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Abstract The causal agent of apple mosaic disease
has been previously thought to be solely caused by apple
mosaic virus (ApMV). In this study, we report that a novel
ilarvirus is also associated with apple mosaic disease.
Next-generation sequencing analysis of an apple tree show-
ing mosaic symptoms revealed that the tree was infected
with three apple latent viruses (apple stem pitting virus,
apple stem grooving virus, and apple chlorotic leaf spot
virus) and a novel ilarvirus (given the name apple necrotic
mosaic virus (ApNMV)) that is closely related to Prunus
necrotic ringspot virus (PNRSV) and ApMV. The genome
of ApNMV consists of RNA1 (3378 nt), RNA2 (2767 nt),
and RNA3 (1956 nt). A phylogenetic analysis based on
the coat protein amino acid sequences indicated that the
novel virus belongs to the same subgroup 3 of the genus
llarvirus as PNRSV and ApMV. The presence of mosaic
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leaves, which tend to be unevenly distributed in diseased
apple trees, was correlated with the internal distribution of
ApNMV. RT-PCR detection of mosaic-diseased apple trees
in Japan indicated that ApNMV was detected in apple trees
introduced from China, whereas ApMV was detected from
cultivated apple trees in domestic orchards. Consistent with
these findings, a survey of mosaic-diseased apple trees in
major apple-producing provinces in China revealed that the
majority of apple trees showing mosaic symptoms in China
are infected with ApNMV.

Keywords Apple mosaic disease - Apple necrotic mosaic
virus - Next-generation sequencing - [larvirus - Plant RNA
virus

Introduction

Apple mosaic disease has been reported since the begin-
ning of the nineteenth century in Europe (Bradford and
Joley 1933; Fukushi and Tahama 1960; Fulton 1972;
Petrzik and Lenz 2011) and was one of the first viral dis-
eases proven to be transmittable by grafting (Bradford and
Joley 1933). Leaves of apple trees infected with mosaic dis-
ease develop bright pale-yellow chlorotic spots and mosaic
patterns. Chlorosis can develop along leaf veins, creating
a reticulated appearance or, in other cases, can manifest as
large, amorphous chlorotic areas between leaf veins (Fuku-
shi and Tahama 1960; Fulton 1972; Petrzik and Lenz 2011;
Posnette and Cropley 1956). Trees with symptomatic leaves
throughout the tree lack vigour (Nemeth 1986); symptoms
do not appear on branches or fruits.

Until now, the causal agent of apple mosaic disease
was believed to be apple mosaic virus (ApMV). ApMV
belongs to the genus Illarvirus, family Bromoviridae, and
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is distributed throughout the world (Bujarski et al. 2012;
Petrzik and Lenz 2011). In addition to apple trees, known
natural hosts of ApMV include pear, plum, peach, apricot,
cherry, almond, hazelnut, silver birch, chestnut, blackberry,
raspberry, hop, European elder, mahaleb cherry, and sev-
eral species of Trebouxia lichen (Fulton 1972; Grimova
et al. 2013; Kanno et al. 1993; Petrzik et al. 2014).

The genus Ilarvirus comprises viruses having tripartite
genomes and icosahedral particles (Bujarski et al. 2012).
The genome consists of single-stranded positive-sense
RNA molecules (RNA1, RNA2, and RNA3) and an encap-
sidated subgenomic RNA4. RNA1 and RNA?2 each encode
single replication-associated proteins. RNA3 encodes a
movement protein (MP) and coat protein (CP), whereas
RNA4 is a subgenomic RNA that functions as an mRNA
for CP (Bujarski et al. 2012; Guo et al. 1995). The com-
plete genome of ApMV has been sequenced (Sanchez-Nav-
arro and Pallas 1994; Shiel et al. 1995; Shiel and Berger
2000), and ApMV was shown to belong to subgroup 3 in
the genus [larvirus as does Prunus necrotic ringspot virus
(Bujarski et al. 2012; Hammond and Crosslin 1998).

