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SUMMARY

By integrating next-generation sequencing (NGS), bioinformatics,
electron microscopy and conventional molecular biology tools, a
new virus infecting kiwifruit vines has been identified and char-
acterized. Being associated with double-membrane-bound bodies
in infected tissues and having a genome composed of RNA seg-
ments, each one containing a single open reading frame in nega-
tive polarity, this virus shows the typical features of members of
the genus Emaravirus. Five genomic RNA segments were identi-
fied. Additional molecular signatures in the viral RNAs and in the
proteins they encode, together with data from phylogenetic anal-
yses, support the proposal of creating a new species in the genus
Emaravirus to classify the novel virus, which is tentatively named
Actinidia chlorotic ringspot-associated virus (AcCRaV). Bioassays
showed that AcCRaV is mechanically transmissible to Nicotiana
benthamiana plants which, in turn, may develop chlorotic spots
and ringspots. Field surveys disclosed the presence of AcCRaV in
four different species of kiwifruit vines in five different provinces
of central and western China, and support the association of the
novel virus with symptoms of leaf chlorotic ringspots in Actinidia.
Data on the molecular features of small RNAs of 21-24 nucleo-
tides, derived from AcCRaV RNAs targeted by host RNA silencing
mechanisms, are also reported, and possible molecular pathways
involved in their biogenesis are discussed.

Keywords: AcCRaV, Actinidia, chlorotic ringspot, family
Bunyaviridae, genus Emaravirus.

INTRODUCTION

The recently established genus Emaravirus (Mihlbach and Mielke-
Ehret, 2012) includes European mountain ash ringspot-associated
virus (EMARaV) as the type species (Mielke-Ehret and Muhlbach,
2007) plus four additional definitive species: Fig mosaic virus
(FMV) (Elbeaino et al, 2009a,b), Rose rosette virus (RRV) (Laney
et al, 2011), Raspberry leaf blotch virus (RLBV) (McGavin et al.,
2012) and Pigeonpea sterility mosaic virus (PPSMV-1) (Elbeaino
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et al, 2014; Kumar et al,, 2003) (http://www.ictvonline.org/viru-
sTaxonomy.asp). Other tentative emaraviruses are redbud yellow
ringspot-associated virus (RYRSaV) (Laney et al., 2010), pigeonpea
sterility mosaic virus 2 (PPSMV-2) (Elbeaino et al., 2015), woolly
burdock yellow vein virus (WBYVV) (Bi et al, 2012), maize red
stripe virus (MRStV) (Skare et al, 2006) and wheat mosaic virus
(WMoV) (Tatineni et al, 2014). The last two viruses have been
proposed to be joined in a single species that is waiting for
International Committee on Taxonomy of Viruses (ICTV) ratifica-
tion (https://talk.ictvonline.org/search?q=High%20plains). All of
these viruses are characterized by a multipartite negative-sense
RNA genome composed of four to eight genomic components
contained within spherical virions enveloped by a double mem-
brane (Mielke-Ehret and Miihlbach, 2012). Open reading frames
(ORFs) encoding the polymerase, putative glycoprotein, nucleo-
capsid and movement proteins (MPs), and other proteins with
unknown functions, are separately contained in the genomic seg-
ments of emaraviruses. Most of these viruses are vectored in
nature by eriophyid mites (Flock and Wallace, 1955; Kulkarni
et al., 2002; Mielke-Ehret and Muhlbach, 2012).

China is the site of origin of Actinidia spp. (Ferguson and
Bollard, 1990; Ferguson and Huang, 2007; Huang, 2010) and is
also the largest commercial kiwifruit producer in the world, Actini-
dia chinensis and A. delicious being the most widely cultivated
species. Virus-like diseases of kiwifruit have been reported previ-
ously in southern China (Lin and Gao, 1995), but their aetiology
has not been determined. Recently, a strain of the capillovirus
Apple stem grooving virus (ASGV) in A. chinensis (Clover et al.,
2003), two vitiviruses, Actinidia virus A (AcVA) and Actinidlia virus
B (AcVB) (Blouin et al,, 2012; Zheng et al., 2014), and a citrivirus,
Citrus leaf blotch virus (CLBV) (Zhu et al.,, 2016), infecting Actini-
dia spp. from China, have been reported. More recently, Tomato
zonate spot virus (TZSV), a putative member of the genus Tospovi-
rus, has been detected in kiwifruit plants (Y. Zheng et al., unpub-
lished data).

In 2013, during a field survey in the province of Hubei (central
China), virus-like symptoms on leaves of kiwifruit vines were
observed. To verify whether a virus was associated with these
symptoms, next-generation sequencing (NGS) of small RNAs
(sRNAs) accumulating in symptomatic leaves was carried out. As
reported here, a hitherto undescribed virus was identified, with

569


http://www.ictvonline.org/virusTaxonomy.asp
http://www.ictvonline.org/virusTaxonomy.asp
http://https://talk.ictvonline.org/search?q=High%20plains
http://https://talk.ictvonline.org/search?q=High%20plains

570 Y. ZHENG et al.

molecular, structural and biological properties characterizing spe-
cies of the genus Emaravirus.

RESULTS

Virus identification by high-throughput sequencing of
sRNA library

In 2013, during the course of field surveys in actinidia plantings of
Hubei Province (China), several vines were found showing chlor-
otic spots and ringspots on their leaves (Fig. 1A-F), sometimes
accompanied by vein yellowing (Fig. 1B,C,F).

