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spindle tuber viroid (PSTVd) leads to the appearance of novel

fully infectious variants®”
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Potato spindle tuber viroid (PSTVd) is one of the smallest (about 360 nt) infectious
plant agents. It is composed of a single-stranded circular non-coding RNA molecule.
In the course of previous passage experiments with two intermediate PSTVd vari-
ants I2 and I4, three non-infectious clones (I2-50, 14-37 and I4 VI-17) were found.
When inoculated separately as cDNAs on tomato “Rutgers” test plants these variants
did not induce any visible disease symptoms and did not produce progeny. The pres-
ence of such non-infectious variants raises several questions about their origin and
biology and to answer them, mixed co-infections with ¢cDNA copies of two non-infec-
tious variants (I12-50, 14-37) were performed. PSTVd infection was observed in seven
out of 30 inoculated plants. The progeny isolated from three separate plants con-
tained novel variants, together with the parental I2 and 14 sequences. It is conceiv-
able that the appearance of repaired PSTVd molecules, clearly capable of cell-to-cell
movement leading to the systemic infection, results from recombination events. An
analysis of the recombinant molecules and comparison with databases identified the
specific sites responsible for the restricted infectivity of the 12-50 and 14-37 PSTVd
variants. In parallel experiments in which (+) strand PSTVd infectious transcripts
were used, no recombinants were observed, and the original I12-50 and 14-37 non-in-

fectious sequences were not detected in the progeny.
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Potato spindle tube viroid (PSTVd), one of
the smallest (about 360 nt) infectious plant
agents, is a circular single-stranded RNA mol-
ecule (Diener, 1971). As other RNA genomes,
it presents a high degree of variability due to
naturally occurring mutations (Gandia &
Duran-Vila, 2004; Gomez et al., 1999;
Naraghi-Arani et al., 2001; Pellerin et al.,
2004; Schneider & Roossinck, 2001).

Based on the symptoms it causes in tomato
test plants, each sequence variant can fall
into one of three separate categories, either
severe, intermediate or mild (Fernow, 1967).

The relationships between sequence and
function of these categories were studied by
de novo creation of progeny populations from
individual parental variants (Gora et al.,
1997). In the course of such experiments with
the parental 12 and 14 PSTVd variants that
caused intermediate symptoms, three non-in-
fectious clones (I12-50, 14-37, 14 VI-17) were
found among a wide spectrum of progeny
molecules. When test plants were inoculated
with viroid ¢cDNA of these three novel vari-
ants cloned in pUC9 plasmid, they showed no
visible disease symptoms and no accumula-
tion of viroid RNA. Therefore the mutants
were considered non-infectious.

The presence of non-infectious mutants in a
population of viable variants is a puzzling ob-
servation. One would expect these lethal bona
fidae mutants unable to replicate on their own
to be eliminated from the progeny viroid pop-
ulation. Yet the repeated demonstration of
the presence of such variants amongst the
progeny of productive infections refutes this
assumption.

Formally, it is possible that the discovered
non-infectious PSTVd variants carry muta-
tions that impede either replication inside the
host or cell-to-cell transport. In the latter case
replication could be limited to the site of pri-
mary infection, remaining difficult to be de-
tected by phenotype or by hybridization. Re-
strictions of this kind would prevent such
variants from spreading and detectable sys-
temic infection of the host plants. Alterna-

tively, the replication and/or spread of
non-infectious mutants could be supported in
trans by other PSTVd variants present in the
population, fulfilling a helper function. To dis-
tinguish between these possibilities, co-infec-
tion studies were performed using PSTVd
cDNA clones of defined sequences (full-length
PSTVd c¢cDNA cloned in pUC9 vector) in
which the potential for complementation
between two different PSTVd mutants was
tested.

Our experiments show that mixed infection
with two non-infectious PSTVd variants is re-
sults in the appearance of recombinant prog-
eny with restored infectivity accompanied by
disappearance of the non-infectious I12-50 and
14-37 variants from the progeny. These obser-
vations support the model of non-infectious
variants confined only to cells in which they
were formed or to the sites of primary infec-
tion, and argues against hypothetical helper
functions between mutated PSTVd genomes.

MATERIAL AND METHODS

PSTVd sequence variants. The sequence
variants 12-50 and 14-37 were detected and
cloned during plant passages of the 12 and 14
PSTVd variants (Gora-Sochacka et al., 1997).
PSTVd c¢cDNA was cloned into the pUC9
plasmid in the (+) orientation. The parental 12
and I4 variants were detected and cloned
from field isolates (Géra et al., 1994). 12 is
identical to the previously described PSTVd
type sequence PSTVd-DI (Gross et al., 1978).

