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Abstract

A viroid-like RNA was detected in low molecular weight RNAs extracted from
virus-free hops by two-dimensional polyacrylamide gel electrophoresis (PAGE). It migrated
considerably faster than hop stunt viroid in 5% PAGE containing 8 M urea under a
denaturing condition. A cDNA fragment was amplified from the low molecular weight
RNAs containing the viroid-like RNA by reverse transcription and polymerase chain
reaction (RT-PCR) using a pair of hop latent viroid (HLVd) specific primers. The
amplified cDNA product of expected size was detected by agarose gel electrophoresis. The
full-length cDNA of the viroid-like RNA in RT-PCR products was cloned and sequenced.
The established nucleotide sequence of the inserted cDNA was completely identical to that
previously reported for HLVd. The total nucleic acids were extracted from hops cultivated
in Japan, and the presence of HLVd were examined by dot blot hybridization and RT-PCR.
In a hop sample, HLVd was not detected by dot blot hybridization, but detected by
RT-PCR. The result indicates that RT-PCR is potentially more sensitive than dot blot
hybridization using a radioactive probe. HLVd was detected in all mother cultivars tested.
However, the two virus-free clones obtained by meristem culture showed negative reaction
in both dot blot hybridization and RT-PCR detection methods. It is also shown that HLVd
probably can be eliminated by meristem culture as indicated in several plant viruses and
viroids.

(Received February 22, 1992)
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INTRODUCTION

Viroids are low molecular weight, single-stranded circular RNA molecules causing several impor-
tant diseases in higher plants. An agent of hop stunt disease, designated as hop stunt viroid (HSVd),
which had 297 nucleotides and was infectious to fruit trees such as grapevine, citrus, plum, peach and
pear? has been reported in Japan'®. Recently, a new viroid, consisting of 256 nucleotides, was found
in hops and named hop latent viroid (HLVd)!®. HLVd is widely distributed in hops cultivated in the
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world. From its electrophoretic mobility, HLVd is very closely related to a viroid-like RNA fast (HV-f)
detected from hops in Spain'®, which seems to be identical to HLVd. As HLVd was detected in
symptomless hop cultivars'®, it was most likely that the viroid was latently infected in hop cultivars.
However, Barbara et al.? reported that HLVd decreased total cone yields, individual cone weights, and
alpha-acid content of cones in two cultivars of hop cultivated in the UK. They suggested that HLVd was
the potentially serious pathogen, therefore should be eliminated. At present, no host plant of HLVd was
found except for hop plants (Humulus lupulus 1..) and H. japonicus™'®, and thus HLVd was detected only
by biochemical procedures such as return-gel electrophoresis'® and dot-blot hybridization!®. Recently,
the revolutionary method for i vitro DNA amplification, the polymerase chain reaction (PCR)!®, has
been used for the detection of plant RNA viruses®®42*2% and viroids® from infected plants. In this paper
we report the detection of HLVd in the cultivated hops in Japan using reverse transcription and
polymerase chain reaction (RT-PCR), and the possibility to eliminate HLVd from hops by meristem
culture.

MATERIALS AND METHODS

Hop samples. Five samples of hop plant used in this experiment were grown in the field of
Hokkaido University. They are virus-free (VF), hop latent virus (HLV) infected, apple mosaic virus
(ApMV) infected hop (cv. Kirin II), a hop plant (cv. Kirin II) showing stunt symptom and hop mosaic
virus (HMV) infected hop cv. Brewers Gold. It was ascertained that the VF—cv. Kirin II hop was also
free from HSVd by inoculation to cucumber plants. Twelve samples of hop, designated as sample No.
1 to 12, were grown in the greenhouse or fields of Sapporo Breweries Ltd. in Hokkaido Prefecture. They
include six mother cultivars and six virus-free clones derived from each mother cultivar: cv. Shinsyu
Wase (No. 1 and 2), cv. Furano Ace (No. 3 and 4), cv. Sorachi Ace (No. 5 and 6), cv: Saaz YG (No. 7 and
8), cv. Tettnang YG (No. 9 and 10) and cv. Saaz Osvald Clone 72 (No. 11 and 12). The even numbered
cultivars were virus-free clones derived from the shoot tip cultures of the odd numbered cultivars. Each
shoot tip (0.2 mm) was grown on Murashige and Skoog (MS) basal medium'® supplemented with 29
sucrose, 0.89% agar, 2 mg/l of 6-benzyladenine and 0.2 mg/1 of gibberellic acid for 40 days, and trans-
ferred to the agar medium supplemented with 0.5 mg/1 of 3-indolebutyric acid to stimulate rooting. After
14 days, rooted cultures were potted in the greenhouse. The ahsence of ApMV and HLV was ascertained
by enzyme linked immunosorbent assay (ELISA).