Apple trees (tree no. P129, PK45, PK28, and P133)
showing mosaic symptoms maintained at the National
Agriculture and Food Research Organization (NARO)-
Apple Research Station (Morioka City, Iwate Prefec-
ture, Japan) had leaves with pale-yellow mosaic patterns
and were believed to be infected with ApMV. However,
enzyme-linked immunosorbent assay (ELISA) using an
ApMV antibody yielded a positive reaction for a leaf
extract of P133 only, but not for P129, PK45, and PK28
(Koganezawa and Besho 1987). Accordingly, the mosaic
symptoms in P129, PK45, and PK28 were assumed to be
caused by an agent other than ApMV. Although an attempt
was made to isolate the causal agent from these trees via
sap inoculation of herbaceous hosts, the agent was not
transmitted to any test plants including the ApMV assay
hosts Cyamopsis tetragonoloba and Cucumis sativus (Ful-
ton 1972).

In this paper, we applied next-generation sequencing
analysis to identify the causal agent in apple tree P129,
which had “mosaic disease” symptoms but did not test pos-
itive for ApMV in the ELISA. We subsequently determined
the genome sequence of a novel ilarvirus correlated with
the mosaic symptoms.

Materials and methods
Plant material
Apple trees P129, PK28, PK45, and P133 maintained in

the virus repository orchard at Apple Research Station,
NARO were used in this study. Leaves were collected for
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next-generation sequence analysis and virus detection by
RT-PCR. To clarify the relationship between the mosaic
symptom and virus distribution, leaf samples (5 leaves per
branch) were collected from branches with symptomatic
leaves only, branches with a mixture of symptomatic and
asymptomatic leaves, and branches with asymptomatic
leaves only on a mosaic-diseased apple tree (PK28).

Deep sequence analysis

For next-generation sequencing, double-stranded (ds)
RNAs were extracted from leaf tissues (20 g) of a mosaic-
diseased apple tree (P129) using a previously described
method (Morris and Dodds 1979; Yoshikawa and Con-
verse 1990), then dissolved in 20 pL. TAE buffer (40 mM
Tris, 20 mM sodium acetate, 1 mM EDTA, pH 7.0). The
dsRNAs were then subjected to library preparation accord-
ing to the instructions for the NEBNext mRNA Library
Prep Master Mix Set for Illumina (code No. E6110S, New
England Biolabs, Tokyo, Japan) and subjected to reverse
transcription to synthesize the first strand cDNA using a
random primer according to the protocol for NEBNext
Multiplex Oligos for Illumia Index primers 1-12 (code no.
E7335, NEB). The cDNA was used as a template to synthe-
size a double-stranded cDNA, followed by end repair, addi-
tion of poly A, adapter ligation, and then PCR for library
preparation. The prepared library was analysed using
6% polyacrylamide gel electrophoresis and the products
(200 to 300 bp) were purified and subjected to paired-end
sequencing (1 read=101 bases) using an Illumina HiSeq
2000 (Illumina, San Diego, CA, USA). The resulting reads
were assembled into contiguous sequences (contigs) by the
Velvet software (European Bioinformatics Institute, https://
www.ebi.ac.uk/~zerbino/velvet/), and the contigs were used
to search for virus sequences using BLAST (blastn and
blastx).

Complete virus genome sequencing

Total RNAs were extracted from apple leaves (P129) show-
ing mosaic symptoms according to Gasic et al. (2004) and
then dissolved in RNase-free water at 500 ng/pL. Unknown
sequences of a novel ilarvirus (given the name Apple
necrotic mosaic virus [ApNMV]) genome were amplified
by RT-PCR and 3'- and 5'-RACE-PCR. RT-PCR was car-
ried out using a TaKaRa RNA PCR Kit (AMYV) ver.3.0
(TaKaRa, Siga, Japan) using primers (R1-node268+as a
sense primer and R1-node31—as an antisense primer) to
amplify the sequence between NODE268 and NODE31
(NODE means next-generation sequencing-derived con-
tigs) (Supplementary Table 1 and Fig. 1). For 3'-RACE-
PCR, poly A tails were added to the 3’ ends of the viral
RNAs using an A-PlusTM Poly(A) Polymerase Tailing
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Fig. 1 Genome organization of the Apple necrotic mosaic virus
(ApNMV). Bars under each RNA indicate the position and length of
contigs obtained from next-generation sequencing. The open read-
ing frames (ORFs 1-4) of ApNMV-RNAs represent methyltrans-
ferase (MET), NTP-binding helicase (HEL), RNA polymerase (POL),
movement (MP), and coat (CP) proteins. nt nucleotide

