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The ge netic con ti nu ity of the po tato spin dle tu ber viroid (PSTVd) ge nome was ana
lysed af ter in fec tion of to mato plants with cloned cDNAs of pa ren tal strains. Dur ing
the six weeks of the experiment, several new sequence variants appeared. The se-
quencevariantsdetectedinthe progenypopulationinducedse quence-specificdisease
symptoms. The PSTVd genome therefore follows the pattern expected for typical
pseudo-strains propagatinginplantsasapopulationofsimilarse quences. Assessing
fur ther the replicon con tinuity,aPSTVd cDNA mutantwith ade letionin the central
conserved re gionwas con structed and proven to be non-infectious. Sur prisingly, ina
sub-population of po tato transformants ex press ing the same de leted PSTVd RNA an
infectiousviroidwas de tected. Thissug gests spe cific tran scriptconver sion fol lowed
by re cov ery of the full-length patho gen ge nome.

The potato spindle tuber disease was the
first of all viroid-induced dis eases to be re cog
nised and studied by plant pathologists. Dur
ing the efforts to purifyaputativeinfectious
agent from potato spindle tuber-affected
plants the un usual prop er ties of the patho gen

were re cog nised, the first viroid iso lated, and
the viroid concept developed. The term
“viroid” was pro posed (Diener, 1971) in or der
todifferentiate these small, protein-freeinfec
tious RNAs from con ven tional vi ruses with an
encapsidated ge nome. To date, over 20 dif fer-

*Presentedatthe Inter national Con ference on“Molec ular Ar chitecture of Evo lu tion, Pri mary and Sec
ondary De ter mi nants” Poznafi, Po land, Oc to ber 29-31, 2000.

®Thisworkwas partly sup ported by the Pol ish-French Plant Bio tech nol ogy Cen tre (CNRS-KBN), and the

) State Com mit tee for Sci en tific Re search (KBN, Po land) grant No. PO6A 02108.

“Towhom cor re spondence should be ad dressed:Anna Gora-Sochacka, In sti tute of Biochemistryand Bio
phys ics, Pol ish Acad emy of Sci ences, A. Pawifiskiego 5A, 02-106 Warszawa, Po land; tel.: (48 22) 659
7072 ext. 3408; fax: (48 22) 658 4636; e-mail: annag@ibbrain.ibb.waw.pl

Abbreviations: CaMV, cauli flower mo saicvi rus; CCR, central con served re gion; PSTVd, po tatospin dle

tu ber viroid.



468 A. Géra-Sochacka and oth ers

2001

ent viroids have been detected, the majority
causing diseases of economically important
crop plants.

The symp toms of po tato spin dle tu ber viroid
disease may vary considerably depending on
the PSTVd strain, po tato cultivar and envi ron
mental conditions. Typical foliar symptoms
in clude stunting, up right ness, and small leaf
lets. Tubers are smaller, fewer in number,
elongated, with numerous shallow eyes, and
have abnormal skin colour and texture
(Pfannenstiel & Slack, 1980; Chrzanowska et
al., 1984; Kowalska-Noordam & Skrzeczkow-
ska, 1984; Kowalska-Noordam et al., 1986/
87).

As a standard, Rutgers tomato plants are
used as test plants to propagate PSTVd and
determine the symptom severity. According
to the symp toms in duced, the PSTVd strains
are classified as mild, intermediate, severe,
and lethal.

The first viroid sequence to be determined
was that of the PSTVd intermediate strain
(PSTVd-DI) (Gross et al., 1978). This sin-
gle-stranded RNA con sists of 359 nu cleo tides,
and is circular. A unique rod-like structure,
with a serial arrangement of double-helical
sections and small internal loops was pro-
posed. Taking into account all re ported data,
it was concluded that viroid RNAs are not
translated into viroid-specific polypeptides
(Zaitlin & Hariharasubramanian, 1972; Cone-
jero & Semancik, 1977; Gross et al., 1978;
Conejero et al., 1979; Camacho Henriquez &
Sénger, 1982a; 1982b).

