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SUMMARY

A new variant of Apple scar skin viroid (ASSVd) was
isolated from Chinese pear with fruit crinkling symp-
toms. The pear fruit crinkle variant of ASSVd is 333 nu-
cleotides in length and shows 95% identity with ASSVd
prototype. It also shows 92% and 98 % identity with the
viroid variants associated with pear rusty skin disease in
China and pear fruit dimple disease in Japan, respec-
tively. This viroid was detected in all fruit crinkle-dis-
eased samples examined. Pear blister canker viroid
(PBCVd) was detected in less than 20% of the same
diseased samples. The Chinese variant of PBCVd is 315
nucleotides in length and shows 97% identity with
PBCVd prototype.

Key words: ASSVd, detection, RT-PCR-ELISA, PBCVd,

nucleotide sequencing.

INTRODUCTION

Pear trees are natural hosts of three viroids: Apple
scar skin viroid (ASSVA), Pear blister canker viroid
(PBCVd) and Peach latent mosaic viroid (PLMVd) (Ha-
didi and Yang, 1990; Hernandez et al., 1991; Yang et al.,
1992; Zhu et al., 1995; Kyriakopoulou et al., 2001, 2003;
Flores et al., 2003). None of these viroids, however, has
been reported to be associated with crinkling symptoms
of pear fruit. Pear fruit crinkle disease was first ob-
served in 1995 by one of the authors, X. Yang, in Chi-
nese pear grown in the He Bei Province, China. The
disease causes fruit disorder, thus lowering its mar-
ketability and quality. To investigate the possible in-
volvement of a viroid or a viroid-like agent in pear fruit
crinkle etiology, total nucleic acids were extracted from
diseased fruits, analyzed for the presence of circular
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RNA molecules and known viroids, which were then
cloned and sequenced. Here, we report the characteri-
zation of a new variant of ASSVd that is associated with
pear fruit crinkle disease in China. This variant is 333
nucleotides in length and differs from ASSVd variants
that were reported from infected apple or pear trees.
We also report the detection of PBCVd in less than
20% of the fruit crinkle-diseased samples examined.

MATERIALS AND METHODS

Source of pear crinkle-diseased fruits. Pear fruits
showing symptoms of pear fruit crinkle disease and
healthy fruits were obtained from orchards in the sub-
urbs of Boarding, Hei Bei province, China. The dis-
eased fruits were from Chinese pear cultivars ‘Xuehuali’
and “Yali’ with fruit crinkling symptoms.

Sources of known ASSVd-infected and PBCVd- in-
fected pear tissues. ASSVd-infected pear leaves were
provided by Ms. Suzanne Hurtt, USDA, ARS, Beltsville,
MD. PBCVd-infected leaves were obtained from Mr.
Joseph Postman, USDA, ARS, Corvallis, OR.

Nucleic acid extraction from pear crinkle-diseased
fruits. Total nucleic acids were extracted from 40 g of
pear crinkle-diseased fruits (cv Xuehuali or cv Yali) as
essentially as described (Hadidi and Yang, 1990). The
procedure includes sodium dodecyl sulfate (SDS), phe-
nol, and chloroform extraction, and DEAE-cellulose
column (1 x 15 c¢m) purification. The fraction contain-
ing nucleic acids was eluted from DEAE-cellulose with
20-30 ml of 1.5 M NaCl in TAE buffer (40 mM Tris, 20
mM acetic acid, 1 mM Na,EDTA, pH 8.0) and then
precipitated by the addition of 2 vol. of cold ethanol
and 0.1 vol. of 3 M sodium acetate at -20°C overnight.
Nucleic acids were collected by centrifugation at 10,000
g for 15 min and the resulting pellet was rinsed once
with 70% ethanol, re-pelleted, dried 7z vacuo, and dis-
solved in 1xTAE buffer. Nucleic acids were re-precipi-
tated as described above and resuspended in sterile
H,O. Nucleic acid concentration was determined by
measuring the optical density at 260 nm.
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RNA extraction from ASSVd-infected or PBCVd-in-
fected tissues. One-gram samples of ASSVd- or PBCVd-
infected pear leaves or uninfected leaves were powdered
with liquid nitrogen in a mortar with a pestle. Total RNA
was then extracted from the powdered tissue using the
Qiagen RNeasy plant kit according to the manufacturers
recommendation (Qiagen, Valencia, CA, USA).