Kit (Cellscript, Madison, WI, USA), and 3'-RACE-PCR
was carried out using the TaKaRa RNA PCR Kit (AMV)
ver.3.0 using primers (R1-node31+, R2-node305+, and
R3-node76+ as sense primers and M13 Primer M4 as the
antisense primer) to amplify the sequences between con-
tigs and the 3’ end of each RNA (Supplementary Table 1
and Fig. 1). The 5-RACE-PCR was carried out using
the 5’-Full RACE Core Set (TaKaRa) as follows: reverse
transcription was performed using the phosphorylated
antisense primers 5'RACE-R1-RT, 5'RACE-R2-RT, and
5'RACE-R3-RT (Supplementary Table 1). The initial PCR
was performed using 5’RACE-R1-S1, 5’RACE-R2-S1, and
5'RACE-R3-S1 as the sense primers and 5RACE-R1-Al,
5'RACE-R2-Al, and 5'RACE-R3-Al as the antisense prim-
ers. The second PCR was conducted using 5S’RACE-R1-S2,
5'RACE-R2-S2, and 5'RACE-R3-S2 as the sense prim-
ers and 5'RACE-R1-A2, 5'RACE-R2-A2, and 5'RACE-
R3-A2 as the antisense primers (Supplementary Table 1).

The PCR products were purified using Mono Fas (GL Sci-
ence, Tokyo, Japan), and then TA cloning was performed
using the Mighty TA-cloning kit (TaKaRa). Plasmids were
extracted from Escherichia coli using the Favor PrepTM-
Plasmid DNA Extraction Mini Kit (FAVORGEN, Tokyo,
Japan) and used for sequence analysis.

Homology comparison and phylogenetic analysis

The nucleotide and amino acid sequences of ORF1, ORF2,
ORF3, and ORF4 of ApNMV were analysed using the
software DANASIS (Hitachi, Tokyo, Japan). A homol-
ogy search of nucleotide and amino acid sequences of CP
and POL was performed using the software DANASIS
(Hitachi) between ApNMV and the ilarviruses. Phyloge-
netic analysis was also performed using Clustal W software
supplied by DDBJ based on the CP amino acid sequences
of ApNMV and ilarviruses.

RT-PCR detection of ApNMYV and ApMV

For the detection of ApNMV and ApMYV, total RNAs
were extracted from leaves of mosaic-diseased apple trees
as described above, and RT-PCR was carried out using
the TaKaRa RNA PCR Kit (AMV) ver.3.0 (TaKaRa)
using primer pairs ApNMV-CP+1 and ApNMV-CP-1, or
ApNMV-CP+2 and ApNMV-CP-2 for ApNMV detec-
tion (Table 1), and primer pairs ApMV-CP+ 1 and ApMV-
CP-1, or ApMV-CP+2 and ApMV-CP-2 for the detection
of ApMYV (Table 1). In Japan, trees of five cultivars (Kaori,
Redfield, Allington Pippin, Fuji-Iwafu 10, and Fuji-Yamafu
2) showing mosaic symptoms at the Apple Research Sta-
tion, NARO were tested to survey the incidence of ApNMV
and ApMV. In addition, 359 leaf samples (276 samples
with mosaic and 83 without) were collected from major
production provinces in China and tested by RT-PCR.

Table 1 Percentage of amino

. . . ApNMV TSV CVvvV TAMV ApMV PNRSV PDV APLPV

acid sequence identities of CP

(;lppef lri%ht corner) and POL ApNMV 19 22 18 43 53 22 26

(o mne TV sl n omoow o ow wox
CVvvV 51 53 63 24 19 25 33
TAMV 46 56 67 27 19 24 24
ApMV 64 49 46 40 57 26 27
PNRSV 64 42 47 48 67 23 26
PDV 44 39 50 52 47 45 21
APLPV 46 47 45 44 42 45 47

ApNMYV apple necrotic mosaic virus, 7SV tobacco streak virus (accession X00435), CVV citrus variegation
virus (accession U17389), TAMYV tulare apple mosaic virus (accession AF226162), ApMV apple mosaic
virus (accession U15608), PNRSV prunus necrotic ringspot virus (accession U57046), PDV prune dwarf
virus (accession L28145), APLPV American plum line pattern virus (accession AF235166)
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Results
Mosaic symptoms on apple leaves

