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Current species demarcation criteria in the family Closteroviridae (Martelli et al., 2012) and justification of the proposal. Viruses of the family Closteroviridae have filamentous particles (650-2,200 nm in length) and monopartite or multipartite single-stranded RNA genomes with size varying from 12,000 to nearly 19,000 nucleotides (nt) in length (Figure 1). They are classified into four genera: Closterovirus (monopartite genome), Ampelovirus (monopartite genome), Velarivirus (monopartite genome) and Crinivirus (bipartite or tripartite genome) (Figure 2). Ampeloviruses are transmitted by pseudococcid mealybugs and soft scale insects, closteroviruses are transmitted by aphids, and criniviruses are transmitted by whiteflies. No vectors are known for velariviruses. Species demarcation criteria used for all genera in the family Closteroviridae are particle size, size of the coat protein, genome structure and organization [number and relative location of open reading frames (ORFs)], vector species and specificity, cytopathological features, host range, as well as amino acid sequence of relevant gene products, i.e. RNA-dependent RNA polymerase (RdRp), coat protein (CP), heat shock protein 70 homolog (HSP70h), differing by more than 25%.

A novel virus was identified from arracacha (Arracacia xanthorrhiza) in Brazil. High throughput sequencing was performed on total RNA extracted from semi-purified viral particles isolated from arracacha leaves showing chlorotic spots and mild mottling. A final contig assembled showed a viral sequence of 15,790 nucleotides with a genome organization similar to that of members of the genus Closterovirus. The virus was tentatively named arracacha virus 1 (AV-1; Orílio et al. 2018), but since the acronym AV-1 has been ratified for asparagus virus 1 (genus Potyvirus, family Potyviridae) we propose to adopt ArrV-1 for arracacha virus 1. The presence of ArrV-1 was confirmed in samples of several arracacha cultivars by reverse transcription polymerase chain reaction (RT-PCR) using specific primers designed in the CP gene. The full-length genome sequence of ArrV-1, isolate MS#6, was confirmed by Sanger sequencing from five overlapping regions obtained by RT-PCR using total RNA from infected plants. The 5’ terminal end of the genome was obtained by 5’ rapid amplification of cDNA ends (RACE) and the 3’ end was determined after adding a poly-A tail to total RNA from infected plants followed by direct sequencing of the corresponding RT-PCR product. The complete ArrV-1 genome sequence is 15,763 nt in length and contains nine potential ORFs (GenBank accession number MG919988) (Figure 1). The 5’ and 3’ untranslated regions (UTRs) are 174 and 105-nt long, respectively. ORF1a encodes a replication-associated protein with conserved domains for a papain-like protease (aa 515-602), methyltransferase (aa 663-1,022) and helicase (aa 2,215-2,482). ORF1b is likely expressed by a +1 ribosomal frameshift and contains conserved motifs characteristic of RdRps. ORF2 to 6 encompass the quintuple gene block predicted to be involved in cell-to-cell movement and virion assembly, including a putative small hydrophobic protein (p7) with a transmembrane domain, a putative HSP70h, a putative protein of 62 kDa (p62) with a conserved HSP90h motif, the minor CP (CPm), and the major CP. ORF7 encodes a putative p21 protein (21 kDa) and ORF8 a putative p20 protein (20 kDa). Proteins p20 and p21 have no significant sequence similarity to other viral proteins. Phylogenetic analysis showed that ArrV-1 clusters with members of the genus Closterovirus (Figure 2). Sequence comparisons for the taxonomically relevant RdRp, HSP70h and CP sequences revealed ArrV-1 is most closely related to beet yellows virus (BYV) with amino acid sequence identity values of 65, 44, and 36%, respectively (Table 1). Taken together, ArrV-1 is distinct from any currently recognized member of the family Closteroviridae, showing less than 75% amino acid sequence identity in the RdRp, HSP70h and CP. We propose to recognize a new species in the genus Closterovirus of the family Closteroviridae typified by arracacha virus 1 isolate MS#6. 


Table 1. Genetic relatedness of ArrV-1 isolate MS#6, the exemplar isolate of the proposed new species Arracacha virus 1, with beet yellows virus (BYV), its closest relative.
	Acronym
	Name
	Most closely related virus 
	% CP aa sequence identity 
	% RdRp aa sequence identity 
	% HSP70h aa sequence identity