Return gel and two-dimensional gel electrophoresis.
Purified nucleic acids from pear crinkle-diseased fruit
(30 pg/sample) were analyzed by return gel and two-di-
mensional gel electrophoresis and gels were stained with
silver nitrate (Schumacher ez a/., 1983, 1986; Bostan et
al., 2004).

Standard and multiplex reverse transcription - poly-
merase chain reaction (RT-PCR). One microliter of to-
tal nucleic acids from pear crinkle-diseased fruit tissue
or 1 pl of total RNA from ASSVd-infected or PBCVd-
infected leaf tissue was added to 10 pl of H,O contain-
ing 1 pg ASSVd complementary primer (ASSVd-C)
(Table 1). cDNA synthesis was as described (Shamloul
and Hadidi, 1999). The cDNA was kept at -20°C prior
to PCR amplification.

Five microliters of each cDNA were mixed with PCR
reaction mixture containing 5 pl of 10xPCR buffer [100
mM Tris-HCI (pH 8.3), 500 mM KCI, 15 mM MgCl,,
and 0.01% (w/v) gelatin], 1 pl 10 mM dNTPs, 0.2 pM
of ASSVd-C and ASSVd homologous primer (ASSVd-
H) for standard PCR or ASSVd-H and PBCVd homolo-
gous (PBCVd-H) primers for multiplex PCR (Table 1),
one unit of AmpliTaq™ Gold DNA polymerase and
sterile water to a total volume of 50 pl. The reaction was
placed in a programmable DNA Thermocycler (9600,
Perkin Elmer, Norwalk, USA) preheated at 95°C for 10
min to activate the enzyme. The cycling parameters
were: denaturation at 94°C for 30 seconds, primer an-
nealing at 62°C for 30 seconds, and extension at 72°C
for 45 seconds, for 35 cycles, with a final extension step
at 72°C for 7 minutes.

Analysis of RT-PCR amplified products. Aliquots of
5 pl of PCR-amplified products were analyzed on 5%

Table 1. Viroid primers for RT-PCR amplification.
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or 6% polyacrylamide gels as previously described
(Shamloul ez al., 1995; Hadidi ez al., 1997). Gels were
stained with silver nitrate.

PCR-DIG labeling. DIG labeling and PCR amplifi-
cation of viroid cDNAs were essentially as described
(Shamloul and Hadidi, 1999; Shamloul ef 4/, 2001,
2002). DIG-labeled amplified products were analyzed
on 5% polyacrylamide gels as described above.

Preparation of biotin-labeled viroid cDNA capture
probe. DNA oligonucleotides (21-25 nt in length, Table
2) were synthesized and biotinylated at Life Technolo-
gies, Inc. (Gaithersburg, MD, USA). The DNA se-
quence of each capture probe was complementary to
the internal nucleotide sequence of the amplified viroid
DNA. The sequence of each probe was selected by us-
ing the primer analysis software ‘rawprimer’ from Uni-
versity of Wisconsin (Madison, USA; http://alces.med.
umn.edu/rawprimer.html).

Microwell capture hybridization assay. The detec-
tion of DIG-labeled amplified ASSVd DNA and
PBCVd DNA with 5’-biotinylated ASSV ¢DNA and
PBCVd cDNA capture probe, respectively, was carried
out using a PCR-ELISA detection system (Roche, Indi-
anapolis, IN, USA). It was essentially as described
(Shamloul and Hadidi, 1999; Shamloul et 4l., 2002;
Youssef et al., 2002) except that 5’-biotinylated DNA
capture probe was used at 50 ng ml!, wells were
washed 6 instead of 5 times, and microplates were incu-
bated in the dark with agitation for only 30 min.

Cloning and Sequencing. Pear fruit crinkle disease
(PFCD)-derived PCR products amplified using 3 differ-
ent pairs of ASSVd primers (Table 1) were cloned into
pCRIETOPO yector as recommended by the manufacturer
(Invitrogen, Carlsbad, CA, USA). The nucleotide se-
quences of five clones of each product amplified with
one pair of primers were determined. The cloned DNAs
were sequenced using ABI-PRISM™ 373 A Genetic
Analyzer (Applied Biosystem, Foster City, CA, USA).

