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ABSTRACT Double-stranded cDNA has been synthesized
from a polyadenylylated potato spindle tuber viroid (PSTV)
template and inserted in the Pst I endonuclease site of plasmid
pBR322 by using the oligo(dC)oligo(dG)-tailing procedure.
Tetracycline-resistant ampicillin-sensitive transformants con-
tained sequences complementary to PSTV f3P~cDNA, and one
recombinant clone (pDC-29) contains a 400-base-pair insert. This
cloned double-stranded PSTV cDNA contains the cleavage sites
for six restriction endonucleases predicted by the published
primary sequence of PSTV as welfas one additiona site each
or Ava I, Hae III, Hpa II, and Sma I. The additional Ava I,
Ilpa II, and Sma I sites are explained by the presence of a sec-
ond C- C sequence in the cloned double-stranded
cDNA. The largest fragment released by Hae III digestion
contains approximately 360 base pairs. These results suggest that
we have cloned almost the entire sequence of PSTV, but the
sequence cloned differs slightly from that published. Hybrid-
ization probes derived from pDC-29 insert have allowed de-
tection and preliminary characterization of RNA molecules
having the same size as PSTV but the opposite polarity. This
RNA is present during PSTV replication in infected tomato
cells.

Viroids are distinct RNA species of relatively low molecular
weight (1.1-1.3 X 105) and unique structure that cause several
important diseases of cultivated plants (1). Viroids are the
smallest known agents of infectious disease and replicate au-
tonomously despite their small size and lack of a protective
capsid. Considerable progress has been made during the past
several years in establishing the primary and secondary struc-
ture of viroids. The complete 359-nucleotide primary sequence
of potato spindle tuber viroid (PSTV) has been determined, and
the covalently closed circular RNA forms an extended rod-like
structure characterized by a series of double helical sections and
internal loops (2). Progress toward establishing the mechanism
of viroid replication and possible mechanisms of pathogenesis
has been much slower.
Two groups have synthesized complementary DNA (cDNA)

for viroids and have pointed out the potential applications of
such probes to studies of the site(s), relative rate, and molecular
mechanism of viroid replication (3, 4). An ideal viroid cDNA
preparation would contain homogeneous full-length copies of
the viroid template used for cDNA synthesis. We report here
on the molecular cloning and characterization of double-
stranded PSTV cDNA sequences. Our results indicate that we
have cloned nearly the entire sequence of PSTV and that the
cloned DNA can be used to detect RNA sequences having the
same or opposite polarity as PSTV. These RNA sequences are
present during PSTV replication in infected tomato cells.

MATERIALS AND METHODS
Purification of PSTV. The Beltsville strain of PSTV was

purified from infected tomato tissue (Lycoperslcon esculentum
Mill., cv. Rutgers) (5). Final purification involved two cycles
of polyacrylamide gel electrophoresis and yielded an ap-
proximately equimolar mixture of circular and linear PSTV
molecules (6-8).

Synthesis of Double-Stranded cDNA. PSTV was treated
with 0.025 unit of Escherichia colh alkaline phosphatase
(electrophoretically purified, Worthingtont) per ,g of RNA
to remove 3-terminal phosphate residues from linear molecules
(9). Poly(A) was added by incubation with poly(A) polymerase
(ATP:polynucleotide adenylyltransferase) from maize seedlings
(10), and the polyadenylylated PSTV was recovered by phe-
nol/chloroform extraction and ethanol precipitation.