Low molecular weight RNAs extraction from hops. Low molecular weight RNAs were
extracted from fresh or frozen leaves using the method described by Uyeda et al.?® with a slight
modification. Hop leaves (4 g) were homogenized in TESLP buffer (130 mM Tris-HCI, pH 8.9, 17 mM
EDTA, pH 7.0, 0.83% sodium dodecyl sulfate (SDS), 1M LiCl, 5% polyvinylpyrrolidon (PVP)) instead of
1M K,HPO,. After phenol extraction, low molecular weight RNAs were purified by following proce-
dures: 2-methoxyethanol extraction, cethyltrimethylammonium bromide precipitation, 2 M LiCl
fractionation, and DNase I (Takara Shuzo Co., Ltd.) digestion. Extracted low molecular weight RNAs
were dissolved in 1 ml of distilled water.

Polyacrylamide gel electrophoresis. The extracted low molecular weight RNAs were
analysed by two-dimensional (2D) polyacrylamide gel electrophoresis (PAGE)'® or 15% PAGE under a
non-denaturing condition and 5% PAGE containing 8 M urea under a denaturing condition as described
previously'®. The gel was stained with silver?®. The following viroid RNAs were used as molecular
weight standards. Citrus exocortis viroid (CEVd: 371 nucleotides®)—kindly provided from Dr. H.L.
Singer, Max Planck Institute, Germany—purified from Gynura aurantiaca DC., chrysanthemum stunt
viroid (CSVd: 354 nucleotides) purified from chrysanthemum cultivated in Japan®, apple scar skin viroid
(ASSVd: 330 nucleotides®)—Kindly provided from Dr. H. Koganezawa, Morioka Branch, Fruit Tree
Research Station, Japan; present address: International Rice Research Institute, the Philippines—
purified from apple tree, and hop stunt viroid (297 nucleotides) isolated from pear tree (HSVd-pear)??
and purified from cucumber. .

Reverse transcription and polymerase chain reaction. A pair of HLVd specific synthetic
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oligonucleotide primers for PCR, designated as HLVd-1P and HLVd-1M, was designed based on the
nucleotide sequence of HLVd'®, and synthesized using an Applied Biosystems model 380B DNA
synthesizer. First strand cDNA was synthesized in 20 gl of RT reaction mixture containing 4 gl of
nucleic acids of hop sample, 1 ug HLVd-1M primer (20-mer: 5 TAGTTTCCAACTCCGGCTGG 3
calculated T;, value?**=62°C) complementary to HLVd sequence No. 192-173'®, 50 mM Tris-HCI (pH
8.3), 75 mM KCl, 3 mM MgCl,, 10 mM DTT, 0.5 mM each dNTP, 100U M-MLV reverse transcriptase
(Bethesda Research Laboratories). The mixture was incubated for 1 hr at 37°C. A half (10 x1) of the RT
reaction mixture were added to 40 xl of PCR premixture containing 1 pg HLVd-1P primer (20-mer: 5
GGATACAACTCTTGAGCGCC 3; calculated Ty, value=62°C) homologous to HLVd sequence No. 199~
218'%, 1 ug HLVd-1M primer, 7.5 mM Tris-HCI (pH 8.9), 81.25 mM KCl, 1.125 mM MgCl,, 0.375 mg/ml
bovine serum albumin (BSA), 0.075% sodium cholate, 0.0759 TritonX-100, 187.5 uM each dNTP, 1U Ttk
DNA polymerase (Toyobo Co., Ltd.). The addition of MgCl, and KCl was deduced, because of high
concentration of MgCl, and KCl in RT reaction mixture. In this PCR reaction mixture, final concentra-
tion of MgCl, and KCI were prepared to 1.5 mM and 80 mM, respectively. The PCR reaction mixture
was overlaid with one drop of mineral light oil (Sigma Chemical Company). The PCR amplification
proceed through a cycle of denaturation for 1 min at 94°C (in only first cycle for 5 min), annealing for
2-min at 57°C (calculated T;, value of each synthetic oligonucleotide primer —5°C), and primer extension
for 3 min at 72°C (for 10 min to ensure completion of the amplified product in the last cycle) for a total
cycle of 25 by using a Program Temp Control System PC-700 (Astec Co., Ltd.).

