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Chrysanthemum chlorotic mottle viroid (CChMVd) is a small RNA
(398-401 nt) with hammerhead ribozymes in both polarity strands that
mediate self-cleavage of the oligomeric RNA intermediates generated in
a rolling-circle mechanism of replication. Within the in vivo branched
RNA conformation of CChMVd, a tetraloop has been identified as a
major determinant of pathogenicity. Here we present a detailed study of
this tetraloop by site-directed mutagenesis, bioassay of the CChMV-
cDNA clones and analysis of the resulting progenies. None of the changes
introduced in the tetraloop, including its substitution by a triloop or a
pentaloop, abolished infectivity. In contrast to observations for other
RNAs, the thermodynamically stable GAAA tetraloop characteristic of
non-symptomatic CChMVd-NS strains was not functionally interchange-
able for other stable tetraloops of the UNCG family, suggesting that the
sequence, rather than the structure, is the major factor governing con-
servation of this motif. In most cases, the changes introduced initially led
to symptomless infections, which eventually evolved to be symptomatic
concurrently with the prevalence in the progeny of the UUUC tetraloop
characteristic of symptomatic CChMVd-S strains. Only in one case did the
GAAA tetraloop emerge and eventually dominate the progeny in infected
plants that were non-symptomatic. These results revealed two major fitness
peaks in the tetraloop (UUUC and GAAA), whose adjacent stem was also
under strong selection pressure. Co-inoculations with CChMVd-S and -NS
variants showed that only when the latter was in a 100- or 1000-fold excess
did the infected plants remain symptomless, confirming the higher bio-
logical fitness of the S variant and explaining the lack of symptom expression
previously observed in cross-protection experiments.
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Introduction

Viroids, small single-stranded circular RNAs
(between 246 and 401 nt) able to infect certain
plants and to incite in most cases pathological
alterations, are currently the lowest step of the bio-
logical scale."” As a consequence of their minimal
genomic size, viroids are very appropriate systems

Abbreviations used: ASBVd, avocado sunblotch
viroid; CChMVd-S and -NS, chrysanthemum chlorotic
mottle viroid symptomatic and non-symptomatic,
respectively; PLMVd, peach latent mosaic viroid.
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rflores@ibmcp.upv.es

for the study of RNA structure—function relation-
ships and, specifically, of those involved in patho-
genesis. Moreover, since the available evidence
indicates that viroids do not code for any
protein,®~® their pathogenic effects must result
from direct interaction of the viroid RNA itself, or
of some of its replicative intermediates, with one
or more host components. Therefore, viroids also
offer unique opportunities to understand how the
cellular metabolism can be subverted by a small
non-coding RNA.

The 28 viroid species sequenced so far have been
grouped within two families. Members of family
Pospiviroidae, whose type species is Potato spindle
tuber viroid,*” are characterized for the presence of
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a central conserved region (CCR) and the lack of
hammerhead ribozymes, whereas members of
family Avsunviroidae, whose type species is Avocado
sunblotch viroid (ASBVd),*® lack a CCR but can
form hammerhead structures in both their polarity
strands and self-cleave in vitro and in vivo
accordingly.*'® Additionally, there is increasing
evidence supporting a third demarcating property:
whereas the nucleus is the replication and accumu-
lation site of viroids of family Pospiviroidae,"~'°
these processes occur in the chloroplast in the case
of members of family Avsunviroidae.'*~"

Most studies on sequence or structural determi-
nants of pathogenicity have been carried out with
PSTVd and other members of family Pospiviroidae,
because they were the first discovered and
characterized viroids, and also because they
usually have herbaceous experimental hosts that
make bioassays amenable within a short time
interval.**~** Studies of this kind have been more
limited in the family Awvsunviroidae, which in
addition to ASBVd is composed of Peach latent
mosaic  viroid (PLMVd)® and Chrysanthemum
chlorotic mottle viroid (CChMVd).”* On the basis of
a series of properties that include base compo-
sition, overall secondary structure and architecture
of the hammerhead ribozymes, PLMVd and
CChMVd are related more to each other than
to ASBVd and have been grouped in genus
Pelamoviroid.>'*** The three members of family
Avsunviroidae are host-specific and have only been
experimentally transmitted to other species closely
related to their respective natural hosts.'’ Establish-
ing a direct relationship between ASBVd sequence
variants and the distinct symptomatology to
which they have been associated,”” is problematic
because of the difficulties of achieving successful
mechanical inoculations in avocado and the long
assay period (approximately one year) required to
observe the symptoms. On the other hand,
attempts at mapping the pathogenicity determi-
nant(s) of PLMVd have been hampered by the
high variability of this viroid as well as by the
need to use a woody bioassay host, GF 305 peach
seedlings, that still demands a relatively long
post-inoculation period of two to three months for
symptom expression.”

