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A series of nucleotide substitutions (G, — C; C,; = A; Csi5 = U; Uz; > C) were introduced into the virulence
modulating region of the intermediate strain of potato spindle tuber viroid (PSTVd) in order to examine their effect upon
viroid infectivity and pathogenicity with the presence of all four mutations resulting in the sequence of a previously
reported severe strain of PSTVd. Eight of the resulting mutant cDNAs were characterized for infectivity and symptom
induction in tomato, and the secondary structure of their corresponding RNAs was examined. The combined results of
infectivity, computer analysis, and chemical mapping data imply that a previously proposed correlation between ther-
modynamic stability and PSTVd pathogenicity does not hold true in all cases and suggest that conformation and/or

sequence-specific interactions with host factors play a role in symptom development.

INTRODUCTION

Viroids are the smallest known pathogenic agents of
plants and are distinguished from viruses by their lack
of a protein coat and lack of a protein coding capacity.
Viroid pathogenicity in infected plants is a complex pro-
cess that is influenced by both the viroid and the host
plant genomes, e.g., infections by different viroid
strains in the same host or alternatively by the same
viroid strain in different hosts may be latent or result in
symptoms ranging from mild to severe in intensity.

As viroids replicate and exert pathogenic effects
without encoding proteins, the implication is that viroid
functions are mediated through sequence and struc-
tural signals alone. One approach to investigating the
relationship between structure and function involves
comparative sequence analysis of different viroid spe-
cies (Flores, 1984; Keese and Symons, 1985) and of
naturally occurring strains of the same viroid
(Schnolzer et al., 1985; Visvader and Symons, 1985,
1986). Comparisons of potato spindle tuber viroid
(PSTVd) (Schndlzer et al. 1985) and citrus exocortis
viroid (CEVd) (Visvader and Symons, 1985) field iso-
lates whose symptoms in tomato vary widely suggest
that pathogenicity modulating functions are localized
within two regions of the native structure—the so-
called pathogenicity (P) domain, a term which was
coined for all the viroids examined by Keese and Sy-
mons (19856) [or the virulence modulating (VM) region,
a term coined for PSTVd (Schndizer et al., 1985)] and
the variable (V) domain. In addition, Shikata (1990) re-
ported that sequence variations of hop stunt viroid
(HSVd) isolates are confined to a region corresponding
to the P domain of PSTVd and CEVd.
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Four earlier reports have dealt with the association
of the P domain with pathogenicity. Schnolzer et al.
{1985) reported that the pathogenicity of PSTVd iso-
lates which produce mild to lethal symptoms in tomato
could be correlated with nucleotide differences within
the VM region with boundaries of nt 42-60 and nt
300-319 (see Fig. 1). This region includes an area of
calculated thermal instability, the premelting (PM) loop
1 (Steger et al., 1984) (Fig. 1). Calculations of the ther-
modynamic stability of the VM region between the nat-
urally occurring isolates suggested that stability could
be inversely correlated with an increase in symptom
severity in tomato.

In the second report, the ability to incite mild and
severe disease symptoms could be assigned to two
distinct classes of CEVd sequences, which differ pri-
marily in the sequence composition of the P domain
(Visvader and Symons, 1985). Subsequent infectivity
studies with chimeric cDNA clones derived from mild
and severe strains of CEVd have shown that sequence
differences correlated with symptom severity are lo-
cated in the P domain (Visvader and Symons, 1986).
Symptom severity, however, could not always be
correlated with the calculated stability of this domain.
In direct contrast to the results obtained with PSTVd,
Visvader and Symons (1985) found the calculated sta-
bility of the premelting region to be considerably higher
in severe strains than in those expressing mild symp-
toms. Finally, Owens {1990) examined the effect of a
series of nucleotide substitutions in the right side of the
P domain of tomato apical stunt viroid (TASVd). None
of the alterations appeared to have an effect upon
symptom expression, although rearrangements of the
RNA secondary structure were predicted to occur.
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Fic. 1. Schematic diagram of the intermediate strain of PSTVd (PSTVd-B5) as reported by Schnolzer et a/. (1985). The VM and PM loop 1 are
described in the text. The four nucleotide differences between the intermediate and a severe strain [KF440-1, Schnolzer et a/. (1985)] are shown.
The numbering designates the position of nucleotides in the intermediate strain of PSTVd (PSTVd-Bb).

