scientific, Waltham, MA, USA). Amplifications were carried out in a 7500 Fast Real-Time PCR System device (Thermo Scientific, Waltham, MA, USA). Samples were analyzed in triplicates and no-template controls were included to check for contaminations. Cycle quantification (Cq) values from infected samples were compared with the standard curves to determine absolute quantities of CiLV-C p29 and RdRp molecules. Quantities of each gene at different time points were statistically compared using one-way ANOVA and Student’s t-test (α ≤ 0.05).



Relative Quantification of CiLV-C Genes

Relative quantification of all CiLV-C ORFs (p29, RdRp, p15, p61, p24, and MP), the putative p7 ORF, and the intergenic region (IR) was assessed by RT-qPCR using the GoTaq dsDNA binding dye. qPCR assays were prepared with 3 ng of cDNA, 6.5 ul of GoTaq qPCR Master Mix (Promega, Madison, WI, USA), and 120 nM of each gene-specific primer pair. Each cDNA sample was analyzed in duplicates, and melting curves were included. Primer pair efficiency (E) and Cq value were determined for each reaction using Real-time PCR Miner (Zhao and Fernald, 2005). The Cq value of each sample, expressed as the mean of the two technical replicates, was converted into relative quantities (RQs) using the function RQ = EΔCq, where ΔCq is the difference between the lowest Cq value across all samples for the evaluated gene and the Cq value of a given sample. Normalized-relative quantity (NRQ) of each sample was calculated as the ratio of the sample RQ and the reference gene (A. thaliana SAND family protein gene) RQ. Individual fold change values were determined by dividing the sample NRQ by the mean NRQ of samples of the calibrator, that is, plants collected at the time point with the lowest amount of the specific molecule. Quantities of each molecule at different time points were statistically compared using one-way ANOVA and Student’s t-test (α ≤ 0.05).



RNA-Seq Time-Course Experiment

Arabidopsis thaliana plants were infested with 15 nonviruliferous or viruliferous mites (five mites per each of three rosette leaves). Infested leaves were collected at 6 h after infestation (hai) and 2 and 6 days after the infestation (dai). Sixteen plants were infested per treatment per time point, and leaves from two plants were pooled, totaling eight biological replicates. Another set of plants was kept with viruliferous mites for eight days, when symptoms were visible, to confirm virus infection. Harvested leaves were flash-frozen in liquid N2 and stored at −80°C until RNA extraction. Plant RNA was purified with the RNeasy Plant Mini Kit (Qiagen, Venlo, Netherlands) and treated with RNAse-free DNAse (Qiagen, Venlo, Netherlands) to remoe plant DNA. RNA purity (A260/A280 ~ 2.0) and integrity (RIN > 8) were confirmed in NanoDrop ND-8000 micro-spectrophotometer (Thermo Scientific, Waltham, USA) and Bioanalyzer 2100 (Agilent Technologies, Santa Clara, USA), respectively. CiLV-C presence in plants infested with viruliferous mites or its absence in those infested with nonviruliferous mites was confirmed by RT-PCR (Locali et al., 2003). RNA extracts from two samples (100 ng/ul each) were pooled, totaling four replicates per treatment (CiLV-C and mock) per time point for the RNA-Seq. cDNA libraries were prepared with Illumina TruSeq Stranded mRNA Library Prep Kit (Illumina, San Diego, USA). Sequencing was performed in an Illumina HiSeq 2500 system (Illumina, San Diego, USA) using HiSeq SBS v4 High Output Kit (Illumina, San Diego, USA). Paired-end reads of 2 × 125 bp were generated.



Bioinformatics Analysis of RNA-Seq Data

RNA-Seq data were analyzed following the pipeline from Anders et al. (2013) with some modifications previously described (Arena et al., 2018). The biological variability of the samples was assessed by principal component analysis (PCA) and hierarchical clustering (using the Euclidean distance metric and Ward’s clustering method). Differentially expressed genes (DEGs) between CiLV-C and mock treatments were identified at each time point using the package DESeq2 (Love et al., 2014). False Discovery Rate (FDR) correction for multiple comparisons was applied. DEGs with corrected p-values ≤ 0.05 and |log2FC| ≥ 0.5 were classified as differentially expressed. GO Enrichment Analysis was performed on DEGs to elucidate mechanisms potentially involved in the CiLV-C infection and symptoms development. A gene set was defined as all DEGs identified at each set (2 dai/upregulated, 2 dai/downregulated, 6 dai/upregulated, and 6 dai/downregulated), and the universe comprised all genes of the A. thaliana TAIR10 genome. Overrepresented Biological Processes (BPs) were identified by a hypergeometric test (FDR-adjusted p-values ≤ 0.001). GO networks were generated in Cytoscape using the app BinGO (Maere et al., 2005).



Identification of Enriched Transcription Factors

Enriched TFs were assessed on up and downregulated DEGs from 2 and 6 dai using two approaches. First, genes coding for TFs within DEGs were identified by searching on the PlantTFDB database (Jin et al., 2017) and overrepresented TF families on each set of genes were assessed using a hypergeometric test (α ≤ 0.01). Second, individual TFs with targets enriched within DEGs were identified using the TF enrichment tool (Jin et al., 2017), based on both the presence of cis-regulatory elements in the sequences of the DEGs assessed and literature mining. TFs with enriched targets were further grouped according to their families.



Validation of Gene Expression Data by RT-qPCR

A new time-course experiment was set with A. thaliana Col-0 plants infested with viruliferous and nonviruliferous mites. Leaf samples were collected at 6 hai, 2 dai, and 6 dai. For each time point, plants were grouped in sets of 16 individuals assigned to each treatment (CiLV-C and mock). Plants were infested with 15 mites (five mites per each of three rosette leaves). Infested leaves were collected at each time point, and leaves from two plants were pooled, totaling eight biological replicates per treatment per time point. Leaf collection, RNA extraction, and quantification were carried out as previously indicated in this section. RNA quality was confirmed in 1.2% agarose gels. cDNA was generated using RevertAid H Minus First Strand cDNA Synthesis Kit as described by the manufacturer (Thermo Scientific, Waltham, MA, USA). qPCR assays were prepared with 3 ng of cDNA, 6.5 ul of GoTaq qPCR Master Mix (Promega, Madison, WI, USA), and 120 nM of each gene-specific primer pair (Supplementary Table 8). Each cDNA sample was analyzed in triplicate, and melting curves were included. Primer pairs’ efficiency and Cq value were determined for each reaction using Real-time PCR Miner (Zhao and Fernald, 2005). Gene expression analyses were performed using the ΔCq model with efficiency correction and multiple reference genes (Hellemans et al., 2007) as previously described (Arena et al., 2016). The difference between infected and mock samples within each time point was assessed using Student’s t-test (α ≤ 0.05).



Cloning of CiLV-C ORFs in Expression Vectors

CiLV-C ORFs were amplified from pregenerated clones using a HiFi polymerase (Thermo Scientific, Waltham, USA), and specific primers were designed to add restriction sites to the ends of each amplicon (Supplementary Table 9). The amplicons were digested and cloned in an intermediary vector based on the backbone of the pUC19 cloning vector (New England Biolabs, Ipswich, USA). Each transcriptional unit comprised the 35s cauliflower mosaic virus promoter driving constitutive expression of the viral ORF, the Ω fragment from TMV as a translational enhancer, the convenient CiLV-C ORF, and the nopaline synthase terminator. After assembly, each transcription unit was transferred from the intermediary vector to a pCambia 2300 binary vector (Marker Gene Technologies, Ipswich, USA). Final constructions were digested with the endonucleases XbaI and XhoI for validation of their identity. After the identification of the P61 elicitor activity (methods described below), new expression clones were assembled to express 3xFLAG C-terminal tagged P61 protein under the control of a dexamethasone (DEX)-inducible promoter. Somewhat similar cloning procedures were performed using the Gateway system (Thermo Scientific, Waltham, USA) to construct GFP-expressing clones as negative controls. Specific primers (Supplementary Table 9) were designed to include four Gs and the 25 bp of the attB regions in the 5′ end (for efficient Gateway cloning), the stop codon was removed (for fusion with the 3xFLAG), and nucleotides were added (to maintain the proper reading frame with the FLAG tag). Genes were amplified using the Phusion High-Fidelity DNA Polymerase (New England Biolabs Ipswich, USA). The amplicons were purified and cloned in the donor vector pDONR207 (Thermo Scientific, Waltham, USA). Entry clones were purified and confirmed by nucleotide sequencing. Transcriptional units were transferred by recombination to a Gateway-compatible version of the pTA7001 destination vector (Aoyama et al., 1997; Li et al., 2013), with a C-terminal 3xFLAG (DYKDHDGDYKDHDIDYKDDDDK) and a DEX-inducible promoter. Expression clones were purified and sequenced to confirm their identity. To generate the p61 construct containing the frameshift mutant (p61Fs), the p61 gene was amplified from the previously constructed vector using a specific forward primer (Supplementary Table 9) designed to introduce two extra nucleotides following the start codon. The amplicons were cloned in the pDONR207, and the transcriptional units were further transferred to the Gateway-compatible version of the pTA7001 destination vector. Expression clones were purified and confirmed by sequencing.



Transient Expression Assays in Nicotiana benthamiana Leaves

Plasmids containing the studied ORF were inserted into the Agrobacterium tumefaciens strain GV3101. Recombinant A. tumefaciens was cultivated overnight in 5 ml of Luria-Bertani (LB) medium containing kanamycin (30 µg/ml) and rifampicin (50 µg/ml). Fresh media (Kn, Rif, and 150 μM acetosyringone) were inoculated with 1/10 (v/v) of the pre-inoculum until reaching a 0.8–1 OD600 nm. Cells were harvested by centrifugation and further incubated in the infiltration buffer (10 mM MES, pH 5.6, 10 mM MgCl2, 150 μM acetosyringone) in the dark for 4 h. Infiltrations were carried out using a syringe in leaves of four- to six-leaf stage plants. In parallel, N. benthamiana plants were infiltrated with the empty vectors, GFP-expressing clones (negative controls), and the infiltration buffer (blank). When pTA7001 expression clones were used, infiltrated leaves were sprayed with 30 uM DEX and collected at 1, 2, and 3 days after induction. Cells were lysed in the presence of NP40-based buffer (150 mM NaCl, 1% NP40, 50 mM Tris-HCl), diluted in a protein disruption buffer (136 mM DTT, 192 mM Tris, 45 mg/ml SDS, 50 ug/ml bromophenol blue, 10 M urea), heated at 95°C, and loaded in SDS-PAGE gels. The fusion proteins were assessed by Western Blot probed with anti-DYKDDDDK-HRP conjugate (Miltenyi Biotec, Auburn, USA) at a concentration of 1:2,000 (Figure 7F). Leaves infiltrated with the construction for the expression of P61, empty vector, or the expression of GFP were collected for histochemical detection of H2O2, expression analysis of marker genes, and quantification of defense hormones. H2O2 was visualized by leaf staining with diaminobenzidine (DAB) as reported elsewhere (Ilarduya et al., 2003). The expression profiles of SA- and HR-related genes were assessed by RT-qPCR as described in the topic Validation of Gene Expression Data by RT-qPCR, with primer pairs described by Li et al. (2012). The SA and JA contents were quantified by LC-MS/MS as previously described (Arena et al., 2018). N. benthamiana plants were inoculated with CiLV-C, and symptoms were compared with those from plants agroinfiltrated with the plasmids containing the viral ORFs. Lesions on CiLV-C-infected sweet orange fruits were collected, ground in a mortar, and the sap was mechanically inoculated into carborundum-dusted leaves of four-week-old N. benthamiana plants.




Results


Amounts of CiLV-C-Specific RNAs Continuously Increase Through the First Ten Days of Leaf Infection, a Period During Which Three Distinct Viral Accumulation Stages Are Distinguished

The kinetics of accumulation of CiLV-C-specific RNAs in A. thaliana infected leaves was evaluated by RT-qPCR. At first, the targets for TaqMan-based assays were two regions of the CiLV-C RNA1, one within the gene p29, which is present in the genomic and sgRNA and codes for the putative capsid protein, and another inside the ORF RdRp that is directly translated from the genomic RNA and codes for the viral replicase.

CiLV-C RNA loads were quantified during a time-course experiment in which leaf samples from A. thaliana plants were collected at ¼, ½, 1, 2, 4, 6, 8, and 10 days after infestation (dai) with viruliferous B. yothersi mites. Up until 6 dai, no symptoms were observed (Figure 1A). Symptoms of CiLV-C infection began appearing at 7 dai in 100% of the infested plants that were kept until the two latest time points. Typical symptoms of CiLV-C infection in Arabidopsis initially arise as chlorotic spots easily distinguished in green dark leaves, evolving to green islands in yellow senescent ones (Figure 1A) that may contain small patches of dead cells, as detected with Trypan Blue staining (Arena et al., 2016). Alternatively, areas of dead tissues with up to 5 mm in diameter appear in the infected leaves (Figure 1A). In both cases, these leaves undergo an accelerated senescence process leading them to death after 10–12 dai. Such a pattern of symptom development upon CiLV-C infection was previously reported in A. thaliana plants (Arena et al., 2013) and conforms to, but in a shorter temporal scale, those observed in CiLV-C-infected citrus species (Bastianel et al., 2010). Although not all the chlorotic spots give rise to necrotic ones, regardless of the final phenotype of the lesions, infection and symptoms are always restricted to the leaves infested by viruliferous Brevipalpus mites, and they are detected neither in systemic leaves nor in plants infested by nonviruliferous mites (Figure 1A).




Figure 1 | CiLV-C infection in Arabidopsis thaliana plants. (A) Phenotypes of plants infested with CiLV-C viruliferous B. yothersi mites, from 0 to 12 days after infestation (dai). Red dots in the top panel indicate symptomatic leaves. From 0 to 6 dai, no symptoms are observed. Typical symptoms of CiLV-C infection in A. thaliana initially arise as chlorotic spots in green dark leaves (7–9 dai), evolving to green islands in yellow senescent ones (10–12 dai). Alternatively, larger areas of dead tissues frequently appear in infected plants (here, represented by the last leaf from the 10–12 dai group). No symptoms are observed in plants infested with nonviruliferous mites (mock). (B) Absolute quantification of CiLV-C p29 and RdRp genes in eight time points after infestation with viruliferous B. yothersi mites. Different letters correspond to different copy numbers between the time points assessed (ANOVA and Student’s t-test, α < 0.05). (C) p29/RdRp ratio, calculated using the copy number from both molecules at each time point. Different letters correspond to different ratios between the time points assessed (ANOVA and Student’s t-test, α < 0.05). Three stages (i: 0–24 h after infestation, ii: 2–4 dai, iii: 6–10 dai) from CiLV-C infection are indicated.



Absolute quantities of p29 and RdRp containing-RNA molecules were determined using the TaqMan assays and suitable standard curves (Figure 1B). All samples were positive in the analyses of both targets, confirming CiLV-C infection. The levels of both targets were kept invariable during the first 24 h after the infestation (hai), but afterward, they increased continuously until the last time point [Tukey’s honest significant difference (HSD) test, α ≤ 0.05]. The highest difference between the evaluated sequential time points was obtained from 2 to 4 dai when RNA molecules containing p29 and RdRp increased 66- and 53-fold, respectively (Figure 1B).

CiLV-C replication analysis was expanded to cover the RNA2 viral molecule by using intercalating dye-based RT-qPCR assays (Supplementary Figure 1). PCRs targeted sequences within ORFs p15, p61, p24, MP, p7 (putative small ORF downstream of p15), and the intergenic region (IR) (Locali-Fabris et al., 2006). Additionally, specific primers for ORFs p29 and RdRp were also included in this analysis to compare the data with those obtained in the TaqMan-based assays. Even though the absolute amounts of the molecules were not quantified in the intercalating dye-based RT-qPCR assays, they tended to follow the same pattern described by p29 and RdRp in the TaqMan-based assays. Genes p15, p61, p24, and MP were mostly invariable within the first 24 h and continuously increased onwards (Supplementary Figure 1).

The ratio p29/RdRp at each time point was calculated as an indicator of the accumulation of viral subgenomic and genomic RNA (Figure 1C). The number of molecules containing the ORF p29 was higher than those containing the ORF RdRp across the whole experiment (Figures 1B, C). Higher accumulation of p29 was expected as the assay detects both genomic (also including the antigenomic) molecules and the p29 sgRNA, while RdRp assay quantifies only the genomic RNA1 molecule. Within 2–4 dai, the ratio p29/RdRp reached the lowest level, whereas before and after this period it showed similar levels (Figure 1C). Despite the asynchronism of the viral replication process over the infected cells, a heuristic approach of the experimental data allowed us to subdivide the CiLV-C accumulation in A. thaliana into three main kinetic steps: i) 0–24 h after infestation (hai), ii) 2–4 dai, and iii) 6–10 dai (Figure 1C). Considering these steps and pathobiology features inherent to the citrus leprosis disease, time points for the evaluation of the plant response to the viral infection were further selected, i.e., 6 hai, minimum inoculation access period required by viruliferous mites to obtain 100% of infected plants (Arena et al., 2016); 2 dai, first significant increase in the viral genome accumulation; and 6 dai, the presymptomatic stage when plant transcriptional responses likely take place culminating in the disease phenotype. Moreover, time points 2 and 6 dai epitomize a condition in which the ratio p29/RdRp significantly differs from the precedent kinetic steps.



CiLV-C Infection Triggers Significant Transcriptome Changes Proportionally to the Increase of Viral RNA Loads

The global transcriptomic response of A. thaliana plants along the course of CiLV-C infection was assessed by RNA-Seq. Plants infested with CiLV-C-viruliferous mites were compared with those infested with nonviruliferous ones (mock) at 6 hai, 2 dai, and 6 dai. Illumina sequencing generated roughly 924 million paired-end reads, with an average of 38.5 million per library and a higher number of reads from the mock treatment (Supplementary Table 1, Figure 2A). Overall, 93.5% of the reads aligned to the A. thaliana reference genome, with a 90.6% average of uniquely mapped reads (Supplementary Table 1, Figure 2B). The CiLV-C infected samples from 6 dai had the highest percentage of unmapped reads probably due to the higher virus titer and consequently a higher number of reads mapping to the virus genome (Figure 2B).




Figure 2 | Overview of Arabidopsis thaliana transcriptome upon CiLV-C infection. (A) Number of paired-end reads generated for each library by Illumina HiSeq sequencing. M, mock-infected (plants infested with nonviruliferous mites); V, virus-infected (plants infested with CiLV-C viruliferous mites). The dashed line represents the average of paired-end reads from all 24 libraries. (B) Proportion of uniquely mapped, multimapped, and unmapped reads obtained for each library. Reads were mapped in the A. thaliana (TAIR 10) genome using TopHat2. M, mock-infected; V, virus-infected plants. (C) Principal component analysis of normalized count data from all samples. (D) Hierarchical clustering analysis of normalized count data z-scores exhibited by differentially expressed genes (DEGs) of each sample within each time point. (E) Numbers of up- and downregulated DEGs in CiLV-C infected plants in comparison to mock controls at each time point. DEGs were identified using DESeq2 and defined by |log2FC| ≥ 0.5 and false discovery rate (FDR)-corrected p-value ≤ 0.05. (F) Volcano-plots of −log10p and log2FC exhibited by each gene in CiLV-C infected plants compared to mock controls at each time point. Up- and downregulated genes are presented in red and green, respectively. FC, fold-change; p, FDR-corrected p-value; hai, hours after infestation; dai, days after infestation.



The main sources of variability within samples were assessed by principal component analysis (PCA) using the normalized count data (Figure 2C). The first component, which accounts for 64% of the variance, separated the samples by both variables: time after infestation and virus treatment, and they reflected the intensity of stimuli. Mock samples from different time points grouped separately, most likely due to the differential expression associated with longer mite feeding periods, as previously described (Arena et al., 2018). At 6 hai, where the lowest viral RNA loads were detected, all samples grouped regardless of the virus presence. A single group comprising both infected and mock samples was obtained for samples collected at 2 dai, where the viral RNA loads are slightly higher than at 6 hai. Differences between the expression profiles from infected and mock samples might be masked by the massive transcriptome changes in response to the mite action (Arena et al., 2018). At 6 dai, where the highest RNA virus loads were reached, infected and mock treatment formed two separated groups. The hierarchical clustering of samples within each time point confirmed the clusterization profile obtained by PCA (Figure 2D).

Differentially expressed genes (DEGs) in virus-infected plants compared with mock-inoculated ones were assessed within each time point using the negative binomial-based DESeq2 package and False Discovery Rate (FDR)-correction of p-values for multiple comparisons. Overall, 3,892 DEGs [α ≤ 0.05, |log2 fold change (FC)| ≥ 0.5] were detected (Supplementary Table 2). No gene was differentially expressed at 6 hai (Figures 2E, F), which agrees with the similar expression profiles displayed by mock and virus-infected plants (Figures 2C, D). The number of DEGs progressively raised along the course of the infection (Figures 2E, F). At 2 dai, 294 DEGs were detected, of which, the majority (253 DEGs, ≅ 86%) were upregulated (Figure 2E). The largest number of DEGs throughout the interaction was detected at 6 dai, when CiLV-C infection deregulated 3,717 genes, evenly distributed in 1,995 (≅ 53.7%) up- and 1,722 (≅ 46.3%) downregulated DEGs (Figure 2E). This corresponds to more than 11% of all 33,602 A. thaliana genes being differentially expressed in response to CiLV-C at this particular time point. The analysis performed here shows that CiLV-C infection triggers a significant reprogramming on infected plants likely mirroring the course of viral replication.



CiLV-C Infection Induces Cell Growth and HR-Related Processes and Represses Both the Plant Primary Metabolism and the JA/ET-Mediated Responses

Gene ontology (GO) enrichment analyses were performed with the independent sets of up- and downregulated DEGs from each time point to identify the most relevant biological processes (BPs) disturbed during CiLV-C infection (Supplementary Table 3). DEGs and BPs that were either shared or exclusive to the experimental sets are presented (Figures 3A, B). Using the Cytoscape app BinGO, the enriched BPs were visualized as networks where the color and size of each node identify the p-value and number of DEG of each ontology, respectively.




Figure 3 | General transcriptomic changes and early responses of Arabidopsis thaliana plants affected by CiLV-C infection. (A) Venn diagram of up- and downregulated genes identified within the set of differentially expressed genes (DEGs) from each time point. DEGs were identified using DESeq2 and defined by |log2FC| ≥ 0.5 and false discovery rate (FDR)-corrected p-value ≤ 0.05. The percentage value on each section of the diagram refers to the number of the corresponding DEGs relative to the total number of DEGs. (B) Venn diagram of overrepresented biological processes (BPs) from each set of up- and downregulated DEGs identified at each time point. Overrepresented BPs were identified based on a hypergeometric test with FDR-adjusted p-values ≤ 0.001. The percentage value on each section of the diagram refers to the number of the corresponding BPs relative to the total number of BPs. (C) Lists of overrepresented BPs exclusively modulated at 2 dai (transient early responses) or those common at 2 and 6 dai (stable early responses). The corresponding p-values obtained in the Gene Ontology (GO) enrichment analysis from 2 dai are included in the right column of each table. Up to ten BPs of each list are presented in each table. Complete lists of exclusive and common BPs are available in Supplementary Table 3. Due to the high number of BPs exclusively modulated at 6 dai, they were omitted from this figure and are presented in Figure 4. ET, ethylene.



The GO enrichment analysis revealed 49 and 5 overrepresented BPs (hypergeometric test, α ≤ 0.001) in the sets of DEGs that were up- and downregulated at 2 dai, respectively. Even though most of the DEGs identified at 2 dai were exclusively induced at this time point (146 DEGs, Figure 3A), the majority of enriched BPs obtained from the set of upregulated genes at 2 dai overlapped between the induced sets of 2 and 6 dai (28 BPs, Figure 3B). This suggests that several processes triggered soon at 2 dai are still modulated a few days later, although with a different number of exclusive and shared DEGs, perhaps reflecting the occurrence of early and late responses of the same process. BPs enriched in both upregulated DEGs from 2 and 6 dai (stable early responses) included general terms of plant response to stimuli such as “defense response”, “regulation of response to stress”, and “regulation of response to stimulus” (Supplementary Table 3, Figure 3C). Likewise, enriched BPs that were upregulated at 2 dai and downregulated at 6 dai mainly referred to broad ontologies such as “response to hormone”, “response to endogenous stimulus”, and “signaling” (Supplementary Table 3, Figure 3C). On the other hand, 16 and 5 BPs were exclusive to the upregulated and downregulated DEGs, respectively, at 2 dai (transient early responses) (Figure 3B). The BPs uniquely induced at 2 dai were predominantly related to the cellular growth, e.g. “cell growth”, “cellular developmental process”, “cell wall organization”, “cell morphogenesis”, and “cell differentiation” (Supplementary Table 3, Figure 3C). Of the five BPs only repressed at 2 dai, three were associated with the ethylene pathway: “ethylene-activated signaling pathway”, “cellular response to ethylene stimulus”, and “response to ethylene” (Supplementary Table 3, Figure 3C).

Most of the detected BPs were overrepresented in those data sets with a higher number of genes, i.e. the ones modulated at 6 dai (Figure 3A). GO enrichment analysis disclosed 124 and 114 enriched BPs (hypergeometric test, α ≤ 0.001) in the groups of DEGs that were up- and downregulated, respectively, at 6 dai (Supplementary Table 3). Besides a few broad-term processes common to the DEGs induced at 2 dai, the vast majority of the BPs enriched at 6 dai were exclusively detected at that time point (late responses) (Figure 3B). Within these categories, only four were shared between the up- and downregulated-clusters corresponding to 6 dai, revealing that induced and repressed genes at that time point are mostly involved in different processes, and distinct pathways are differentially modulated in the presymptomatic stage (Figure 3B).

The cluster of upregulated DEGs at 6 dai was enriched in 92 exclusive categories (Figure 3B) and revealed a massive modulation of the plant immune system (Figure 4A, Supplementary Table 3). BP categories were mainly clustered in two groups comprising “response to stimulus” and “biological regulation” (Figure 4A). Processes associated with response to stress and defense preponderantly represented both groups. Particularly, the group centralized in “response to stimulus” was branched in stress-related nodes that included “response to biotic stimulus” (linked to the subcategories of response to bacteria, fungus, oomycetes, and host defenses), “response to abiotic stimulus” (represented by subcategories of response to osmotic stress and oxygen levels), and “response to oxidative stress” (specified from “response to ROS” to “response to hydrogen peroxide”) (Figure 4A). A defense-related branch from response to stimulus group displayed general ontologies (e.g. “immune response” and “defense response”), and it was typified by HR-related BPs such as “plant-type HR”, “defense response, incompatible interaction”, “systemic acquired resistance”, and “programmed cell death” (Figure 4A). BP group centralized in biological regulation was branched to a major subgroup comprising the ontologies related to the regulation of both responses to stress and defense (Figure 4A). Categories from that subgroup included general terms such as “regulation of defense response” and “regulation of response to stress” and others more specific, e.g. “positive regulation of response to biotic stimulus” and “regulation of systemic acquired resistance”. Another branch from the biological regulation group (“regulation of cellular processes”) displayed cell death- and SA-related responses including “regulation of cell death” and “regulation of SA biosynthetic and metabolic process”, respectively (Figure 4A). A small cluster associated with the senescence process was also present in the upregulated network (“aging”, “plant organ senescence”, and “leaf senescence”) (Figure 4A). Finally, the major hormonal-mediated pathway enriched in the upregulated network was the SA pathway, represented by the categories “response to SA”, “cellular response to SA stimulus”, and “SA mediated pathway” (Figure 4A).




Figure 4 | Responses of Arabidopsis thaliana plants affected by CiLV-C infection at 6 dai. Induced and repressed responses are represented as networks of enriched BPs from upregulated (A) and downregulated (B) DEGs generated using the app BinGO in Cytoscape. The size of the nodes correlates with the number of DEGs, and their color reveals p-values of the enriched categories. Names of some BPs were simplified for clarity; full names are displayed in Supplementary Table 3. HR, hypersensitive response; ROS, reactive oxygen species; SA, salicylic acid; JA, jasmonic acid; ABA, abscisic acid.



The cluster of downregulated DEGs at 6 dai was enriched in 95 unique categories (Figure 3B). Most of the GOs clustered in a major group of metabolic processes harboring mainly the primary metabolism (Figure 4B). That subgroup included BPs associated with the metabolism of: i) lipids, such as “lipid biosynthetic and metabolic process” and “fatty acid biosynthetic and metabolic process”; ii) amino acids, whose categories included “sulfur”, “cysteine”, and “serine” amino acid biosynthetic and metabolic process; and iii) carbohydrate, with numerous broad terms (e.g. “cellular carbohydrate biosynthetic and metabolic process”) and specific BPs associated with biosynthesis and metabolism of glucan, starch, glycogen, and maltose. Carbohydrate-related processes were connected to a cluster of photosynthesis-related categories such as “photosynthesis, light and dark reaction”, “carbon fixation”, and “generation of precursor metabolites and energy”. Secondary metabolism formed a small branch comprising BPs directed to the biosynthesis and metabolism of glucosinolates and anthocyanins (Figure 4B), metabolites typically induced by JA during plant–arthropod interactions. Following the metabolism group, the downregulated GO network gathered a set of BPs, which along with many general terms shared with the upregulated network, included the response to distinct abiotic stimuli (“light”, “radiation”, and “temperature”), “response to wounding”, and JA as the only enriched hormonal pathway within the downregulated processes. Another small group from the network was centralized in the “cellular component organization or biogenesis”, with ontologies related to chloroplast and cell wall organization/biogenesis (Figure 4B).

Overall, the GO enrichment analysis showed that early plant responses to CiLV-C infection involve a transient induction of cell growth-related processes, transient repression of ET-responsive genes, and a stable modulation of defense and stress-related responses that kept up with the infection. At the presymptomatic stage, infected plants trigger processes related to the SA-mediated pathway, response to ROS and HR, all of which are present during incompatible interactions. Conversely, at the same stage, infected plants downregulate processes involved in the primary metabolism, JA-mediated pathway, and synthesis of glucosinolates.



Regulation of Coexpressed Genes by Specific Classes of Transcription Factors (TFs) Correlates With Modulation of Stress Defense Responses

To unravel the regulation of the transcriptional reprogramming upon viral infection, the classes of TFs associated with coexpressed DEGs were identified. First, we identified the up- and downregulated DEGs coding for TFs on each time point and their corresponding families (Figures 5A, B, Supplementary Table 4). The overrepresentation of specific families from each coexpressed set was assessed with a hypergeometric test (α ≤ 0.01). Within the set of upregulated DEGs at 2 dai, 29 TFs from 15 different families were identified. From that group, only two families were overrepresented: MYB (six genes, p-value = 1.39E-03) and WRKY (four genes, p-value = 4.46E-03) (Figure 5A), both typically involved in plant defense responses to stresses (Dubos et al., 2010; Phukan et al., 2016). From the downregulated genes at the same time point, only six TFs comprising three different families were detected, as expected due to the reduced number of DEGs with such expression patterns. The only overrepresented family was AP2/ERF (three genes, p-value = 1.16E-03) (Figure 5A), whose members are known to act as regulators of the ERF-branch of the JA/ET-mediated pathway (Pieterse et al., 2012). At 6 dai, 134 TFs from 22 families were upregulated. Only three of those families were overrepresented, of which the largest and most significant were WRKY (28 genes, p-value = 3.67E-14) and NAC (20 genes, p-value = 1.59E-05) (Figure 5B). Similar to WRKY, NAC TFs are also intimately associated with immune responses and specifically to increased resistance against pathogens, including the triggering of HR against viruses (Olsen et al., 2005; Nuruzzaman et al., 2013). Within the set of downregulated DEGs at 6 dai, 121 TFs evenly distributed in 31 families were identified. Similar to the upregulated set, only three classes of TFs were enriched, and the largest and most significant ones were MYB (17 genes, p-value = 3.50E-03) and AP2/ERF (16 genes, p-value = 1.31E-02) (Figure 5B).




Figure 5 | Enriched transcription factors (TFs) and TF targets during CiLV-C infection in Arabidopsis thaliana plants. (A, B) Number of up- and downregulated genes coding for TFs from each TF family identified within the set of DEGs at 2 dai (A) or 6 dai (B). Families encompassing two or fewer TFs were omitted. Up- and downregulated DEGs are presented in red and green, respectively. Levels of enrichment (−Log10 p, with p: p-value) of each family (hypergeometric test, α ≤ 0.01) are presented by a dashed line with its corresponding values in the secondary axis. (C) TFs with enriched targets within each set of up- and downregulated DEG at 2 and 6 dai identified by the TF enrichment tool. TFs are grouped according to their families. Each line identifies one TF. Orange lines correspond to TFs with enriched targets within each set. Red and green lines represent up- and downregulated DEGs, respectively, encoding TFs at each time point. Gray lines indicate the absence of enriched targets for a given TF- and/or TF not differentially expressed. Families encompassing two or fewer TFs were grouped in “Others”. DEG, differentially expressed gene; dai, days after the infestation with viruliferous Brevipalpus yothersi mites.



In another approach, we searched for TFs with overrepresented targets within each set of DEGs by using the TF enrichment tool (Jin et al., 2017). Potential targets were identified based on cis-regulatory elements in the promoters of the test genes and regulatory interactions described in the literature (Jin et al., 2017) (Figure 5C, Supplementary Table 5). The largest families with potential targets within DEGs induced at 2 dai were the growth-related TCP (Manassero et al., 2013) and stress-related C2H2 (Kiełbowicz-Matuk, 2012), represented by 10 and 13 TFs, respectively. On the other hand, the families MYB and bZIP—with 29 and 18 TFs, respectively—were the ones that presented the highest numbers of TFs with potential targets in the set of downregulated genes at 2 dai (Figure 5C). Interestingly, the analysis of 6 dai sets revealed once again WRKY (43 TFs) and NAC (37 TFs) as the largest families with targets within upregulated DEGs (Figure 5C), supporting the involvement of both TF classes in controlling the induction of those genes. Within the downregulated genes at 6 dai, potential targets were mainly associated with TFs from bHLH (Figure 5C), which includes the regulators of the MYC-branch of the JA/ABA-mediated pathway (Pieterse et al., 2012) and MYB classes, represented by 33 and 17 genes, respectively. Neither members of WRKY and NAC families had targets enriched in the downregulated DEGs from 6 dai nor TFs from the bHLH family presented potential targets within the upregulated genes at the same time point (Figure 5C). This data stresses the specificity of induced and repressed responses during the presymptomatic stage.

Our analyses showed that the expression of upregulated genes is mainly driven by TF of the classes WRKY and NAC, followed by those of the TCP and C2H2, while downregulated genes are potentially controlled by TFs of the AP2/ERF, bHLH, and bZIP families. MYB TFs regulate both induced and repressed responses. Notably, WRKY is the only family with both modulated TFs and target genes exclusively within the groups of upregulated transcripts. Results support the modulation of stress responses upon CiLV-C infection, being consistent with the specific induction of cell growth and HR/SA-mediated defenses, and repression of both ET and ABA branches of the JA pathway.



Genes Related to HR Are Induced at the Presymptomatic Stage

Due to the overrepresentation of HR-related processes within the upregulated GO network and the HR-like phenotype induced by CiLV-C infection (Arena et al., 2016), the DEGs associated with either HR or the mechanisms underlying the development of such resistance response were thoroughly reviewed. Hierarchical clusters were generated with data from all A. thaliana genes included in the categories “response to SA”, “response to ROS”, “cell death”, and “plant-type HR” (Figure 6A). Within the sets of DEGs assigned to those categories (α ≤ 0.05, |log2FC| ≥ 0.5), 63, 34, 36, and 23 genes, respectively, were upregulated at 6 dai (Supplementary Table 6). The induction of several genes directly or indirectly related to HR at the presymptomatic stage provides additional evidence supporting the hypothesis that symptoms of CiLV-C infection result from an HR-like resistance.




Figure 6 | Hypersensitive response (HR)-related genes during plant infection by CiLV-C. (A) Hierarchical clustering analysis of the whole set of genes of the Arabidopsis thaliana genome assigned to the Biological Processes “Response to SA”, “Response to ROS”, “Cell death”, and “Plant-type HR”. (B) Expression profile of selected Arabidopsis thaliana genes in virus-infected plants, quantified by RNA-Seq and RT-qPCR. Data are presented as log2FC values in comparison with mock-infected plants (with log2FC set to zero). Statistically significant differences of virus-infected versus mock control at p-values ≤ 0.01 (**) and ≤ 0.05 (*) are indicated. Hai, hours after infestation; dai, days after infestation; GO, Gene Ontology term; SA, salicylic acid; ROS, reactive oxygen species; HR, hypersensitive response; FC, fold change.



To validate the RNA-Seq data and support the involvement of the SA pathway and HR in response to CiLV-C infection, the expression of selected DEGs was assessed by RT-qPCR (Figure 6B). Six SA- and HR-related genes upregulated at the presymptomatic stage were selected: the signaling component EDS1 (enhanced disease susceptibility 1), the SA biosynthetic enzyme ICS1 (isochorismate synthase 1), the regulator GRX480 (glutaredoxin 480), the receptor-like kinase (RLK) CRK9 (cysteine-rich RLK 9), the transcription factor WRKY70 (WRKY DNA-binding protein 70), and the defense protein PR1 (pathogenesis-related protein 1). Expression profiles of those genes were assessed in a new, independent, experiment with plants infested with nonviruliferous (mock) and CiLV-C viruliferous mites at 6 hai, 2 and 6 dai (Figure 6B). All the evaluated genes were induced at 6 dai, in line with the RNA-Seq data, supporting the results described in this work.



Genes Involved in ER Stress and Unfolded Protein Response (UPR) Are Upregulated in CiLV-C-Infected Plants

Subcellular localization of CiLV-C proteins revealed that P15, P61, and P24 accumulate in association with the endoplasmic reticulum (ER) membranes, inducing disruption of the ER network (Leastro et al., 2018). To investigate whether the CiLV-C infection triggers ER stress, which could potentially induce HR-like response (Williams et al., 2014), we verified the expression levels of genes related to the ER stress and UPR activity. Genes assigned with the GO categories “endoplasmic reticulum unfolded protein response” and “response to endoplasmic reticulum stress” were reviewed. Nine and 17 genes included in each category, respectively, were differentially expressed, including the transcription factor bZIP60 and the chaperones ER luminal binding proteins (BiP) and calreticulins (CRT). Without exception, all DEGs from both categories were upregulated at 6 dai (Supplementary Table 7). Even though the number of DEGs related to ER stress and UPR was not large enough to classify both GO terms as enriched ones, the upregulation of all DEGs at the presymptomatic stage suggests the involvement of these processes in the transcriptional changes that culminate in the development of the disease symptoms.



Expression of CiLV-C P61 Protein Triggers a Hypersensitive-Like Response and Mimics Plant Responses to Viral Infection

The transcriptome analysis revealed that plant response to CiLV-C infection is spearheaded by the activation of the plant immune system, with marked induction of genes related to cell death, ROS production, SA pathway, and HR. We hypothesize that the induction of those defense processes leads to the HR-like response that characterizes the phenotype of the viral infection. Next, we investigated the phenomenon of the activation of the plant defenses under the viral perspective, by searching for CiLV-C components capable of triggering such responses in the infected plants. To unravel the role of CiLV-C-encoded proteins in triggering the plant responses identified in the transcriptome analysis, the six viral ORFs were cloned in expression vectors and individually expressed into N. benthamiana leaves by agroinfiltration. The putative elicitor activity of the viral protein was assessed by: i) visual inspection of leaf phenotypic characteristics, ii) histochemical detection of H2O2, the main ROS detected during plant–pathogen interactions, iii) evaluation of the expression profile of SA- and HR-related genes pathogenesis-related 1 (PR1), PR2, hairpin-induced 1 (HIN1) and hypersensitive-related 203J (HSR203J), and iv) quantification of the SA and JA hormonal contents.

While the other CiLV-C proteins did not produce any altered phenotype (Supplementary Figure 2), the Agrobacterium-mediated transient expression of P61 consistently induced cell death on the infiltrated areas at 3 days after infiltration, which contrasted with the healthy phenotype observed in leaves infiltrated with both the A. tumefaciens carrying the empty vector and the infiltration buffer (Figure 7A). Histochemical analysis of the P61 infiltrated leaves revealed the production and accumulation of large amounts of H2O2 (Figure 7B). RT-qPCR assays showed that, although plants reacted to the infection by A. tumefaciens containing the empty vector, the presence of P61 clearly upregulated the expression of all the evaluated plant genes (Figure 7C). LC-MS/MS analyses revealed that SA levels were almost threefold higher on plants expressing this viral protein relative to those with the negative control, while JA levels were more than 42-fold lower (Figure 7D). Altogether, the results showed that the ectopic expression of the P61 protein triggers the same HR-related processes reported during plant infection with CiLV-C i.e. cell death, ROS production, SA pathway, and induction of HR-related genes. Mimicry of responses typically observed during CiLV-C-plant interaction indicated P61 as a viral effector that elicits plant defenses that likely culminate in the HR-like phenotype characteristic of the viral infection (Figures 1A and 7G)




Figure 7 | Elicitor activity of CiLV-C P61 protein. The viral protein was transiently expressed in Nicotiana benthamiana leaves using Agrobacterium-mediated infiltration. HR-like phenotype (A), ROS production (B), expression of SA- and HR-related genes (C), and levels of jasmonic acid and salicylic acid (D) were assessed at 3 days after the infiltration. E.V., empty vector. Statistically significant differences of plants infiltrated with p61 versus empty vector (E.V.) at p-values ≤ 0.01 (**) and ≤ 0.05 (*) are indicated. To verify the elicitor activity of the p61 RNA versus P61 protein, a frameshift mutant (P61Fs) was produced (E). P61 or GFP 3xFLAG fusion proteins were detected in N. benthamiana leaf extracts by Western Blot probed with an antibody for the FLAG tag conjugated with HRP (anti-DYKDDDDK-HRP); expected sizes were 30 kDa for GFP-3xFLAG and 63 kDa for p61-3xFLAG (F). Symptoms of CiLV-C in N. benthamiana, obtained by mechanical inoculation, are presented to highlight the HR-like phenotype (G).



To verify whether the HR-like is triggered by either the P61 protein or its RNA sequence, a frameshift mutant preventing the production of the protein was produced (Figure 7E). With the insertion of two nucleotides (T and A) downstream the start codon of the p61 ORF, the construction resulted in a modification of the ORF generating an amber stop codon immediately after the first codon. The clones carrying the genes for the p61 frameshift mutant, the p61 wild type, and that encoding GFP were agroinfiltrated in different spots throughout the same N. benthamiana leaf (Figure 7E). Cell death was observed in areas infiltrated with the p61 wild type 3 days after infiltration. HR was observed in neither the areas infiltrated with gfp nor the p61 frameshift mutant. Since the frameshift mutation did not affect the synthesis of the p61 RNA, the result demonstrates that the HR-like phenotype is triggered only in the presence of the P61 protein.




Discussion

In this work, we have dissected the interaction between plants and the kitavirid CiLV-C, a virus atypically unable to accomplish systemic infection in any of its known plant hosts, at the molecular level. The accumulation of CiLV-C genomic and subgenomic RNA molecules was coordinately studied with the transcriptome profile of infected plants to reveal the major mechanisms underlying the global plant response to the infection. Further, the transient expression of individual viral proteins allowed us to identify P61 as a putative viral effector causing the HR-like symptoms associated with the viral infection.

The analysis of the kinetics of viral RNA accumulation in A. thaliana plants infected by CiLV-C revealed the main features of an asynchronous process that we classified in three major steps (Figures 1B, C). The earliest stage occurs from the viral inoculation by viruliferous mites until 24 hai, which is characterized by a low number of viral molecules, low replication rate, or more likely, replication restricted to a few cells (Figures 1B, C). Accordingly, during the first 6 h of this stage, the plant transcriptional response was undetectable, at least with the experimental approach used here (Figures 2E, F). From 2 to 4 dai, the lowest difference between subgenomic and genomic RNA takes place (Figures 1B, C), suggesting a high replication rate, and a moderate number of plant transcriptional responses to viral infection is detected (Figures 2E, F). The third stage that ranges from 6 to 10 dai is marked by an increased accumulation of both subgenomic and genomic RNAs, reaching the highest detection levels (Figures 1B, C). Over the first hours of this step, which precedes the appearance of symptoms in A. thaliana leaves, a massive reprogramming of the plant transcript profile is observed (Figures 2E, F).

Early transcriptome changes in response to the infection by CiLV-C involve the upregulation of cell growth-related processes (Figure 3C). Induction of genes related to cell growth might be related to the development of hyperplasia or hypertrophy, histological changes typically promoted by phytopathogens, including several plant viruses (Hull, 2009). Likewise, symptomatic areas of sweet orange leaves with citrus leprosis show a higher division activity and larger size of the parenchyma cells (Marques et al., 2007). Hyperplasia and hypertrophy are also detected in citrus plant tissues infected by Brevipalpus-transmitted dichorhaviruses (Marques et al., 2010), suggesting that upregulation of cell growth responses might be a common pattern during the infection by Brevipalpus transmitted viruses (BTVs) in plants.

CiLV-C infection downregulated the interconnected ET and JA pathways at 2 and 6 dai (Figures 3C and 4B), respectively. Similarly, downregulation of JA-responsive genes involved in the biosynthesis of glucosinolates, compounds acting against herbivores (Jander, 2014), was also detected at the last time point (Figure 4B). The concomitance of the induction of SA and reduction of JA during the plant infection by CiLV-C is likely a consequence of the SA-JA antagonism (Arena et al., 2016). The repression of antiherbivory defenses upon virus infection is used as a viral strategy to increase vector fitness or attraction and encourage virus transmission (Mauck et al., 2018; Donnelly et al., 2019; Carr et al., 2020). For instance, the polerovirus potato leafroll virus attenuates the induction of JA and ET by aphids, affecting vector fecundity and settling (Patton et al., 2020). By exploiting the natural SA–JA antagonism, the tospovirus tomato spotted wilt virus triggers the SA- to reduce JA-mediated defenses, rendering a more attractive host to the thrips vector Frankliniella occidentalis (Abe et al., 2012). Likewise, the induction of SA and reduction of JA pathways and related defenses upon CiLV-C infection might account for an improvement in Brevipalpus vector performance. In agreement with this hypothesis, CiLV-C infected A. thaliana leaves are preferred for mite colonization and oviposition (Arena et al., 2016), and experimental evidence suggests that mite density in CiLV-C infected sweet orange trees is higher than in the healthy ones (Andrade et al., 2013). Furthermore, the oviposition of B. yothersi mites in A. thaliana mutant plants compromised in SA signaling is lower (Arena et al., 2018), pointing out the role of SA response on the improvement of the mite performance. On this basis, we speculate that CiLV-C/Brevipalpus interaction is a mutualistic relationship, in which the better performance of mites on CiLV-C plants, showing a boosted SA response and likely a suppressed antiherbivore defense, improves the transmission rate of the virus.

Along with the reduction of the JA pathway and glucosinolate production, the presymptomatic stage during the CiLV-C infection was marked by a repression of the primary metabolism (Figure 4B). Detected downregulated processes in A. thaliana infected by CiLV-C comprised the metabolism of lipids, amino acids, and carbohydrates, including photosynthesis (Figure 4B). Inhibition of photosynthesis is a general rule across plant–virus interactions and is usually associated with changes in the chloroplasts and the development of chlorosis and necrosis (Goulart et al., 2019), some of the most common viral symptoms and a key feature in cilevirus infections. Chloroplasts are prime targets for plant viruses to help fulfill essential stages of viral infections such as replication and movement, undergoing massive structural and functional disturbance (Zhao et al., 2016; Bhattacharyya and Chakraborty, 2018). Conversely, chloroplasts play active roles in defense against viruses because they are the sites for the biosynthesis of SA and HR-related ROS, which might compromise photosynthesis (Zhao et al., 2016; Bhattacharyya and Chakraborty, 2018). Whatever the cause, plant viruses commonly damage chloroplasts, leading to reduced photosynthetic activity and development of chlorotic or even necrotic symptoms as a result of cell death (Zhao et al., 2016; Bhattacharyya and Chakraborty, 2018; Goulart et al., 2019). In this sense, the infection by CiLV-C seems to follow the commonly observed trend.

Even though the profile of some plant transcripts changed in the early stage of the CiLV-C infection, strikingly, the majority of the DEGs were identified at 6 dai (Figure 3A). As expected, the outcome of several biological processes identified at the presymptomatic stage might contribute to the development of the disease symptoms. Plant response at this phase of the viral infection is typified by the upregulation of the plant immune system (Figure 4A). A large number of upregulated genes are related to the SA-mediated pathway, response to ROS, cell death, and HR (Figures 4A and 6A). In agreement with molecular responses detected in this work, histochemical analyses of tissues affected by CiLV-C revealed the accumulation of ROS and the presence of dead cells (Arena et al., 2016). In all its plant hosts, CiLV-C is restricted to cells around the vector inoculation sites where symptoms of viral infection arise (Freitas-Astúa et al., 2018; Figures 1A and 7G). Phenotypically, these symptoms resemble the outcome of an HR, a cell death resistance process accompanied by pathogen restriction at the inoculation site during an incompatible interaction. Transcriptome changes associated with the induction of HR-like phenotype support the hypothesis that the lesions caused by citrus leprosis may be a consequence of an incompatible rather than a compatible interaction (Arena et al., 2016). Commonly, the development of an HR resistance is associated with the recognition of the viral protein by corresponding plant resistance (R) proteins in a host-specific manner (Garcia-Ruiz, 2019). It is noteworthy, however, that HR-like associated phenotypes (cell death and virus restriction) developed during CiLV-C infection occur over a large spectrum of CiLV-C hosts rather than in a specific plant species. Under these circumstances, alternative mechanisms leading to an HR-like phenotype cannot be ruled out.