Figure 2 shows the mosaic symptoms on leaves of four
apple trees P129 (unknown cultivar), PK28 (cv. Zhong
Guo Ping Guo from China), PK45 (cv. Qi Pan Tuo Ping
Guo from China), and P133 (transcendent crabapple from
the USA) maintained at the NARO Apple Research Sta-
tion. Leaves from each tree had bright pale-yellow spots or
mosaic symptoms. Mosaic symptoms ranged from small
pale-yellow spots scattered across an entire leaf or part of a
leaf, to large amorphous, contiguous, chlorotic spots cover-
ing an entire leaf. In some cases, chlorosis was observed
along the leaf veins. Leaf symptoms were readily observed
from spring to summer, but no symptoms appeared on the
branches or fruits. Although no differences in symptoms
were observed among P129, PK45, and PK28, a partial leaf
necrosis was observed in these three trees when compared
with P133 (Fig. 2). These symptoms were not distinguish-
able from symptoms of apple mosaic disease described
before (Petrzik and Lenz 2011).

Deep sequence analysis of dsSRNAs from an apple tree
with leaf mosaic symptoms

cDNAs were synthesized using double-stranded RNA as a
template that had been extracted from the leaves of apple
tree P129 showing mosaic symptoms. After adapter liga-
tion and polymerase chain reaction (PCR) amplification,

Fig. 2 Mosaic on leaves on
four apple trees (P129, PK28,
PK45, and P133) in the Apple
Research Station, Morioka,
Japan
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paired-end sequencing (1 read=101 bases) was performed
by HiSeq2000 (Illumina Inc.). The resulting reads (92,
793, 386) were assembled into 843 contiguous sequences
(contigs), ranging in length from 185 to 5359 nucleotides
(nt). Based on the blastx analysis, 485 contigs had high
sequence identity with known viral sequences (Supple-
mentary Table 2). Of these, 298 contigs had high sequence
identity with apple stem pitting virus (ASPV) and apricot
latent virus (ALV) in the genus Foveavirus, while 65 and 5
contigs had high sequence identity with apple stem groov-
ing virus (ASGV) in the genus Capillovirus and apple
chlorotic leaf spot virus (ACLSV) in the genus Trichovi-
rus, respectively (Supplementary Table 2). In addition, 11
contigs had 76.19-65.28% sequence identity with Prunus
necrotic ringspot virus (PNRSV), and 1 contig had 57.34%
sequence identity with ApMV, both in the genus Ilarvirus.

Among the contigs having sequence identity with
PNRSV-RNA, NODE268 (1996 nt) and NODE31 (1290
nt) are thought to be part of RNA1 of a novel ilarvirus and
NODE305 (2500 nt) as part of RNA2 of a novel ilarvirus
(Fig. 1). NODE76 (566 nt) having high sequence iden-
tity with ApMV-RNA is thought to constitute RNA3 of
ApNMV (Fig. 1).

Complete nucleotide sequence and genome organization
of a novel ilarvirus from an apple tree with leaf mosaic

Based on the contigs yielded by next-generation sequenc-
ing (Fig. 1), the entire ApNMV genome from the tree
P129 was amplified by reverse transcription (RT)-PCR
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and 3'- and 5'-rapid amplification of cDNA ends (RACE),
then sequenced. As can be seen in Fig. 1, the ApNMV
genome consists of a 3378-nt RNA1 (GenBank/EMBL/
DDBIJ accession LC108993), a 2767-nt RNA2 (accession
LC108994), and a 1956-nt RNA3 (accession LC108995).
On the positive-sense strand of RNAI, the sequence
beginning with the ATG codon at position 51 and ending
with a TAG at position 3219 encodes a 120-kDa protein
(ORF1). Similarly, on the positive-sense strand of RNA2,
the sequence beginning with the AUG codon at position 59
and ending with a UAG at position 2600 encodes a 97-kDa
protein (ORF2). On the positive-sense strand of RNA3, the
sequence beginning with the AUG codon at position 148
and ending with a UAG at position 988 encodes a 31-kDa
protein (ORF3), while the sequence beginning with the
AUG codon at position 1136 and ending with a UAG at
position 1793 encodes a 25-kDa protein (ORF4).

Protein ORF1 (1056 aa) contained conserved methyl-
transferase and helicase domains, whereas ORF2 (847 aa)
contained a conserved RNA polymerase domain. ORF3
(280 aa) is thought to be a movement protein MP and
ORF4 (219 aa) to be a coat protein (CP) (Fig. 1).

