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Arabidopsis thaliana has the enzymatic machinery for
replicating representative viroid species of the
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Viroids, subviral noncoding RNAs, replicate, move, and incite dis-
eases in plants. Viroids replicate through a rolling-circle mechanism
in which oligomeric RNAs of one or both polarities are cleaved and
ligated into the circular monomers. Attempts to transmit viroids to
Arabidopsis have failed for unknown reasons. To tackle this ques-
tion, Arabidopsis was transformed with cDNAs expressing dimeric
(+) transcripts of representative species of the families Pospiviroi-
dae and Avsunviroidae, which replicate in the nucleus and the
chloroplast, respectively. Correct processing to the circular (+)
monomers was always observed, demonstrating that Arabidopsis
has the appropriate RNase and RNA ligase. Northern blot hybrid-
ization also revealed the multimeric (—) RNAs of Citrus exocortis
viroid and Hop stunt viroid (HSVd) of the family Pospiviroidae, but
not of Avocado sunblotch viroid of the family Avsunviroidae,
showing that the first RNA-RNA transcription of the rolling-circle
mechanism occurs in Arabidopsis for the two nuclear viroids and
that their multimeric (—) RNAs remain unprocessed as in typical
hosts. Moreover, transgenic Arabidopsis expressing HSVd dimeric
(—) transcripts accumulated the circular (+) monomers, although at
low levels, together with the unprocessed primary transcript that
served as the template for the second RNA-RNA transcription.
Agroinoculation of Arabidopsis with the dimeric (+) Citrus exo-
cortis viroid, HSVd, and Coleus blumei viroid 1 cDNAs showed that
these viroids could not move to distal plant parts, in contrast with
the situation observed in their experimental hosts. Therefore,
deficiencies in movement or low replication appear to be the
factors limiting infectivity of some viroids in Arabidopsis.

ince Arabidopsis thaliana was adopted as the model organism

for higher plants, multiple tools, resources, and experimental
approaches have been developed that facilitate research with this
system (1). Principal among them is the availability of the
complete sequence of the Arabidopsis genome (2). Research on
plant viruses has also benefited from the use of such a versatile
system. In particular, studies with viruses that naturally or
experimentally infect Arabidopsis have led to the identification
of host factors involved in their amplification (3, 4) and move-
ment (5, 6) and in posttranscriptional gene silencing-mediated
phenomena that include disease induction (7) and plant defense
responses (8, 9). However, no viroid has been reported to infect
Arabidopsis so far.

Viroids are small, noncoding circular RNAs of 246-401
nucleotides able to replicate autonomously in certain plants (see
refs. 10-12 for reviews). Despite this minimal genome, viroids,
in addition to their replication, are able to direct their intracel-
lular, intercellular, and long-distance movement (13-15) and to
activate host defense mechanisms (16-18) that in some cases are
insufficient to block the induction of pathogenic effects. For
these functions, viroids need to interact with multiple host
factors, the identification of which would be greatly facilitated by
an Arabidopsis-based system.

Thirty different viroid species infecting higher plants have
been characterized to date and classified into two families (11).
Twenty-six viroid species, which contain in their RNAs a central
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conserved region, belong to the family Pospiviroidae, whereas
four viroid species that lack a central conserved region but are
able to self-cleave through hammerhead ribozymes are grouped
in the family Avsunviroidae (12, 19). Viroid replication occurs
through an RNA-based rolling-circle mechanism (20) in which
the infecting monomeric (+) circular RNA is transcribed by an
RNA polymerase into head-to-tail (—) multimers that serve as
templates for a second RNA-RNA transcription step. The
resulting head-to-tail (+) multimers are cleaved into unit-length
strands and subsequently ligated into the final progeny of
monomeric (+) circular RNAs by an RNase and an RNA ligase,
respectively. This asymmetric version of the rolling-circle mech-
anism is followed by Potato spindle tuber viroid (PSTVd) (21, 22)
and other members of the family Pospiviroidae, which replicate
in the nucleus (23-28). In contrast, Avocado sunblotch viroid
(ASBVd) and other members of the family Avsunviroidae, which
replicate in the chloroplast, follow a symmetric version in which
the (—) multimers are processed to the monomeric (—) circular
forms, the template for the second half of the replication cycle
that is symmetric to the first (29-32). Remarkably, cleavage of
(+) and (—) multimers is autocatalytic in the family Avsunvi-
roidae and mediated by hammerhead ribozymes (refs. 33-35; see
ref. 36 for a review). The RNA ligase-catalyzing circularization
of linear monomeric forms is presumably a host enzyme (37-39),
although for a member of the family Avsunviroidae it has been
proposed that not only cleavage but also ligation is autocatalytic
and produces atypical 2'-5" phosphodiester bonds (40).