Comparative sequence analysis of different
PSTVd family members has indicated the
presence of five structural domains, desig-
nated: TL, P, C,Vand TR (TL — left ter mi nal,
P — pathogenicity, C — central, V — variable,
TR—right ter minal), each re sponsible for dif
ferent functions (Keese & Symons, 1985;
1987). The cen tral con served re gion (CCR) of
the C domain may represent an important
control region in viroid replication, poten-
tially assuming alternative secondary struc-
tures in different replication steps (Keese &

Symons, 1985; Diener, 1986; Sanger, 1987,
Steger et al., 1992; Baumstark & Riesner,
1997).

Since the determinationin 1978 of the first
complete nucleotide sequence of the PSTVd
intermediatestrain (PSTVd-DI),thesequence
of about forty dif fer ent PSTVd se quence vart
antshasbeendeter mined. Se quence analy ses
revealed that they differ from PSTVd-DI by
only a few nucleotide changes such as substt
tutions, insertions, and deletions. The RNA
chain length varies from 356 to 360 nucleo-
tides. The mu tations are mostly lo cated in the
P and V domains (Kuo, 1979; Gross et al.,
1981; Van Wezenbeket al., 1982; Schnolzer et
al., 1985; Herold et al., 1992; Owens et al.,
1992; Lakshman & Tavantzis, 1993; Gora et
al., 1994; 1997). Sequence heterogeneity has
beenobservedinnaturalviroidiso lates. Such
observations indicate that PSTVd, like many
other RNA patho gens, prop a gates in the host
asapop ulationofsimilarbutnon-identical se
quences com pris ing quasi-species. The quasi-
species concept developed by Eigen and
co-workers describes the complex behaviour
of such pop ulationsactingasawhole (Eigen &
Winkler-Oswatitsch, 1990; Eigen, 1993). To
un der stand better the be hav iour of quasi-spe
cies,aswellastode scribe iton math e matical
foundations, the sequence space conceptwas
introduced. In the space of given sequences,
eachpossiblesequencevariantisrepresented
as a single point. The points are ordered to
formdis crete, cel lu lar and multi-dimensional
spacevolumesreflectingtheinformationalre
lation ships be tween the se quencestheyrepre
sent. To each point in the se quence space a se
quence fitness value can be assigned, result-
ing in a fitness landscape containing peaks
and ridges of high fitness separated by sad-
dles and val leys of lower fit ness. Due to nat u-
ral selection, higher positions of the fitness
landscape become more populated than oth-
ers. New mutants resulting from replication
of se quences with a high fit ness ap pear close
to their parental sequences, thus also in the
high fitness regions. This means that the
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cloud of points rep re sent ing the quasi-species
as a whole is condensed by natural selection
on the high fitness peaks and ridges. Thus,
rep li cation er ror rate and the shape of the fit
ness land scape are the two fac tors that fi nally
determine the behaviour of the quasi-species
in the se quence space. Such un der stand ing of
therelationshipsbetweenindividualmutants
leads to the con clusion that the RNA ge nome
mayoscillatebetweenseveralviablesequence
ver sions of the replicon. If this is true, the spe
cific PSTVd sequences detected while se-
quencingapopulationrepresentinfacttransi
toryentitiesbeingmomentarily preferred by
conditionsoftheexperiment, hostphysiology,
or se lective pressures cre ated by the ob server
seek ing spe cific phe no types. To prove this hy
pothesis massive cloning and sequencing of
the progeny of defined parental PSTVd
strains were performed. Test plants were in-
fected with preparations of cDNAs carrying
the appropriate PSTVd sequences. Homoge-
ne ity of the parental cDNAswas con firmed by
direct DNA sequencing. The variations ob-
served in progeny sequences could point to
the quasi-species nature of the PSTVd
replicon.

MATERIALS AND METHODS

Viroidiso latesand se quence variantsno
menclature. The PSTVd isolates and se-
quence variants have been reported previ-
ously (Goraet al., 1994; 1997). Three isolates
of PSTVd: mild, intermediate and severe had
been keptin the col lec tion by con sec u tive pas
sages in Rutgers tomato plants grown in
greenhouses.

cDNA synthesis and cloning. Purified
viroid RNAs extracted from PSTVd infected
tomato leaves were reverse transcribed and
the re sult ing cDNAs PCR am pli fied. Two spe
cific primers corresponding to the CCR were
used (Gora et al., 1994). To generate full-
length monomeric infectious clones the
cDNAs were li gated into the Smal site of the

pUC9 vec tor. The cloned PSTVd cDNAs were
sequenced using a fluorescent primer se-
quencing kit and an automated A.L.F. se-
quencer (Pharmacia).