Sequencing by lllumina technology of a cDNA library of sRNAs
from symptomatic leaves (Fig. 1A-C) of a kiwifruit plant (HN-6),
and computational processing to remove the 3’ adaptors, the low-
quality tags and sequences with a length shorter than 18 nucleo-
tides (nt), gave rise to 8 711 573 high-quality reads (Table S1, see
Supporting Information), which generated a total of 13 764 con-
tigs after de novo assembly. A siastx search in the National Center
for Biotechnology Information (NCBI) database identified 35 con-
tigs with significant amino acid (aa) sequence similarity to several
proteins encoded by members of the genus Emaravirus, including
RYRSaV, which frequently showed the best matches. The identi-
fied contigs were further aligned along the RNA components of

Fig. 1 Symptoms on leaves of
Actinidia chinensis and Nicotiana
benthamiana infected by Actinidia
chlorotic ringspot-associated virus
(AcCRaV). Ringspots (A), vein
yellowing (B) and chlorotic spots
(C) on leaves of the kiwifruit plant
used for deep sequencing of a
cDNA library of small RNAs.
Ringspots (D), vein yellowing (E)
and chlorotic spots (F) in leaves of
kiwifruit vines infected by
AcCRaV. (G) Necrotic spots on a
mechanically inoculated leaf of

N. benthamiana. (H, 1) Chlorotic
spots and rings, respectively, on
leaves of N. benthamiana
systemically infected by AcCRaV.

the RYRSaV genome (Fig. S1, see Supporting Information), gener-
ating a preliminary scaffold of at least four RNA genomic compo-
nents of a potential novel emaravirus infecting kiwifruit, which
was tentatively named Actinidia chlorotic ringspot-associated
virus (AcCRaV). In addition, siastx analysis identified additional
five contigs with sequences almost identical to genes encoded by
AcVB. Reverse transcription-polymerase chain reaction (RT-PCR)
using specific primers (Table S2, see Supporting Information) and
sequencing of the amplified products confirmed the presence of
AcVB in HN-6 (data not shown). However, only sequences rele-
vant to the possible novel emaravirus were analysed in the pres-
ent study.

Determination of the genome sequence of AcCRaV

To obtain the complete sequence of AcCRaV genomic compo-
nents, specific primers (Table S3, see Supporting Information)
were designed considering the relative positions of contigs
mapped in the RYRSaV RNAs (Fig. S1). Overlapping sequences of
the amplicons generated by RT-PCR and 5" and 3’ rapid amplifica-
tion of cDNA ends (RACE) allowed the determination of the com-
plete sequences of four RNAs (RNA 1-RNA 4) of 7061, 2267,
1678 and 1664 nt in length (Fig. 2A) (GenBank accession numbers
KT861481-KT861484). The first 13 nucleotides at both 5 and 3’
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termini of all RNA segments were almost complementary to each
other, and conserved in the four viral genomic RNA components.
These terminal sequences are also almost completely conserved in
the genomic RNAs of all emaraviruses reported so far (Elbeaino
et al, 2009b,; Laney et al, 2011; Mielke-Ehret and Miihlbach,
2007).

Based on this feature, the primer set AcCRaV 5H/3C (Table S3)
was designed in the conserved stretch sequences at the 5" and 3’
ends of the four AcCRaV viral RNAs known at this stage, and
used to amplify full-length cDNAs of all genomic components of
the emaravirus by RT-PCR. Three amplicons, not observed in the
healthy negative control, were obtained from the vine HN-6.
According to gel migration (Fig. 2B), the largest amplicon (2300
bp) has the size expected for the full-length ¢cDNA of AcCRaV
RNA 2 (2267 nt). Considering that RNAs 3 and 4 have similar sizes
(1678 and 1664 nt), the respective full-length amplicons are likely
to co-migrate in the gel as a single band of approximately 1700
bp. Finally, the unexpected smaller amplicon of about 1500 bp
was tentatively identified as an additional genomic component of

© 2016 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2017) 18(4),

AcCRaV. Conventional sequencing of these cloned cDNAs con-
firmed that the full-length sequences of AcCRaV RNAs 2, 3 and 4,
determined previously by overlapping partial genomic cDNA frag-
ments, were correct. Moreover, the full-length sequence of the
potential additional AcCRaV genomic component, tentatively des-
ignated as RNA 5, was determined to be 1474 nt in size
(KT861485). No band with a size expected for RNA 1 (about 7000
bp) was obtained using this specific set of primers, probably
because of the low processivity of the polymerases and/or lower
stability of this long RNA.

In an attempt to identify sequences deriving from additional
AcCRaV genomic RNAs, the deep-sequenced sRNA library from
HN-6 and the in silico-generated contigs were further screened. In
particular, using the 13-nt stretches conserved in the 5" and 3’ ter-
mini of RNAs 1-5 as a hallmark of the viral genomic RNAs, con-
tigs and sRNAs (18-26 nt) containing these terminal sequences
were specifically searched for. All the retrieved contigs had
sequences coincident with the 3’ or 5’ terminal ends of AcCRaV
RNAs 2-5, and all the retrieved sRNAs mapped at the 5" or 3’
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Table 1 Primers used for the detection of Actinidia chlorotic ringspot-associated virus (AcCRaV) by reverse transcription-polymerase chain reaction (RT-PCR).

Product Annealing
Virus Target gene Primer Primer sequence (5'-3') Position (nt) size (bp) temperature (°C)
Emaraviruses* RdRp 1AF GATGCATCDAAATGGTCWGC 3239-3256 387 53
1CR ATCATCWGARTGHACCAT 3606—-3625
AcCRaV cpt CP-F CGAGCTCAGTGGAAGAACCACAATATT 649-667 945 54
CP-R CGGGATCCATGCCAAAGCCTATGCAAGG 1559-1578
CcP 3F ATCCAAGAATTCCTTAACAGCA 683-704 477 55
3R TGTGCAATCATGGCTTATCAGA 1138-1159

*Primer set TAF/1CR, generated for the detection of most emaraviruses, was designed by Elbeaino et al. (2013). ‘W' is Aor T; 'R"isAor G; 'D'is Gor Aor T,

and ‘H" is A or Cor T.

"Nucleotides added for enzyme restriction and cloning are shown in italic type.

termini of the AcCRaV genomic RNAs 1-5 (Table S5, see Support-
ing Information), whereas no sRNA containing the terminal 13-nt
stretches and possibly deriving from other RNA(s) was identified.