The PCR products (10 «1 or 5 ul) were removed and analysed by electrophoresis in a 3% agarose
gel which was subsequently stained by 0.5 ug/ul ethidium bromide. To decide a cross-contamination
occurred through PCR?, a negative control was prepared by an addition of distilled water instead of
nucleic acids of hop sample in RT reaction mixture.

Molecular cloning and sequencing. The ¢cDNA of HLVd in RT-PCR product was digested
with BamHI and ligated into pUC119 using a ligation kit (Takara Shuzo Co., Ltd.). The ligated DNAs
were cloned into Escherichia coli JM 109 cells. Alkaline-denatured recombinant DNAs were sequenced
using a Sequenase Version 2.0 DNA Sequencing Kit (United States Biochemical Corp.).

Total nucleic acids extraction from hops. The total nucleic acids from hops were extracted
by the following procedure. Fresh leaves (0.5 g) were homogenized in 1 ml of TESLP buffer containing
59% 2-mercaptoethanol, transferred into 2 ml volume of microcentrifuge tube, and centrifuged for 5 min
at 15,000 g. The aqueous phase was then treated with TE (10 mM Tris-HCIl, I mM EDTA, pH 8.0)-
saturated phenol : chloroform (1:1) mixture. After centrifugation, the nucleic acids in aqueous phase
were precipitated with 0.6 vol. of isopropyl alcohol. The nucleic acids in the pellet were extracted again
in TE-saturated phenol : chloroform (1 :1) mixture. The total nucleic acids obtained were precipitated
again with ethanol and the pellet was resuspended in 20 u1 distilled water.

Dot blot hybridization. HLVd and HSVd specific probes were prepared from HLVd-cDNA
cloned in this experiments and pCP316 containing dimeric cDNA of HSVd-cucumber (HSVd-c)'V. The
full-length ¢cDNAs of HLVd and HSVd-c were excised from recombinant plasmid by digestion with
BamHI and Xhol, respectively, and purified by electrophoresis in an agarose gel, followed by elution
from the gel using Suprec-01™ (Takara Shuzo Co., Ltd.). The eluted cDNAs were labelled with
[@-*2P]dCTP (3,000 Ci/mM) by a random priming method using a random labelling kit (Takara Shuzo
Co., Ltd.). Unincorporated radioactive nucleotides were removed and radioactive cDNA probe was
purified by a Sephadex G-50 column. The total nucleic acids (2 xl; 1/10 volume) were mixed in 6 ul of
denaturing solution (65.6% formamide, 21.39% formaldehyde, 1.54 M MOPS, 6.5 mM sodium acetate, pH
7.0 and 1.3 mM EDTA), incubated for 15 min at 65°C, then quickly chilled and added equal volume of
20 X standard saline citrate (SSC: 0.15 M NaCl, 0.015 M sodium citrate, pH 7.0). The samples (10 x¢l; 5
times of 2 ul aliquots, 2 x1 and corresponding to 0.4 u1) were spotted onto Hybond N+ membrane filter
(Amersham International plc) with 5-fold dilution, and air-dried. The membrane filter was transferred
onto a sheets of filter paper containing 50 mM NaOH, and after 5 min, the membrane filter was rinsed
in 2XSSC for 1 min with gentle shaking. Prehybridization was carried out in 50% formamide (E. Merck
AG), 5XSSC, 100 zg/ml yeast tRNA (Boehringer Mannheim GmbH), 0.5% SDS, 5 X Denhardt’s reagent
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(1 X Denhardt’s reagent : 0.029% Ficoll, 0.02% PVP and 0.029 BSA) for 2 hr at 46°C.