Here, we report the establishment and properties of an
Arabidopsis-based system for the study of viroid—host interac-
tions. Our data indicate that, when introduced transgenically in
Arabidopsis, Hop stunt viroid (HSVd) and most likely other
members of the family Pospiviroidae are able to generate the
typical intermediates and the final replication products. How-
ever, when agroinoculated, they could not spread systemically.
These results suggest that the infectivity of some viroids in
Arabidopsis may be limited by deficiencies in movement or in
reaching an accumulation level above a minimum threshold.

Materials and Methods

Viroid Sequence Variants. Citrus exocortis viroid (CEVd) variant
was M34917 having a deletion of one G between positions 70 and
74; HSVd variant was Y09352; Coconut cadang-cadang viroid
(CCCVd) variant was J02050, differing in a point mutation
(C31—=U); Apple scar skin viroid (ASSVd) variant was
AF421195; Coleus blumei viroid 1 (CbVd-1) variant was X69293
but with a G inserted between positions 146 and 147; and ASBVd
variant was J02020, differing in a point mutation (C213—U).

Abbreviations: ASSVd, apple scar skin viroid; ASBVd, avocado sunblotch viroid; CEVd, citrus
exocortis viroid; CCCVd, coconut cadang-cadang viroid, CbVd-1, coleus blumei viroid 1;
HSVd, hop stunt viroid; PSTVd, potato spindle tuber viroid.
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Table 1. Sequence of monomeric circular (+) RNAs accummulating in transgenic Arabidopsis
expressing viroid dimeric (+) RNAs

Viroid species Primers* Clones sequenced Observed mutations
CEVd 75-95, 96-113 10 Two clones: C38—U, G287—U
HSVd 64-87, 88-109 6 None
276-1, 2-23 6 Two clones: +A(39-45)
ccevd 41-65, 66-90 9 None
ASSvd 79-89, 90-110 10 One clone: G29—4, C31—U, C210—U
ASBVd 42-57, 58-78 10 One clone: U148—C, C151—A

One clone: G196—A

*Positions of the viroid sequence covered by primers of (=) and (+) polarities, respectively, used for RT-PCR
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amplification.

Plasmid Constructs. A series of recombinant plasmids harboring
different dimeric viroid cDNAs were constructed from pBlue-
script II KS (+) (Stratagene, GenBank accession no. X52327).
pBdCEVd, pBdHSVd, and pBdCCCVd, contained a Pstl
dimeric CEVd ¢cDNA, a Clal dimeric HSVd cDNA, and a
BamHI dimeric CCCVd cDNA cloned in the Pstl, Clal, and
BamHI vector sites, respectively. pBdASSVd contained a
dimeric ASSVd ¢cDNA (starting at position 90 and ending at
position 89) cloned in the Smal site of the vector. pBdCbVd-1
contained a dimeric CbVd-1 cDNA (starting at position 68 and
ending at position 67) cloned in the Smal site of the vector.
pBdASBVd contained a Sau3AI dimeric ASBVd cDNA cloned
in the BamHI site of the vector. Binary plasmids pCdCEV(d,
pCdHSVd(+), pCdHSVd(—), pCdCCCVd, pCdASSVd, pCd-
CbVd-1, and pCdASBVd were constructed by replacing the GFP
cDNA of the binary vector pPCAMBIA-1302 (GenBank acces-
sion no. AF234298) by the corresponding dimeric viroid cDNAs
from the pBluescript II KS (+)-derived plasmids.

Transgenic Plants. Agrobacterium tumefaciens (strain C58C1) was
transformed with plasmids pCdCEVd, pCdHSVd(+), pC-
dHSVd(—), pCdCCCVd, pCdASSVd, pCdCbVd-1, and pCdAS-
BVd. Transformation of A. thaliana (ecotype Col-0) was per-
formed by the floral dip method with midlog grown
Agrobacterium cultures (41). Seeds from dipped Arabidopsis
were germinated in plates containing 20 ug/ml hygromycin B,
300 pg/ml cefotaxime, and 10 pug/ml benomyl, and plants able
to grow were selected for further analysis.