It is worth noting that RNAs 1-5 were also closely associated
with each other in other AcCRaV-infected vines grown far from
Hubei Province, the geographical area in which the potential new
emaravirus was first identified. Indeed, three symptomatic kiwi-
fruit vines (AH-3, AH-20 and AH-21) grown in Anhui Province,
which were shown to contain RNA 1 by sequencing RT-PCR prod-
ucts obtained using the primer pair AcCRaV 1AF/1CR (Tables 1
and S7, see Supporting Information), also contained AcCRaV
RNAs 2-5, as shown by RT-PCR using the primer pair AcCRaV 5H/
3C. The cloning and sequencing of some of the amplification prod-
ucts confirmed that RNAs 1 and 3 from the vine AH-21, RNA 4
from the vines AH-21 and AH-3, and RNA-5 from all three vines
were almost identical (nt sequence identity 93%—97%) to the cor-
responding viral genomic RNAs previously found in the HN-6 vine
(Table S4, see Supporting Information), thus demonstrating that
RNAs 1-5 are genomic components of a single virus.

Genomic organization of AcCRaV

The overall genomic organization of AcCRaV is similar to that of
other emaraviruses, with each RNA containing a single ORF in
negative polarity (Fig. 2A). RNA 1 is 7061 nt in length and con-
tains an ORF (ORF1, nt positions 7023 to 112) that encodes a
putative protein (P1) of 2303 aa with a predicted molecular mass
of 226.9 kDa. Pairwise comparisons of the deduced aa sequence
showed similarities between AcCRaV P1 and the RNA-dependent
RNA polymerase (RdRp) proteins of other emaraviruses, ranging
from 33.4% (WMoV) to 64.6% (RYRSaV) (Table S6, see Support-
ing Information). In the region delimited by aa 1135 to 1322 of
the viral RdRp (Fig. S2A, see Supporting Information), there are
the five motifs conserved in members of the genus Emaravirus
and family Bunyaviridae, which correspond to the core polymerase
module of the RdRp active site (Elbeaino et al,, 2015; Laney et al.,
2011) (Fig. S2A). In addition, the N-terminus of AcCRaV P1 con-

tains the endonuclease domains (Fig. S2A) probably involved in
cap-snatching, a genome expression strategy to cap viral mRNAs
proposed for members of the family Bunyaviridae and genus Ten-
uivirus (Duijsings et al., 2001; Reguera et al.,, 2010).

RNA 2 is 2267 nt in length and contains ORF2, encoding a gly-
coprotein precursor (P2: GP) of 653 aa with a predicted molecular
mass of 75 kDa. It shows 24.3%-48.3% identity at the aa level
with the GP precursors of the other emaraviruses (Table S6), with
which AcCRaV P2 shares several conserved motifs (Fig. S2B),
including two predicted cleavage sites (VNT3/Ky4V and
VKA196/E197D) that may generate two larger glycoproteins, Gn
(19.8 kDa) and Gc (53.1 kDa), and a smaller glycoprotein (Gs),
consisting of 23 amino acids (2.6 kDa) (Fig. S2B).

RNA 3 is 1678 nt in length and contains ORF3 (nt positions
1033 to 101), encoding a protein of 310 aa (34.6 kDa) predicted
to be the nucleocapsid (P3: CP). It shares significant aa identity
with CP of RYRSaV (55.6%) and other emaraviruses (Table S6),
and contains three conserved aa stretches (NVLSFNK;34-140,
NRLAg3-186 and GYEF,04-507) (Elbeaino et al, 2009b). According
to BindN prediction (Wang and Brown, 2006), P3 contains
stretches of positively charged amino acids (BindN specificity,
80%) that are probably involved in RNA binding, as also predicted
for RRV CP (Laney et al, 2011).

RNA 4 is 1664 nt in length and contains ORF4 (nt positions
1238 to0 99). It encodes a protein (P4) of 379 aa (43.6 kDa) that
shares the highest identity (51.9%) with the protein encoded by
RNA4 of RYRSaV (Table S6). Interestingly, AcCRaV P4 protein
shares several structural features with other emaravirus MPs (Yu
et al, 2013). A signal peptide (positions 1-29, Fig. S3, see Sup-
porting Information) was identified by Signal P (Emanuelsson
et al, 2007). In addition, multiple protein alignment using the
software PROMALS (Pei and Grishin, 2007) showed that the cen-
tral part of AcCRaV P4 contains structural elements similar to the
consensus secondary structure of the 30K superfamily of plant
virus MPs (Melcher, 2000) (Fig. S3). According to the COILS pro-
gram (Lupas et al,, 1991), a coiled-coil motif was found in AcCRaV
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P4 downstream of the 30K central conserved domain. Similar
structural elements have been reported previously in P4 of RRV,
RYRSaV, FMV and RLBV (Yu et al, 2013). Interestingly, in the
case of FMV and RLBV, experimental data based on the transient
expression of P4 proteins fused to a fluorescent reporter protein
support a role of P4 in virus trafficking (Ishikawa et al, 2012; Yu
et al,, 2013). Altogether, these data suggest that P4 is the MP of
AcCRaV.

RNA 5 (1476 nt) contains a single ORF5 (nt positions 777 to
95) encoding a protein (P5) consisting of 226 aa with a molecular
mass of 26.5 kDa. Sequence similarity between P5 and proteins
encoded by other emaraviruses is very low (Table S6). Moreover,
no protein or conserved domain homologous to P5 was found in
the databases, and thus the function of this viral protein remains
unknown.

AcCRaV RNAs have untranslated regions (UTRs) at their 5
and 3’ termini. 3’ UTRs, ranging in size from 38 to 100 nt
(Fig. 2A), correspond to 0.5% (in RNA 1) up to 6.5% (in RNA
4) of the respective full-length RNA sequences. The sizes of 5
UTRs of the AcCRaV RNAs are more heterogeneous, with
those of RNAs 3, 4 and 5 being particularly long and covering
38%, 26% and 47%, respectively, of the respective full-length
RNA sequences.