Infectivity assays. Tomato seedlings (cv.
Rutgers) were inoculated with plasmids
(2 mug/plant) containing a monomeric full-
length cDNA of the ap pro pri ate se quence vari
ant according to Cress et al. (1983) and
Candresse et al. (1990).

Cloning of PSTVd cDNA into a binary
vector. The Smal-BamHI restriction frag-
ment of the S23 PSTVd cDNA was li gated into
Hincll cleaved pUC1813 vector (Kay & Mc-
Pherson, 1987). This step was performed to
add symmet ric Hindlll sites on both sides of
the cDNA. The resulting Hindlll fragment
was re-cloned into the Hindlll site of the bi-
nary pKYLX71-35S2 vec tor (Maitiet al., 1993)
under the con trol of the cau li flower mo saic vi
rus (CaMV) 35S promoter. The plant expres-
sion cas sette of the pKYLX71-3582 carriesan
en hanced 35S pro moter of CaMV and the ter-
mi nation sig nal of the small sub unit of the pea
ribulose bisphosphate carboxylase gene (3’
rbcS). The resulting constructs with PSTVd
cDNA (356 bp) in (+) and (=) ori en ta tion were
used to transform Agrobacterium tumefaciens
LBA 4404.

Potatotransformation. Transformationof
Solanum tuberosum (cv. Irga) was carried out
according to the method of Martini et al.
(1993) with some modifications (Goéra-
Sochacka et al., 2000).

RESULTS

Sequence heterogeneity in phenotypically
established PSTVdiso lates

PSTVd field strains isolated after several
passagesintestplantsaregenerallyassumed
by phytopathologists to be pure strains. How-
ever, under rig or ous anal y sis they may show
signs of hereditary instability. Inoculation
with PSTVd RNAs iso lated from a de fined pa
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rental plant may re sult, in progeny plants,ina
collectionof phe notypesscatteredaroundthe
typ i cal one. In stan dard phytopathological ex
periments on type variant propagation, such
variability of phenotypes is generally over-
looked, only sub-populations of plants with de
sired phenotypes being selected for further
patho gen propagation. Thisinducesabiasin
the eval u a tion of the ge netic sta bil ity and se
guence homogeneity of PSTVd variants. It
should be stressed that viroids isolated from
field plants often represent rather heteroge-
neous populations. The intensification of
symptoms during consecutive passages, the
scattering of phenotypes in infected popula-
tionsandthe heterogeneityofnaturalisolates
question the standard view on genetic contk

the progeny RNA pop u lations should be heter-
ogeneous, with a significant portion of se-
quence variants distant from the parental
one. This could even lead to altered pheno-
types in the progeny population (Fig. 1).

To test the genetic stability of PSTVd we
took advan tage of re ports show ing infectivity
of cloned viroid cDNA (Candresse et al., 1990;
Cress et al., 1983; Owens et al., 1986). The
starting RNA preparations were defined by
phytopathologists as type iso lates in duc ing ek
ther severe, intermediate or mild disease
symptoms. Such preparations (Table 1, left
col umn) are used as stan dard PSTVd iso lates
inbiologicaltestsforviroiddetection (Diener,
1987). Purified PSTVd RNA from these iso-
lates was reverse transcribed and the result-

PSTVd RNA ol parental strain

N

Crenetically homogeneous

Larwe mutarion
o Broquoacy

Clor mo mntationg

I I - ' .
b ormenelicolly and phenotypically ‘
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genetically and phonotypically
heleroeeneanus progeny

Figure 1. Hy po theti cal re sults of test plant in fec tion with ho mo ge neous PSTVd strain.