Hybridization was carried out in the same solution containing 1X10°cpm/ml of *2P-labelled
heat-denatured ¢cDNA probe for 16 hr at 46°C. After hybridization, membrane filter was washed in 2 X
SSC containing 0.19% SDS for 15 min at 46°C (3 times), followed by washing in 1 X SSC containing 0.1%
SDS for 30 min at 65°C, 0.1 XSSC containing 0.1% SDS for 30 min at 65°C with gentle shaking. The
washed membrane filter was air-dried and autoradiographed for 24 hr at room temperature with
intensifying screen.

RESULTS AND DISCUSSION

Detection of a viroid-like RNA by PAGE

The low molecular weight RNAs extracted from VF—cv. Kirin II were analysed by 2D-PAGE
followed by silver staining. Figure 1a clearly showed that a viroid-like RNA was contained in VF—cv.
Kirin II sample. Both circular and linear forms of the viroid-like RNA migrated considerably faster than

a) b)1 2345

Fig. 1. a) Two-demensional polyacrylamide gel electrophoresis of low molecular weight RNAs extracted
from VF—cv. Kirin II. Arrows indicate the direction of electrophoresis. Arrowhead indicates the
viroid-like RNA. b) Electrophoresis in a polyacrylamide gel (5%) under a denaturing condition. Lane
1: CEVd (371 nucleotides), 2 : CSVd (354 nucleotides), 3 : ASSVd (330 nucleotides), 4 : HSVd-pear (297
nucleotides), 5 : the viroid-like RNA extracted from VF-cv. Kirin II. Arrowheads “c” and “1” indicate
circular and linear form, respectively.

Fig. 2. Electrophoresis in an agarose gel (3%) of RT-PCR products (10 ¢l ; 1/5 volume of reaction mixture)
amplified from low molecular weight RNAs extracted from hops. Lane 1: VF—cv. Kirin II, 2: HLV
infected cv. Kirin II, 3: HMV infected cv. Brewers Gold, 4 : ApMV infected cv. Kirin II, 5 : negative
control (distilled water was added RT reaction mixture instead of low molecular weight RNAs of
hop sample). The size markers are Hapll-digested-pBR322 (lane M). Arrowheads “a” and “b” indicate
expected 250 bp fragment and 506 bp fragment corresponding to nearly two unit length of HLVd,
respectively.
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CEVd (371 nucleotides), CSVd (354 nucleotides), ASSVd (330 nucleotides) and HSVd-pear (297 nu-
cleotides) in 596 PAGE under a denaturing condition (Fig. 1b). It’s migration rate suggested that the
viroid-like RNA was regarded as HLVd!'®.

PCR-mediated cloning of full-length c¢DNA of HLVd

The viroid-like RNA suspected to be HLVd was confirmed by molecular cloning and nucleotide
sequencing. The low molecular weight RN As extracted from following four hop samples were examined
by RT-PCR using HLVd specific primers: VF, HLV infected, ApMV infected cv. Kirin II and HMV
infected cv. Breweres Gold. When PCR products were analysed by electrophoresis, the DN As approxi-
mately 250 bp, expected from the nucleotide sequence information'®, was detected in all four hop
samples (Fig. 2, arrow a). An arrow b in Fig. 2 apparently indicated that the bands of about 500 bp are
detected in all four hop samples. In reverse transcription, cDNAs of longer than one unit length may be
occasionally synthesized for single-stranded circular RNA in rolling circle. When nearly two unit length
cDNAs of HLVd are synthesized in reverse transcription, a 506 bp fragment is expected to be produced
after amplification in PCR. )

The amplified HLVd+cDNA of nearly two unit length in PCR products was digested with BamHI
(position No. 52-53'*). The resulting full-length ¢cDNA of HLVd, which did not contain PCR primers,
were ligated into BamHI site of pUC119, and cloned into E. coli JM 109 cells.