© 2016 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2017) 18(4),

Phylogenetic analysis

To investigate the phylogenetic relationships of AcCRaV with closely
related viruses, amino acid sequences of putative RdRp (P1), GP
(P2), CP (P3) and MP (P4) of AcCRaV and all known emaraviruses
were aligned with the homologous proteins from representative
members of most genera in the family Bunyaviridae and genus Ten-
uivirus, and phylogenetic trees were generated. Regardless of the
considered protein, AcCRaV always clustered together with emaravi-
ruses with high bootstrap values (>99), and was clearly separated
from other viruses in the family Bunyaviridae, thus confirming a
close phylogenetic relationship of AcCRaV with members in the
genus Emaravirus (Fig. 3). In the case of RdRp, GP and CP proteins,
three subclades were identified in the emaravirus clade, one of
which contained AcCRaV, RYRSaV and EMARaV (Fig. 3). However,
when P4 was considered, AcCRaV clustered only with RYRSaV,
which is in agreement with the low similarity between the P4 of
EMARaV and the MP of the other emaraviruses.

Identification of double-membrane-bound bodies
(DMBs) in AcCRaV-infected kiwifruit leaves

Thin-sectioned tissues of plants infected by several emaraviruses
have been shown to contain DMBs, which are assumed to be
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virions (Mielke-Ehret and Miihlbach, 2012). DMBs are found
frequently near the endoplasmic reticulum (ER) and Golgi cis-
ternae (Ahn et al, 1998; Kumar et al, 2002; Martelli et al,
1993; Silvestro and Chapman, 2004), suggesting that their sur-
rounding membranes could originate from these intracellular
host membranes. Transmission electron microscopy (TEM)
observations of ultrathin sections of AcCRaV-infected kiwifruit
leaves showed the presence of typical DMBs in the cytoplasm
of mesophyll cells (Fig. 4A-D). The size of these DMBs, rang-
ing from 95 to 110 nm (average size, 100 nm) in diameter, is
in line with the DMB sizes reported for other emaraviruses.
Interestingly, DMBs were frequently located near ER mem-
branes in the cytoplasm (Fig. 4C,D) and never occurred in clus-
ters. Similar structures were never observed in the healthy
controls, thus supporting a close association of DMBs with the
presence of AcCRaV.

Characterization of AcCRaV-derived sRNAs

When AcCRaV sRNAs were grouped according to size, a profile
with prevalent peaks corresponding to sizes of 21 and 22 nt was
observed for all viral RNAs (Fig. 54, see Supporting Information).

Fig. 4 Ultrastructural analyses by
transmission electron microscopy
of kiwifruit leaves infected by
Actinidia chlorotic ringspot-
associated virus (AcCRaV). (A)
Virions with surrounding double
membranes in the cytoplasm of a
mesophyll cell. (B) Close up of (A).
(C, D) Virions near endoplasmic
reticulum in the cytoplasm of
AcCRaV-infected cells. Ch,
chloroplast, cw, cell wall; ER,
endoplasmic reticulum; M,
mitochondria; N, nucleus; V,
virion; V¢, vacuole.

Similar proportions of AcCRaV sRNAs were derived from the
genomic and anti-genomic RNA strands, regardless of the size
classes and the RNAs considered, with the only exception of
AcCRaV RNA 5, in which 21-nt anti-genomic sRNAs largely pre-
vailed (Fig. S4). Sequences of non-redundant AcCRaV sRNAs cover
33%, 99%, 96%, 99% and 95% of RNAs 1 to 5, respectively.
Moreover, when all (redundant) sRNAs deriving from genomic
and anti-genomic AcCRaV RNAs are considered, they generate
hotspots unevenly distributed along each viral RNA (Fig. 5), thus
resembling the distribution profiles of virus-derived sRNAs (v-
sRNAs) reported for plus-sense RNA and DNA viruses (Donaire
et al,, 2009). The hotspots of AcCRaV sRNAs mapped prevalently
within the ORFs, with much lower hotspot sSRNAs located in the
UTRs. This uneven distribution was particularly evident in the case
of RNAs 3, 4 and 5, which are characterized by long 5’ UTRs with
a lower GC content than in the respective ORFs (Fig. 5). In con-
trast, a more uniform sRNA distribution was observed between
the 5" UTR and ORF2 in AcCRaV RNA 2. Interestingly, in this case,
the GC content was higher in the 5" UTR than in ORF2, thus sup-
porting a correlation between GC content and density of the
mapped sRNAs (Fig. 5). Finally, analysis of the 5'-terminal nucleo-
tide in the AcCRaV sRNAs revealed the prevalence of U and A in
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Fig. 5 Distribution of Actinidia chlorotic ringspot-associated virus (AcCRaV)
sRNAs along the viral genomic RNAs. The locations and frequencies in each
viral genomic RNA (RNAs 1-5 in 5'=3' orientation) of the 5 termini of the
genomic (positive values) and anti-genomic (negative values) AcCRaV sRNA
reads are shown. A schematic representation of untranslated regions (UTRs)
(red lines) and open reading frames (ORFs) (green lines) of each viral RNA is
shown above the histogram. Numbers in boxes and in parentheses indicate
the GC content (%) and the sSRNA density (number of reads per nucleotide
position), respectively, in the UTRs (in red) and ORFs (in green) of each
genomic RNA.

sRNAs derived from all the viral RNAs, regardless of their polarity
(Fig. S5, see Supporting Information).
Transmission of AcCRaV to herbaceous hosts

Fourteen Nicotiana benthamiana plants were mechanically inocu-
lated with sap from a symptomatic vine infected by AcCRaV. At

Characterization of a novel emaravirus 575

15 days post-inoculation, newly developed leaves from all inocu-
lated plants were tested by RT-PCR using the specific primer set
CP-F/CP-R, designed to amplify the ORF3 sequence coding for the
putative CP, and the less specific primer pair 1AF/1CR, designed
to detect RNA 1 of most emaraviruses (Elbeaino et al, 2013)
(Table 1). Amplicons of the expected size were obtained from
seven inoculated plants using both primer pairs. Sequencing of
the amplification products generated by both sets of primers (two
clones from each infected plant) showed that AcCRaV RNAs 1 and
3 from infected N. benthamiana plants were almost identical to
the corresponding genomic AcCRaV RNAs from actinidia
(sequence identity 99% and 98% at the nt and aa level, respec-
tively), thus confirming the mechanical transmission of the virus
to the experimental host. RT-PCR assays showed that the inocu-
lated N. benthamiana plants were not infected by AcVA, AcVB,
CLBV and ASGV, viruses previously reported in actinidia (data not
shown). In this bioassay, only one of the infected plants showed
necrotic spots on inoculated leaves, followed by extensive chlor-
otic spots on systemic leaves (Fig. 1G-I). However, serial inocula-
tions of N. benthamiana, followed by RT-PCR assays (Fig. S6, see
Supporting Information) and sequencing of amplification products,
confirmed that AcCRaV is mechanically transmissible to N. ben-
thamiana, eliciting the symptoms reported above.