	ArrV-1
	arracacha virus 1 
	beet yellows virus (BYV)
	31.7
	62.8
	43.6




Another novel virus was identified from currant (Ribes species) in China and the USA showing vein clearing symptoms. Total RNA was extracted from leaves, depleted from ribosomal RNAs, and used to construct a cDNA library for Illumina sequencing. A total of 15,017 viral reads was mapped to two large contigs. Viral sequence contigs were annotated to reveal blackcurrant closterovirus 1 (BCCV-1, isolate BC) (Zheng et al. 2018). The complete sequence of BCCV-1 was confirmed by Sanger sequencing of overlapping RT-PCR products, and 5’ and 3’ RACE using specific primers. The complete sequence of the BCCV-1 genome is 17,320 nt in length (GenBank accession number MH267701) and has 10 open ORFs (Figure 1). The 5’ and 3’ UTRs are 97 and 275 nt in length, respectively. ORF1a (nt 98-8,611) encodes a large protein (2,827 aa, 316 kDa) protein with conserved domains for two papain-like leader proteases (L-Pro, aa 414-482 and aa 634-719), a methyltransferase (MTR, aa 780-1,139) and a helicase (HEL, aa 2,460-2,724). ORF1b is probably expressed by a +1 ribosomal frameshift, and contains a conserved motif of an RdRp (aa 2,810-3,253). ORF2-6 code for a quintuple gene block likely involved in virus movement and virion assembly. Specifically, ORF2 codes for a hydrophobic protein (p6, 6 kDa) that contains a transmembrane domain and is likely involved in cell-to-cell movement; ORF3 encodes a HSP70h protein (598 aa, 65 kDa); ORF4 encodes a HSP90h protein (p61, 530 aa, 61 kDa); ORF5 encodes a putative minor CP (CPm, 211 aa, 22 kDa); and ORF6 encodes a putative major CP (CP, 201 aa, 22 kDa). ORF7-9 codes for three small putative proteins, including p17 (151 aa, 17 kDa), p11 (93 aa, 11 kDa), and p26 (229 aa, 26 kDa). These three proteins have no homology to known viral or host proteins but p26 could act as RNA silencing suppressors by analogy with other members of the genus Closterovirus. Phylogenetic analysis shows clustering of BCCV1 with other members of the genus Closterovirus (Figure 2). Sequence analysis revealed 49-59.5%, 36-41%, and 16-28% amino acid identity with members of the genus Closterovirus in the RdRp. HSP70h, and CP, respectively. Sequence comparisons for the taxonomically relevant RdRp, HSP70h and CP sequences revealed BCCV-1 is most closely related to arracacha virus 1 (ArrV-1) with amino acid sequence identity values of 59.5, 38.8, and 19.4%, respectively (Table 2). The presence of BCCV-1 was detected by RT-PCR in total RNA from several black, red and white currant accessions using specific primers. Taken together, BCCV-1 is distinct from any currently recognized member of the family Closteroviridae, showing less than 75% amino acid sequence identity in the RdRp, HSP70h and CP. We propose to recognize blackcurrant closterovirus 1 as a representative of a new, homonymous species in the genus Closterovirus of the family Closteroviridae.


Table 2. Genetic relatedness of BCCV-1 isolate BC, the exemplar isolate of the newly proposed species Blackcurrant closterovirus 1, with arracacha virus 1 (ArrV-1), its closest relative.
	Acronym
	Name
	Most closely related virus* 
	% CP aa sequence identity 
	% RdRp aa sequence identity 
	% HSP70h aa sequence identity

	BCCV-1
	blackcurrant closterovirus 1 
	arracacha virus 1 (ArrV-1)
	19.4
	59.5
	38.8


*Several other members of this species have been sequenced and published under the name blackcurrant leafroll-associated virus 1 (Koloniuk et al., 2018). 