To systematically address the question of pathoge-
nicity in PSTVd, a series of site-directed mutations
have been introduced into the VM region of the inter-
mediate strain of PSTVd. Sequence comparisons be-
tween the intermediate (Type) and a severe to lethal
strain (KF440-1) of PSTVd have previously shown that
only four nucleotide changes occur in this region {see
Fig. 1) (Sanger, 1982; Schnolzer et al., 1985). To test
the “plasticity’” of this region, we had previously intro-
duced one of these changes, a single G — C transver-
sion at residue 46 (Hammond and Owens, 1987). This
mutation resulted in complete loss of infectivity of the
PSTVd cDNA.

This report describes the introduction of single and
multiple mutations to create various combinations of
the four nucleotide differences between these two
PSTVd strains. Specifically, the guestions being ad-
dressed in this mutational study are: {a) do artificially
introduced mutations in the VM region affect virulence
and/or infectivity of PSTVd cDNAs and how? and (b)
what are the common and unigue structural features of
the corresponding variant RNAs? The combined biolog-
ical and biochemical data presented here demonstrate
that thermodynamic stability in the VM region in PSTVd
is not the sole contributing factor to the pathogenicity
of PSTVd in tomato.

MATERIALS AND METHODS
Bacteria, enzymes

Escherichia coli strains JM83, JM107, and GM119
(dam, supE44, FKm®) were used to propagate recombi-
nant phage and plasmids. Bacteria were grown in mini-
mal media or yeast—tryptone broth supplemented with
ampicillin at 2550 ug/ml or kanamycin at 100 ug/ml,
as appropriate (Maniatis, 1982). Enzymes were ob-
tained from New England Biolabs (Beverly, MA

01915)," Boehringer-Mannheim (Indianapolis, IN
46250), GIBCO-BRL Life Technologies (Gaithersburg,
MD 20877), and Promega Corp. (Madison, Wi 53711)
and were used in accordance with suppliers’ instruc-
tions.

Oligonucleotide-directed mutagenesis

PSTVd mutants were constructed using synthetic oli-
gonucleotides and a single-stranded M 13 template, as
described (Hammond and Owens, 1987). Many oligo-
nucleotides were synthesized on an Applied Biosys-
tems 380A DNA synthesizer (Foster City, CA 94403)
and were purified by HPLC; others were purchased
from Synthecell (Rockville, MD 20850). The primers
used for oligonucleotide mutagenesis were: PSTV-D =
5 TTTTCTGGTCAGGAGGT 3; PSTV-M1 = & TCT-
TTTCTIGTCAGGAGG 3; PSTV-M2 = & GCCCC-
GGAACAAGTAAG 35 and PSTV-M3 = & CCTC-
GCCCCGGAACAAGTAAGA 3, where the base
changes are underlined. The replicative (RF) and sin-
gle-stranded forms of bacteriophage M13 were pre-
pared from infected JM107 or phage particles (Mess-
ing, 1983).

Following isolation and characterization of a mutant
cDNA, the PSTVd insert was subcloned into the BamH|
site of pUCS or pSP84, and intact plasmid DNA or RNA
transcripts were used for infectivity studies. Smali
scale plasmid DNA preparations were isolated by the
alkaline lysis method (Maniatis et a/., 1982) and large
scale pUCS9 or pSP64 DNA preparations were made
following protocols provided by Promega Corp.

' Mention of trademark, proprietary product or vendor does not
constitute a guarantee or warranty of the product by the U.S. Depart-
ment of Agriculture and does not imply its approval to the exclusion
of other products or vendors that may be suitable.
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Sequence analysis

Double-stranded plasmid or RF DNAs were se-
quenced using [*2P]dATP and a modified chain termi-
nation method for dsDNA templates (Korneluk et al.,
1985). Gel-purified single-stranded viroid RNA was
used as a template for dideoxy sequence analysis
(Zimmern and Kaesberg, 1978; as described in Ham-
mond et al., 1989) using oligonucleotide primers
PSTV-T2 = &' CTGTTCGGCGGGAATTA 3 (comple-
mentary to nt 157-174 of PSTVd) and RF2 = &
GGCTTCAGTTGTTTCCACC 3’ {complementary to nt
265-283 of PSTVd).