Single-stranded PSTV cDNA was synthesized by incubating
6 jtg of polyadenylylated PSTV with 114 units of reverse
transcriptase (obtained from J. W. Beard, Life Sciences, St.
Petersburg, FL) in a 50-Al reaction mixture containing 10mM
Tris-HCl (pH 8.3), 50 mM KCl, 8 mM MgCl2, 1 mM di-
thiothreitol, 0.04% Triton X-100, p(dT)12a18 at 1.4 A260 unit/ml,
and 1 mM each of dATP, dCTP, dGTP, and dTTP. After a 2-hr
incubation at 370C, the mixture was heated at 1000C for 3 min,
quenched at 00C, and added to 50 Ml of solution containing 180
mM potassium phosphate (pH 7.0), 10mM MgCl2, 20mM di-
thiothreitol, 600MiM each of dATP, dCTP, dGTP, and dTTP,
bovine serum albumin at 100 jig/ml, and 15 units of E. colf
DNA polymerase I (Boehringer Mannheim). Second-strand
DNA synthesis was allowed to proceed for 1 hr at 370C before
the double-stranded cDNA was recovered by ethanol precipi-
tation. Non-base-paired regions were removed from the dou-
ble-stranded PSTV cDNA by a 1-hr incubation at 370C with
S1 nuclease at 200 units/ml in the presence of cucumber mosaic
virus RNA carrier at 10 Mg/in1 double-stranded and 120 Mg/ml
single-stranded. Sl-digested double-stranded PSTV cDNA was
recovered by phenol/chloroform extraction and ethanol pre-
cipitation.

Single-stranded PSTV [32P]cDNA was synthesized as de-
scribed above except that the reaction mixture contained 60;M
dCTP [52 Ci/mmol (1 Ci = 3.7 X 1010 becquerels)], and the
cDNA synthesis reaction mixture was not heated before isola-
tion of the cDNA by alkaline hydrolysis and ethanol precipi-
tation.

Construction of Hybrid Plasmids. Oligo(dG) and oligo(dC)
tails were added to Pst I-cleaved pBR322 plasmid DNA and

Abbreviations: PSTV, potato spindle tuber viroid; DBM paper, di-
azobenzyloxymethyl paper; bp, base pair(s).
t Mention of a trademark, proprietary product, or vendor does not
constitute a guarantee or warranty of the product by the U.S. De-
partment of Agriculture and does not imply its approval to the ex-
clusion of other products or vendors that may also be suitable.
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SI-digested double-stranded PSTV cDNA, respectively, by
incubation with calf thymus terminal deoxynucleotidyltrans-
ferase [P-L Biochemicals] in the presence of 1 mM Co2+ (11).
Oligo(dC)-tailed double-stranded PSTV cDNA and oli-
go(dG)-tailed pBR322 DNA were combined at a ratio of 1:10
(wt/wt), recovered by phenol/chloroform extraction and eth-
anol precipitation, and annealed before transformation (12).
Transformation and Identification of Recombinant

Clones. E. coli C600 (rk- mk+) was transformed by a modifi-
cation of the Mn2+, Ca2+ transfection protocol of Enea et al.
(13) under PI-EKI containment conditions as required by the
then current National Institutes of Health Guidelines for Re-
combinant DNA Research. Tetracycline-resistant ampicillin-
sensitive transformants were screened by a modified colony
hybridization procedure (14) using PSTV [32P]cDNA as
probe.

Isolation of Plasmid DNA. Chloramphenicol-amplified (15)
cultures were lysed with Triton X-100 (16), and ribonuclease-
treated cleared lysates were extracted with phenol/chloroform
and precipitated with ethanol. Supercoiled DNA was isolated
by two successive CsCl/ethidium bromide centrifugations
(17).

Isolation, Sizing, and Characterization of Cloned DNAs.
All DNA fragments were prepared and analyzed by electro-
phoresis in 5% polyacrylamide gels containing Tris/borate/
EDTA buffer (I). DNA fragments were transferred to dia-
zobenzyloxymethyl (DBM) paper before hybridization with
PSTV [32P]cDNA (19). Double-stranded restriction fragments
were labeled at their 5' termini with [y-32P]ATP by using phage
T4 polynucleotide kinase (20). Restriction endonuclease di-
gestions were performed under the conditions recommended
by the enzyme suppliers (New England BioLabs, Beverly, MA,
or Bethesda Research Laboratories, Rockville, MD). Autora-
diography was done with Kodak X-Omat film and Du Pont
Cronex Lightning-Plus intensifying screens at -70'C.