The described PCR-mediated cloning procedure can be generally applicable for the efficient full-
length ¢cDNA cloning of single-stranded circular RNA such as viroids and virusoids from the nucleotide
sequence information.

Nucleotide sequence of HLVd

The four cDNA clones from VF—cv. Kirin II and one cDNA clone from ApMYV infected cv. Kirin
II were completely sequenced. Furthermore, two cDNA clones from ApMYV infected cv. Kirin II and two
c¢DNA clones'from HLV infected cv. Kirin II were partially sequenced. The nucleotide sequences of the
cDNAs from the eight clones were completely identical to that of HLVd described previously'®. In one
clone from VF—cv. Kirin II, the nucleotide sequence changed at position No. 198 to C from U, which
may be caused by misincorporation during PCR-mediated cloning.

Detection of HLVd and HSVd by dot blot hybridization

In order to investigate the extent of distribution of HLVd in commercial cultivars, the presence of

Diltution
1 X X52 X1 X5 X5?2

a) Dilution b)
X1 X5 X5% X1 X5 X5?2

ApMV No. B HSVd-g | HSVd-peach
St No.7 ApMV No. 6
No.1 No. 8 St No.7
No. 2 No.9 No.1 No. 8
No. 3 No. 10 No. 2 No.9
No. 4 No.11 No. 3 No. 10
No.5 No.12 No. 4 No. 11
No.5 No.12

Fig. 3. Dot blot hybridization of HLVd (a) and HSVd (b) to total nucleic acids extracted from hop samples.
ApMV : ApMV infected cv. Kirin II, St: cv. Kirin II showing stunt symptom. Sample No. 1: cv.
Shinsyu Wase, No. 2 : VF—cv. Shinsyu Wase, No. 3: cv. Furano Ace, No. 4: VF—cv. Furano Ace,
No. 5: cv. Sorachi Ace, No. 6 : VF—cv. Sorachi Ace, No. 7: cv. Saaz YG, No. 8 : VF—cv. Saaz YG,
No. 9: cv. Tettnang YG, No. 10: VF—cv. Tettnang YG, No. 11: cv. Saaz Osvald Clone 72, No. 12 :
VF—cv. Saaz Osvald Clone 72. HSV-g: low molecular weight RNAs containing HSVd-grapevine,
extracted from cucumber, HSVd-peach : low molecular weight RNAs containing HSVd-peach (AF),

extracted from cucumber.
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the viroid in hop samples collected from the Sapporo Breweries Ltd. was examined by dot blot
hybridization. The total nucleic acids extracted from hop samples No. 1-12 and cv. Kirin II showing
stunt symptom, and low molecular weight RN As extracted from ApMYV infected cv. Kirin II were tested.
Hybridization signal was detected in nine samples, but not in samples, No. 4, 8 and 10 (Fig. 3a).

These hop samples were examined to be free from HSVd by the following experiment. The HLVd-
cDNA probes hybridized in the above experiment were removed from the membrane in boiling water.
The nucleic acid samples on the membrane was re-hybridized with *2P-labelled cDNA of HSVd-c. Low
molecular weight RNAs containing HSVd-grapevine and HSVd-peach(AF)??, which were extracted
from cucumber, were spotted on another new membrane filter as positive control. Hybridization signal
was detected only in cv. Kirin II showing stunt symptom, HSVd-grapevine and HSVd-peach(AF)
samples, but none in samples No. 1-12 (Fig. 3b).