Another hitherto undescribed virus was detected in Rehmannia glutinosa, an herb from the family Orobanchaceae, showing mosaic, yellowing, and vein chlorosis symptoms in Korea, and containing filamentous particles of approximately 1,500nm in length. The virus was tentatively named rehmannia virus 1 (ReV-1 isolate Rg; Kwon et al. 2018). Total RNA isolated from symptomatic tissue was used to prepare a transcriptome library for Illumina sequencing. Quality filtered RNA sequencing reads were assembled de novo and contigs were searched against the viral genome reference database in GenBank using BLAST. Terminal genome sequences were determined by 5’ and 3’ RACE. The assembled full-length sequence of three large contigs was 15,322 nucleotides (nt) in length (GenBank accession number MH033657) and contained nine putative ORFs (Figure 1). The genome organization is typical of closteroviruses. The 5’ UTR is 179-nt long and the 3’UTR is 302-nt long. ORF1a (nt 180-7,580) encodes a 278-kDa protein, which is predicted to contain a papain-like endopeptidase (aa 433-500), a methyltransferase (aa 585-920) and an RNA helicase (aa 2,093-2,351). ORF1b (nt 7,579-8,958) contains an RdRp domain probably expressed via a +1 ribosomal frameshift to produce a 330-kDa protein. ORF2 (nt 8,975-9,172) encodes a hydrophobic protein of 65 aa (p7) likely involved in cell-to-cell movement. ORF3 (nt 9,176-10,993) encodes a HSP70h protein (67 kDa). ORF4 (nt 11,046-12,626) encodes another putative movement protein, the CP homolog (CPh, 60 kDa). ORF5 (nt 12,589-13,239) encodes a minor CP (CPm, 24 kDa), and ORF6 (nt 13,337-13,954) a major CP (CP, 22 kDa). ORF7 (nt 13,951-14,481) encodes a 20-kDa protein (p20) putatively involved in systemic movement of the virus, and ORF8 (nt 14,478-15,020) encodes a 21-kDa protein (p21) that may function in suppression of RNA silencing. A phylogenetic analysis using HSP70h amino acid sequences shows that ReV-1 clusters with recognized members of the genus Closterovirus (Figure 2). Sequence comparisons for the taxonomically relevant RdRp, HSP70h and CP sequences revealed ReV-1 is most closely related to tobacco virus 1 (TV-1), with sequence identity values of 88.9, 73.9, and 62%, respectively (Table 3). In addition, replicated transmission assays from ReV1-infected R. glutinosa with Aphis gossypii, the melon aphid, resulted in systemic infection of R. glutinosa, Nicotiana benthamiana, N. clevelandii, N. occidentalis and Tetragonia tetragonoides, as shown by RT-PCR using specific primers. In addition, negatively stained ReV-1 particles were observed in electron micrographs of a dip preparation of T. tetragonoides showing yellow spots on apical leaves after aphid transmission assays. Taken together, ReV-1 is distinct from any currently recognized member of the family Closteroviridae, showing less than 75% amino acid sequence identity in the HSP70h and CP. We propose to recognize ReV-1 as an exemplar isolate of a proposed new species Rehmannia virus 1 in the genus Closterovirus of the family Closteroviridae. 


Table 3. Genetic relatedness of ReV-1 isolate Rg, the exemplar isolate of the proposed new virus species Rehmannia virus 1, with tobacco virus 1 (TV-1), its closest relative.
	Acronym
	Virus 
	Most closely related virus 
	% CP aa sequence identity 
	% RdRp aa sequence identity 
	% HSP70h aa sequence identity

	ReV-1
	rehmannia virus 1 
	tobacco virus 1 (TV-1)
	63.7
	88.9
	73.9





A novel virus was identified from pistachio (Pistacia vera) in California, USA. Total nucleic acid was isolated from leaf petioles or bark tissue of symptomatic pistachio accessions, subjected to ribosomal RNA depletion and used for cDNA library construction, and sequencing on an Illumina platform. Sequence reads were trimmed for adapters, and de novo assembled into contigs that were annotated to generate viral sequences. A tBLASTx search revealed a new virus, tentatively named pistachio ampelovirus A (PAVA, isolate W10) (Al Rwahnih et al. 2018), with an incomplete, 17,357 nt long genome sequence (GenBank accession number MF198462) with 12 putative ORFs (Figure 1). The 5’ and 3’ UTRs of the PAVA genome are undetermined. Phylogenetic analysis showed PAVA clustering with other species belonging to subgroup I of the genus Ampelovirus (Figure 2). Sequence analysis showed 43-46%, 38-45% and 34-44% amino acid identity with other members of the genus Ampelovirus in the RdRp, HSP70h, and CP, respectively. Sequence comparisons for the taxonomically relevant RdRp, HSP70h and CP sequences revealed ReV-1 is most closely related to grapevine leafroll-associated virus 1 (GLRaV-1), with sequence identity values of 33.6, 18.4, and 41.5%, respectively (Table 4). The occurrence of PAVA was confirmed by RT-PCR in several accessions of pistachio maintained in a germplasm repository using specific primers designed in the CP gene. In addition, PAVA was shown to be graft transmissible. Taken together, PAVA is distinct from any currently recognized member of the family Closteroviridae, showing less than 75% amino acid sequence identity in the HSP70h and CP. We propose to recognize Pistachio ampelovirus A as a new species in the genus Ampelovirus of the family Closteroviridae.


Table 4. Genetic relatedness of PAVA isolate W10, the exemplar isolate of the newly proposed species Pistachio ampelovirus A, with grapevine leafroll-associated virus 1 (GLRaV-1), its closest relative.
	Acronym
	Virus
	Most closely related virus 
	% CP aa sequence identity 
	% RdRp aa sequence identity 
	% HSP70h aa sequence identity