Isolation, Fractionation, and Analysis of PSTV-Related
RNAs. Total RNA was isolated from PSTV-infected tomato
tissue and fractionated with LiCI (5). RNA samples were
fractionated on 5% acrylamide gels containing Tris/borate/
EDTA buffer and 8 M urea at 550C (8). Samples were heated
for 2 min at 100"C in 50% (vol/vol) deionized formamide,
quenched, and diluted with an equal volume of 9 M urea/l:
5-diluted Tris/borate/EDTA buffer immediately before
electrophoresis. RNA transfer and dextran sulfate-accelerated
hybridization with either PSTV [32P]cDNA or 5'-32P-labeled
recombinant DNA were as described (19) except that the buffer
contained 40% formamide/180 mM NaCl/15 mM sodium
cacodylate (pH 7.0)/0.3 mM EDTA, and the incubation tem-
perature was 50'C.

RESULTS
Synthesis of Double-Stranded PSTV cDNA. Synthesis of

full-length PSTV cDNA was essential to our efforts to clone the
entire sequence of PSTV. Several possible approaches were
investigated in preliminary experiments, and polyadenylylation
of linear PSTV molecules with the poly(A) polymerase from
maize prior to oligo(dT)-primed cDNA synthesis proved most
suitable. Fig. 1 (lanes 1, 2, and 3) compares the average sizes of
cDNA synthesized by this procedure and cDNA synthesized
by random priming (3). A distinct band of full-length cDNA
is present in the oligo(dT)-primed cDNA preparations and
migrates slightly slower than the linear PSTV marker. A
number of discrete cDNA size classes are visible; the most
prominent band contains about 180 nucleotides.
The short hairpin loops present at the 3'-termini of single-

stranded cDNA were used to prime the synthesis of the second

2~~~~~~~~

sI ,-1"

** _I 1t;rN|A

FIG. 1. Analysis of PSTV cDNA preparations by polyacrylamide
gel electrophoresis. Samples of 3H-labeled PSTV cDNA and S1-
digested double-stranded cDNA (3H label present in first DNA strand
synthesized) were analyzed by electrophoresis in the presence of 8M
urea at 550C and visualized by fluorography (21). Lane 1, random
oligodeoxynucleotide-primed PSTV cDNA; lanes 2 and 3, oli-
go(dT)-primed PSTV cDNA synthesized in the presence of actino-
mycin D at 20 .g/ml (lane 2) or 4 mM sodium pyrophosphate (lane
3); lanes 4 and 5, double-stranded PSTV cDNA digested with S1
nuclease at either 40 units/ml (lane 4) or 8 units/ml (lane 5) before
electrophoresis. The positions of circular and linear molecules of
PSTV are indicated by PSTVC and PSTVL, respectively.

DNA strand by E. coli DNA polymerase I after the PSTV
template and the newly synthesized cDNA strands were sepa-
rated by heat denaturation (22). The electrophoretic profiles
of oligo(dT)-primed PSTV cDNA and Sl-digested double-
stranded PSTV cDNA are quite similar (Fig. 1, compare lanes
2-5). A notable difference between Si-digested double-stranded
PSTV cDNA and oligo(dT)primed PSTV cDNA is the marked
reduction of the distinct band migrating slightly more slowly
than the linear PSTV marker in the SI-digested preparation.

Construction and Identification of Recombinant DNA
Clones. Inserting cDNA in the Pst I cleavage site of pBR322
by using the oligo(dG).oligo(dC)-tailing procedure (23) has at
least two advantages over other methods. Transformants con-
taining PSTV cDNA inserts can be selected as tetracycline-
resistant ampicillin-sensitive colonies. The cloned cDNA se-
quences can subsequently be removed from the recombinant
plasmid by Pst I digestion.

Transformation of E. coli C600 with a 10:1 (wt/wt) mixture
of Pst I-cleaved oligo(dG)-tailed pBR322 DNA and oli-
go(dC)-tailed double-stranded PSTV cDNA yielded a trans-
formation frequency of approximately 2600 transformants per
,ug of pBR322 DNA. In comparison, intact supercoiled and Pst
I-cleaved oligo(dG)-tailed pBR322 DNAs yielded 583,000 and
460 transformants per ,ug of DNA, respectively. Transformed
clones were selected by antibiotic resistance and tested for the
presence of PSTV-specific DNA sequences by hybridization
with PSTV [32P]cDNA. Fig. 2 shows that most of the clones
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FIG. 2. Determination of the size of the PSTV-specific
present in recombinant clones. Partially purified plasmid D
digested with Pst I, electrophoresed in a 5% acrylamide ge
ferred to DBM paper, and hybridized with PSTV [32P]cDN
1, pBR322 DNA as a control; lane 2, pDC-29 DNA; lanes 3-2
from other recombinant clones. Hae III-cleaved pBR322 DD
ments were used as size markers to give the scale on the rig]

contained less-than-full-length copies of PSTV. One re
nant clone, pDC-29 (lane 2), contained a 460-base pi
PSTV-specific insert and was selected for further stud