Development and validation of an AcCRaV-specific
detection method and field survey

To develop a specific method for AcCRaV diagnosis in actinidia,
the primer set AcCRaV 3F/3R was designed in the sequence of
AcCRaV ORF3 (Table 1), whose efficiency was compared with that
of the degenerate primer set 1AF/1CR (Elbeaino et al, 2013). As
primers 1AF/1CR may also detect the tospovirus TZSV in kiwifruit
vines (Y. Zheng et al., unpublished data), a TZSV-infected sample
was used as an additional control. The efficiency and specificity of
RT-PCRs performed with the two primer pairs were tested using
RNA preparations from 10 kiwifruit vines, seven of which (YN-11,
HN-13, HN-14, HN-15, HN-16, HN-17 and G-20) were known to
be infected by AcCRaV, and one (YN-4) by TZSV. In addition, two
healthy seedlings of A. chinensis were used as negative controls.
These analyses showed that the universal primer pair 1AF/1CR
detected efficiently both TZSV and AcCRaV, generating the
expected product of about 360 bp from all the plants infected by
one of the two viruses (Fig. 6A). In contrast, the primer pair
AcCRaV 3R/3F detected selectively only AcCRaV (Fig. 6B). Inter-
estingly, coupling RT-PCR assays performed with generic (1AF/
1CR) and specific (AcCRaV 3F/3R) primers, it is relatively easy to
discriminate AcCRaV infection from that of another emaravirus
and/or TSZV.

Therefore, both primer pairs, 1AF/1CR and 3F/3R, were chosen
to undertake a field survey in different accessions of Actinidia spp.
grown in China and coincident results were obtained, thus
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Fig. 6 Reverse transcription-polymerase chain reaction (RT-PCR) assay of
Actinidia chlorotic ringspot-associated virus (AcCRaV) in kiwifruit plants using
primer pairs TAF/1CR (A) and 3F/3R (B). Agarose gels were stained with
ethidium bromide. Arrows on the right indicate the expected products
amplified with each primer pair from the AcCRaV-infected samples or, only for
the pair TAF/1CR, from the Tomato zonate spot virus (TZSV)-infected vine. 1,
YN-4 infected by TZSV; 2-8, YN-11, HN-13, HN-14, HN-15, HN-16, HN-17
and G-20 infected by AcCRaV; 9 and 10, seedlings of A. chinensis not infected
by TZSV or AcCRaV; 11, water control.

Table 2 Preliminary survey, based on reverse transcription-polymerase chain
reaction (RT-PCR) detection, of Actinidia chlorotic ringspot-associated virus
(AcCRaV) in several Actinidia species.

Actinidlia species Tested samples Positive samples Frequency (%)

A. chinensis 84 22 26.1
A. delicious 42 4 9.5
A. arguta 3 0 -
A. kolomikta 1 1 -
A. polygama 1 0 -
A. eriantha 3 2 -
Others 12 9 75
Total 146 38 26.0

—, frequency not calculated because of the limited number of tested
samples.

disclosing the presence of AcCRaV in several actinidia species and
geographical areas and excluding infections by TSZV. In particular,
38 of 146 samples tested positive to AcCRaV, with a higher inci-
dence in A. chinensis than in A. delicious (Table 2). The virus was
also detected in one A. kolomikta and two A. eriantha plants and
in some other unidentified Actinidia spp. (Table 2).

The AcCRaV-positive samples were also tested for the pres-
ence of AcVA, AcVB, ASGV and CBLV, already reported in Actini-
dia spp. (Blouin et al,, 2013). Thus, in total, 15 of the 36 AcCRaV-
infected vines tested positive only to AcCRaV, whereas one or
more additional viruses infected the remaining plants (Table S7).
Although most of the infected actinidia vines showed symptoms
of leaf chlorosis and/or malformation, the chlorotic ringspots were
observed exclusively on the leaves of nine plants that were

infected by AcCRaV alone (four samples) or in combination (five
samples) with other viruses.

To further exclude concurrent infection by other emaraviruses,
one to three clones of the cDNAs amplified using the primer set
1AF/1CR from 17 samples representative of four different actinidia
species (A. chinensis, A. delicious, A. kolomikta, A. eriantha) and
five Chinese geographical areas (provinces of Anhui, Hubei, Zhe-
jiang, Shanxi and Yunnan) were sequenced, thus generating data
also useful for a preliminary view on the sequence variability of
AcCRaV recovered. The sequence identity of these amplified frag-
ments with the corresponding RNA 1 sequence from the AcCRaV
reference variant (AN: KT861481) was 88%-92% at the nt level
and 96%-98% at the aa level (Table S8, see Supporting Informa-
tion), thus conclusively excluding infection by another emaravirus
and/or TZSV.