Despite the fact that ER stress and UPR were not within the enriched GO terms, we identified the upregulation of genes related to both processes at the presymptomatic stage (Supplementary Table 7). Upon stress conditions, the accumulation of unfolded/misfolded proteins in the ER triggers the UPR, a protective response that improves protein folding activity and removes proteins from the ER (Afrin et al., 2020). When the relief of the ER stress fails, the programmed cell death can be activated (Eichmann and Schäfer, 2012; Williams et al., 2014). Virus-infected plants can upregulate UPR-related genes, and some virus-encoded proteins targeting ER induce UPR (Zhang and Wang, 2016). For instance, the TuMV protein 6K2 can induce UPR (Zhang et al., 2015), probably through its physical interaction with and remodeling of the ER (Laliberté and Sanfaçon, 2010; Zhang and Wang, 2016). Furthermore, evidence suggests that SA induces UPR in plants (Poór et al., 2019), and virus-induced ER stress triggers ROS production and Ca2+ influx that alert host defense systems (Zhang and Wang, 2016). Ultimately, ER stress may culminate in HR cell death during plant–virus infections (Williams et al., 2014). This is the case, for example, of the potato virus X movement protein, which activates the transcription factor bZIP60 to initiate the UPR and elicit programmed cell death (Ye et al., 2013). Similarly, the induction of UPR-related genes during CiLV-C infection raises the possibility that ER stress might take part in the processes triggering the plant immune system and HR-like cell death. Further studies are underway aiming to assess the contribution of the ER–UPR pathways during CiLV-C infection.

Finally, we showed that the transient expression of the CiLV-C P61 protein reproduces processes observed during plant interaction with CiLV-C, i.e. necrotic lesions in A. thaliana and N. benthamiana, and increased expression of HR-related genes, modulation of SA and JA pathways, and ROS burst in A. thaliana (Arena et al., 2016) (Figure 7). Besides, we demonstrated that all the tested processes are triggered by the expression of P61, but not by its mRNA (Figure 7). Several viral proteins that mimic responses of virus infection have been identified. For instance, the polerovirus P0 protein triggers HR necrotic lesions in N. glutinosa (Wang et al., 2015), the CP from cucumber mosaic virus interacts with a chloroplast ferredoxin protein causing chlorotic symptoms in tobacco (Qiu et al., 2018), and the βC1 protein from the beta satellite of tomato yellow leaf curl China virus interacts with the MYC2 transcription factor decreasing levels of JA-responsive genes and enhancing the performance of its vector (Li et al., 2014). Induction of HR-like phenotype and related defenses brings CiLV-C P61 to the epicenter of processes triggering typical HR lesions. P61 causes structural remodeling of the ER membranes (Leastro et al., 2018), suggesting that the cell death caused by P61 expression might result from an unmitigated ER stress. Since ER stress signaling and UPR can be controlled by a nonfully known mechanism involving SA (Poór et al., 2019; Pastor-Cantizano et al., 2020), the interaction of P61 with A. thaliana or N. benthamiana plants might represent an interesting model for plant UPR regulation studies. Furthermore, due to the increased SA and reduced JA levels upon P61 expression (Figure 7D), it is suggested that P61 might trigger the cross-talk between hormonal pathways and modify the CiLV-C vector performance. New experimental approaches have been scheduled to verify the relevancy of these findings.

Results obtained in this work have enlarged and strengthened the previously proposed model depicting the plant response to components of the citrus leprosis pathosystem i.e. CiLV-C, and Brevipalpus mites (Arena et al., 2016; Figure 8). Comprehensively, we have provided host transcriptome data and viral protein expression evidence supporting the current understanding that the symptoms of CiLV-C infection arise from an HR-like resistance. CiLV-C is likely unable to overcome the myriad of plant defenses activated upon plant/virus interaction, which might prevent viral spread, thus restraining the viral infection in patches of tissues around the mite’s feeding/inoculation foci, where programmed cell death is further triggered. Although offbeat within the universe of known plant-infecting viruses, local lesions and the lack of systemic movement are common across members of the family Kitaviridae (Quito-Avila et al., 2020). Likely derived from a common ancestor with nege and nege-like viruses (Ramos-González et al., 2020), lack of systemic infection of kitavirids in plants might be a consequence of their unfitness in plants, i.e. failure to circumvent the plant defenses, which indirectly suggests a relatively short coevolutionary history of the biosystem kitavirus–plant. While the specific involvement of the innate immunity, including the putative existence of an R gene, UPR mechanism, and gene silencing on the kitavirus infection has been pointed out, the role of abiotic factors, such as temperature, on the pathosystem cannot be ruled out. Plant rhabdoviruses of the genus Dichorhavirus, which are also transmitted by Brevipalpus mites and produce nonsystemic infection under natural conditions, show a striking ability to infect plants systemically when incubated above 28°C (Dietzgen et al., 2018). Alternatively, since the rewire of the plant hormone metabolism seems to be relevant for Brevipalpus mite performance on CiLV-C infected plants, and on the other hand, the resistance breaking may affect virus fitness i.e. transmission and survival (García-Arenal and Fraile, 2013), a valid question would be what is the actual contribution of HR-like resistance to the fitness of this pathosystem. Ongoing experiments to clarify these and other aspects of CiLV-C plant and vector interplays, e.g. whether cilevirus multiply in their mite vector, will help to shed light on the forces and boundaries shaping the kitavirus evolutionary history.




Figure 8 | Model representing the interaction of Arabidopsis thaliana plants/Brevipalpus mites/CiLV-C. The current model integrates the experimental facts obtained in this work with those revealed from previous assays of interaction between A. thaliana plants and B. yothersi mites (Arena et al., 2016; Arena et al., 2018), and CiLV-C (Arena et al., 2016). Left and right halves of the diagram show hallmarks during the plant interaction with nonviruliferous and viruliferous mites, respectively. Left: During feeding, Brevipalpus mites use their stylets to pierce mesophyll cells and inject saliva that might contain mite-encoded effectors. In response to the interaction with mites, salicylic acid (SA) is accumulated and induces SA-dependent genes (e.g.: pathogenesis-related proteins, PRs), which benefit mite performance. In parallel, jasmonic acid (JA) is increased, triggering the expression of JA-dependent genes such as the ones involved in the synthesis of glucosinolates and the markers from the JA pathway VSP2 (vegetative storage protein 2) and PDF1.2 (plant defensin 1.2). RNA silencing and a reactive oxygen species (ROS) burst restricted to the few cells affected by mite feeding are also triggered. Plant growth and developmental processes are repressed (Arena et al., 2018). Right: Upon plant interaction with viruliferous mites, CiLV-C reaches mesophyll cells with mite salivary flow and moves locally to cells surrounding inoculation sites. Virus presence intensifies ROS production and the SA-mediated response and activates several genes related to cell death and hypersensitive response (HR). Those responses are also triggered by the transient expression of P61, placing this protein in the epicenter of processes triggering typical HR lesions; P61 protein accumulates in the ER membrane, which might cause an ER stress that triggers the upregulation of genes related to unfolded protein response (UPR) and contribute to the induction of cell death. CiLV-C infection also triggers the induction of genes associated with cell growth, which might be involved in hyperplasia and hypertrophy processes. JA response is repressed in virus-infected plants, probably as a consequence of the antagonism exerted by the increased SA production. Viral infection also inhibits the plant primary metabolism, e.g. photosynthesis, likely contributing to the development of the chlorosis symptoms. A putative virus suppressor of RNA silencing (VSR) may target and inactivate the first antiviral defense line, leading to the upregulation of a second line that enhances the RNA silencing activity (Arena et al., 2016). Ultimately, as a result of the activation of several defense mechanisms, CiLV-C remains restricted to cells around the mite feeding sites, where chlorotic/necrotic lesions develop as a probable consequence of an HR-like resulting from an incompatible interaction.
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Supplementary Figure 1 | Accumulation of CiLV-C genes through the course of viral infection in Arabidopsis thaliana plants. Normalized relative quantities (NRQs) of molecules were determined by RT-qPCR at eight time points after infestation with viruliferous Brevipalpus yothersi mites. Data are presented as log10NRQ values in comparison with the time point with the lowest quantity (with log10NRQ set to zero). Different letters correspond to different quantities between the time points assessed (ANOVA and Student’s t-test, α < 0.05). RdRp, RNA-dependent RNA polymerase; MP, movement protein; IR, intergenic region; h, hours after infestation; d, days after infestation.

Supplementary Figure 2 | Phenotype resulted from the expression of CiLV-C proteins in Nicotiana benthamiana plants. The viral proteins were transiently expressed in N. benthamiana leaves using Agrobacterium-mediated infiltration. Left half (I) of each leaf was infiltrated with A. tumefaciens GV3101 containing the empty vector, while right half (II) was infiltrated with the bacteria containing the construct for the expression of the corresponding CiLV-C protein. A: p61, B: RdRp motif, C: p24, D: p15, E: mp, F: p29, and G: methyltransferase motif.
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INDICATIONS OF INTER-KINGDOM RNA VIRUS TRANSFER BETWEEN ARTHROPODS AND PLANTS

The family Kitaviridae includes a small number of positive-stranded RNA plant viruses. Interestingly, this family name is not derived from the name of the type virus member, as usually, but from the family name of Dr. Elliot Watanabe Kitajima, a prominent virologist participating in kitavirus studies (Ramos-González et al., 2020; Quito-Avila et al., in press). Members of the kitavirus genera Blunervirus, Cilevirus, and Higrevirus produce in planta bacilliform (or near spherical) virus particles and have multipartite genomes composed of two, three, or four RNAs for cile-, higre- and bluner-viruses, respectively. In addition to common particle morphology, most viruses share some important biological peculiarities, such as lack of systemic movement (Ramos-González et al., 2020; Quito-Avila et al., in press).

Molecular phylogenetic analyses of the RNA-dependent RNA polymerase (RdRp) domain or concatenated sequences of methyl transferase (MT), replicative RNA helicase (HEL), and RdRp unambiguously showed that kitaviruses are most closely related to members of family Virgaviridae [this family name is also not derived from the name of the type virus, like Bromoviridae, but from Latin word virga (rod), as all viruses in this family are rod-shaped] followed by those of the family Bromoviridae (Quito-Avila et al., 2013; Nunes et al., 2017; Hao et al., 2018; Ramos-González et al., 2020). Accordingly, cileviruses and blunerviruses encode a putative movement protein (MP) with sequence similarity to the MP of Bromoviridae (Hao et al., 2018; Quito-Avila et al., in press). Currently, all these viruses are assigned to the recently established positive-stranded RNA virus order Martellivirales [this family has been named to honor Prof. Giovanni Paolo Martelli for his contribution to virus taxonomy] (Koonin et al., 2020). However, kitavirus replicative proteins show closest similarity to arthropod-infecting negeviruses (proposed genera Nelorpivirus and Sandewavirus) and nege-like viruses (Kallies et al., 2014; Shi et al., 2016; Nunes et al., 2017; Ramos-González et al., 2020). Recent detailed phylogenetic analysis clearly showed that higrevirus RdRp are closer to cilevirus RdRp than to corresponding blunervirus protein, and these viral RdRp sequences form two separated branches in a phylogenetic dendrogram (Kondo et al., 2020; Ramos-González et al., 2020).

SP24 is the most conserved protein among non-replicative polypeptides encoded by all kitaviruses (Nunes et al., 2017; Ramos-González et al., 2020). Moreover, SP24 was found in negeviruses, many nege-like viruses (Kondo et al., 2020), and in unrelated arthropod-infecting viruses, such as chroparaviruses (Chronic Bee Paralysis Virus) (Kuchibhatla et al., 2014), which, unlike kitaviruses and negeviruses that represent order Martellivirales, show genome similarity to arthropod tombus-like viruses (Shi et al., 2016) and belong to separate virus order Tolivirales (Koonin et al., 2020). SP24-like proteins (Pfam: 16504) have several trans-membrane domains and a less conserved N-terminal region enriched with positively charged residues. It has been proposed that SP24 molecules could directly interact in virus particles not only with lipids but also with viral RNA due to its positively charged N-terminal region (Kuchibhatla et al., 2014; Solovyev and Morozov, 2017).

Interestingly, two related arthropod viruses with largest genomic RNAs (ca. 16Kb) among nege-like viruses, Pyrrhocoris apterus virus 1 (accession MK024711) and Wuhan heteroptera virus 1 (NC_033461) each encode in their monopartite genomes three proteins distantly related to SP24 among seven non-replicative proteins (Supplementary Table 1) (Shi et al., 2016; Koloniuk and Vinokurov, 2019).

The available data on the RdRp and SP24 evolutionary lineages strongly suggest the evolutionary connections between insect nege-like viruses and plant kitaviruses and occurrence of cross-kingdom transfer of positive-stranded RNA viruses between insects and plants during evolution (Kondo et al., 2019, 2020; Ramos-González et al., 2020; Quito-Avila et al., in press). In general, the current views suggest a close temporal parallelism between the evolutionary development of land plants and terrestrial arthropods that started over 450 million years ago and contributed significantly to rapid insect radiation (Kenrick et al., 2012; Labandeira, 2013; Morris et al., 2018). Remarkably, many modern negative-stranded bunyaviruses and rhabdoviruses as well as double-stranded reoviruses using arthropods as vectors have developed an ability to replicate in species from two kingdoms (Whitfield et al., 2018; Chen et al., 2019). These observations agree with the evolutionary inter-kingdom transfer from arthropods to plants recently observed for retrotransposons (Lin et al., 2016; Gao et al., 2018).

It is currently assumed that multiple inter-kingdom jumps between hosts created the modern plant and insect positive-stranded RNA virus diversity, which started its expansion from arthropod hosts as a primary reservoir (Dolja and Koonin, 2018; Shi et al., 2018). In line with this, some present-day insect positive-stranded RNA viruses can replicate in isolated plant cells (like most kitaviruses) or even move systemically in whole plants like tea plant necrotic ring blotch blunervirus (Dasgupta et al., 2001; Annamalai et al., 2008; Hao et al., 2018; Jiwaji et al., 2019). Nege-like plant viruses give us an additional example of inter-kingdom jump and adaptation of typical arthropod-infecting virus to plant host. Indeed, Fragaria vesca-associated virus 1 isolated from plants displaying yellow spot and mosaic symptoms has a single genomic RNA with gene arrangement typical for some nege-like viruses and encodes a replication protein and four non-replicative proteins, two of which are moderately similar to proteins (including SP24) of nege-like viruses, particularly, Hubei Wuhan insect virus 9, barley aphid RNA virus 3, Aphis glycines virus 3 and barley aphid RNA virus 2 (Lenz et al., 2020). Importantly, our previous TBLASTn search of NCBI plant Transcriptome Shotgun Assemblies (TSA) (see Supplementary Figure in Solovyev and Morozov, 2017) revealed several plant-specific “Virus-like RNA assemblies” (VLRAs) encoding replication-like domains moderately similar to nege-like viruses and homologs of SP24 protein (particularly, Amaranthus tuberculatus VLRA GGGT01091955; Humulus lupulus VLRA GAAW01021049; Triticum polonicum VLRA GEDQ01066052).

Outside nege-kitavirus representatives, identification of a unique plant virus in gentian (Gentiana sp., asterids; Gentianales; Gentianaceae) strongly argues in favor of quite recent horizontal virus transfer between plant and arthropod hosts. This RNA virus—Gentian Kobu-sho-associated virus (GKaV)—is discovered in a hyperplastic (tumorous disorder-affected) Japanese gentians, possesses a very large genomic RNA (22 Kb) and codes for a polyprotein of more than 810 kDa with prominent sequence similarity to proteins encoded by flaviviruses (Atsumi et al., 2013; Kobayashi et al., 2013). Particularly, phylogeny of viral replicative SF2 (superfamily 2) helicase and RdRp domains revealed most close relation of GKaV to arthropod-infecting flavi-like viruses (Matsumura et al., 2016). Our BLAST analysis of replicative helicase alone also showed that GKaV was most similar to Hermitage virus (accession AMO03217), Apis flavivirus (YP_009388303), Takaungu virus (AMO03219), Lampyris noctiluca flavivirus 1 (QBP37018), Diaphorina citri flavi-like virus (YP_009259672), and Wuhan centipede virus (YP_009254745). It is likely that GKaV is not unique among plant viruses because TBLASTn search of NCBI plant TSA revealed GKaV-related RdRp-coding sequences in Croton tiglium (rosids; Malpighiales; Euphorbiaceae) (accession GGDV01007611) (data not shown).



NOVEL PUTATIVE BLUNERVIRUS-LIKE RNAs IN THE TRANSCRIPTOME OF PAULOWNIA TOMENTOSA

Our TBLASTn search of very recent NCBI plant TSA data collection resulted in the identification of a new quadripartite set of VLRAs in Paulownia tomentosa (dicots, order Lamiales) having a similarity to blunervirus RNAs. Three of these P. tomentosa VLRAs exhibit a gene arrangement quite similar to that in RNAs 1, 2, and 3 of blunerviruses (Figures 1A,B). Pairwise BLASTP alignment of the replicative proteins encoded by RNA1 and RNA2 showed their obvious similarity to kitavirus polypeptides (Supplementary Table 1).


[image: Figure 1]
FIGURE 1. Genomes and sequence analysis of blunerviruses. (A) Genome structure of the blueberry necrotic ring blotch blunervirus. Genomic segments (left end corresponds to 5′ end, whereas right end corresponds to 3′ end) encoding putative replication-related proteins are shown in blue, the MET, SF1HEL, and RdRp domains of the putative replication proteins are shown in dark blue. Predicted SP24 ORF protein in segment 3 is in brown. (B) Genome structure of the predicted blunervirus from Paulownia tomentosa. Putative replication-related genomic segments are shown in blue, the MET, SF1 HEL, and RdRp domains of the putative replication proteins are shown in dark blue. Predicted SP24 ORF protein in segment 3 is in brown. (C) Nucleotide sequence alignment of the 3′-terminal regions in the predicted VLRA RNAs from Paulownia tomentosa. Highly conserved RNA blocks are highlighted by yellow background.


In contrast to replicative proteins, most Paulownia tomentosa VLRA 3-encoded polypeptides in have only marginal similarity to kitavirus non-replicative proteins. Only SP24 is moderately similar to analogs from kita- and nege-like viruses (Figure 1B and Supplementary Table 1). Other proteins show only rather short amino sequence motifs allowing motif-based sequence comparisons with some kitaviral polypeptides (Supplementary Table 2). Particularly, p31 protein (Figure 1B) contains a rather long C-terminal hydrophobic segment similar to that of cilevirus p61, which exhibits some features of glycoprotein (Leastro et al., 2018), whereas p30 protein includes a common motif with RNA3-encoded p22 of tea plant necrotic ring blotch virus (Supplementary Table 2).

The forth bicistronic P. tomentosa VLRA 4 encodes no proteins with significant similarity to other kitavirus non-replicative polypeptides, although pairwise BLASTN analysis of the 3′-untranslated regions from four P. tomentosa VLRAs indicated a high degree of sequence conservation among them and strongly suggested that the bicistronic VLRA 4 is indeed the component of the single virus-like multipartite genome (Figure 1C). VLRA 4 proteins could be hardly attributed to viral MPs, because these proteins show no similarity to the blunervirus-encoded orhtologs of well-known MPs found in ilarvirus genomes (Bromoviridae) (Quito-Avila et al., 2013, in press; Hao et al., 2018; Bujarski, in press). Instead, VLRA 4 protein p68 (Figure 1B) contains a sequence motif quite similar to the nuclear localization signal (NLS) of cucumoviral 2b proteins known to have silencing suppressor functions (Du et al., 2014; Bujarski, in press) (Supplementary Table 2). Thus it can be speculated that VLRAs discovered by in silico analyses of Paulownia tomoentosa transcriptome represent a genome of a putative kitavirus that encodes silencing suppressors (Leastro et al., 2020).

Sequence analyses of blunervirus genomes reveal their unusual organization, as two of their four genomic RNAs (RNA1 and RNA2) encode SF1 helicases. Most probably, at least one of the blunervirus SF1 helicases represents a replicative protein. Particularly, RNA1-encoded helicase is a part of protein combining MT and HEL domains similarly to the replicative RNA1-encoded protein in the members of Bromoviridae (Hao et al., 2018). According to the phylogenetic trees generated using RdRp sequences, these viruses show relatedness to kitaviruses. Phylogenetic tree showed that all cilevirus and higrevirus RdRp domains are grouped as a single cluster, and RdRp domains of blunervirus replicative proteins also form a separate branch (Kondo et al., 2020; Ramos-González et al., 2020). Accordingly, pairwise sequence comparisons revealed that SF1 helicase domains of Met-HEL and HEL-RdRp proteins encoded by P. tomentosa VLRAs like BNRBV Met-HEL helicase are most similar to other blunervirus helicases and nege-like virus helicases (Supplementary Table 1). Strikingly, among six most similar relatives of BNRBV HEL-RdRp helicase SF1 helicases of grapevine leafroll-associated virus 7 (belongs to family Closteroviridae), barley aphid RNA negev-like virus 4 and “jiviviruses” (Supplementary Table 1), which is a recently discovered group of positive-stranded plant RNA viruses represented by capsid-less members with three genomic RNAs and named after similar jingmen-like viruses and virga-like viruses (Matsumura et al., 2017; Chiapello et al., 2020). “Jivivirus” RNA1 (around 4 Kb in length) codes for a Met-HEL protein similar in pairwise sequence comparisons to the protein encoded by RNA1 in members of Bromoviridae and Kitaviridae, whereas RNA2 (around 3 Kb) encodes an RdRp domain also showing relationship to closteroviruses and negev-like viruses (Supplementary Table 1). However, phylogenetic trees of “jivivirus” Met-HEL and RdRp domains revealed obvious similarity to virga-like viruses (Chiapello et al., 2020). Most strikingly, jivivirus RNA3 (around 2 Kb) encodes an SF2 RNA helicase with prominent sequence similarity to flavi-like insect jingmen viruses which contain the respective gene in RNA3 of a quadripartite genome (Chiapello et al., 2020; Garry and Garry, 2020) (Supplementary Figure 1 and Supplementary Table 1). Thus, the structure of “jivivirus” genomes formally corresponds to a reassortant between virga-like and flavi-like viruses and represents a second example among plant viruses when a single genome encodes both SF1 and SF2 RNA helicases. The first such recombinant viral genome has been found for monopartite positive-stranded RNA viruses of the alga genus Chara, where SF1 replicative helicase is related to benyvirus proteins, and SF2 helicase is similar to flavi-like viruses (Gibbs et al., 2011; Vlok et al., 2019). Our TBLASTn search of NCBI plant TSA database revealed VLRAs similar to jivivirus genomes in a broad variety of seed plants including members of classes Magnoliopsida, Pinopsida and Ginkgoopsida (Supplementary Table 1 and Legend to Supplementary Figure 1). These results suggest that a recombination/reassortment event between virga-like and flavi-like viruses might have occurred at rather early stages of seed plant evolution.

Based on these results and those presented in our previous papers (Morozov and Solovyev, 2012, 2015; Lazareva et al., 2017), we conclude that it seems logical to consider blunerviruses, and kitaviruses in general, as natural genetic chimeric systems combining in their multipartite genomes viral RNAs of different origin and showing traces of recombination even within individual genomic components.
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Despite the importance of viral strains/variants as agents of emerging diseases, genetic and evolutionary processes affecting their ecology are not fully understood. To get insight into this topic, we assessed the population and spatial dynamic parameters of citrus leprosis virus C (CiLV-C, genus Cilevirus, family Kitaviridae). CiLV-C is the etiological agent of citrus leprosis disease, a non-systemic infection considered the main viral disorder affecting citrus orchards in Brazil. Overall, we obtained 18 complete or near-complete viral genomes, 123 complete nucleotide sequences of the open reading frame (ORF) encoding the putative coat protein, and 204 partial nucleotide sequences of the ORF encoding the movement protein, from 430 infected Citrus spp. samples collected between 1932 and 2020. A thorough examination of the collected dataset suggested that the CiLV-C population consists of the major lineages CRD and SJP, unevenly distributed, plus a third one called ASU identified in this work, which is represented by a single isolate found in an herbarium sample collected in Asuncion, Paraguay, in 1937. Viruses from the three lineages share about 85% nucleotide sequence identity and show signs of inter-clade recombination events. Members of the lineage CRD were identified both in commercial and non-commercial citrus orchards. However, those of the lineages SJP were exclusively detected in samples collected in the citrus belt of São Paulo and Minas Gerais, the leading Brazilian citrus production region, after 2015. The most recent common ancestor of viruses of the three lineages dates back to, at least, ∼1500 years ago. Since citrus plants were introduced in the Americas by the Portuguese around the 1520s, the Bayesian phylodynamic analysis suggested that the ancestors of the main CiLV-C lineages likely originated in contact with native vegetation of South America. The intensive expansion of CRD and SJP lineages in Brazil started probably linked to the beginning of the local citrus industry. The high prevalence of CiLV-C in the citrus belt of Brazil likely ensues from the intensive connectivity between orchards, which represents a potential risk toward pathogen saturation across the region.
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INTRODUCTION

Brazil is the leading sweet orange producer in the world. With almost 197.7 million sweet orange (Citrus x sinensis (L.) Osbeck) trees1, the citrus belt São Paulo (SP)—Minas Gerais (MG) is the largest citrus cultivation area in South America and accounts for more than 80% of the Brazilian sweet orange production (Bassanezi et al., 2019). Citrus orchard yields may be impacted by citrus leprosis (CL) disease, ranked first among the viral diseases affecting this crop in Brazil (Ramos-González et al., 2018). Control of CL reaches up to US$ 54 million/year, a value representing about 5% of the management cost of orchards in the main Brazilian citrus belt (Bassanezi et al., 2019).

Despite the multi-etiological character of CL, citrus leprosis virus C (CiLV-C) is, by far, the prevalent causal agent in Brazil (Ramos-González et al., 2016, 2017, 2018; Chabi-Jesus et al., 2018). The virus infects several species within the genus Citrus and their hybrids, although with different degrees of severity. While sweet oranges show high susceptibility, mandarins (C. reshni, C. reticulata, and C. deliciosa) are moderately resistant, and lemons (C. limon) and limes (C. aurantifolia) are considered resistant (Bastianel et al., 2018). CiLV-C also naturally infects Commelina benghalensis and Swinglea glutinosa and can be experimentally transmitted to plants of 28 families (León et al., 2008; Nunes et al., 2012; Garita et al., 2014; Arena et al., 2017).

Citrus leprosis virus C is the type species of the genus Cilevirus, family Kitaviridae (Locali-Fabris et al., 2006, 2012; Freitas-Astúa et al., 2018). In addition to cileviruses, the family also includes members of the genera Higrevirus and Blunervirus (Melzer et al., 2012; Quito-Avila et al., 2013). Kitaviruses have bacilliform or spherical virions, divided positive-sense single-stranded RNA genomes, and likely share common ancestors with arthropod-infecting viruses of the group negevirus and nege/kita-like viruses (Roy et al., 2015; Kondo et al., 2020; Quito-Avila et al., 2020; Ramos-González et al., 2020).

Aside from CiLV-C, the genus Cilevirus also includes citrus leprosis virus C2 and passion fruit green spot virus (PfGSV) (Roy et al., 2013; Ramos-González et al., 2020). The canonical cilevirus genome comprises six open reading frames (ORFs) split into two molecules, RNA1 and RNA2. RNA1 is ∼9.0 kb in length and includes two ORFs encoding the RNA-dependent RNA polymerase (RdRp) and the putative coat protein (p29). RNA2 is ∼5.0 kb in length and has four ORFs (p15, p61, p32, and p24). In CiLV-C, the RNA2 also contains an intergenic region (IR) of ∼1 kb located between the ORFs p15 and p61. P15, P61, and P24 are proteins without definitively associated functions, although the first two seem to be involved in the suppression of the RNA silencing mechanism (Leastro et al., 2020) and the latter one is conserved among cileviruses, higreviruses, and an increasing number of arthropod-infecting viruses (Kuchibhatla et al., 2014; Kondo et al., 2020; Ramos-González et al., 2020). The p32 encodes a movement protein (MP) of the 30K superfamily (Mushegian and Elena, 2015; Leastro et al., 2021).

CiLV-C does not systemically infect its host plants, it only causes local chlorotic and/or necrotic lesions in leaves, fruits, and branches (Figure 1), which may result from an incompatible interaction led by a hypersensitivity-like response (Arena et al., 2016, 2020). The viral spread, even to different points in an infected plant, is exclusively mediated by viruliferous mites of, mainly, the species Brevipalpus yothersi (Ramos-González et al., 2016). B. papayensis is also able to transmit the virus under experimental conditions (Nunes et al., 2018). Nonetheless, the CiLV-C/Brevipalpus spp. interaction has not been fully characterized yet. While biological and electron microscopy data suggest a circulative transmission (Kitajima et al., 2003, 2008; Tassi et al., 2017), non-conclusive molecular assays suggested the viral multiplication in the Brevipalpus cells. Negative-sense CiLV-C viral genomes detected in mite extracts (Roy et al., 2015) could have been remnants from the infected plant cells after mite feeding (Tassi et al., 2017). Moreover, the specific detection of the viral negative-strand RNA by reverse transcription-polymerase chain reaction (RT-PCR) could have been the result of false amplification due to either self-priming of the positive-strand RNA or the primer activity of other cellular nucleic acids (Haddad et al., 2007; Boncristiani et al., 2009; Haist et al., 2015; Strydom and Pietersen, 2018).
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FIGURE 1. Symptoms of citrus leprosis (CL) disease and place of collection of the infected Citrus spp. samples across Latin America. (A,B,D,F) Samples conserved at the Herbarium of Instituto Biológico, São Paulo, Brazil. (C,E,G) Fresh citrus samples. (A) CiLV-C isolate Jbt02, Jaboticabal, São Paulo, Brazil, 1975. (B) CiLV-C isolate Urg01, Uruguaiana, Rio Grande do Sul, Brazil, 1937. (C) CiLV-C isolate Bar25, São Paulo, Brazil, 2018. (D) CiLV-C isolate Asu02 from Asunción, Paraguay, 1937. (E) CiLV-C isolate PY03, Paraguay, 2010 (fruit) and 2015 (leaf). (F) CiLV-C isolate Ar06, Misiones, Argentina, 1937. (G) CiLV-C isolate AR04, Corrientes, Argentina, 2017.


Preliminary studies revealed that the CiLV-C population has a low genetic variability (π < 0.01) and is subdivided into the clades CRD and SJP (Ramos-González et al., 2016). Type viruses of each lineage share ∼85% genome nucleotide identity, except the 5′-ends of their RNA2 molecules. With ∼98% nucleotide sequence identity, the high uniformity of the genomic segments compressing the p15-IR regions is likely a consequence of a natural recombination process (Ramos-González et al., 2016). The lineage CRD is prevalent throughout Latin America, whereas, until 2015, the lineage SJP was only detected in three counties in the northwestern region of the state of São Paulo, Brazil (Ramos-González et al., 2016). However, most aspects concerning the diversity, distribution, transmissibility, and virulence of these strains remain largely unknown.

In this study, we investigated the distribution, dynamic and evolutionary parameters of the CiLV-C population through the analysis of 430 fresh or herbarium samples of CL-affected Citrus spp. tissues collected from commercial or non-commercial citrus orchards between 1932 and 2020. We also reconstructed the evolutionary history of CiLV-C and contextualized it with the origin and expansion of citrus crops in the Americas.



MATERIALS AND METHODS


Citrus Samples

A total of 430 individual or mixed lesions from leaves, fruits, or branches were collected from 304 citrus plants showing typical chlorotic and/or necrotic symptoms of CL (Table 1 and Supplementary Table 1). The RNA extracts were obtained from: (i) eight sweet orange (Citrus sinensis) samples stored at the Herbarium of Instituto Biológico, São Paulo, collected from 1932 to 1975 in Brazil (n = 6), Argentina (n = 1), and Paraguay (n = 1); ii) 41 leaf samples of Citrus spp. stored in −80°C freezer collected from 2003 to 2015 in Brazil (n = 31), Argentina (n = 6), Bolivia (n = 1), Paraguay (n = 1), and Colombia (n = 1); (iii) 37 sweet orange fruit samples collected from commercial citrus orchards in the citrus belt SP-MG in the period 2015–2016; (iv) 18 leaf samples of Citrus spp. collected from non-commercial citrus orchards in Brazil (n = 10), Argentina (n = 7), and Paraguay (n = 1) in the period 2015–2019; (v) 325 fruit lesions from 199 sweet orange trees collected in 196 commercial citrus orchards in the citrus belt SP-MG in the period 2017–2020; and (vi) one lesion from a sweet orange fruit collected in a commercial organic orchard, State of Pará, Brazil, in 2020.


TABLE 1. Summary of the set of Citrus spp. samples gathered in this study.
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RNA Isolation

RNA extraction was performed either from fresh or herbarium plant tissues. For fresh samples, about 100 mg of leaf lesions were ground in liquid nitrogen and the total RNA was extracted using Trizol® according to the manufacturer’s recommendation (Thermo Fisher Scientific, Waltham, MA, United States). For the herbarium samples, in addition to the treatment with 0.01% diethylpyrocarbonate (DEPC) solution and 120°C sterilization, mortars and pestles were kept in an oven at 200°C for 48 h before the extractions. Approximately 600 mg of dry symptomatic tissues were ground in liquid nitrogen and processed following the Trizols® procedure modified as previously described (Ramos-González et al., 2016). Regardless of the origin of samples, final RNA solutions were precipitated using 0.1 volume of sodium acetate 3 M and 2.5 volume of isopropanol, kept at −80°C for 12 h, and centrifuged at 10,000 × g for 10 min at 4°C. The concentration and quality of the RNA extracts were assessed by NanoDrop ND8000 spectrophotometer (Thermo Fisher Scientific), and 1.2% agarose gel stained with ethidium bromide (10 mg/mL) or Bioanalyzer 2100 (Agilent Technologies, Santa Clara, United States), respectively. For samples collected in commercial citrus orchards from 2017 to 2020, the total RNA extracts were obtained from a single lesion found on the affected fruits. With this, we aimed to reduce the interference resulting from a putative intra-host virus variability and to detect whether viruses belonging to more than a clade could be infecting a single lesion (detailed in Supplementary Table 1).



Detection of CiLV-C and Other Citrus Leprosis Symptom Producing Viruses by RT-PCR

Five hundred nanograms of total RNA were used for cDNA synthesis in a final reaction volume of 20 μL using the RevertAid H Minus First-Strand cDNA Synthesis Kit (Thermo Fisher Scientific). The presence of CL-associated viruses was assessed by PCR using cDNA as template (3 μL), specific primer pairs (Table 2), and GoTaq G2 Master Mix Green kit (Promega, Madison, WI, United States). For CiLV-C, in addition to primers for the detection of p29 (Ramos-González et al., 2016) and p32 (Locali et al., 2003), a set of strain-specific and degenerate primers were developed based on available GenBank p24 sequences (CiLV-C RNA2 of the isolates SJP01 and Crd01: KP336747 and NC008170, respectively). To do this, sequences were aligned using MUSCLE implemented in MEGA version 7.0.21 (Kumar et al., 2016), and primers were designed using Geneious software platform version 11.1.4 (Kearse et al., 2012) (Table 2). The thermal cycles were as follows: 94°C, 3 min; 35 cycles of 94°C, 30 s; 54°C, 30 s; 72°C, 30 s; and a final extension at 72°C for 5 min. To confirm the specificity of primers, the amplicons were resolved on a 1% agarose gel, excised, purified, and Sanger sequenced. The putative presence of the cilevirus citrus leprosis virus C2 (CiLV-C2) (Roy et al., 2013) and the dichorhaviruses citrus leprosis virus N (CiLV-N) (Ramos-González et al., 2017), citrus chlorotic spot virus (CiCSV) (Chabi-Jesus et al., 2018), and orchid fleck virus (OFV) (Kubo et al., 2009) were screened by PCR using previously described primers (Table 2).


TABLE 2. Primer list used for the detection of viruses associated with citrus leprosis disease by reverse transcription-polymerase chain reaction.
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Partial Sequencing of CiLV-C Isolates

The complete sequence of p29 (795 nts) and partial sequence of p32 (288 nts) in the RNA1 and RNA2, respectively, of CiLV-C isolates, were obtained using described primers (Locali et al., 2003; Ramos-González et al., 2016; Table 2). Amplicons were obtained from 26 samples collected in non-commercial citrus regions in Brazil and Argentina, from 2006 to 2019, and 31 from commercial citrus orchards inside the citrus belt SP-MG, in the period 2017 to 2019 (Supplementary Table 1). After RT-PCR, amplicons were purified using Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI, United States), and cloned into pGEM-T-Easy (Promega, Madison, WI, United States). Plasmids were transformed into Escherichia coli DH10β competent cells by electroporation, and 5–10 recombinant clones derived from each sample were sequenced by the Sanger method (Instituto Biológico, SP, Brazil). PCR products from some samples collected in non-commercial orchards (Supplementary Table 1) were directly sequenced after the purification using the Wizard SV Gel and PCR Clean-Up System (Promega).



High-Throughput Sequencing of CiLV-C Genomes

Small RNA (sRNA) from the herbarium samples were sequenced on an Illumina HiSeq 2500 system (Illumina, San Diego, United States) either at Genewiz (South Plainfield, NJ, United States) or BGI (Shenzhen, Guangdong, China) (Table 3). For most of the non-herbarium samples, total RNA extracts were processed at the Laboratory of Animal Biotechnology of the University of São Paulo (Piracicaba, SP, Brazil). Poly(A) enrichment of the RNA extracts and cDNA libraries were prepared with Illumina TruSeq Stranded mRNA Library Prep Kit (Illumina, San Diego, United States). Sequencing was performed in an Illumina HiSeq 2500 system using HiSeq SBS v4 High Output Kit (Illumina, San Diego, United States). Paired-end reads of 2 × 125 bp were generated. The viral sequence in the sample BR_SP_Jmr01 was obtained using the Ion GeneStudioTM S5 System (Thermo Fisher Scientific) at the Instituto Biológico, São Paulo, Brazil. The sRNA library from this sample was obtained using Ion Total RNA-Seq Kit v2 (Thermo Fisher Scientific). The quality of reads obtained by all the methodologies was checked using FastQC (Andrews, 2010) and the adaptor sequences were removed using the Trimmomatic (Bolger et al., 2014). Reads from all types of libraries were assembled with SPAdes (Bankevich et al., 2012) although using different k-mer sizes: 15, 17, 19 for sRNA libraries, and 33, 43, 55 for poly(A)-enriched RNA libraries. Viral contigs were identified using the Basic Local Alignment Search Tool (BLASTx and/or BLASTn) implemented in Geneious using a local database including viral reference genomes retrieved from the NCBI virus database2 (Hatcher et al., 2017). After the identification and when necessary, reads were mapped to the reference genomes in an iterative mapping approach (Tsai et al., 2010) using Bowtie2 or BBMap to fill gaps and extend the end sequences of viral genomes (Langmead and Salzberg, 2012; Bushnell, 2014).


TABLE 3. Brief description of the 18 high-throughput sequencing (HTS) libraries obtained in this study.
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Recombination and Reassortment Analyses

Recombination events were assessed using seven methods (RDP, GENECONV, Bootscan, Maxchi, Chimaera, SiScan, and Topal) implemented in RDP version 5.5 (Martin et al., 2015) and GARD (Kosakovsky Pond et al., 2006). Sequences were aligned using the MUSCLE, MAFFT, and Clustal software, implemented in Geneious. Recombination events detected by more than three programs (p ≤ 0.05) implemented in the RDP vs. 5.5 were considered as recombinants. Due to the length heterogeneity of sequences available, four independent analyses were carried out: (i) complete sequences of each CiLV-C genome (8,984 nts of RNA1 and 5,077 nts of RNA2; n = 23); (ii) p29 (RNA1) (795 nts; n = 190); (iii) partial p32 (RNA2) (288 nts; n = 270); (iv) and a partial RNA2 concatenated sequences [complete p15 ORF (393 nts)—intergenic region (934 nts, upstream the p61 ORF)—partial p32 (288 nts); n = 56]. The reassortment events were analyzed based on the topology of the phylogenetic trees. All CiLV-C sequences available at the GenBank were retrieved and incorporated into this and further in silico analyses (Supplementary Table 1).



Phylogenetic Analyses Based on Complete Genomes and CiLV-C ORFs

Nucleotide sequence alignments were performed using MUSCLE implemented in MEGA version 7.0.21 (Kumar et al., 2016). Best-fit models for nucleotide substitutions were determined with Bayesian Information Criterion (BIC) implemented in MEGA version 7.0.21 (Kumar et al., 2016). They were as follow: model GTR+G for RNA1 (n = 23), HKY+G+I for both the RNA2 (n = 23) and the concatenated partial RNA2 sequences (p15-IR-p32, n = 56), and HKY+G for the nucleotide sequences alignments of p29 (n = 190) and p32 (n = 270). Phylogenetic trees were generated by Bayesian inference using a variant of Markov chain Monte Carlo (MCMC) with MrBayes, implemented in Geneious (Huelsenbeck and Ronquist, 2001; Kearse et al., 2012), with 6,000,000 generations and cognate sequences from CiLV-C2_Colombia (NC038848 and NC038849) as outgroup. Genomic regions involved in the recombination events were excluded before the phylogenetic tree building to minimize their influence on tree topologies. Trees were viewed and edited using iTOL version 4 (Letunic and Bork, 2019). Nucleotide distances within and between clades were calculated using MEGA version 7.0.21.



Temporal Phylogenetic Analyses of the CiLV-C Population

Assessment of the time to the most recent common ancestor (tMRCA) of CiLV-C isolates was carried out using BEAST software version 1.10.04 (Suchard et al., 2018). Two datasets were evaluated. They comprised (i) the concatenated sequences of all CiLV-C ORFs (except the p15 of RNA2 because its putative recombinant origin) (11,473 nts; n = 23 isolates) and (ii) concatenated sequences of the complete p29 and the partial p32 ORFs (1,083 nts, n = 132 isolates). In samples from which more than one haplotype was sequenced, only those showing divergent sequences were included in the analyses (Supplementary Table 2), but nucleotide diversity inside a given sample was always lower than 0.007. “Non-clock” maximum likelihood phylogenetic trees were reconstructed with the best evolutionary model (TN93+G) using IQtree software version 1.5.5 (Nguyen et al., 2015), and the temporal signal was evaluated by TempEst.

To assess the evolutionary history of the CiLV-C population, the Bayesian Markov Chain Monte Carlo (MCMC) was estimated using the BEAST version 1.10.4 The best model of nucleotide substitution for the two analyzed datasets was TN93+G. The Bayesian skygrid model (number of parameters = 20; time of last transition point = 88) was selected as the tree coalescent model and using the strict clock. The MCMC analyses were performed with 100 million generations, sampling a tree every 1,000 steps. MCMC convergence was assessed by estimating the effective sample sizes (ESS) using Tracer version 1.7 (Rambaut et al., 2018). ESS > 100 are moderate values whilst values > 200 are considered better, according to the instruction manual of the software3. The maximum clade credibility (MCC) tree was created by discarding the initial 10% of the chains and summarized in TreeAnnotator version 1.10.4. The phylogenetic tree was viewed and edited using IcyTree (Vaughan, 2017).



Population Genetics and Selection Tests

Population genetic parameters, i.e., diversity of nucleotide (π) and haplotype (Hd), the number of polymorphic sites (s), nucleotide differences (k), average mutation rates (θ), and haplotypes (H); and the ratio of non-synonymous (dN) to synonymous (dS) nucleotide substitutions (ω = dN/dS) were calculated using DnaSP v. 6.12.03 (Rozas et al., 2017). Selection in polymorphic sites of the CiLV-C ORFs was calculated using Fast Unconstrained Bayesian AppRoximation for Inferring Selection (FUBAR), Fixed Effects Likelihood (FEL), and Mixed Effects Model of Evolution (MEME) methods with the GTR model, implemented in Datamonkey 2.0 (Weaver et al., 2018). For the identification of the amino acids under selection and their involvement in the protein structure, predicted secondary structures of deduced amino acid sequences of the P29 and MP proteins from definitive and tentative members of the genus Cilevirus: CiLV-C Crd01 (NC008169 and NC008170), CiLV-C_SJP01 (KP336746 and KP336747), CiLV-C2_Colombia (NC038848 and NC038849), hibiscus strain of CiLV-C2_Hawaii (MG253805 and MG253804) and PfGSV_Snp1 (MK804171 and MK804172) were obtained using PROMALS (PROfile Multiple Alignment with Local Structure) (Pei and Grishin, 2007).



Tests of Selective Neutrality and Differentiation in the CiLV-C Population

CiLV-C population expansion was evaluated by the statistical tests Tajima’s D (Tajima, 1989), Fu and Li’s F and D (Fu and Li, 1993), and Fu’s FS (Fu, 1997), implemented in DnaSP v. 6.12.03 package (Rozas et al., 2017). They estimated the difference between two measures of genetic diversity, i.e., the mean number of pairwise differences and the number of segregating sites. In these tests, negative values denote populations in expansion or after a recent bottleneck, whereas positive values mean a decrease in population size and/or balancing selection.

Demographic expansions of CiLV-C subpopulations assessed by mismatch distributions (distribution of pairwise nucleotide differences) were performed based on the sum of squared deviation (SSD) and Harpending’s Raggedness index (HRI) using Arlequin v. 3.5.2.2 (Excoffier and Lischer, 2010). The HRI test determines whether an observed mismatch distribution is drawn from an expanded (small raggedness index or non-significative) or a stationary population (large raggedness index), while the SSD quantifies the smoothness of the observed mismatch distribution and a non-significant result indicates an expanding population (Rogers and Harpending, 1992; Harpend, 1994).

Genetic subdivision of the CiLV-C population was assessed using the following tests implemented in DnaSP and Arlequin v. 3.5.2.2: the nearest-neighbor statistic (Snn) (Hudson, 2000), Hudson’s test statistics [Hst (haplotype-based statistics), Kst (nucleotide-based statistics)], Wright’s fixation index (Fst), and gene flow (Nm) (Hudson et al., 1992). The Snn is a measure of how often the nearest neighbors of sequences are found in the same locality (Hudson, 2000). Snn values range from 0.5 to 1, being the lowest indexes a sign that isolates from both locations are part of the same population and the highest ones that the populations in the two locations are highly differentiated. Hst and Kst statistics calculate the level of differentiation based on haplotypes and nucleotides, respectively, and values close to zero mean no differentiation. On the other hand, based on the proportion of the total genetic variance contained in a subpopulation, the Fst test provides insights into the evolutionary processes that influence the structure of genetic variation within and among populations (Hudson et al., 1992). Nm, the number of migrants successfully entering a population per generation, was used to measure gene flow (migration) between populations [FST≠1/(4Nm+1)]. Besides, the partitioning of variation at different levels was calculated by Analysis of Molecular Variance (AMOVA) in Arlequin using 1,000 permutations.



RESULTS

The presence of CiLV-C was confirmed in all the 430 symptomatic samples collected from 304 plants of sweet orange, six of mandarin, and in other five citrus plants whose species could not be determined (Supplementary Table 1). RT-PCR tests for the specific detection of citrus-infecting Brevipalpus-transmitted viruses other than CiLV-C indicated the absence of the cilevirus CiLV-C2 and the dichorhaviruses CiLV-N, CiCSV, and OFV (Table 1). Overall, this study included CiLV-C isolates collected from Argentina, Brazil, Bolivia, Colombia, and Paraguay during the period 1932–2020. Based on the high production volume and the large size of the farming area, ∼92% of the samples were collected from the citrus belt SP-MG, Brazil. All the analyzed samples showed typical symptoms of citrus leprosis disease, i.e., chlorotic and/or necrotic lesions on leaves and fruits and necrotic lesions on branches (Figure 1).