The obtained sequence was aligned with the sequences

Viroid Primers Number of bases Sequence Position  Reference

ASSVd  ASSVd-C 16 5'-CCTTCGTCGACGACGA-3' 82-97 Hadidi and Yang, 1990
ASSVd-H 25 5'-CCGGTGAGAAAGGAGCTGCCAGCA-3' 98-121

ASSVd  PFC-C1 17 5'-GTCCGCTCGACTAGCGG-3' 226-242  This work
PFC-H1 19 5'"TCCGGGTGTAGCCCCCTGT-3' 243-261

ASSVd  PFC-C2 24 5'"ACCAATTGTGTTTTACCCTGTAGA-3' 302-325  This work
PFC-H2 24 5'-GTTTCCCCGGAAAACACCGTGCGG-3' 326-16

PBCVd  ASSVd-C 16 5'-CCTTCGTCGACGACGA-3' 81-96 Hadidi, unpublished

PBCVd-H 25

5'-GTCTAGAAGCCTGGGCGCTGGCTGG-3'

97-121
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of ASSVd prototype from apple in Japan (Hashimoto
and Koganezawa, 1987), pear rusty skin variant of
ASSVd from China (Zhu et al., 1995), and pear fruit
dimple variant of ASSVd from Japan (Osaki ez al.,
1996). The secondary structure of the agent associated
with PFCD was constructed using online 7zfold com-
puter program described by Mathews et al. (1999)
(http://www.bioinfo.rpi.edu). Similarly, PFCD-derived
PCR products amplified using PBCVd primers (Table
1) were also cloned into p“RI-TOPO yector and the nu-
cleotide sequences of several DNA clones were deter-
mined as described above.

Dot blot and Northern blot hybridization. About 20
pl of each sample of DEAE cellulose-purified total nu-
cleic acids from pear crinkle-diseased fruits were dena-
tured, spotted on a Nytran membrane and nucleic acids
were cross-linked to the membrane as described (Kyri-
akopoulou ez al., 2001). Membranes were stored in a
plastic bag at 4°C until used.

Total nucleic acids from pear fruit crinkle-diseased
fruits were separated by electrophoresis in polyacry-
lamide gel containing 7% urea. The denatured gels
were neutralized and nucleic acids were electro-trans-
ferred and cross-linked to Nytran membranes as previ-
ously described (Shamloul ez 4/., 1995). Each dot or
Northern blot membrane was pre-hybridized in hy-
bridization solution (6xSSC, 50% formamide, 1% SDS,
10xDenhardt’s reagent, and 1 pg of calf thymus DNA
per ml) for 1 h at 55°C and then hybridized in the same
buffer with a DIG-labeled ASSVd cRNA (50 ng ml?) at
55°C overnight as described (Hadidi ez al., 1997; Kyri-
akopoulou et al., 2001). The hybridized membranes
were developed with chemiluminescence reagent as rec-

ommended by the manufacturer (Roche Diagnostic, IN,
USA) (Hadidi ez 4/., 1997).
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RESULTS

Pear fruit crinkle disease symptoms. The Pear fruit
crinkle disease causes wrinkling of Chinese pear fruits
cultivars Xuehuali (Fig. 1A, left) and Yali (Fig. 1B, left).
Healthy pear fruits of the same cultivars lack disease
symptoms (Fig. 1A and B, right). Both healthy and dis-
eased fruits were found in the same orchards.

A B

Fig. 1. Symptoms of pear fruit crinkle disease in Chinese pear
cv Xuehuali (A, left) and cv Yali (B, left). Healthy Chinese
pear fruits (A and B, right).

Return gel and two-dimensional gel electrophoresis
analyses. Figure 2 shows analysis of nucleic acid ex-
tracts from pear crinkle-diseased fruit by return gel
electrophoresis. One band in the region of circular mol-
ecules in the gel was detected from extracts of diseased
pear cvs Xuehuali and Yali (Fig. 2A, lanes 1 and 2, re-
spectively). This band is about the same size as that in
the ASSVd control (Fig. 2A, lane 3). The circularity of
the RNA molecules from pear fruit crinkle-diseased
fruit cv Xuehuali was confirmed by two-dimensional gel
electrophoresis analysis of total nucleic acids from dis-
eased tissue (Fig. 2B).