DISCUSSION

NGS, coupled with metagenomic analysis, has been effectively
used for the identification of known and previously unreported
plant viruses in several host species (Adams et al., 2009; Al Rwah-
nih et al, 2009; Hagen et al, 2011; Kreuze et al., 2009; Wu et al.,
2015). In the case of emaraviruses, RRV, WMoV, PPSMV-1 and
PPSMV-2 have been discovered and/or sequenced by lllumina
technology (Bi et al, 2012; Elbeaino et al, 2014, 2015; Laney
et al, 2011). In this article, we used NGS based on Illumina tech-
nology to identify a novel virus, AcCRaV, in an actinidia vine
showing symptoms of chlorotic ringspot, mottle and vein yellow-
ing of the leaves. Integration of NGS and conventional sequencing
technology allowed the determination of the full-length sequences
of five genomic components of AcCRaV, whose molecular features
are consistent with those of all members in the genus Emaravirus.
The five genomic components were completely sequenced and
found in combination with each other in at least four AcCRaV-
infected kiwifruit vines from different geographical regions, thus
strongly indicating that they are the genomic components of a sin-
gle novel emaravirus. Although attempts to identify additional
AcCRaV genomic fragment(s) by RT-PCR and deep analyses of
AcCRaV-derived sRNAs and contigs failed, we cannot exclude the
existence of one or more additional genomic AcCRaV RNAs.
Indeed, the recent identification in the emaraviruses RRV and
RLBV of genomic RNAs (Di Bello et al, 2015; Lu et al, 2015),
which remained unnoticed in the first characterization of these
viruses (Laney et al., 2011; McGavin et al,, 2012), poses the ques-
tion of whether additional genomic RNAs could also exist in other
emaraviruses, including AcCRaV.

AcCRaV has a multipartite negative-sense RNA genome with a
single ORF encoded by each genomic segment and with a stretch
of almost complementary sequences at the 3’ and 5 termini,
which probably hybridize to each other, forming a panhandle
structure considered as a hallmark of viruses with a negative-
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sense multipartite sSSRNA genome (Kormelink et al, 2011). More-
over, despite the overall low sequence identity with other emara-
viruses, the presence of domains and structural motifs conserved
in homologous proteins in other emaraviruses and/or in members
of family Bunyaviridae and genus Tenuivirus strongly indicate that
the P1-P4 proteins encoded by AcCRaV correspond to the viral
RdRp, GP, CP and MP, respectively.

With respect to the putative AcCRaV RdRp, the presence of
motifs potentially involved in cap-snatching, a viral capping strat-
egy proposed for FMV (Walia and Falk, 2012) and RRV (Laney
et al, 2011), indicates that this mechanism could also operate in
AcCRaV genome expression. AcCRaV-encoded GPs should con-
tribute to the formation of DMBs, as reported previously in the
case of other emaraviruses (Mielke-Ehret and Muhlbach, 2012),
tospoviruses and members of the family Bunyaviridae (Kormelink
et al, 2011). In this study, the association of AcCRaV with DMBs
has been shown by TEM observations, which also suggests that
the surrounding membrane of DMBs could derive from the ER, in
line with the data reported for some tospoviruses (le, 1964) and
other emaraviruses (Kumar et al,, 2002; Martelli et al., 1993).

In contrast with P1-P4, the possible functional role(s) of
AcCRaV P5 remains unknown. Proteins with a similar molecular
weight (c. 27 kDa), but with no sequence homology to each other,
and a role still to be determined, have also been reported in other
emaraviruses (Di Bello et al., 2015; Elbeaino et al,, 2014, 2015;
Ishikawa et al, 2012; Lu et al, 2015; McGavin et al, 2012;
Mielke-Ehret and Miihlbach, 2007; Tatineni et al., 2014).

Contrary to the notion that the mechanical transmission of
emaraviruses is difficult (Mielke-Ehret and Mihlbach, 2012),
AcCRaV was readily mechanically transmitted to N. benthamiana
plants, which developed leaf chlorotic spot and ringspots. As for
other emaraviruses, however, mechanical transmission probably
has no epidemiological relevance in the case of AcCRaV. A natural
vector, still to be identified, is probably involved in the spread of
this virus in the field. It remains to be investigated whether, simi-
lar to other emaraviruses (Flock and Wallace, 1955; Kulkarni
et al, 2002; Kumar et al, 2003), eriophyid mites could be
involved in the natural transmission of AcCRaV.

The use of a specific RT-PCR detection method for a prelimi-
nary survey of AcCRaV in China showed that this virus: (i) occurs
in several Actinidia species and in several Chinese provinces; (ii) is
frequently accompanied by co-infecting viruses; and (jii) is associ-
ated with the presence of chlorotic ringspots in the leaves of
infected kiwifruit plants. However, the involvement of AcCRaV in
the symptomatology shown by naturally infected kiwifruit plants
requires fulfilment of Koch's postulates.

Finally, the analyses of sRNAs from AcCRaV-infected kiwifruit
vine revealed that AcCRaV sRNAs of both polarity strands accu-
mulated in infected tissues. Interestingly, the distribution profiles
of AcCRaV sRNAs along the viral genomic RNAs revealed hotspots
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mapping prevalently within ORFs. Several possible reasons can be
advocated for this distribution profile, including possible protec-
tion of AcCRaV UTRs by interacting proteins, as proposed previ-
ously in the case of the intergenic regions (IRGs) of M and S RNAs
of tomato spotted wilt virus and tomato yellow ring virus, two
negative/ambisense viruses infecting tomato, in which the almost
complete absence of v-sRNAs in non-coding regions was also
observed (Hedil et al, 2014; Mitter et al, 2013). Alternatively,
considering the correlation between sRNA density and GC content
observed in several AcCRaV RNAs (Fig. 5), the uneven distribution
of sRNAs could also be a result of the preferential targeting of
GC-rich RNA regions by the Dicer-like proteins involved in their
generation (Ho et al, 2007). However, it cannot be excluded that
the genome expression strategy of these viruses, which is based
on the transcription of viral mRNAs using, as template, the nega-
tive strand of the genomic viral RNAs, could also be implicated in
this differential distribution of v-sRNAs in AcCRaV and in other
negative-sense RNA viruses.

EXPERIMENTAL PROCEDURES

Plant material

In early June 2013, leaf samples exhibiting chlorotic ringspots and vein
yellowing were collected from a symptomatic kiwifruit plant (A. chinensis,
HN-6) grown in a field in Hubei Province (central China), and used as
source for the generation of a cDNA library of SRNAs. During two consecu-
tive springs (2013-2014), leaf samples from a total of 146 kiwifruit plants,
most of which showed symptoms of virus-like diseases (mainly chlorosis
and leaf malformation), were collected from six provinces (60 samples
from Hubei Province, 49 from Anhui Province, 18 from Yunnan Province,
16 from Shanxi Province, one from Zhejiang Province and two from
Jiangxi Province).