Comparison of the amino acid sequences for protein
ORF4 (CP) and ORF2 (POL) between ApNMV and ilar-
viruses (Table 1) revealed 53 and 43% sequence identity of
CP between ApNMV and PNRSV and between ApNMV
and ApMYV, respectively. Similarly, the highest amino acid
sequence identity (64%) for POL was observed between
ApNMYV and PNRSV and between ApNMV and ApMV
(Table 1). A phylogenetic analysis based on the CP amino
acid sequence for ApNMV and other ilarviruses indicated
that ApNMYV is closely related to ApMV and PNRSV and
belongs to genus llarvirus subgroup 3 (Fig. 3).

RT-PCR amplification of the CP region from four apple
trees showing mosaic symptoms and their sequence
analysis

Total RNA was extracted from the leaves of apple trees
showing mosaic symptoms (P129, PK45, PK28, and
P133), and the CP region was amplified by RT-PCR using
ApNMV-specific and ApMV-specific primers (Fig. 4). For
P129, PK45, and PK28, a DNA product of the expected
size was amplified only in the case of RT-PCR using the
ApNMV-specific primer. In contrast, in the case of RT-
PCR using the ApMV-specific primer, amplified DNA
was only observed for P133, and no amplified DNA was
observed for P129, PK45, or PK28 (Fig. 4).

Next, when the RT-PCR amplification products were
sequenced and analysed, the amplified CP region for
ApNMYV from P129, PK45, and PK28, in all cases, con-
sisted of 657 bases encoding 219 amino acids. The cor-
responding CP region of ApMV from P133 consisted of

0.1 997—i CVWV
S 98§|£ EMoV
577 APV2
1000 SpLV Subgroup 2
B 1000, TaMV
1000 ﬂE ToNSV
CIiLRV
LRMV
611 974r—: TSV
538 AgLVv
897| 192 SNSv Subgroup 1
BCRSV
1000 PrRSV
1000—i PMoV
[ BaCV
771~ ApPNMV
] 829 PNRSV
1000| [623—iBIShV Subgroup 3
LLCV
571 ApPMV_
1000—; PDV
914 918 E VWDaVi Subgroup 4
669 FCILV
APLPV unclassified
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Fig. 3 Phylogenetic tree based on the coat protein (CP) amino acid
sequences of apple necrotic mosaic virus (P129) and viruses in the
genus [larvirus spinach latent virus (SpLV) (accession U93194),
asparagus virus 2 (AV-2) (accession X86352), CVV, elm mottle
virus (EMoV) (accession U85399), citrus leaf rugose virus (CiLRV)
(accession U17390), TAMYV, lilac ring mottle virus (LRMV) (acces-
sion U17391), parietaria mottle virus (PMoV) (accession U35145),
TSV, APLPV, ApMYV, PNRSV, PDV, Fragaria chiloensis latent virus
(FCILV) (accession AY707772), and Humulus japonicus latent virus
(HJLV) (accession AY500238), viola white distortion associated
virus (VWDaV) (accession GU168941), blackberry chlorotic rings-
pot virus (BCRSV) (accession GQ325716), tomato necrotic streak
virus (ToNSV) (accession KT779206), strawberry necrotic shock
virus (SNSV) (accession AY363229), privet ringspot virus (PrRSV)
(accession KT290041), bacopa chlorosis virus (BaCV) (accession
JQO015298), ageratum latent virus (AgLV) (accession no. JX463342),
blueberry shock virus (BIShV) (accession KF031039), lilac leaf chlo-
rosis virus (LLCV) (accession FN669169), and alfalfa mosaic virus
(AMV) (accession K02703). The CP amino acid sequence of AMV
was used as the outgroup. The tree was constructed using the neigh-
bour-joining method with 1000 bootstraps. The number beside each
node indicates bootstrap values

669 bases encoding 223 amino acids. The nucleotide and
amino acid sequences among the viruses infecting differ-
ent trees showed strong sequence identity. Nucleotide iden-
tities between P129 and PK45, between P129 and PK28,
and between PK45 and PK28 were found to be 94, 94, and
95%, respectively (Supplementary Table 3). The nucleotide
sequence of the CP region amplified from P133 was found
to show high sequence identity (88%) to ApMV (accession
U15608). The nucleotide sequence identity between the CP
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Apple trees
P129 PK45 PK28 P133

i i M
Primer pairs for _ bp

1000
ApNMy {900
[ 1000
500

ApMV

Fig. 4 Detection of apple necrotic mosaic virus (ApNMYV) and apple
mosaic virus (ApMV) from apple trees showing mosaic symptoms by
RT-PCR using primer pairs ApNMV-CP+1 and ApNMV-CP-1 for
ApNMYV and ApMV-CP+1 and ApMV-CP-1 for ApMV in Table 1.
An arrow and arrowhead indicate the position of DNA products from
ApNMYV and ApMV amplification, respectively. M size makers, RT-
PCR reverse transcription-polymerase chain reaction