RNA Extraction and Analysis. Tissue was ground in buffer B (0.1 M
TrissHCI, pH 9.0, containing 5 M urea, 0.1 M NaCl, 0.1 M
2-mercaptoethanol, and 10 mM EDTA) at a ratio of 5 ml/g of
fresh weight. The homogenate was clarified by centrifugation,
and the supernatant was extracted with 0.5 vol of phenol/
chloroform (1:1). Total RNA in the aqueous phase was recov-
ered by ethanol precipitation and resuspended in 0.1 vol of 10
mM TrissHCl (pH 8.0) containing 1 mM EDTA and 98%
formamide. Alternatively, viroid-enriched RNAs were obtained
by chromatography on nonionic cellulose (CF11, Whatman)
(42). For dot-blot analysis, RNA preparations (5 ul), boiled for
1.5 min and chilled on ice, were spotted on positively charged
Nylon membranes (Roche Diagnostics) and fixed by UV irra-
diation. For Northern blot analysis, aliquots (20 ul) of the RNA
preparations were separated either by double PAGE under
nondenaturing and denaturing conditions (43) or by single
denaturing PAGE (44). Double PAGE was performed first in a
5% gel made with TAE buffer (40 mM Tris/20 mM sodium
acetate/1 mM EDTA, pH 7.2) and then in a 5% gel containing
8 M urea in 0.25X TBE buffer. Single denaturing PAGE was
performed in 5% gels containing 8 M urea in 1X TBE buffer (89
mM Tris/89 mM boric acid/2.5 mM EDTA, pH 8.3). After
electrophoresis, the RNAs were electroblotted to membranes
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and UV-fixed. Strand-specific 3?P-labeled riboprobes were ob-
tained by transcription of plasmids pBdCEVd, pBdHSVd, pB-
dCCCVd, pBdASSVd, pBdCbVd-1, and pBdASBVd linearized
with appropriate enzymes. Membranes were hybridized at 70°C
in the presence of 50% formamide and autoradiographed (30).

Purification of Viroid Circular RNA, Cloning, and Sequencing. Mono-
meric circular viroid RNAs were separated by two consecutive
PAGE steps under nondenaturing and denaturing conditions
(see above). The second denaturing gel was stained by ethidium
bromide, and the zones where the monomeric circular viroid
RNAs migrate were located with appropriate markers and cut,
with the RNAs being eluted by diffusion in 0.1 M Tris-HCI (pH
9.0) containing 0.1 M 2-mercaptoethanol, 10 mM EDTA, and
1% SDS. The RNAs were recovered by ethanol precipitation and
were RT-PCR-amplified with avian myeloblastosis virus reverse
transcriptase (Invitrogen) and Pfu DNA polymerase (Strat-
agene) by using different pairs of viroid-specific primers (Table
1). The amplified cDNAs were ligated into plasmid pUCIS,
opened in the Smal site, and used to transform Escherichia coli
DHS5a cells. The cDNAs from the resulting recombinant plas-
mids were sequenced with an ABI PRISM 377 apparatus
(Perkin-Elmer).

Agroinoculation. Agrobacterium tumefaciens strain C58C1 carry-
ing the virulence helper plasmid pCH32 (45) was transformed
with the binary plasmids pCdCEVd, pCdHSVd(+), pC-
dHSVd(—), pCdCCCVd, pCdASSVd, pCdCbVd-1, and pCdAS-
BVd described above. Agrobacterium cultures, grown to midlog
phase, were resuspended in 10 mM Mes-NaOH (pH 5.6) con-
taining 10 mM MgCl, and 150 uM acetosiringone, incubated for
2 h at 28°C, and infiltrated into two leaves of A. thaliana (ecotype
Col-0), Gynura aurantiaca, cucumber (Cucumis sativus L.) cv.
Suyo, and Coleus blumei plants as described (46). One month
after infiltration, upper uninoculated leaves were harvested for
viroid RNA analysis by Northern blot hybridization.