Near-Complete Genome Sequencing of New CiLV-C Isolates Reveals a Novel Divergent Strain

Total RNA extracts of leaves from eight herbarium, nine fresh, and one −80°C frozen-conserved samples were obtained (Table 3). RNA integrity number (RIN) of the extracts prepared from the herbarium samples was low, i.e., 1.6–2.1. Despite this, de novo assembling of the raw reads using the SPAdes enabled the recovery of more than 80–90% of the CiLV-C genomes from the high-throughput sequencing (HTS) libraries. Particularly, from the sample of sweet orange collected in 1941, in SP, Brazil, few and shorter contigs were obtained and only ∼60% of the CiLV-C genome could be determined. In this case, gaps between contiguous contigs were filled after a new round of assembling using BBMap and the CiLV-C genome as a reference. In sum, approaches combining de novo assemblies and the iterative mapping increased the genome coverages by about 100% in several samples. The lower genome coverage observed during the initial assembly steps of some herbarium samples seemed independent of the collection year and the laboratory where the HTS libraries were processed. Rather, it appeared to be intrinsically associated with the conservation procedure of every single sample, as previously observed (Hartung et al., 2015). Recovery rates of viral genomes higher than 98% were obtained from all fresh or −80°C conserved samples using the same wet lab and in silico procedures and tools. Overall, the complete or near-complete genomes of 18 studied isolates of CiLV-C were obtained.

The pairwise comparison of the genome sequences of the studied HTS CiLV-C isolates with those of the type viruses of the clades CRD (isolate Crd01, NC008169 and NC008170) and SJP (isolate SJP01, KP336746, and KP336747) showed values of nucleotide sequence identity that ranged from 84.0 to 99.8% and separates them into three groups (Figure 2 and Supplementary Table 3). Fourteen isolates showed the highest identity values with the reference sequence of the clade CRD, three with that of the clade SJP, while the isolate CiLV-C_PY_Asu02, collected in Asunción, Paraguay in 1937, typified a novel diversity of CiLV-C and shared less than 86% nucleotide sequence identity with the reference genomes.
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FIGURE 2. Similarity plots of the nucleotide sequences of the RNA1 and RNA2 of the CiLV-C isolates. The full-length genome sequences of the 18 studied CiLV-C isolates were compared to those of the type-member viruses of the clades CRD (A) and SJP (B). Curves depict the comparison between the analyzed and a reference genome. Each plotted point is the percent identity (vertical axis) within a sliding window 200 bp wide centered on the position plotted, with a step size between points of 20 bp. The horizontal axis indicates the nucleotide positions across the RNA1 and RNA2 molecules of the reference genomes. The horizontal bars above the curves are a cartoon of the ORFs of the CiLV-C genome. Plots were generated using SimPlot (Lole et al., 1999).


CiLV-C_PY_Asu02 shows the same genomic organization of the type member of the genus Cilevirus. The profile of nucleotide sequence identity across the genomes of the isolates PY_Asu02 and Crd01 follows the same pattern observed in the comparison between the type viruses of the clades SJP and CRD (Figure 2). Deduced amino acid sequences of ORFs from CiLV-C_PY_Asu02 and CiLV-C Crd01 show pairwise identity values ranging from 81% for P61, to 100% for P15, which resembles what is observed in the comparison among proteins from viruses of the clades SJP and CRD (Table 4). Notably, the stretch of nucleotide sequences at the 5′-end of the RNA2 in CiLV-C_PY_Asu02, which includes the ORF p15 and part of the IR, is highly conserved between the isolates of the three clades, suggesting a common origin. CiLV-C_PY_Asu02 shows percentages of nucleotide sequence identity lower than 50% with the cileviruses CiLV-C2 and PfGSV (Table 4), confirming that the isolate PY_Asu02 represents a viral diversity previously unknown among members of the species Citrus leprosis virus C.


TABLE 4. Nucleotide (nt) and deduced amino acid (aa) sequence identities between CiLV-C_PY_Asu02 and other members of the genus Cilevirus.
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RNA2 of CiLV-C Strains Harbor Signals of Recombination

Putative signals of recombination events were detected in the RNA2 of CiLV-C using two datasets comprising the complete (n = 23) and partial (n = 56) sequences of the molecule. Partial RNA2 molecules contained the concatenate sequences of p15-IR-p32.

In the analyses of the complete RNA2 molecules, at least four out of seven programs implemented in the RDP version 5.5 identified recombinant events involving p15 and the intergenic region (IR) (Figure 3 and Supplementary Table 4). For instance, in the isolates BR_SP_SJP01, BR_SP_SJP05, BR_SP_Lim09, BR_SP_SAP03, and BR_SP_SdM15 of the clade SJP, as well as in the isolate CiLV-C_PY_Asu02, the seven programs suggested two breakpoints, one inside the IR and the second one closer to the 3′-end of their molecules. In both cases, isolates from the clade CRD (BR_SP_SPa11 or BR_RS_Urg01) were detected as the minor parents while the major parents were indeterminates. The third event, in the 3′-end of the RNA2 of CiLV-C_BR_SP_SJP01, involves CiLV-C_BR_SP_Lim09 as the major parent and an unknown minor parent.
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FIGURE 3. Evidence of recombination in the RNA2 of CiLV-C. The diagram depicts three recombination events detected using the alignment of the completed RNA2 molecules of 23 isolates. Multicolored horizontal bars represent the genome of the recombinant molecules. Major and minor parentals are indicated by black and gray bars and numbers (#) as described in the legend. Dashed vertical lines indicate the recombination breakpoints using a cartoon representing the RNA2 molecule of CiLV-C as reference. Event 1 shows the recombination found in all isolates of the clade SJP, event 2 was detected in the isolate PY_Asu02 (clade ASU), and event 3 in BR_SP_SJP01 (clade SJP). Recombination events were detected by more than four programs implemented in the software RDP. Details of these and other recombination events are shown in Supplementary Table 4.


When the alignments of the concatenated sequences were used, despite the artificial organization of the sequences, four events could be detected. The first two were identified in the p15 and the IR of thirteen isolates belonging to the clade SJP, with CiLV-C_BR_PA_Bel01 as the minor parent and unknown major parents; the third event was detected within the IR of the isolate CiLV-C_BR_PR_Mgf01, with the isolate CiLV-C_AR05 as the minor parent and an unknown major parent. Finally, the fourth event, detected in the isolate PY_Asu02, has breakpoints in the IR and the beginning of p32, and the isolate BR_PR_Ldb01 was indicated as the minor parent while the major parent could not be identified (Supplementary Table 4). Recombination events using separately either the partial sequences of the ORF p32 (n = 270) and those of the complete ORF p29 (n = 190) were not detected.



Phylogenetic and Genetic Analyses Support the Existence of Three Distinct Clades of CiLV-C: CRD, SJP, and ASU

Datasets grouping CiLV-C sequences generated in this work and those retrieved from GenBank were used for phylogenetic analyses. They comprised, in total, 23 complete or near-complete genomes, 167 complete p29 sequences, and 247 partial p32 sequences from isolates collected in six countries across Latin America in the period 1932–2020.

Bayesian phylogenetic reconstructions using the data sets of p29 and p32 showed three major branches, where the two largest ones encompassed the isolates of the previously identified lineages CRD and SJP (Figure 4A and Supplementary Figure 1). The third branch, supported with a high value of posterior probability (0.88) and hereafter called the lineage ASU, included only the isolate CiLV-C_PY_Asu02, collected in Asunción, Paraguay, in 1937. The subdivision in three clades of the CiLV-C population was also supported by the analysis of intra- and inter- clades genetic distances. Using both p29 and p32, inter-clade genetic distances (0.106 ≤ dinter–clade ≤ 0.173) were, generally, 11-fold higher than the intraclade distances (dintra–clade ≤ 0.01) (Figure 4B). Moreover, trees constructed with the complete genome sequences showed the same clade topology observed in the analyses using the independent ORFs (Figure 4C). It is noteworthy that for the construction of the RNA2 tree, the first 1,434 nts of the 5′-end of each molecule were removed considering the putative origin by recombination of this genomic region. Reassortment events between isolates from either different or the same clade were not observed.
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FIGURE 4. Phylogenetic relationships and genetic distances among CiLV-C strains. Phylogenetic trees were generated by Bayesian inference using MrBayes and based on p29 (190 isolates, 795 nts) and p32 (270 isolates, 288 nts, partial) (A), and the complete sequences of the RNA1 molecules and partial sequences of the RNA2 molecules (p61, p32, and p24) of 23 isolates of CiLV-C (B). Inter- and intra-clade nucleotide distances were calculated considering independent ORFs and complete genomic molecules (C). The maximum clade credibility trees were generated with 6,000,000 generations and using the appropriate sequences of CiLV-C2_Colombia (NC038848 and NC038849) as an outgroup. Tree branches were identified according to CiLV-C lineages.


Nucleotide (π) and haplotype diversity (Hd) values intrinsic to the CiLV-C population were calculated based on ORFs p29 and p32 (partial sequence) (Table 5). Although the nucleotide diversity of the whole population (SJP+CRD+ASU) was relatively very low (π∼0.07), its value was roughly 10-fold higher than those observed for the independent clades SJP and CRD (π∼0.006–0.01), and the pattern was similar regardless of the analyzed ORF, i.e., p29 or p32. The haplotype diversity was close to 1 in any of the analyzed groups.


TABLE 5. Population genetics parameters and assessment of selection pressure for ORF p29 (795 nts) and p32 (288 nts, partial sequence) of CiLV-C.
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Viruses of the Clade CRD Are Spread Across the Continent Whereas Those of the Clade SJP Are Restricted to the Brazilian Citrus Belt SP-MG

Spatial and temporal distribution of isolates of the clades CRD and SJP were assessed by RT-PCR using clade-specific primers for the detection of p29 (RNA1) and p24 (RNA2) sequences. Results were screened for the spatial and temporal distribution of members of each clade (Table 1, Figure 5, and Supplementary Table 1). Unfortunately, the genomic characterization of the isolate CiLV-C_PY_Asu02 was obtained when most of the samples had been already evaluated. Therefore, information on the current distribution of ASU clade viruses, if they are still circulating, is not available. An in silico analysis indicated that in case viruses of the clade ASU might be present in the evaluated samples, primers used in the detection of members of the clades CRD and SJP would not be able to detect them, at least under the thermal cycling conditions performed in this study.


[image: image]

FIGURE 5. Distribution of CiLV-C strains in Latin America (A) and across municipalities in the Brazilian states of São Paulo and Minas Gerais (B) in the period from 1932 to 2020. Viral detection was based on RT-PCR assays for specific identification of p29 and p24 from isolates of the CRD and SJP clade. CiLV-C_ASU was identified by high-throughput sequencing. The color-coded legend indicates the presence of a viral isolate, concomitantly or at a different time in the same plant, in single or mixed infections. The map also depicts the distribution of CiLV-C isolates whose sequences were already available in the GenBank database.


A broad-based analysis of the data indicated the presence of members of the clade CRD distributed between commercial (141/186; 75.8%) and non-commercial (45/186, 24.2%) orchards all over the period 1932–2020. In contrast, members of the clade SJP were almost exclusively found in commercial orchards in the citrus belt SP-MG (Table 1 and Figure 5). In commercial orchards, from the samples collected during the period 2003–2020, 64% of lesions (240/375) were infected with viruses of the clade SJP, 16.2% with CRD (61/375), and 19.8% (75/375) exhibited mixed infections involving viruses of the two clades (Figure 5). Interestingly, out of commercial orchards, isolates of the clade SJP were detected in only two samples collected in a backyard tree in São José do Rio Preto, SP, in the neighborhood of the citrus belt SP-MG.



CiLV-C SJP and CRD Subpopulations Are Mainly Under Purifying Selection

Analysis based on the nucleotide sequences of p29 and p32 suggested purifying selection on the CiLV-C subpopulations CRD and SJP (Table 5). The strength of negative selection is weaker on p32 (ω = 0.137) than on p29 (ω = 0.278). When subpopulations were compared by each ORF, the highest values corresponded to p29 of the clade CRD (ωp29 = 0.448). Consistent with the low ω values detected, a large number of amino acids under purifying selection were identified across the amino acid sequences of P29 and MP, as supported by the FUBAR, FEL, and MEME programs implemented in Datamonkey 2.0 (Weaver et al., 2018; Supplementary Table 5). Much of the positions detected under negative selection using the FEL method matched with those described in a previous report (Ramos-González et al., 2016).



CiLV-C SJP and CRD Are Two Genetically Distinct and Expanding Subpopulations

Snn, Fst, Kst, and Hst tests were implemented to evaluate the genetic differentiation between the CiLV-C subpopulations. Snn and Fst values ≥ 1 showed a highly structured population with significant genetic differentiation between the clades CRD and SJP (Table 6). Kst and Hst values indicated a higher level of genetic differentiation considering the p29 than the p32 sequences. Gene flow (Nm) values calculated for both ORF sequences were smaller than 0.03 indicating that the gene flow among populations was infrequent or almost non-existent (Table 6).


TABLE 6. Population genetic differentiation analysis based on ORFs p29 (795 nts) and p32 (288 nts, partial) of CiLV-C.

[image: Table 6]Moreover, the molecular variance (AMOVA) test carried out for the detection of genetic differentiation between the CiLV-C subpopulations revealed the largest variance between the subpopulations CRD and SJP (∼93%), whereas it reached only 7% within each subpopulation (Table 7). With AMOVA statistic values close to 1, the Fst results based on p29 and p32 allowed us to refute the Null hypothesis of the non-differentiation between CiLV-C subpopulations.


TABLE 7. Analysis of molecular variance (AMOVA) for CiLV-C sub-populations of the clades CRD and SJP, based on ORFs p29 (795 nts) and p32 (288 nts, partial).

[image: Table 7]Neutrality tests of the CiLV-C subpopulations were estimated using three statistic tests (Fu and Li’s D and F, Fu’s Fs, and Tajima’s D) (Table 8). All values for p29 and p32 were negative or non-significant. These results suggested that the CiLV-C subpopulations are not neutral, but possibly expanding. To further address this question, we determined whether the data fit the sudden expansion model using the sum of square deviations (SSD) and Harpending’s Raggedness index (HRI). Both SSD and HRI values were non-significant (Table 8), supporting the hypothesis of population expansion.


TABLE 8. Genetic diversity indices, pairwise mismatch distributions, and neutrality tests (Fu and Li’s, Fu’s Fs, and Tajima’s D) based on ORFs p29 (795 nts) and p32 (288 nts, partial) of CiLV-C.
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The Most Recent Common Ancestor of CiLV-C Lineages Dates Back, at Least, Approximately 1,500 Years Ago

To investigate the evolutionary dynamics and the time to the most recent common ancestor (tMRCA) of CiLV-C lineages, two MCC trees were constructed using two datasets. The topology of both trees was similar (Figure 6 and Supplementary Figure 2). However, the tree using the concatenated RdRd-p29-p61-p32-p24 reached only moderated values of ESS (100 ≤ ESS ≤ 200) for some statistic parameters, likely as a consequence of the lower number of sequences (n = 23). The MCC tree generated with the concatenated p29-p32, with a larger dataset (n = 132), showed a moderate temporal signal (correlation coefficient = 0.3 and R2 = 0.26, Supplementary Figure 3), and ESS values always > 300. This MCC tree included sequences of isolates collected in Argentina (n = 4), Panama (n = 1), Paraguay (n = 1), and Brazil (n = 126) during the period 1932–2020. Therefore, we selected the tree generated with the concatenated p29–p32 as the best representative of the evolutionary history of CiLV-C in the Americas.
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FIGURE 6. Bayesian maximum-clade-credibility time-scaled phylogenetic tree using the concatenated sequences of the p29 (795 nts) and p32 (288 nts, partial) ORFs from 132 CiLV-C isolates collected in the period 1932–2020 in South America. Horizontal gray bars on nodes (A–D) indicate the uncertainty for the date of each node (95% highest posterior density—HPD—intervals). Figures near the main nodes represent the posterior probability values. The phylogenetic tree was edited using IcyTree.


Based on the concatenated p29–p32, the most recent common ancestor (MRCA) of the three CiLV-C lineages dates back to 500 A.D. [supported by a posterior probability (PP) of 1 and 95% highest probability density (HPD) of 115–875 years A.D.] (node A in Figure 6). This ancestral virus diverged into viruses that gave rise to two lineages: SJP and another one, intermediary, that subsequently diverged into the lineages ASU and CRD (node B). The MRCA of the lineages ASU and CRD dates back to 740 A.D. (PP = 0.87 and HPD 95% = 400–1061 years A.D.). Hence, the diversification events represented in nodes A and B overlap in the posterior probability distributions (Figure 6). Diversification of clade CRD happened around 160 years ago, ∼1860 A.D. (node C, PP = 1 and HPD 95% = 1812–1897 years A.D.), whereas the diversification of clade SJP occurred ∼1940 A.D., less than 100 years ago (node D, PP = 1 and HPD 95% = 1856–1918 years A.D.) (Figure 6). Despite the moderate ESS of the MCC based on the concatenated RdRd-p29-p61-p32-p24, for the sake of a better understanding of the evolutionary viral process, the tMRCA of the three CiLV-C lineages was also assessed considering that dataset. The virus representing the MRCA of the main lineages dates back to ∼4000 B.C. (Supplementary Figure 2).



DISCUSSION

Citrus leprosis (CL) disease is a serious multi-etiological viral pathology affecting citrus in Latin America. In Brazil, the form of CL caused by the cilevirus CiLV-C is prevalent and, economically, the most detrimental virus-induced disease affecting the citrus orchards (Ramos-González et al., 2018). A former study reported the existence of two viral clades inside the population of CiLV-C (Ramos-González et al., 2016), but the ecology of these subpopulations could not be deeply assessed due to the limited number of viral isolate sequences available. In the present approach, which includes both fresh and herbarium citrus samples infected by CiLV-C, we obtained the complete and partial nucleotide sequences of the viral ORFs p29 and p32, respectively, from 268 viral isolates. Among them, we revealed the near-complete genomes of 18 isolates, which were mostly collected during the first half of the last century.

Global analyses of the generated dataset by phylogenetic and populational statistical tools confirmed the existence of the two previously identified clades CRD and SJP (Ramos-González et al., 2016), whereas negative results of the Fu and Li’s D and Tajima’s D neutrality tests and the non-significative pairwise mismatch distribution indicated the expansion of the viral population or more likely a population that frequently undergoes bottlenecks (Table 8). Analyses also showed that CRD and SJP subpopulations are genetically well-differentiated (Fst ≥ 0.92), have very low genetic diversity (π∼0.01) where almost each haplotype is unique (0.8 < Hd < 0.99), and, as a whole, are under purifying selection (ω < 0.5). Such values are the quantitative expression ensuing from the sum of biological factors underlying the CL pathosystem, which, in general, may lead the CiLV-C subpopulations to continuous bottlenecks (Ramos-González et al., 2016). CiLV-C has a very limited natural known host range, infects a reduced number of cells around the inoculation sites, and, in nature, is exclusively transmitted by Brevipalpus mites, the only mean by which the virus can reach new infection foci even within a single leaf due to the absence of systemic movement capacity (Freitas-Astúa et al., 2018). Interestingly, the population of coffee ringspot virus, a dichorhavirus with some biological features comparable to those of CiLV-C, e.g., absence of systemic infection, few natural hosts, and Brevipalpus mite transmission, also displays low variability and purifying selection (Ramalho et al., 2016).

While the vast majority of the samples evaluated in this study were infected by CiLV-C isolates of the clades CRD and SJP, the herbarium sample collected in Paraguay, in 1937, revealed to be unique (Figures 4, 6). In the phylogenetic analyses using either individual ORFs or complete genomic sequences, the isolate PY_Asu02 was separated into a third branch, called clade ASU (Figure 4). The genome of CiLV-C_PY_Asu02 has the typical organization of cileviruses, with roughly 86% nucleotide sequence identity with the reference genomes of the clades CRD and SJP. Notably, the stretch encompassing the 5′-end of its RNA2 shows high conservation with members of the other two clades and likely originated by recombination (Figure 3), as also observed in other CiLV-C strains (Ramos-González et al., 2016). Recombinant strains can result in viruses with improved virulence, best adaptability to a changing environment, or expansion in the host ranges and vector species (García-Arenal et al., 2001). Even though the role of the 5′-end of the CiLV-C RNA2 is not well understood yet, the highly conserved nucleotide sequence across viruses of the three CiLV-C clades (Figure 2) highlights the participation of this region in viral biology and, particularly, points out the involvement of recombination events shaping the genome of cileviruses.

The set of CiLV-C infected samples gathered in this work is the largest ever undertaken. Its composition is heterogeneous, showing temporal and geographical biases following the trend of the relative importance of citrus crop and the incidence of CL across Latin America. Despite this, the holistic analysis of the dataset discloses ecological relationships between members of the clades CRD and SJP whose extension and authenticity still need to be proven, e.g., (i) inside the citrus belt SP-MG, viruses of both lineages are unevenly distributed, (ii) members of the clade SJP are more frequently found in single infection (63%) than those of the CRD (16%), (iii) mixed infections in the same lesion were detected in 20% of the samples, whereas (iv) simultaneous infection of viruses of the clades CRD-SJP in the same orchard or tree accounts for 1% of samples (Figure 5), (v) viruses of the clade SJP were detected neither in areas outside the citrus belt SP-MG nor in samples collected before 2015, and (vi) except for the isolate PY_Asu02, which belongs to clade ASU, all other samples collected out of the citrus belt SP-MG were infected by viruses of the clade CRD, including a sample from an organic commercial orchard collected in Pará, Brazil. The higher prevalence of viruses of the clade SJP in commercial orchards of the citrus belt SP-MG suggests this subpopulation could have some adaptive advantages over those in the CRD one. Preliminary studies on the diversity of Brevipalpus mites in Brazil revealed a large genetic variability of the B. yothersi population, however, the association, if any, between a given mite haplotype and any host plant or geographical origin remains to be addressed (Sánchez-Velázquez et al., 2015; Salinas-Vargas et al., 2016). Similarly, the nature of the Brevipalpus mite interaction with clade-specific CiLV-C strains and its significance on virus ecology are also lacking. On the other hand, the existence of a large number of CL lesions with mixed infections gives support to the recombination events detected in silico and suggests the simultaneous transmission of viruses from different clades by a single mite, and/or the sequential arrival of mites bearing a single viral strain to the same lesion. Conceivably all possibilities may happen in nature, but whatever is the case, the increased attractiveness of Brevipalpus mites by CiLV-C-infected leaves (Arena et al., 2016) might be a factor contributing to the occurrence of mixed infections.

Natives of Southwest Asia, plants of the genus Citrus have spread worldwide and their introduction into America, in the early sixteenth century, is intrinsically linked to the advent of the European colonization. Commercial exploration of the citrus crop in Brazil began in the seventeenth century (Carvalho et al., 2019; Passos et al., 2019), but expanded and became one of the most important Brazilian commodities in the middle of the twentieth century (Mattos et al., 2005; Neves et al., 2011; Carvalho et al., 2019). According to the phylodynamic analysis based on p29-p32, the most recent common ancestor (tMRCA) of CiLV-C lineages was dated in 500 A.D., whereas intensive but less deep diversification processes inside the clades CRD and SJP have been occurring from the nineteenth century. Based on a second dataset that included the sequences RdRp-p29-p61-p32-p24 of 23 isolates of the three lineages, the MRCA of the main lineages dates back more than 3000 years before. However, since the MCC quality parameters with the second dataset only reached moderate ESS values, the resultant tMRCA must be only considered as a framework for further evaluations. It could be expected that the analysis of new sequences will allow higher accuracy in the determination of tMRCA providing a better description of the evolutionary history of CiLV-C lineages. Regardless of this, bringing together the timelines described by the two datasets we can conclude that (i) ancestors of the three viral clades might have been originated in contact with native ecosystems of South America and (ii), the expansion of the citriculture in Brazil and other countries in the region, has contributed, although in a low rate, with the intra-clade diversifications of CiLV-C.

CL is considered an emerging disease affecting a crop that, at least in Brazil, encompasses a relatively low genetic diversity and high-density plantings. Increasing pieces of evidence strongly hypothesized that wild ecosystems are a major source of diversity of plant viruses, which have co-evolved with their wild hosts long before they were domesticated (Pagan and Holmes, 2010; Rodríguez-Nevado et al., 2017). In addition to some Citrus spp. and their hybrids, only plants of the species Commelina benghalensis and Swinglea glutinosa are reported as natural hosts of CiLV-C (León et al., 2008; Nunes et al., 2012; Garita et al., 2014; Freitas-Astúa et al., 2018), all of them are exotic to the Americas (Weniger et al., 2001; Webster et al., 2005). Therefore, the natural host range of CiLV-C is likely not yet fully known or the interaction with its wild hosts might no longer exist in nature. The distribution and dispersion of cileviruses are mediated by the polyphagous Brevipalpus mites, capable of feeding on more than 150 genera of plants, including several crops, ornamentals, and forest plants (Childers et al., 2003). Consequently, the CiLV-C vector is likely the main path between native and exotic plants in the Americas (Freitas-Astúa et al., 2018). Similar to CiLV-C, the cilevirus CiLV-C2 also infects citrus plants and seems to have a narrow range of known natural hosts, e.g., Citrus spp., S. glutinosa, Hibiscus sp., and Dieffenbachia sp. (Melzer et al., 2013; Roy et al., 2015, 2018). In contrast, PfGSV is the only known cilevirus infecting native plants of the Americas, e.g., Passiflora spp. (Kitajima et al., 1997; Ramos-González et al., 2020). This virus can be found naturally infecting more than twenty plant species and, notably, symptoms are not lesions as locally restricted as those observed in citrus plants infected by CiLV-C. Since the interaction of CiLV-C with citrus plants is dominated by a hypersensitive-like response (Arena et al., 2016, 2020), the expansion of the host range to Citrus spp. might have resulted in CiLV-C fitness reduction. Alternatively, based on the low variability of viruses inside each CiLV-C clade, a thought-provoking question is whether CiLV-C can be considered a specialist virus, whose interaction with citrus is carefully selected to act as a helper (effector-like) factor of the mite infestation to suppress the plant defenses (Arena et al., 2016, 2018, 2020).

Altogether, this study provides the most complete snapshot of the CiLV-C population to date. Throughout molecular epidemiology analyses, we have revealed the structure, sources of the genetic variability, and forces involved in the recent evolution of this viral population. The evolutionary history of CiLV-C may be strongly influenced by interaction with its main known host, Citrus spp. during a relatively short period, which at most includes the last 500 years. Maximum values of variability inside the population are typified by its subdivision into the clades ASU, first identified in this study, CRD, and SJP. These three clades are the outcome of diversification processes that occurred before the viral contact with the citrus host. Moreover, besides the highly frequent bottlenecks as a result of mite transmission, the incompatible host-virus interaction with an intensive crop with a relatively low genetic variability, likely prevents the expansion and diversification of the CiLV-C subpopulations. In practical terms, our results confirm the possibility of recovering viral sequences present in herbarium citrus leaf samples despite the low RIN values of the RNA extracts, as previously successfully described using dried fruit peels (Hartung et al., 2015). Moreover, the current study reinforces the prevalence and wide distribution of CiLV-C in the largest citrus commercial area of Brazil and reveals the urgency for updating detection systems able to identify the presence of CiLV-C variants whose epidemiological profiles are currently unknown.
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Supplementary Figure 1 | Bayesian maximum clade credibility tree inferred using a Markov Chain Monte Carlo (MCMC) of the CiLV-C of the lineages CRD (blue branches), SJP (pink branches), and ASU (yellow branches) based on p29 (A) and p32 (B) ORFs. CiLV-C2 sequences (black branches) were used as an outgroup and trees were generated with 6,000,000 generations. The color-coded based collection sites show whether the sample was obtained from commercial orchards in the citrus belt of São Paulo (SP) and Minas Gerais (MG) states (in green), from non-commercial citrus trees of SP and MG (in gold), from other Brazilian states (in mauve), or other countries, i.e., Argentina, Colombia, Mexico, Panama, and Paraguay (in brown).

Supplementary Figure 2 | Bayesian maximum-clade-credibility (MCC) time-scaled phylogenetic tree (A) and analyses of the temporal signal by linear regression approach (B) using the complete sequence of RdRp–p29–p61–p32–p24 ORFs from 23 CiLV-C isolates collected in the period 1932–2020 in South America. (A) Horizontal gray bars on nodes A, B, C, and D indicate the uncertainty for the date of each node (95% highest posterior density—HPD—intervals). Figures near the main nodes represent the posterior probability values. The color-coded based collection sites show whether the sample was obtained from commercial orchards in the citrus belt of São Paulo (SP) and Minas Gerais (MG) states (in green), from non-commercial citrus trees of SP and MG (in gold), from other Brazilian states (in mauve), or other countries, i.e., Argentina, Colombia, Mexico, Panama, and Paraguay (in brown). The phylogenetic tree was edited using IcyTree; (B) The temporal signal was calculated using TempEst v. 1.5.3 software. Root-to-tip divergence as a function of sampling time for Maximum likelihood non-clock tree generated by IQtree v. 1.5.5 software.

Supplementary Figure 3 | Analyses of the temporal signal by linear regression approach from the concatenate of the p29 (795 nt) and partial p32 (288 nt) of 132 isolates of CiLV-C using TempEst v. 1.5.3 software. Root-to-tip divergence as a function of sampling time for Maximum likelihood non-clock tree generated by IQtree v. 1.5.5 software.

Supplementary Table 1 | Complete list of plant samples and citrus leprosis virus C (CiLV-C) sequences analyzed in this study.

Supplementary Table 2 | Nucleotide and haplotypic diversities of ORFs p29 and p32 of CiLV-C. Nucleotide sequences were amplified and cloned from samples of infected Citrus sinensis trees collected in commercial orchards of the citrus belt São Paulo—Minas Gerais, Brazil, in 2017.

Supplementary Table 3 | Nucleotide and deduced amino acid identities (%) among CiLV-C isolates described in this study and the type members of the clades CRD (CiLV-C_BR_SP_Crd01, GenBank accession numbers NC008169 and NC008170) and SJP (CiLV-C_BR_SP_SJP01, GB acc. numbers KP336746 and KP336747).

Supplementary Table 4 | Recombination events detected in CiLV-C sequences determined by RDP software version 5.5.

Supplementary Table 5 | Summary of selection analysis of the p29 and p32 in CiLV-C.
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Hibiscus (Hibiscus spp.) are popular ornamental and landscape plants in Hawaii which are susceptible to foliar diseases caused by viruses belonging to the genera Cilevirus and Higrevirus (family Kitaviridae). In this study, a virus infecting H. rosa-sinensis plants displaying foliar symptoms consistent with infection by a kitavirus, including yellow chlorotic blotches with a green perimeter, was characterized. The genome consisted of two RNAs 8.4 and 4.4 kb in length, and was organized most similarly to cileviruses, but with important distinctions. These included the location of the p29 homolog as the 3′-terminal open reading frame (ORF) of RNA2 instead of its typical locus at the 3′-end of RNA1; the absence of a p15 homolog on RNA2 and the adjacent intergenic region which also harbors small putative ORFs of unknown function; and the presence of an ORF encoding a 10 kDa protein at the 3′-terminal end of RNA1 that was also found to be present in the hibiscus green spot virus 2 genome. Spherical particles approximately 55–65 nm in diameter were observed in infected leaf tissue, and viral RNA was detected by reverse-transcription PCR in individual mites collected from symptomatic plants tentatively identified as Brevipalpus yothersi. Although phylogenetic analyses placed this virus between the higrevirus and cilevirus clades, we propose the tentative taxonomic placement of this virus, designated hibiscus yellow blotch virus (HYBV), within the genus Cilevirus.
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INTRODUCTION

The family Kitaviridae encompasses three genera of positive-sense ssRNA plant viruses: Blunervirus, Cilevirus, and Higrevirus (Melzer et al., 2018). Although related, there are considerable physical and genetic distinctions between members of the different genera. First, cile- and higreviruses are associated with a bacilliform virion, whereas a spherical virion has been observed for the lone blunervirus for which microscopy has been reported (Kitajima et al., 1974; Melzer et al., 2012; Hao et al., 2018). Second, cile-, higre-, and blunerviruses have bi-, tri-, and tetrapartite genomes, respectively (Quito-Avila et al., 2020). Third, different lineages of movement protein (MP) are present in the family: blunerviruses and cileviruses have a 3A/30K superfamily MP, whereas the lone higrevirus member possesses a triple gene block-like MP module (Quito-Avila et al., 2020). Finally, the replication-associated polyproteins are encoded by a single genomic RNA for cile- and higreviruses, but are split between two genomic RNAs for blunerviruses (Quito-Avila et al., 2013, 2020). As such, higreviruses and cileviruses share a closer phylogenetic relationship when conserved protein sequences are analyzed.

In recent years, several unclassified insect-infecting viruses, namely nelorpi- and sandewaviruses, Nunes et al. (2017) and arthropod viruses (Shi et al., 2016) have been characterized that resemble kitaviruses and appear to reside within the kitavirus clade. The RNA-dependent RNA polymerase (RdRp) of kitaviruses and that of the unsegmented negeviruses (nelorpi- and sandewaviruses) have a common phylogenetic origin and homologs of p24, a predicted virion membrane protein, are currently found only in these plant- and arthropod-infecting viruses (Kuchibhatla et al., 2014). The evidence of a common ancestry between these viruses has led to the hypothesis that plant-infecting kitaviruses arose from these arthropod-infecting viruses, with the arthropod vector being a potential origin (Nunes et al., 2017; Ramos-Gonzalez et al., 2020). The arthropod vector has only been confirmed for cileviruses, with Brevipalpus spp. (Acari: Tenuipalpidae) mites responsible for transmission in a persistent circulative, and likely propagative manner (Roy et al., 2015; Freitas-Astúa et al., 2018).

The family Kitaviridae is currently composed of five recognized species among the three genera: Blueberry necrotic ring blotch virus and Tea plant necrotic ring blotch virus (genus Blunervirus); Citrus leprosis virus C and Citrus leprosis virus C2 (genus Cilevirus); and Hibiscus green spot virus 2 (genus Higrevirus). The genomes of tomato fruit blotch virus, a putative blunervirus, and passion fruit green spot virus, a putative cilevirus, have also recently been described (Cuiffo et al., 2020; Ramos-Gonzalez et al., 2020). To better understand the diversity and evolutionary history of this family, it is imperative that additional members be described. In this study, we use high-throughput sequencing (HTS) to identify and characterize a new kita-like virus in Hawaii that infects Hibiscus rosa-sinensis in a non-systemic manner. This virus has distinctive genomic characteristics and phylogenetic analyses indicate it is an intermediate of cileviruses and higreviruses. Its bipartite genome suggests a tentative and temporary placement in the genus Cilevirus, and the name hibiscus yellow blotch virus (HYBV) is proposed.



MATERIALS AND METHODS


Tissue Collection and Virus Indexing

In July 2019, Hibiscus rosa-sinensis (L.) leaves displaying viral-like symptoms consistent with those caused by a brevipalpus-transmitted virus (BTV) (Kitajima et al., 2003) were collected from a single tree in Pearl City, Hawaii. Symptoms were characterized by yellow blotches surrounded by a green halo on both green and senescing leaves (Figure 1). Additional samples from the same tree were collected in in November 2019 and March 2020. Leaf samples displaying green ringspot symptoms consistent with BTV infection in Hawaii (Melzer et al., 2013) were subsequently collected from six Hibiscus spp. trees growing within 1.6 km of the original H. rosa-sinensis tree.
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FIGURE 1. Variation in lesion symptoms displayed by Hibiscus rosa-sinensis leaves infected by hibiscus yellow blotch virus. Yellow blotches developed on mature leaves, and a dark green perimeter became visible as the leaves senesced. Lesions observed in panels (A,B) were predominant in July 2019; lesions observed in panels (C,D) were predominant in November 2019; lesions in panels (E,F) were predominant in March 2020. The lesions observed in panel (D) present a necrotic center that was sometimes observed in senescent leaves.


To determine if the H. rosa-sinensis tree was infected with hibiscus green spot virus 2 (HGSV-2) and the hibiscus strain of citrus leprosis virus C2 (CiLV-C2H), which have been associated with similar, yet distinct, symptoms in Hawaii’s hibiscus plants, virus-specific RT-PCR assays were performed using existing protocols (Melzer et al., 2012, 2013).



Genome Sequencing

Double stranded RNAs (dsRNAs) were extracted from ∼5 g of symptomatic leaf tissue collected from the H. rosa-sinensis tree in Pearl City using either CF-11 (Whatman, Maidstone, United Kingdom) or C6288 (Sigma, St. Louis, MO, United States) cellulose chromatography (Morris and Dodds, 1979) and resolved by 1X TBE-1% agarose gel electrophoresis. Using dsRNAs as template, randomly amplified cDNAs were generated (Melzer et al., 2010) and prepared for HTS using a Nextera XT DNA Library Prep kit (Illumina, San Diego, CA, United States). HTS was performed on an Illumina MiSeq 2 × 300 bp (V2) platform at the University of Hawaii Advanced Studies in Genomics, Proteomics, and Bioinformatics (ASGPB) Laboratory. Genome assembly and bioinformatic analyses were performed as described (Olmedo-Velarde et al., 2019). Briefly, paired-end reads were trimmed, and quality filtered using Trimmomatic 0.35.3 (Bolger et al., 2014). Trinity 2.2.0 (Grabherr et al., 2011) produced de novo assembled contigs that were annotated using BLASTX search (Altschul et al., 1997) against the viral genome database1. Contiguous sequences (contigs) with similarity to cilevirus sequences were then used as reference for an iterative mapping approach (Dey et al., 2019) using Geneious mapper plug-in implemented in Geneious v. 10.1.3 (Kearse et al., 2012) and raw reads. A group of overlapping primer sets (Supplementary Table 1) that were designed as detailed below and based on the contigs of HYBV were used to validate the HTS output and bridge gaps by RT-PCR. Termini were characterized by 5′ RACE as detailed by Navarro et al. (2018) on poly-A tailed dsRNAs and poly-dG-tailed cDNAs that were generated using E. coli Poly(A) Polymerase (New England Biolabs, Ipswich, MA, United States) and Terminal Deoxynucleotidyl Transferase (Thermo Fisher Scientific, Waltham, MA, United States), respectively. 3′ RACE was performed by RT-PCR using an oligo-dT primer to target the poly-A tracts at the 3′-end of both RNA 1 and 2. Primers employed for genome validation and RACE experiments are detailed in Supplementary Table 1. Amplicons were cloned into pGEM-T Easy (Promega, Madison, WI, United States) and three to five clones were sequenced.



Genomic and Proteomic Analyses

The NCBI ORFfinder program2 was used to identify putative open reading frames (ORFs) in silico. Conserved domains were predicted using either the NCBI conserved domain search tool3 or HMMSCAN4 implemented in HMMER (Potter et al., 2018). HMMSCAN was also used for the prediction of transmembrane helices, signal peptides, coiled coils and protein disorders. Protein transmembrane helices were also predicted and visualized using TMHMM (Krogh et al., 2001) implemented in Geneious 10.1.3. Signal peptides for protein cleavage were predicted using SignalP-5.05.

BLASTP searches were used to retrieve protein homologs and infer putative function. Furthermore, putative orphan proteins showing no homology to any protein in any database were aligned using their structural information and the Expresso algorithm (Armougom et al., 2006) implemented in T-Coffee6 (Di Tommaso et al., 2011). Protein sequence alignment was evaluated using TCS (Chang et al., 2014) implemented in T-Coffee.

Pairwise protein sequence comparisons using orthologous sequences retrieved from GenBank were performed using LALIGN7 (Huang and Miller, 1991). In addition, the percentage pairwise protein identities of multiple alignments of the replication-associated polyproteins, putative MPs, and the putative structural p23 orthologs were determined using sequence demarcation tool (SDT) 1.2 (Muhire et al., 2014) and the MUSCLE algorithm implemented in SDT 1.2.

The 5′ and 3′ untranslated regions (UTR) of all isolates of recognized and putative/newly described kitaviruses, including HYBV, were analyzed. Intra-species UTR sequences underwent multiple alignment using the ClustalW algorithm (Thompson et al., 1994) implemented in Geneious 10.1.3 (Kearse et al., 2012). Nucleotide composition such as A/T% and their length were determined for all the 5′ and 3′ UTR. Conserved 5′ and 3′ termini were identified, and their length, nucleotide identity as well as the best consensus sequence were manually determined based on these alignments.



Phylogenetic Analyses

Phylogenetic relationships between HYBV and members of the family Kitaviridae, Virgaviridae, Bromoviridae, Closteroviridae, and negeviruses were inferred using the amino acid sequences of multiple proteins/domains conserved among some or all of these viruses. Multiple protein alignment was performed with ClustalW (Thompson et al., 1994) implemented in MEGA 7.0.25 (Kumar et al., 2016). Ambiguous positions for each alignment were curated using Gblocks 0.91b8 (Talavera and Castresana, 2007). The best model of protein evolution for each alignment was used to generate a maximum likelihood tree with 1,000 bootstrap repetitions. Bayesian phylogeny was inferred using BEAST 2.6.2 (Bouckaert et al., 2019) and the best model of protein evolution with three Markov chain Monte Carlo runs of 10,000,000 generations with sampling every 1,000 trees. The runs were combined using LogCombiner in BEAST and 10% of the sample trees were discarded as “burn-in.” Tracer 1.7.1 (Rambaut et al., 2018) was used to confirm sample sizes were above 200 for all the parameters. Maximum clade credibility and posterior probabilities were annotated using TreeAnnotator in BEAST 2.6.2. The output trees were visualized in FigTree 1.4.4.



Transmission Electron Microscopy

Using leaf samples collected in March 2020 from the Pearl City H. rosa-sinensis tree, ultra-thin sections for transmission electron microscopy were prepared and observed as described (Melzer et al., 2012; Olmedo-Velarde et al., 2019). Briefly, 1 × 2 mm pieces excised from asymptomatic tissue and the margin of lesions from symptomatic leaves were fixed using 2% glutaraldehyde and 2% paraformaldehyde, and post-fixed using a 0.1 M sodium cacodylate solution containing 1% osmium tetroxide. Ultra-thin sections were embedded, stained with uranyl acetate and lead citrate.

Partially purified virion preparations were obtained as described by Colariccio et al. (2000). Briefly, ∼5 g of symptomatic H. rosa-sinensis leaf tissue was powdered with liquid nitrogen and mixed with 20 mL of extraction buffer (0.05 M phosphate buffer pH 7.0 containing sodium DIECA, 0.1% (w/v) ascorbic acid and 0.02 M sodium sulphite) for 30 min. After clarification, 0.5% (w/v) sodium chloride and 6% (w/v) 6000 polyethylene glycol were added to the suspension, and partially purified virions were pelleted by centrifugation at 8,000 × g for 10 min. The pellet was resuspended with 1 mL of extraction buffer overnight. All steps were performed at ∼4°C. A 10-fold dilution of the partially purified virion preparations was negatively stained on formvar/carbon-coated grids using 1% uranyl acetate (UA) or 1% phosphotungstic acid (PTA). A density plot based on the diameter of observed particles was created with ggplot2 (Wickham, 2016).

Ultra-thin sections and negatively stained partially purified virion preparations were viewed with a HT7700 120 kV transmission electron microscope (Hitachi High Technologies America Inc., Dallas, TX, United States) at the University of Hawaii Biological Electron Microscope Facility.



Virus Detection

Total RNA was extracted from 100 to 200 mg of plant samples collected in July 2019 using NucleoSpin RNA Plus kit (Macherey-Nagel, Düren, Germany) or Spectrum Plant Total RNA kit (Sigma-Aldrich, St. Louis, MO, United States). These RNA extracts were reverse transcribed into cDNA using random primers and M-MLV reverse transcriptase (Promega) using the manufacturer’s protocol. Two microliters of cDNAs were tested by endpoint PCR using GoTaq Green Master Mix (Promega). Virus-specific primer sets for HYBV were designed to target the RNA-dependent RNA polymerase (RdRp) domain and p10 in RNA 1, and p33 in RNA 2, respectively. Primer3 (Untergasser et al., 2012) was used for the primer design with consideration of thermodynamic primer features (Arif and Ochoa-Corona, 2013). HYBV-RdRp-F/R, HYBV-p10-F/R, and HYBV-p33-F/R (Supplementary Table 1) were used for specific detection of HYBV in endpoint RT-PCR assays using 0.5 μM as final primer concentration and 55°C as the annealing temperature. Furthermore, one-step quantitative reverse transcription (RT-qPCR) assays were implemented using HYBV-RdRp-F/R, and CiLV-C2-RdRP-F/R and HGSV-2-RdRp-F/R (Supplementary Table 1). The two latter primer sets were designed as described above and based on a consensus sequence of an alignment of the RdRp sequences of CiLV-C2 and HGSV-2 available in GenBank as well as sequences from additional isolates of CiLV-C2 and HGSV-2. One-step RT-qPCR assays were implemented using iScript One-Step RT-PCR Kit with SYBR Green (Bio-Rad, Hercules, CA, United States) and 0.125 μM of each primer. Each reaction was performed in three replicates. Cycling parameters for all RT-qPCR assays consisted of cDNA synthesis at 50°C for 40 min. Later, an initial denaturation was performed at 95°C for 1 min, followed by 35 cycles of denaturation at 95°C for 10 s and an annealing-extension step at 60°C for 1 min during which time data was collected. Melt curve analysis was performed as follows: 95°C for 1 min, pre-melting conditioning at 60°C for 1 min followed by a melting temperature cycle range from 60°C to 95°C. Positive cDNA controls, specific for each virus, and non-template controls (DEPC-treated water) were used in all of the assays.



Mite Barcoding and Virus Detection in Flat Mites

Four individual flat mites (Brevipalpus spp.), collected in 2020 from the symptomatic H. rosa-sinensis tree in Pearl City were used for direct reverse transcriptase (DRT)-PCR assays (Druciarek et al., 2019). Briefly, individual Brevipalpus mites were introduced into a PCR tube containing 10 μl of water and random hexamer primers and crushed using a needle under a dissecting microscope. Then, cDNA was synthesized using random primers and SuperScript III reverse transcription kit (Thermo Fisher Scientific) using the manufacturer’s instructions. Two microliters of ten-fold diluted cDNA reactions were used in endpoint PCR for DNA barcoding and internal PCR control using the 28S rRNA primers, D1D2w2: 5′-ACAAGTACCDTRAGGGAAAGTTG-3′, 28Sr0990: 5′-CCTTGGTCCGTGTTTCAAGAC-3′ (Sonnenberg et al., 2007; Mironov et al., 2012; Druciarek et al., 2019) that produce a ∼700 bp expected amplicon. The cytochrome oxidase unit I (COI) gene was additionally amplified using the COI primers, DNF: 5′-TACAGCTCCTATAGATAAAAC-3′, DNR: 5′-TGATTTTTTGGTCACCCAGAAG-3′ (Navajas et al., 1996) that produce a ∼450 bp expected amplicon. All DNA barcoding PCR assays were performed using Q5 High Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA, United States). Furthermore, endpoint RT-PCR assays using primers HYBV-RdRp-F/R, HYBV-p10-F/R and HYBV-p33-F/R were performed as detailed above to detect the presence of HYBV in the mite specimens. All amplicons were gel extracted, purified and bi-directionally sequenced or cloned into pGEM-T Easy with three clones sequenced per amplicon.



RESULTS


Symptom Monitoring and Virus Indexing

The expression of symptoms in a H. rosa-sinensis plant consistent with BTV infection was periodically observed from July 2019 to March 2020. The predominant symptomology varied over this 9-month period, ranging from faint, circular chlorotic blotches (March 2020), chlorotic blotches with a green perimeter (July 2019), to circular necrotic lesions (November 2019) that may represent an advanced stage of the faint, circular chlorotic blotches (Figure 1). Symptoms were often most dramatic in senescing leaves. Total RNA extracted from symptomatic leaf tissue (Figure 1) tested negative for CiLV-C2 and HGSV-2 in two-step RT-PCR assays. Positive and non-template (water) controls performed as expected (data not shown). Subsequent testing using the two-step RT-PCR assay and primers HYBV-RdRp-F/R revealed that all symptomatic tissues were positive for HYBV (data not shown).



Molecular Characterization of Hibiscus Yellow Blotch Virus

Agarose gel electrophoresis revealed the presence of two dsRNA bands of ∼8 and ∼4.5 Kbp isolated from symptomatic H. rosa-sinensis tissue (Supplementary Figure 1). HTS of a library generated from these dsRNAs produced ∼24 M paired-end reads that were de novo assembled into 2,178 contiguous sequences (contigs). Of these, 27 showed similarity to cileviruses and higreviruses. Iterative mapping of raw reads and reassembling of these contigs led to the generation of three larger contigs of 8,127, 3,676, and 507 bp in length. BLASTX searches showed the three contigs putatively coded proteins showing low to moderate identity to the replication-associated polyprotein coded by RNA 1 of cileviruses and HGSV-2, p61 through p24 coded by RNA 2 of cileviruses, and to p29 coded by RNA 1 of cileviruses, respectively. Using the sequence of the 8,127 bp contig, 5′ and 3′ RACE was performed to complete the RNA 1. Using the sequence of the 3,676 bp contig, 5′ RACE was used to determine the 5′ terminal sequence, and 3′ RACE using primer 909 (Supplementary Table 1) resulted in a ∼1,620 bp amplicon which included the sequence of the 507 bp contig. RT-PCR using primer 909 and HYBV-p33-R (Supplementary Table 1) validated the 3′ RACE result by bridging the ∼307 nt sequence gap between the 3,676 and 507 bp contigs.