Infectivity assays

tnfectivity of recombinant DNA plasmids containing
PSTVd inserts was performed as previously described
(Hammond and Owens, 1987). Isolation and hybridiza-
tion analysis of tomato low molecular weight (LMW)
RNA (RNA soluble in 2 M LiCl) have been described
(Owens et al., 19886). Circular viroid RNAs were purified
as described (Hammond et a/., 1989).

Preparation of RNAs for structural mapping

RNAs were synthesized by in vitro transcription of
pSP64 plasmid DNAs harboring the various PSTVd
mutants described in the text. The PSTVd cDNAs were
inserted into the unique BamH! site of the multiple
cloning site (MCS) in the plasmid. Prior to transcription,
the plasmids were linearized by restriction digestion
with Pvull, which cleaves the DNA 232 bp downstream
of the MCS. Transcription reactions contained 40 mM
Tris—HCI, pH 7.9, 6 mM MgCl,, 2 mM spermidine, 0.5
mM each of rATP, rCTP, rGTP, and UTP, 1 mM DTT, 1
unit/ul RNasin, 5 units of SP6 polymerase, and 1 ug of
linearized DNA template. The reactions were incu-
bated at 37° for 30 min, followed by phenol/chloroform
extraction. Total nucleic acids were precipitated in the
presence of sodium acetate and ethanol. Aliquots of
the transcription reactions were analyzed by electro-
phoresis through 5% polyacrylamide gels containing 8
M urea and 1X TBE buffer.

Chemical modification and sequence analysis of
synthetic RNAs

The general procedures described by Mougel et al.
(1987) were followed. Prior to modification, 1 to 2 ug of
each transcript RNA was heated to 65° and annealed
at room temperature (25°) under conditions where
monomeric linear viroid RNAs assume their thermody-
namically most stable structure (in a buffer containing
50 mM sodium cacodylate, pH 6.8, 1 mM EDTA). For
modification of the RNA, 1 ul of dimethyl sulfate (DMS,

Aldrich Chemical CO., Inc. Milwaukee, W! 53233) was
added to a 100-ul solution containing the RNA in 50
mM sodium cacodylate, pH 6.8, 20 mM Mg acetate.
The reactions were incubated at room temperature for
5 min, unless otherwise noted. Nucleic acids were pre-
cipitated in the presence of sodium acetate and eth-
anol and 5 ug yeast tRNA as carrier. Following a 70%
ethanol wash of the nucleic acid pellets, the RNAs
were sequenced using primer extension with synthetic
oligonucleotides as described above. Briefly, oligonu-
cleotide primers, primer 1 = 5 CAACTGCGGTTCCA 3
{complementary to nt 340-353 in PSTVd) and primer 2
= b GACCATGATTACGAATTC 3' (complementary to
nt 52-69 of pSP64), were used in the sequence reac-
tions. 32P-labeled primer (3.2 pmol) (McGraw, 1984)
was annealed to the transcript RNA and the RNA was
sequenced as described (Hammond et a/., 1989). The
reaction products were fractionated in 8% polyacryl-
amide gels containing 1X TBE (89 mM Tris, pH 8.3, 89
mM boric acid, 2.5 mM EDTA) and 7 M urea.

Computer analysis

Secondary structures for the mutant and wild-type
RNAs were calculated on the basis of their nucleotide
sequence and their free energy parameters using the
computer program of Zuker (1989) running on a Digital
Al VAX Station (Digital Equipment Corp., Maynard,
MA). Nucleotides 30-83 and 279-331 of PSTVd,
which includes the pathogenicity modulating region,
were entered into the computer. No restrictions on
base-pairing were introduced into the analysis. To sim-
ulate the actual thermodynamic melting behavior of a
closed circular molecule, the 5" end of the helical re-
gion was allowed to pair and a 4-nucleotide loop was
introduced into the 3’ end, adjacent to a helical region.

RESULTS
Constructions and infectivity assays

Oligonucleotide-directed mutagenesis was used to
introduce single or multiple changes into the VM re-
gion of the intermediate strain of PSTVd (PSTVd-B5)
(Table 1). Seven mutant cDNAs in addition to the un-
modified PSTVd-B5 were compared for infectivity and
severity of symptom production. Intact, full-length
PSTVd monomeric cDNAs in pUC9 were tested for in-
fectivity (Table 2). These cDNAs contain an 11-nucleo-
tide terminal repeat (8’ GGATCCCCGGG 3') to maxi-
mize their specific infectivity (Tabler and S#&nger,
1984). PSTVd-B5 induces intermediate-type symp-
toms 3-4 weeks following inoculation of the cotyle-
dons of 6- to 7-day-old tomato {cv. Rutgers) seedlings
(Fig. 2A).
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TABLE 1