Results

Transgenic Arabidopsis Expressing Viroid RNAs. Previous results
have shown that in vitro-synthesized dimeric (+) transcripts of
several viroids are infectious when inoculated mechanically into
their hosts, most likely because these transcripts are processed in
vivo to their monomeric (+) circular forms that subsequently
initiate replication (47, 48). Although experiments of this type
and others using as inocula nucleic acid preparations from
viroid-infected plants have failed to promote viroid infection of
Arabidopsis (49), they do not exclude the possibility that some
viroids could replicate in the inoculated cells but were unable to
move to neighboring cells and distal plant parts. To screen for
Arabidopsis susceptibility to viroid infection under the most
favorable conditions, a series of Arabidopsis transgenic lines
expressing dimeric viroid transcripts were constructed. Selected
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Fig. 1. (A) Bar diagram representing the viroid sequences embedded in the

transcripts expressed in the transgenic Arabidopsis. Viroid species are indi-
cated on the left, and the database accession numbers of the particular
sequence variants used are on the right. Whenever sequence variants do not
exactly match a database entry, the differences are indicated in parentheses
after the accession number. Positions where the viroid sequences start and
end in the transcript and the size of each monomeric unit are also indicated.
(B) Dot-blot hybridization analysis of transgenic Arabidopsis expressing dif-
ferent dimeric (+) viroid RNAs. Total RNAs from three independent transgenic
lines (columns 1, 2, and 3) for each of the six constructs (CEVd, HSVd, CCCVd,
ASSVd, CbVd-1, and ASBVd) were hybridized with each of the six 32P-labeled
complementary riboprobes indicated on the left.

viroids were CEVd (50, 51), HSVd (52), CCCVd (53), ASSVd
(54), and CbVd-1 (55), the type (or a representative) species of
the five genera of the family Pospiviroidae, and ASBVd, the type
species of the family Avsunviroidae (34, 56). Monomeric cDNAs
were ligated, and the resulting dimeric head-to-tail cDNAs (Fig.
1A4) were subcloned in a binary vector so that transcription of the
dimeric (+) RNAs was under the control of the cauliflower
mosaic virus 35S promoter and the nopaline synthase termina-
tor. Ti plasmid-mediated transformation of Arabidopsis and
analysis by dot-blot hybridization of 20 putative transformants
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Fig. 2.

D Assvd E

(growing in plates containing hygromycin B) of each construc-
tion revealed that most of them were indeed expressing viroid
RNAs, although the intensity of the signals was variable. Three
independent expressing lines of each construction (Fig. 1B) were
selected to further confirm the presence of the viroid dimeric
(+) RNAs and their resulting derivatives if processing had
occurred.

Dimeric (+) Viroid Transcripts Appear to Be Properly Processed to
Their Monomeric Circular Forms in Arabidopsis. As a first step to
screen for viroid replication, the monomeric (+) circular RNAs,
the final product of the viroid replicative cycle, were looked for
in the transgenic Arabidopsis. For this purpose, total RNA
preparations were fractionated by two consecutive PAGE steps,
the first under nondenaturing and the second under denaturing
conditions (43). With this approach the viroid circular RNAs can
be easily separated from the linear RNAs of similar size, which
display a considerably faster mobility in the second gel. Analysis
of the denaturing gels by Northern blot hybridization with
viroid-specific riboprobes revealed bands with the electro-
phoretic mobilities expected for the monomeric (+) circular and
linear forms of CEVd, HSVd, CCCVd, ASSVd, and ASBVd
(Fig. 2 A-D and F, respectively). The signals were particularly
intense in CEVd and HSVd (Fig. 2 A and B). Detection of the
presumed monomeric (+) circular forms of CbVd-1 was not
possible in total RNA extracts and required viroid-enriched
preparations (obtained by chromatography on nonionic cellu-
lose), indicating a low accumulation level of this species in the
transgenic plants (Fig. 2E). No signals were observed in non-
transgenic Arabidopsis controls (Fig. 2). These results strongly
suggested that Arabidopsis contains the RNase and RNA ligase
activities that catalyze the cleavage of dimeric (+) viroid RNAs
and the subsequent circularization of the resulting unit-length
strands. Considering the self-cleavage ability of the dimeric (+)
ASBVd RNA, it was surprising to find that the presumed
monomeric (+) circular and, in particular, linear forms were not
accumulating at high levels (Fig. 2F).