Characterization of pDC-29 by Partial Restrictio
ping. Microgram quantities of the PSTV-specific inse
clone pDC-29 were digested with one of six restriction ei
and the 5'-termini of the resulting fragments were label
asPO4 by the T4 polynucleotide kinase-catalyzed ex
reaction (20). Polyacrylamide gel electrophoresis of the
fragments allows simultaneous determination of both
of each resulting fragment and the fragment stoichiomel
3 shows that the pDC-29 insert contains one Alu I, thi

I, one BamHI, two Hae III, three Hpa II, and two Sma I re-
striction sites. The two Alu I fragments contain 275 and 184 bp;
the four Ava I fragments 174, 87-110 (two fragments), and 65
bp; the two BamHI fragments 363 and 110 bp; the three Hae
III fragments 363 and 53 bp (two fragments); the four Hpa II
fragments 200, 95-110 (two fragments), and 69 bp; and the
three Sma I fragments 267 and 14 bp (two fragments). Each
Alu I and BamHI fragment contains one Hae III site, but only
the two smaller Sma I fragments are cleaved by Hae III in a
double digestion (results not shown).

Fig. 4 compares the restriction map expected from the
published sequence of the Beltsville strain of PSTV (Fig. 4A)
with the map deduced for pDC-29 (Fig. 4B). Comparison of
these maps reveals that the pDC-29 insert contains each of the
cleavage sites for six different restriction endonucleases pre-
dicted by the published sequence of PSTV and that these sites
show the expected spatial arrangement. The single BamHI site
has been placed near the 3' terminus of the insert because each

'NA was of the BamHI and Alu I fragments contains a single Hae Ill site.
1, trans- If we assume that the nick in the PSTV template was on the 5'
[A. Lane side of the BamHI site, the resulting cloned cDNA would have
24, DNA a BamHI site near the 5' terminus and both Hae III sites in the
.4A frag- larger Alu I fragment. Because each Alu I fragment contains
ht (24). one Hae III site, this orientation cannot be correct. Preliminary

sequencing data confirm the proposed orientation of the dbu-
Icombi- ble-stranded PSTV cDNA insert in clone pDC-29.
air (bp) The additional Ava I, Hpa II, Hae III, and Sma I sites have
[y. been arranged at the 5' end of the insert (in the 184-bp Alu I
In Map- fragment) at positions consistent with the observed fragment
rt from
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FIG. 3. Restriction analysis of the PSTV-specific insert present
in recombinant clone pDC-29. Samples of purified insertDNA were

digested with one of six restriction enzymes, and the resulting frag-
ments were labeled at their 5' termini by using the T4 polynucleotide
kinase exchange reaction. The labeled DNA fragments were analyzed
by electrophoresis in a 5% acrylamide gel under nondenaturing con-
ditions. Lanes 1 and 8, Hae III-digested pBR322 DNA included as
size markers; lanes 2-7, pDC-29 insert digests.

Ava I
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BamHI Sma I Hae III

0 100 146

FIG. 4. Comparison of the predicted and observed restriction
maps of double-stranded PSTV cDNA. (A) Circular representation
of the 359-nucleotide covalently closed circular RNA sequence of
PSTV (2). The sites where the six restriction endonucleases used in
this investigation would cleave an exact double-stranded DNA copy
of the PSTV RNA sequence are marked. R18 indicates the polypurine
sequence present in several viroids (2) but of presently unknown
function. (B) Linear representation of the 460-bp insert present in
pDC-29. Observed restriction sites have been arranged as required
by double restriction endonuclease digestions and preliminary DNA
sequence data. Solid lines indicate restriction sites predicted by the
RNA sequence, and broken lines indicate sites whose origin has not
yet been established. The numbering system is that of Gross et al.
(2).
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lengths. The presence of a common 104-bp fragment suggests
that the new Ava I, Hpa II, and Sma I restriction sites may re-
sult from a single C-C-C-G-G-G sequence. Determination of
the complete nucleotide sequence will be required to charac-
terize this portion of the insert.