Excluding the poly-A tails at their 3′ end, RNA 1 and RNA 2 of HYBV were 8,382 and 4,411 nt, respectively (Figure 2). The 8,382 bp RNA 1 molecule (GenBank accession MT472637) had a large ORF that putatively encoded a 294 kDa replication-associated polyprotein of 2,645 amino acids (aa). This putative polyprotein possessed viral methyltransferase (MET; PF01660, aa residues 144–495), cysteine protease (C-Pro; PF02338, aa residues 681–816), viral helicase 1 (HEL; PF01443, aa residues 1,640–1,932) and RdRp 2 (PF00978, aa residues 2,148–2,587) domains (Figure 2). This polyprotein was most similar to that of CiLV-C2H, with an identity of 37% (Table 1 and Supplementary Figure 2). The individual MET, C-Pro, HEL and RdRp 2 domains were 49%, 39%, 44% and 61% identical to those of CiLV-C2H, respectively. No transmembrane helices were found in this protein, however, coiled coil and disorder regions were identified at aa residues 1620–1640 and 1461–1468, respectively. In the 3′-terminal region of RNA 1, an 85 aa ORF was identified that putatively encoded a 10 kDa protein harboring two transmembrane helices. This protein of unknown function, designated p10, showed no similarity to any protein in the current databases as determined by a BLASTP search. However, it did resemble the size, genomic location and secondary structure of a previously undescribed ORF of HGSV-2 (Figure 2 and Supplementary Figure 3A). A structural alignment of the two putative proteins obtained using Expresso implemented in T-Coffee revealed an identity of 20% (Table 1 and Supplementary Figures 3B,C).
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FIGURE 2. Genome organization comparison between hibiscus yellow blotch virus (HYBV) and Cilevirus and Higrevirus members. Boxes represent open reading frames (ORFs), and similarly colored ORFs encode proteins of similar function as indicated. RNA 1 (8382 bp) contains two ORFs coding for the replication-associated polyprotein (p294) and a protein with unknown function (p10). RNA 2 (4411 bp) contains four ORFs coding for the putative glycoprotein (p56), putative movement protein (p32), putative virion membrane protein (p25) and putative coat protein (p33). Cileviruses represented: citrus leprosis virus C (CiLV-C) and CiLV-C2, and the proposed cilevirus, passion fruit green spot virus (PfGSV). Higreviruses represented: hibiscus green spot virus 2 (HGSV2). MET, methyltransferase; C-Pro, cysteine like protease; FtsJ, methyltransferase; HEL, helicase; RdRp, RNA-dependent RNA polymerase; AAA, poly(A) tail. Scale at top of figure indicates approximate size in kilobase pairs.



TABLE 1. Percent amino acid identities between orthologous proteins of hibiscus yellow blotch virus (HYBV) and Kitaviridae members: higreviruses include: hibiscus green spot virus 2 (HGSV-2); cileviruses include: citrus leprosis virus C (CiLV-C) and CiLV-C2 (with isolates indicated), and the proposed cilevirus, passion fruit green spot virus (PfGSV); blunerviruses include, blueberry necrotic ring blotch virus (BNRBV) and tea plant necrotic ring blotch virus (TPNRBV), and the putative blunervirus tomato fruit blotch virus (TFBV).

[image: Table 1]The 4,411 bp RNA 2 molecule (MT472638) possessed four ORFs. From the 5′ end, the first ORF putatively encoded for a 485 aa protein with a molecular weight of 56 kDa. This protein possessed three transmembrane helices in the C-terminus and shared low homology (19–22% aa identity) to the cilevirus p61 (Table 1), which represents the putative glycoprotein. A signal peptide that has been predicted for the p61 of some cileviruses (Ramos-Gonzalez et al., 2020) was also identified in the HYBV homolog, with a predicted cleavage site at Arg20/Val21. The second ORF putatively encoded for a 301 aa protein (32 kDa) in which several disorder regions were identified with the largest located in the C-terminus, at aa residues 270–301. This protein has a conserved domain (PF00803, aa residues 6–227) of viral movement proteins (MP) and likely represents the MP of HYBV. It shared moderate (33–46%) identity with orthologs of kitaviruses (Table 1). The third ORF putatively encoded a 230 aa protein, p25, and harbors an SP24 conserved domain (PF16504, aa residues 33–156) which possesses four transmembrane helices. SP24 is present in kitavirids, negeviruses and chroparaviruses, with the latter two being taxons of insect-specific viruses (Kuchibhatla et al., 2014). Two disorder regions were found in the C-terminus of the HYBV p25, and the protein shared moderate (23–40%) identity with orthologs of recognized kitaviruses (Table 1). The 3′-terminal ORF putatively encoded a 312 aa protein orthologous (20–33% aa identity) to p29 encoded on RNA1 of cileviruses (Table 1), which is a predicted coat protein (Leastro et al., 2018). A long disorder region was identified in aa 52–163 of the p33.



Transmission Electron Microscopy

Ultra-thin sections prepared from foliar lesions revealed the presence of small congregations of spherical structures approximately 50–60 nm in diameter (Figure 3). These spherical structures, contained in cytosolic vesicles, were typically in close proximity to the endoplasmic reticulum. Although not common in cells from symptomatic tissue, these structures were not observed in ultra-thin sections obtained from asymptomatic leaves. Despite extensive examination of six thin sections from both symptomatic and asymptomatic leaves, neither electron-dense viroplasm or bacilliform virus-like particles were observed.
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FIGURE 3. (A) Electron micrographs of hibiscus yellow blotch virus-infected Hibiscus rosa-sinensis leaves containing aggregates of electron dense spherical structures (arrowheads) typically between 50 and 60 nm in diameter. Similar structures were not observed in healthy tissue. CW, cell wall; ER, endoplasmic reticulum; M, mitochondrion; V, vacuole. (B) Electron micrographs of a rod-shaped virion (left) and spherical particles (center) partially purified from H. rosa-sinensis leaves co-infected with hibiscus latent Fort Pierce virus (HLFPV), hibiscus chlorotic ringspot virus (HCRSV), and hibiscus yellow blotch virus (HYBV). The rod-shaped virion is consistent with the HLFPV virion, whereas the spherical particles could represent HCRSV and HYBV virions. A density plot was generated to determine the frequency of spherical particles stained with either phosphotungstic acid (PTA) or uranyl acetate (UA) based on their diameter (right). Particle diameters of 33 and 66 nm were most frequently recorded, which may correspond to HCRSV and HYBV virions, respectively. Bar = 200 nm for all micrographs.


Abundant rod-shaped and spherical particles were observed in the partially purified, negatively stained virus preparations. Rod-shaped virions were approximately 20 nm in width and up to 370 nm in length, and were consistent with tobamovirus virion morphology (Figure 3). Spherical particles encompassing a wide range of diameters were observed. A density plot based on the measurement of 156 particles indicated diameters of 33 and 66 nm were most prevalent, and these particle sizes were most readily observed with PTA and UA staining, respectively (Figure 3).



Phylogenetic Placement of Hibiscus Yellow Blotch Virus

Phylogenies of HYBV were inferred with two character-based algorithms: Maximum likelihood and Bayesian inference. Both algorithms predicted a similar relationship between HYBV and other viruses for each protein sequence analyzed. For the RdRp and p24 proteins, HYBV formed a monotypic lineage between the cilevirus and higrevirus clades (Figure 4 and Supplementary Figure 4). For the p61 and p29 proteins, which only have homologs in cileviruses, HYBV consistently formed a basal branch (Supplementary Figure 4). For the MP, which has homologs in cileviruses, blunerviruses, and other plant-infecting viruses, HYBV was placed between the cilevirus and blunervirus clades (Supplementary Figure 4). Furthermore, in the RdRp and p24 phylogenies, Kitaviridae members and negeviruses formed a monophyletic group sharing a common ancestor (Figure 4 and Supplementary Figure 4).
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FIGURE 4. Phylogenetic relationships among members of the families Kitaviridae, Virgaviridae, Bromoviridae, Closteroviridae and negeviruses based on an RNA-dependent RNA polymerase (RdRp) multiple protein alignment using CLUSTAL and inferred using maximum likelihood algorithm implemented in MEGA 7.0.25. Bootstrap values generated by maximum likelihood are shown above the branches after 1000 repetitions. Posterior probabilities that were calculated using Bayesian inference with three Markov Chain Monte Carlo runs of 10,000,000 generations and implemented in BEAST 2 are shown under the branches. Missing values indicate values below 50 (bootstrap) or 0.7 (posterior probability). GenBank accession numbers are provided prior to each virus name. Scale at bottom indicates the number of substitutions per given branch length.




Protein Comparisons Between Genera in the Kitaviridae

To evaluate genetic divergence between HYBV and cileviruses in the context of inter-genera divergence within the family Kitaviridae, protein sequence identity matrices of the replication-associated polyprotein, p24, and putative MP of kitavirids were obtained using SDT 1.2. The matrices show overall low to moderate protein identity levels, from 21 to 45%, for the three proteins of HYBV with their kitavirid homologs (Table 1 and Supplementary Figure 2). Cileviruses, including the recently characterized passion fruit green spot virus (PfGSV), present high protein intra-genus identities ranging from 59 to 81, 62 to 89, and 51 to 75% for the replication-associated polyprotein, p24 and MP, respectively. However, cileviruses present a low protein identity, not surpassing 45%, with their homologs of HYBV, HGSV-2 and blunerviruses. The sole higrevirus, HGSV-2, has low protein identity ranges of 24–36 and 22–33% with other kitavirids for the replication-associated polyprotein and p24, respectively. Blunerviruses also show low protein identity ranges of 24–36, 20–31, and 29–38% with other kitavirids, including other blunerviruses, for the replication-associated polyprotein, p24 and MP, respectively. In general, kitavirids present broad protein identity ranges of 24–81%, 20–89%, and 29–75% for the replication-associated polyprotein, p24 and MP.



Analyses of Untranslated Regions of Kitavirids

Multiple nucleotide sequence alignments revealed that cileviruses, HGSV-2, and HYBV share common features in their UTR, including AT richness. They possess conserved 5′ and 3′ termini, and conserved long 3′ UTRs in all of their genomic segments (Supplementary Table 2). All their 5′ termini start with a G or C, while most of their 3′ termini end with a C. Most of their UTR length are uniform among intra-species genomic segments. Furthermore, cileviruses present a long conserved 3′ termini of ∼122 nucleotides and the last three conserved nucleotides are GAC. Similar to cileviruses, HYBV possesses a long conserved 3′ terminus of 171 nucleotides and the last three conserved nucleotides for each RNA segment are GCC. HGSV-2 possesses a shorter conserved 3′ terminus of 78 nucleotides with the last three not clearly conserved. Whereas, blunerviruses also presented AT-rich 5′ and 3′ UTRs, but shorter semi-conserved termini in their genomic segments. Their UTR lengths are variable among intra-species genomic segments.



Hibiscus Yellow Blotch Virus Detection in Flat Mites

Four individual flat mites (Brevipalpus spp.) were collected from a symptomatic H. rosa-sinensis infected with HYBV. HYBV RNA 1 and RNA 2 were amplified by DRT-PCR in two of these four mites using three different HYBV-specific primer sets (Supplementary Figure 5). Direct sequencing showed the three sequences share 100% nucleotide identity to the RdRp and p10 regions in RNA 1 and p33 in RNA 2 of HYBV isolate present in the from the symptomatic H. rosa-sinensis tree. Using 28s rRNA primers, a prominent ∼700 bp amplicon of expected size was produced from each of the four individual mites using DRT-PCR, as well as a faint ∼340 bp amplicon which was sequenced and found to be non-specific (Supplementary Figure 5). Direct sequencing of the ∼700 bp 28S rRNA amplicon for those two individual mites, and a pairwise alignment showed that both sequences shared 100% nucleotide identity. A BLASTN search using the consensus sequence (MT812697) showed that it shares 99.7% nucleotide identity to B. yothersi (MK293649) with 88% query coverage. Direct sequencing of the 28S rRNA region was performed for the other two mites in which HYBV was not detected. A pairwise alignment revealed that both sequences shared 100% nucleotide identity. A BLASTN search of a consensus of both sequences (MT812698) showed that it shares 98.4% and 98.1% nucleotide identity to B. azores (MK919272) and B. feresi (MK919273), respectively, both with 89% query coverage. Furthermore, direct sequencing of the ∼450 bp amplicons generated using the COI primers (data not shown) further corroborated the identity of B. yothersi after a BLASTN search that show the consensus sequence (MT796740) shares 99.3% nucleotide identity to B. yothersi (KP180426) with 100% query coverage. A consensus sequence (MT796741) for the COI gene of the two other mites, in which HYBV was not detected, showed 100% identity to B. obovatus (DQ450495) after a BLASTN search with a 90% query coverage.



Natural Mixed Infections in Hibiscus

In addition to HYBV, HTS data from the dsRNA library also identified the complete genomic sequences of hibiscus chlorotic ringspot virus (HCRSV, Betacarmovirus) and hibiscus latent Fort Pierce virus (HLFPV, Tobamovirus) in the Pearl City sample using de novo assembly and an iterative mapping approach. The genome of HCRSV from the sample was 3,969 nt in length (MT512573) and assembled from 1,386,006 reads with and average depth of 33,785. The genome shared 95.4% nucleotide identity to an HCRSV isolate from Singapore (X86448). No dsRNAs associated with this virus were observed following agarose gel electrophoresis, however, any dsRNAs of this size would have been obscured by the loading dye (Supplementary Figure 1). The RdRp, p2, p3, and CP of HCRSV shared 95%, 95.7% and 92.3% protein identity, respectively, to those of the HCRSV isolate from Singapore, while the CP shared 99.4% protein identity to that of HCRSV isolate SB01 from Brazil (AZL87708). The genome of HLFPV was 6,408 nt in length (MT512572) assembled from 1,667,706 reads with an average depth of 35,941. The genome shared 99.4% nucleotide identity to HLFPV isolate J from Japan (AB917427). This genome size was consistent in size with a faint dsRNA observed following agarose gel electrophoresis (Supplementary Figure 1) Replication-associated polyprotein, MP and CP of HLFPV show 98.5%, 99.7%, and 97.5% protein identity, respectively, to those of HLFPV isolate J (AB917427).

Samples from six Hibiscus spp. plants designated A-F displaying symptoms typical of BTV infection (Kitajima et al., 2003) were collected within 1.6 km of the original HYBV-infected tree (Supplementary Figure 6). The presence of CiLV-C2, HGSV-2 and HYBV, was assessed by one-step RT-qPCR and two-step RT-PCR assays. Three out of six of the samples (A, B, and D) tested positive for HYBV in both PCR assays. Only one sample (A), which also tested positive for HYBV, tested positive for CiLV-C2 in both PCR assays. None of the samples tested positive for HGSV-2. In all of the assays, positive and non-template controls tested as expected (Supplementary Figure 7). The genetic diversity of HYBV in these samples was assessed for RNA1 and RNA2 by sequencing amplicons generated using primer sets HYBV-RdRp-F/HYBV-p10-R and 909/HYBV-p33-R, respectively (Supplementary Table 1). These amplicons were 100% identical for RNA1 and >99.6% identical for RNA2.



DISCUSSION

The Kitaviridae family is a recently created taxon currently comprised of three genera of plant pathogenic viruses: Blunervirus, Cilevirus, and Higrevirus (Melzer et al., 2018; Quito-Avila et al., 2020). Kitavirids share an evolutionary history based on the three proteins they commonly possess: replication-associated polyprotein, p24 protein, and in the case of blunerviruses and cileviruses, the MP. Additionally, mites (eriophyid and flat or false spider) have been reported as the putative or confirmed vectors of these viruses (Burkle et al., 2012; Rodrigues et al., 2016). Interestingly, systemic infection of their plant host is rare; most kitavirid infections of plants are restricted to localized lesions (Quito-Avila et al., 2020). Several Kitaviridae members have been characterized through the use of HTS (Quito-Avila et al., 2013; Roy et al., 2013; Hao et al., 2018; Ramos-Gonzalez et al., 2020) which is an increasingly important and efficient technique for virus discovery and characterization, including in numerous studies in different agricultural systems (Villamor et al., 2019).

In this study, we have characterized a new kitavirid infecting H. rosa-sinensis in Hawaii using HTS of a dsRNA library. The symptoms displayed on leaves infected with this virus resemble those associated with infection by cileviruses and other kitavirids (Figure 1) (Melzer et al., 2013; Rodrigues et al., 2016). RT-PCR assays specific for CiLV-C2 and HGSV-2 indicated these two kitavirids, which commonly infect hibiscus in Hawaii, were absent, suggesting the presence of another pathogen. HTS and bioinformatic analyses allowed the complete bipartite genome of this new kitavirid to be characterized. The genomic RNAs, determined to be 8.3 and 4.4 kb in size, were consistent with the dsRNAs observed by agarose gel electrophoresis (Supplementary Figure 1). RNA 1 codes for a RdRp and a putative p10 protein with unknown function. RNA 2 codes for p56, p32, p25 and p33 proteins that likely represent the putative glycoprotein, putative movement protein, putative virion membrane protein and putative coat protein, respectively. This genomic organization resembles that of cileviruses, but with some key differences (Figure 2). First, p33 is located in the 3′ region of RNA 2, but the homolog of this protein in cileviruses (p29) is located in the 3′ region of RNA 1. These represent the putative viral coat proteins (Leastro et al., 2018), and this observation suggests a gene rearrangement event in an ancestor of these viruses. Second, p15 is the most variable conserved orphan protein present in the 5′ region of RNA 2 of the three classified and putative Cilevirus species (Ramos-Gonzalez et al., 2020). This new kitavirid lacks a p15 homolog in the 5′ region of its RNA 2. The absence of a p15 homolog was supported by an inability to identify this putative protein in silico, using 5′ RACE, and through degenerate RT-PCR assays targeting conserved amino acid sequences identified following the alignment of cilevirus p15 sequences. Based on sequence comparisons and recombination analyses of the 5′ end of the cilevirus RNA 2, it has been previously suggested that the high nucleotide variability present in that region is the result of continuous illegitimate (non-homologous) recombination processes that may occur at the inter-species level (Ramos-Gonzalez et al., 2016). Therefore, recombination processes may have contributed to the loss of a p15 homolog in an ancestor of HYBV. Finally, a 3′-terminal ORF encoding a putative 10 kDa protein is present in HYBV RNA 1. Although the predicted p10 protein shares no homology to viral proteins in in GenBank, a pairwise protein structural alignment of the HYBV p10 and the product of a similarly sized and positioned ORF encoded by HGSV-2 using EXPRESSO T-Coffee revealed they share statistically significant structural similarities. A global pairwise alignment showed they share 19.7 % protein identity. Furthermore, both p10 proteins of HYBV and HGSV-2 possess two transmembrane domains (Supplementary Figure 3). This suggests these putative orphan proteins of HYBV and HGSV-2 are either distant orthologs or represent structural convergence of two unrelated proteins. It has been suggested that some orphan proteins may help plant viruses to infect and colonize its arthropod host/vector (Kuchibhatla et al., 2014; Solovyev and Morozov, 2017). Based on this same hypothesis, it has been speculated that kitaviruses have two sets of movement genes, and specifically cileviruses have the MP gene in conjunction with the p24 (putative virion membrane protein) and p61 (putative glycoprotein) proteins involved in virus movement within the mite host (Solovyev and Morozov, 2017). Based on the genomic organization of HYBV, this new kitavirid represents a distinct member within the family Kitaviridae that shares genomic similarities with members of both Cilevirus and Higrevirus genera.

Phylogenetic analyses of all conserved protein products support the placement of HYBV within the Kitaviridae family, specifically in an intermediate position between the cilevirus and higrevirus clades (Figure 4 and Supplementary Figure 4). The sequence identities of the three conserved kitavirid proteins, namely RdRp, p24 and MP, of HYBV with kitavirid homologs was found to be low to moderate (<45%). A similar scenario is observed for HGSV-2, the sole Higrevirus member and members of the genus Blunervirus (<38%). Conversely, the Cilevirus proteins have high identities (>54%) (Table 1 and Supplementary Figure 2). The relatively high protein identity levels among the Cilevirus protein homologs and the phylogenetic relatedness may suggest a more recent divergence within the genus, whereas blunerviruses diverged much earlier or might have undergone a more rapid evolution due to host or vector selective pressures. Considering the low protein identity level in the genus Blunervirus, it is plausible that in the future when more viruses belonging to the blunervirus clade are characterized, the genus may be divided into additional genera. The phylogenetic placement of HYBV, coupled with its distinctive genome organization, suggests this virus represents a distinct lineage intermediate of cileviruses and higreviruses. However, until more kitavirids are characterized which will allow greater resolution of the family’s taxonomy, it seems appropriate to consider HYBV a basal member of the genus Cilevirus, as it shares the most features with members of this taxon.

Multiple nucleotide sequence alignments of the 5′ and 3′ UTR revealed that HYBV possesses long conserved 5′ and 3′ UTRs rich in AT among its genomic segments (Supplementary Table 2), a feature shared by other cileviruses, most notably CiLV-C. Both 5′ and 3′ termini of HYBV RNA 1 and 2 were also highly conserved, with the latter being longer and sharing a higher nucleotide identity. Previously, it was found that the blunervirus BNRBV contains AT-rich UTRs and conserved termini (Quito-Avila et al., 2013). Also, the formation of stem-loop secondary structures in the 3′ UTR of the four RNAs was predicted and may be associated to the regulation of virus genome replication as well as protein synthesis (Quito-Avila et al., 2013). Interestingly, most of the cileviruses, HYBV, HGSV-2 and BNRBV have a G/C, and C as their first and last nucleotide, respectively (Supplementary Table 2). While sequencing clones for the 5′ RACE experiments for HYBV RNA 1 and 2, some indicated G (rather than the more common C) as the first nucleotide (data not shown). Considering the multiple plant hosts, limited Brevipalpus species associated to kitavirids, and conserved UTRs in some kitavirids, it is plausible that these regions may play a role in regulation of different virus infectious cycle processes within their hosts.

Flat mites are polyphagous and the presence of several Brevipalpus species on the same host plant has been reported previously (Salinas-Vargas et al., 2016). DNA barcoding using dRT-PCR (Druciarek et al., 2019) targeting the 28S rRNA and COI indicated mites tentatively identified as B. yothersi and an unidentified Brevipalpus sp. were present on the HYBV-infected H. rosa-sinensis plant. For this latter specimen, the COI sequence suggested its identity to be B. obovatus, however, the 28S rRNA sequence provided no clear identity, with resemblance to sequences attributed to B. azores and B. feresi. B. yothersi, B. azores and B. feresi are three of the seven recently created Brevipalpus species that were derived from the B. phoenicis species complex (Beard et al., 2015). Therefore, the identity of this Brevipalpus specimen needs further identification based on morphological keys using scanning electron microscopy (Beard et al., 2013). B. yothersi has been reported as the main vector of CiLV-C and CiLV-C2 (Roy et al., 2013; García-Escamilla et al., 2018; Ferreira et al., 2020). In this study we demonstrated the ingestion and potential acquisition of HYBV by B. yothersi using dRT-PCR assays targeting both RNA 1 and 2 of the virus. Considering the low number of individual Brevipalpus used in this study, the non-systemic nature of infection, and the ability of several Brevipalpus species to vector CiLV-C (Nunes et al., 2018), it is plausible that the other Brevipalpus sp. that could not be identified by DNA barcoding in this study may play a role in the transmission of HYBV. Additional transmission experiments are required to validate the transmission of HYBV by B. yothersi and other Brevipalpus species, and include confirmation of the mite species.

High-throughput sequencing data indicated that HCRSV and HLFPV were co-infecting the H. rosa-sinensis plant harboring HYBV. HCRSV infection has been associated with distinct mild ringspot symptoms and HLFPV with a latent infection (Kamenova and Adkins, 2004; Zhou et al., 2006). Neither of these are consistent with the observed symptoms of yellow chlorotic blotches with a dark green perimeter that are typical of a BTV infection (Figure 1 and Supplementary Figure 6), making HYBV the most likely causal agent of the observed symptoms. However, the presence of HCRSV and HLFPV, as well as the presence of CiLV-C2, as co-infections with HYBV may impact host symptoms and other aspects of this pathosystem. The development of an infectious clone of HYBV would greatly help elucidate its role as a causal agent of the observed disease. Until such a clone is available, the conventional and quantitative RT-PCR assays developed in this study for the detection of HYBV will help to further determine any relationship between HYBV infection, co-infection with other pathogens, and symptom expression. Although the presence of non-viral pathogens or physiological disorders cannot be excluded, the observed symptoms were absent from other hibiscus plants in the immediate area that would presumably be exposed to the same pathogen inoculum and growing conditions as the symptomatic plant. Additional symptomatic plants were observed up to 1.6 km away, some of which tested negative for HYBV, CiLV-C2, and HGSV-2 (Supplementary Figure 6). This suggests additional related viruses may be present in Hawaii’s hibiscus, adding to the complexity of this pathosystem.
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Supplementary Figure 1 | Agarose gel electrophoresis of dsRNAs extracted from hibiscus yellow blotch virus (HYBV)-infected Hibiscus rosa-sinensis leaves (right lane). Blue arrows at ∼8 Kbp and ∼4.5 Kbp indicate the observed dsRNAs that likely represent RNA 1 and RNA 2 of HYBV, respectively. The black arrow at ∼6 Kbp likely represents the genome of hibiscus latent Fort Pierce virus. Numbers on left give size in kilobase pairs (Kbp) for select fragments of the Thermo Fisher 1 kb Plus ladder (left lane).

Supplementary Figure 2 | Pairwise protein sequence similarity matrix of the replication-associated polyprotein, p24 and putative movement protein of hibiscus yellow blotch virus (HYBV) with their homologs of Cilevirus, Higrevirus, and Blunervirus members using sequence demarcation tool (SDT) 1.2. Cilevirus species and isolates include: citrus leprosis virus C (CiLV-C) and CiLV-C2 (Citrus isolate from Colombia: Citrus-Col. Hibiscus isolate from Hawaii: HibiscusHI), and the proposed cilevirus, passion fruit green spot virus (PfGSV). Higrevirus member: hibiscus green spot virus 2 (HGSV2). Blunerviruses include: blueberry necrotic ring blotch virus (BNRBV) and tea plant necrotic ring blotch virus (TPNRBV), and the proposed blunervirus, tomato fruit blotch virus (TFBV).

Supplementary Figure 3 | Structural alignment results of hibiscus yellow blotch virus (HYBV) p10 and hibiscus green spot virus 2 (HGSV-2) p10 using the Expresso algorithm implemented in T-Coffee. (A) Presence of two transmembrane helices in both HYBV-p10 and HGSV-2-p10 proteins and visualization of the structural alignment. (B) Expresso T-Coffee matrix result showing a significant score for the alignment (>50) and at least three structurally conserved motifs are observed in the alignment (Highlighted in light red). (C) Transitive consistency score of the protein alignment showing congruent structurally conserved positions revealed by Expresso-T-Coffee.

Supplementary Figure 4 | Phylogenetic placement of hibiscus yellow blotch virus (HYBV) with other viruses possessing conserved proteins. (A) MP, putative movement protein (p32 of HYBV); (B) p61, putative glycoprotein (p56 of HYBV) and p29, putative coat protein (p33 of HYBV); and (C) p24, putative virion membrane protein (p25 of HYBV). All phylogenies were inferred by a multiple protein alignment using CLUSTAL and the maximum likelihood algorithm implemented in MEGA 7.0.25. Bootstrap values generated by maximum likelihood are shown above the branches after 1000 repetitions. Posterior probabilities that were calculated using Bayesian inference with three Markov Chain Monte Carlo runs of 10,000,000 generations and implemented in BEAST 2 are shown under the branches. Missing values indicate values below 50 (bootstrap) or 0.7 (posterior probability).

Supplementary Figure 5 | Agarose gel electrophoresis of 28S rRNA, hibiscus yellow blotch (HYBV) RNA 1 and RNA 2 amplicons using direct RT-PCR (dRT-PCR) assays described by Druciarek et al. (2019). dRT-PCR assays were performed on four individual Brevipalpus mites (B1–B4) collected from a HYBV-infected Hibiscus rosa-sinensis plant. Upper panel: 28S rRNA and HYBV-RNA 1 amplicons were amplified using primer sets D1D2w2/28Sr0990 and HYBV-RdRp-F/R with expected amplicon sizes of ∼700 and 223 bp, respectively. Bottom panel: HYBV-RNA 1 and RNA2 amplicons were amplified using primer sets HYBV-p10-F/R and HYBV-p33-F/R with expected amplicons of 210 and 438 bp, respectively. A non-template control (N) was included in all the assays. Sanger sequencing of the 28S rRNA amplicon later suggested mites B1 and B2 were B. yothersi, while the identity of mites B3 and B4 was ambiguous. DNA ladder is 100 bp (Thermo Fisher), and sizes of select fragments are provided in base pairs (bp).

Supplementary Figure 6 | Leaves collected from symptomatic Hibiscus spp. plants growing with 1.6 km of the hibiscus yellow blotch virus (HYBV)-infected H. rosa-sinensis plant. Samples A, B, and D tested positive for HYBV using RT-PCR, whereas Samples C, E, and F tested negative. Sample A also tested positive for citrus leprosis virus C2 by RT-PCR. None of the samples (A–F) tested positive for hibiscus green spot virus 2 by RT-PCR.

Supplementary Figure 7 | Detection of hibiscus yellow blotch virus (HYBV), citrus leprosis virus C2 (CiLV-C2), and hibiscus green spot virus 2 (HGSV2) in Hibiscus spp. samples by RT-qPCR and RT-PCR assays. Six samples (A–F) of Hibiscus spp. (Supplementary Figure 3) collected within 1.6 km of the HYBV-infected H. rosa-sinensis underwent both assays using HYBV-RdRp-F/R (main text), CiLV-C2-RdRp-F/R and HGSV2-RdRp-F/R (Supplementary Table 1) for virus detection. Samples A, B, and D tested positive for HYBV in both one-step RT-qPCR (A) and two-step RT-PCR (B) assays. Due to similar amplification curve of samples A (dark red), B (blue), and D (light green), individual amplification curves are provided for each sample and compared with a positive control (red). Sample A was the only CiLV-C2-positive sample in both one-step RT-qPCR (A) and two-step RT-PCR (B) assays. No samples tested positive for HGSV2. Expected size of amplicons for HYBV, CiLV-C2, and HGSV2 are 223 bp, 386 bp, and 227 bp, respectively. NTC and (N) represent non-template controls for (A) and (B), respectively. The DNA ladder in panel (B) is the 100 bp Ladder from Thermo Fisher, and fragment sizes are provided at left in base pairs (bp).

Supplementary Table 1 | Primers used in this study for 5′ and 3′ RACE, genomic sequence validation, and detection of hibiscus yellow blotch virus (HYBV). Primers used for the detection of citrus leprosis virus C2 (CiLV-C2) and hibiscus green spot virus 2 (HGSV-2) in one-step RT-qPCR assays are also provided.

Supplementary Table 2 | Kitavirus intra-species nucleotide composition analysis of the 5′ and 3′ untranslated regions (UTR), and 5′ and 3′ conserved termini among the genomic segments of each virus species.
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The genus Cilevirus groups enveloped single-stranded (+) RNA virus members of the family Kitaviridae, order Martellivirales. Proteins P15, scarcely conserved polypeptides encoded by cileviruses, have no apparent homologs in public databases. Accordingly, the open reading frames (ORFs) p15, located at the 5′-end of the viral RNA2 molecules, are considered orphan genes (ORFans). In this study, we have delved into ORFs p15 and the relatively poorly understood biochemical properties of the proteins P15 to posit their importance for viruses across the genus and theorize on their origin. We detected that the ORFs p15 are under purifying selection and that, in some viral strains, the use of synonymous codons is biased, which might be a sign of adaptation to their plant hosts. Despite the high amino acid sequence divergence, proteins P15 show the conserved motif [FY]-L-x(3)-[FL]-H-x-x-[LIV]-S-C-x-C-x(2)-C-x-G-x-C, which occurs exclusively in members of this protein family. Proteins P15 also show a common predicted 3D structure that resembles the helical scaffold of the protein ORF49 encoded by radinoviruses and the phosphoprotein C-terminal domain of mononegavirids. Based on the 3D structural similarities of P15, we suggest elements of common ancestry, conserved functionality, and relevant amino acid residues. We conclude by postulating a plausible evolutionary trajectory of ORFans p15 and the 5′-end of the RNA2 of cileviruses considering both protein fold superpositions and comparative genomic analyses with the closest kitaviruses, negeviruses, nege/kita-like viruses, and unrelated viruses that share the ecological niches of cileviruses.

Keywords: Kitaviridae, orphan ORF, structure-based phylogenetic analysis, synonymous codon usage bias, horizontal gene transfer, Dichorhavirus, miniproteins, small ORF


INTRODUCTION

Orphan genes (ORFans) code for proteins with unrecognized homologs in any other species (Fischer and Eisenberg, 1999; Arendsee et al., 2014). They are present in a variety of organisms, including prokaryotes, eukaryotes, and viruses, reaching up to one-third of the genome of some microorganisms and 50% to two-thirds in mimiviruses (Fischer and Eisenberg, 1999; Kaur Saini and Fischer, 2007; Yin and Fischer, 2008; Tautz and Domazet-Lošo, 2011; Colson et al., 2017). The quick origin of ORFans may provide adaptive mechanisms conferring rapid fitness to changing environments (Entwistle et al., 2019). Most of the known proteins encoded by ORFans interact with conserved proteins like transcription factors or receptors, acting as toxins, or as modulators of metabolic or regulatory networks (Singh and Wurtele, 2020).

Kitaviridae, order Martellivirales, is a family of heterogeneous plant-infecting viruses displaying two, three, or four segments of single-stranded positive-sense RNA molecules as genomes, which have been assigned into the genera Cilevirus, Higrevirus, and Blunervirus, respectively (Quito-Avila et al., 2021). Taken together, kitavirids have been detected in a relatively narrow range of natural hosts, where they normally produce local infections mainly characterized by chlorotic and/or necrotic lesions that in some cases resemble the outcome of a hypersensitive-like response (Arena et al., 2016, 2020). However, regardless of their failure to consummate the systemic movement through the plants, kitavirids pose serious threats to major crops such as citrus (Ramos-González et al., 2018). Likely most kitaviruses are transmitted by mites, but an effective transmission by Brevipalpus mites has been only confirmed for cileviruses (Kitajima and Alberti, 2014; Quito-Avila et al., 2021).

With several strains and isolates belonging to three species already described at the biological and molecular level, Cilevirus is the best-studied genus of kitavirids (Freitas-Astúa et al., 2018; Quito-Avila et al., 2021). Virions of citrus leprosis virus C (CiLV-C), citrus leprosis virus C2 (CiLV-C2), and passion fruit green spot virus (PfGSV) are enveloped, short bacilliform particles that encapsidate two poly-adenylated RNA molecules (Locali-Fabris et al., 2006; Roy et al., 2013; Kitajima and Alberti, 2014; Ramos-González et al., 2020). The canonical genome of cileviruses contains six open reading frames (ORF) distributed in two RNA segments. ORFs RdRp (RNA dependent-RNA polymerase) and p29 (putative coat protein) are in RNA 1 (≈9.0 kb); whilst the ORFs p32 (movement protein), p61, p24, and p15 are contained in the RNA2 (≈5.0 kb) (Figure 1). RNA2 in certain cileviruses also includes some accessory ORFs, for instance, p7 in CiLV-C2, and p11-13 in PfGSV. ORFs p61 and p24 encode proteins that are likely involved in the virion structure (Solovyev and Morozov, 2017). P24 is a transmembrane (TM) protein that is also probably an integral component of the virus factory-like membranes, whereas P61 is a putative glycoprotein that in the case of CiLV-C acts as a viral effector in plants (Kuchibhatla et al., 2014; Arena et al., 2016, 2020; Leastro et al., 2018; Vinokurov and Koloniuk, 2019). ORF p61 is taxonomically restricted to cileviruses, whereas, besides in the kitavirids, p24 is also present in an increasingly discovered number of arthropod-infecting viruses including mosquito-specific viruses of the proposed group Negevirus (clades Nelorpivirus and Sandewavirus) (Vasilakis et al., 2013; Kuchibhatla et al., 2014; Kondo et al., 2020). P24 displays the highly conserved motif SP24 (TM-SP24, structure protein of 24 kDa, Pfam code PF16504). The glycoproteins P61 of cileviruses lack the motifs DiSA (Pfam code PF19226) and DiSB-ORF2_chro B (Pfam code PF16506) detected in the glycoproteins encoded by their taxonomically related arthropod-infecting viruses (Kuchibhatla et al., 2014). ORF p15, only present in cileviruses, encodes the smallest annotated polypeptide across the genomes of these viruses (Ramos-González et al., 2020).
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FIGURE 1. Linear genomic maps of some members of the family Kitaviridae and some of their closest phylogenetically arthropod-infecting viruses. (A) Two members of the group Negevirus, (B) two members of the group centivirus, (C) unclassified kita/nege-like virus, (D) the sole member of the genus Higrevirus, (E) a cile-like virus, and (F) members of the genus Cilevirus. Open reading frames are represented by boxes and the fill colors indicate a conserved functional or structural relationship between them. White boxes indicate unknown features. The solid gray background box in (F) highlights the 5′-end of the RNA2 genomic segment of cileviruses. The purple ribbon points out the position of the ORFs containing the SP-24 motif (structural protein of 24 kDa, Pfam code PF16504). Small geometric symbols show the presence of relevant sequences as described in the legend box.


In this study, based on an integrator process comprising genomics, population genetics, usage of synonymous codons, and tridimensional (3D) structures, we elaborated a hypothesis about the conserved putative functionality of the P15 proteins across the genus. Following a chain of logical thinking, we theorize on the origin and evolution of the ORF p15 considering the genomic context in the 5′-end of the RNA2 in cileviruses. A meaningful part of the study has been founded on the comparisons of the protein folds using the principles of structure-based phylogenetic analyses.



THE OPEN READING FRAMES p15 OF CILEVIRUSES ARE UNDER PURIFYING SELECTION AND ENCODE POORLY CONSERVED PROTEINS

Citrus leprosis virus C is the best-characterized cilevirus at both molecular and epidemiological levels. Its population is subdivided into three clades (Ramos-González et al., 2016; Chabi-Jesus et al., 2021). Average identity values of genomic nucleotide sequences between CiLV-C isolates belonging to different lineages range from 85 to 89%. Contrastingly, a highly conserved segment of approximately 1.5 kb, showing almost 100% of identity, is present at the 5′-end of their RNA2 molecules and comprises the ORF p15 (393 nts) (Figure 1).

Based on the analysis of 58 nucleotide sequences of p15 (Supplementary Table 1) using MEGA v. 10.1.8 (Kumar et al., 2018) and DnaSP v. 6.12.03 (Rozas et al., 2017) software suites, we confirmed that CiLV-C p15 variability is very low with an overall genetic distance (D) and nucleotide diversity (π) ≤ 0.01 (Figure 2). According to population analyses, this low variability may result from constant purges of the non-synonymous substitutions by purifying selection (ω < 1), and/or intra-species recombination processes, as already described (Ramos-González et al., 2016; Chabi-Jesus et al., 2021). P15 encoded by CiLV-C shows Cys residues that were earlier suggested as taking part in a putative Zn-finger structure (Ramos-González et al., 2016) (Figure 3). Transiently expressed P15 of CiLV-C of the strain CRD enters into the cell nucleus likely by passive diffusion and the formation of homodimers and heterodimers with P29 and the viral movement proteins can be detected in the cytosol of agroinfiltrated Nicotiana benthamiana plants (Leastro et al., 2018). When expressed from a viral vector, the infected N. benthamiana plants show stunted growth and enhanced necrosis in their younger leaves suggesting pathophysiological disorders caused by its ectopic expression. A possible role as an RNA silencing suppressor was also suggested for P15 of CiLV-C strain CRD (Leastro et al., 2020).
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FIGURE 2. Phylogenetic analysis of P15 proteins and intra-species variability of ORF p15 from cileviruses. Nucleotide sequence alignments were performed using the MAFFT algorithm (Katoh and Standley, 2013). The best-fit nucleotide substitution model was estimated using MEGA X v. 10.1.8 (Kumar et al., 2018). Model HKY + G (Hasegawa et al., 1985), with the lowest Bayesian information criterion (BIC), was used for the estimation of the phylogenetic relationships. The phylogenetic tree was inferred using the Maximum Likelihood method implemented in the Galaxy platform (Afgan et al., 2018). The reliability of the inferred evolutionary relationships was assessed by 1,000 bootstrapped replications. The tree was edited and visualized using Interactive Tree Of Life (iTOL) v4 (Letunic and Bork, 2019). ORF p15 sequences from 47, 4, and 7 isolates of CiLV-C, CiLV-C2, and PfGSV, respectively, were retrieved from the GenBank database accessed on 17th March 2020 (Supplementary Table 1). Intraspecific genetic distance (D) and Non-synonymous (dN) and synonymous (dS) rates of substitutions (ω) were calculated in MEGA X, and nucleotide diversity (π) and the confidence intervals for π values were estimated using DnaSP software v6.12.03 (Rozas et al., 2017). Photo of the CiLV-C2-infected orange leaf is courtesy of Dr. Guillermo Adolfo Leon Martinez, AGROSAVIA, 2021.
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FIGURE 3. Consensus sequence obtained from a multiple sequence alignment (MSA) of the cysteine-rich domain of the P15 protein family. MSA was built using ClustalO (Sievers and Higgins, 2014). The alignment was manually curated by analyzing gaps, conserved amino acid positions, and the predicted secondary structure. The non-aligning segments at the N-terminus of P15 proteins, presumably representing non-core regions, were removed. Conserved cysteine residues are highlighted by gray background and boldface letters. Secondary structure elements, as predicted by I-TASSER, are depicted on top. Helix and β-strand conformations are indicated by h and s, respectively. A conserved sequential motif {[FY]-L-x(3)-[FL]-H-x-[LIV]-S-C-x-C-x(2)-C-x-G-x-C} is displayed below the sequence alignment. Strictly conserved residues are in boldface and putative functional residues specific from each group are in magenta, blue, and green colors. The putative disulfide bridge between the cysteine residues (positions 85 and 92 in CiLV-C) is represented by a blue bracket. Asterisk and point symbols beneath the alignment indicate strictly conserved residues and conservative substitutions, respectively.


Analyses conducted in this work indicated that despite the low number of isolates available for CiLV-C2 and PfGSV (Supplementary Table 1), intra-species variability of their p15 is almost 10-fold higher than among the CiLV-C isolates. Yet, as well as for CiLV-C, ORFs p15 from CiLV-C2 and PfGSV show signatures of purifying selection (ω < 1). P15 proteins of these two viruses are phylogenetically closer to each other and more distant from that in CiLV-C (Figure 2).

Pairwise comparisons of the P15 amino acid (aa) sequences reveal very low identity values, approximately 14 or 20%, between the proteins from CiLV-C and PfGSV or CiLV-C2, respectively. Higher values, still moderate, approximately 55% aa sequence identity, are detected in the comparisons between P15 from CiLV-C2 and PfGSV (Ramos-González et al., 2016, 2020). Remarkably, the aa pairwise sequence identity values among P15 of CiLV-C and those from CiLV-C2 and PfGSV meaningfully deviate from those commonly observed within the cilevirus proteomes. The identity values between the P15 of PfGSV and CiLV-C are less than half of those shown by the next less conserved proteins among cileviruses, i.e., P29 and P61 (31–32%) (Ramos-González et al., 2020).



OPEN READING FRAME p15 DISPLAYS SYNONYMOUS CODON USAGE BIAS THAT MIGHT REFLECT ADAPTION TO HOST-SPECIFIC CODON USAGE PATTERNS

Codon usage bias (CUB) refers to differences in the frequency of occurrence of synonymous codons in coding sequences (Behura and Severson, 2013). In viruses, CUB reflects changes in gene expression that occur as a consequence of, for instance, the interplay and co-evolution with their hosts, which may increase the viral fitness (Biswas et al., 2019; He et al., 2019; Khandia et al., 2019). Several indices, such as the Effective Number of codons (ENc), the Relative Synonymous Codon Usage (RSCU), COdon Usage Similarity Index (COUSIN), and Relative Codon Deoptimization Index (RCDI) are used to quantify the CUB (Sharp and Li, 1987; Wright, 1990; Bourret et al., 2019). These indices enable the comparison of genes within a genome and across different genotypes and species revealing elements about their evolution.

Effective Number of codons values range from 20 to 61, with a value of 20 indicating extreme bias, whereas, inversely, 61 indicates non-biased codon usage (Wright, 1990). Meanwhile, an RSCU value higher or lower than 1 denotes that the codon has a positive or negative CUB, respectively, and those with an RSCU value equal to the unit are randomly chosen. In this study, ENc and RSCU values were calculated using the web servers COUSIN1 and CAIcal2, respectively. Analyses of both ENc and RSCU of the cilevirus ORFs revealed codon usage bias. Even though the means of the ENc values of ORFs both at virus and genus levels were generally higher than 50, some viral isolates and ORFs, e.g., PfGSV_Snp1 and ORF p15, had mean values lower than 50 which are considered an indicator of skewed codon usage. Within this group, the ORF p15 of CiLV-C2_Hw displayed a distinctly low ENc value, ≈35 (Figure 4A and Supplementary Table 2), which is generally accepted as a mark of genes with significant codon usage bias (Comeron and Aguadé, 1998; Butt et al., 2016). The values of RSCU were computed for every codon of each ORF by the respective genomes (Supplementary Table 3). When the RSCU patterns were hierarchically clustered, most of the ORFs were grouped in a large branch of the generated dendrogram. ORFs p15, however, were generally distributed in two small branches shared also with the ORFs p32 and p24 of a few isolates (Figure 4B). Differently, the ORF p15 of CiLV-C2_Hw was clustered together with the ORFs RdRp and p61 of that isolate, suggesting that they could have undergone a comparable mutational selection.
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FIGURE 4. Codon usage bias of cilevirus ORFs. (A) Boxplot of Effective Number of codons (ENc). ENc values were calculated using COUSIN webserver (http://cousin.ird.fr/index.php) and plotted in Rstudio (Rstudio_team, 2021). (B) RSCU profiles across ORF of seven different isolates of three species of cileviruses. RSCU values were obtained using the CAIcal webserver (https://ppuigbo.me/programs/CAIcal/). The heat map was drawn in Rstudio using the “heatmapply” function (Galili et al., 2018). RSCU values were transformed using the “percentize” method and dist_method = “Euclidean” and hclust_method = “complete” were selected. Darker purple represents higher RSCU values.


To get further insight into the codon preferences of p15, we assessed and compared the CUB of each ORF in each cilevirus strain using COUSIN1 and the ratio RCDI/eRCDI2 (RCDI/expected RCDI) (Puigbò et al., 2010). It should be noted that while ENc and RSCU values exclusively rely on the coding sequence of the analyzed gene, COUSIN and the ratio RCDI/eRCDI assess the similarity of the codon usage patterns among the coding sequences of at least two genes. In this study, the COUSIN score (Bourret et al., 2019) estimates the codon usage preferences of a viral ORF compared with those of a reference, the viral host, normalized over a null hypothesis of equal usage of synonymous codons. Sequences with scores ≥ 1 display adaptation to the host cellular machinery and higher values might reflect an increasing level of expression. RCDI reflects the similarity of the codon usage between a given coding sequence and a reference genome (Mueller et al., 2006). A lower RCDI value shows the best rate of viral gene translation in the host as well as being indicative of the possible co-evolution of virus and host genomes. The eRCDI value is the RCDI corresponding to a random sequence generated with similar G + C content and amino acid composition to the analyzed sequence and provides a threshold that allows for statistical analysis of the calculated RCDI values. A lower ratio RCDI/eRCDI means a better viral ORF adaptation to its host.

The values of COUSIN and the ratio RCDI/eRCDI were calculated using the set of host plants whose codon usage data could be directly retrieved from, or calculated using available genomic information in, public databases. Codon usage frequencies of some natural and experimental hosts of cileviruses, i.e., citrus (Citrus × sinensis), passion fruit (Passiflora spp.), orchid (Oncidium spp.) (Kitajima et al., 2010), Arabidopsis thaliana (Arena et al., 2017), and Phaseolus vulgaris (Garita et al., 2013) were retrieved from Codon Usage Database3 or calculated using countcodon v44 (Supplementary Table 4). Coding sequence information of Passiflora edulis, approximately 300 ORFs, was retrieved from the CoGe platform5. Orchids were included as cilevirus natural hosts since the infection by PfGSV of plants from two orchids species collected in Brazil was molecularly confirmed (unpublished results). For the sake of the comparisons, the analyses were performed considering both the sum of natural and experimental host plants and two subsets of plants, each comprising natural or experimental hosts. Altogether, the analysis included plants belonging to five families, including perennial woody (citrus) and perennial herbaceous (orchids) plants, short-lived evergreen perennial vine (passion fruit), and herbaceous annual (common beans and Arabidopsis) plants. Values of COUSIN and the ratio RCDI/eRCDI were visualized and compared using hierarchical clustering. The accuracy of the assessment could be potentially increased as new annotated genomes of cilevirus host plants are available.