Correct Monomeric Circular Viroid (+) RNAs Are Found in Transgenic
Arabidopsis Expressing Dimeric (+) RNAs. To verify that the bands
with the slow mobilities in the denaturing gel were indeed
generated by viroid circular (+) RNAs that were accurately
processed, these RNAs were eluted and subjected to RT-PCR
amplification by using pairs of adjacent viroid-specific primers of
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Northern blot hybridization analysis of transgenic Arabidopsis expressing different dimeric (+) viroid RNAs. Nucleic acid preparations from a

nontranformed Arabidopsis control (lane 0) and three independent transgenic lines (lanes 1, 2, and 3) expressing dimeric (+) RNAs of CEVd (A), HSVd (B), CCCVd
(), Assvd (D), CbVd-1 (E), and ASBVd (F) were separated by two consecutive PAGE steps. A segment of the first nondenaturing gel, which included the RNAs
with sizes between ~200 and ~400 nucleotides, was cut and applied on top of the second denaturing gel. After separation in this second gel, RNAs were blotted
to nylon membranes and hybridized with 32P-labeled riboprobes complementary to each of the viroid RNAs. The analysis was performed with total RNA
preparations except for CbVd-1, in which a viroid-enriched preparation obtained by chromatography on nonionic cellulose was used. Bands with the mobilities
of the corresponding monomeric circular and linear viroid RNAs are indicated on the right (positions of linear CbVd-1 and ASBVd forms are only tentative). The

exposure time was not the same in all autoradiographs.
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Northern blot hybridization analysis of transgenic Arabidopsis expressing different dimeric (+) viroid RNAs. Viroid-enriched RNA preparations, obtained

by chromatography on nonionic cellulose, were fractionated by single denaturing PAGE in duplicated gels and blotted to nylon membranes that were hybridized
with 32P-labeled riboprobes for detecting the (+) and (—) strands of CEVd (A and B), HSVd (C and D), and ASBVd (E and F), respectively. Lanes 1, controls of
CEVd-infected gynura (A and B), HSVd-infected cucumber (C and D), and ASBVd-infected avocado (E and F); lanes 2, nontransformed Arabidopsis control; lanes
3-5, transgenic Arabidopsis expressing dimeric (+) RNAs of CEVd (A and B), HSVd (C and D), and ASBVd (E and F). Positions of linear RNA markers, with their size
in nucleotides, are indicated on the left in A, C, and E. Positions of circular and linear CEVd, HSVd, and ASBVd monomeric RNAs are indicated on the right in A,
C, and E, respectively. Both riboprobes for each viroid were equalized in acid-precipitable counts, and the films were exposed for the same time. For facilitating
detection of CEVd and HSVd (—) strands, the volume of applied extract was 10-fold higher.

complementary polarity. Cloning and sequencing of the result-
ing amplification products (between 9 and 12 recombinant
plasmids per viroid, except in CbVd-1 in which no amplification
product could be obtained), showed no changes in the nine
clones from CCCVd (0/9), whereas 2/10 of CEVd, 2/12 of
HSVd, 1/10 of ASSVd, and 2/10 of ASBVd held minor muta-
tions (Table 1). These results confirmed that transgenic Arabi-
dopsis expressing different dimeric viroid (+) RNAs accumulate
bona fide viroid (+) circular RNAs, which could arise from
cleavage and ligation of the primary transgene transcript, from
viroid replication in transgenic Arabidopsis, or from a combina-
tion of both. Even if only processing of the primary transcripts
is considered, it was unexpected to find that Arabidopsis has the
appropriate enzymes required for cleavage and ligation of a
series of viroid RNAs with very different sequences.