Labeled hybridization probes for RNA molecules having the
same polarity as PSTV or the opposite polarity were prepared
by labeling the 5' termini of BamHI-cleaved pDC-29 DNA (20)
and cleaving the labeled DNA with Pst I. The resulting 10-hbp
and 363-bp fragments, composing the entire PSTV-specific
insert in pDC-29, were purified by electrophoresis. The 32p-
labeled strand in the 110-bp BamHI fragment has the same
polarity as PSTV. Therefore, the 363-bp and II0-bp fragments
can be used as hybridization probes for RNA molecules having
the same or opposite polarity as PSTV, respectively. Fig. 5 shows
that RNA molecules of both polarities can be detected in RNA
isolated from PSTV-infected tomato.

Total RNA prepared from PSTV-infected tomato seedlings
was fractionated by the same 2 M LiCl precipitation step used
in purification of PSTV (5). In this way the distributions of
PSTV and RNA molecules of opposite polarity within the total
cellular RNA can be compared. Comparison of samples treated
with ribonuclease before RNA-RNA hybridization to those
treated after hybridization reveals the proportion of each type
of RNA present in a double-stranded configuration after RNA
isolation. AliquoU of each RNA fraction were analyzed by

.

ii..)t~
it l I It

I, i 1 5
I I I I e I II

I I I I I1

i, If I
to ur

.11. .lV
I --I- i!-A --

11 121 1 I 17 ( .)
I I I I I I I I I

I's''v

.* %*

FIG. 5. Hybridization of 32P-labeled pDC-29 insert DNA to
PSTV and to RNA sequences of opposite polarity. Samples ofRNA
fractions prepared from PSTV-infected tomatoes (10 ,g of untreated
RNA or the RNase-resistant fraction from 40 jsg of RNA that had
been incubated for 30 min at 370C with pancreatic RNase at 20 Wg/ml
and T1 RNase at 10 units/ml in the presence of 0.36 M NaCl) were

fractionated by electrophoresis at 551C in the presence of 8M urea.
After transfer toDBM paper, the RNA samples were hybridized with
approximately 300,000 cpm of 5'-32P-labeled BamHI fragments from
the pDC-29 insert (2-8 X 106 cpm/Ag) and autoradiographed for 10
days. Each RNA fraction contains three samples; the first sample
contains 10ig of untreated RNA, and the second and third samples
contain the RNase-resistant fraction from 40 Mg ofRNA treated with
RNase before and after RNA-RNA hybridization (RNA concentration
times incubation time = 100 mol of nucleotide/liter X sec), respec-
tively. Lanes 1 and 11 contain 10 ,g of low molecular weight RNA
from cucumber mosaic virus-infected tomato as a control. Horizontal
lines indicate positions of the four tomato rRNAs.

polyacrylamide gel electrophoresis under conditions that sep-
arate the circular and linear forms of PSTV. After electropho-
resis, the RNA samples were transferred to DBM paper and
hybridized with 5'-32P-labeled DNA probes. Appropriate
control experiments have shown that double-stranded RNA is
stable under the ribonuclease digestion conditions used and is
denatured by our sample denaturation protocol.

Fig. 5 (lanes 1-10) shows that, as expected, most of the PSTV
present in a total RNA preparation is found in the low molecular
weight RNA fraction and that most of the PSTV molecules in
undigested preparations are circular. Ribonuclease digestion
degrades most, but not all PSTV molecules in all three fractions
RNA molecules with the opposite polarity can also be detected
in all three RNA fractions (lanes 11-20). Like PSTV, the highest
concentration of these molecules is found in the low molecular
weight RNA fraction. Unlike PSTV, only one species of RNA
with the opposite polarity is visible and migrates with linear
molecules of PSTV. Most of this RNA appears to exist as ribo-
nuclease-resistant duplexes after nucleic acid extraction; re-
covery is unaffected by RNA-RNA hybridization (compare
lanes 13, 14, 19, and 20). In control experiments RNA prepa-
rations were heated to 100'C, quenched, and digested with
ribonuclease without annealing. The RNA sequences with
opposite polarity were destroyed by ribonuclease digestion
immediately after heat denaturation, proving that the mole-
cules are RNA.