extracted from P133 and that from P129, PK45, and PK28
was 56% (Supplementary Table 3). Similarly, a high degree
of amino acid sequence identity was observed between
P129 and PK45 (94%), between P129 and PK28 (95%),
and between PK45 and PK28 (92%). The CP of the virus
isolated from P133 showed 91% amino acid sequence iden-
tity with that of ApMV and 43-44% amino acid sequence
identity with the CPs of viruses from the three other trees
(P129, PK45, and PK28) (Supplementary Table 3).

Correlation between leaf mosaic and ApNMV
detectability in apple trees with mosaic

In apple trees with leaf mosaic symptoms, symptom mani-
festation varied from branch to branch as described previ-
ously (Petrzik and Lenz 2011). On some branches, almost
all leaves had pale-yellow spots or mosaic patterns, others
had a mixture of symptomatic and asymptomatic leaves,
and some had no symptomatic leaves at all. Thus, to clarify
the relationship between mosaic symptoms and virus dis-
tribution, we collected 5 leaves per branch from branches
with symptomatic leaves only, branches with a mixture
of symptomatic and asymptomatic leaves, and branches
with asymptomatic leaves from a mosaic-diseased apple
tree (PK28), and the distribution of the virus was analysed
using RT-PCR. As shown in Fig. 5, ApNMV was detected
in all symptomatic leaves (branch nos. 1 and 2). In con-
trast, ApNMV was not detected or was only detected at
extremely low levels in leaf samples from the branch with
asymptomatic leaves only (branch nos. 5 and 6). In the case
of the branch with both symptomatic and asymptomatic
leaves, ApNMV was detected in all symptomatic leaves

@ Springer

Leaf no.

Branch bp M 1 2 3 4 5 H P Mosaic

1000-
1

Fig. 5 Distribution of ApNMYV in leaves of different branches of
an apple tree (P28) showing mosaic symptoms. Branch numbers are
on left; on right, + mosaic present on all leaf samples from branch,
— all leaf samples from branch were asymptomatic, +/— both symp-
tomatic and asymptomatic leaves were sampled. White asterisks
indicate asymptomatic leaf samples. Primer pair (ApNMV-CP+2
and ApNMV-CP-2) was used for RT-PCR. ApNMV Apple necrotic
mosaic virus, M size makers, RT-PCR reverse transcription-polymer-
ase chain reaction. H leaves from an uninfected tree, P control leaves
with mosaic

whereas it was detected in some asymptomatic leaves but
not in others (Fig. 5). The above results demonstrate that
the detectability of ApNMYV in apple trees infected by
mosaic disease varies from branch to branch and is corre-
lated with the presence/absence of symptoms.

Distribution of ApNMY in apple trees in Japan
and China

ApMV was previously detected by ELISA in mosaic-dis-
eased apple tree cvs. Fuji, Oorin, and Jonagold in several
prefectures in Japan (Koganezawa and Bessho 1987; Naka-
tani, F., Iwate Plant Protection Association, personal com-
munication; Ito, unpublished results). In this study, we also
detected ApMYV from all apple trees (cvs. Fuji, Kaori, Red
Field, and Allington Pippin) showing mosaic symptoms in
other fields. As mentioned above, ApNMV was detected
in apple trees P129, PK28, and PK45 maintained in the
virus repository orchard at the NARO Apple Research Sta-
tion. As apple trees PK28 and PK45 were imported from
China, we conducted a survey on the distribution of both
viruses in mosaic-diseased apple trees (cvs. Fuji, Red Star,
Gala, and Hua Niu) in major apple-growing areas (Shan-
dong, Shaanxi, Shanxi, Gansu, and Beijing) of China using
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ApNMV-specific and ApMV-specific primers (Supple-
mentary Table 1). As a result, ApNMV was detected at a
high rate (228 positive trees of 276 trees tested, 82.6%) in
trees showing mosaic symptoms, whereas ApMV was not
detected from these trees at all. ApNMYV was also detected
in leaves without mosaic symptoms (37.35%); ApMV was
again not detected.