Further Analysis of Viroid (+) and (—) RNAs Accumulating in Trans-
genic Arabidopsis Expressing CEVd, HSVd, and ASBVd Dimeric (+)
RNAs. As indicated previously, viroids replicate through a rolling-
circle mechanism with multimeric RNA intermediates of both
polarities. To search for these intermediates, total nucleic acid
preparations enriched in viroid RNAs by chromatography on
nonionic cellulose were obtained from transgenic Arabidopsis
expressing dimeric CEVd, HSVd, and ASBVd (+) RNAs. The
two first viroids were selected as representatives of the family
Pospiviroidae, and the third viroid was selected as representative
of the family Avsunviroidae. For comparative purposes, parallel
RNA preparations were also obtained from known natural or
experimental hosts infected by these viroids: CEVd from gynura,
HSVd from cucumber, and ASBVd from avocado. Analysis of
transgenic Arabidopsis expressing dimeric CEVd and HSVd (+)
RNAs by single denaturing PAGE and Northern blot hybrid-
ization with viroid-specific riboprobes for both polarity strands
showed prominent bands corresponding to the monomeric (+)
circular and linear RNAs, with the linear forms predominating
over their circular counterparts in CEVd and the opposite
situation occurring in HSVd. Bands with the same mobility were
also prominent in preparations of CEVd-infected gynura and
HSVd-infected cucumber (Fig. 3). Additional bands were de-
tected in the transgenic Arabidopsis, which, according to their
position in the blot, should mostly correspond to the primary
dimeric (+) transcripts and to some products resulting from their
partial processing (Fig. 3). From their relative band intensity, it
could be concluded that the CEVd and HSVd dimeric (+) RNAs
were processed to a significant extent in Arabidopsis. However,
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the situation was different in ASBVd. Whereas two major bands
corresponding to the monomeric (+) circular and linear viroid
RNA were detected in ASBVd-infected avocado, the intensity of
these bands was weak in transgenic Arabidopsis expressing the
dimeric ASBVd (+) RNAs, in which the most prominent bands
were presumably generated by the transcripts from the transgene
and their degradation products (the possibility that they were the
consequence of RNA-RNA transcription seems less tenable,
because no minus strands were observed, see below) (Fig. 3).
These results confirmed that processing of the dimeric (+)
transcripts of ASBVd, despite their ability to self-cleave through
hammerhead structures, is rather inefficient in an Arabidopsis
context, thus establishing a distinction from the two members of
the family Pospiviroidae.

Faint hybridization signals corresponding to longer-than-unit
viroid (—) strands were also observed in transgenic Arabidopsis
expressing dimeric CEVd and HSVd (+) RNAs. The profile of
these bands, which in size and intensity paralleled those of
CEVd-infected gynura and HSVd-infected cucumber (Fig. 3),
were consistent with their emergence from RNA-RNA tran-
scription of the primary dimeric (+) RNAs or the resulting
monomeric (+) circular RNA. The situation was again different
in ASBVd (Fig. 3). Whereas viroid RNAs of (—) polarity were
visible in the ASBVd-infected avocado control, no significant
hybridization signals were observed in transgenic Arabidopsis
expressing the dimeric ASBVd (+) RNAs; the weak signals in
the upper part of the gel were artifacts because a signal in the
same position was also detected in the nontransformed control
when it was overexposed (data not shown).

Transgenic Arabidopsis Expressing HSVd Dimeric (—) RNAs Accumulate
the Monomeric Viroid (+) Circular Forms. To distinguish between
processing and replication in Arabidopsis of members of the
family Pospiviroidae, the Arabidopsis—-HSVd system was further
explored by constructing transgenic lines expressing HSVd
dimeric (—) RNAs. Analysis of nucleic acid preparations from
two of these plants by single denaturing PAGE and Northern
blot hybridization, with a HSVd riboprobe specific for (+)
strands, revealed a band with the electrophoretic mobility char-
acteristic of the monomeric (+) circular form (Fig. 44, compare
lanes 3 and 4 with lanes 1 and 5). The most direct interpretation
of these results is that the primary HSVd dimeric (—) transcript
served as a template for synthesis of its complementary coun-
terpart, which was then processed to the monomeric (+) circular
form. Analysis of the same preparations with a HSVd riboprobe
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Fig. 4. Northern blot hybridization analysis of transgenic Arabidopsis ex-
pressing dimeric (+) and (=) HSVd RNAs. Viroid-enriched RNA preparations,
obtained by chromatography on nonionic cellulose, were fractionated by
single denaturing PAGE in duplicated gels and blotted to nylon membranes
that were hybridized with 32P-labeled riboprobes for detecting the (+) and ()
HSVd strands (A and B, respectively). Lanes 1, control of HSVd-infected cu-
cumber; lanes 2, control of nontransformed Arabidopsis; lanes 3 and 4, two
independent transgenic Arabidopsis expressing dimeric (—) HSVd RNA; and
lanes 5, transgenic Arabidopsis expressing dimeric (+) HSVd RNA. Positions of
linear RNA markers, with their size in nucleotides, are indicated on the left.
Positions of circular and linear HSVd RNAs are indicated on the rightin A. Both
riboprobes were equalized in acid-precipitable counts, and the films were
exposed for the same time. For facilitating detection of HSVd strands accu-
mulating at lower levels, the volume of applied extract was 10-fold higher in
lanes 3and 4in A, and in lanes 1 and 5 in B.