Fig. 2. Return gel electrophoretic analysis (A) and two dimensional gel electrophoretic analysis (B) of DEAE cellulose-purified nu-
cleic acid extracts from pear fruit crinkle-diseased tissue. A) Lanes 1 and 2, samples from pear fruit crinkle-diseased cv Xuehuali
and cv Yali, respectively. Lane 3, ASSVd standard control. B) Arrow indicates the circular RNA of viroid.
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Dot blot and Northern blot hybridization. Figure 3
shows dot blot (A) and Northern blot (B) hybridization
analyses of nucleic acid extracts from pear fruit crinkle-
diseased fruit and from healthy pear fruit with DIG-la-
beled ASSVd cRNA probe. Positive hybridization sig-
nals were obtained with diseased fruit of pear crinkle cv
Xuahueli and Yali in dot blot hybridization (Fig. 3A
lanes 2 and 3, respectively) and in Northern blot hy-
bridization (Fig. 3B, lanes 2 and 3, respectively). No hy-
bridization was observed with extracts from healthy
pear fruit cv Xuahueli (Fig. 3A and B, lane 1) or cv Yali
(result not shown). All samples from diseased pear
fruits with crinkle symptoms tested positive for ASSVd.

Most diseased samples tested negative for PBCVd
when DIG-labeled PBCVd cRNA probe replaced the
ASSVd cRNA probe for hybridization. Weak hybridiza-

tion signals were obtained with 1-2 samples.

1 1 2 3

2 3
LA
A B

Fig. 3. Chemiluminescent detection of dot blot (A) and North-
ern blot (B) hybridization of DIG-labeled ASSVd cRNA
probe with DEAE cellulose-purified total nucleic acids from
pear crinkle-diseased fruits of cv Xuehuali (A and B, lane 2)
and cv Yali (A and B, lane 3) and with total nucleic acids from
healthy pear fruit of cv. Xuehuali (A and B, lane 1).
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Standard and multiplex RT-PCR analyses. In a stan-
dard RT-PCR analysis, a cDNA fragment of the expect-
ed size of unit length ASSVd (330 bp) was amplified
from nucleic acid extracts of the ASSVd-infected tissue
positive control (Fig. 4A, lane 1). Under the same RT-
PCR conditions, a cDNA fragment similar in size to
that from ASSVd was amplified from nucleic acid ex-
tracts of pear crinkle-diseased fruit cv Xuahueli (Fig.
4A, lanes 2 and 3) and cv Yali (Fig. 4A, lanes 4 and 5).
No amplified product was obtained from healthy pear
fruit (Fig. 4A, lane 6). The ASSVd ¢cDNA fragment was
detected from each nucleic acid sample of diseased
pear fruits.

When DNA primers for PBCVd (Table 1) were used
in standard RT-PCR assays, a cDNA fragment of 315 bp
(unit-length of PBCVd) was amplified from nucleic acid
extracts of 2 out of 16 pear fruit crinkle-diseased sam-
ples tested. No amplification was observed from healthy
samples (data not shown).

In multiplex RT-PCR analysis, the complementary
primer of both ASSVd and PBCVd (ASSVd-C, Table 1)
was used to synthesize cDNA; the homologous primers
for ASSVd and PBCVd (ASSVd-H and PBCVd-H, re-
spectively, Table 1) were used for PCR amplification.
PBCVd of the expected size was clearly observed in one
out of three samples of nucleic acid extracts of pear fruit
crinkle-diseased tissue (Fig. 4B, lane 4). A faint band in
the position of PBCVd was also observed in the sample
in lane 3. An amplified product similar in size to that
from ASSVd was observed in the three diseased samples
analyzed (Fig. 4B, lanes 2-4). No amplification product
of the expected size was observed with nucleic acids of
healthy fruit tissue (data not shown). Multiplex RT-PCR
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Fig. 4. A) Polyacrylamide gel electrophoretic analysis of RT-PCR amplified cDNAs with ASSVd primers from nucleic acid extracts
of ASSVd-infected tissue control and from pear fruit crinkle-diseased tissue. Lane M, DNA marker; lane 1, ASSVd-infected tissue
control; lanes 2 and 3, pear fruit crinkle-diseased cv Xuehuali; lanes 4 and 5, pear fruit crinkle-diseased cv Yali; lane 6, healthy pear
fruit; B) Polyacrylamide gel electrophoretic analysis of multiplex RT-PCR of amplified cDNAs with ASSVd and PBCVd primers
from nucleic acid extracts of samples from fruit crinkle-diseased tissue. Lane M, DNA marker; lane 1, a mixture of ASSVd and
PBCVd positive control; lanes 2-4, three different samples from fruit crinkle-diseased tissue with ASSVd (lanes 2-4) and PBCVd
(lane 4).
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assays of other diseased samples tested were positive for