SITE-DIRECTED MUTATIONS INTRODUCED INTO PSTVD-B5

Plasmid Mutations Plasmid Mutations
PSTVd-B5 Wild-type PSTVd-M3/D Gy > C
Cas > U

Usiz > C

PSTVd-D Gy = C PSTVd-M3/4 Cgis—=> U
Usi; > C

PSTVd-M1 G —=>C PSTVd-M2/M1 Gy —> C
Ci—>A Co—> A

Ca1s > U

PSTVd-M2 Gy —>C PSTVd-M3/M1 Gp—~> C
Cas > U Caz > A

Gy > U

Usi7 > C

PSTVd-D, a noninfectious cDNA containing a single
G — C transversion at position 46 was reported previ-
ously (Hammond and Owens, 1987). Introduction of an
additional C — A transversion at residue 47 restores
infectivity and induces intermediate-type symptoms
(Fig. 2A). A cDNA containing a third mutation, a C — U
transition at position 315, produced PSTVd-M2/M1.
Like PSTVd-M1, this construct was also infectious and

produced intermediate-type symptoms. PSTVd-M3/
M1 contains all four mutations present in a naturally
occurring lethal strain (i.e., Gy = C, C47 > A, Cgy5 =
U, Us,; = C) and caused severe symptoms (Fig. 2A).
Three additional mutants, all of which were nonin-
fectious as determined by dot-blot hybridization, were
also constructed (PSTVd-M2, PSTVd-M3/D, and
PSTVd-M3/4) (Tables 1 and 2). ‘

Further characterization of infectious mutants

Although the symptoms expressed by the viable mu-
tants ranged from intermediate to severe in intensity
(Fig. 2A), the viroid titer in the upper leaves collected
from single plants 6 weeks postinoculation was not
significantly different among the variants, although
there was some plant to plant variability (e.g., PSTVd-
B5) (Fig. 2B). However, viroid-related progeny and
symptoms appeared earlier in plants inoculated with
PSTVd-M3/M1 than in those plants inoculated with
PSTVd-Bb, PSTVd-M1, or PSTVd-M2/M1 ¢cDNAs (Ta-
ble 2). Passaging of equal amounts of progeny to a
second set of plants, following purification and estima-
tion of viroid titer from the first set of inoculated plants,
resulted in similar observations (data not shown). Nu-

TABLE 2

BIOLOGICAL AND BIOPHYSICAL PROPERTIES OF MUTANT PSTVd cDNAs

Infectivity? (xg DNA/plant)

Free energy®

Plasmid D.P.1? 2.0 0.2 0.02 Symptoms A (AG) (kcal/mol)

PSTVd-B5 14 4/10 0/10 0/10

28 10/10 4/10 0/10 Intermediate 0
PSTVd-D 14 0/10 NT NT

28 0/10 NT NT — +4.8
PSTVd-M1 14 4/10 0/10 0/10

28 10/10 4/10 1/10 Intermediate +2.1
PSTVd-M2 14 0/10 NT NT

28 0/10 NT NT — +4.6
PSTVd-M3/D 14 0/10 NT NT

28 0/10 NT NT — +6.5
PSTVd-M3/4 14 0/10 NT NT

28 0/10 NT NT — +1.5
PSTVd-M2/M1 14 4/10 1/10 0/10

28 10/10 4/10 1/10 Intermediate +2.1
PSTVd-M3/M1 14 8/10 4/10 0/10

28 10/10 8/10 2/10 Severe +2.3

2 D.P.l., days postinoculation.

% |nfectivity was monitored by nucleic acid hybridization of “Rutgers’’ tomato plants at 2 to 4 weeks following inoculation of cotyledons with
intact plasmid DNA as described (Materials and Methods) and is expressed as numbers of plants infected per total number of plants inoculated.

NT, not tested.