CChMVd offers a much more convenient
alternative to this class of studies because its
natural host, chrysanthemum, is also a suitable
experimental host easy to propagate and with a
short time lapse between inoculation and the
onset of symptoms (eight to ten days). Moreover,
in addition to the severe strains of CChMVd
(CChMVd-S), which induces the -characteristic
chlorotic mottle 2,%0?*%° the existence of an infec-
tious but non-symptomatic strain of the agent
was postulated on the basis of cross-protection
studies.® Direct proof supporting this conten-
tion has recently been provided by cloning and
sequencing a CChMVd non-symptomatic strain
(CChMVdA-NS).>> By comparative analysis of
CChMVd-S and -NS sequence variants and bio-

assays with natural and site-directed mutagenized
CChMVd-cDNA clones, a tetraloop in the thermo-
dynamically most stable branched conformation
of CChMVd has been identified as a major deter-
minant of pathogenicity. Furthermore, examination
of the sequence heterogeneity found in CChMVd-S
and -NS natural variants strongly supports the in
vivo existence of such a branched conformation,
either because the changes are found in loops or
because when affecting base-pairs the substitutions
are co-variations or compensatory mutations.*

Here we report a detailed molecular dissection
of this tetraloop by site-directed mutagenesis
followed by bioassay of the CChMV-cDNA clones
and sequence analysis of the resulting progenies.
This sort of in vivo evolution experiments provides
a powerful tool for the study of RNA structure—
function relationships.**** We have also performed
a series of in vivo competition studies between
representative CChMVd-S and -NS variants, using
distinct proportions of both competitors in order
to determine their relative biological fitness.

Results

The thermodynamically stable GAAA tetraloop
characteristic of CChMVd-NS strains is not
functionally interchangeable for other stable
tetraloops of the UNCG family

A major determinant of pathogenicity for the
CChMVd has been mapped in the tetraloop
formed by residues 82-85.% This tetraloop caps a
large stem with a particular secondary structure
conserved in the approximately 100 CChMVd
variants that we have so far sequenced with only
two exceptions: CMNS2 (Ref. 32 and this work), in
which a partially different and thermodynamically
more stable hairpin can be formed, and CM305VR
in which two compensatory insertions extend this
stem preserving the rest of its proposed secondary
structure (Figure 1).

The sequence of the apical tetraloop between
positions 82 and 85 is UUUC for variants obtained
from symptomatic strains, as well as UUUU in a
few cases (see below), whereas in variants from
non-symptomatic strains the sequence of the tetra-
loop is GAAA, which belongs to the GNRA family
of tetraloops (where N is any nucleotide and R a
purine residue).” Site-directed mutagenesis experi-
ments on the symptomatic CChMVd variant
CM20 indicated that the UUUC — GAAA change
(generating variant CM20-1), was responsible for
viroid pathogenicity.”> Analysis of ten clones of
the progeny resulting from inoculations with
CM20-1 revealed that the introduced change and
the accompanying non-symptomatic phenotype
were stable after three months. In a parallel control
experiment in which the symptomatic CM20 vari-
ant was inoculated, the phenotype also remained
stable after three months and no changes in the
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Figure 1. Predicted secondary structure of minimal free energy of the symptomatic CM20 variant. Plus and minus
self-cleavage domains are delimited by flags, residues conserved in most natural hammerhead structures are within
boxes, and the self-cleavage sites are indicated by arrows. Black and white backgrounds in flags, boxes and arrows
refer to plus and minus polarities, respectively. The changes in the tetraloop delimited by positions 82-85 (UUUC —
GAAA) that convert a symptomatic variant into non-symptomatic are shown with higher fonts. Upper inset: Charac-
terized variants with changes in the stem-loop structure containing the tetraloop that determines CChMVd patho-
genicity. Nucleotide substitutions are indicated in gray background. Lower inset: Hammerhead structures
corresponding to the plus and minus polarities of the CChMVd RNA with the residues conserved in most natural
hammerhead structures appearing in a black background. Helices and loops are named according to the adopted
convention.** Continuous and broken lines between bases denote Watson—Crick and non-canonical pairs, respectively.

corresponding tetraloop were observed in the 20
clones sequenced (data not shown).