Regardless of the viral species, the analysis by ORFs using the complete set of host plants revealed a >1 bias in the mean COUSIN values of p61 (1.28 ± 0.44), RdRp (1.19 ± 0.36), p32 (1.15 ± 0.37), and p24 (1.09 ± 0.38), whereas mean values below or near to 1 were observed for the ORFs p15 (0.89 ± 0.53) and p29 (0.93 ± 0.35) (Supplementary Table 5A). COUSIN values of p15, however, showed the highest variability with a coefficient of variation surpassing 50%. Some CiLV-C2 ORFs reached COUSIN values higher than 1.5, whereas the minimum values, e.g., −0.15, corresponded to PfGSV isolates. The same trend of COUSIN values was obtained when calculations were performed with the two subgroups of plants conveniently separated into natural and experimental hosts (Supplementary Tables 5B,C). In a global analysis across the genus, the COUSIN profile of p15 resembled that showed by p32, which encodes the viral movement protein (Figure 5A).
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FIGURE 5. Codon adaption of cilevirus ORFs. Heatmaps representing the values of COUSIN (A) and the RCDI/eRCDI (B), respectively, of every ORF across cilevirus isolates. For the sake of comparative analyses, COUSIN and the RCDI/eRCDI values have been obtained simulating the interaction of all viruses with the same hypothetical host range. Codon usage database of host plants and values of ENc, COUSIN, and RCDI are shown in Supplementary Tables 3, 4. The heat map was drawn in Rstudio (Rstudio_team, 2021) using the “heatmapply” function (Galili et al., 2018). Both COUSIN and RCDI/eRCDI values were transformed using the “percentize” method and dist_method = “Euclidean” and hclust_method = “complete” were selected. Darker red and light green to white represent the best values in each heat map, respectively. At, Arabidopsis thaliana; Cs, Citrus × sinensis; Pe, Passiflora edulis; On, Oncidium sp.; and Phv, Phaseolus vulgaris.


The study of the ratio RCDI/eRCDI of the cilevirus ORFs indicated that RdRp and p61 bear the lowest mean values, followed in ascending order by p24, p29, and p32, and finally p15 (Supplementary Table 6A). In the particular comparisons of p15, values from CiLV-C2 were collectively the lowest ones reached. In the evaluations using P. vulgaris, the ratios RCDI/eRCDI of p15 genes from CiLV-C2 isolates were below the threshold of 0.9, similar to those held by other viral ORFs, e.g., p29, p24, and p32. The analyses suggest that the CUB of all those ORFs might be the outcome of equivalent processes of strain/host adaptation.

Regardless of the subgroup of studied plants, i.e., the subsets of natural, experimental, or the array containing all host plants, the mean values of the ratio RCDI/eRCDI of p15 were higher than those shown by the remaining viral ORFs (Supplementary Tables 6B,C). At the genus level, when analyzed through hierarchical clustering, the RCDI/eRCDI profile of p15 is unique among those shown by any other ORF of cileviruses (Figure 5B).



P15 PROTEINS DISPLAY A UNIQUE CONSERVED SEQUENCE MOTIF

Even though a low global sequence identity of less than 25% was observed for P15 proteins, the consensus sequence obtained from a multiple sequence alignment of the cysteine-rich domain reveals a stretch of highly conserved residues organized in the sequence motif {[FY]-L-x(3)-[FL]-H-x-[LIV]-S-C-x-C-x(2)-C-x-G-x-C} (Figure 3 and Supplementary Table 7). Besides four full-conserved residues of cysteines and one of histidine, the consensus sequence motif also contains three other invariable amino acids: leucine, serine, and glycine. A ScanProsite6 (de Castro et al., 2006) search using the conserved sequence motif in the UniProtKB/Swiss-Prot7 (release 07-Apr-2021: 564,638 entries) and UniProtKB/TrEMBL8 (release 07-Apr-2021: 214,406,399 entries) databases retrieved 30 hits spanned in 30 sequences, all of them exclusively corresponding to the P15 proteins from CiLV-C, CiLV-C2, and PfGSV. Additionally, no hits were retrieved from a similar search but against a randomized UniProtKB/Swiss-Prot database, i.e., reversed option. According to ScanProsite, the conserved sequence motif has an approximate number of expected random matches of 6.97 × 10–08 in 100,000 sequences (50,000,000 residues). Altogether, these results suggested a low probability of P15 matches by chance and, thus, highlighted the singular occurrence of the identified cysteine-rich domain in the P15 protein family.



THREE-DIMENSIONAL STRUCTURE PREDICTION SUGGESTS A HELICAL BUNDLE-LIKE SCAFFOLD FOR THE P15 PROTEINS

The existence of a conserved sequence motif among the P15 proteins dropped a hint that all of them might exhibit a similar fold. Interestingly, this motif overlaps a predicted α-turn-α motif in the secondary structure of P15 in CiLV-C and CiLV-C2, whereas in PfGSV the second α-helix is missing (Figure 3). The predictions by evaluation of sequence-structure fitness (Ouzounis et al., 1993) with proteins of known 3D structures of a representative group of ten P15 proteins from the three species of cileviruses were carried out by the iterative threading assembly refinement (I-TASSER) server9 (Yang and Zhang, 2015). For the computational structural analyses, experimentally determined 3D structures were downloaded from the RCSB PDB database10 and the protein 3D structure alignments were done using the PDBeFold server11 (Krissinel and Henrick, 2004). The quality of protein structure templates and predicted full-length models were assessed using the C-score and TM-score implemented in I-TASSER9 (Zhang and Skolnick, 2004). C-score is typically in the range [−5,2], where a C-score of higher value signifies a model with high confidence, and vice-versa. TM-score values range from [0,1], where 1 indicates a perfect match between two structures. A TM-score below 0.17 corresponds to randomly chosen unrelated proteins whereas structures with a score higher than 0.5 assume generally the same fold.

The best generated P15 3D model corresponded to that for CiLV-C_Ar02 (C-score −2.82, TM-score 0.39 ± 0.13, Supplementary Table 8). The model from this protein suggested the presence of a four-helical bundle-like scaffold with structural similarity to the 12 α-helices bundled of protein ORF49 from the human gammaherpesvirus 8 (ORF49_HHV-8, PDB ID: 5ipx). The multiple structural alignments of 3D models of P15 proteins with the crystal structure of ORF49_ HHV-8 by using PDBeFOLD11 revealed the “plasticity” of the helix-bundle protein folds (Figure 6A).
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FIGURE 6. 3D structural similarities between P15 and (A) the protein ORF49 from the human gammaherpesvirus 8 (ORF49_HHV-8, PDB ID: 5ipx) and (B) the rhabdoviruses rabies virus (PDB ID: 1vyi) and vesicular stomatitis Indiana virus (PDB ID: 2k47), and the filovirus Zaire ebolavirus (PDB ID: 3fke). Multiple structural alignments were done with the PDBeFold method. The conserved sequential motif {[FY]-L-x(3)-[FL]-H-x [LIV]-S-C-x-C-x(2)-C-x-G-x-C} is displayed in red. Structure figures were prepared using PyMOL (Delano, 2002).


PDBeFold provides average root mean square deviation (RMSD) and Q-score values to estimate the quality of matching structures. RMSD distance between corresponding residues is calculated after an optimal rotation of one structure to another. An RMSD of less than about 3–4 Å would generally be considered very close, but there is no absolute rule. The Q-score assesses the number of residues in the matched secondary structural elements and their positions in space. Q-scores reach the value of 1 for identical structures and decline to zero with the lack of similarity, thus, the higher Q, the better.

Among the P15 from CiLV-C isolates, an overall RMSD = 2.47 Å and Q-score = 0.31 over 94 aligned residues were obtained, whereas in those from CiLV-C2 the values were RMSD = 3.83 Å and Q-score = 0.01 over 22 aligned residues. In P15 from the PfGSV isolates, the values were an overall RMSD = 4.1 Å and Q-score = 0.02 over 30 aligned residues. Detailed analysis of the 3D model for the CiLV-C_Ar02 P15 indicated that cysteine residues at positions 85 (Cys85) and 92 (Cys92) could form a disulfide bridge and consequently stabilize the four-helical bundle. Remarkably, this two-cysteine-residues pattern is also present in the conserved sequence motif across the P15 proteins. However, since the spatial localization of the two cysteines is not close enough in some 3D models, the formation of a disulfide bridge is not completely evident. Such discrepancies could ensue from the analysis of low-resolution 3D models.

The resolved crystal structures of ORF49_ HHV-8 (PDB ID: 5ipx) and ORF49 from the murine herpesvirus 68 (ORF49_MHV68, PDB ID: 6a4v) (Hew et al., 2017; Chung et al., 2018) show a fold consisting of 12 α-helices bundled into two pseudo-domains (left top and bottom panels in Figure 6A). By mapping the identical and similar amino acids onto the helical scaffold, the potentially functional residues in P15 from CiLV-C were predicted. Conserved leucine and valine residues were localized in hydrophobic regions along the interacting surfaces of the α-helices and have the potential to play a structural role. Polar and charged residues were localized on the surface and could be associated with protein fold stability or protein interactions (Table 1).


TABLE 1. Summary of the predicted functional residues for the P15 family of proteins.
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α-helical folds have also been detected in the C-terminal domain of the phosphoprotein (PCTD) of mononegaviruses (Assenberg et al., 2010; Ivanov et al., 2010; Ng et al., 2020). It is of note that cileviruses and mononegaviruses of the genus Dichorhavirus, family Rhabdoviridae (Dietzgen et al., 2018), share several commonalities, including hosts and vectors, that have led to postulate the likely existence of evolutionary convergence among viruses of these two genera (Freitas-Astúa et al., 2018). The peculiar architecture observed in PCTD and P15 prompted us to compare the 3D structure of these proteins.

The PCTD of the cytorhabdovirus lettuce necrotic yellows virus (LNYV) comprises five α-helices that have an overall topology that although with different structural features, seems to be conserved with those in other rhabdoviruses, filoviruses, and paramyxoviruses (Martinez et al., 2013). PCTD crystal structure from plant-infecting rhabdoviruses other than LNYV has not been described. Hence, the predicted 3D models of P15 were aligned with the PCDT of mononegaviruses, regardless of their range hosts. P15 of CiLV-C_Ar02 and CiLV-C2_Hw are structurally related to PCTD of mokola virus (PDB ID: 2wzl) (Delmas et al., 2010) and rabies virus (PDB ID: 1vyi) (Mavrakis et al., 2004) with overall RMSD = 3.1 Å and Q-score = 0.06 over 42 aligned residues, whereas those of CiLV-C2_Co2 and CiLV-C2_Fla are structurally related to vesicular stomatitis Indiana virus (PDB ID: 2k47) with overall RMSD = 4.0 Å and Q-score = 0.04 over 32 aligned residues (Figure 6B). In the case of PfGSV_Cmp1 and PfGSV_BJL1, their modeled P15 are structurally related to Zaire ebolavirus (PDB ID: 3fke) with an overall RMSD = 3.1 Å and Q-score = 0.04 over 36 aligned residues. Based on structural similarities, it could be hypothesized that P15 proteins can perform functions related to those accomplished by ORF49 and PCTD proteins. ORF49 interacts and upregulates the transcriptional activity of a protein known as RTA (replication and transcription activator) in HHV-8, which drives the expression of all lytic genes (González et al., 2006). Present in a large number of viruses, P protein orthologs are involved in a wide range of functions, e.g., acting as chaperons, regulation of viral transcription, RNA binding, and suppressor of RNA silencing in plants (Masters and Banerjee, 1988; Peluso and Moyer, 1988; Martinez et al., 2013; Bejerman et al., 2016; Mann et al., 2016; Ng et al., 2020).



Zn-FINGER-LIKE PROTEINS IN ARTHROPOD-INFECTING VIRUSES CLOSELY RELATED TO KITAVIRUSES ARE NOT RELATED WITH THE CILEVIRUS P15 PROTEINS

Based on the predicted isoelectric point and the presence of a cysteine-rich pattern compatible with a potential Zn-finger domain, an acidic cilevirus P15-like protein was previously recognized in the genome of Wuhan insect virus 8 (WhIV-8) (Vinokurov and Koloniuk, 2019). The protein is encoded by the putative ORF p11 (Figure 1) that was neither identified during the virus genome description (Shi et al., 2016) nor annotated at its corresponding GenBank locus KX883812.

Our search for supposed p15 homologs based on the presence of a zinc-finger-like motif was expanded to nege/kita-like viruses and other related arthropod-infecting viruses. It also included previously ignored or poorly characterized putative ORFs. In members of the proposed subgroup Centivirus of the nege/kita-like viruses, a homolog of WhIV-8 p11 was identified in the uncharacterized Glycine dolichocarpa virus (GDV, Transcriptomic shotgun assembly TSA GGIW01009300) (Kondo et al., 2020). Proteins encoded by the ORF p11 in GDV and WhIV-8 have 41.4% amino acid sequence identity. The region comprising the cysteine-rich pattern in these two proteins shows a marginal identity (E-value < 1 according to MOTIF Search12) with the Pfam motif C4-type zinc-finger of DNA polymerase delta (PF14260). Similarly, the ORF p19 in the putative centivirus Wuhan house centipede virus 1 (WHCV-1) and ORF p9 of Hubei virga-like virus 9 (HVLV-9) encode proteins with signatures of a putative zinc-finger domain (Vinokurov and Koloniuk, 2019), which in the case of HVLV-9 also displays a subtle identity [E-value < 1 according to MOTIF Search11] with the Pfam motif SLBP (stem-loop binding protein) of the RNA binding superfamily (PF15247). The N-terminal of the ORF3-encoded protein of Pyrrhocoris apterus virus slightly resembles the canonical Pfam DSRM (double-stranded RNA binding motif, PF00035) architecture, whereas, although with low sequence similarity, the C-terminal end of this protein displays a conservative basic RNA-interacting motif. However, neither nucleotide sequences of these ORFs nor their predicted polypeptides show significant sequence identity to any element across cileviruses.

To get further insight into the putative relationships between P15 and P11 proteins of WhIV-8 and GDV, their 3D structures were predicted using the I-TASSER server9. Although P11 proteins show α helix scaffolds, the arrangement of helixes is different from that observed in P15. Multiple structural alignments of 3D models by PDBeFold11 indicated that only one α-helix in P11 proteins shows structural similarity to α-helices in the P15 3D models (overall RMSD = 2.68 Å and Q-score = 0.01 over 17 aligned residues). The lack of overall sequence or 3D structure similarity between both groups of proteins drastically reduces the probability of a common origin.



THE 5′-END OF THE RNA2 IN CILEVIRUSES, BESIDES THE ORF p15, HARBORS ORFs ENCODING SMALL HYDROPHOBIC PROTEINS

Downstream the ORF p15, the genomic stretch extended up to p61 in the 5′-end of the RNA2 of cileviruses is known as the intergenic region (IR). However, this is not a proper description because rather than lacking ORFs, the IR lacks ORFs greater than 300 nucleotides. In silico tools have traditionally considered a minimum of 100 amino acids for an ORF to be annotated as a putative coding protein sequence, which has led to the inaccurate annotation of certain genomes. However, despite the detection of those small ORFs, the IRs of cileviruses show a very low density of predicted coding sequences, only 20–30%, with large non-coding stretches (Figure 1).

In congruence with ORF p15, the interspecies comparisons of the IRs of cileviruses show low levels of nucleotide sequence identity (≤45%) (Ramos-González et al., 2020). With variable length, the IR is larger in CiLV-C isolates (1,095 ± 56 nucleotides) and shorter in PfGSV isolates (850 ± 21 nucleotides). The region harbors small ORFs encoding hydrophobic proteins with predicted TM domains, but which are unrelated to the SP24 motif (Melzer et al., 2013; Roy et al., 2013; Ramos-González et al., 2016, 2020). ORF p13 in PfGSV_Snp1, the largest detected so far (333 nucleotides), presents four regularly distributed cysteine residues and low sequence identity with motifs identified in the cytokine-induced anti-apoptosis inhibitor 1 (CIAPIN1, PF05093), and PGC7/Stella/Dppa3-like domain (PGC7_Stella, PF15549) (Ramos-González et al., 2020).

Further inspection in the 5′-end of the RNA2 in cileviruses, allowed us to detect the ORF p8 overlapping the ORF p15 of CiLV-C. ORF p8 is present in every sequenced virus of the three lineages of CiLV-C (Chabi-Jesus et al., 2021), but it is absent in CiLV-C2 and PfGSV. Previously overlooked, the ORF p8 spans 54% of p15 and has 213 nucleotides in the frame +2 (Figure 1). ORF p8 is significantly longer than any other ORF expected in all reading frames within the ORF p15, which is a fair indicator of its real existence according to an in silico method for detecting overlapping genes (Schlub et al., 2018) performed in this study (Supplementary Table 9). The presence of the overlapping ORF p8 in CiLV-C may limit the variability of p15 and suggests a different evolutionary trajectory in the formation of this genomic region among cileviruses.

The predicted P8 protein seems to be hydrophobic with a TM domain according to MEMSAT-SVM13 and TMHMM Server v. 2.014. This TM domain resembles the predicted properties of the small P7 proteins encoded downstream the ORF p15, in the IR of CiLV-C2 (Roy et al., 2013), CiLV-C_SJP, and PfGSV (Figure 1). Small hydrophobic proteins by themselves are outside the scope of this work but what is particularly pertinent is their constant presence in the 5′-end of the RNA2 of cileviruses, and the association with the small Zn-finger-like or nucleic acid binding-like proteins in some nege/kita-like viruses. The overlapping gene array observed in the pair P15/P8 in CiLV-C was also observed in the pairs P11/P6 and P19/P8 of the centiviruses WhIV-8 and WHCV-1, respectively (Figure 1). Overlapping genes p6 and p8 of centiviruses were detected following the same procedure described for the identification of p8 in CiLV-C (Supplementary Table 9). Small hydrophobic proteins have been described in several taxonomic groups of plant RNA viruses where they can be involved in coupling viral replication and cell-to-cell movement showing properties similar to those of reticulons (Solovyev and Morozov, 2017; Morozov and Solovyev, 2020; Lazareva et al., 2021).



DISCUSSION

This study was driven by the search for commonalities between the ORFs p15, their encoded proteins, and the questioning of whether these polypeptides can be considered orthologs. Finally, these analyses led us to a critical appraisal of the 5′-end of the RNA2 of cileviruses under an evolutionary perspective.

Absent in kitavirids beyond the genus Cilevirus and with no apparent homology with any sequence available in public databases, ORF p15 was considered an orphan gene (Arena et al., 2016). P15 proteins from different species show a remarkably reduced amino-acid sequence identity between them, with values as low as those shown by the global alignment of unrelated proteins (≈16%) (Konaté et al., 2019; Ramos-González et al., 2020). As well as P13 from PfGSV, it has been speculated that P15 proteins are viral auxiliary factors that act as regulators of host physiology during the plant-virus interplay (Ramos-González et al., 2020). Particularly, the putative role of P15 from CiLV-C of the strain CRD as a viral suppressor of the plant gene silencing antiviral defense was analyzed (Leastro et al., 2020), but further studies are needed to reach sound conclusions.

Together with the hallmark ORF RdRp (Koonin et al., 2006), the genomes of the typical cileviruses comprise the ORFs p24, p32, and the taxonomically restricted p61. Their RNA2 molecules also accommodate at their 5′-ends the p15 and the IR, which in addition to p11 and p13 in PfGSV strains, harbor some putative small ORFs encoding predicted TM small polypeptides. Interestingly, hibiscus yellow blotch virus (HYBV) (Olmedo-Velarde et al., 2021), a specimen considered a cilevirus with an unusual genomic organization and phylogenetically intermediate among typical cileviruses and hibiscus green spot virus 2 (HGSV-2), genus Higrevirus (Melzer et al., 2012), poses an additional puzzle on the composition of the RNA2 segments of typical cileviruses and the role of the ORFs in their 5′-ends, e.g., p15. While the RNA1 in all these viruses encodes two proteins, the RdRp and P29 or P10 in typical cileviruses and HYBV, respectively, the RNA2 of HYBV resembles a truncated version of the RNA2 of typical cileviruses, lacking the 5′- end stretch upstream the homologs of the threesome p61-p32-p24 (Figure 1). RNA2 of HYBV also includes an additional ORF, homolog to the cilevirus RNA1 p29, at its 3′-end. The very conserved synteny and composition among the genomes of HYBV and typical cileviruses suggest, under a reductionist approach, the rather dispensable role of the 5′-end of the RNA2 of cileviruses. Perhaps, this region only provides proteins and/or unknown regulatory non-coding RNAs that albeit non-essential could expand the viral fitness (Frías-Lasserre, 2012; Miller et al., 2016). Alternatively, we could speculate, for instance, that the putative functions encoded by this genomic region in typical cileviruses are taken over by other ORFs in HYBV, likely involving a compensatory evolutionary process (Rokyta et al., 2002; Harcombe et al., 2009). However, while the lack of function of the 5′ end of RNA2 in typical cileviruses does not appear to be a rational choice, in the absence of compelling evidence suggesting explicit roles, the analysis of p15 across the genus, intrinsically, may shed some light on the 5′-end of cilevirus RNA2.

In this study, we described that p15 in each of the three cilevirus species is under purifying selection, suggesting an ongoing action to conserve its nucleotide sequence, most likely precluding the change of amino acid residues and preserving function at directly selected sites (Cvijović et al., 2018). Furthermore, we detected that in some viral strains the synonymous codon usage of this ORF is biased showing the same codon patterns adopted by other viral genes and displaying COUSIN and RCDI values that suggest a certain level of adaptation to its plant hosts. We also revealed that although with extremely divergent amino acid sequences, P15 proteins show a conserved sequence motif, and their 3D models have preserved a backbone topology that resembles a helical bundle-like scaffold. Altogether, these two aspects suggest elements of common ancestry and conserved functionality of the P15 proteins (Arendsee et al., 2019; Ng et al., 2020; Ravantti et al., 2020).

The superimposition of the 3D models of P15 and the resolved crystal structures of ORF49_ HHV-8 and ORF49_MHV68 (Hew et al., 2017; Chung et al., 2018) and the PCTD of negative-stranded RNA viruses of the order Mononegavirales (Martinez et al., 2013) indicated the presence of an α-helical bundle-like scaffold in the cilevirus protein. Bundles of four α-helices are frequently found in proteins with a wide variety of functions (Rhys et al., 2019). ORF49 shows a fold consisting of 12 helices bundled into two pseudo-domains, with charged patches on its surface likely acting in protein-protein interaction sites. The protein is stabilized by double-stranded oligonucleotides suggesting its interaction and binding with DNA molecules (Hew et al., 2017). The PCTD of negative-stranded RNA viruses of the order Mononegavirales (Martinez et al., 2013) has been shown to regulate viral transcription, RNA binding, and immunomodulatory functions (Ng et al., 2020). The P protein of cytorhabdoviruses has weak local RNA silencing suppressor activity, strongly suppresses systemic RNA silencing, and the PCTD is essential for both local RNA silencing suppression and the interaction with AGO1, AGO2, AGO4, RDR6, and SGS3, proteins of the main core of the gene silencing mechanism (Bejerman et al., 2016; Mann et al., 2016). Therefore, the presence of an α-helical bundle-like scaffold in P15 could provide a structural base by mean it could interact with other proteins and likely mediate the plant-virus interplay. P15 from CiLV-C of the strain CRD forms homo- and heterodimers with other viral proteins (Leastro et al., 2018), and considering the diversity of its interactions, it appears that the protein could act modulating a wide spectrum of viral and cellular pathways, as observed in other viral proteins (Deblasio et al., 2018; Dao et al., 2020; Li et al., 2020).


The Origin and Evolution of the 5′-End of Cileviruses: A Theory

Phylogenetic inferences suggest a common ancestor between kitaviruses and a variety of arthropod-infecting viruses including negeviruses (Vasilakis et al., 2013; Kondo et al., 2019; Ramos-González et al., 2020; Quito-Avila et al., 2021). Having regards to the presence of the orthologs RdRp and p24 in these viruses (Kuchibhatla et al., 2014), a synteny-based analysis indicates a parsimonious evolutionary scenario in which cileviruses, and kitaviruses in general, derived from a monopartite ss(+) RNA through genome segmentation. In brief, the process could have started amid assortments of defective molecules resulting from error-prone replication and recombination events (Bangham and Kirkwood, 1993; García-Arriaza et al., 2004; Vignuzzi and López, 2019) and sub-genomic RNA transcripts derived from the ancestor. Those molecules with self-replication activity could have recruited segments supplying viral complementary functions. Cis- and trans-acting sequence motifs likely evolved providing these novel genomic segments with the capacity to coordinate essential processes for the persistence of split viral genomes, e.g., multiplication and packaging (Newburn and White, 2015). Further modifications of kitavirus genomes likely included the acquisition of auxiliary genes, as seems to be a general pathway in the formation of plant virome (Dolja et al., 2020). The clearest examples of horizontal gene transfer in the genome of current kitaviruses are epitomized by the ORF p32 in cileviruses, and ORFs BMB1 and 2, which encode the binary movement block proteins in HGSV-2 (Quito-Avila et al., 2013; Solovyev and Morozov, 2017; Hao et al., 2018).

Multiplication of unnecessary viral sequences appears to have fitness costs and the size of virus genomes shows a natural trend to shrinkage (Belshaw et al., 2007; Zwart et al., 2014). The occurrence of IRs as long as observed in the RNA2 of cileviruses is atypical. Whether large IRs existed in the ancestors of kita/nege-like viruses, they were most likely purged by selection. The genomic organization of known negeviruses and kita/nege-like viruses are rather compact, with short stretches of intergenic sequences. Therefore, a relevant interrogation in this context is whether the IRs of cileviruses deviate from the selection rules. In a sense, most likely not, and some features might suggest it. The IR of PfGSV isolates are shorter and contain more predicted coding regions than those in CiLV-C isolates, whereas the presence of the overlapping ORF p8 in CiLV-C may also indicate genomic compression.

As defined in this study, the 5′-end of the RNA2 genomic segments in typical cileviruses comprises the ORF p15 and the IR. There is no obvious evidence allowing for a direct connection between the 5′-end of the cilevirus RNA2 molecules and any genetic element in the genome of their closely related negeviruses and nege/kita-like viruses. Yet, the relationship between the 5′-end of the RNA2 molecules from cileviruses would be difficult to establish, except for the presence of a conserved amino acid motif across the P15 family and the 3D structure similarities among these proteins. These two features, moreover, may be pertinent clues suggesting the common ancestry of the ORF p15 present in the cileviruses CiLV-C, CiLV-C2, and PfGSV, giving support to a theory about their common origin.

The origin of the 5′-end of the RNA2 in typical cileviruses could have involved the following plausible scenarios: (i) a reminiscent ancient ORF from the monopartite ancestor or (ii) its acquisition from a heterologous source by recombination, i.e., horizontal gene transfer. Although we lack evidence to exclude any of these possibilities, our approach using prediction and computational analysis of 3D protein structures has provided information on a possible external origin of P15 proteins. The scaffold of α-helixes detected in P15 shows structural resemblance with those detected in well-characterized proteins from herpesvirids and mononegavirids. Importantly, the odds of the 3D structure of P15 is the result of convergence are very low considering the small number of protein folds available (Malik et al., 2017).

The external origin of the ORF p15 could be considered part of the horizontal gene transfer events that likely happened in the course of kitavirus evolution, but what is peculiar in this case is the participation of a mononegavirid, probably an ancestor of the current plant rhabdoviruses, as its putative donor. Cileviruses and plant-infecting rhabdoviruses have a partially shared plant host range, and, in the case of dichorhaviruses, they also share mite vectors (Dietzgen et al., 2018, 2020; Freitas-Astúa et al., 2018). Likely, Brevipalpus mites, where dichorhavirus also multiplicate, have underpinned a primordial and essential role in the segmentation of both cileviruses and dichorhaviruses (Kondo et al., 2017).

However, whatever the scenario for the origin of p15 in cileviruses, the very conservation of a sequence motif and fold in the encoded proteins indicate that the “ancestor” ORF was present before the radiation of, at least, CiLV-C, CiLV-C2, and PfGSV. Since then, it has been likely undergone a transformation process under selective pressure, acquiring or losing protein secondary structure elements and involving host-specific patterns to provide evolutionarily competitiveness to these viruses under new ecological conditions, e.g., the change of natural host range from arthropods to plants. Indeed, if this would be the case, p15 likely became a fitness factor whose fixation might have indirectly contributed to the conservation of the IR. This large chunk of genomic sequence with apparently an unclear role is preserved between functional ORFs, that away of inactivity, it may be a zone of gain and loss of start and stop codons gradually incorporating novel ORFs.

Two mechanisms explaining the origin of orphan genes are currently accepted: (i) divergence from the coding sequence of a preexisting gene (Tautz and Domazet-Lošo, 2011; Vakirlis et al., 2020), and (ii) de novo appearance from intergenic or non-genic regions (Carvunis et al., 2012; Van Oss and Carvunis, 2019). The irregular organization and lack of identity among the small ORFs other than p15 found in the 5′-end of the RNA 2 of cileviruses support the idea that this genomic region might act as “the cradle of new genes” (Forterre and Gaïa, 2016). Several of the predicted ORFs found in the IR are small, of ≈200 nucleotides, and they encode putative proteins where TM domains are detected by in silico analyses. Viral miniproteins with TM domains are encoded by a wide range of DNA and RNA viruses and they can bind and modulate cellular transmembrane proteins, providing flexible mechanisms to regulate several cellular activities (Dimaio, 2014; Finkel et al., 2018). Moreover, small ORFs can act as seeds for larger coding sequences (CDS) through a mechanism known as “CDS elongation” when their stop codons undergo mutations (Couso and Patraquim, 2017). Thus, small ORFs could provide an extra coding capacity that in the course of evolution could eventually become an additional source of fitness (Guerra-Almeida and Nunes-da-Fonseca, 2020).



CONCLUDING REMARKS

In this study, we have addressed one of the most intriguing features of the molecular biology of cileviruses: the 5′ end of the RNA2 molecule and its two most salient elements, the ORF p15, and the IR. We presented pieces of evidence on the putative biochemical activity of the protein P15 over the genus and elucubrate on its putative contribution to viral fitness. The results are supported by the analyses of 58 nucleotide sequences of isolates of the three known species whose P15 amino acid sequences cover a spectrum of identity ranging from 14 to 100%. The main predictions have been obtained by integrating the results of different computational methods because of the premise that each of these elements taken in isolation does not allow to draw solid conclusions about the activity and function of a given protein (Omer et al., 2017; Ponting, 2017; Ravantti et al., 2020). Taken them together, we posit a theory that partially describes the evolution of the cilevirus genomes that involves elements denoting the likely close interplay during the coevolutionary history of Brevipalpus-transmitted viruses. In light of the plausible scenario described by the theory, two aspects of the biology of cileviruses gain new distinctions: (i) since p15 across cileviruses can be considered alleles descendant from a common ancestor likely co-opted from another virus, this ORF should not be longer considered an orphan gene, and (ii) the markedly chimeric origin of the RNA2 genome segment, which adds further support to what appears to be a common feature of members of the family Kitaviridae (Morozov et al., 2020).
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5
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https://www.uniprot.org/statistics/Swiss-Prot

8
https://www.uniprot.org/statistics/TrEMBL
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11
https://www.ebi.ac.uk/msd-srv/ssm/

12
https://www.genome.jp/tools/motif/

13
http://bioinf.cs.ucl.ac.uk/psipred/

14
http://www.cbs.dtu.dk/services/TMHMM/


REFERENCES

Afgan, E., Baker, D., Batut, B., van den Beek, M., Bouvier, D., Cech, M., et al. (2018). The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2018 update. Nucleic Acids Res. 46, W537–W544. doi: 10.1093/nar/gky379

Arena, G. D., Ramos-González, P. L., Falk, B. W., Casteel, C. L., Freitas-Astúa, J., and Machado, M. A. (2020). Plant Immune System Activation Upon Citrus Leprosis Virus C Infection Is Mimicked by the Ectopic Expression of the P61 Viral Protein. Front. Plant Sci. 11:1188. doi: 10.3389/fpls.2020.01188

Arena, G. D., Ramos-González, P. L., Nunes, M. A., Alves, M. R., Camargo, L. E. A., Kitajima, E. W., et al. (2016). Citrus leprosis virus C infection results in hypersensitive-like response, suppression of the JA/ET plant defense pathway and promotion of the colonization of its mite vector. Front. Plant Sci. 7:1757. doi: 10.3389/FPLS.2016.01757

Arena, G. D., Ramos-González, P. L., Nunes, M. A., Jesus, C. C., Calegario, R. F., Kitajima, E. W., et al. (2017). Arabidopsis thaliana as a model host for Brevipalpus mite-transmitted viruses. Sci. Agric. 74, 85–89. doi: 10.1590/1678-992x-2015-0380

Arendsee, Z. W., Li, L., and Wurtele, E. S. (2014). Coming of age: Orphan genes in plants. Trends Plant Sci. 19, 698–708. doi: 10.1016/j.tplants.2014.07.003

Arendsee, Z., Li, J., Singh, U., Bhandary, P., Seetharam, A., and Wurtele, E. S. (2019). Fagin: Synteny-based phylostratigraphy and finer classification of young genes. BMC Bioinformatics 20:440. doi: 10.1186/s12859-019-3023-y

Assenberg, R., Delmas, O., Ren, J., Vidalain, P.-O., Verma, A., Larrous, F., et al. (2010). Structure of the Nucleoprotein Binding Domain of Mokola Virus Phosphoprotein. J. Virol. 84, 1089–1096. doi: 10.1128/jvi.01520-09

Bangham, C. R. M., and Kirkwood, T. B. L. (1993). Defective interfering particles and virus evolution. Trends Microbiol. 1, 260–264. doi: 10.1016/0966-842X(93)90048-V

Behura, S. K., and Severson, D. W. (2013). Codon usage bias: causative factors, quantification methods and genome-wide patterns: with emphasis on insect genomes. Biol. Rev. 88, 49–61. doi: 10.1111/J.1469-185X.2012.00242.X

Bejerman, N., Mann, K. S., and Dietzgen, R. G. (2016). Alfalfa dwarf cytorhabdovirus P protein is a local and systemic RNA silencing supressor which inhibits programmed RISC activity and prevents transitive amplification of RNA silencing. Virus Res. 224, 19–28. doi: 10.1016/j.virusres.2016.08.008

Belshaw, R., Pybus, O. G., and Rambaut, A. (2007). The evolution of genome compression and genomic novelty in RNA viruses. Genome Res. 17, 1496–1504. doi: 10.1101/gr.6305707

Biswas, K. K., Palchoudhury, S., Chakraborty, P., Bhattacharyya, U. K., Ghosh, D. K., Debnath, P., et al. (2019). Codon usage bias analysis of citrus tristeza virus: Higher codon adaptation to citrus reticulata host. Viruses 11:v11040331. doi: 10.3390/v11040331

Bourret, J., Alizon, S., and Bravo, I. G. (2019). COUSIN (COdon Usage Similarity INdex): A Normalized Measure of Codon Usage Preferences. Genome Biol. Evol. 11, 3523–3528. doi: 10.1093/gbe/evz262

Butt, A. M., Nasrullah, I., Qamar, R., and Tong, Y. (2016). Evolution of codon usage in Zika virus genomes is host and vector specific. Emerg. Microbes Infect. 5, 1–14. doi: 10.1038/emi.2016.106

Carvunis, A. R., Rolland, T., Wapinski, I., Calderwood, M. A., Yildirim, M. A., Simonis, N., et al. (2012). Proto-genes and de novo gene birth. Nature 487, 370–374. doi: 10.1038/nature11184

Chabi-Jesus, C., Ramos-González, P. L., Postclam-Barro, M., Fontenele, R. S., Harakava, R., Bassanezi, R. B., et al. (2021). Molecular Epidemiology of Citrus Leprosis Virus C: A New Viral Lineage and Phylodynamic of the Main Viral Subpopulations in the Americas. Front. Microbiol. 12:986. doi: 10.3389/fmicb.2021.641252

Chung, W. C., Kim, J., Kim, B. C., Kang, H. R., Son, J., Ki, H., et al. (2018). Structure-based mechanism of action of a viral poly(ADP-ribose) polymerase 1-interacting protein facilitating virus replication. IUCrJ 5, 866–879. doi: 10.1107/S2052252518013854

Colson, P., La Scola, B., Levasseur, A., Caetano-Anollés, G., and Raoult, D. (2017). Mimivirus: leading the way in the discovery of giant viruses of amoebae. Nat. Rev. Microbiol. 15, 243–254. doi: 10.1038/nrmicro.2016.197

Comeron, J. M., and Aguadé, M. (1998). An evaluation of measures of synonymous codon usage bias. J. Mol. Evol. 47, 268–274. doi: 10.1007/PL00006384

Couso, J. P., and Patraquim, P. (2017). Classification and function of small open reading frames. Nat. Rev. Mol. Cell Biol. 18, 575–589. doi: 10.1038/nrm.2017.58

Cvijović, I., Good, B. H., and Desai, M. M. (2018). The effect of strong purifying selection on genetic diversity. Genetics 209, 1235–1278. doi: 10.1534/genetics.118.301058

Dao, T. N. M., Kang, S.-H., Bak, A., and Folimonova, S. Y. (2020). A Non-Conserved p33 Protein of Citrus Tristeza Virus Interacts with Multiple Viral Partners. Mol. Plant Microbe Interact. 33, 859–870. doi: 10.1094/MPMI-11-19-0328-FI

de Castro, E., Sigrist, C., Gattiker, A., Bulliard, V., Langendijk-Genevaux, P., Gasteiger, E., et al. (2006). ScanProsite: detection of PROSITE signature matches and ProRule-associated functional and structural residues in proteins. Nucleic Acids Res. 34, 362–365. doi: 10.1093/nar/gkl124

Deblasio, S. L., Xu, Y., Johnson, R. S., Rebelo, A. R., Maccoss, M. J., Gray, S. M., et al. (2018). The interaction dynamics of two potato leafroll virus movement proteins affects their localization to the outer membranes of mitochondria and plastids. Viruses 10:v10110585. doi: 10.3390/v10110585

Delano, W. (2002). PyMOL: An open-source molecular graphics tool. CCP4 Newsl. Protein Crystallogr. 40, 82–92.

Delmas, O., Assenberg, R., Grimes, J. M., and Bourhy, H. (2010). The structure of the nucleoprotein binding domain of lyssavirus phosphoprotein reveals a structural relationship between the N-RNA binding domains of Rhabdoviridae and Paramyxoviridae. RNA Biol. 7, 322–327. doi: 10.4161/rna.7.3.11931

Dietzgen, R. G., Bejerman, N. E., Goodin, M. M., Higgins, C. M., Huot, O. B., Kondo, H., et al. (2020). Diversity and epidemiology of plant rhabdoviruses. Virus Res. 281:197942. doi: 10.1016/j.virusres.2020.197942

Dietzgen, R. G., Freitas-Astúa, J., Chabi-Jesus, C., Ramos-González, P. L., Goodin, M. M., Kondo, H., et al. (2018). “Dichorhaviruses in their Host Plants and Mite Vectors,” in Advances in Virus Research, (Cambridge, MA: Academic Press Inc), 119–148. doi: 10.1016/bs.aivir.2018.06.001

Dimaio, D. (2014). Viral miniproteins. Annu. Rev. Microbiol. 68, 21–43. doi: 10.1146/annurev-micro-091313-103727

Dolja, V. V., Krupovic, M., and Koonin, E. V. (2020). Deep Roots and Splendid Boughs of the Global Plant Virome. Annu. Rev. Phytopathol. 58, 23–53. doi: 10.1146/ANNUREV-PHYTO-030320-041346

Entwistle, S., Li, X., and Yin, Y. (2019). Orphan Genes Shared by Pathogenic Genomes Are More Associated with Bacterial Pathogenicity. mSystems 4:18. doi: 10.1128/msystems.00290-18

Finkel, Y., Stern-Ginossar, N., and Schwartz, M. (2018). Viral Short ORFs and Their Possible Functions. Proteomics 18:201700255. doi: 10.1002/pmic.201700255

Fischer, D., and Eisenberg, D. (1999). Finding families for genomic ORFans. Bioinformatics 15, 759–762.

Forterre, P., and Gaïa, M. (2016). Giant viruses and the origin of modern eukaryotes. Curr. Opin. Microbiol. 31, 44–49. doi: 10.1016/j.mib.2016.02.001

Freitas-Astúa, J., Ramos-González, P. L., Arena, G. D., Tassi, A. D., and Kitajima, E. W. (2018). Brevipalpus-transmitted viruses: parallelism beyond a common vector or convergent evolution of distantly related pathogens? Curr. Opin. Virol. 33, 66–73. doi: 10.1016/J.COVIRO.2018.07.010

Frías-Lasserre, D. (2012). Non coding RNAs and viruses in the framework of the phylogeny of the genes, epigenesis and heredity. Int. J. Mol. Sci. 13, 477–490. doi: 10.3390/ijms13010477

Galili, T., O’Callaghan, A., Sidi, J., and Sievert, C. (2018). Heatmaply: An R package for creating interactive cluster heatmaps for online publishing. Bioinformatics 34, 1600–1602. doi: 10.1093/bioinformatics/btx657

García-Arriaza, J., Manrubia, S. C., Toja, M., Domingo, E., and Escarmís, C. (2004). Evolutionary Transition toward Defective RNAs That Are Infectious by Complementation. J. Virol. 78, 11678–11685. doi: 10.1128/jvi.78.21.11678-11685.2004

Garita, L., Tassi, A. D., Calegario, R. F., Kitajima, E. W., Carbonell, S. A. M., and Freitas-Astúa, J. (2013). Common bean (Phaseolus vulgaris L.): Experimental local lesion host for citrus leprosis virus C (CiLV-C) and some other cytoplasmic-type Brevipalpus-transmitted viruses. Plant Dis. 97, 1346–1351. doi: 10.1094/PDIS-12-12-1143-RE

González, C. M., Wong, E. L., Bowser, B. S., Hong, G. K., Kenney, S., and Damania, B. (2006). Identification and Characterization of the Orf49 Protein of Kaposi’s Sarcoma-Associated Herpesvirus. J. Virol. 80, 3062–3070. doi: 10.1128/jvi.80.6.3062-3070.2006

Guerra-Almeida, D., and Nunes-da-Fonseca, R. (2020). Small Open Reading Frames: How Important Are They for Molecular Evolution? Front. Genet. 11:574737. doi: 10.3389/fgene.2020.574737

Hao, X., Zhang, W., Zhao, F., Liu, Y., Qian, W., Wang, Y., et al. (2018). Discovery of Plant Viruses From Tea Plant (Camellia sinensis (L.) O. Kuntze) by Metagenomic Sequencing. Front. Microbiol. 9:2175. doi: 10.3389/fmicb.2018.02175

Harcombe, W. R., Springman, R., and Bull, J. J. (2009). Compensatory evolution for a gene deletion is not limited to its immediate functional network. BMC Evol. Biol. 9:106. doi: 10.1186/1471-2148-9-106

Hasegawa, M., Kishino, H., and Yano aki, T. (1985). Dating of the human-ape splitting by a molecular clock of mitochondrial DNA. J. Mol. Evol. 22, 160–174. doi: 10.1007/BF02101694

He, Z., Gan, H., and Liang, X. (2019). Analysis of synonymous codon usage bias in potato virus M and its adaption to hosts. Viruses 11:v11080752. doi: 10.3390/v11080752

Hew, K., Veerappan, S., Sim, D., Cornvik, T., Nordlund, P., and Dahlroth, S.-L. (2017). Structure of the Open Reading Frame 49 Protein Encoded by Kaposi’s Sarcoma-Associated Herpesvirus. J. Virol. 91:16. doi: 10.1128/jvi.01947-16

Ivanov, I., Crépin, T., Jamin, M., and Ruigrok, R. W. H. (2010). Structure of the Dimerization Domain of the Rabies Virus Phosphoprotein. J. Virol. 84, 3707–3710. doi: 10.1128/jvi.02557-09

Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment software version 7: improvements in performance and usability. Mol. Biol. Evol. 30, 772–780. doi: 10.1093/molbev/mst010

Kaur Saini, H., and Fischer, D. (2007). Structural and functional insights into Mimivirus ORFans. BMC Genomics 8:115. doi: 10.1186/1471-2164-8-115

Khandia, R., Singhal, S., Kumar, U., Ansari, A., Tiwari, R., Dhama, K., et al. (2019). Analysis of nipah virus codon usage and adaptation to hosts. Front. Microbiol. 10:886. doi: 10.3389/fmicb.2019.00886

Kitajima, E. W., and Alberti, G. (2014). Anatomy and fine structure of Bevipalpus mites (Tenuipalpidae) – Economically important plant virus vectors. Part 7. Ultrastructural detection of cytoplasmic and nuclear types of Brevipalpus transmitted viruses. Zoologica 160, 174–192.