ASSVd but only one sample tested positive for PBCVd.

Analyses of DIG-labeled ASSVcDNA and PBCVd
c¢DNA in RT-PCR-ELISA assays. Amplified ASSV
cDNA or/and PBCVd cDNA were successfully labeled
with DIG in standard or multiplex RT-PCR. In stan-
dard RT-PCR, the electrophoretic mobility of the DIG-
labeled cDNA of each viroid was relatively slower than
that of its respective unlabeled cDNA. In multiplex RT-
PCR the mixture of DIG- labeled ASSVcDNA and
PBCVd was slower in its electrophoretic mobility than
the mixture of the unlabeled two viroid cDNAs.

The mixture of DIG-labeled ASSVd cDNA and
PBCVd cDNA was analyzed by capture hybridization
assays using biotinylated ASSV ¢cDNA or PBCV ¢cDNA
probe (Table 2). In experiments designed to test probe
specificity during hybridization, biotinylated ASSV
cDNA and PBCVd cDNA capture probes hybridized
only to their respective, complementary DIG-labeled
RT-PCR amplified product (Fig. 5). The detection of
DIG-labeled ASSVd cDNA and PBCV ¢DNA in as-
says of pear fruit crinkle-diseased tissue showed that
all samples were infected with ASSVd. PBCVd, how-
ever, was detected in very few samples. Less than 20%
of samples (3 out of 16 samples) were infected with
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Nucleotide sequence and secondary structure. The
nucleotide sequence of the majority of pear fruit crinkle-
associated viroid RNA clones consists of 333 nucleotides
(accession # Ay783357) and the sequence can be arranged
into a rod-like secondary structure (Fig. 6A), characteris-
tic of the family Pospzviroidae. It shares 95% identity with
the 330 nucleotide Japanese prototype strain of ASSVd
from apple (accession # M36646; Hashimoto and Ko-
ganezawa, 1987). Thus it is a variant of ASSVd. The pear
fruit crinkle variant of ASSVd differs from the prototype
strain of ASSVd at 19 sites: four nucleotides were inserted
(Uys, G3a0 Ay, and Cy5); 15 nucleotides were changed
(Us'A’ C1o4'G’ Clss'U’ C159'U’ C162'G’ C182'U’ sze'G>
UG, CpgU, CpsG, Coge'G, G, A319'U’ Csrp'G,
C,,,°G). It shares 92% identity with the 334 nucleotides
pear rusty skin variant of ASSVd (Fig. 6B) and differs at
27 sites. As compared with this variant of ASSVd: three
nucleotides were deleted (Us), G, 5, and A,,); two nu-
cleotides were inserted (A5, and Ci;5); 22 nucleotides

were changed (U;-A, U,,C, A,yC, U, G, AU, UG,

U48'A» C159’U> G170'A’ C179'U’ U181'C’ A248'G’ sta'U>
U257'C’ Uzss'c’ A263'G> C281'U> Uzsz'C> Uzse'G’ G287'A>
A298'G and C3O7-U).

ASSVd-pfc differs from ASSVd-pear fruit dimple
variant from Japan in 6 sites. The ASSVd-pfc has three

nucleotides inserted (Gl3p Aspss and Css5) and three nu-

PBCVd. cleotides were changed (A, U, U,,,-C, and U, ,;-A).
Table 2. Viroid capture cDNA probes.