Transcript synthesis. 12-50 and 14-37
cDNA copies were re-cloned from pUC9 to
pGEM-3Z vector, between EcoRI and HindIII
restriction sites, under control of SP6 pro-
moter. Positive strand transcripts were ob-
tained by in vitro transcription using SP6
polymerase (Promega) in standard conditions
according to manufacturer’s instructions.

Infectivity assays. Tomato “Rutgers” plant
seedlings at two leaf stage were inoculated
with 2 ug of a recombinant pUC9 plasmid (2
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ug suspended in 20 ul of sterile HyO) (Can-
dresse et al., 1990) carrying a monomeric
full-length ¢cDNA copy of the 12-50 or 14-37
PSTVd variant. The inoculation was per-
formed by rubbing the plasmid suspension
into carborundum dusted leaves. Inoculation
with cDNA ensures that a PSTVd clone of pre-
cisely defined sequence is introduced into the
test plants. In double inoculation assays the
mixture (1:1) contained 2 ug of each recombi-
nant plasmid. Transcript inoculation experi-
ments were performed in the same manner,
with each plant inoculated with 1 ug of
fulllength (+) strand PSTVd transcripts.
Plants were cultivated for five weeks in green-
house conditions appropriate for the develop-
ment of viroid infection. Samples (5 g of top
leaves) were ground in a buffer containing
0.2 M KoHPOy, 0.1% Triton X-100, 5 mM
dithiothreitol (DTT) and 10 mM DIECA (so-
dium diethyldithiocarbamate), and used for
RNA extraction and dot blot hybridization
(DIG non-radioactive method, Roche) as de-
scribed previously (Wetnicki & Hiruki, 1993).

RNA extraction, cDNA synthesis, clon-
ing and sequencing. Total low molecular
weight RNA was prepared and the full-length
cDNA was synthesized by RT-PCR using Pfu
DNA polymerase and cloned into the pUC9
vector as described before (Goéra et al., 1994).
Sequencing of the cloned inserts was per-
formed on an ABI sequencing system using a
fluorescent primer kit. The sequences were
aligned and compared using the MegAlign
program from the DNAStar packet
(DNASTAR Inc., Lasergene).

RESULTS AND DISCUSSION

Inoculations with cDNA

Twenty tomato “Rutgers” test plants were
inoculated with homogenous ¢cDNA of 12-50
or 14-37 variants (as determined by prior se-
quencing); each variant was tested on 10 sep-
arate plants. Another thirty plants were co-in-

oculated with a ¢cDNA (1:1) mixture of the
12-50 and I4-37 PSTVd variants.

As expected from previous trials (Goéra et al.,
1997), none of the twenty plants inoculated
with either ¢cDNA variant (I2-50 or I4-37)
alone showed any visible symptoms. RNA ex-
tracts from top leaves emerging after inocula-
tion were used for dot-blot hybridization to
test for systemic viroid spread. Therefore the
negative results obtained demonstrate a lack
of viroid spread. However, none of the thirty
plants co-inoculated with the mixture of the
12-50 and I4-37 variants showed any visible
disease symptoms, but seven of them con-
tained PSTVd. This shows that co-infection
had led to replication and spread of PSTVd
without the appearance of detectable symp-
toms.

Three dot-blot positive plants were selected
for further sequence analyses of viroid prog-
eny. Ten clones from each plant were se-
quenced, and a total of 10 different PSTVd
variants were found (Table 1). Strikingly, the
original 12-50 and 14-37 sequences were not
detected among the progeny. The population
represented a mixture of novel PSTVd vari-
ants not previously described.

Inoculations with (+) strand PSTVd
transcripts

Plants were inoculated with transcripts of
non-infectious clones. Two batches of 15
plants each were separately inoculated with
(+) strand transcripts of 12-50 and 14-37
PSTVd variants. Another 30 plants were inoc-
ulated with a 1:1 mixture of these transcripts.
None of the plants showed any disease symp-
toms, although dot-blot hybridization re-
vealed that infected plants were present in
each group: 3/15 plants among the 12-50 inoc-
ulated plants, 2/15 among the 14-37 inocu-
lated plants and 10/30 in the co-infected
group. This result shows that in contrast to
viroid cDNA the transcripts used for inocula-
tion were infectious.
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Table 1. PSTVd parental and progeny variants accumulating in tomato ‘Rutgers’ plants co-inocu-
lated with the full-length ¢cDNAs of two non-infectious PSTVd clones, 12-50 and 14-37.