specific for (—) strands failed to reveal the monomeric forms but
showed a major band in the position of the primary HSVd
dimeric (—) transcript (Fig. 4B, lanes 3 and 4), indicating that this
RNA, in contrast to the HSVd dimeric (+) transcript (Fig. 3), is
a very poor substrate (if any) for the Arabidopsis enzymes
catalyzing cleavage and ligation or is located in a different
subnuclear compartment (see below). Therefore, processing of
HSVd dimeric transcripts appears to be a polarity intrinsic
property, which dictates the susceptibility to and the specificity
of the reactions mediated by the host enzymes. The recent
finding that in infected cultured cells and plants, PSTVd (—)
strands accumulate in the nucleoplasm, whereas the (+) strands
are localized in the nucleolus and in the nucleoplasm, provides
an explanation for this different behavior and suggests that
processing of the (+) strands occurs in the nucleolus (28), where
processing of the precursors of rRNAs and tRNAs also takes
place (see ref. 57 for a review).

Agroinoculation of Arabidopsis with Viroid RNAs. If transgenic
Arabidopsis expressing certain dimeric viroid transcripts accu-
mulate RNAs with the characteristic properties of the interme-
diates and final products of the replication cycle, why does
Arabidopsis appear to be recalcitrant to viroid infection? In an
attempt to provide an answer to this question, wild-type Arabi-
dopsis were infiltrated with cultures of Agrobacterium tumefa-
ciens bearing binary plasmids expressing the dimeric (+) CEVd,
HSVd, CCCVd, ASSVd, CbVd-1, and ASBVd RNAs described
above (Fig. 14). One month after infiltration, analysis by PAGE
and Northern blot hybridization with viroid-specific riboprobes
failed to detect any of the viroids in upper uninoculated leaves.
By contrast, CEVd, HSVd, and CbVd-1 were readily detected in
upper uninoculated leaves of CEVd-infiltrated gynura, HSVd-
infiltrated cucumber, and CbVd-1-infiltrated coleus (data not
shown). These results and others showing that mechanical
inoculations with HSVd dimeric (+) RNAs led to systemic
infection of cucumber but not of Arabidopsis suggest that CEVd,
HSVd, and CbVd-1, and presumably other members of the
family Pospiviroidae, may not systemically infect Arabidopsis
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because they are defective in movement, although lack of
efficient replication may also explain this behavior.

Phenotype of Arabidopsis Expressing HSVd Dimeric (+) RNAs. To
explore whether accumulation of viroid RNAs induced any
symptoms in Arabidopsis, three independent homozygous lines
were selected from the progeny of plants expressing the HSVd
dimeric (+) RNA. Inspection of the growing pattern of five
plants from each of these lines showed a slight stunting as
compared with nontransformed controls. However, in attempts
to reproduce this observation under the same experimental
conditions, only one of the lines consistently displayed the slight
stunting, making it difficult to conclude whether the expression
of HSVd sequences has any phenotypic effect.

Discussion

The identification of host factors involved in the biological cycle
of viroids would be greatly facilitated by the development of an
Arabidopsis-based system. However, no viroid has been reported
to occur naturally in Arabidopsis or in any other species of the
family Brassicaceae (11), and previous efforts aimed at experi-
mentally infecting this model plant with PSTVd, CEVd, and
Chrysanthemum stunt viroid have been unsuccessful (49). Al-
though the number of viroids (and sequence variants thereof)
and of Arabidopsis ecotypes tested in this and in other assays,
which because of their negative results were not reported, may
have been low, the available evidence suggests that viroids
cannot systemically infect Arabidopsis. However, this does not
exclude the possibility that at least certain viroids could replicate
in the inoculated cells but were defective in movement and
consequently unable to invade distal plant parts. This possibility
has been tested here by constructing a series of transgenic
Arabidopsis lines expressing different dimeric viroid RNAs and
determining whether the characteristic intermediate and final
products accumulate in these plants. The potential of transgenic-
based approaches in viroid research has been illustrated with the
demonstration that HSVd can infect tobacco (58), a plant
considered a nonhost for this viroid up to that time.