Viroid ~ Probe No. of bases  Sequence Position ~ Reference

ASSVd  ASSVd-cap 22 5’-BIO-CGCCTACAAGAACGTACGGTGT-3’ 162-183  Shamloul and Hadidi, 1999
PBCVd PBCVd-cap 25 5’-BIO-TTTACCGCGGACCCCCGAGAGGAGG-3’* 280-304  Shamloul ez al., 2002

PBCVd-Cap

ASSVd-Cap

Fig. 5. Colorimetric detection of DIG-labeled PBCVd ¢cDNA or ASSVd cDNA product as shown visually by RT-PCR-probe cap-
ture hybridization (ELISA) of samples from nucleic acid extracts of pear fruit crinkle-diseased tissues. PBCVd ¢DNA capture
probe (upper samples); ASSVd ¢cDNA capture probe (lower samples). Sample: 1, buffer control; 2, uninfected pear fruit control;
3-5 pear fruit crinkle-diseased tissue; 6, ASSVd-infected positive control; 7, PBCVd-infected positive control.
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ASSVd-pfc GGAAAACACCGTGCGGTTCCTGTGGTTCGCCCCGCCAACGCAGATAGAT-ARAGAAAACG 59
ASSVd-prs GGTAAACACCGTGCGGTTCCTGTGGTTCGCCTCGCCAAAGCATAAATTTTAAAGAARACG 60
kk khkkkkhkkhkhkhkhkhkhkhkhkhkhkkhkhkhkhkhkhkhkhkhkkhkkhkhkkx *hkhkhkhk *kkx * * * kkkkkkkkokk
ASSVd-pfc AGGAGAAGAAGGAACTCACCTGTCGTCGTCGACGAAGGCCGGTGAGARAGGAGCTGCCAG 119
ASSVd-prs AGGAGAAGAAGGAACTCACCTGTCGTCGTCGACGAAGGCCGGTGAGAARAGGAGCTGCCAG 120
hhkhkhkkhkkhkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhAhkhhkhkhhhkhkhkhkhkhhAhkhhhkhkhkhkhkhk kA hAhkhkhkhkhhkkhkkkkhkhk
ASSVd-pfc CACTAAGCCGGACGGCGCCCTCGCACC-AGTTCCGCTGTGGGTTCGCCTACAAGAACGTA 178
ASSVd-prs CACTAAGCCGGACGGCGCCCTCGCACCGAGTTCCGCTGCGGGTTCGCCTGCARGAACGCA 180
hhkhkhkkhkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkkhkhkhkhkhkhkhhkk *hkkhkhkhkhkhkhkhh hhkkkkkhkhkhkhk *hkkkkkhx *
ASSVd-pfc CGGTGTTGAGGCCCTGTCCGCCGCTGCGCTGCCACCTACTCTTCGCGCCGCTAGTCGAGC 238
ASSVd-prs TGGTGTTGAGGCCCTGTCCGCCGCTGCGCTGCCACCTACTCTTCGCGCCGCTAGTCGAGC 240
AR EEEE S S SRR EEEE S SRR EEEEEEE SRR R R EEEEEEEEEEEEEEEEEE S SRS S
ASSVd-pfc GGACTCCGGGTGTAG-CCCCCTGTTCTCTCACGCTCTTTTTCTTTGACGCAGCGGCGGET 297
ASSVd-prs GGACTCCAGGTGGAGATTCCCTATTCTCTCACGCTCTTTTCTTTTTGCGCAGCGGCGAGT 300
khkkkkkk kkkk kk Kk hkkk kkkkhkhkkkkkkkkkkhkk * K K khkkkkhkkkkk KKk
ASSVd-pfc GGGTTCTACAGGGTAAAACACAATTGGTGTTTCCCC 333
ASSVd-prs GGGTTCC-CAGGGTAAAACACAATTGGTGTTTCCC- 334
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Fig. 6. Nucleotide sequence and secondary structure of pear fruit crinkle variant of ASSVd (ASSVd-pfc) (A) and its alignment
with that of pear rusty skin variant of ASSVd (ASSVd-prs) (B).
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Fig. 7. Nucleotide sequence of PBCVd from China and its alighment with that of PBCVd prototype.