A:sche matisesamutation.

nuity/stability of a defined PSTVd strain. In
fact, the quasi-species concept by itself asks
for a re-analysis of the genetic continuity of
PSTVd strains. Ac cord ing to the sim plest hy
pothesis (Fig. 1), high genetic stability of the
PSTVd replicon would result in the homoge-
neity of progeny populations of PSTVd vari-
ants. Assuming a low genetic stability result-
ing fromahigherrorrate of RNAreplication,

ingcDNAswereenzy maticallyamplified. The
full-length PSTVd cDNAs obtained were
cloned in the pUC9 vector. In this manner, a
number of sequentially homogeneous, infec-
tious PSTVd cDNA clones were obtained.
These cDNA clones were sequenced and as-
sayed for pathogenicity. The results are
shown in Table 1. The severe and intermedi
ate isolates were a mixture containing a few
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se quence variants. Inthe mild iso late only one
type of sequence was detected. The pathoge-

to grow for 6 weeks and the pro ce dure of prog
eny isolation, cloning, sequencing and infec-

Table 1. Se quence vari ants de tected in PSTVd iso lates.

RNA phytopathological stan dards were ob tained from PSTVd strain col lec tion. RNAs rep re senting severe, inter me
di ate and mild iso lates were re verse tran scribed and PCR-amplified (see Ma te rials and Methods). The re sulting
PSTVd cDNAs were then cloned in the pUC9 vec tor. A col lec tion of cDNA clones de rived from eachstandardisolate
was se quenced. Each mo lec u lar vari ant was sep a rately tested for infectivity and phytopathological phe no type (see
Ma te rial and Methods). PSTVd-12 is iden ti cal to the pre vi ously de scribed PSTVd-DI (Grosset al., 1978). Fre quency
of agiven se quence variantisex pressed as the num ber of cDNA clones with the de tected se quence per num ber of se

quenced clones.

RNA stan dard PSTVd Name and EMBL ac ces sion num ber :
iso late with re ported of vari ants de tected in ana lysed E hgg?&g&%‘g%‘f& Egigcligg%gifant
phenotype standardisolate y
PSTVd-S23 (X76846) Severe 1/11
Severe PSTVd-S27 (X76845) Severe 1/11
PSTVd-12 (V01465) Intermediate 8/11
PSTVd-14 (X76848) Intermediate 1/11
PSTVd-12 (V01465) Intermediate 8/10
Intermediate PSTVd-13 (X76847) Intermediate 1/10
PSTVd-14 (X76848) Intermediate 1/10
Mild PSTVd-M (X76844) Mild 8/8

nicityofeachindividualse quencevariantwas
as sayed. As shownin Fig. 2and Table 1 the de
tected sequence variants induced different
dis ease symp toms —from mild to se vere. Sur.
prisingly, divergence in symptom severity
was observed even among the sequence vari-
ants pres ent in the same RNA iso late de fined
by phytopathologists as the standard strain
(Tablel).

Hereditaryphenotype fluctuation in PSTVd

Cloned PSTVd sequence variants as a rule
induce well-defined disease symptoms in the
major ity of primary infected plants. How ever,
the primary in fec tionwith PSTVdvariant S27
was fol lowed by evident dis ease phe notypein
stability. Only two of the tenin oc u lated plants
developed the expected severe symptoms,
whereas eight were symptomless. Looking
further into phenotype heredity, the progeny
population of S27 was isolated from
symptomless hosts and inoculated to a next
se ries of plants. In fected plants were al lowed

tion of the next generation of plants was re-
peated 5 times. The progeny PSTVd popula-
tions were ana lysed at the se quence level af ter
the first and the sixth plant passage. Taking
advantage of the cDNA cloning procedure,
which makes it possible to obtain infectious
clones, a specific phenotype was assigned to
each sequence variant detected. The se-
quences of S27 progeny genomes were
aligned. Figure 3 shows the graph of the se-
quence variants ordered in such a way that
the sequences, which are neighbours in the
graph, dif fer by asin gle point mu tation (in di
cated to the right in the graph). Representa-
tives of this series show surprisingly dispa-
rate phenotypes. It seems that the parental
variant S27 (inducing severe symptoms) can
be easily converted by apointmutationtothe
S27-1-8 variant, which induces mild symp-
toms. S27-1-8 itself can be converted to a se-
vere mutant (S27-VI-106) by another addi-
tional point mutation. Next, this last variant
can be fur ther point mu tated to yield an other
mild vari ant (S27-VI-19). Such rather un usual
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Figure2. Symptomsinducedbyindividual PSTVdse quencevariantsin Rutgersto mato plantsone month
afterinoculation.