Number of vari-

Nucleotide position

Sequence variant found in

the progeny :géigllgg agiven 118 164 173 197 310 Other
(C/v) (TR) (TR) (TR) P)
S1 2 5A 8] A G A
S2 1 5A 8] A G A 167 C/U (TR)
S3 5 5A 8] A A A
S4 (14) 7 5A C A G A
S5 1 5A C A A A
S6 1 6 A U A G A
S7 8 6 A U A A A
S8 (12) 1 6 A C A G A
S9 3 6 A C A G A 145 G/A (V)
S10 1 7TA C A G A
PSTVd variants used for
inoculations (v) and their
infectious parental se-
quences (p)
12-50 (v) na 6 A C G G A
12 (p) na 6 A C A G A
14-37 (v) na 5A U A G U
14 (p) na 5A C A G A

The nucleotide changes observed, compared to the non-infectious (I2-50 and 14-37) and viable (I2 and I4) variants are shown.
Letters in brackets indicate the viroid domains in which the sites of interest are located: P, pathogenicity, C, central, V, variable,
TR, right terminal; na, not applicable. Nucleotide numbers according to Gross et al. (1978).

To further analyze these results the PSTVd
clones isolated from transcript inoculated
plants were sequenced. Unexpectedly, in the
case of I12-50 inoculum all ten analyzed se-
quences were identical to I2. Similarly only 12
was detected in ten clones isolated from
plants co-inoculated with the mixture of 12-50
and [4-37 transcripts. Strikingly, the original
14-37 and 12-50 sequences were not identified
among the progeny of the mixed inoculation.
The progeny resulting from inoculation with
14-37 transcripts shows considerable varia-
tion. Among twenty clones isolated from
14-37 infected plants, eight variants were
found, six of them representing novel se-
quences (Table 2). Once again the original

14-37 sequence was not found in the progeny.
Since no variants present in the original
inoculum were recovered in the inoculated
plants, one may conclude that both the 12-50
and 1[4-37 sequences are functionally
defective and can be outcompeted in the
progeny by other variants.

Sequence analysis of progeny resulting
from c¢DNA inoculations

Analysis of the sequences obtained revealed
five major positions (nucleotides 118, 164,
173, 197 and 310; Table 1) in which nucleo-
tide changes were observed, compared to the
original non-infectious 12-50 and 14-37 vari-
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Table 2. PSTVd parental and progeny variants accumulating in tomato ‘Rutgers’ plants inoculated

with the full-length 14-37 transcript.

Number of vari-

Nucleotide position

Sequence variant found in

ants with a given
the progeny sequence (lclfw (116‘;1{) (1T7§) (11?17{) ?}1)0 Other
S®1 2 5A A A A 126 A/U (V)
St)2 (12) 4 6A C A G A
S®3 1 6A C A G A 163 C/G (TR)
S(t)4 1 6A C A G -
S5 2 6A C A A A
S(t)6 1 6A C A A U
S®)7 (ST 4 6A U A A A
S(t)8 5 6A U A A U
PSTVd variant used for in-
oculations (v) and its infec-
tious parental (p) sequence
14-37(v) na 5A U A G U
14 (p) na 5A C A G A

The nucleotide changes observed compared to the non-infectious 14-37 and viable 14 variants are shown.

ants. Position 118 (A-stretch overlapping the C
and V domains) is characterized by the presence
of a run of 5 or 6 A residues. The length of the
A-stretch does not seem to influence the viability
of the progeny, since variants carrying 5 or 6 A
are found in almost equal numbers. Moreover,
the infectious parental 12 and 14 sequences carry
runs of 6 and 5 A, respectively. The length of the
A-stretch is even more variable: the S10 variant
carries a stretch of 7 A.

In position 173 located within TR domain re-
sponsible for cell-to cell spread (Hammond, 1994)
and 310 P domain responsible for pathogenicity
(Schnoélzer et al., 1985) of all the progeny se-
quences analyzed, as well as in the viable parental
12 and I4 sequences (Goéra-Sochacka et al., 1997),
the only nucleotide observed was A. It is notewor-
thy that this nucleotide was not present in the
corresponding positions of the non-infectious
12-50 and 14-37 PSTVd variants, where 173G and
310U, respectively were present.