Kitajima, E. W., Rodrigues, J. C. V., and Freitas-Astua, J. (2010). An annotated list of ornamentals naturally found infected by Brevipalpus mite-transmitted viruses. Sci. Agric. 67, 348–371. doi: 10.1590/S0103-90162010000300014

Konaté, M. M., Plata, G., Park, J., Usmanova, D. R., Wang, H., and Vitkup, D. (2019). Molecular function limits divergent protein evolution on planetary timescales. Elife 8:39705. doi: 10.7554/eLife.39705

Kondo, H., Chiba, S., Maruyama, K., Andika, I. B., and Suzuki, N. (2019). A novel insect-infecting virga/nege-like virus group and its pervasive endogenization into insect genomes. Virus Res. 262, 37–47. doi: 10.1016/j.virusres.2017.11.020

Kondo, H., Fujita, M., Hisano, H., Hyodo, K., Andika, I. B., and Suzuki, N. (2020). Virome Analysis of Aphid Populations That Infest the Barley Field: The Discovery of Two Novel Groups of Nege/Kita-Like Viruses and Other Novel RNA Viruses. Front. Microbiol. 11:509. doi: 10.3389/fmicb.2020.00509

Kondo, H., Hirota, K., Maruyama, K., Andika, I. B., and Suzuki, N. (2017). A possible occurrence of genome reassortment among bipartite rhabdoviruses. Virology 508, 18–25. doi: 10.1016/j.virol.2017.04.027

Koonin, E. V., Senkevich, T. G., and Dolja, V. V. (2006). The ancient virus world and evolution of cells. Biol. Direct 1:29. doi: 10.1186/1745-6150-1-29

Krissinel, E., and Henrick, K. (2004). Secondary-structure matching (SSM), a new tool for fast protein structure alignment in three dimensions. Acta Crystallogr. Sect. D Biol. Crystallogr. 60, 2256–2268. doi: 10.1107/S0907444904026460

Kuchibhatla, D. B., Sherman, W. A., Chung, B. Y. W., Cook, S., Schneider, G., Eisenhaber, B., et al. (2014). Powerful sequence similarity search methods and in-depth manual analyses can identify remote homologs in many apparently “orphan” viral proteins. J. Virol. 88, 10–20. doi: 10.1128/JVI.02595-13

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X: Molecular evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 35, 1547–1549. doi: 10.1093/molbev/msy096

Lazareva, E. A., Lezzhov, A. A., Chergintsev, D. A., Golyshev, S. A., Dolja, V. V., Morozov, S. Y., et al. (2021). Reticulon-like properties of a plant virus-encoded movement protein. New Phytol. 229, 1052–1066. doi: 10.1111/nph.16905

Leastro, M. O., Castro, D. Y. O., Freitas-Astúa, J., Kitajima, E. W., Pallás, V., and Sánchez-Navarro, J. Á (2020). Citrus Leprosis Virus C Encodes Three Proteins With Gene Silencing Suppression Activity. Front. Microbiol. 11:1231. doi: 10.3389/fmicb.2020.01231

Leastro, M. O., Kitajima, E. W., Silva, M. S., Resende, R. O., and Freitas-Astúa, J. (2018). Dissecting the Subcellular Localization, Intracellular Trafficking, Interactions, Membrane Association, and Topology of Citrus Leprosis Virus C Proteins. Front. Plant Sci. 9:1299. doi: 10.3389/fpls.2018.01299

Letunic, I., and Bork, P. (2019). Interactive Tree Of Life (iTOL) v4: recent updates and new developments. Nucleic Acids Res. 47, W256–W259. doi: 10.1093/nar/gkz239

Li, H., Li, F., Zhang, M., Gong, P., and Zhou, X. (2020). Dynamic Subcellular Localization, Accumulation, and Interactions of Proteins From Tomato Yellow Leaf Curl China Virus and Its Associated Betasatellite. Front. Plant Sci. 11:840. doi: 10.3389/fpls.2020.00840

Locali-Fabris, E. C., Freitas-Astúa, J., Souza, A. A., Takita, M. A., Astúa-Monge, G., Antonioli-Luizon, R., et al. (2006). Complete nucleotide sequence, genomic organization and phylogenetic analysis of citrus leprosis virus cytoplasmic type. J. Gen. Virol. 87, 2721–2729. doi: 10.1099/vir.0.82038-0

Malik, S. S., Azem-e-Zahra, S., Kim, K. M., Caetano-Anollés, G., and Nasir, A. (2017). Do viruses exchange genes across superkingdoms of life? Front. Microbiol. 8:02110. doi: 10.3389/fmicb.2017.02110

Mann, K. S., Johnson, K. N., Carroll, B. J., and Dietzgen, R. G. (2016). Cytorhabdovirus P protein suppresses RISC-mediated cleavage and RNA silencing amplification in planta. Virology 490, 27–40. doi: 10.1016/j.virol.2016.01.003

Martinez, N., Ribeiro, E. A., Leyrat, C., Tarbouriech, N., Ruigrok, R. W. H., and Jamin, M. (2013). Structure of the C-Terminal Domain of Lettuce Necrotic Yellows Virus Phosphoprotein. J. Virol. 87, 9569–9578. doi: 10.1128/jvi.00999-13

Masters, P. S., and Banerjee, A. K. (1988). Resolution of multiple complexes of phosphoprotein NS with nucleocapsid protein N of vesicular stomatitis virus. J. Virol. 62, 2651–2657. doi: 10.1128/JVI.62.8.2651-2657.1988

Mavrakis, M., McCarthy, A. A., Roche, S., Blondel, D., and Ruigrok, R. W. H. (2004). Structure and function of the C-terminal domain of the polymerase cofactor of rabies virus. J. Mol. Biol. 343, 819–831. doi: 10.1016/j.jmb.2004.08.071

Melzer, M. J., Sether, D. M., Borth, W. B., and Hu, J. S. (2012). Characterization of a virus infecting Citrus volkameriana with citrus leprosis-like symptoms. Phytopathology 102, 122–127. doi: 10.1094/PHYTO-01-11-0013

Melzer, M. J., Simbajon, N., Carillo, J., Borth, W. B., Freitas-Astúa, J., Kitajima, E. W., et al. (2013). A cilevirus infects ornamental hibiscus in Hawaii. Arch. Virol. 2013, 1745–1740. doi: 10.1007/s00705-013-1745-0

Miller, W. A., Shen, R., Staplin, W., and Kanodia, P. (2016). Noncoding RNAs of plant viruses and viroids: Sponges of host translation and RNA interference machinery. Mol. Plant Microbe Interact. 29, 156–164. doi: 10.1094/MPMI-10-15-0226-FI

Morozov, S. Y., and Solovyev, A. G. (2020). Small hydrophobic viral proteins involved in intercellular movement of diverse plant virus genomes. AIMS Microbiol. 6, 305–329. doi: 10.3934/microbiol.2020019

Morozov, S. Y., Lazareva, E. A., and Solovyev, A. G. (2020). Sequence Relationships of RNA Helicases and Other Proteins Encoded by Blunervirus RNAs Highlight Recombinant Evolutionary Origin of Kitaviral Genomes. Front. Microbiol. 11:561092. doi: 10.3389/fmicb.2020.561092

Mueller, S., Papamichail, D., Coleman, J. R., Skiena, S., and Wimmer, E. (2006). Reduction of the Rate of Poliovirus Protein Synthesis through Large-Scale Codon Deoptimization Causes Attenuation of Viral Virulence by Lowering Specific Infectivity. J. Virol. 80, 9687–9696. doi: 10.1128/jvi.00738-06

Newburn, L. R., and White, K. A. (2015). Cis-acting RNA elements in positive-strand RNA plant virus genomes. Virology 479–480, 434–443. doi: 10.1016/j.virol.2015.02.032

Ng, W. M., Stelfox, A. J., and Bowden, T. A. (2020). Unraveling virus relationships by structure-based phylogenetic classification. Virus Evol. 6:veaa003. doi: 10.1093/ve/veaa003

Olmedo-Velarde, A., Hu, J., and Melzer, M. J. (2021). A Virus Infecting Hibiscus rosa-sinensis Represents an Evolutionary Link Between Cileviruses and Higreviruses. Front. Microbiol. 12:988. doi: 10.3389/fmicb.2021.660237

Omer, S., Harlow, T. J., and Gogarten, J. P. (2017). Does Sequence Conservation Provide Evidence for Biological Function? Trends Microbiol. 25, 11–18. doi: 10.1016/j.tim.2016.09.010

Ouzounis, C., Sander, C., Scharf, M., and Schneider, R. (1993). Prediction of protein structure by evaluation of sequence-structure fitness: Aligning sequences to contact profiles derived from three-dimensional structures. J. Mol. Biol. 232, 805–825. doi: 10.1006/jmbi.1993.1433

Peluso, R., and Moyer, S. (1988). Viral proteins required for the in vitro replication of vesicular stomatitis virus defective interfering particle genome RNA. Virology 162, 369–376. doi: 10.1016/0042-6822(88)90477-1

Ponting, C. P. (2017). Biological function in the twilight zone of sequence conservation. BMC Biol. 15:71. doi: 10.1186/s12915-017-0411-5

Puigbò, P., Aragonès, L., and Garcia-Vallvé, S. (2010). RCDI/eRCDI: A web-server to estimate codon usage deoptimization. BMC Res. Notes 3:87. doi: 10.1186/1756-0500-3-87

Quito-Avila, D. F., Brannen, P. M., Cline, W. O., Harmon, P. F., and Martin, R. R. (2013). Genetic characterization of Blueberry necrotic ring blotch virus, a novel RNA virus with unique genetic features. J. Gen. Virol. 94, 1426–1434. doi: 10.1099/vir.0.050393-0

Quito-Avila, D. F., Freitas-Astúa, J., and Melzer, M. J. (2021). Bluner-, Cile-, and Higreviruses (Kitaviridae). Encycl. Virol. 2021, 247–251. doi: 10.1016/B978-0-12-809633-8.21248-X

Ramos-González, P. L., Chabi-Jesus, C., Arena, G. D., Tassi, A. D., Kitajima, E. W., and Freitas-Astúa, J. (2018). Citrus leprosis: a unique multietiologic disease. Citrus Am. 1, 4–19. doi: 10.6084/m9.figshare.13513857.v2

Ramos-González, P. L., Chabi-Jesus, C., Guerra-Peraza, O., Breton, M. C., Arena, G. D., Nunes, M. A., et al. (2016). Phylogenetic and molecular variability studies reveal a new genetic clade of Citrus leprosis virus C. Viruses 8:153. doi: 10.3390/v8060153

Ramos-González, P. L., Santos, G. F., dos, Chabi-Jesus, C., Harakava, R., Kitajima, E. W., et al. (2020). Passion Fruit Green Spot Virus Genome Harbors a New Orphan ORF and Highlights the Flexibility of the 5′-End of the RNA2 Segment Across Cileviruses. Front. Microbiol. 11:00206. doi: 10.3389/fmicb.2020.00206

Ravantti, J. J., Martinez-Castillo, A., and Abrescia, N. G. A. (2020). Superimposition of viral protein structures: A means to decipher the phylogenies of viruses. Viruses 12:v12101146. doi: 10.3390/v12101146

Rhys, G. G., Wood, C. W., Beesley, J. L., Zaccai, N. R., Burton, A. J., Brady, R. L., et al. (2019). Navigating the Structural Landscape of de Novo α-Helical Bundles. J. Am. Chem. Soc. 141, 8787–8797. doi: 10.1021/jacs.8b13354

Rokyta, D., Badgett, M. R., Molineux, I. J., and Bull, J. J. (2002). Experimental Genomic Evolution: Extensive Compensation for Loss of DNA Ligase Activity in a Virus. Mol. Biol. Evol. 19, 230–238. doi: 10.1093/oxfordjournals.molbev.a004076

Roy, A., Choudhary, N., Guillermo, L. M., Shao, J., Govindarajulu, A., Achor, D., et al. (2013). A novel virus of the genus Cilevirus causing symptoms similar to citrus leprosis. Phytopathology 103, 488–500. doi: 10.1094/PHYTO-07-12-0177-R

Rozas, J., Ferrer-Mata, A., Sánchez-DelBarrio, J. C., Guirao-Rico, S., Librado, P., Ramos-Onsins, S. E., et al. (2017). DnaSP 6: DNA Sequence Polymorphism Analysis of Large Data Sets. Mol. Biol. Evol. 34, 3299–3302. doi: 10.1093/molbev/msx248

Rstudio_team, (2021). RStudio | Open source & professional software for data science teams - RStudio. Available online at: https://www.rstudio.com/ (accessed June 9, 2021)

Schlub, T. E., Buchmann, J. P., and Holmes, E. C. (2018). A simple method to detect candidate overlapping genes in viruses using single genome sequences. Mol. Biol. Evol. 35, 2572–2581. doi: 10.1093/molbev/msy155

Sharp, P., and Li, W. (1987). The codon Adaptation Index–a measure of directional synonymous codon usage bias, and its potential applications. Nucleic Acids Res. 15, 1281–1295. doi: 10.1093/NAR/15.3.1281

Shi, M., Lin, X.-D., Tian, J.-H., Chen, L.-J., Chen, X., Li, C.-X., et al. (2016). Redefining the invertebrate RNA virosphere. Nature 540, 539–543. doi: 10.1038/nature20167

Sievers, F., and Higgins, D. G. (2014). Clustal omega, accurate alignment of very large numbers of sequences. Methods Mol. Biol. 1079, 105–116. doi: 10.1007/978-1-62703-646-7_6

Singh, U., and Wurtele, E. S. (2020). Genetic novelty: How new genes are born. Elife 9:55136. doi: 10.7554/eLife.55136

Solovyev, A. G., and Morozov, S. Y. (2017). Non-replicative Integral Membrane Proteins Encoded by Plant Alpha-Like Viruses: Emergence of Diverse Orphan ORFs and Movement Protein Genes. Front. Plant Sci. 8:1820. doi: 10.3389/fpls.2017.01820

Tautz, D., and Domazet-Lošo, T. (2011). The evolutionary origin of orphan genes. Nat. Rev. Genet. 12, 692–702. doi: 10.1038/nrg3053

Vakirlis, N., Carvunis, A.-R., and McLysaght, A. (2020). Synteny-based analyses indicate that sequence divergence is not the main source of orphan genes. Elife 9:53500. doi: 10.7554/eLife.53500

Van Oss, S. B., and Carvunis, A. R. (2019). De novo gene birth. PLoS Genet. 15:1008160. doi: 10.1371/journal.pgen.1008160

Vasilakis, N., Forrester, N. L., Palacios, G., Nasar, F., Savji, N., Rossi, S. L., et al. (2013). Negevirus: a Proposed New Taxon of Insect-Specific Viruses with Wide Geographic Distribution. J. Virol. 87, 2475–2488. doi: 10.1128/JVI.00776-12

Vignuzzi, M., and López, C. B. (2019). Defective viral genomes are key drivers of the virus–host interaction. Nat. Microbiol. 4, 1075–1087. doi: 10.1038/s41564-019-0465-y

Vinokurov, K. S., and Koloniuk, I. (2019). Discovery and characterization of a novel alphavirus-like RNA virus from the red firebug Pyrrhocoris apterus L. (Heteroptera). J. Invertebr. Pathol. 166:107213. doi: 10.1016/j.jip.2019.107213

Wright, F. (1990). The “effective number of codons” used in a gene. Gene 87, 23–29. doi: 10.1016/0378-1119(90)90491-9

Yang, J., and Zhang, Y. (2015). I-TASSER server: New development for protein structure and function predictions. Nucleic Acids Res. 43, W174–W181. doi: 10.1093/nar/gkv342

Yin, Y., and Fischer, D. (2008). Identification and investigation of ORFans in the viral world. BMC Genomics 9:24. doi: 10.1186/1471-2164-9-24

Zhang, Y., and Skolnick, J. (2004). Scoring function for automated assessment of protein structure template quality. Proteins Struct. Funct. Bioinforma. 57, 702–710. doi: 10.1002/prot.20264

Zwart, M. P., Willemsen, A., Daròs, J. A., and Elena, S. F. (2014). Experimental evolution of pseudogenization and gene loss in a plant RNA virus. Mol. Biol. Evol. 31, 121–134. doi: 10.1093/molbev/mst175

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Ramos-González, Pons, Chabi-Jesus, Arena and Freitas-Astua. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 28 March 2022
doi: 10.3389/fmicb.2022.836076





[image: image]
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An increasing number of plant species have been recognized or considered likely reservoirs of viruses transmitted by Brevipalpus mites. A tiny fraction of these viruses, primarily those causing severe economic burden to prominent crops, have been fully characterized. In this study, based on high-throughput sequencing, transmission electron microscopy analyses of virions in plant-infected tissues, viral transmission experiments, and the morphoanatomical identification of the involved Brevipalpus mites, we describe molecular and biological features of viruses representing three new tentative species of the family Kitaviridae. The genomes of Solanum violifolium ringspot virus (SvRSV, previously partially characterized), Ligustrum chlorotic spot virus (LigCSV), and Ligustrum leprosis virus (LigLV) have five open reading frames (ORFs) > 500 nts, two distributed in RNA1 and three in RNA2. RNA1 of these three viruses display the same genomic organization found in RNA1 of typical cileviruses, while their RNA2 are shorter, possessing only orthologs of genes p61, p32, and p24. LigCSV and LigLV are more closely related to each other than to SvRSV, but the identities between their genomic RNAs were lower than 70%. In gene-by-gene comparisons, ORFs from LigCSV and LigLV had the highest sequence identity values (nt sequences: 70–76% and deduced amino acid sequences: 74–83%). The next higher identity values were with ORFs from typical cileviruses, with values below 66%. Virions of LigLV (≈ 40 nm × 55 nm) and LigCSV (≈ 54 nm × 66 nm) appear almost spherical, contrasting with the bacilliform shape of SvRSV virions (≈ 47 nm × 101 nm). Mites collected from the virus-infected plants were identified as Brevipalpus papayensis, B. tucuman, and B. obovatus. Viruliferous B. papayensis mites successfully transmitted LigCSV to Arabidopsis thaliana. SvRSV, LigCSV, and LigLV seem to represent novel sub-lineages of kitaviruses that descent on parallel evolutionary branches from a common ancestor shared with the tentative cile-like virus hibiscus yellow blotch virus and typical cileviruses. Biological and molecular data, notably, the phylogenetic reconstruction based on the RdRp proteins in which strong support for monophyly of the family Kitaviridae is observed, mark an advance in the understanding of kitavirids.

Keywords: Brevipalpus-transmitted viruses, high-throughput sequencing, ornamental plants, Brevipalpus mites, virion morphology, viral mixed infections


INTRODUCTION

The family Kitaviridae, order Martellivirales, groups plant-infecting viruses with linear single-stranded (ss) positive (+) split RNA genomes which are assigned to the genera Cilevirus, Higrevirus, or Blunervirus (Quito-Avila et al., 2021). Except for the blunervirus tea plant necrotic ring blotch virus (TPNRBV) (Hao et al., 2018), kitavirids stand out by the production of non-systemic diseases wherein only the locally infected tissues typically develop chlorotic and/or necrotic lesions (Freitas-Astúa et al., 2018; Quito-Avila et al., 2021). In the case of cileviruses, whose vectorial transmission by mites of the genus Brevipalpus has been long-established (Alberti and Kitajima, 2014; de Lillo et al., 2021), the viral spread remains restricted to tissues around the mite feeding sites. Cyto- and physiopathological effects ensuing from the infection by the cilevirus citrus leprosis C (CiLV-C) resemble a hypersensitive like-response (Marques et al., 2010; Arena et al., 2016, 2020).

Based on the sequences of the RNA-dependent RNA polymerase (RdRp) and P24 proteins, kitavirids display a close phylogenetic relationship with an increasing number of unclassified arthropod-infecting viruses including those belonging to the groups centivirus, aphiglyvirus, and negevirus (Kondo et al., 2020; Morozov et al., 2020; Ramos-González et al., 2020). Kitaviruses have quasi-spherical or bacilliform virions that in the case of cileviruses are enveloped particles (Kitajima and Alberti, 2014), a feature shared with negeviruses (Vasilakis et al., 2013).

The genome of typical cileviruses is split into two molecules in which RNA1, ≈9 kb, comprises two open reading frames (ORFs), RdRp and p29, whereas RNA2, ≈5 kb, includes four canonical ORFs (p15, p61, p32, and p24) (Freitas-Astúa et al., 2018). The 5′-end of the cilevirus RNA2 is of variable length and organization (Ramos-González et al., 2021). Between p15 and p61, or overlapping p15, cilevirus genomes harbor orphan ORFs which in some cases encode predicted small proteins with predicted transmembrane domains (TM) (Ramos-González et al., 2020, 2021). Hibiscus yellow blotch virus (HYBV), a cile-like virus infecting hibiscus plants in Hawaii, has a genomic organization that differs from those commonly observed in typical cileviruses i.e., CiLV-C, citrus leprosis virus C2 (CiLV-C2), and passion fruit green spot virus (PfGSV) (Locali-Fabris et al., 2006; Roy et al., 2013; Ramos-González et al., 2020; Olmedo-Velarde et al., 2021). Compared with typical cileviruses, HYBV lacks the genomic region upstream of the ORF p61, while its ORF ortholog of p29 is located at the 3′-end of the RNA2 instead of its regular locus at the 3′-end of RNA1.

A disease called “lepra explosiva de la ligustrina” (LEL) that affects privet (Ligustrum sinense), an ornamental shrub, was first observed at the end of the 1930s, in Argentina (Vergani, 1942). LEL drew attention because of the similarity between its symptoms in leaves and twigs and those generated by “lepra explosiva,” a serious disease of citrus concomitantly described in Argentina, Brazil, and Paraguay later referred to as citrus leprosis and caused by a range of cileviruses and dichorhaviruses (Bitancourt, 1940, 1955; Frezzi, 1940; Vergani, 1942; Bastianel et al., 2010; Ramos-González et al., 2018). Affected privet leaves showed isolated circular or irregular spots with 2–4 mm in diameter (sometimes reaching 6–8 mm in diameter) with yellowish-green halos, in which the center of the lesion was usually noticeably chlorotic. The transmission of LEL was first demonstrated to be carried out by Tenuipalpus pseudocuneatus Blanchard, a mites species later synonymized with Brevipalpus obovatus (Welbourn et al., 2003). The application of miticides successfully blocked the transmission of LEL to both new healthy plants and fresh shoots of the diseased plants (Vergani, 1942). The putative causal agent of the disease was tentatively named Ligustrum leprosis virus (Tassi, 2018).

In 1976, shrubs of Ligustrum lucidum in a hedgerow in the Agricultural Science campus of Federal University of Paraná, in Curitiba, State of Paraná (PR), Brazil, were found affected by ring spots in the leaves (Lima Neto et al., 1994). Abundant aggregated bacilliform particles of approximately 28 × 103 nm inside enlarged cisternae in the perinuclear region and/or large electronluscent vesicles, likely viroplasms, associated with the rough endoplasmic reticulum were detected in the parenchyma cells. Based on particle morphology, which was somehow similar to those of rhabdoviruses but of incongruent size, and, particularly, the difference in the cytopathological effects observed in the infected cells, it was suggested the presence of a new type of virus (Lima et al., 1991; Lima Neto et al., 1994).

A tentative cilevirus called Solanum violifolium ringspot virus (SvRSV) was first described in Piracicaba, State of São Paulo (SP), Brazil, in 2007 (Ferreira et al., 2007). SvRSV-infected leaves of the ornamental creeping plant Solanum violifolium show chlorotic spots which can turn into necrotic lesions, and occasionally, when senescent, they can display green islands. Experimentally, SvRSV can be successfully transmitted to Arabidopsis thaliana and other plants of the families Solanaceae, Amaranthaceae, and Malvaceae, mechanically or by using viruliferous mites of the species B. yothersi (previously known as Brevipalpus phoenicis sensu lato) (Ferreira et al., 2007; Arena et al., 2017). The virus is also transmitted by B. obovatus, which seems to be its natural vector (Ferreira et al., 2007).

In SvRSV-infected plants, abundant enveloped bacilliform particles with 50–60 nm in width and an extremely heterogeneous length, 100–1,000 nm, were commonly observed in the lumen of the endoplasmic reticulum and vesicles likely derived from the endoplasmic reticulum (Ferreira et al., 2007). Cytopathic effects such as the presence of electron-dense areas were noticed in the cytoplasm of cells of the plant species S. violifolium, Datura suaveolens, Salvia leucantha, Thumbergia erecta, Hibiscus cannabinus, and Capsicum annum. A fragment of approximately 600 bp derived from the ORF encoding the RdRp of SvRSV was obtained from an infected S. violifolium plant collected in Piracicaba, SP, Brazil, in 2006 (GenBank accession number DQ514336). The fragment showed a relatively low nucleotide (nt) sequence identity (<62%) with the genome of CiLV-C (Ferreira et al., 2007). Using the same specific primer pair, SvRSV was detected in an infected Gomesa bifolia plant, a small, cool-temperature native orchid from South America collected in Córdoba, Argentina, in 2012 (GenBank accession number KT733671).

In this study, we describe the full-genomic sequences of SvRSV and two other related cile-like viruses found in several ornamental plants collected in Brazil and Argentina. Additionally, mites found on the leaf samples were identified by morphoanatomical evaluations and in some cases were used for viral transmission to arabidopsis plants. The size of virions detected in natural and experimental hosts was measured and compared with those of the typical cilevirus PfGSV. Finally, we mapped the distribution of two kitaviruses found infecting the same sample by detecting their RNA molecules in isolated leaf lesions.



MATERIALS AND METHODS


Plant Material

Leaf samples from Solanum violifolium Schott plants showing chlorotic and necrotic spots were collected in Piracicaba, SP, Brazil, in 2014 (sample Prb1). Branches of privet shrubs of the species Ligustrum lucidum, L. japonicum, and L. sinense with leaves mainly showing chlorotic spots were collected in urban public gardens of the cities of São Paulo, SP, Brazil, in 2018 (sample SPa1); Curitiba, PR, Brazil, in 2018 (samples Crb1 and Crb2); and La Falda, Córdoba, Argentina, in 2019 (sample Cdb1), respectively. Pictures of all samples were taken immediately after their collection (Figure 1).
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FIGURE 1. Leaf symptoms, detection of the partially characterized Solanum violifolium ringspot virus (SvRSV) in the RNA extracts, and place of collection of the samples. (A) Sample Prb1. Leaves of the ornamental herbaceous Solanum violifolium plant were likely collected during different stages of disease progression. The leaf on the left shows small chlorotic ring spots and was likely collected a few days after the infection. In contrast, the three leaves on the right show large chlorotic spots that also include necrotic areas in form of concentric circles. (B) Sample SPa1. Leaves of the ornamental shrub Ligustrum japonicum, collected in a private garden, show chlorotic spots with yellow irregular lesions, and regular concentric rings. (C) Sample Crb1. Leaves of L. lucidum were collected in the public garden Bosque do Papa in the city of Curitiba, PR, showing yellow concentric spots of variable sizes. (D) Sample Crb2. Leaves of L. japonicum plants were collected in a hedgerow in the Agricultural Science campus of the Federal University of Paraná. Typical symptoms consisted of large yellowish concentric spots and necrotic areas were infrequently observed. (E) Sample Cdb1. Leaves of L. sinense shrubs showing small (<0.5 cm in diameter) to medium (≈ 1 cm in diameter) light yellowish to greenish spots. The largest lesions showed small rings of necrotic tissues. (F) 1% agarose gel electrophoresis of RT-PCR products for the detection of the tentative cilevirus SvRSV using specific primers. The expected size of the amplicons is ≈ 600 bp. MWM: molecular weight marker, M1181 Ladder (Sinapse Biotechnology, São Paulo, SP, BR). Lanes 1 and 2: Reverse-transcription reaction and PCR negative controls, respectively. Lanes 3–8 correspond with samples as indicated by the colored circles; lanes 3 and 4: two RNA extracts from sample Prb1; 5: sample Crb1; 6: sample Crb2; 7: sample SPa1; and 8: sample Cdb1. (G) South America map indicating the place of collection of samples evaluated in this study.


Plant samples were examined under a stereo-microscope (Leica M125, Wetzlar, Germany) or a hand-held magnifying glass to detect the presence of Brevipalpus mites and collect them when found. Mites were kept in 90% ethanol solution until their taxonomic identification. Small pieces of leaf lesions were removed using new razor blades or sterile scissors. Fragments of these tissues were prefixed in a modified Karnovsky solution (2.5% glutaraldehyde and 2% paraformaldehyde in 0.05 M cacodylate buffer, pH 7.2) (Kitajima and Nome, 1999) for transmission electron microscopy (TEM) analyses or conserved in RNA stabilization solution (RNAlater, Thermo Fisher Scientific, Waltham, MA, United States) until RNA extraction.

All of the preserved biological materials and fresh leaves and branches of plants collected in Brazil were sent to Instituto Biológico de São Paulo, SP, Brazil, and Escola Superior de Agricultura Luiz de Queiroz, Piracicaba, SP, Brazil. Living mites were captured from fresh samples and used for virus transmission experiments. Symptomatic plant tissues from these samples were stored at -80°C until their use in molecular analyses. Healthy tissues from plants of each of the studied species were also collected and used as negative controls in reverse transcriptase-PCR viral detection tests.



Virion Particle Morphology and Cytopathology of the Infected Plant Tissues

The pretreatment of plant tissues for TEM analyses was carried out as previously described (Ramos-González et al., 2017). Copper grids with plant tissue sections embedded in Spurr’s epoxy resin and stained with 3% uranyl acetate and Reynold’s lead citrate were examined in a JEOL JEM 1011 (JEOL, Akishima, Japan) transmission electron microscope. For particle size measurements, all images were recorded at the same magnification (200,000x). Ten to fifteen tissue sections per virus/host pair from four independent plants were examined. Exceptionally, virions of the sample Cdb1 corresponded to a single plant. At least 50 particles per virus/host combination were measured using the program ImageJ (Collins, 2007). The measurements of length and width were carried out from different particles. For the sake of comparative analysis of the virion morphology, viral particles in the samples SPa1 and Prb1 were measured in tissues from both the naturally infected Ligustrum spp. and Arabidopsis thaliana plants which were experimentally infected using viruliferous mites found in field-collected branches from those samples. Virions of the sample Cdb1 were only measured in tissues of an L. sinense plant. In parallel, particles of the typical cilevirus PfGSV isolate BSB infecting both arabidopsis and L. japonicum plants were measured. Values of viral width and length were compared using the non-parametric tests Kruskal-Wallis and Wilcoxon signed-rank implemented in Rstudio (Rstudio_Team, 2021). Row data were represented using a violin plot using geom_violin (ggplot2, tidyverse) also implemented in Rstudio.



RNA Extraction, cDNA Synthesis, and Virus Detection

One to two grams of plant tissues were ground in mortars in presence of liquid N2 and their RNA extracts were obtained using TRIzol™ reagent following the recommendation of the manufacturer (Life Technologies, Foster City, CA, United States). No more than 100 mg of plant tissue were processed with 1 mL of TRIzol™. The RNA concentration in the final extracts was determined at 260 nm using a Nanodrop ND-8000 micro-spectrophotometer (Thermo Scientific, Waltham, MA, United States). Approximately 500 ng of the RNA extracts were used to prepare the cDNA solutions using a mix of random hexamer primers and GoScript™ Reverse Transcriptase kit as described by the manufacturer (Promega, Madison, WI, United States).

For the preparation of RNA extracts from small pieces of tissues, i.e., isolated leaf lesions comprising no more than 10–30 mg, tissue fragments were ground using the FastPrep-24™ homogenizer (MP Biomedicals, Santa Ana, CA, United States). Samples were ground in the presence of three steel beads of 3 mm in diameter and 500 μL of TRIzol™ during two cycles of 30 s at 6.5 m s–1. After the purification of the total RNA fraction, pellets were resuspended in 10 μL of Milli-Q water treated with DEPC. cDNA solutions were prepared using 2 μL of the RNA extracts and following the directions described in the GoScript™ Reverse Transcriptase kit (Promega).

The presence of viral genomes was tested by PCR using 2 μL of cDNA solutions as templates and GoTaq® G2 Green Master Mix (Promega). A set of specific and generic primers were used for the detection of the cileviruses CiLV-C, CiLV-C2, PfGSV, and the partially characterized kitavirus SvRSV (Table 1). Newly designed primer pairs obtained after genomic analyses carried out in this study were also used for viral screening (Table 1). Generated amplicons were separated and visualized in 1% agarose gel in 1X Tris-acetate-ethylenediaminetetraacetic acid (TAE) in the presence of ethidium bromide (0.5 μg/mL), under ultraviolet light.


TABLE 1. List of specific and generic primers for the detection of typical cileviruses and cile-like viruses described in this study.
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High Throughput Sequencing and in silico Assembly of Viral Genomes

RNA extracts obtained by TRIzol™ method from the samples Prb1, Cdb1, SPa1, and Crb1 were further purified using RNeasy Mini Kit (QIAGEN, Venlo, The Netherlands). The concentration of RNA in the final solutions and the A260/A280 ratio were assessed using a NanoDrop ND-8000 micro-spectrophotometer. One to five hundred nanograms of each RNA extract were sent to the Animal Biotech Laboratory at Escola Superior de Agricultura Luiz de Queiroz, University of São Paulo (Piracicaba, SP, Brazil) for high-throughput sequencing (HTS) using HiSeq 2500 Technology (2 × 150 nt paired-end reads) (Illumina, San Diego, CA, United States). RNA extracts from each sample were independently processed resulting in four HTS libraries. The enrichment of poly-A RNA fractions, preparation of libraries, sequencing, quality assessments of reads, and the removal of the adaptor sequences, were carried out as previously described (Chabi-Jesus et al., 2021). Reads were de novo assembled using SPAdes (Bankevich et al., 2012) and Trinity (Haas et al., 2013) implemented on the Galaxy platform1 v 21.09 (Afgan et al., 2018). Contigs were annotated with BlastX and BlastN implemented in Geneious software package v 11.1.4 (Kearse et al., 2012) using custom-organized plant viral genome databases retrieved from NCBI Virus2 (Hatcher et al., 2017). The largest contigs producing the best E-value score with cileviruses sequences i.e., CiLV-C, CiLV-C2, and PfGSV, were selected for further detailed analyses. Nucleotide sequences corresponding to the genomic fragments of the partially characterized SvRSV isolates previously collected in Brazil and Argentina, i.e., GenBank # DQ514336 and KT733671, were also included in the nucleotide database during the Blast-based screenings of the contigs.

Three sets of primers corresponding to each of the kitaviruses identified in this study were designed using the Primer3 program (Untergasser et al., 2012). Primer target regions were conveniently selected to generate overlapping amplicons of approximately 0.7–1.0 kb (Supplementary Table 1). Generated amplicons were used for the validation of HTS results and, when required, to amplify the genome sequence of novel viral isolates. The 5′-ends of genomic molecules of new viruses were obtained using SMARTer® RACE 5′/3′ Kit (Clontech Laboratories, Mountain View, CA, United States) following the procedure previously described (Ramos-González et al., 2020).

The relative abundance of viral-specific reads and mean coverage of viral bases per generated HTS library were calculated using BBMap (Bushnell, 2014). Reads were mapped to each genomic segment of the virus detected in each sample.



In silico Viral Genome Analyses: Annotation, Pairwise Comparisons, and Phylogenetic Relationships

Viral ORFs were identified using the ORF finder.3 The presence of signal peptides, conserved domain architecture, and transmembrane helices in predicted viral proteins was detected using SignalP 5.04 (Armenteros et al., 2019), MOTIF Search,5 TMHMM Server 2.066 (Sonnhammer et al., 1998), and Deeploc v 17 (Armenteros et al., 2017), respectively. Nucleotide and predicted amino acid sequences were aligned and the identity values were assessed using MAFTT8 (Katoh and Standley, 2013).

For phylogenetic analyses, sequences from kitaviruses, unclassified kita/nege like viruses including those of the groups negevirus, centivirus, and aphiglyvirus, were retrieved from GenBank after a BLAST search (cut-off E-value < e-10) using typical cilevirus sequences as the query. Some viruses of the family Virgaviridae were also included as an outgroup. Phylogenetic informative regions of the multiple sequence alignments (MSAs) were selected using BMGE software (Criscuolo and Gribaldo, 2010) implemented in NGPhylogeny9 (Lemoine et al., 2019). BMGE parameters were set as follows: estimated matrix BLOSUM 62, sliding windows size = 7, maximum entropy threshold = 0.5, gap rate cut-off = 0.5, and minimum block size = 0.5. The substitution models with the lower Bayesian information criterion scores for RdRp and P24 MSAs and the Maximum Likelihood trees were obtained using W-IQ-TREE software v. 1.6.1210 (Trifinopoulos et al., 2016). The reliability of the inferred evolutionary relationships was assessed by 1,000 bootstrap replications. Sequences of the methyltransferase and helicase domains, and RdRp encoded by the RNA1 and RNA2 molecules, respectively, of the blunerviruses blueberry necrotic ring blotch virus of the strains Georgia and RL (BNRBV_Georgia and BNRBV_RL, respectively), TPNRBV, and tomato fruit blotch virus (ToFBV) were concatenated as previously described (Quito-Avila et al., 2013; Ramos-González et al., 2020). Trees were edited and visualized using Interactive Tree Of Life (iTOL) v 5 (Letunic and Bork, 2021).



Identification of Conserved 3′Untranslated Regions and in silico Search for Novel Viral Segments

Viral segments of SvRSV, LigCSV, LigLV, and those of typical cileviruses were aligned using MAFTT (Katoh and Standley, 2013) and visualized using the Jalview program (Procter et al., 2021). Sequences comprising 90–120 nts of the highly conserved 3′ untranslated regions (UTR) of SvRSV, LigCSV, and LigLV were used to search for the presence of putative non-detected viral segments in the HTS-contigs libraries using the UTR-backed iterative BLASTN approach (Zhang et al., 2022). Previously, BLASTN databases were built from the HTS-contig libraries of each sample using Geneious software package v 11.1.4 (Kearse et al., 2012).



Experimental Viral Transmission

Brevipalpus mites collected from branches of the privet sample SPa1 were directly transferred to healthy Arabidopsis thaliana Col-0 plants. Ten to fifteen mites were distributed onto each plant at a maximum of five mites per leaf. Seven to ten days after the transfer, mites were collected and kept in 90% ethanol solution while waiting for further morphological characterization. Arabidopsis leaves were collected when chlorotic and yellowish blotches were visually detected. Fragments of the symptomatic areas were conserved in Karnowski solution for TEM analyses or processed for RNA extraction and viral detection. Arabidopsis plants were kept at 23 ± 1°C and 14 h of light in a controlled growth chamber (Adaptis AR A1000, Conviron, Winnipeg, MB, Canada) from their germination to the end of the experiments. Two independent experiments were conducted in two seasons in which groups of four and seven arabidopsis plants were used for mite infestations.



Morphological Identification of Brevipalpus Mites

Mites prefixed in 90% ethanol solution were mounted in Hoyer’s medium before the examination by differential interference contrast in a Zeis Axioimager II microscope (Carl Zeis AG., Jena, Germany). When required, other specimens were processed for observation under a JEM IT 300 scanning electron microscope (JEOL) following protocols previously described (Ramos-González et al., 2017). Distinctive external structures of mites, i.e., number of dorsolateral setae, number of solenidia on the tarsus of leg II, dorsal and venter reticulations patterns, the shape of vesicle of the spermatheca, and morphology of microplates were visually evaluated under microscopy and compared with the holotypes considering the detailed descriptions available (Beard et al., 2015). All images were digitally recorded.




RESULTS


Detection of Solanum Violifolium Ringspot Virus and Cilevirus-Like Particles in Symptomatic Samples

Plant samples collected in this study were selected based on their infection by partially characterized or unknown viruses likely to be members of the family Kitaviridae according to previous reports (Vergani, 1942; Lima et al., 1991; Lima Neto et al., 1994; Ferreira et al., 2007; Kitajima et al., 2010). Regardless of the plant species, these samples showed chlorotic or yellowish blotches in leaves (Figure 1). Nearly concentric rings of necrotic tissues were frequently observed in S. violifolium infected leaves likely in advanced stages of disease progression (Figure 1A). Small necrotic points were also observed in the central area of lesions of privet leaves of the samples Crb1 and Crb2 (Figures 1C,D). In leaves of S. violifolium and Ligustrum spp. plants, regular chlorotic concentric rings coexisted with asymmetrical chlorotic spots. Generally, symptomatic leaves were unevenly distributed across the plants suggesting non-systemic diseases.

RNA extracts from all samples were tested by RT-PCR using specific primers for the detection of the cileviruses CiLV-C, CiLV-C2, PfGSV, and the partially characterized SvRSV. Bands of approximately 600 bp were obtained in samples Prb1, Crb1, and Crb2 from the reactions using SvRSV-specific primers (Figure 1F). Reactions using primers for the detection of typical cileviruses were negative (results not shown).

In parallel analyses using TEM, presumed virus particles were observed in all symptomatic samples (Figure 2). Characteristic cytopathologic features of cilevirus infections, including the presence of viroplasm, were distinguished (Figures 2A,B,D,E,I,J,L). Viroplasms are electron-dense vacuolated structures of wide-ranging sizes and shapes that are believed to be formed by aggregates of virus-encoded proteins. Non-vacuolated viroplasms were observed in some samples (Figures 2G,H). In a large proportion of cells of those samples, viroplasms could not be detected despite the high number of presumed viral particles. Short, bacilliform or spheroidal, membrane-bounded particles, likely virions, were observed inside cisternae of the endoplasmic reticulum (Figures 2C,F,K). Viral particles were also observed in the cytosol of S. violifolium plants (pictures not shown). Cytopathic effects in S. violifolium cells were similar to those previously observed (Ferreira et al., 2007; Arena et al., 2017).
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FIGURE 2. Transmission electron micrographs of ultrathin sections of symptomatic tissues from leaves of Ligustrum spp. plants. Short, bacilliform, membrane-bounded particles, presumed virions, are usually observed close to the viroplasm, contained in membrane-bound cisternae of the endoplasmic reticulum. (A–C) Ligustrum lucidum, sample Crb1. (D–F) L. japonicum, sample Crb2. (G–I) L. sinense, sample Cdb1. (J–L) L. japonicum, sample SPa1. (A–L) Electron dense, vacuolated masses of varying shapes and bacilliform particles are observed in the cytoplasm of cells of the epidermis, mesophyll parenchyma, and, occasionally, in the xylem parenchyma. (G–H) Non-vacuolated viroplasms. Cl, chloroplast; CW, Cell wall; Mt, mitochondrion; V, virion. *Viroplasm.




Plant Virome Analyses Reveal the Complete Genomes of Solanum Violifolium Ringspot Virus and Two Other Related but Distinct Types of Cile-Like Viruses

The composition of the RNA extracts from the samples Crb1, SPa1, Cdb1, and Prb1 was investigated through HTS and independent libraries with more than 12 million reads were obtained (Table 2). After de novo assembly of reads, generated contigs were examined using BlastN and BlastX for global detection of viral sequences, and in particular, of kita-like viruses. Contigs of approximately 8 kb with a high-quality match (E-value ≈ 0) to the previously described genomic fragments of SvRSV (597 nts of the ORF RdRp, RNA1, GenBank accession numbers DQ514336 and KT733671) were detected in samples Crb1 and Prb1. In these samples, contigs of ≈ 3 kb in length were also detected. They showed the best matches (E-value ≈ 10–30) with the RNA2 segments of cileviruses. The sample Crb1 was particularly relevant since another pair of contigs, also comprising kitavirus-like sequences, were identified in its library. The largest contig comprised cilevirus RNA2-like sequences, whereas the smallest one, with approximately 1.0 Kb, contained sequences with certain nt sequence identity with the ORF p29 of cileviruses. According to the low nt sequence identity detected, the two pairs of contigs in the sample Crb1 likely belonged to viruses with markedly different genomic sequences. Interestingly, the second pair of contigs identified in the sample Crb1 displayed the best matches with the kitavirus-related contigs of approximately 8 and 3.5 kb that were independently recovered from libraries of the samples SPa1 and Cdb1. In summary, bioinformatics analyses revealed the near-complete genome sequences of two isolates of the partially characterized kitavirus SvRSV and three unknown kitaviruses.


TABLE 2. Description of high-throughput sequencing libraries obtained in this study.
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Kitavirus-related contigs were used to generate specific primers (Supplementary Table 1) whereby the cDNA extracts from each plant sample were tested. Sanger-obtained sequences of the amplicons were aligned with the sequence of contigs recovered from the HTS method. Successive heuristic approaches based on the testing all the studied plant samples with the specific primer sets and nucleotide sequence comparisons of the generated amplicons revealed the full picture of the kitavirid diversity in the samples as follows: isolates of SvRSV were detected in samples Prb1 and Crb1, whereas isolates of a tentative novel virus called Ligustrum chlorotic spot virus (LigCSV) were identified in samples SPa1 and Crb1, and an isolate of a second tentative novel virus called Ligustrum leprosis virus (LigLV) was identified in the sample Cdb1. 5′- RACE analyses were conducted for the isolates SvRSV_Prb1, LigCSV_SPa1, and LigLV_Cdb1. The near-complete sequence of LigCSV isolate Crb1 was assembled from a mix of HTS- and Sanger-obtained contigs.

Excluding the polyA tails detected in the sequences, the genome of SvRSV_Prb1 comprises 12,232 nts split into two segments identified as RNA1 of 8,622 nts and RNA2 of 3,610 nts (GenBank accession numbers OK626439 and OK626440, respectively) (Figure 3). Similarly, the genome of LigCSV_SPa1 has 12,022 nts distributed in the segments RNA1 of 8,369 nts and RNA2 of 3,653 nts (GenBank acc. num. OK626447 and OK626448, respectively), whereas the genome of LigLV_Cdb1, with 12,611 nts in sum, contains 8,879 nts in the RNA1 and 3,732 in its RNA2 (GenBank acc. num. OK626451 and OK626452, respectively). Without RACE analyses, the near-complete genomes of SvRSV of the isolate Crb1 (GenBank # OK626441 and OK626442) and LigCSV_Crb1 (OK626449 and OK626450) were found to be slightly shorter than those of the isolate Prb1 and SPa1, respectively. Nucleotide sequences from different isolates of the same virus showed very high identity values (>93%), i.e., among the two isolates of SvRSV, and the two isolates of LigCSV (Table 3). Percent identities of the comparisons of the genomic sequences from different viruses ranged from 49.83 to 69.07%. Higher values corresponded to the comparisons involving the RNA1 molecules of LigCSV and LigLV (68–69%). Overall, the RNA2 molecules were more divergent than the RNA1 molecules.
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FIGURE 3. Linear genomic maps of Solanum violifolium ringspot virus, Ligustrum chlorotic spot virus, Ligustrum leprosis virus, and other tentative and definitive members of the family Kitaviridae. Open reading frames (ORFs) are represented by boxes. Colors indicate a putative conserved functional or structural relationship between ORFs from different viruses. In citrus leprosis virus C, genus Cilevirus, RdRp: RNA dependent-RNA polymerase, p29: putative coat protein, p15: putative RNA silencing suppressor, p61: putative glycoprotein, likely a structural protein of the virion, p32: movement protein, p24: putative structural protein of the virion. White boxes indicate unknown features. Symbols of black pattern-filled boxes, triangles, and diamonds depict relevant amino acid motifs as described in the legend box.



TABLE 3. Nucleotide sequence identity amongst the RNA segments of viruses described in this study.
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Since three clusters of viral sequences could be consistently observed upon the analysis of genomic comparisons, one isolate of each virus was chosen for further in silico studies. The genomes of SvRSV_Prb1, LigCSV_SPa1, and LigLV_Cdb1 contain five ORFs larger than 500 nts distributed two in the RNA1 segment and three in the RNA2 (Figure 3). The RNA1 molecules of SvRSV, LigCSV, and LigLV have a large ORF (>7,200 nts) that according to BlastX encode the RdRp protein and a second ORF, likely an ortholog of the p29 in typical cileviruses. The RdRp of these viruses had the motifs RdRP_2 (PF00978), Viral_helicase1 (PF01443), V_methyltransferase (PF01660), and AAA_30 (PF13604) in common, whereas other motifs were exclusively found in either the RdRp of SvRSV or LigLV, e.g., Chropara_Vmeth (PF19223, motif present in a family of chroparavirus proteins which are likely methyltransferases involved in mRNA capping), and DUF5488 (PF17590, motif in proteins of unknown function found in orthopoxvirus) (Supplementary Table 2).

RNA2 molecules in SvRSV_Prb1, LigCSV_SPa1, and LigLV_Cdb1 comprise three major ORFs encoding proteins possessing features similar to those in cileviruses (Figure 3). The larger protein encoded in RNA2 is a putative glycoprotein. In silico analyses revealed the presence of a signal peptide that in the case of P62 from SvRSV_Prb1 has a predicted cleavage site between the aa positions 17 and 18: VLK|FE. In P61 and P62 of LigCSV_SPa1 and P62 of LigLV_Cdb1, the signal peptides are larger with cleavage sites between positions 24 and 25: VNA|TI, and 20 and 21: TLS|YV, respectively. These three proteins have theoretical N-glycosylation sites predicted in position N142ASR in SvRSV_Prb1, N152HSE, N175LTR, and N235FTN in LigCSV_SPa1, and N91VST, N152HSE, N175LTR, and N235FTN in LigLV_Cdb1. Invariably, these putative glycoproteins from the three viruses also show transmembrane domains near their COOH ends. Immediately downstream of the ORFs p61-62, the ORFs p33-34 encode proteins with the characteristic 3A motif (PF00803) of viral movement proteins. The 3′-end of ORFs p33-34 partially overlaps the 5′-end of the ORFs p23-24. The proteins encoded by ORF p23-24 harbor the motifs SP24 (PF16504) which is centrally placed in the protein and at the structural level possesses four transmembrane helixes.

Other fully or partially overlapping ORFs smaller than 500 nts were detected over the genome of the studied viruses (Figure 3). In the three viruses, in silico analyses of the putative structure of the predicted encoded polypeptides indicated the presence of up to two transmembrane helices per molecule (Supplementary Table 3). Predicted small transmembrane (TM) proteins were more frequently detected in the RNA2 of LigLV, i.e., three with one TM helices, and two showing two TM helices. A putative basic protein (pI = 12.9) of approximately 12 kDa encoded in the RNA1 of SvRSV_Prb1 (ORF of 315 nts, positions 7,605–7,919) shows a signal peptide, which according to in silico analysis using DeepLoc, might suggest its interaction with the secretory pathway machinery. None of these predicted proteins had a significant identity with any protein described in public databases.

Paired comparisons among ORFs and their deduced proteins of SvRSV, LigCSV, and LigLV denoted the highest identity values between genes from LigCSV and LigLV (Table 4). Maximum identity percentages for each genomic segment corresponded with ORFs RdRp (nts: 70.5; aa: 74.7) and p23-24 (nts: 75.7; aa: 83.1), in the RNA1 and 2, respectively. The highest values of identity in the evaluations including SvRSV were concentrated on the same ORFs, but they were consistently lower. For instance, amino acid sequence identities in the comparisons of RdRp and P23 from SvRSV with LigCSV and LigLV reached no more than 45 and 57%, respectively. When these analyses were expanded to definitive and tentative kitaviruses of the genera Cilevirus and Higrevirus, the higher identity values were invariably observed in the comparisons involving genes from the typical cileviruses, i.e., CiLV-C, CiLV-C2, and PfGSV (Table 4). In comparisons where orthologous genes from the higrevirus hibiscus green spot virus 2 (HGSV2) were included, the obtained values were almost as low as those obtained in the comparison concerning ORFs from the cile-like virus HYBV.


TABLE 4. Nucleotide (nt) and deduced amino acid (aa) identities between SvRSV_Prb1, LigCSV_SPa1 and LigLV_Cdb1, and other tentative and definitive members of the family Kitaviridae.
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The alignment of RNA1 and RNA2 of SvRSV, LigCSV, and LigLV revealed the presence of conserved nucleotide stretches of ≈90–120 nts between the 3′-termini of each segment (Figure 4). In SvRSV isolates, these regions were more similar (98% nt sequence identity) than in LigLV and LigCSV (83–88% nt sequence identity). When the 3′-termini of the cileviruses CiLV-C, CiLV-C2, and PfGSV were included in the alignment, the presence of highly conserved nucleotide sequences in all these viruses became evident, likely denoting the putative functional role of these sequences as described in other viruses (Dreher, 1999; Liu et al., 2020; Rasekhian et al., 2021). The implementation of the UTR-backed iterative BLASTN approach (Zhang et al., 2022) using the 3′-terminus conserved nucleotide sequences of SvRSV, LigCSV, and LigLV, resulted in the recovery of contigs corresponding to the RNA1 and RNA2 segments already known, and new putative genomic segments were not identified.
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FIGURE 4. Identification of conserved nucleotide sequences in the 3′-end genomic segments of isolates of Solanum violifolium ringspot virus (SvRSV), Ligustrum chlorotic spot virus (LigCSV), and Ligustrum leprosis virus (LigLV). Values in the column on the right indicate the nucleotide sequence identity between the 3′-termini of RNA1 and RNA2 viral segments. Genomic sequences of several isolates of the cileviruses CiLV-C, CiLV-C2, and PfGSV were also included in the study highlighting conserved nucleotide stretches across definitive and putative members of the genus Cilevirus.