	PAVA
	pistachio ampelovirus A (PAVA)
	grapevine leafroll-associated virus 1 (GLRaV-1)
	18.4
	33.6
	41.5
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Figure 1. Schematic representation of the genome organization of arracacha virus 1 (ArrV-1) (panel A), blackcurrant closterovirus 1 (BCCV-1), pistachio ampelovirus A (PAVA) (panel C), and rehmannia virus1 (ReV-1) (panel D) compared with representative members of four genera (beet yellows virus, BYV from the genus Closterovirus; grapevine leafroll-associated virus 3, GLRaV-3 from the genus Ampelovirus, Cordyline virus 1, CoV1 from the genus Velarivirus; and lettuce infectious yellows virus, LIYV from the genus Crinivirus) within the family Closteroviridae (panel E). Blocks represent predicted open reading frames (ORFs). The replicase proteins are shown in grey with the papain-like protease (Pro), methyltransferase (Met), alkB domain (AlkB) helicase (HEL), and RNA-dependent RNA polymerase (RdRp) domains. Small transmembrane proteins (p4, p5 and/or p6) are shown in pink, the heat shock protein 70 homolog (HSP70h) in red, the coat protein (CP) in salmon, and the minor coat protein (CPm) in orange.

ArrV-1


Figure 2. Maximum likelihood phylogenetic tree showing the relationships between arracacha virus 1 (ArrV-1), blackcurrant closterovirus 1 (BCCV-1), pistachio ampelovirus A (PAVA), and rehmannia virus 1 (ReV-1), and recognized members of the family Closteroviridae based on an alignment of the complete amino acid sequence of the heat shock protein 70 homolog using MUSCLE (Edgar 2004). The maximum likelihood tree was inferred using RAxML (Stamatakis 2014) in the T-REX web server (Boc et al., 2012). Distances are proportional to branch lengths and the bar represents the genetic distance. The heat shock protein 70 from Arabidopsis thaliana (AEE75218) was used as outgroup. The position of PAVA in the genus Ampelovirus is boxed in red, while ArrV-1, BCCV-1 and ReV-1 are boxed in green. The GenBank accession number used for each virus is as follows: arracacha virus 1 (ArrV-1, MG919988), blackcurrant closterovirus 1 (BCCV-1, MH267701), pistachio ampelovirus A (PAVA, MF198462), rehmannia virus1 (ReV-1, MH033657), actinidia virus 1 (AcV-1, KX857665), air potato ampelovirus 1 (AiPiV-1, MH206615), palm velarivirus 1 (ArPV1, KR349464), bean yellow disorder virus (BYDV, EU191904), beet pseudoyellows virus (BPYV, AY330918), beet yellow stunt virus (BYSV, U51931), beet yellows virus (BYV, AF056575), blackberry vein banding-associated virus (BVBaV, KC904540), blueberry virus A (BVA, AB733585), carnation necrotic fleck virus (CVFV, GU234166), carrot yellow leaf virus (CYLV, FJ869862), citrus tristeza virus (CTV, U16304), Cordyline virus 1 (CoV-1, HM588723), Cordyline virus 2 (CoV-2, JQ599282), Cordyline virus 3 (CoV-3, JQ599283), Cordyline virus 4 (CoV-4, JQ599284), cucurbit yellow stunting disorder virus (CYSDV, AY242077), diodia vein chlorosis virus (DVCV, CQ376201), fig leaf mottle-associated virus 2 (FLMaV-2, FJ473383), fig mild mottle-associated virus (FMMaV, FJ611959), grapevine leafroll-associated virus 1 (GLRaV-1, JQ023131), grapevine leafroll-associated virus 2 (GLRaV-2, JX513891), grapevine leafroll-associated virus 3 (GLRaV-3, EU259806), grapevine leafroll-associated virus 4 (GLRaV-4, FJ467503), grapevine leafroll-associated virus 7 (GLRaV-7, HE588185), grapevine leafroll-associated virus 13 (GLRaV-13, LC052212), lettuce chlorosis virus (LCV, FJ380118), lettuce infectious yellows virus (LIYV, U15440), little cherry virus 1 (LChV-1, EU715989), little cherry virus 2 (LChV-2, AF531505), mint vein banding-associated virus (MVBaV, KJ572575), mint virus 1 (MV-1, AY792620), persimmon virus B (PeBV, AB923924), pineapple mealybug wilt-associated 1 (PMWaV-1, AF414119), pineapple mealybug wilt-associated 2 (PMWaV-2, AF283103), pineapple mealybug wilt-associated 3 (PMWaV-3, DQ399259), plum bark necrosis stem pitting-associated virus (PMNSPaV, EF546442), raspberry leaf mottle virus (RLMoV, DQ357218), rose leaf rosette-associated virus (RLRaV, KJ7488003), strawberry chlorotic fleck-associated virus (SCFaV, DQ860839), potato yellow vein virus (PYVV, AJ557128), strawberry pallidosis-associated virus (SPaV, AY488138), sweet potato chlorotic stunt virus (SPCSV, AJ428554), tetterwort vein chlorosis virus (TwVSV, KR002687), tobacco virus 1 (TV1, KT203917), tomato chlorosis virus (ToCV, AY903447) and tomato infectious chlorosis virus (TICV, FJ815440).
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