¢ The most stable thermodynamic structure for the region nt 29-73 and nt 285-331 was calculated using the algorithm of Zuker (1989) as
described (Materials and Methods). The change [A(AG)] in free energy value is normalized to the free energy value obtained for the most stable
structure of the intermediate strain. A (+) value signifies a decrease in the thermodynamic stability of the region.
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FiG. 2. Biological properties of infectious PSTVd mutants. (A) Symptom production on *'Rutgers’” tomato plants examined at 6 weeks following
inoculation with PSTVd mutants as described in the text. These plants were inoculated with 2 ug plasmid DNA per plant. (B) Viroid titer in
representative tomato plants inoculated with the PSTVd mutants shown in A. Apical leaf tissue (50 mg) was extracted from plants at 6 weeks
postinoculation and aliquots were applied in 10-fold dilutions (a—c) to a nitrocellulose membrane. The membrane was then hybridized with a

PSTVd SP6-generated %P-labeled RNA probe. BC, buffer control.

cleic acid hybridization analysis using oligonuclectide
probes, as well as direct sequence analysis of the prog-
eny isolated from plants inoculated with the mutant
cDNAs, revealed no obvious sequence heterogeneity
or segquence reversions (data not shown). These analy-
ses will only detect sequence heterogeneities if they
are a significant proportion of the population. The ab-
sence of readily detectable sequence variations sug-
gests that the mutations introduced into the viroid
RNAs are stable in tomato.

Structural analysis of PSTVd RNAs

Computer analyses. The primary sequence data
were analyzed and the free energies of the most stable
secondary structures of the P domains of the mutant
RNAs were calculated as described by Zuker {1989)
and are shown in Table 2. In most cases, more than
one structure was possible at the lowest free energy
value. A representative example of each of the in-
fectious variants is shown in Fig. 3. In all cases, includ-
ing the noninfectious variants (data not shown), the
characteristic stem and loop structure of viroid RNAs
was obtained {Langowski et al., 1978); however, the
position of the loops varied with the sequence of the
variant.

The free energy (AG) values were calculated at 37°
(Zuker, 1989) and the values obtained for the thermody-
namically most stable structure were normalized to
that obtained for PSTVd-B5, i.e., the values reported in
Table 2 [A(AG)] reflect the difference in free energy
compared to PSTVd-B5. A (+) value signifies a de-

crease in the thermodynamic stability. With the excep-
tion of PSTVd-M3/4, the P domains of all the nonin-
fectious mutants were markedly destabilized. The in-
fectious mutants were calculated to have [A(AG)]
values similar to those of PSTVd-B5 (+2.1 £ 2.3
kcal/mol).

Chemical reactivity. Because free energy minimiza-
tion data alone is not sufficient to determine RNA fold-
ing with confidence, the conformation of the VM region
in solution was directly examined. The method used
involves the chemical modification of accessible (and
presumed single-stranded) bases in RNA molecules
followed by reverse transcription using a specific
primer in the presence of dideoxy nucleotides to deter-
mine which bases were modified. Reactivity to the
chemical probe was carefully examined and experi-
ments were repeated to ensure that results were repro-
ducible.

In vitro generated RNA transcripts were analyzed as
well as progeny from infectious cDNAs. In vitro tran-
scripts were generated using SP6 RNA polymerase,
and the mixture was treated with DNase (to remove the
plasmid DNA template) prior to analysis (Fig. 4). As
described under Materials and Methods, prior to chem-
ical modification, the RNAs were denatured and cooled
under conditions which should allow the *‘native™ vi-
roid conformation to form in solution (Steger et &/,
1986). Using these conditions, the chemical probing
results obtained for transcripts or circular progeny RNA
of PSTVd-M3/M1 were similar, therefore most experi-
ments were performed using transcripts as these were
easier to obtain in large quantities.
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Fig. 3. Predicted structural effects of mutations in the VM region of
PSTVd. The most stable secondary structure models were deter-
mined using the algorithm of Zuker (1989), as described under Mate-
rials and Methods. Where two or more structures were possible for
the lowest free energy, a representative example of each is shown.
Sites of chemical modification with DMS are superimposed on the
secondary structure models. Residues marked with an arrow are
adenosines and cytidines which are modified by DMS to a strong or
medium extent, indicative of single-strandedness. Solid circles indi-
cate strong stops which are present when the unmodified RNAs are
sequenced as described. Mutated nucleotides are underlined. (I)
PSTVd-B5 (intermediate strain); (Il) PSTVd-M1; (lll) PSTVd-M2/M1;
(IV) PSTVd-M3/M1. Numbering designates the nucleotide position in
the PSTVd intermediate strain sequence.