Seed lings were in oc u lated with plasmids (2 ug/plant) con tain ing a monomeric cDNA copy of the ap pro pri ate se
quence vari ant. Z: healthy, mock in oc u lated plant; i2: PSTVd-12,i3: PSTVd-13, i4: PSTVd-14 —se quence vari ants in
ducinginter mediate disease symptoms.s23: PSTVd-S23,s27: PSTVd-S27 —se quence variantsinducing se vere dis
ease symptoms. M: PSTVd-M —se quence vari antin duc ing mild dis ease symp toms. PSTVd-I12 isiden ti cal to the pre
vi ously de scribed PSTVd-DI (Gross et al., 1978).
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fluctuations could be responsible for the dis-
parate disease phenotypes frequently ob-
served in pop u lations of the pri mary in fected
host.

S27
severe

l U — C313

S27-1-8
mild

l G — A319

S27- VI-106
severe

l AASS

S27-VI-19
mild

Figure 3. Pro posed “fam ily tree” of mu ta tionsin
the S27 PSTVd fam ily.

S27 —parental se quence (de tected in the se vere PSTVd
isolate, see Table 1); S27-1-8 — sequence variant de-
tected among progeny of S27 paren tal se quence af ter
the first plant pas sage; S27-VI-106 and S27-VI-19 — se-
guence vari ants de tected af ter the sixth plant pas sage.
Allnucleotidechangesrefertodiffer enceswith respect
to the S27 se quence.

Recoveryofinfectiveviroidmoleculesfrom
atrun cated PSTVd tran script

The prog eny of dif ferent PSTVd vari ants in
cluded a subset of viable genomes carrying
short deletions. The viability of specific
deletants was also reported in the literature
(Wassenegger et al., 1994). In such cases, de-
le tions presentinthe parental ge no type were
also detected in the progeny genomes. It
therefore appears that short deletions could
be con sid ered as well-conserved in PSTVd. Ex
pectingconservationofdeletions,wedecided
to construct a non-infective PSTVd deletant
truncated in the central conserved region be-

lieved to be crucial for PSTVdreplication. The
cDNA of the S23 PSTVd sequence variant
with a two-nucleotide de le tion (Cg3Cg4) in the
cen tral con served re gion was cloned into the
binary pKYLX71-35S2 vec torundercontrol of
the CaMV 35S pro moter. Con structs with the
cDNA inserted in (+) and (-) orientations
were ob tained and used in Agrobacterium-me-
diated transformation of Solanum tuberosum
(cv. Irga) leaf discs. This was expected to re-
sult in transgene-driven expression of the
truncated, non-replicating and therefore
non-infectious PSTVd genome. Such a trun-
cated, non-viable PSTVd mol e cule could be of
inter est for stud ies on plant re sis tance to vir
oids.

Atotalof 113transgeniclineswerere gener
ated and grown in vitro. PCR analysis of the
plant DNA confirmed the presence of the in-
troduced constructs. Fifty selectedtransgenic
plants were tested to eval uate their de gree of
resistance to PSTVd infection. Preliminary
results indicate that none of them was sub-
stantially resistant to PSTVd. However, bio-
logical assays led to an unexpected observa-
tion. A few transgenic plants carrying the
PSTVdcDNA constructinthe (+) orientation
(with expected (+) RNA expression) showed
distinctive morphological changes — growth
stunting and leaf malformation — similar to
the disease symptoms caused by PSTVd. No
such symptoms were observed in transgenic
plants carrying the PSTVd cDNA in the (-)
orientation. Sequence analysis revealed that
these transformants accumulated infectious
full-length viroid molecules.