A maximum-likelihood tree based on the deduced aa sequences of RpRp clustered SvRSV, LigCSV, and LigLV into two branches (Figure 5). They were placed in an intermediary position between branches comprising typical cileviruses, the cile-like virus HYBV, and the partially characterized cile-like virus Pistachio virus Y (GenBank accession numbers MT362606 and MT362605). Isolates of LigCSV and LigLV were grouped closer to typical cileviruses, whereas isolates of SvRSV were grouped in a more basal position. Overall, kitaviruses from the three genera were monophyletically clustered in a highly bootstrap-supported branch (>80%). Members of the family Kitaviridae shared a branch with three viruses found associated with the thrips Frankliniella occidentalis in Italy (Chiapello et al., 2021). Frankliniella occidentalis associated negev-like virus 1 (Foanegev1), Foanegev2, and Foanegev3 may belong to a new clade of arthropod-infecting viruses that, although related to negeviruses, have a distinct genomic organization. Subsequently, kitaviruses and Frankliniella occidentalis associated viruses clustered in a larger branch which also includes nelorpiviruses and sandewaviruses of the proposed taxon Negevirus, the centiviruses Wuhan insect virus 8, and Wuhan house centipede virus 1, and several other kita-like viruses, e.g., Saiwaicho virus and Beihai barnacle virus 2 (Kondo et al., 2020). This larger branch was not supported by bootstrap values > 60%.
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FIGURE 5. Phylogenetic reconstruction for viruses of the family Kitaviridae. Isolates of Solanum violifolium ringspot virus, Ligustrum chlorotic spot virus, and Ligustrum leprosis virus are highlighted in different red tones. The maximum-likelihood phylogenetic tree is based on the deduced amino acid sequences of the RNA-dependent RNA polymerase. The tree was rooted using viruses of the family Virgaviridae as an external group. Phylogenetic informative regions of the multiple sequence alignment included 546 residues that were selected using BMGE software (Criscuolo and Gribaldo, 2010) and its evolutionary history was inferred based on the model LG+F+I+G4 (Le and Gascuel, 2008). The bootstrap support values (1,000 replications) of branches greater than 60% are indicated with solid black circles next to the corresponding nodes. The scale bar specifies the average number of amino acid substitutions per site.


In the tree using the P24 protein, SvRSV, LigCSV, and LigLV had almost the same phylogenetic pattern observed in the RdRp tree (Supplementary Figure 1). They were subclustered in a branch comprising the typical cileviruses and, in more basal positions, the cile-like virus HYBV, and the higrevirus HGSV2. In contrast to the RdRp-based tree, blunerviruses grouped in a sister branch that also included nelorpiviruses, centiviruses, aphiglyviruses, and other nege-kita/related arthropod-infecting viruses, e.g., Tetranychus urticae kitavirus.



Arabidopsis thaliana Plants Are Susceptible to Infection by Ligustrum Chlorotic Spot Virus

Brevipalpus mites from the privet sample SPa1 were transferred to healthy arabidopsis plants. Seven to ten days after infestation, leaves showing yellow spots, likely symptoms of the infection, were collected (Figure 6A). RT-PCR tests using specific primers detected the presence of LigCSV in 22 leaf samples (Figure 6B). Mites found after leaf collection were kept in ethanol solution for further identification.
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FIGURE 6. Experimental transmission of Ligustrum chlorotic spot virus (LigCSV) to healthy Arabidopsis thaliana plants using viruliferous Brevipalpus papayensis mites. (A) Arabidopsis leaves showing chlorotic and necrotic lesions after 7 days of infestation with Brevipalpus papayensis found in symptomatic Ligustrum japonicum plants infected with LigCSV, collected in São Paulo, SP, Brazil. (B) 1% agarose gel electrophoresis of RT-PCR products for the specific detection of LigCSV RNA1 (primer pair p31, expected amplicon size: 123 bp) and LigCSV RNA2 (primer pair p23, expected amplicon size: 420 bp) of LigCSV. I: Molecular weight marker, 100 bp DNA Ladder (Promega, Madison, WI, United States); II: Molecular weight marker, 1 kb DNA Ladder (Promega). Lanes 1–20: Selected symptomatic individual lesions from mite-infested arabidopsis plants; lane 21: Reverse-transcription reaction negative control; lane 22: PCR negative control; and lane 23: LigCSV-infected Ligustrum japonicum plant, positive control of the RT-PCR tests.




Mites in the Infected Plants Belong to Three Species of the Genus Brevipalpus

Flat mites collected from field samples and arabidopsis plants used in the transmission experiments were morphoanatomically examined. Analyzed mites were distributed as follows: sample Cdb1, field-collected mites: 79; sample Prb1, field-collected mites: 407, after transmission experiments: 50; sample SPa1, field-collected mites: 25, after transmission experiments: 15; and sample Crb1, field-collected mites: 54.

Mites from samples Crb1 and SPa1 were assigned to B. papayensis (Figures 7A,D,H), whereas those from the sample Cdb1 to B. tucuman (Figures 7B,E), and from sample Prb1 to B. obovatus (Figures 7C,F,G). The following traits were observed: (i) dorsal ophistosoma with six setae, f2 absent, and palps four segmented, with one solenidion and two eupathidia on distal segment on mites of the three species; (ii) presence of two solenidia on tarsus II in B. papayensis and B. tucuman, and one solenidium in B. obovatus; (iii) prodosum with central cuticle with broad areolae on B. papayensis and B. tucuman and smooth on B. obovatus; (iv) in the dorsal opisthosoma, d1-d1 to e1-e1 weakly reticulate anteriorly, and short transverse fold posterior to e1 on B. obovatus, weakly wrinkled on the anterior part, transversal folds becoming longitudinal folds toward h1 on B. papayensis, and with some folds and wrinkles anteriorly, few transverse folds between d1-d1 to e1-e1, with transverse folds posteriorly on B. tucuman; (v) ventral plate with small rounded cells becoming fused centrally on B. obovatus, bands of mixed orientations on B. papayensis, and irregularly shaped cells on B. tucuman (data not shown); (vi) spermathecal apparatus ending in small tick vesicle covered on its entire surface with small projection on B. obovatus, big spherical vesicle with projection all around the surface on B. papayensis, and rounded vesicle similar in size with B. papayensis covered with tiny projections on B. tucuman (data not shown).
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FIGURE 7. Morphoanatomical identification of Brevipalpus mites. (A,B,H) Brevipalpus papayensis mite collected from Ligustrum spp. plants, samples Crb1 and SPa1, (B,E) Brevipalpus tucuman collected from Ligustrum sinense plant, sample Cdb1. (C,F,G) Brevipalpus obovatus gathered from Solanum violifolium plant, sample Prb1. (A–C) Scanning electron microscopy (SEM) micrographs of the cuticle of the mite dorsum. (D–F) Differential interference contrast (DIC) micrographs of dorsal view of the reticulation pattern. (G,H) Stereoscopic light photographs.




Solanum Violifolium Ringspot Virus, Ligustrum Chlorotic Spot Virus, and Ligustrum Leprosis Virus Show Bacilliform, Enveloped Virion Particles of Different Sizes

Preliminary examination by TEM of ultrathin sections of plant tissues revealed differences in width and length among particles from SvRSV, LigCSV, and LigLV (Figure 2). To get insight into virion dimensions, 25 particles of the three viruses were measured from TEM microphotographs taken at the same magnification (200,000×) (Figures 8A–G). The diameter and length of virions of SvRSV and LigCSV were assessed in particles detected in both their natural hosts and arabidopsis plants. For the sake of comparisons, the same evaluations were carried out with virions of the typical cilevirus PfGSV in ultrathin sections of arabidopsis and L. japonicum plants. In the case of LigLV_Cdb1, analyses were circumscribed to its natural host, L. sinense.
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FIGURE 8. Size and morphology of virions from SvRSV, LigCSV, and LigLV. Microphotographs of ultrathin sections of plants infected by SvRSV_Prb1, LigCSV_SPa1, and LigLV_Cdb1. (A,B) SvRSV in Arabidopsis thaliana and Solanum violifolium plants, respectively. (C,D) LigCSV in A. thaliana and Ligustrum japonicum plants. (E,F) PfGSV in A. thaliana and L. japonicum plants. (G) LigLV in L. sinense plant. (H,I) Violin plots represent the width and length of 25 viral particles measured in at least three micrographs of each virus/host combination. Values of each group were compared using the Wilcoxon signed-rank test. Horizontal brackets depict the results of the statistical test. ns: non-significant difference. In all other comparisons, significant differences were observed (p < 0.05). A detailed description of statistical analysis results is described in Supplementary Tables 4, 5. (J) Length/width ratio of virions from SvRSV, LigCSV, LigLV, and PfGSV in natural and experimental plant hosts.


Regardless of the analyzed host, virions from SvRSV and PfGSV had a similar width, approximately 45–46 nm (p < 0.05), but they were wider than those from LigLV (40.3 ± 4.0 nm) and narrower than particles from LigCSV in arabidopsis (53.6 ± 2.3 nm) and L. japonicum (53.8 ± 3.6 nm) (p < 0.05) (Figure 8H and Supplementary Table 4). In mean values, virions of SvRSV and LigCSV observed in arabidopsis plants were shorter than those observed in their corresponding natural hosts (Figure 8I). Although uncommon, virus particles of up to 120–150 nm long were observed in S. violifolium and L. japonicum plants infected by SvRSV and LigCSV, respectively (Figures 8B,D), and their mean length values were 101.6 ± 20.7 nm and 65.9 ± 10.6 nm, respectively. With a mean length of 55.0 ± 4.5 nm, virions of LigLV were the shortest particles evaluated in this study (Supplementary Table 5). Virions of PfGSV infecting both L. japonicum and arabidopsis had the same length, approximately 86–87 nm (Figures 8E,F).

Detailed analyses of ultrathin sections of the infected plants also revealed the presence of an outer membranous layer surrounding the particles of the three studied viruses (Figures 8A,C,D,G). These structures were best distinguished during the observation directly in the TEM.



Detection of Mixed Infection of Solanum Violifolium Ringspot Virus and Ligustrum Chlorotic Spot Virus

Both HTS and RT-PCR tests revealed the presence of mixed infection by SvRSV and LigCSV in the sample Crb1. Detailed analysis of the relative abundance of reads corresponding to these two viruses in the HTS library suggested that SvRSV viral load was greater than that of LigCSV (Table 2). In addition, in the case of LigCSV, RNA1-derived reads were almost sixfold more abundant than those from its RNA2. To best characterize the distribution of viral genomic molecules in the sample Crb1, the presence of RNA1 and RNA2 molecules of these two viruses were tested in individual lesions by RT-PCR.

A total of 54 randomly selected lesions including spots of different sizes and morphologies, e.g., absence or presence of necrotic tissues, yellowish blotches, or markedly chlorotic spots, were independently analyzed (Figure 9A). Viral RNAs were detected in 32 (59%) of the lesions. Single infection by SvRSV was most common, with SvRSV RNA1 + RNA2 detected in 18 of the lesions. Conversely, LigCSV RNA1 + RNA2 alone were only detected in 3 lesions (Figure 9B and Supplementary Figure 2). In some lesions, only one RNA molecule, e.g., RNA1 or RNA2 of SvRSV, or RNA2 of LigCSV, could be detected, but RNA1 of LigCSV was never detected alone. The heterologous combination SvRSV RNA1 + LigCSV RNA2 and the mixed infection SvRSV with the RNA2 of LigCSV were detected in one and two lesions, respectively. Any association between RNA composition and morphology of the lesions could not be observed.
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FIGURE 9. Distribution of SvRSV and LigCSV in isolated lesions found in leaves of Ligustrum lucidum plants of the sample Crb1. (A) Leaf discs comprising viral symptoms were collected and independently processed for the specific detection of RNA1 and RNA2 of each virus. (B) The Venn diagram represents the general distribution of the detected viral genome RNA molecules across the 54 analyzed lesions. Gray lines link lesions to the viral RNA detection indicated in the diagram.




Non-target Viruses Detected in the High-Throughput Sequencing Libraries

The near-complete sequences of two new narna-like viruses were recovered from samples Prb1 (contigs of 1,670 nts) and Crb1 (contig of 2,462 nts). In addition, the sequence of a novel mitovirus was identified in the sample SPa1 (contig of 2,969 nts). These viruses might have originated from fungi present in the samples. Since non-kitaviruses were outside the scope of this study, further examination was not performed as part of this work.




DISCUSSION

In this study, we revisited some plant viral diseases in which the molecular identity of their causal agents remained partially characterized or completely unknown (Vergani, 1942; Lima et al., 1991; Ferreira et al., 2007; Kitajima et al., 2010). Leaf samples from four plant species, collected in the southern and southeastern regions of Brazil and Pampas in Argentina, showed chlorotic and/or necrotic spots comparable to those generally found in plants affected by Brevipalpus-transmitted viruses (Freitas-Astúa et al., 2018). In addition, flat mites of the genus Brevipalpus were recovered from the collected plant samples and in three of these plants, we preliminarily detected fragments of the tentative cilevirus SvRSV by RT-PCR tests using specific primers (Ferreira et al., 2007).

Based on a combined strategy of HTS and conventional Sanger sequencing, analyses of the plant viromes enabled us to recover the genomic sequences of several isolates of three viruses. In agreement with the preliminary RT-PCR tests, two isolates corresponded with SvRSV, while the other ones were assigned to two novel kita-like viruses that we identified as LigCSV and LigLV. Genomic data indicated that the highest nt sequence identity of these viruses always corresponded to genes also found in either one of the other two viruses described in this study or members of the genus Cilevirus. Still, the values of nucleotide sequence identities obtained in the comparisons of every viral ORF were below 76%.

Besides the relatively low identity values with other kitaviruses, SvRSV, LigCSV, and LigLV display a distinguishing genomic organization. In comparison with typical cileviruses, the RNA2 segments of SvRSV, LigCSV, and LigLV are shorter, lacking a region of approximately 1.5 kb at the 5′-end of the molecule. In cileviruses, the genomic region upstream of the ORF p61 includes the ORF p15 and other small ORFs encoding putative proteins with predicted TM helixes (Ramos-González et al., 2021). In PfGSV, the region also harbors orphan ORFs encoding predicted proteins > 11 kDa of unknown functions (Ramos-González et al., 2020). An RNA2 genomic molecule resembling a 5′-end truncated version of the RNA2 of typical cileviruses was also described in the cile-like virus HYBV (Olmedo-Velarde et al., 2021). However, the information in the RNA2 of HYBV is not completely equivalent to that in the RNA2 of SvRSV, LigCSV, and LigLV. While the RNA2 of these viruses comprise genes that are likely orthologs of the ORFs p61, p32, and p24 found in typical cileviruses, HYBV RNA2 has an additional ORF at its 3′-end, an ortholog of p29. In typical cileviruses, the ORF p29 is located at the 3′-end of the RNA1.

HYBV has been suggested as an intermediary link between members of the genera Cilevirus and Higrevirus (Olmedo-Velarde et al., 2021). While the information encoded by RNA2 of HYBV is more similar to that encoded by RNA2 of typical cileviruses, its RNA1 looks like that of the higrevirus HGSV2. If the same logic is extended to our current analysis, the genomes of SvRSV, LigCSV, and LigLV could be regarded as intermediary arrays between those displayed by HYBV and typical cileviruses. Evolutionarily, SvRSV, LigCSV, and LigLV could be considered descendants of a common ancestor of HYBV and typical cileviruses. This transitional position of SvRSV, LigCSV, and LigLV is also supported by the phylogenetic reconstruction based on the RdRp protein presented in this study. Branches encompassing these viruses are flanked by those of HYBV and Pistachio virus Y (PisVY), both placed in a relatively more basal position, and those of the typical cileviruses. PisVY is a partially characterized virus found in pistachio plants (Pistacia vera) of the cultivar Ohadi collected in Rafasnjan, Iran. Since the genome organization of PisVY is similar to that in SvRSV, LigCSV, and LigLV, these four viruses may represent new sublineages of kitaviruses. The relatively large genetic distances among viruses of these sublineages and other members of the family Kitaviridae suggest the existence of phylogenetic gaps and reinforce the hypothesis that a great diversity of kitaviruses might remain unidentified. However, while further sampling is likely needed, what is relevant after the inclusion of these viruses in the phylogenetic analysis based on the RdRp protein is their contribution to conciliate the evolutionary history among members of the three accepted genera of kitaviruses. In the RdRp phylogenetic tree presented in this study, kitaviruses are distributed by genera from a single node describing a monophyletic clade supported by more than 80% of the trees sampled in the bootstrap analysis. It should be also noted, however, that in the phylogenetic reconstruction using the P24 protein, blunerviruses clustered in a branch also including nelorpiviruses, centiviruses, aphiglyviruses, and other arthropod-infecting viruses, separately from that with the definitive and tentative members of the genera Cilevirus and Higrevirus. Subdivision of kitaviruses in two sister branches is likely a consequence of the chimeric origin of genomic segments of kitaviruses, as previously described for blunerviruses (Quito-Avila et al., 2013; Morozov et al., 2020).

It has been theorized that the origin of the 5′-end of the RNA2 in typical cileviruses could have involved its acquisition by horizontal gene transfer from a heterologous source (Ramos-González et al., 2021). The finding of SvRSV, LigCSV, and LigLV could add novel hints for the reconstruction of a plausible evolutionary pathway of cileviruses. While RNA1 molecules of SvRSV, LigCSV, LigLV, and typical cileviruses have similar compositions and likely share an ancestral root, the “truncated” RNA2 of an ancestor of SvRSV, LigCSV, and LigLV could have actively participated as a receptor of the 5′-end region of the RNA2 of current cileviruses.

Virion-like particles identified in plants infected with the blunervirus TPNRBV and the cile-like HYBV have spherical shapes with approximately 85 nm and 50–60 nm in diameter, respectively (Hao et al., 2018; Olmedo-Velarde et al., 2021). Typical cileviruses show enveloped bacilliform virions having 40–70 nm wide and 110–120 nm long (Kitajima et al., 2003; Roy et al., 2013). Detailed analysis of ultrathin sections from infected tissues carried out in this study demonstrated that virions of SvRSV, LigCSV, and LigLV are enveloped bacilliform particles with significant differences in their sizes. Particles of SvRSV and LigLV are narrower than those of LigCSV, and particles of LigLV are shorter than those from SvRSV and LigCSV. Hence, with a lesser length/width ratio (Figure 8J), LigLV and LigCSV particles seem more spherical than those of SvRSV. Particles of SvRSV are shorter than those of PfGSV but they show the same width. Taken together, kitavirus virions seem to represent a spectrum of morphologies ranging from quasi-spherical to typical short bacilliform particles. It should be mentioned, however, that even though a large number of virions were analyzed in more than one host, our work is not free of technical constraints which may produce biased results. Measurement of sizes of enveloped virions in fixed tissues may add novel challenges since these particles can be expanded or retracted depending on cellular physiological conditions in the sample at the time of collection, and/or during its conservation and processing for transmission electron microscopy.

The absence of systemic movement is a central topic in the biology of kitaviruses, therefore, successful viral spread even from two distant points in the same plant leaf depends on their arthropod vectors. Evidence indicates that the transmission of the higrevirus HGSV2 and the cile-like virus HYBV is mediated by mites of the genus Brevipalpus (Melzer et al., 2012; Olmedo-Velarde et al., 2021), but the direct involvement of these mites in the transmission of kitaviruses has only been verified for typical cileviruses and SvRSV (Ferreira et al., 2007). In this study, we have demonstrated that mites of the species B. papayensis collected from infected L. japonicum plants can transmit LigCSV to arabidopsis plants. Besides, morphoanatomical characterization of mites collected in S. violifolium plants infected with SvRSV indicated the presence of B. obovatus, which is in agreement with previous reports of transmission of this virus by this mite species (Ferreira et al., 2007). Finally, the identification of B. tucuman in the L. sinense plant infected by LigLV would represent the first evidence of the viral vector activity of this mite species, which, however, needs further confirmatory experiments. More than 300 species of the genus Brevipalpus have been described but the number of species with virus vector activity is restricted to less than a dozen (Kitajima and Alberti, 2014; de Lillo et al., 2021). Among them, B. yothersi has been identified as the main vector of the typical cileviruses CiLV-C, CiLV-C2, and PfGSV (Roy et al., 2015; Ramos-González et al., 2016; de Lillo et al., 2021). CiLV-C and PfGSV can be also vectored by B. papayensis (Nunes et al., 2018; Tassi, 2018), which according to the results obtained in this study can also vector LigCSV. Furthermore, since only B. papayensis mites were identified in the sample Crb1, infected by LigCSV and SvRSV, our results suggest the transmission of SvRSV by these mites. However, this finding may also emphasize that a wider number of mites from the sample Crb1 need to be analyzed to detect any B. obovatus specimen present, which may be in lower frequency. Anyway, the possibility that SvRSV can be also transmitted by B. papayensis cannot be ruled out. Both B. yothersi and B. papayensis have been demonstrated as vectors of more than one species of cilevirus and one species of the genus Dichorhavirus, family Rhabdoviridae (Chabi-Jesus et al., 2018; de Lillo et al., 2021).

In addition to the mites involved in viral transmission, the examination of L. lucidum sample Crb1, where SvRSV and LigCSV were detected, also suggested some clues about kitavirus ecology that will require further study before conclusions can be drawn. Particularly, the use of more sensitive methods would be necessary to detect the presence, if any, of some genomic segments, perhaps at very low concentrations in some lesions, and undetected using conventional RT-PCR tests. Nonetheless, the analysis of the isolated lesions showed (i) the predominance of infection loci where only SvRSV could be detected, (ii) the lack of lesions with the four genomic RNAs, and (iii) the existence, although in low frequency, of heterodox mixes of genomic RNAs, e.g., RNA1 and RNA2 of SvRSV + RNA2 of LigCSV. These findings could be only a reflection of the best transmission efficiency of SvRSV, the highest loads of SvRSV in L. lucidum, or the widest distribution and prevalence of SvRSV in that sample. Conversely, although under different experimental conditions, the isolate SPa1 of LigCSV seemed to be efficiently transmitted by B. papayensis to arabidopsis. In the experiment with the isolate SPa1, the virus was acquired from a different host, i.e., L. japonicum, and particularly, it was in a single infection. Altogether, the snapshot obtained from the sample Crb1 may suggest the existence of undescribed interspecific interaction between kitaviruses in both plants and mites during mixed infections including, perhaps, genomic rearrangements. Mixed infections between a cilevirus and a dichorhavirus infecting citrus have been reported (Roy et al., 2014) but among kitaviruses, only mixed infections of two strains of the same viral species have been described (Chabi-Jesus et al., 2021).

The molecular and biological characterization of SvRSV, LigCSV, and LigLV has also exposed some data and experimental results that might be used as the basis for future analyses. First, the existence of extra-large virions detected in the ultrathin sections of plant tissues infected by SvRSV and LigCSV. In SvRSV, the existence of these particles seems to be an intrinsic feature, since they were also described in previous studies (Ferreira et al., 2007). Indeed, morphological differences between virions of SvRSV and other cileviruses were suggested as evidence supporting its classification in a separated taxon (Ferreira et al., 2007). Whether the atypical virions correspond to a viral species not detected by our virome analysis or they result from defective maturation processes, and whether they have any role in the replication process, are aspects worth studying. Second, a thorough examination of orthologous genes among HYBV, PisVY, typical cileviruses, and the isolates of the three viruses described in this study reveals a common trend to the presence of larger p29, p32, and p24 orthologous ORFs in PisVY or HYBV, mid-sized versions of these ORFs in SvRSV, LigCSV or LigLV, and short versions in typical cileviruses (Supplementary Table 6). Finally, the high frequency of small ORFs found in the genome of these viruses and particularly, the large proportion of them that potentially encode peptides with predicted TM helices. Since genome size reduction and the presence of overlapping genes and TM small proteins might be linked and represent central elements to understand processes such as gene expression regulation and virus-host interaction (Belshaw et al., 2007; Wu et al., 2020), we speculate they could be valuable attributes to study the evolutionary process of viruses of the family Kitaviridae.

Currently, viruses of the family Kitaviridae are assigned to one of three genera according to the number of genomic segments and their genomic organization. Within the genus Cilevirus, demarcation of new species ponders the extent of the serological relationship, proteome with less than 85% amino acid sequence identity with other members, natural and experimental host range reactions, and vector species and transmission (Quito-Avila et al., 2021). Based on their genome organization, it seems evident that SvRSV, LigCSV, and LigLV best fit in the genus Cilevirus, but considering the relatively low identity between their proteins and the distinct virion morphology of LigCSV and LigLV, it is tentative to speculate that these viruses may require a new taxonomic accommodation. While expecting for the analyses of new kitaviruses that will likely allow getting a better insight into the phylogenetic relationship of kitaviruses, we propose that the viruses described in this study be considered tentative members of the genus Cilevirus.
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Circulative Transmission of Cileviruses in Brevipalpus Mites May Involve the Paracellular Movement of Virions
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Plant viruses transmitted by mites of the genus Brevipalpus are members of the genera Cilevirus, family Kitaviridae, or Dichorhavirus, family Rhabdoviridae. They produce non-systemic infections that typically display necrotic and/or chlorotic lesions around the inoculation loci. The cilevirus citrus leprosis virus C (CiLV-C) causes citrus leprosis, rated as one of the most destructive diseases affecting this crop in the Americas. CiLV-C is vectored in a persistent manner by the flat mite Brevipalpus yothersi. Upon the ingestion of viral particles with the content of the infected plant cell, virions must pass through the midgut epithelium and the anterior podocephalic gland of the mites. Following the duct from this gland, virions reach the salivary canal before their inoculation into a new plant cell through the stylet canal. It is still unclear whether CiLV-C multiplies in mite cells and what mechanisms contribute to its movement through mite tissues. In this study, based on direct observation of histological sections from viruliferous mites using the transmission electron microscope, we posit the hypothesis of the paracellular movement of CiLV-C in mites which may involve the manipulation of septate junctions. We detail the presence of viral particles aligned in the intercellular spaces between cells and the gastrovascular system of Brevipalpus mites. Accordingly, we propose putative genes that could control either active or passive paracellular circulation of viral particles inside the mites.

Keywords: virus vector relationship, Kitaviridae, virus movement, septate junctions, flat mite, citrus leprosis virus C


INTRODUCTION

Plant diseases caused by Brevipalpus-transmitted viruses (BTV) result in non-systemic infections that produce local necrotic and chlorotic lesions on leaves, stems, and fruits (Kitajima et al., 2003, 2010). Early studies based on ultrastructural analyses of BTV-infected tissues revealed two types of viruses which were further recognized as BTV-Cytoplasmic and -Nuclear types (Kitajima et al., 2003). BTV-C and -N have contrasting molecular biology but they still display some common features suggesting a possible convergent evolution (Freitas-Astúa et al., 2018).

The infection by BTV-N induces the formation of electron-lucent viroplasms in the nucleus. Virions are naked, short rod-like particles (40 nm × 100-110 nm) that accumulate both in the nucleus and the cytoplasm of plant and mite cells (Freitas-Astúa et al., 2018; Figure 1A). The genomes of BTV-N comprise two ssRNA molecules (∼ 6 kb each) of negative sense with six open reading frames (Dietzgen et al., 2018). Five BTV-N have been molecularly characterized and are definitive members of the genus Dichorhavirus, family Rhabdoviridae (Dietzgen et al., 2018; Amarasinghe et al., 2019; Kuhn et al., 2020).
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FIGURE 1. Transmission electron micrographs of BTV-infected leaf lesion cell and mite vector Brevipalpus yothersi tissues. (A) Clerodendrum thomsonae infected by the dichorhavirus clerodendrum chlorotic spot virus (ClCSV), with electron lucent viroplasm (*) and short, rod-like particles (arrow) in the cytoplasm. (B) Ligustrum sinense infected with the cilevirus passion fruit green spot virus (PfGSV) that induces large electron dense and vacuolated viroplasm (*) in the cytoplasm; short bacilliform virions (VP) are present within endoplasmic reticulum cisternae (insert). (C) Sections from adults Brevipalpus yothersi collected from L. sinense infected with PfGSV showing virus particles (arrows) in the extracellular space. (D) Sections from adults Brevipalpus yothersi collected from C. thomsonae, infected by ClCSV showing evidences of viral replication in their tissues, large nuclei of the anterior podocephalic gland cell, with virus-like particles (V) at the nuclear periphery. These particles are also present in the cytoplasm, forming the spoke wheel configuration (arrows). C, chloroplast; CW, cell wall; M, mitochondrion; N, nucleus; Va, vacuole; Nu, nucleolus.


Virions of the BTV-C type are short, enveloped bacilliform particles of 70-80 nm wide and 100-120 nm long. Virus particles are commonly found inside cisternae of the endoplasmic reticulum, and form electron-dense, vacuolated inclusions (viroplasms) in the infected plant cell cytoplasm (Figure 1B). BTV-C genomes consist of two (+) sense single-stranded (ss) RNA molecules of ∼5 and 9 kb. They are assigned to the genus Cilevirus, family Kitaviridae (Freitas-Astúa et al., 2018; Quito-Avila et al., 2021). Citrus leprosis virus C (CiLV-C) is the best-characterized cilevirus at both molecular and epidemiological levels (Chabi-Jesus et al., 2021).

Besides the genus Cilevirus, the family Kitaviridae comprises other two plant-infecting virus genera: Higrevirus and Blunervirus (Quito-Avila et al., 2021). Overall, kitaviruses show a heterogeneous genome organization and share a phylogenetic relationship with arthropod-infecting viruses of the groups negevirus (including nelorpiviruses and sandewaviruses), centivirus, and aphiglyvirus (Kondo et al., 2020; Ramos-González et al., 2020).

Few species of Brevipalpus are known as vectors of cileviruses and dichorhaviruses (de Lillo et al., 2021). Dichorhaviruses are transmitted in a circulative propagative manner, whereas cileviruses are transmitted in a circulative manner, but whether cileviruses replicate in the mites is still unclear (Roy et al., 2015; Tassi et al., 2017). Little is known about the mode of transmission of negeviruses and kitaviruses other than cileviruses. The isolation of Okushiri virus from mosquito larvae suggests the vertical transmission of negeviruses (Vasilakis et al., 2013; Carapeta et al., 2015; O’Brien et al., 2017). The expansion of perinuclear spaces filled with vesicles or microtubules, sometimes in paracrystalline arrays, and the accumulation of cytoplasmic vacuoles similar to those detected during the alphavirus infection, are indicators of the multiplication of the sandewavirus Tanay virus in C6/36 mosquito cells (Vasilakis et al., 2013; Zhao et al., 2019). Brevipalpus mites have been associated with the transmission of hibiscus green spot virus 2, genus Higrevirus, and the cilevirus-like hibiscus yellow blotch virus (Melzer et al., 2013; Olmedo-Velarde et al., 2021).


Brevipalpus Mites as Viral Vectors

The genus Brevipalpus groups almost 300 valid species (Castro et al., 2020) of obligatory phytophagous, mostly polyphagous red-brownish mites, which are distributed across the subtropical and equatorial regions of the world. Brevipalpus mites are flattened, of approximately 0.3 mm long, move slowly, and display five developmental phases, i.e., egg, larvae, protonymph, deutonymph, and adult (Welbourn et al., 2003; Alberti and Kitajima, 2014; Tassi et al., 2017; Dietzgen et al., 2018).

Data on Brevipalpus-dichorhavirus relationships are almost limited to studies derived from the pathosystem orchid fleck virus (OFV)-B. californicus (Kondo et al., 2003). Upon acquisition, OFV transmission has a latent period of three weeks, the inoculation access period is approximately 30 min, and viral retention in mites occurs for at least three weeks (Kondo et al., 2003). Nymphs and adults, but not the larvae, have vector activity, suggesting a persistent propagative type of transmission (Kondo et al., 2003).

Different species of Brevipalpus colonizing dichorhavirus-infected plants exhibit electron-lucent viroplasms in the nucleus, and short rod-like particles in both the nucleus and the cytoplasm of midgut and anterior podocephalic gland cells (Alberti and Kitajima, 2014; Ramos-González et al., 2018). In the nucleus, viral particles may appear dispersed within nucleoplasm or viroplasm and arranged perpendicularly onto the inner membrane of the nuclear envelope (Figure 1). In the cytoplasm, they are commonly seen associated with endoplasmic reticulum membranes, occasionally radially arranged, forming the so-called “spoke wheel” configuration (Figure 1). The accumulation patterns of viral particles in viruliferous mites are essentially similar to those observed in dichorhavirus-infected plant cells, suggesting that dichorhaviruses replicate in the mite (Kitajima et al., 2003). No accumulation of particles is observed between adjacent cells of dichorhavirus-infected mites.

All the active life stages of B. yothersi can transmit the cilevirus CiLV-C, but no transovarial passage occurs (Chiavegato, 1996; Tassi et al., 2017). Using common bean (Phaseolus vulgaris) as indicator plant (Garita et al., 2013), CiLV-C acquisition and inoculation access periods by B. yothersi are 4- and 2 h, respectively, with a latent period of 7 h (Tassi et al., 2017). Once the virus is acquired, B. yothersi remains viruliferous for at least 20 days (Tassi et al., unpublished). Viral particles are consistently found between adjacent cells at the basal part of the caeca and in the anterior podocephalic gland of mites (Figure 1C; Alberti and Kitajima, 2014). The load of viral particles in the intercellular spaces seems to increase proportionally with the number of acquisitions (Tassi et al., 2017). Frequently, lines of viral particles are interrupted by septate junctions (Figures 2B,C). Differently from what is easily seen in plant cells infected by CiLV-C, viroplasms are not observed in CiLV-C viruliferous mites. To improve the viral identification, in situ immunogold labeling using polyclonal antibodies against the P29 protein of CiLV-C (Calegario et al., 2013) was carried out as previously described for plant tissues (Calegario et al., 2013) and Brevipalpus mites (Alberti and Kitajima, 2014). Sets of virion particles aligned up to 10 μm in length were detected in paracellular spaces of Brevipalpus mites that fed on CiLV-C-infected oranges (Figure 2).
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FIGURE 2. Transmission electron micrographs of sections of the prosomal region of an adult female Brevipalpus yothersi, viruliferous for citrus leprosis virus C (CiLV-C). (A) Basal part of midgut caeca, showing several rows of virions (V), aligned in the extracellular space formed by four layers of cells. It is presumed that once internalized, crossing the midgut epithelial cell barrier, these particles move passively in the direction of the anterior podocephalic gland (= salivary gland) following the celomic flux, where they will reach the stylet channel, after overtaking the gland cell barrier. (B) An area of the branched ceaca, revealing a labyrinth of membranes running between adjacent cells. A small group of virions (V) is present in one of these intercellular spaces. (C) An enlarged region of figure B in which septate junctions (SJ) are well depicted. The large arrow points to a tangential section through a septate junction, revealing the rows of intermembrane proteins. (D) in situ immunolabeling using anti-p29 polyclonal antibody in aldehyde-fixed and LRWhite embedded B. yothersi viruliferous for CiLV-C. Card, bacterial endosymbiont Cardinium; M, mitochondrion; SG, secretion granules.


The detection of anti-genomic (complementary strand) RNA of the cileviruses CiLV-C and CiLV-C2 in viruliferous B. yothersi was considered evidence of cilevirus replication within the vector (Roy et al., 2015). However, anti-genomic RNA molecules of CiLV-C may have arisen in the mite body upon feeding on infected plants or may have been generated as a result of self-primed genomic molecules during the RT-PCR detection. Therefore, further assays, including new controls, a time-course experiment, and the search for putative replication sites in specific mite tissues not yet visualized by transmission electron microscopy are ongoing (Tassi et al., unpublished).




CILEVIRUSES MOVEMENT WITHIN THEIR MITE VECTORS: A CRITICAL EVALUATION OF THE ALTERNATIVES


Transcytosis in Circulative Non-propagative Viruses

In addition to whether cileviruses replicate in their mite vectors or not, the mechanisms that promote virion internalization, movement, and their release into the stylet canal also remain uncertain. Transcytosis is a cellular mechanism in which extracellular materials, enclosed in vesicles generated by endocytosis, move across the cell and eject the content in the distal section of the cells by exocytosis (Whitfield et al., 2015). Transcytosis has been also described as a form of circulation of plant viruses in their vectors, but the underlying mechanisms are not fully elucidated (Brault et al., 2007; Hogenhout et al., 2008; Blanc et al., 2014; Di Mattia et al., 2020). The internalization in the vector body of several viruses of the families Luteoviridae, Geminiviridae, and Nanoviridae occurs without replication of the viral genome. Virus particles are transported across cells into membrane vesicles, preventing any contact between viruses and the insect cell cytoplasm in the epithelia of the gut and salivary gland (Brault et al., 2007; Hogenhout et al., 2008; Blanc et al., 2014). The vesicles formed during transcytosis seemingly follow the early endosomal pathway before the appearance of non-coated tubular vesicles. Inside these vesicles, virions likely reach the basal membrane and exit the gut cells into the hemolymph (Ali et al., 2018). A transcytosis process is also observed when luteovirids cross the cellular barrier of the accessory salivary gland (Brault et al., 2007). For cileviruses, however, although transcytosis should not be completely disregarded, it seems an unlikely route of circulation in Brevipalpus mites. Viral particles have been observed neither inside cells of the anterior midgut epithelium nor in cells of anterior and dorsal podocephalic glands of mites feeding on cilevirus-infected plants (Alberti and Kitajima, 2014).

It is important to notice that anatomic differences between Brevipalpus mites and insects may account for the nonexistence of transcytosis in these mites. During feeding, Brevipalpus mites use stylets to perforate the epidermal layer of plant organs and reach the underlying parenchymal cell content after punctuating its wall and membrane. Saliva produced by the anterior podocephalic gland is injected to pre-digest the cellular content (Alberti and Kitajima, 2014). The ingested material then follows to the esophagus that crosses the synganglion and ends into the anterior midgut through a small valve, the ventriculus, which consists of a small lumen and the highly branched caeca (Alberti and Kitajima, 2014). The caeca, formed by large epithelial cells, extend both to anterior and posterior parts of the mite body, occupying every space among the organs, producing a complex labyrinth of cell membranes and intercellular spaces, many of which are joined by septate junctions (Figures 2A-C), leaving the hemolymph confined to small and restricted cavities. This complex of cells comprises the so-called gastrovascular system which may directly irrigate several organs with digested nutrients and, probably, virus particles in viruliferous mites (Alberti and Kitajima, 2014). Brevipalpus mites lack a pulsating organ, so the circulation of the hemolymph depends on the movement generated by their muscles and internal organs, diverging from insects that have a circulatory system and, therefore, a more active circulation of nutrients and other fluids (Alberti and Coons, 1999).



Paracellular Route of CiLV-C in Brevipalpus yothersi: A Hypothesis

The persistent circulatory transmission of cileviruses by Brevipalpus mites poses a challenge to explain how the cilevirus movement occurs. A raising question is how virions get access from the midgut lumen to the hemolymph space, and later to the stylet channel, since two epithelial barriers hamper it: the midgut (caeca) and the anterior podocephalic gland. Ultrastructural observations of viruliferous B. yothersi mites feeding on CiLV-C-infected plants reveal the presence of viral particles between cells (Alberti and Kitajima, 2014), which led us to ponder the existence of a paracellular pathway of virion movement within its vector.

In the epithelium of invertebrates, occluding structures named septate junctions (SJ) act as a barrier that separates distinct compartments, limiting the paracellular passage of fluids (Izumi and Furuse, 2014). Unlike tight junction (TJ), the structure sealing the apical part of epithelial cells in the vertebrates, the SJ forms circumferential belts around the apicolateral regions of the cells. Visually, they appear as a ladder-like septum, with 15-20 nm of spacing (Izumi and Furuse, 2014). Studies of the morphophysiology of the SJ in the fly Drosophila melanogaster exposed two types of SJ, i.e., the pleated septate junctions (pSJ), present in ectodermal-derived epithelium, i.e., epidermis, fore- and hindgut, salivary gland, etc., and the smooth septate junctions (sSJ), which occurs in the endodermal-derived epithelium, i.e., midgut, gastric caeca (Izumi and Furuse, 2014; Hall and Ward, 2016). Mutations of the SJ proteins may be lethal or produce functionally deficient junctions, but the exact mechanisms underlying the transient opening of SJ have not been described. To our knowledge, there are no reports of arthropod viruses interacting with tight or septate junctions.

In vertebrates, TJs could act as physical barriers from the innate immune defense system, especially on the respiratory tract. The coordination of TJ opening is mediated by chemical signals and membrane receptors, as happens during the paracellular passage of lymphocytes through the walls of capillary vessels (Yonekawa and Harlan, 2005; Yumine et al., 2019). In humans, the permeability of TJ between cells of the wall of the digestive tract is mediated by zonulin, a pre-haptoglin protein, and by gliadin, a component of gluten, in patients suffering from celiac disease (Fasano, 2012). Similarly, to replicate or transit through epithelia, viruses take advantage of the structural proteins that form the TJ and adherent junctions (AJ) as their receptors (Mateo et al., 2015). Viruses evolved selecting strategies that could counter the antiviral function of TJs, by degradation processes, e.g., it is suggested that mosquito-borne viruses like west nile virus and Japanese encephalitis virus establish infections in vertebrate hosts by degrading TJ molecules to disrupt the epithelial barriers (Medigeshi et al., 2009; Yumine et al., 2019).

The gastrovascular system of Brevipalpus mites, composed of the highly branched caeca that fill all spaces left by other tissues on the hemolymph, may serve as a pathway to the circulation of viruses inside the mites.

Based on our transmission electron microscopy studies following the methodology proposed by Alberti and Kitajima (2014), observations of the accumulation of virus particles between cells and the possible role of SJ limiting or coordinating the circulation of viruses to new tissues, we pose alternative hypotheses to explain virus-gastrovascular system interaction including either passive or active mechanisms. The passive interaction involves the SJs transient openings which allow the transport of nutrients between cells. Following the flow, the virus could reach the spaces between cells, leading to a circulation of virus particles within the hemolymph. Alternatively, virus-encoded proteins could recognize the SJs components and induce transient openings, allowing the passage of viruses in an active process, as seen in some vertebrates-infecting viruses, or even in other physiological or pathological processes, i.e., zonulin and gliadin-like interaction (Figure 3). The viral protein P61, a putative membrane glycoprotein, or P24, a putative viral structural protein, might trigger a transient local opening of the SJ, ensuing the paracellular traffic of cileviruses in Brevipalpus mites.
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FIGURE 3. Hypothetical pathway of cileviruses circulating within the mite vector. (A) Schematic representation of sagittal section of an adult female of Brevipalpus yothersi, revealing details of its internal anatomy [stylet complex, prosomal glands, synganglion, digestive tract (ventriculus, caeca), ovary]. Details of ventriculus (V) and anterior podocephalic gland (apGL) are shown indicated in the marked area M and detailed in (B,C). Portion of the anterior podocephalic gland (equivalent to salivary gland) marked by G, is detailed in (D,E). (B) Part of ventriculum (V) exhibiting epithelial cells of caeca with small lumen (Lu). In the detail (C), hypothetical transitional opening of the smooth septate junction (sSJ) at the apical part of the epithelial cell, induced by the presence of viral particles represented in red. Virions gain access to the intercellular space (Lu), being carried out by the celomic flux, to the apical part of the anterior podocephalic gland. (D) Schematic drawing of collecting reservoir (*) of the apGL secretions. (E) Detail depicted in (D). Glandular cells are held together by pleated septate junctions (pSJ) represented in blue, which hypothetically open due to the presence of viral particles (in red) arriving by the intercellular space, releasing them into the reservoir (*), and subsequently to the stylet channel. dapGL, duct of the anterior podocephalic gland (adapted from Alberti and Kitajima, 2014).




Orthologue Proteins of SJ and sSJ Factors in Mites

The involvement of TJs and AJs in cell-to-cell viral movement and their role as receptors have been reported for human viruses (Cifuentes-Munoz et al., 2020), but there is no information on viruses using this route in arthropods. In humans, for instance, after primary infection of the respiratory airway, measles virus, family Paramyxoviridae, spreads laterally into the epithelium via AJs (Mühlebach et al., 2011; Nakatsu et al., 2013). Besides, human TJ components act as viral receptors, e.g., the glycoprotein of hepatitis C virus (HCV) uses occludin and claudin as co-receptors to enter hepatocytes (Reynolds et al., 2008; Timpe et al., 2008; Brimacombe et al., 2011; Yumine et al., 2019), the coxsackieviruses (positive-strand RNA viruses) and adenoviruses (double-stranded DNA viruses), although exploring different strategies, target the integral chimeric antigen receptor (CAR) protein associated with TJ (Bergelson et al., 1997; Bergelson, 2009; Mateo et al., 2015), reoviruses use the TJ protein junctional adhesion molecule A (JAM-A) as receptor (Barton et al., 2001), claudin 1 is involved on dengue virus entry by the interaction of the viral protein prM and TJ component (Che et al., 2013).

Proteins of the family LY6_uPAR, also called three-finger proteins (TFP), are found associated with the membrane by a glycosylphosphatidylinositol anchor and play essential roles in cell adhesion, signaling, and lipid metabolism (Vasilyeva et al., 2017). TFPs display one or several domains consisting of 60-90 amino acids which have an β-structural core stabilized by a system of four invariant disulfide bonds. Proteins with similar structural characteristics have been found in the mite Tetranychus urticae and insects (Grbić et al., 2011; Zhang et al., 2019). In flies, TFP-like proteins are involved in the formation of SJ adhesion structures, suggesting a common ancient role for these proteins in arthropods (Hijazi et al., 2009).

In this study, based on literature review and Blast N search1, we were able to identify putative homologs of proteins that regulate SJ and sSJ in Drosophila encoded by the genomes of T. urticae (the most studied mite in the superfamily Tetranychoidea) and B. yothersi (Table 1). One of the genes identified is the polychaetoid (pyd) gene, which is a recognized homolog of zonulin (Seppa et al., 2008; Choi et al., 2011; Djiane et al., 2011). The study of the transcriptomic profile of these genes in viruliferous mites will probably add hints on SJ and sSJ opening processes in mites and their possible relationship with cileviruses.


TABLE 1. Genes of Drosophila melanogaster involved in SJ and sSJ regulation and their respective orthologs in Tetranychus urticae and Brevipalpus yothersi.
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DISCUSSION

Virion particles of CiLV-C are routinely observed between the membrane of adjacent cells of B. yothersi (Alberti and Kitajima, 2014). In contrast, neither virions nor structures such as viroplasms, commonly associated with viral multiplication, have been observed inside mite cells. In this context, this study presents elements that guided us to pose the hypothesis of the paracellular movement of CiLV-C inside Brevipalpus mites. This unconventional viral movement has been described in the circulation of several viruses in localized organs by inducing disruptions of TJ in vertebrates. An example is the coronavirus SARS-COV-2, which is favored by the disruption of the airway epithelium. This process facilitates the virus paracellular spread into other tissues besides the translocation of endothelial cells (Tugizov, 2021). A similar mechanism is triggered by the rotavirus VP4 capsid protein. VP4 interacts with zonulin 1, occludin, and claudin, stimulating their redistribution and granting access to the junctional areas, which promotes viral spread in a paracellular way (Nava et al., 2004; Tugizov, 2021).

In phytopathosystems comprising (+)ssRNA viruses, a common virus-vector mode of transmission is circulative non-replicative (Hogenhout et al., 2008; Whitfield et al., 2015; Kondo et al., 2019). In many of these systems, the ingested virions must pass through vector cell barriers to reach the salivary glands, including the gut and hemocoel, involving specific interactions between the virus and vector membrane (Bragard et al., 2013; Blanc et al., 2014).

Negeviruses and other insect-borne viruses are likely vertical transmitted to host offprints (Vasilakis and Tesh, 2015; Kondo et al., 2019). Vertical transmission efficiency of plant-infecting (+)ssRNA viruses is generally low due to biological barriers via RNA silencing mechanisms that protect plant germ cells against viral infection (Foster et al., 2002; Martín-Hernández and Baulcombe, 2008). As consequence, most of these viruses depend on arthropod vectors for horizontal transmission in a non-replicative manner (Hull, 2013; Whitfield et al., 2015; Andika et al., 2016).

It is speculated that during virus evolution, some viruses, whose ancestors were arthropods-infecting viruses, adapted to plant hosts, but maintained an intimate relationship with those species of arthropods that eventually became their vectors. In these cases, virus circulation and replication are observed within the arthropod and plant hosts, as are the cases of the plant-infecting reoviruses rice dwarf virus and Southern rice black-streaked dwarf virus and their hemipteran vectors Nephotettix cincticeps and Sogatella furcifera, respectively, or the bunyavirus tomato spotted wilt virus and its thrips vector Frankliniella dentalis (Whitfield et al., 2015, 2018; Dolja and Koonin, 2018; Chen et al., 2019; Lefeuvre et al., 2019).

Biological, cytopathic, and molecular data on the cilevirus-mite relationship suggest that these viruses circulate in the vectors, but whether they replicate still needs to be addressed. It has been proposed that the cileviruses have evolved from an arthropod virus ancestor that somehow was able to infect plants after acquiring a movement protein from a plant virus (Ramos-González et al., 2020). The identification of some nege-like viruses infecting plants gives further support to the arthropod-plant host transitional process particularly involving kitaviruses and kita-like viruses infecting arthropods (Morozov et al., 2020). On this basis, it is tempting to speculate that during adaptation to plants, the presumed ancestor of kitaviruses lost arthropod fitness as it gradually adapted to plant hosts, but still, some viral factors required for its interaction with the arthropod were retained, for instance, those minimal components allowing for the circulative route using paracellular spaces. The study of Tetranychus urticae kitavirus (Niu et al., 2019), the closest kita-like virus infecting mites known, would likely add new elements to the mechanism underlying the movement of nege-kita-like viruses in their hosts.