DISCUSSION
Several procedures for cloning double-stranded cDNA are
available and have been recently reviewed (25). Our final
procedure differs in two respects from the procedures of most
other laboratories: Removal of the PSTV RNA template by
heating at 1000C (22) rather than by NaOH hydrolysis and
incubation with E. coil DNA polymerase I at 370C rather than
at 15'C were required for efficient conversion of PSTV cDNA
to Sl-resistant double-stranded cDNA. The presence of rela-
tively few full-length DNA molecules in both the single-
stranded PSTV cDNA and Sl-cleaved double-stranded PSTV
cDNA preparations, the presence of numerous discrete bands
of intermediate lengths, and the proportion of recombinant
clones containing 180- to 200-bp inserts suggest that the ex-
tensive secondary structure of PSTV (2) inhibits the synthesis
of full-length double-stranded PSTV cDNA (Figs. 1 and 2).

Comparison of the restriction map of the PSTV-specific insert
present in clone pDC-29 with the restriction map predicted by
the RNA sequence of PSTV (Fig. 4) suggests that pDC-29 will
provide nearly full-length hybridization probes. It is clear that
the pDC-29 insert contains a minimum of 245 of the 359 nu-
cleotides in PSTV: i.e., the sequence between the Hpa II site
at positions 262-265 and the Hae III site at positions 145-148.
Preliminary sequencing data show that the PSTV-specific se-
quence has its 3' terminus at position 172-173, a previously
identified site of preferential nuclease cleavage (2). Therefore,
clone pDC-29 appears to contain at least 269 of PSTV's 359
nucleotides.

Cloned double-stranded PSTV cDNA promises to be an ex-
tremely useful tool for investigating the mechanism of viroid
replication. At the present time a RNA-directed mechanism
for viroid replication appears most likely (1). The most con-
vincing evidence for a RNA-directed mechanism is the dem-
onstration that citrus exocortis viroid-infected Cynura plants
contain RNA sequences capable of forming well-matched
RNA-RNA duplexes with 125I-labeled citrus exocortis viroid
(26). Complementary RNA sequences involved in viroid rep-
lication must be complementary to the entire viroid sequence.
A complete characterization of these complementary RNA
sequences has not been published.
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Fig. 5 demonstrates that cloned PSTV-specific DNA se-
quences containing a 5'-32P label can be used to detect both
PSTV and RNA molecules of opposite polarity in nucleic acids
isolated from PSTV-infected tomatoes. This RNA of opposite
polarity but the same mobility as linear PSTV appears to be
present in much lower concentrations than PSTV. Its distri-
bution within the total cellular RNA parallels that of PSTV.
We do not yet have any data concerning differences in the

subcellular distribution of PSTV and RNA of opposite polarity.
Because this RNA has the same mobility (and presumably
molecular weight) as linear PSTV, these molecules may be the
complete copy of PSTV'required for an RNA-directed repli-
cation mechanism. Matthews has proposed that RNA of op-
posite polarity might function as mRNA in PSTV-infected tissue
(27). If this were the case, however, we would not expect to
isolate a large proportion of this RNA as ribonuclease-resistant
duplexes. The-presence of circular forms of RNA of opposite
polarity to PSTV is uncertain. Further experimentation' is
clearly needed to establish the role of these RNA molecules of
opposite polarity in PSTV replication, but'the experimental
systems and analytical techniques required are now avail-
able.

We thank T. 0. Diener for his advice and encouragement
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purified maize poly(A) polymerase, R. Deich and B. Hausler.for
demonstrating the techniques for chemical determination of DNA
nucleotide sequence, and G. Carpenter, K. Pessin, and B. Smith for
technical assistance.
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