12-50 differs from the parental 12 sequence (Ta-
ble 1) in an A/G173 substitution located in the

TR domain, while 14-37 differs from the
parental 14 sequence in two positions: an
A/U310 substitution in the P domain and
a C/U164 substitution in the TR domain.
These mutations could impede viroid
infectivity. For instance mutations lo-
cated in the TR domain (positions 164
and 173) may negatively influence trans-
port of the pathogen (Gozmanova et al.,
2003; Hammond 1994; Maniataki et al.,
2003).

The presence of an A residue in posi-
tions 173 and 310 of progeny variants S1
to S10 suggests that it is the only accept-
able nucleotide at these positions and
could be a key factor for maximum viroid
propagation. Indeed, in all PSTVd vari-
ants cloned in this experiment, these posi-
tions are invariably occupied by A. Analy-
sis of the viable progeny of the mixed in-
fection shows clearly that variants with
mutations at these positions (173 and
310) reverted to the infectious parental
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sequences in all the sequenced clones regard-
less of other changes in the sequence
(Table 1).

In position 164 only two nucleotides (C and
U) are allowed. This site is located in the up-
per strand of the molecule (positions
161-169) that is involved with another dis-
tant site (positions 128-136, in the V domain)
in the formation of a transitory structure des-
ignated hairpin III (Hecker et al., 1988). A de-
tailed analysis reveals that within this hair-
pin, the nucleotide of interest C164 forms a
classical Watson-Crick pair with G133. The
other observed nucleotide in position 164 is U

which could form a less stable non-canonical
basepair with G (Feng et al., 1993). The pres-
ence of any other nucleotide in position 164
would lead to destabilization of the proposed
hairpin (Hecker et al., 1988) and indeed was
not found.

In canonical rod-like viroid structures, posi-
tion 164 is also involved in forming a Wat-
son-Crick bond with another site of interest,
position 197 in the TR domain (Gross et al.,
1978). This interaction is believed to be re-
sponsible for maintaining the native second-
ary rod-like structure of the PSTVd molecule.
This issue is further discussed below.

(118) (164) (173)

6A C G
A (310 G (197)
5A U A
/ ) . \
PROGENY
5A UA 6A U A
Primary
A G A G
Recombinants with
compensatory mutations:
5A U A 6A UA
Compensatory
A A A A
5A CA 6A CA
Compensatory
A G A G
5A C A 7A CA
S5 S10

|
|

Figure 1. Infectious PSTVd sequence variants detected in tomato plants co-inoculated with the
full-length ¢cDNAs (cloned in pUC9) of the non-infectious clones 12-50 and 14-37.

The sites of interest where nucleotide changes have occurred are indicated. The numbers in brackets indicate nu-
cleotide positions. The variants are ordered according to the type of observed nucleotide changes. Variants S1, S2,

S6 can result from direct recombination events between the PSTVd ¢cDNAs. The next variant molecules could be
the result of compensatory mutations. The S2 and S9 variants carry additional mutations that are not highlighted

here (see Table 1).
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Hypothetical progression of sequences

Sequence analysis allows one to arrange the
studied PSTVd variants in a hypothetical “se-
quence progression tree” reflecting the se-
quence relationships between the variants.
According to this analysis, mixed infections
with ¢cDNAs of the 12-50 and I4-37 genomes
could lead to the primary recombinants S1,
S2 or S6 (Fig. 1). Subsequent stepwise point
mutations would lead to the creation of a
whole spectrum of variants.

Recombination

The new versions of PSTVd isolated from
the plants inoculated with cDNA are very sim-
ilar to both the I2-50 and I4-37 inocula. A
thorough analysis of the progeny sequences
and the circumstances in which they ap-
peared suggest that these novel sequences ca-
pable of spreading result from recombination

6A
|

(Allison et al., 1990; Keese & Symons, 1985)
and subsequent compensatory mutations.
This interpretation is supported by the obser-
vation that only co-inoculation with cDNA of
both non-infectious clones leads to infection
and appearance of viable PSTVd variants,
whereas separate inoculations do not. There-
fore it seems reasonable to propose that re-
combination restored within the progeny
some of the functions lost in the non-infec-
tious variants (Kofalvi et al., 1997; Owens et
al., 1998; Rezaian, 1990; White & Morris,
1994). Indeed, the novel recombinant PSTVd
variants seem to be fully competent in
replication and transport.