If the paracellular route of cilevirus circulation in mites may be controlled in an active form, virion-membrane receptor(s) interaction has to be assumed. Accordingly, the transmissibility or not and efficiency of this process for a given pair of virus- Brevipalpus species must be dictated by the receptor(s) required for the virus entry into different groups of tissues by interactions with SJ. Studies on the molecular interactions between mite vectors and plant viruses are scarce (de Lillo et al., 2021). Global transcriptomic response of wheat streak mosaic virus (WSMV; genus Tritimovirus; family Potyviridae) and Aceria tosichella (Eriophyidae) showed the upregulation of two gene families that participate in the SJ formation (Gupta et al., 2019). Recent sequencing of the B. yothersi genome (Navia et al., 2019) and investigations on the function of CiLV-C-coded proteins (Leastro et al., 2018, 2020; Arena et al., 2020) may provide new insights into the putative participation of orthologues of these genes in Brevipalpus-cilevirus interaction.

In case the paracellular route of CiLV-C movement in Brevipalpus mites is confirmed, it will be the first example of a plant virus using this unconventional route of cell-to-cell movement in its arthropod vector. The unusual type of interaction with its vector, as also happens during the interaction of CiLV-C with their plant hosts, suggest that this virus, and probably other members of the family Kitaviridae, represent unique chimeric genetic systems that are likely reshaping features inherited from their ancestors to adapt to new ecological challenges.
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Gene name Function in Drosophila References
Drosophila E-value T. urticae E-value B. yothersi
Anakonda 0.0 tetur04g07130.1 0.00 bryot81g00190 Putative transmembrane scavenger Byri et al., 2015;
receptor-like protein that is essential Hildebrandt et al., 2015;
for the maturation SJ Daniel et al., 2018
Gliotactin 2e-147 tetur30g01560.1 0.00 bryot209g00240 Transmembrane protein localized at ~ Auld et al., 1995; Genova
tricellular junctions that is necessary  and Fehon, 2003; Schulte
for septate junction and et al., 2003; Venema et al.,
permeability barrier formation 2004
Cora 2e-151 tetur17g00600.1 0.00 bryot168g00070 Required for SJ integrity with arole  Fehon et al., 1994; Lamb
in cell-cell interactions, vital for et al., 1998; Ward et al.,
embryonic proper development. 2001
Mesh 1e-187 tetur08g07660.1 0.00 bryot35g00820 Transmembrane protein component  Izumi et al., 2012; Chen
of smooth SJ organization etal., 2018, 2020
Tetraspanin 2A 2e-08 tetur17g03500.1 1.16e-112 bryot101g00020 Component necessary for the lzumi et al., 2016; Xu et al.,
assembly of SJ, on the midgut. 2019
Neuroglian (Nrg) 0.0 tetur19g00920.1 0.00 bryot101g00400 Contributes to the formation of SJ  Genova and Fehon, 2003;
in epithelial cells. Godenschwege et al.,
2006; Williams, 2009
Nervana 2 (nvr2) 3e-80 tetur35g00730.1 9.65e-154 bryot98g00300 Plays an ion-pump-independent Sun and Salvaterra, 1995;
role in junction formation and Paul et al., 2003
transport on the plasma membrane
Lethal (2) giant 1e-156 tetur18g00160.1 0.00 bryot15g00230 Regulates cell polarity, asymmetric ~ Woods and Bryant, 1991
larvae 1(2)gl cell division. Localized in smooth
SJ.
G protein o i 0.0 tetur05g01580.1 0.00 bryot23g00160 Involved in regulating asymmetric Schwabe et al., 2005
subunit (Gai) cell division. Localized in SJ.
0.0 tetur04g03270.1 0.00 bryot32g00500
0.0 tetur159g03060.1 1.6e-124 bryot13g00350
Patj 1E-107 tetur27g00480.1 5.3e-94 bryot140g00140 Paly supporting roles in apico-basal Tanentzapf et al., 2000;
cell polarity and stability of Nam and Choi, 2006; Sen
adherens junction etal., 2012
P21-activated 1e-12 tetur13g00020.1 3.9e-172 bryot77g00180 Involved in regulation of Conder et al., 2004; Koch
kinase cytoskeleton, apical junction et al., 2008; Bahri et al.,
assembly. 2010
Ankyrim 2 (Ank2) 0.0 tetur15g02730.1 2.82e-176 bryot07g00160 Cytoskeletal binding protein, Hortsch et al., 2002; Koch
plasma membrane-bounded cell et al., 2008; Bulat et al.,
projection organization. 2014
Polychaetoid (pyd) 0.0 tetur33g01420.1 0.00 bryot71g00250 Broadly acting protein that is Seppa et al., 2008; Choi

associated with multiple proteins at
the surface and within the
cytoskeleton

et al., 2011; Djiane et al.,
2011
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RNA1/RNA2 LigLV_Cdb1 LigCSV_Crb1 LigCSV_SPa1 SvRSV_Crb1 SvRSV_Prb1

SVRSV_Prb12 52.91 52.52 52.60 98.12

SVRSV_Crb1 52.63 52.59 52.65 98.65
LigCSV_SPat 69.07 98.87 50.66 50.55
LigCSV_Crb1 68.97 93.96 50.66 50.61
LigLV_Cdb1 61.63 62.25 49.83 49.90

Figures above and below the diagonal depict the RNAT and RNAZ identity values, respectively. The identity values higher than 90% are highlighted in boldface. 2GenBank
accession numbers of each molecule are the following: SvRSV_Prb1 (OK626439 and OK626440), SYRSV_Crb1 (OK626441 and OK626442), LigCSV_SPal (OK626447
and OK626448), LigCSV_Crb1 (OK626449 and OK626450), and LigLV_Cdb1 (OK626451 and OK626452).
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Virus Genome ORF (nts)? Theoretical Cile-like viruses Typical cileviruses Higrevirus
segment pl/MW (kDa)®
LigLV_Cdb1 LigCSV_SPa1 HYBV PisVY CilLV-C_Crd1 CiLV-C2_Co PfGSV_Snp1 HGSV2
Nucleotide/deduced amino acid sequence identity (%)
SVRSV_Prb1¢ RNA1 RdRp (7,419) 6.25/283.14 52.1/44.5 51.8/44.2 47.6/37.5 50.3/40.2 51.7/43.5 51.8/44.7 51.3/44.3 45.8/32.3
p31 (849) 8.64/30.65 41.6/27.8 43.4/28.6  38.1/21.2 37.5/21.0 42.7/27.5 39.6/27.9  41.7/31.0 .
RNA2 P62 (1,665) 7.13/62.15 41.8/25.4 43.1/26.2 38.5/17.8 35.4/18.5 42.1/24.0 42.0/24 1 41.1/24.4 *
p33 (900) 7.81/32.97 51.7/44.4 51.8/43.0  50.7/43.4 54.0/44.7 57.5/48.6  57.4/50.2  54.7/49.8 *
p23 (633) 9.56/23.43 58.8/55.1 58.2/66.6  47.7/37.1 55.8/49.7 58.7/52.1 58.3/562.4  59.2/53.4 42.7/25.1
LigCSV_SPat RNA1 RdRp (7,230) 7.41/276.11 70.5/74.7 49.7/37.0 50.3/39.4 58.0/54.7 57.0/53.2 58.4/54.4  44.4/32.2
p31 (849) 9.02/30.63 57.4/47.5 38.4/20.8 38.6/22.7 46.8/33.2 44.3/34.1 45.6/31.1 *
RNA2 p61(1,596)  5.81/60.56 58.4/50.1 41.3/19.6 39.3/19.6 43.9/28.5 43.8/28.7  42.6/29.9 *
p33 (915) 7.67/33.34 63.3/59.9 51.4/42.6 54.8/40.8 56.2/53.9 57.2/50.5  56.2/53.0 *
p23 (624) 9.36/23.23 75.7/83.1 47.9/39.6 56.5/51.3 64.2/68.3 63.6/65.4  64.8/66.0 46.2/31.4
LigLV_Cdb1 RNA1  RdRp (7,578) 6.80/288.80 70.5/74.7  48.9/36.2 51.0/40.0 57.8/53.7 57.4/52.0  57.7/52.3  45.0/31.5
p32 (885) 9.05/31.98 57.4/475  38.3/21.9 36.4/20.5 45.0/29.8 43.7/31.4  41.0/29.0 %
RNA2 p62 (1,605  6.33/61.55 58.4/50.1  38.8/17.6 40.3/17.9 44.5/31.0 45.7/33.3  45.8/31.7 i
p34 (924) 7.64/33.83 63.3/59.9  50.3/42.4 52.5/41.3 56.6/54.3 57.3/53.1 55.1/62.1 *
p24 (630) 9.47/23.57 75.7/83.1  47.7/37.19 58.1/51.2  62.7/66.5 63.7/62.9  65.3/63.6 45.0/27.5

The highest values of nt and aa identity in each row are underlined and highlighted in bold. @Length (nts) of each ORF including the stop codon. ®The isoelectric point (pl)
and molecular weight (MW) in kDa of the deduced polypeptides were assessed using the Compute pl/Mw tool available in https://web.expasy.org/compute_pi/. *GenBank
or RefSeq accession numbers of each molecule are the following: SVRSV_Prb1 (OK626439 and OK626440), SvRSV_Crb1 (OK626441 and OK626442), LigCSV_SPal
(OK626447 and OK626448), LigCSV_Crb1 (OK626449 and OK626450), and LigLV_Cdb1 (OK626451 and OK626452), CiLV-C Crd1 (NC008169 and NC008170), CiLV-
C2_Co (NC038848 and NC038849), PfGSV_Snp1 (MK804171 and MK804172), HYBV (MT472637 and MT472638), PisVY (MT362606 and MT362605), and HGSV2
(NC_016141, NC_016142, and NC_016143). 4Absence of orthologues genes.
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Virus? ORF target Primer sequence (5'-3') Tab(°C) Amplicon size (bp) References

CiLv-C p24 F: CGCAGTTTCCTAATAACACC 54 322 Chabi-Jesus et al., 2021
R: GGGAGTTCAGCATAAAGC
CiLV-C CRD P29 F: CAGAAGGCCGAGGTTGTAAAG 56 330 Ramos-Gonzélez et al., 2016
R: GTAGTGATCACTGAACTCGAATACC
p24 F: ATGTTGGCAACGGAAAGT 54 522 Chabi-Jesus et al., 2021
R: AACTTTTTCAACCCTGTTCAC
CiLV-C SJP p29 F: GTAARCAAAAGGTCGAGGTTGTCC 56 456 Ramos-Gonzdlez et al., 2016
R: TCTGTTGTCTAGCAGCRAGTAATG
p24 F: CTCATGATATCCTTGATGACC 54 393 Chabi-Jesus et al., 2021
R: CAACCTTCTCAACCTTATTAGTC
CiLv-C2 p29 F: ATGAGTAACATTGTGTCGTTTTCGTTGT 56 795 Roy et al., 2013
R: TCACTCTTCCTGTTCATCAACCTGTT
PGSV p29 F: ACACCAAGAGTACTATCGATC 54 452 Ramos-Gonzdlez et al., 2020
R: CATCAAGTGGAGCAAGTTC
SVRSV RdRp F: TGTCGAACTTTGGTATGAGTCG 54 596 Ferreira et al., 2007
R: CCGGTTCGTCAAATAACTCC
p31 F: CACGTCGTTCAGCAGAA 54 490 This study
R: ACCTCTTGGTCATCGACT
p23 F: GGCTGTTCTGGTATTATTTG 54 474
R: GAACTCAAGGTACTAGAAG
LigCsSV p31 F: TGGTTACCGTTACTTTTTCTC 54 123
R: TTTTAGACTTCAACGCCTTC
F: GGTCACGAATTATAAGGCAG 54 373
R: TGGAATGGCTTTGATAGTCT
p23 F: TCGGATTGATTGTCTCTGTG 54 420
R: AAACCGGATTTGAATTATATG
F: CTCTCATAAATTGGGCGAAG 54 304
R: GGCAACTCCTTGTAAAGTTT
p33 F: GGATATACTCTCGAGCGATT 54 318
R: CCCATTTCAGAACCAACATT
LigLv RdRp F: AAAACCCACACTTTCTGATG 54 303
R: TTGCACTCGAATAACAAGAC
p32 F: AAATCAGGCTGTTAATGTCG 54 435
R: AGGACACGCAAATTCTTATG
p34 F: TTGTCTCTAATGGATCCGAG 54 391
R: GCATTTTCATTTACGCTGTC
p24 F: CATGTATGTAGCAGTGTTGG 54 316

R: GAGAATTCGCGTTATTGGAT

aCILV-C, citrus leprosis virus C; CiL\V-C CRD, citrus leprosis virus C strain CRD; CiLV-C SJP, citrus leprosis virus C strain SUP; CiLV-C2, citrus leprosis virus C2; PGSV,
passion fruit green spot virus; SvRSVY, Solanum violifolium ringspot virus; LigCSV, Ligustrum chiorotic spot virus; LigLV, Ligustrum leprosis virus. ®Ta: PCR annealing
temperature. F and R indicate forward and reverse primers, respectively.
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Field sample Crb1 Prb1 SPa1 Cdb1

Total number of reads recovered by library 13,181,765 16,000,302 15,055,185 12,674,635
Identified virus_isolate SvRSV_Crb12 LigCSV_Crb1 SvRSV_Prb1 LigCSV_SPa1 LigLV_Cdb1
Viral segment RNA1 RNA2 RNA1 RNA2 RNA1 RNA2 RNA1 RNA2 RNA1 RNA2
Length of viral genomic segments (nts) 8,635 3,641 8,373 3,612 8,658 3,622 8,383 3,681 8,893 3,743
Reads mapped to viral genome 89,906 59,636 1,058 6,260 5,378,852 774,604 42,519 134,316 229,140 214,082
Viral-derived reads in the library (%) 0.682 0.452 0.008 0.047 33.618 4.841 0.282 0.892 1.822 1.702

aGenBank accession numbers of each molecule are the following: SYRSV_Prb1 (OK626439 and OK626440), SRSV _Crb1 (OK626441 and OK626442), LigCSV_SPal
(OK626447 and OK626448), LigCSV_Crb1 (OK626449 and OK626450), and LigLV_Cdb1 (OK626451 and OK626452).
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barley aphid RNA virus 6
BaR2_c1487 (4820)

5- - —{__RaRp ___}-¥ (26301

100

100

59

barley aphid RNA virus 8

BaR2_c19028 (660)

barley aphid RNA virus 7
BaR3_c16152 (239)

5o e ~ RdRp == -3 (2057nt)
rORF?

narna- and narna-like viruses/RdRp

B Hubei narna-like virus 21 YP_009337775

@ Zhejiang mosquito virus 3 APG77144
© barley aphid RNA virus 7 BaA3_c16152
B Wangarabell virus AYP67570
4 Saccharomyces cerevisiae 20S virus AAA47824
4 Rhizopus microsporus 20S narnavirus QBC65280
B Shahe narna-like virus 4 APG77180
® Hubei narna-like virus 16 APG77120

Barns Ness breadcrumb sponge narna-like virus 4
B Wuhan insect virus 18 YP_009342440 ASM94069
“ Saccharomyces cerevisiae 23S virus NP_660177
® point-Douro narna-like virus YP_009388580
© barley aphid RNA virus 6 BaA2_c1487
@ Aedes angustivittatus narnavirus QBA55490
® Beihai narna-like virus 24 YP_009333245
B Wenling narna-like virus 8 APG77263
B Wenling narna-like virus 7 YP_009337166

BaR2_c18060 (575)

L RdRp b3 (3552nt) 5 e i
segment 1? segment 4?
chryso- and chryso-like viruses/RdRp
......... 4 Aspergillus thermomutatus chrysovirus 1 AWC67507
—IL. 4 Fusarium graminearum mycovirus-China 9 ADU54123
......... © barley aphid RNA virus 8 BaA2_c11902

100

0.6

Host or po
® Dipter.
» plants

@ Hubei chryso-like virus 2 APG76028

® Shuangao chryso-like virus 1 ASA47445

@ Hubei chryso-like virus 1 ASA47309

Zea mays chrysovirus 1 AYD75731

Anthurium mosaic-associated virus YP_009667023
Persea americana chrysovirus YP_009666328

Brassica campestris chrysovirus 1 YP_009667006
Raphanus sativas chrysovirus 1 YP_009667003
Colletotrichum gloeosporioides chrysovirus 1 YP_009667012
Amasya cherry disease associated chrysovirus YP_001531163
Helminthosporium victoriae 145S virus YP_052858
Bipolaris maydis chrysovirus 1 ARM36035
Cryphonectria nitschkei chrysovirus 1 YP_009507942
Verticillium dahliae chrysovirus 1 YP_009507948
Wouhan insect virus 30 APG76049

Macrophomina phaseolina chrysovirus 1 YP_009667008
Beauveria bassiana chrysovirus 1 AZT88571

Isaria javanica chrysovirus 1 YP_009337840

Penicillium chrysogenum virus YP_392482

Aspergillus fumigatus chrysovirus YP_009508104

tential host species

a © Hemiptera m other arthropods or arthropod/insect mix
4 fungi or unicellular eukaryotes

© (3220 nt)

betachrysoviruses

alphachrysoviruses
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Year sample no.

2016
BaA1-16-1
BaA1-16-2
BaA1-16-3
BaA1-16-4
BaA1-16-5

2017
BaA2-17-6
BaA2-17-7

2018
BaA3-18-8
BaA3-18-9
BaA3-18-10
BaA3-18-11
BaA3-18-12
BaA3-18-13
BaA3-18-14
BaA3-18-15

Aphid species! (BlastN best hit)

Rhopalosiphum padi
Rhopalosiphum maidis
Rhopalosiphum padi
Sitobion avenae
Rhopalosiphum padi

Rhopalosiphum maidis
Sitobion avenae

Rhopalosiphum maidis
Rhopalosiphum maidis
Rhopalosiphum maidis
Rhopalosiphum maidis
Rhopalosiphum maidis
Rhopalosiphum maidis
Rhopalosiphum maidis
Rhopalosiphum maidis

Barley cultivar or variety?

cv. Morex
OuuUB59

cv. Kikai Hadaka
cv. Kikai Hadaka
cv. Golden Promise

cv. Golden Promise
cv. Kikai Hadaka

OUK327

OuUuU094

cv. Minori Mugi

cv. Minori Mugi

cv. Kobin Katagi
cv. Kobin Katagi
cv. Ryofu

cv. Golden Promise

NGS group

pool-1
pool-1
pool-1
pool-1
pool-1

pool-2
pool-2

pool-3
pool-3
pool-3
pool-3
pool-3
pool-3
pool-3
pool-3

" The species of the aphid colonies were identified by sequencing the nucleotides of fragments of a mitochondirial gene cytochrome ¢ oxidase 1 (COI) using RT-PCR.
Rhopalosiphum padi (the bird cherry-oat aphid); R. maidis (the com leaf aphid); Sitobion avenae (the English grain aphid). 2The five aphid samples (BaA3-18-10 to

BaA3-18-14) were obtained from the barley plants grown in a different area of the IPSR field.
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Contig name! Size (nt) Read no. Virus or tentative? virus name Aphid3® Accession no.

Nege/kita-like virus sequences

BaA1_c12 10,318 328,424 Wuhan house centipede virus 1 Rp, Sa LC516834
BaA3_c89% 8,890 253,596 barley aphid RNA virus 1 Rm LC516835
BaA1_c6374 6,421 1,390 barley aphid RNA virus 1 Rp, Sa
BaA3_c1889 9,398 22,346 barley aphid RNA virus 2 Rm LC516836
BaA3_c133% 9,321 18,472 barley aphid RNA virus 3 Rm LC516837
BaAl_c42/165%-5 9,322 303,799 barley aphid RNA virus 3 Rp, Rm, Sa
BaA1_c14/63° 8,395 283,449 barley aphid RNA virus 4 Rp, LC516838
Flavi-like virus sequences
BaA3_c535 3,140 43,197 Wuhan aphid virus 1 S1 Rp, Rm, Sa LC516839
BaA3_c172 1,168 57,745 Wuhan aphid virus 1 S2 LC516840
BaA3_c296 2,839 77,321 Wuhan aphid virus 1 S3 LC516841
BaA3_c581 2,758 77,906 Wuhan aphid virus 1 S4 LC516842
BaA1_c359 23,141 21,307 Sitobion miscanthi flavi-like virus 1 Rp, Sa LC516843
BaA1_c652 15,288 5,199 barley aphid RNA virus 9 Rp, Sa LC516844
BaA1_c1578 3,691 1,025 barley aphid RNA virus 9
BaA1_c891 3,749 742 barley aphid RNA virus 9
BaA3_c3690% 21,997 5,333 barley aphid RNA virus 10 Rm LC516845
BaA1_c326% 21,210 18,335 barley aphid RNA virus 10 Rm
BaA1_c33 10,551 1,440 barley aphid RNA virus 10 Rp LC516846
BaA1_c194 5,869 877 barley aphid RNA virus 10
Tombus-like virus sequences
BaAl_c277° 3,702 198,247 Wuhan insect virus 21, S1 Rp, Sa LC516847
BaA1_c31° 2,201 690,152 Wuhan insect virus 21, S2 LC516848
Phenui-like virus sequences
BaA1_c346 7,403 2,040 barley aphid RNA virus 5 Rp, Rm LC516849
BaA2_c4524 7,402 1,329 barley aphid RNA virus 5 Rm LC516850
Other insect virus-like sequences
BaA2_c1487 2,636 4,820 barley aphid RNA virus 6 Rm LC516851
BaA3_c16152 2,057 239 barley aphid RNA virus 7 Rm LC516852
BaA2_c19028 3,652 657 barley aphid RNA virus 8, S1 Rm LC516853
BaA2_c18060 3,220 575 barley aphid RNA virus 8, S4 LC516854
BaA1_c21296 1,259 105 a partitivirus-like contig Rm LC516855
BaA2_c20409 1,605 127 a mononegavirus-like contig Rm LC516856

Pool-1: BaA1; Pool-2: BaA2; Pool-3: BaA3. Some other variants of virus-like contigs are shown in Supplementary Figure S7, or not shown. Plant luteovirus-related
sequences are not listed here. Nucleotide and/or amino acid sequence identity of the contig sequences are shown within Table 3 and Supplementary Table S4. Ten
discovered novel viruses were designated as barley aphid RNA viruses 1 to 10 (see main text). S, RNA or dsRNA segment. 3Aphid species in discovery colonies assessed
by RT-PCR detection (see Supplementary Figure S1A). Rp: Rhopalosiphum padi; Rm, R. maidis; Sa, Sitobion avenae. # These sequences are slightly different from each
other at the nucleic acid level (*a: 3%, #P: 1%, and #°: 5% difference, respectively). 5 The gap or unassembled regions were sequenced using RT-PCR (see Figure 2D and
Supplementary Figure S7C).
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virus or virus like sequences accession no.

cucumber mosaic virus NP_049323-4 " ; =
= virgavirus-related lineage

tobacco mosaic virus NC_001367
Hubei virga-like virus 1 APG77643
Hubei virga-like virus 2 APG77641
Hubei virga-like virus 16 APG77522
Hubei virga-like virus 15 APG77657 invertebrate virus group A
Hubei virga-like virus 17 APG77660

Hubei virga-like virus 21 APG77651

Sapygina decemguttata TSA GBPQ01019499
Hubei virga-like virus 9 APG77698

Fort Crockett virus AQM55310

Aphis glycines TSA GBSU01054579

Aphis glycines virus 3 ASH89118

barley aphid RNA virus 4 BaA1_c14/63
barley aphid RNA virus 3 BaA1_c42/165
barley aphid RNA virus 3 BaA3_c133
barley aphid RNA virus 2 BaA3_c1889
Dendrocerus carpenteri TSA GBOS01003231
Wuhan insect virus 9 APG77775

Hubei Wuhan insect virus 9 APG77668

Hubei virga-like virus 23 APG77645

Beihai anemone virus 1 APG77545

Sanxia atyid shrimp virus 1 APG77735
Paulownia tomentosa TSA GEFV01158142
Blueberry necrotic ring blotch virus AEQ55299
Tomato blunervirus 1 QEL52506-7 ) blunerviruses
Camellia sinensis TSA GARM01000084

Tea plant necrotic ring blotch virus AYE53917-8

Solenopsis invicta TSA LJ378506

Nephila clavipes virus 3 AVK59478

Beihai barnacle virus 2 APG77560

Hubei virga-like viurs 8 APG77744

Lygaeus turcicus TSA GCYB01060845

Hibiscus green spot virus AER13445 higrevirus
Citrus leprosis virus C ABC75821.

Citrus leprosis virus C type 2 AGE82887

Hubei virga-like virus 7 APG77671

Andrena haemorrhoa nege-like virus AVH76845 :
sandewaviruses “Sandewavirus”
Saiwaicho virus AWA82269 :
Elasmus sp. TSA GCUU01019316
Gynaikothrips ficorum TSA GAXG02092511
Pipiza_noctiluca TSA GCMW01018816
Drosophila melanogaster ESTs (DmeEST)
Hubei virga-like virus 4 APG77770

barley aphid RNA virus 1 BaA3_c89
barley aphid RNA virus 1 BaA1_c637

insect tobamo-like group

new group 2
“Aphiglyvirus”

cileviruses

Nege/kitaviruses and nege/kita-like viruses (SP24)

Wuhan house centipede virus 1 BaA1_c12 ?ew g.rc.aup”1
Centivirus

Wuhan house centipede virus 1 APG77528

Glycine dolichocarpa TSAs GGIW01007835/

Wuhan insect virus 8 APG77763 Sl

Loreto virus AFI24687

Hubei negev-like virus 2 APG77603

nelorpiviruses “Nelorpivirus”

Host or potential host species
O Hymenoptera @ Diptera © Hemiptera @ Thysanoptera @ Odonata
m other arthropods or arthropod/insect mix @ Insects mix 4 (including aphid samples) » plants





OPS/images/fmicb-11-00509/fmicb-11-00509-g004.jpg
Sitobion miscanthi flavi-like virus 1 MH778148

5. — SMC BrkB Macro Hel

AdeMet _ RdRp }— -3’ 23131nt

1 (92%)

BaA1_c359 (21307)

Macrosiphum euphorbiae virus 1 KT309079

23141 nt

5- —{ Macro Hel RdRp |— -3 22780nt
barley aphid RNA virus 9 l (63%) [(70%) (73%)
, ? ?
BaA1_c1578 (1025)5-{ - - Hel RdRp _|— -3’ 15288 nt
3691 nt BaA1_c891 (742) 3749 nt BaA1_c652 (5199)
barley aphid RNA virus 10
BaA3_c3690 (5333) 5—| SMC S7 Hel RdRp _}— -3’ 21997 nt
1 1 (99%) 1
BaA1_c326 (18335) 21210 nt
| 73%) - | (68%)
: 10511 nt
BaA1_c194 (877) 5869 nt BaA1_c33 (1440)
numbers
BaA1_c326 of reads
207

flavi-like viruses/polyprotein

Bole tick virus 4 ALL52884

Beihai barnacle viurs 1 ALL52889

Wuhan centipede virus ALL52883
Tacheng tick virus 8 ALL52879

Soybean cyst nematode virus 5 AHY79970
Xinzhou spider virus 2 ALL52885

Gentian Kobu-sho-associated virus

Lampyris noctiluca flavivirus 1 QBP37018
Apis flavivirus ARO50047

Xingshan cricket virus ALL52882

Shayang fly virus 4 ALL52888

Shuangao lacewing virus 2 ALL52886
Gamboa mosquito virus ALL52887

Sanxia water strider virus 6 ALL52880
barley aphid RNA virus 9 BaA1_c652
Macrosiphum euphorbiae virus 1 ALK01984
Sitobion miscanthi flavi-like virus 1 BaA1_c359
Sitobion miscanthi flavi-like virus 1 QCI31815
barley aphid RNA virus 10?7 BaA1_c33
barley aphid RNA virus 10 BaA3_c3690
barley aphid RNA virus 10 BaA1_c326

Host or potential host species
O Hymenoptera  ® Diptera © Hemiptera ® other arthropods or arthropod/insect mix

aphid-
associated
viruses

» plants





OPS/images/fmicb-11-00509/fmicb-11-00509-g005.jpg
A barley aphid RNA virus 5

BaA1_c346 (2040)  5- - RdRp }—-- -3 (vc) (7406 nt)
1 (82%)
BaA2_c4524 (1329) 7402 nt
EEEEEEEEEE———E—_—————————————————.
NI b & Al i ) A A4 I
61
B phenuiviruses/L protein
"""""""""""""""" ® Hubei bunya-like virus 5 APG79301
L e 4 Phytomonas sp. TCC231 leishbunyavirus AUF41956  |Leishbunya-
100 & Leptomonas moramango lejshbunyavitus ANJ5g5Te: | Wdae
O Apis bunyavirus 1 ARO50045 \
""" > apple rubbery wood virus 1 AWC67511 Rubodvirus E
| —1 94 P A Entoleuca bunyavirus 1 AVD68666 BBI93118 Ento.viru§ E
- 4 Lentinula edodes negative-strand RNA virus 2 Lentlnt.lwrus E
_E """ > citrus concave gum-associated virus AST13127 Coguvirus
------- B Laurel Lake virus ASU47549 Ixovirus &
- ® Mothra bunyavirus AOF41426 Mobuvirus E g
100 - B Shuangao insect virus 3 AJG39251 Ei
78 173 pro S ® Zhee Mosquito virus AJG39275 E
----------- ® Xinzhou mosquito virus AJG39271 E §
1°_°|£ ------- ® Hubei insect virus 1 APG79218 S §
AAAAAAAA 3 i = ' =
e HEE
viruses 13
—61 || = O Linepithema humile bunyan-like virus 1 AXA52548 p O
--------- @ Hubei bunya-like virus 3 APG79267 E B
L @ Hubei bunya-like virus 2 APG79269 :
100 © barley aphid RNA virus 5 BaA1_c346
66 o 1001 © parley aphid RNA virus 5 BaA3_c4524

i

0.4 classical phenuiviruses
Host or potential host species

O Hymenoptera  ® Diptera © Hemiptera @ Odonata © Lepidoptera m other arthropods or arthropod/insect mix
@ Insects mix 4 (including aphid samples) » plants 4 fungi or unicellular eukaryotes





OPS/images/fmicb-11-00206/fmicb-11-00206-t001.jpg
PfGSV_Snp1 PfGSV_BSB1 PfGSV_BJL1 PfGSV_Snp2 PfGSV_NFo1 CiLV-C_CRD CiLV-C_SJP CiLV-C2_Co CiLV-C2_Hw
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RdRp 99.4/99.8 95.1/99.5 99.3/99.7 99.1/99.7 61.1/57.8 60.8/57.8 72.5/81.0 73.1/81.0
p29 99.1/99.2 97.5/100.0 99.4/100 99.4/100 48.8/32.7 49.9/31.7 62.8/63.4 62.0/60.2
RNA2 99.2/- 93.3/- 97.3/- 97.3/- 52.6/—- 53.0/- 63.7/— 62.8/-
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p24 99.7/100.0 96.5/100.0 96.8/99.5 95.7/99.5 63.8/60.8 64.6/59.6 78.2/88.0 77.2/86.1

Comparisons between PfGSV_Snp1 and the isolates BSB1, BJL1, Snp2, NFo1, and the citrus-infecting cileviruses. The highest values are highlighted in bold. @ Percentage
of nucleotide sequence identity/amino acid sequence identity. °IR: Intergenic region as identified in CiLV-C. This region encompasses the nucleotide sequences between
3’-end of p15 ORF and 5'-end of p61 ORF in the RNA2 molecule.
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aAmino acid position in the CiLV-C_Ar02_ALF45382. 1 sequence.

bEquivalent position in the ORF49 sequence according to the structure superpo-
sition between ORF49_HHV-8 (PDB ID: 5ipx) and CiLV-C_Ar02_ALF45382.1
(I-TASSER 3D-model).
®Nomenclature of alpha-helices is based on the 3D structure of ORF49_ HHV-
8. The structure superposition between ORF49_HHV-8 and CiLV-C 3D-models by
PDBeFold is provided in Supplementary File 1.
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2HGSV-2 codes for a triple gene block-like movement proteins rather than 3A or 30K movement proteins (Melzer et al., 2018).
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Place of collection Orchard type Year of collection Number of analyzed samples (individual or mixed lesions)

CiLV-C strains Total

CRD SJP  ASUP CDR-+SJP same tree® CDR+SJP same lesion?

Brazil
SP and MG? Non-commercial 1932-2020 18 2 - 0 0 20
Commercial 20032014 12 0 = 0 0 12
2015-2016 7 33 - 3 - 43
2017-2020 42 207 - 2 74 325
Other states Non-commercial 1937-2018 10 0 = 0 0 10
Commercial 2020 1 0 = 0 0 1
Other countries
Argentina Non-commercial 1937-2019 14 0 = 0 0 14
Colombia Non-commercial 2008 1 0 - 0 0 1
Bolivia Non-commercial 2003 1 0 - 0 0 1
Paraguay Non-commercial 1937-2019 0 1 0 0 3
Total 108 242 1 5 74 430

CiLV-C strains were detected by reverse transcription-polymerase chain reactions anad/or high-throughput sequencing.
aBrazilian states abbreviations: Sdo Paulo (SP) and Minas Gerais (MG).

bidentification by HTS, giving that all available primers were not able to identify this strain.

®Members of the clades SJP and CRD detected in samples from the same tree.

dMembers of the clades SJP and CRD detected in the same CL lesion.
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Virus? Target Primer sequence Tab Amplicon References

(5-3) (¢C)  size (bp)
CiLV-C  p32 F: GCGTATTGGCGTT 56 339 Locali et al.,
GGATTTCTGAC 2003
R: TGTATACCAAGCC
GCCTGTGAACT
p29 F: ACCGTGAATTTGT 1,000 Ramos-
ATTTTGTCA Gonzdlez et al.,
2016
R: CAGCTGGAAGAGA
CTAGAAA
p15  F: GTCAAGTGATATCC 667 Ramos-
ATTTTGCTTG Gonzélez et al.,
2016
R: TCATCGTCTTTTC
TGTAACCG
p24 F: CGCAGTTTCCTAA 54 322 This study
TAACACC
R: GCTTTATGCTGAA
CTCCC
CiLV-C  p29 F: CAGAAGGCCGAGG 56 330 Ramos-
CRD TTGTAAAG Gonzédlez et al.,
2016
R: GTAGTGATCACT
GAACTCGAATACC
p24  F: ATGTTGGCAACG 54 522 This study
GAAAGTT
R: GTGAACAGGGTTG
AAAAAGTT
CiLV-C  p29 F: GTAARCAAAAGG 56 456 Ramos-
SJP TCGAGGTTGTCC Gonzédlez et al.,
2016
R: TCTGTTGTCTAGC
AGCRAGTAATG
p24 F: CTCATGATATCCTTG 54 393 This study
ATGACC
R: GACTAATAAGGTT
GAGAAGGTTG
CiLVv- p29 F: ATGAGTAACATTG 56 795 Roy et al., 2013
c2 TGTCGTTTTCGTTGT
R: TCACTCTTCCTGTT
CATCAACCTGTT
OFV L F: CAASTGTCATGCC 54 362 Ramos-
+CiLV- TGCATGG Gonzdlez et al.,
N 2017
R: TTGATRCATGATG
CRAGRCTGTATG
CiCsv G  F: CTGTTTTGCCCAT 500 Chabi-desus
GCTAC etal, 2018
R: CCTCCTCTTCTAG
CGTCAT

aViirus or clade-specific viruses identified by each primer pair. Virus acronyms: CiLV-
C, citrus leprosis virus C; CiLV-C CRD, lineage CRD; CiLV-C SJPR, lineage SJP;
CiLV-C2, citrus leprosis virus C2; OFV, orchid fleck virus; CiLV-N, citrus leprosis
virus N; CiCSV, citrus chlorotic spot virus.

Ta: PCR annealing temperature. F and R indiicate forward and reverse primers,
respectively.
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Host species/ Local of collection
variety city/state/ country

Herbarium samples
Citrus sinensis Jacarei, SP, BR?

C. sinensis (Washington Piracicaba, SP, BR
Navel)

C. sinensis Uruguaiana, RS, BR

C. sinensis (Washington Asuncion, PY
Navel)

C. sinensis Santa’Ana, Misiones, AR

C. sinensis (Washington Limeira, SP, BR
Navel)

C. sinensis Sao Paulo, SP, BR
(Pera)
Citrus sp. Jaboticabal, SP, BR

Sample stored at —80°C
C. sinensis AR

Samples from fresh tissues

C. sinensis Piracicaba, SP, BR

C. sinensis Corrientes, AR

C. reticulata Piracicaba, SP, BR

C. sinensis Sud Mennucci, SP, BR

Year of
collection

1932

1932

1937

1937

1937

1939

1941

1975

2006

2016

2017

2018

2018

Sequencing
company

Genewiz,
United States

Genewiz,
United States

BGl, China

BGl, China

BGl, China

Genewiz,
United States

BGl, China

Genewiz,
United States

Esalg, USP,
Brazil

Esalg, USP,

Brazil

Esalg, USR,
Brazil

Esalg, USP,
Brazil

Esalg, USP,
Brazil

HTS
library

SiRNA

SiRNA

SiRNA

SiRNA

SiRNA

SiRNA

SiRNA

SiRNA

mRNA

mRNA

mRNA

mMRNA

mRNA

Number of
reads

59,435,658

71,037,882

63,116,147

61,507,832

62,116,588

74,407,978

59,404,138

56,790,128

14,872,149

15,653,431

14,410,186

15,165,394

16,377,921

RNA
molecule

O SR Y i

- N = DN

CiLV-C-derived reads and contigs

% of viral-derived
reads in the library

0.01

0.01
0.01

0.01
21
i

20.2

14.6
6.5
4.3

0.02

0.01
0.05

0.05
16.4

7.7

14.2

2.5

5.5

1.2
1.6

1.4
0.9

0.2
20.6

6.8

Number of
assembled contigs

DN W W

o = N b

32

30

Contig length
range (nts)

160-1423

148-2116
121-4168

1478-1916
235-7026
24499-2317
403-3709

1085-3781
427-8144
4785
187-7577

4850-4858
147-988

144-707
117-4750

125-4428

164-8724

162-5276

630-8147

4963
8747

292-4742
416-8755

4975
93-821

58-892

Viral coverage
(%)

99.3

99.6
100

100
100
100
100

100
100
100
100

100
100

100
100

100

100

100

100

100
100

100
100

100
100

100
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Event 1
CiLV-C_BR_SP_SJ01 KP336746

1 1
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1 1
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Event 2
CiLV-C_PY_Asu02 MT554532
Y 2 R
e 1 1
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Event 3

CiLV-C_BR_SP_SJP01

4779-4958
Parental # Possible parental
Major parental 1 Unknown
Minor parental 2 CiLV-C_BR_SP_SPall

3 CiLV-C_BR_RS_Urg01
4 CiLV-C_BR_SP_Lim09
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p29

_I

Tree scale: 0.01 ——

p32

RNA1 complete nucleotide sequence

Tree scale: 0.1 ———

0.63

CiLV-C2 Co NC038848
PY Asu02 MT554532

BR SP SdM15 MW574403
BR SP SJP01 KP336746
BR SP SAP03 MW574405
BR SP Lim09 MW574404
BR SP SJP05 MT554536
AR04 MT554526

BR RS Urg01 MT554538
AR05 MT554527

BR SP Prb02 MT554533
BR SP Prb03 MT554534
BR SP Lim01 MT554531
BR SP Jac01 MT554530
BR SP Jbt02 MT554529
BR SP Prb04 MT554535
AR06 MT554528

BR SP SPa11 MT554537
BR PA CaP01 MW574401
PA01 DQ388512

BR ES Vtr01 MT554539
BR SP Jmr01 MW574402
BR SP Jbt01 DQ157466
BR SP Crd01 NC008169

CilV-C2 Co NC038849
PY Asu02 MT554546

BR SP SdM15 MW574408
BR SP Lim09 MW574409
BR SP SJP05 MT554550
BR SP SJP01 KP336747
BR SP SAP03 MW574410
AROS5 MT554541

AR04 MT554540

BR RS Urg01 MT554542
AR06 MT554542

BR SP SPa11 MT554551
BR SP Prb03 MT554548
BR SP Prb02 MT554547
BR SP CaP01 MW574406
PAO1 DQ388513

BR ES Vtr01 MT554553
BR SP Lim01 MT554545
BR SP Jac01 MT554544
BR SP Jbt02 MT554543
BR SP Prb04 MT554549
BR SP Jmr01 MW574407
BR SP Jbt01 DQ157465
BR SP Crd01 NC008170

Tree scale: 0.01 —————

B

Clades

CRD x SIP
CRD x ASU
SJP x ASU

Clades

CRD
SIP

Mean distance between clades

RNA1 RNA2 p29  p32
0.142 0.155 0.142 0.158
0.135 0.143 0.131 0.106
0.116 0.146 0.124 0.173
Mean distance within clades

RNAL RNA2 p29  p32
0.010 0.007 0.010 0.006
0.007 0.009 0.008 0.012

RNA2 partial nucleotide sequence

Clade

@ CRD, CiLV-C
@ SJP, CiLV-C
O AsU, CiLv-C
@ ciLvc2

Tree scale: 0.1 —————
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Distribution of CiLV-C strains
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ORF  Subpopulation Snn Ksi? Hs? Fst Nm

p29 CRD and SJP 1.00000 0.40534 0.00246 0.93675 0.03
p32 CRD and SJP 1.00000 0.50932 0.07276  0.94339 0.03

ap-value: 0.01 < p < 0.05.
Snn, nearest-neighbor statistic; Hst, Hudson'’s test statistics; Kst, nucleotide-based
statistics; Fst, Wright's fixation index, and Nm, gene flow.
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Source of variance

P29

Among sub-populations
Within sub-populations
Total

Among sub-populations
Within sub-populations
Total

d.f.2

187
188

267
268

Sum of squares

5185.937
656.593
5842.529
2258.226
438.320
2696.546

Variance components

55.66483 Va
3.51119 Vb
59.17602
20.22056 Va
1.64165 Vb
21.86221

Percentage of variation

94.07
5.93

92.49
7.51

AMOVA statistics

0.94067

0.92491

p-value

0.00

0.00

aDegrees of freedom.
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ORF Sub-population s k 0 Mismatch Neutrality tests
SsSD? HRP? Fu and Li’s D? Fu and Li’s F? Fu’s Fs°® Tajima’s D
029 SJP 138 6.383 144 0.0069 0.0075 —5.59231 —5.12367 —127.897 —2.542367
CRD 154 7.841 158 0.0048 0.0033 —6.13159 —5.57164 —86.537 —2.556719
032 SJP 50 2.908 51 0.0235 0.0700 —5.86479 —5.01720 —33.099 —1.99819°
CRD 27 1.494 28 0.0718 0.2135 —4.67051 —4.50782 —29.520 —2.28804

aNot significant p-values.
bp < 0.02.

®None of the statistics gave significant p-values.

dp < 0.001.
®p < 0.05.
P <0.01.

s, number of segregating sites; k, mean number of nucleotide differences; 6, mean mutation rate per site; SSD, sum of squared deviation; HRI, Harpending’s Raggedness

index.
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C. sinensis

C. sinensis

C. sinensis

C. reticulata

C. sinensis

Vitoria, ES, BR

Capitdo Pogo, PA, BR

Limeira, SP, BR

Jumirim, SP, BR

Santo Anténio da Posse,
SP, BR

aCountry: BR, Brazil; AR, Argentina; PY, Paraguay.

2018

2020

2020

2020

2020

Esalg, USR,
Brazil

Esalg, USP,
Brazil

Esalg, USP,
Brazil

Instituto
Biolégico, SP,
Brazil

Esalg, USP,
Brazil

mRNA

mRNA

mMRNA

SiRNA

mRNA

13,111,075

15,822,801

15,390,982

10,657,136

16,671,118

6.7

1.6
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2.2
26.9
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6.7

9.9

6.5
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58-892
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100
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100
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CiLV-C PY_Asu02? CiLV-C Crdo01 CiLV-C SJPO1 CiLV-C2_Co CiLV-C2_Hw PfGSV_Snp1

nt aa nt aa nt aa nt aa nt aa
RNA1 86.2 - 85.1 — 57.2 — 58.0 — 57.1 -
RdRp 86.3 93.4 88.2 94.9 59.6 58.86 59.8 58.7 59.2 57.9
p29 86.0 94.0 85.6 89.8 43.7 34.54 45.5 33.9 44.4 32.6
RNA2 85.8 - 85.1 = 44.3 = 43.3 = 43.4 -
p15 98.5 100 98.5 100 28.5 19.61 34.9 20.4 217 19.2
IR 85.0 - 84.0 - 29.1 - 31.4 - 26.9 =
p61 82.1 81.1 82.9 83.8 44.7 31.72 43.4 33.9 45.3 32.6
p32 89.3 95.0 86.5 94.0 55.3 51.16 54.9 50.5 52.5 53.9
p24 88.6 94.0 89.2 94.4 60.9 60.63 60.3 59.7 60.9 60.4

The highest values are highlighted in bold.

aGenBank accession numbers of each isolate: CiLV-C_PY_Asu02: MT554532 (RNAT) and MT554546 (RNA2); CiLV-C Crd01: NC008169 and (RNA1) and NC008170
(RNA2); CiLV-C SJP0O1: KP336746 (RNA1) and KP336747 (RNA2); CiLV-C2_Co: NC038848 (RNAT) and NC038849 (RNA2); CiLV-C2_Hw: MG253805 (RNA1) and
MG253804 (RNA2); and PfGSV_Snp1: MK804171 (RNA1) and MK804172 (RNA2).
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ORF Dataset (number H Hd T ® (dN/dS)

of isolates)
p29 SJP+CRD+ASU 159 0.9975 0.07519 0.278
(190)
SJP+CRD (189) 158 0.9975 0.07501 0.294
SJP (106) 87 0.995 0.00803 0.359
CRD (83) 71 0.995 0.00994 0.448
p32 SJP+CRD+ASU 70 0.930 0.07284 0.137
(270)
SJP+CRD (269) 69 0.929 0.07224 0.165
SJP (190) 49 0.917 0.01010 0.362
CRD (80) 27 0.777 0.00631 0.145

Independent analyses were carried out with different combinations of viral isolates
according to phylogenetic clades.

H, number of haplotypes; Hd, haplotype diversity; =, nucleotide diversity; and
w = dN\/dS, ratio of non-synonymous (dN) to synonymous (dS) substitutions.
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Query contig Top hit virus Qc! E-value identify Accession
BlastN search (discontiguous megablast)
Query sequence: entire nucleotide sequences
BaA1_c12 Wuhan house centipede virus 1 99% 0.0 99% KX883740
BaA3_c89 Hubei virga-like virus 4 52% 0.0 1% KX883814
BaA3_c1889 Wuhan insect virus 9 99% 0.0 2% KX883816
BaA1_c42/165 Wuhan insect virus 9 53% 0.0 2% KX883816
BaA1_c14/63 Hubei Wuhan insect virus 9 54% 0.0 73% KX883782
BlastP search
Query sequence: RdRp
BaA1_c12 Wuhan house centipede virus 1 99% 0.0 99% APG77795
BaA3_c89 Hubei virga-like virus 4 52% 0.0 58% APG77770
BaA3_c1889 Wuhan insect virus 9 98% 0.0 78% APGY7775
BaA3_c133 Wuhan insect virus 9 53% 0.0 57% APG77775
BaA1_c14/63 Hubei Wuhan insect virus 9 54% 0.0 58% APG77665
Query sequence: p2 (putative glycoprotein)
BaA1_c12 Wuhan house centipede virus 1 99% 0.0 99% APG77796
BaA3_c89 Hubei virga-like virus 4 77% 2e-112 50% APG77771
BaA3_c1889 Wuhan insect virus 9 96% 0.0 66% APG77776
BaA3_c133 Wuhan insect virus 92 87% 3e-86 41% APG77776
BaA1_c14/634 Wuhan insect virus 92 91% 1e-92 48% APG77776
Query sequence: p3 (SP24 family)
BaA1_c12 Wuhan house centipede virus 1 99% 4e-139 100% APG77797
BaA3_c89 Wuhan house centipede virus 1 69% 3e-46 45% APG77797
BaA3_c1889 Hubei Wuhan insect virus 9 90% 5e-117 80% APG77670
BaA13_c133 Hubei Wuhan insect virus 92 98% 3e-68 52% APG77670
BaA1_c14/63 not available

'QC, query coverage (%). °The partial genome sequence of a Hubei Wuhan insect virus 9 variant (APG77666/APG77667) shows higher aa identity to each query

sequence (59%-85%) (see Supplementary Figures S4B-E).
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