Six viroid species were chosen for the present study, five
(CEVd, HSVd, CCCVd, ASSVd, and CbVd-1) representing the
established genera of the family Pospiviroidae, and one (AS-
BVd) of the family Avsunviroidae (11). Transgenic Arabidopsis
expressing dimeric (+) transcripts of these viroids accumulated
the correct monomeric (+) circular and linear RNAs as revealed
by double PAGE and Northern blot hybridization and by RT-
PCR amplification, cloning, and sequencing. In all instances the
viroid variants corresponding to the transgenes were predomi-
nant; the less abundant variants could be artifacts of the RT-PCR
amplification or result from RNA-RNA transcription (see be-
low). Moreover, examination by single denaturing PAGE and
Northern blot hybridization of the relative band intensities
showed that the CEVd and HSVd dimeric (+) RNAs were
processed to a significant extent in Arabidopsis and that ligation
was particularly efficient in HSVd. These results indicate that at
least some steps of the replication cycle of representative
members of the family Pospiviroidae, specifically the correct
cleavage and ligation of dimeric (+) RNAs to produce the
monomeric circular (+) RNA, take place in Arabidopsis, which
must therefore contain the enzymes and auxiliary factors re-
quired for these reactions. Although processing of the dimeric
(+) RNAs of some of the five tested species of the family
Pospiviroidae was inefficient, possibly reflecting different affin-
ities of the Arabidopsis machinery, it was precise in all cases
despite the very different RNA sequences involved. This finding
suggests that the specificity for the cleavage reaction is provided
by a particular conformation of the RNA that makes a certain
phosphodiester bond particularly susceptible to one or more
RNases. In line with this view, a heterologous RNase (the fungal
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RNase T1) has been shown to accurately process linear oligo-
meric PSTVd RNAs in vitro (59). Therefore, the specific cleav-
age of the oligomeric intermediates of both viroid families,
whether enzyme- or ribozyme-mediated, appears to be an in-
trinsic property of the RNA. Regarding ligation, some plant
RNA ligases such as the wheat germ ligase are not substrate-
specific and only require proper termini (60). The low level of
processing of the ASBVd (+) dimeric RNA observed in Arabi-
dopsis most likely results from the replication site of this viroid,
the chloroplast instead of the nucleus, and from its cleavage
mechanism, catalyzed by ribozymes instead of by enzymes,
although it was assisted by chloroplastic proteins (61) whose
functional equivalents may not exist in the nucleus.

In addition to correct processing of the primary transcripts,
transgenic Arabidopsis expressing dimeric CEVd and HSVd (+)
RNAs also accumulated the corresponding (—) strands, which
remained essentially unprocessed as in typical host plants in-
fected by the two viroids. These results strongly suggest that the
dimeric CEVd and HSVd (+) transcripts, or their resulting
monomeric circular forms, can serve as templates for synthesis
of the complementary (—) strands. However, (—) polarity
strands were not detected in Arabidopsis expressing the dimeric
ASBVd (+) RNA, underlining again the distinct behavior of
representative members of both viroid families in an Arabidopsis
nuclear habitat. The possibility that the CEVd and HSVd (—)
RNAs could result from transcription of the antisense strand of
the transgene driven by a plant promoter close to the integration
site, or by duplication and reorganization of the transgene during
the integration, appears unlikely, because three independent
transgenic Arabidopsis lines expressing the dimeric CEVd and
HSVd (+) RNAs showed the same accumulation pattern of their
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corresponding (—) polarity strands. Furthermore, the mono-
meric circular HSVd (+) RNA was also detected in transgenic
Arabidopsis expressing the dimeric HSVd (—) RNA, indicating
that this RNA may serve as the template for the synthesis of the
second RNA-RNA transcription step.

Altogether these results support the view that Arabidopsis has
the enzymatic machinery for replicating representative viroid
species of the family Pospiviroidae and that the same may
happen with additional plants not considered to be viroid hosts.
Other results with certain PSTVd mutants obtained at high
temperature also indicate that they are able to replicate in
Arabidopsis (J. Matousek, personal communication). However,
when compared with typical experimental hosts, the replication
efficiency of these viroids in Arabidopsis appears to be consid-
erably lower and, most importantly, the agroinoculation exper-
iments show that they are unable to move to distal plant parts.
Therefore, movement and low replication or accumulation may
be the limiting steps of viroid infection in different plant species.
In any case, the transgenic Arabidopsis lines generated in this
work and others that may be developed in the future could be a
valuable tool in combination with microarray and proteomic
technologies for the identification of host factors involved in the
biological cycle of some viroids.
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