Detection of HLVd by RT-PCR

The nucleic acid samples used in dot blot hybridization were examined by RT-PCR using HLVd
specific primers. Each sample was ten-fold diluted with distilled water, and 1/50 volume of the sample
was applied to RT-PCR. In this experiment PCR was performed in reaction mixture containing 19’
formamide which is reported to be effective for elimination of non-specific products and increase of the
expected product!”. The result showed that the PCR products expected in size were detected in samples
except for No. 4 and 10 (Fig. 4). In sample No. 2, the observed band was thin, though a strong signal was
detected in dot blot hybridization analysis (Fig. 3a). This may occur when reverse transcription reaction
and/or PCR was obstructed by insufficient clarification of hop sample. In sample No. 8, no signal was
detected by dot-blot hybridization (Fig. 3a), but the expected band was obviously observed in RT-PCR.
The result indicates that RT-PCR is potentially more sensitive than dot-blot hybridization using a
radioactive probe.

HSVd was not detected in hop samples No. 1-12 cultivated in Hokkaido Prefecture (Fig. 3b).
However, HLVd was detected in all six mother cultivars (Fig. 3a and Fig. 4). It is shown that HLVd is
distributed in Hokkaido Prefecture of Japan. HLVd was also detected from hop cultivars cultivated in
Yamagata and Iwate Prefectures of Japan (unpublished result). It seems that HLVd is widely distributed
in hop cultivars cultivated in Japan. Barbara et al.? reported that HLVd decreased total cone yields,
individual cone weights, and alpha-acid content in hops cv. Omega and Wye Northdown cultivated in
UK.

The cv. Omega was severely affected, and the cv. Wye Northdown was less severely affected. As
hop plants are propagated vegetatively, its elimination may be important for hop production. The two
samples No. 4 (cv. Furano Ace) and 10 (cv. Tettnang YG) showing negative reaction in both dot blot
hybridization and RT-PCR analysis were virus-free clones derived from samples No. 3 and 9 by

MASN1234567 89101112

Fig. 4. Electrophoresis in an agarose gel (3%) of RT-PCR products (5 x1; 1/10 velume of reaction mixture)
amplified from total nuclelc acids extracted from hop. samples Lane A : ApMV infected cv. Kirin II,,
S: cv. Kirin II showmg stunt symptom, N : negative control (dlst1lled water was added RT reaction
mixture instead of total nucleic acids of hop sample). Samples in lane 1-12 were identical to sample
No. 1-12 using in Eig. 3. The size markers are Hapll-digested-pBR322 (lane M). The arrowhead
indicates expected 250 bp fragment.
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meristem culture. The result shows that HLVd probably can be eliminated by meristem culture as
indicated in several plant viruses and viroids. As we described here, the RT-PCR is potentially high
sensitive method to detect HLVd, possibly other viroids, plant viruses, and other plant pathogens from
small amount of plant tissue. Our results suggest that hop clones obtained by meristem culture to
eliminate HLVd, can be diagnosed at an early cultured stage by RT-PCR method.
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FHERNA 2BH L7z, 20 RNA I3, SM RFEEMLE T TO PAGE ZBWT, ky PB4 o4 FHSVA) &b
Dz DM IBE L Voo ZOAESF RNA XL, BERO K v 78AEY 4 04 B (HLVA) O\HEEF & 0 3R L RN
754 v —%H\v, WEEE-polymerase chain reaction (RT-PCR) 21T- 72 & 2 %, HLVd OEHERS» &6 FHah
B2RE&D DNA Bl a NIz, <O RT-PCRE#L VTER HLVA - cDNA 227 0—=>7 L, ZOEERF %R
EBLlEZ S, BB#RDO HLVd L R—Th otz £z, vy 7L V2B 2ERMHEL, Yy hTuy b g7y
FA¥ -3 »BLURT-PCRICL 2BETFZH 2ITo70, TORE, HIRFCBOTIE, Fy 7Ty ben
ATV FA L=y 3 TR, HLVd BHE -2 0D, RT-PCR &ETHRE & 11, RT-PCR %3, HLVd 0%
HieEZT, FybT7ay b nNATVFALE—va IV ERETHLARENTRENZ, £, BELLEEK
v FEREOTTHE, S HLVd BHRE SN, T06 DKM O EERBIZ LY VA VA7) —fha&h kD> b,
2146 Tid, RT-PCR¥TY, HLVA S e n s, ZESE LD, HLVA D7) —LSHEETH 5 2 & BWTRH S
Nnize
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