The very nature and choice of the PSTVd
clones used in the experiments can explain
the biology of the recombinants. Each variant
(I2-50 or I4-37) contained specific elements
that could replace defective elements in the
counterpart molecule. As observed here, re-
combination becomes a rescue mechanism by

(118) (164) (173)

X

5A
]

1250 |
)\(310)
137 |
/ |
5/6A U A
| [
L ]
A G

Primary recombinants type |

cG
[
|
G (197)
U A
L1
|
G \
5l6A C G
[ I I 1J
I T
u G

Primary recombinants type Il

Were not observed

Figure 2. Hypothetical recombination events between the non-infectious 12-50 and 14-37 PSTVd mole-

cules giving rise to primary recombinants.

Primary recombinants type I re-create a population of fully infectious variants via a series of compensatory muta-

tions. Primary recombinants type II were not found in the population of molecules identified in the co-infection ex-
periment when a mixture of both full-length cDNAs (cloned in pUC9) was used as inoculum; hence they are proba-

bly non-viable. The numbers in brackets indicate nucleotide positions where changes are observed. Shading of nu-
cleotides indicates directions of nucleotide exchange during recombination events.
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which defective parts of the genome can be
eliminated leading to the appearance of new
viable entities (Lai, 1992; Carpenter & Simon,
1996; Nagy & Simon, 1997; Worobey &
Holmes, 1999). Subsequent compensatory
mutations can lead to the appearance of the
parental variants 12 and 14, since among the
cDNAs sequenced the I2 (sequence variant
S8, 1 out of 30 sequences; 1/30) and 14
(sequence variant S4, 7/30) sequences were
also found.

Model of recombination

The primary recombination event is appar-
ently asymmetric. Taking into account the
marker positions in the I2-50 and 14-37
genomes one can propose a model for the
emergence of recombinant molecules (Fig. 2).
In agreement with this model, only recom-
binants incorporating A310 from 12-50, and
U164 and A173 from 14-37 were detected (pri-
mary recombinants type I). An alternative re-
combination event incorporating other nu-
cleotides, C164 and G173 of 12-50, and U310
of 14-37 would lead to primary recombinants
type II, but they were not detected in the prog-
eny (Fig. 2) and have never been found in the
entire collection of viable variants described
in the literature (Genebank data). Taking into
account the conservation of A in positions
173 and 310, the apparent asymmetry of re-
combination seems to result from selection
against recombinants of type II.

The presence of stretches of 6 or 5 A in the
progeny cannot be easily explained in terms
of recombination. However, an A residue
could be either added or lost during replica-
tion since the length of A runs tends to be
variable.

Although the first products of recombina-
tion S1, S2 and S6 carry the wobble pair U:G
(between positions 164 and 197), the over-
whelming majority of variants carry the ca-
nonical U:A (13/30 sequences: S3, S7) or C:G
(12/30 sequences: S4, S8, S9) pair (Table 1).
This tendency indicates that proper pairing at

these positions is probably restored by com-
pensatory mutations and is important to
maintain the native rod-like structure of the
pathogen. An unfavorable structure can also
explain the low frequency (1/30 sequences) of
occurrence of the S5 variant (Table 1)
carrying the mismatched base pair C:A.

It is quite likely that the novel infectious
molecules have originated during recombina-
tion at the level of cDNA. Events of homolo-
gous recombination between foreign DNA
molecules in plant cells have been observed
and described previously (Baur et al., 1990;
De Groot et al., 1992; Lyznik et al., 1991;
Puchta & Hohn, 1991). We propose that an
analogous event could occur between the
PSTVd inserts carried by plasmid pUC9 mole-
cules. They exhibit such a high homology that
under proper conditions the recombination
could easily occur. Alternatively the recom-
binants could originate during transcription
due to a copy-choice mechanism (Aziz &
Tepfer, 1999). However, recombination was
not observed in the transcript experiments in
which, unexpectedly, co-inoculation led to the
appearance of only one variant, I2. This along
with the proven infectivity of the inocula pre-
pared by in vitro transcription of appropriate
cDNAs could be explained by heterogeneity of
the transcripts. Transcription by SP6 poly-
merase is prone to errors (1.34 X 1074 per
copied nucleotide) and can lead to several mu-
tations (Pugachev et al., 2004). It is quite
likely that in the 12-50 and mixed (I2-50 and
[4-37) inocula, the 12 transcript has already
been present as a result of a transcription er-
ror. Its sequence only differs by one nucleo-
tide in position 173 from the original 12-50
variant and once in the cell it might rapidly
replicate and spread overriding any other less
infectious PSTVd variants. The high infecti-
vity and efficiency of I2 replication could be
the reason why within the progeny of mixed
inoculations only this variant is found. A sim-
ilar transcription error could create viable
mutants in the 14-37 inoculum.
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Comparison with NCBI database