Nucleotide sequence of the Chinese PBCVd. This vi-
roid is 315 nucleotides in length (Fig. 7) and shares 97 %

identity with PBCVd prototype (Hernandez et al., CyssG, GyysC).
1991). It differs from the prototype in 7 sites: one nu-
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cleotide inserted (Ass), one nucleotide missing (A,,;),
and 5 nucleotides were changed (C

-C, U, C,
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DISCUSSION

Molecular evidence presented in this investigation
demonstrated the close association of ASSVd with pear
fruit crinkle disease from China. We have also shown
that the viroid is a new variant of ASSVd based on the
complete nucleotide sequence of the pathogen and its
comparison with nucleotide sequences of known variants
of ASSVd. It is interesting to note that the ASSVd vari-
ants that cause pear rusty skin (Zhu e al., 1995) and pear
fruit crinkle diseases in China have undergone extensive
mutation (changes in 25 and 19 sites for rusty skin and
fruit crinkle, respectively) while the ASSVd variant that
causes pear fruit dimple in Japan (Osaki ez al., 1996) has
little mutation (changes in only 3 sites) when compared
to the ASSVd prototype that infects apple in Japan.
These analyses may suggest that the Chinese and Japan-
ese pear variants of ASSVd may have the same origin and
the observed sequence divergence may be the result of
molecular evolution from a common ancestor under dif-
ferent selection pressures. Alternatively, the Chinese and
Japanese pear variants of ASSVd may have originated in
different locations. There are 10-12 wild pear species
found in China, 3-4 are native to Japan, and at least one
is found in Korea (Hedrick, 1921; Bailey, 1927). Detec-
tion of ASSVd in wild pear has been reported from
Greece (Kyriakopoulou ez al., 2001). Thus it is possible
that the Chinese pear variants of ASSVd may have origi-
nated in the Chinese wild pear species and the Japanese
pear variant of the viroid may have originated in the
Japanese and/or Korean wild pear.

Crinkling and dimpling disease symptoms on apple
fruits have been reported. Apple fruit crinkle disease re-
ported from Japan (Koganezawa and Ito, 2003) and ap-
ple dimple fruit disease reported from Europe (Di Serio
et al., 2003) are caused by Apple fruit crinkle viroid
(AFCVd) and Apple dimple fruit virotd (ADFVd), re-
spectively. On the other hand, a third viroid species,
ASSVd, is highly associated with pear fruit crinkle dis-
ease in China, as shown in this investigation, and is the
causal agent of pear fruit dimple disease in Japan (Osaki
et al., 1996). The above three viroid species belong to the
same genus, Apscaviroid (Di Serio et al., 2003; Koganeza-
wa and Ito, 2003; Kyriakopoulou ez 4/., 2003), however,
none of the three viroids is the causal agent or closely as-
sociated with the diseases caused by the other two.

PBCVd was detected in less than 20% of pear fruit
samples with crinkle symptoms. The sequence of this vi-
roid shares 97% identity with PBCVd from Europe.
Thus the Chinese and European variants of the viroid
are very similar. PBCVd in Chinese pear fruits with crin-
kle disease symptoms is found in trace amounts as it was
detected only by RT-PCR and RT-PCR-ELISA. PBCVd
usually causes a disease in the stem and bark of infected
pear trees and the disease has been reported from Euro-
pean countries, New Zealand, and the U.S. (Atkinson,
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1971; Thomsen et al., 1989; Kyriakopoulou et /., 2001;
Flores et al., 2003). In addition to the stem and bark,
PBCVd was detected in infected pear leaves (Flores ez
al., 1991). To our knowledge, however, there is no pub-
lished report about PBCVd detection in fruits of infect-
ed pear trees. For this reason we suggest that PBCVd is
not involved in pear fruit crinkle disease. The finding of
PBCVd in less than 20% of pear fruit crinkle-diseased
samples was most likely due to double infection of pear
trees with ASSVd and PBCVd. The detection of trace
amounts of PBCVd in infected Chinese pear fruit may
be due to the fact that the viroid is located mainly in the
stem, bark, and leaves of the infected trees. This is the
first report of the presence of PBCVd in China.

Natural infection of pear trees in Greece with ASSVd
and PBCVd has been reported previously (Kyria-
kopoulou ez al., 2001). Two different viroid species of
the genus Apscaviroid may co-exist in the same plant
host. Our work demonstrates that mixed infections of
two species of Apscaviroid can also occur naturally in

China.
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