Discussion

In this study, we investigated an apple tree with leaf mosaic
(P129) that yielded a negative result on ELISA using an
ApMYV antibody, and performed next-generation sequenc-
ing analysis to comprehensively detect all viruses infecting
the tree (Coetzee et al. 2010; Delwart 2007). The tree was
infected with ASPV and ApLV (Foveavirus), ASGV (Cap-
illovirus), and ACLSV (Trichovirus), as well as a novel
virus (ApNMYV) belonging to the genus Illarvirus, which
is closely related to PNRSV and ApMV. In Japan, ASPV,
ASGYV, and ACLSYV are known to latently infect apple trees
and are detected at high rates in apple trees that are asymp-
tomatic (Magome et al. 1997; Menzel et al. 2002; Yanase
1974).

Next, the entire genomic structure of ApNMV was
analysed using RT-PCR and 5'- and 3’-RACE based on
contigs yielded by next-generation sequencing analy-
sis. It was thought that the ApNMV genome may consist
of three strands of RNA, of which RNA1 encodes a pro-
tein containing conserved methyltransferase and helicase
domains, RNA2 encodes a protein containing a conserved
RNA polymerase domain, and RNA3 encodes a MP and a
CP (Fig. 2). This arrangement of the genome is consistent
with viruses in the genus Ilarvirus (Bujarski et al. 2012;
Sanchez-Navarro and Pallas 1994; Scott et al. 1998; Shiel
et al. 1995; Shiel and Berger 2000). When the amino acid
sequence for CP and POL of ApNMYV were compared with
those of other ilarviruses, the CP amino acid sequence iden-
tity between ApNMYV and PNRSV was 43%, while between
ApNMYV and ApMV was 53%. For POL, the amino acid
sequence identity between ApNMV and PNRSV and
between ApNMV and ApMV was 64%. According to the
International Committee on Taxonomy of Viruses (ICTV)
(Bujarski et al. 2012), species demarcation criteria in the
genus [larvirus in terms of sequence similarity have not yet
been defined. However, phylogenetic analysis based on CP
amino acid sequence clearly places ApNMV in the same
subgroup 3 of the genus Ilarvirus as ApMV and PNRSV
(Fig. 3). We therefore concluded that ApNMYV is a novel
virus that is distinct from those viruses.

Conclusive determination that ApNMYV is a causal agent
of apple mosaic disease will require confirmation of patho-
genicity by back inoculation based on Koch’s postulates.

However, given the strong correlation between the ApNMV
distribution within a given tree and the presence/absence of
mosaic symptoms on leaves (Fig. 5), the likelihood is high
that ApNMV causes the mosaic symptoms therein. As a
next step, we are planning to synthesize full-length cDNA
for the entire ApNMYV genome using RT-PCR and to tran-
scribe ApNMV-RNA via in vitro transcription using this
full-length cDNA as a template. Apple seedlings will then
be inoculated with this transcribed RNA to determine the
pathogenicity of ApNMV.

Until now, the causal agent of apple mosaic disease
was believed to be ApMV (Petrzik and Lenz 2011). In
fact, ApMV has been detected from apple trees in the
fields of several prefectures in Japan. On the basis of the
results of this study, however, not only ApMYV, but also
ApMNYV induces mosaic disease in apple. Because the
mosaic symptoms induced by both viruses were indistin-
guishable, it is reasonable to think that both viruses are
causal agents of apple mosaic disease.

Apple mosaic disease has been reported throughout the
world (Petrzik and Lenz 2011), so it will be very interest-
ing to determine whether the causal agent in these various
cases is ApMV or ApNMYV, or potentially another virus(es).
In recent deep sequencing and RT-PCR of mosaic-dis-
eased apples in China, ApMV was not detected in any of
111 samples with mosaic symptoms and 29 samples with
no visible symptoms (Liang et al. 2015). In our survey of
apple trees with mosaic symptoms in major apple-grow-
ing areas of China based on RT-PCR using ApNMV- and
ApMV-specific primers, ApNMV was detected in the vast
majority (82.6%) of trees, whereas ApMV was not detected
in any of the trees. As noted already, trees PK45 and P28
were imported from China. In contrast, ApMV has so far
only been detected in apple trees cultivated in ordinary Jap-
anese orchards with mosaic symptoms. It is possible there-
fore that the causal agent of apple mosaic disease differs by
country and region. It will thus be necessary to investigate
which virus is responsible for the apple mosaic disease that
occurs in different apple-growing areas of the world.
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