Figure 4 shows representative autoradiographs of
some chemical probing experiments. To interpret the
results, one assumes that elongation terminates (or
pauses) 1 nucleotide before the methylation of a resi-

due (Inoue and Cech, 1985). The reactivities of certain
residues to DMS were monitored using standard con-
ditions described under Materials and Methods and
the results are shown in Fig. 4. Prominent pauses
{marked by solid circles) occur at several positions in
the untreated transcripts (—) and may reflect the diffi-
culty that reverse transcriptase has in melting helical
regions; for example, the C residue at nt 39 (Figs. 4A
and 4B) which appears at the 3' side of a stem structure
and nt 65-68 (Figs. 4A and 4B) and nt 292-295 (Fig.
4C) which compose a highly G/C base-paired region in
the native structure (see Fig. 1). These results suggest
that the transcripts have assumed the native structure
under the annealing conditions chosen.

Dimethyl sulfate methylates the N-1 of adenosine,
the N-3 of cytosine, and to a lesser extent the N-7 of
guanosine (Inoue and Cech, 1985). The data pre-
sented in Fig. 4 demonstrate that in each of the tran-
scripts several nucleotides (denoted by arrows) are
methylated by DMS. The distribution of the methylated
residues confirms the stem and loop structures gener-
ated by computer, as shown in Fig. 3. In a comparison
of the reactivities of A and C residues in transcripts
from the four infectious variants of PSTVd, i.e., those
inciting intermediate to severe symptoms, no obvious
differences can be seen in either the upper or the lower
portion of the P domain (Figs. 3 and 4).

DISCUSSION

This report describes the biological effects of several
mutations in the VM region of PSTVd. Of the eight
cDNAs which were tested for infectivity, four (PSTVd-
D, PSTVd-M2, PSTVd-M3/D, PSTVd-M3/4) were not
infectious. Calculations of the free energy of their most
stable secondary structure (Zuker, 1989) showed that,
with the exception of PSTVd-M3/4, the introduced mu-
tations dramatically decreased thermodynamic stabil-
ity (Table 2).

Four of the cDNAs (PSTVd-B5, PSTVd-M1, PSTVd-
M2/M1, PSTVd-M3/M1) were infectious and resulted
in the production of symptoms ranging from interme-
diate to severe in intensity. The structural properties of
these variants were further examined by computer
analysis and by limited chemical mapping. As shown in
Fig. 3, a comparison of the VM regions of the variants
reveals that there is no influence of the mutations on
the folding of the right side of the region {which in-
cludes PM loop 1), yet there is an effect on the number
of bases paired in the stem adjacent to the PM loop 1.
Since the rules of folding adopted in each algorithm
used in computer analysis may determine the out-
come, one may question the reliability of computer
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Fig. 4. Detection of modified bases by reverse transcription of RNA templates, as described under Materials and Methods. (Numbers to the
left indicate sequence positions in PSTVd.) The RNAs were treated with DMS (+) and subjected to reverse transcription using a primer
complementary to nucleotides 5269 of pSP64 (primer 2) (a and b) or nucleotides 340-353 of PSTVd (primer 1) (c) in the presence of dideoxy
nucleotides to generate the sequences shown. Unmodified RNAs (—) were sequenced as well and were electrophoresed alongside the modified
RNAs as a background for interpretation of the reverse transcription patterns of the modified RNAs. Arrows to the right of the panels indicate the
position of modified bases (elongation pauses 1 nucleotide prior to the modified base; Inoue and Cech, 1985). Solid circles indicate strong stops

in unmodified transcripts.

analyses alone in predicting the structure of an RNA
molecule.

In order to test the predicted models of the variant
RNA structures, limited chemical probing experiments
were performed. Under the high Mg?* conditions cho-
sen for the chemical mapping experiments, one might

assume that the native structure of the molecule would
be rigid (Riesner, 1987). The RNA would assume the
most stable conformation and the differences in con-
formation may be reflected in the pattern of DMS modi-
fication. Although metastable bimolecular structures
formed by base-pairing of two viroid transcript mole-
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cules in the central conserved region (nt 79-110) may
form under the experimental conditions used to fold
the molecule (Steger et al., 1986), the conformation of
the RNA in the pathogenicity domain should not be
affected. The results of chemical mapping demon-
strate that, in solution, all of the transcripts of the vari-
ant RNAs assume essentially similar conformations to
one another.