RNA isolation and sRNA sequencing

Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA,
USA), and sRNAs (16-30 nt) were purified and processed as reported pre-
viously (Di Serio et al,, 2010) to generate a cDNA library of SRNAs that
was sequenced on an lllumina Genome Analyzer (Biomarker Biology Tech-
nology Ltd Company, Beijing, China). The raw reads were filtered for qual-
ity, reduced to unique reads and de novo assembled into larger contigs
using Velvet Software1.2.08 (Zerbino and Birney, 2008) with a k-mer of
15-17. Following assembly, contigs were screened for sequence homolo-
gies using sLastx and stastn (http://www.ncbi.nlm.nih.gov/) programs. Cov-
erage and distribution of viral-specific siRNAs were determined using the
program SearchSmallRNA (de Andrade and Vaslin, 2014) and the genomic
RNA sequences of AcCRaV RNAs as reference viral sequences.

Determination of complete genome sequences

Once assembled, the viral RNAs were completely sequenced through sev-
eral RT-PCR amplifications using specific primers (Table S3) designed on
the basis of the sequences of the contigs. The PCR products were then
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cloned, sequenced and used to assemble and validate the complete sequen-
ces of viral genomic RNA components. The terminal genomic regions were
determined using the RACE strategy employing a commercial kit (GeneR-
acer kit, Invitrogen, Carlshad, CA, USA) and specific primers (Table S3),
according to the manufacturer’s instructions. RT-PCR solutions and condi-
tions were similar to those reported previously (Qu et al., 2014), except that
2 mm of each deoxynucleoside triphosphate (ANTP) was used in a 25-pL
PCR volume, with annealing for 45 s at 50-54°C (depending on the primer
set used in each reaction) and extension for 1-3 min (depending on the size
of the expected PCR product) at 72°C. PCR products were gel purified and
ligated into the pMD18-T vector (Takara, Dalian, China), following the man-
ufacturer’s instructions. At least three positive clones of each PCR product
were sequenced at Shanghai Sangon Biological Engineering & Technology
and Service Co. Ltd, Shanghai, China. The obtained sequences were
assembled into contiguous sequences by overlapping common regions (gen-
erally about 100 bp) of the amplicons. Full-length cDNA amplicons of RNA 2
to RNA 5 were generated by reverse transcription using the specific primer
3C, amplified by PCR using the primer pair AcCRaV 5H/3C (Table S3) and
finally cloned and sequenced as reported above.

Sequence analyses

ORF Finder at NCBI was used to search for potential ORFs in the virus
genomic and anti-genomic RNAs. Sequence comparisons of proteins were
performed using CiustalW in the software DNASTAR_Lasergene.v7.1
(Thompson et al, 1997). For phylogenetic tree construction, multiple
alignments of amino acid sequences were conducted using MAFFT version
6.85, as implemented at http://www.ebi.ac.uk/Tools/msa/mafft/202 with
default settings; the resulting data were imported into the program MEGA
5.1 (Tamura et al, 2011) and phylogenetic trees were inferred by the
neighbour-joining method with the p-distance matrix and pairwise, and
with 1000 bootstrap replicates.

Protein analyses were performed using the software for the prediction
of glycosylation sites (NetNGlyc 1.0 Server: http://www.cbs.dtu.dk/serv-
ices/NetNGlyc/), transmembrane helices (TMHMM 2.0 vers.: http://www.
ch.embnet.org/software/TMPRED_form.html), signal peptides (SignalP
4.1: http://www.cbs.dtu.dk/services/SignalP/), potential DNA- or RNA-
binding residues (BindN: http://bioinfo.ggc.org/bindn/) and coiled coils
(COILS:  http://embnet.vital-it.ch/software/COILS_form.html). Alignments
for multiple protein sequences and/or structures were performed using
PROMALS (http://prodata.swmed.edu/promals/promals.php).

Bioassays

Sap extracted from leaves of A. chinensis vines infected by the novel
emaravirus was used for mechanical transmission tests. Leaf tissue (about
1 g) was homogenized in 5 mL of 0.02 m phosphate buffer, pH 7.4, con-
taining 0.15% 2-mercaptoethanol and 0.45% diethyldithiocarbamic acid
(DIECA). The homogenate was mixed with 400-mesh carborundum pow-
der and mechanically inoculated onto the leaves of N. benthamiana.
Plants inoculated only with the buffer reported above were used as nega-
tive controls. All plants were maintained in an insect-proof growth room
at about 24°C for up to 5 weeks, observed for symptoms and tested for
virus infection by RT-PCR assays and sequencing. For serial inoculations,
AcCRaV-infected N. benthamiana plants were used as the source of inocu-
lum. The inoculated plants were tested for AcCRaV infection by RT-PCR

using the primer pair CP-F/CP-R and the degenerated primer pair 1AF/1CR
(Table 1), following the protocols reported in the next section, with the
exception that the annealing temperature was 54°C for primer pair CP-F/
CP-R.

Virus detection in field survey

In the field survey, AcCRaV infecting actinidia was detected by RT-PCR
using RNA preparations obtained from leaves (only in one case from dor-
mant twigs), as reported by Li and Mock (2008), and the primers AcCRaV
3F/3R, designed in the sequence of ORF3 of AcCRaV (Table 1), or the
degenerate primer set 1AF/1CR, designed previously by Elbeaino et al.
(2013) in the conserved domains A and C of RdRP of most emaraviruses.
Reverse transcription was performed with Moloney murine leukaemia
virus (M-MLV) reverse transcriptase (Promega, Madison, WI, USA). PCR
was performed in a 25-pL volume of reaction mixture containing 2.5 L of
10 X PCR buffer, 0.5 mm dNTPs, 0.5 mm of each primer, one unit of Tag
DNA polymerase (TaKaRa, Dalian, China) and 2 L of cDNA, using an iCy-
cler Thermocycler (Bio-Rad, Hercules, CA, USA). The PCR profile consisted
of an initial denaturation at 95°C for 3 min, followed by 35 cycles of 95°C
for 30 s, 53°C (for primer set 1AF/1CR) or 55°C (for primer set 3F/3R) for
30 s, 72°C for 1 min and a final extension for 10 min at 72°C. The PCR
products were separated by electrophoresis on a 1.2% agarose gel,
stained with ethidium bromide and visualized under UV light.