An analysis of 76 sequences (Table 3) re-
trieved from the NCBI database supports our
findings. The most striking observation is the
presence of A in position 173 in all the se-
quences analyzed, which is in agreement with

Canonical pairing involving position 164 also
seems to be preferred (6/10), but not in all
cases (4/10). The overwhelming number of
molecules carrying correctly paired nucleo-
tides reflects the importance of a stable sec-
ondary structure for the life cycle of PSTVd
(Wassenegger et al., 1994).

Table 3. Summary of PSTVd sequences retrieved from the NCBI database

Nucleotide position

Number of similar sequences re-

trieved from the NCBI database 118 164 173 197 310
(C/V) (TR) (TR) (TR) P)
4 5A C A G A
47 6A C A G A
2 5A C A G 8]
6A C A G 8]
11 AAUAA C A G C
1 AAUAA C A G G
1 AAUAA C A G A
3 AAUAA C A G 8]
1 AAUAA C A G
1 AAUA C A G U
2 AAAAG U A A G
1 AAAAG U A G G

Seventy-six sequences retrieved from the database were analyzed and categorized according to identity at selected sites of inter-
est with the sequences recovered in the present experiment. Numbers in the first column indicate the number of sequences car-
rying identical combinations of nucleotides in the sites of interest.

the sequences presented here. It becomes
clear that G in this position in 12-50 could
have a negative effect on the infectivity of the
molecule (Maniataki et al., 2003). Other simi-
larities can also be drawn. Position 164 is oc-
cupied primarily by C (73/76) and rarely by U
(3/76) and position 197 by G (74/76) and
rarely by A (2/76). In the proposed native
rod-like secondary structure of PSTVd, the ca-
nonical C:G and U:A pairs between these two
positions are observed. The sequences identi-
fied in the present report also carry C or U at
position 164 but in equal proportions (Ta-
ble 1). Position 197 is occupied mostly by G
(7/10 variants), but A is also found (3/10).

CLOSING REMARKS

Taking into account the sequence analysis of
the progeny recovered from the experiments
in which ¢cDNA was used, we suggest that
non-infectious mutants are possibly impeded
in cell-to-cell transport but are able to replicate
at the site of infection. We also propose that
the PSTVd progeny observed in this experi-
ment arose by recombination — a process that
restored in the progeny some of the functions
lost in the non-infectious variants (Kofalvi et
al., 1997; Owens et al., 1998; Rezaian, 1990;
White & Morris, 1994). Indeed, novel recombi-
nant PSTVd variants seem to be fully compe-
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tent in replication and transport. Both PSTVd
variants used in the experiment carry muta-
tions (A/G in I12-50 and C/U in I14-37) in the TR
domain, a region of the PSTVd genome known
to be responsible for viroid transport in plants
(Hammond, 1994). We suggest that such mu-
tations prevent those variants from spreading
throughout the host.

At the same time we observed that inocula-
tions even with separate transcripts of the
non-infectious variants could induce infec-
tion. The lack of the original 12-50 and 14-37
sequences within the progeny along with the
appearance of novel repaired variants in sin-
gle transcript inoculations prompts us to pro-
pose that the infectious progeny derives from
chance mutations during in vitro SP6 tran-
scription rather than from their repair in
vivo. Since transcripts are naturally heteroge-
neous, viable, repaired PSTVd molecules like
12, could already be present in the inoculum.
The original 12-50 and I14-37 sequences are
truly non-infectious regardless of the type of
inoculum. They cannot be found in the prog-
eny even when delivered into the plant in the
form of full-length transcripts.

The potential transcript heterogeneity leads
to the conclusion that they should not be used
for experiments when the fate of a specific se-
quence is to be investigated. Therefore, cDNA
inoculations used routinely to assess the
properties of specific variants represent the
best way to evaluate their properties. This
very precise tool allows introduction into a
host plant of a single variant of specified se-
quence and to follow its fate during symptom
development.

We would like to thank Anne-Lise Haenni
for critical reading and helpful suggestions
regarding the manuscript.
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