Although | was able to map the structure of stable
helices, it was not possible to experimentally examine
the stability of the helices under lower Mg?* concen-
trations. The melting of viroid helices is highly coopera-
tive (Steger et al., 1984; Henco et a/., 1979) which may
explain why no obvious structural differences were de-
tected under the conditions used for denaturing and
semidenaturing conditions (data not shown) (Mougel
et al., 1987). In fact, the premelting loops which have
been theoretically determined for viroids (Steger et a/.,
1984) have not been accessible to experimental stud-
ies because their existence is so transient. Structural
mapping of transcripts, however, can be used as start-
ing point for a more thorough investigation of RNA
structure. There may, in addition, be alternative confor-
mations of the RNA which exist in vivo. For example,
Branch et al. (1985) found evidence for local tertiary
structure in the central conserved region of PSTVd.

The instability calculated for the noninfectious mu-
tants (Table 2) was not reflected in chemical mapping
experiments. Investigation of the secondary structure
of their corresponding RNA transcripts did not reveal
any significant differences in the conformation of the
RNA in the VM region compared to PSTVd-B5 (data not
shown). Schnoizer et al. (1985) suggest that individual
nucleotides in the VM region are not "essential’’ for
replication of PSTVd (based upon observations that
this region is highly variable in sequence). The data
presented here reveal that artificially introduced single
as well as multiple mutations which have not arisen
through evolution can abolish infectivity. These muta-
tions may perturb the in vivo secondary structure of the
RNA in a way that was not obvious in the chemical
mapping experiments. The biological relevance of
these observations is unclear and requires further ex-
perimental investigation.

Recently Owens et al. (1991) examined the effect of
three other distinct mutations in the VM region of
PSTVd as part of a more extensive study of the effect of
random, chemically produced mutations. Here, too,
there was no consistent correlation between base-
pairing in this region and a reduction in symptom ex-
pression. Our combined observations suggest that
structural stability alone cannct be the major determi-
nant of pathogenicity and that other factors relating to

nucleotide sequence and/or conformation of the RNA
must be involved.

It has been postulated that nucleotides within the
VM region of PSTVd (specifically PM loop 1) may be
important for binding of host factors (Schnolizer et a/.,
1985). Recent speculation of viroid pathogenesis in-
cludes the possible interaction of the lower portion of
the P domain in tomato with the 5" terminus of a host 7
S RNA (Haas et al., 1988). The pathogenic effect of
viroids would be the consequence of the formation of a
hybrid between the two molecules. This model does
not take into account the lack of pathogenicity in
closely related species (if 7 S is highly conserved) nor
does it account for mismatches in base-pairing with
other viroids which cause severe disease in tomato.

Although viroid—host component complexes have
been isolated (Klaff et al., 1989), their host constituents
have not been fully characterized. Another possible
target in the host cell appears 10 be related to a
dsRNA-dependent protein kinase activity from virus-in-
fected interferon-treated cells. In this case, viroid
pathogenicity may involve the differential phosphoryla-
tion of host proteins in viroid-infected plants (Hiddinga
et al., 1988; Vera and Conejero, 1990). Although cir-
cumstantial evidence exists to support both of these
theories of viroid pathogenicity, the primary cellular tar-
get of viroid interaction with its host is still unknown.

The results presented suggest that a C at residue
317 in the CU bulge loop of PSTVd-M3/M1 may be a
contact point for host components and that this inter-
action may contribute to pathogenicity. Bulged nucleo-
tides have been shown 1o be important structural mo-
tifs in various RNAs (Wu and Uhlenbeck, 1987; White
and Draper, 1987). In most cases, a C is present at
residue 317 in severe to lethal PSTVd strains, whereas
a U is present at this position in mild to intermediate
strains (Schnolzer et a/., 1985; Zimmat et al., 1990).
The presence of a C or U may influence protein binding
and/or change the relative distance between functional
groups elsewhere in the molecule. In a comparison of
the infectivity of PSTVd-M2/M1 and PSTVd-M3/M1 (Ta-
ble 2) it appears that a C at position 317 confers a
replicative advantage to the molecule. These results
suggest that the early synthesis of viroid RNAs (Table
2) and not the final concentration (Fig. 2B) of these
RNAs may contribute to early onset and symptom se-
verity of the disease.

Resolution of the different models of viroid second-
ary structure and their correlation with pathogenicity
will require a more rigorous determination of in vivo
viroid structure.
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