DISCUSSION

Ab initio progeny analysis with the cloned
parental standards led to rather unexpected
observationson PSTVdvariantphenotypehe
redity. The infective cDNA clones represent
by definition populations of identical se-
quence. Ho mo ge ne ity of the cDNA cloneswas
verified by direct cDNA sequencing. Accord-
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ing to the standard understanding (Fig. 1A)
in fec tion with such clones should lead to prog
eniesidentical inse quence and functiontothe
parental one. Thisisevidently not the case as
illustrated with the ex per i ments done with the
S27 sequence. After a single plant passage,
the PSTVd progeny was already heteroge-
neous,withtheheterogeneityincreasingwith
each consecutive plant passage. Therefore,
the hypothesis presented in Fig. 1B was con-
firmed. As the clon ing pro ce dure makes it pos
sibletoobtaininfectiousPSTVdcDNAclones,
the disease phenotype induced by each se-
quence variant could be tested. This allowed
us to pinpoint among the progeny sequences
those which dif fer only by a sin gle point mu ta
tion or deletion; surprisingly these mutants
sometimes differed heavily in disease pheno-
type (Fig. 3). This means that starting from
the mas ter S27 se quence, the phe no type fluc
tuates in concert with point mutations, the
first mutation converting the phenotype to
mild, the second resulting in a severe pheno-
type, the third re-inducing mild symptoms.
The mutations in question are located in the
PSTVd P domain and formally can be com-
pared to intragenic phenotype suppressors.
Onecouldexpectattenuationfol lowed by mild
disease phenotype to be beneficial to patho-
gen propagation. In evolutionarytimescales,
the mild ver sion should be pre ferred over the
severeone, deleterioustothe host. Infact, the
mild sequence can re-create the severe se-
quence and os cil lation of the phe no type (mild
<>severe) isob served in the S27 fam ily. With
appropriate reservations, it seems that the
diseasephenotypeinducedisofimportanceto
plantgrowerswhile probablybeing neutral to
the pathogen. Taking into account that mild
infection in a 6-week-old tomato plant gives
around 6 x 102 PSTVd molecules, and as-
suming that the se vere dis ease di minishes the
plantweight three fold, the se vere ge nome still
replicates in numbers assuring its successful
prop agation. Itseems that the mutational rate
in PSTVd ‘prob ing’ the se quence space is high
enough to cre ate, even dur ing the time of the

experiment, evolutionary fluctuations be-
tween parasitismandcommensalisms. There
fore, selective pressure towards the elimina-
tion ofthe severe phenotypeisperiodically al
leviated by the ap pearance of PSTVdver sions
propagating with out dam age or with re duced
dam age to the host. In gen eral, such a “fluc tu
ating” phe no type could be con ceived as a new
mechanism of chronic disease. Indeed it is a
warn ing to phytopathologists. The mild in fec
tion — undetectable in the field — can lead to
local severe disease foci appearing without
contact with severely diseased plants during
the growth sea son. This also means that in fec
tion with the mild variant cannot be consid-
ered a barrier for disease spread, since the
mild vari ant by it self could be the source of se
vere mutants.

Afteridentificationof theeffectsofbasesub
sti tu tions, we fo cused our at ten tion on the ge
netic continuity of specific deletions in the
PSTVd replicon. In prog eny pop u lation of pa
rental genotypes, a few one- and two-nucleo-
tide de le tions in the P or the TL do main were
detected (data not shown). Such deletions
were followed by strong reduction in in-
fectivity. As expected, deletions were not de-
tected in the re gion be lieved to be cru cial for
viroid replication. Indeed, the recombinant
plasmid car ry ing the PSTVd cDNA with a two
base deletion in the CCR (see Methods) was
not infectious (results in preparation). This
strongly suggests that the effect of deletions
in this region would be lethal. Therefore, we
assume that expression of a transgene carry-
ing this deletion in transgenic plants would
lead to the ap pear ance of atrun cated PSTVd
transcript unable to propagate in the host.
However, contrary to expectations, in a
sub-populationoftransgenicplantsinfectious
full-length PSTVd molecules were observed.
Directse quencingoftransgene confirmed the
presence of the introduced deletion at the
transgene level (to be published). At the pres-
ent stage we as sume that mas sive PSTVd-like
transcriptproductioninthetransgenicplants
may lead to occasional transcription of full-
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length PSTVd molecules due to misincor-
porations by RNA polymerase. Even if such
events are rare, they would be de tected in the
systemwe used, due totheensuingamplifica
tion of any PSTVd mutant transcript having
recovered the capacity to replicate. One can
speculate that information lost at the DNA
level under rather specific conditions could
thus be retrieved at the RNA level.
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