Electron microscopy

For thin sectioning, tissue fragments were excised from young leaves of a
kiwifruit plant (A. chinensis) infected with the novel emaravirus and proc-
essed according to standard procedures (Martelli and Russo, 1984). Ultra-
thin sections (60-80 nm), collected on formvar-coated, carbon-stabilized
copper grids (75 mesh), were stained with 2% uranyl acetate for 15 min,
followed by 2% lead acetate for 1.5 min, and then examined with an elec-
tron microscope (Tecncai G2 20 TEM, FEI, Oregon, USA). The diameter of
the particles was determined by thirty measurements statistically analysed
by Kaleidagraph 4.1 (Sinergy Software: http://www.synergy.com/wordpress_
650164087/kaleidagraph/).
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Additional Supporting Information may be found in the online
version of this article at the publisher's website:

Table S1 Summary of lllumina deep sequencing results.

Table S2 Primers used for the reverse transcription-polymerase
chain reaction (RT-PCR) detection of Apple stem grooving virus
(ASGV), Actinidia virus A (AcVA), Actinidia virus B (AcVB) and
Citrus leaf blotch virus (CLBV).

Table S3 Primers designed for polymerase chain reaction (PCR)
amplification of partial-length and full-length cDNAs of Actini-
dia chlorotic ringspot-associated virus (AcCRaV) RNAs.

Table S4 Comparison of full-length sequences of the genomic
RNAs 3, 4 and 5 of the Actinidia chlorotic ringspot-associated
virus (AcCRaV) HN-6 isolate (from a vine grown in Hubei Prov-
ince) with the corresponding RNAs of three AcCRaV isolates
from Anhui Province.

Table S5 sRNAs from the HN-6 sequenced library that contain
the conserved termini of Actinidia chlorotic ringspot-associated
virus (AcCRaV) genomic RNAs.

Table S6 Nucleotide and amino acid sequence identities (%)
between Actinidia chlorotic ringspot-associated virus (AcCRaV)
and other emaraviruses.

Table S7 Reverse transcription-polymerase chain reaction (RT-
PCR) detection of five viruses in symptomatic kiwifruit vines of
different species grown in five Chinese provinces.

Table S8 Nucleotide (below diagonal) and amino acid (above
diagonal) sequence identities (%) of the 387-bp fragment
amplified from 18 kiwifruit samples using the primer set 1AF/
1CR.

Fig. S1 (a) Preliminary scaffold generated by aligning the con-
tigs (red boxes) with significant amino acid sequence similarity
to emaravirus-encoded proteins along the redbud yellow
ringspot-associated virus (RYRSaV) genomic RNAs (blue boxes).
Primers designed for the amplification of Actinidia chlorotic
ringspot-associated virus (AcCRaV) genomic cDNAs based on
this scaffold are indicated by arrows. The sequences of the pri-
mers are reported in Table S3. (b) Length and coverage of the
contigs shown in (a).

Fig. S2 Conserved motifs in Actinidia chlorotic ringspot-
associated virus (AcCRaV) proteins P1 (A) and P2 (B). (A)
The five motifs (A, DASKWS; 1351140, B, QGNLNMTSS;520-
12266 G, SDDize1-1263 D, NKizgp_1283 E. EFLSTy318-1320)
corresponding to the core polymerase module of the RNA-
dependent RNA polymerase (RdRp) active site (A—E) and the
N-terminal endonuclease domains [H;03-PD133-134-(D/E)XKs56-
158l characteristic of the nuclease superfamily are indicated
by grey boxes with the conserved amino acids and their
positions reported above. (B) Conserved motifs present in
the glycoprotein encoded by AcCRaV and other emaraviruses:
the N-terminal signal sequence and three transmembrane
(TM) domains are denoted by black boxes; five putative gly-
cosylation sites and the conserved motif of the glycoprotein
precursor of phleboviruses are indicated by arrowheads with
the corresponding aa sequences above; the scissors indicate
the two predicted cleavage sites, with the corresponding
amino acid sequence and the cleavage site reported above.
The predicted glycoproteins generated by cleavages at the
reported sites are shown by grey boxes, with the respective
estimated molecular weights in parentheses.

Fig. S3 Multiple alignment of the P4 protein of Actinidia chlor-
otic ringspot-associated virus (AcCRaV) with P4 of the emaravi-
ruses Raspberry leaf blotch virus (RLBV), Rose rosette virus
(RRV), Fig mosaic virus (FMV) and redbud yellow ringspot-
associated virus (RYRSaV). Consensus secondary structure ele-
ments are shown below the sequences according to Yu et al.
(2013). The central part of P4, similar to 30K MPs, is boxed
according to the report of Yu et al. (2013). The position of the
coiled-coil domain (positions 241-269) in the AcCRaV P4 pro-
tein is indicated by the horizontal dotted line.

Fig. S4 Size distribution of 18-26-nt sRNAs derived from the
Actinidia chlorotic ringspot-associated virus (AcCRaV) genomic
and anti-genomic RNA strands.
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Fig. S5 Relative frequency of 5'-terminal nucleotides of 18-
26-nt Actinidia chlorotic ringspot-associated virus (AcCRaV)
SRNAs.

Fig. S6 Detection of Actinidia chlorotic ringspot-associated
virus  (AcCRaV) in Nicotiana benthamiana plants. Reverse
transcription-polymerase chain reaction (RT-PCR) performed
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using the primer sets 1AF/1CR (top panel) and CP-F/CP-R (bot-
tom panel). Lanes 1-11, plants of N. benthamiana mechanically
inoculated with sap from a plant testing positive for AcCRaV;
lanes ck— and ck+, virus-free seedling and AcCRaV-infected
kiwifruit sample, respectively. Samples 2, 5 and 6 showed sys-
temic symptoms of chlorotic leaf spots and ringspots.
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