To gain a deeper insight into the relationships
between the 82-85 tetraloop and CChMVd patho-
genicity, the effect of site-directed mutations in
this tetraloop was studied. At the first attempt,
two different tetraloops of the UNCG family
(UCCG and UUCG) were introduced into the
reference symptomatic clone CM20 to generate
recombinant plasmids pCM20-UCCG and pCM20-
UUCG. The rationale for this approach was the
functional interchangeability, reported previously
in some cases, between GNRA and UNCG loops,
which have a thermodynamically very stable
three-dimensional structure (although the basis for
this stability is different), are over-represented in

natural RNAs, and have been implicated in many
biological functions.*~%

When plasmids with the corresponding dimeric
head-to-tail inserts pCM20-UCCGd and pCM20-
UUCGd were bioassayed in chrysanthemum, no
symptoms appeared 15-20 days post-inoculation,
when in a parallel control experiment with
pCM20d severe symptoms were observed in most
inoculated plants. Therefore, both tetraloop
changes entailed a reversion of the phenotype
from symptomatic to non-symptomatic. One
month after inoculation, plants displayed mild
symptoms. However, dot-blot analysis revealed
that the intensity of the hybridization signals was
similar in all cases (including the control plants
inoculated with pCM20d), indicating that the
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Figure 2. Dot-blot hybridization analysis of chrysan-
themum plants inoculated with plasmids containing
dimeric CChMVd-cDNA inserts of variants derived
from CM20 by site-directed mutagenesis. (a) Results
from one experiment in which the tetraloop at positions
82-85 (UUUC) was substituted by UCCG, UUCG and
GAAA. (b) Results from a second experiment in which
the tetraloop at positions 82—-85 (UUUC) was substituted
by another tetraloop (UUAA), a triloop (UAA) and a
pentaloop (GACCG). Only the tetraloop at positions
82-85 (or its corresponding substitutes) are represented.
Bold letters show the changes introduced with respect
to the characteristic UUUC symptomatic tetraloop.
Plants were analyzed one month after inoculation.

associated phenotypes were not the consequence of
different viroid accumulation levels in the infected
tissue (Figure 2(a)). However, an initial analysis of
the resulting viroid progeny 30 days post-inocu-

lation revealed a high instability of the tetraloop
sequences (Figure 3). In none of the obtained
cDNA clones was recovered the parental tetraloops
but only similar ones. Interestingly, some of the
sequences that resulted from the infecting clone
with the UCCG tetraloop showed the characteristic
UUUC  signature of symptomatic variants,
involving at least three mutations (two C — U and
one G— C). The second most abundant cDNA
clone of this progeny had the tetraloop UACA, in
which the changes C — A and G — A might indi-
cate an ongoing evolution to a loop similar to that
typical of non-symptomatic variants (GAAA).
In the case of the sequences derived from the
infecting clone with the UUCG tetraloop, some
presented the changes C—U and G—U or
G — C, giving rise to sequences similar or even
identical to the characteristic UUUC tetraloop of
symptomatic variants (Figure 3). In fact, the
tetraloop of one variant of this progeny (UUUU),
was also occasionally found in the progeny of an
infectious and symptomatic clone containing the
UUUC tetraloop (see below).

Between two and three months after inoculation
with pCM20-UCCGd and pCM20-UUCGd, plants
showed symptoms of chlorotic mottle. Analysis of
the progenies from both parental clones revealed
that the tetraloop had reverted to the UUUC
characteristic of symptomatic variants, indicating
that this is the most abundant tetraloop, if not the
only one, in the resulting viroid populations.
Altogether these results showed that the thermo-
dynamically stable GAAA tetraloop characteristic
of CChMVd-NS strains is not functionally inter-
changeable for other stable tetraloops of the

(a) Mild symptoms Severe symptoms
Figure 3. Progeny RNAs from
UC CG U C U C U U plants inoculated with plasmids
c-G c-G c-G c-G c-G containing  dimeric =~ CChMVd-
G-C G-C G-C G-C G-C cDNA inserts of variants derived
ARV AU AU Pl el from CM20 by site-directed muta-
Au Au Au Ay Al genesis in which the tetraloop at
2:8 g:g 2:8 /G\S g'g positions 82-85 is UCCG (a) or
G-C {month G-C G-C G-C 3 months G-¢ UUCG (b) (left; only the hairpin
G-y » SU GU G-U N G-U capped with the 82-85 tetraloop is
CG c CG‘C CG’C CG'C CG_C represented). The sequences of the
G-C G-C G-C G-C G-C resulting progenies (from a repre-
U-A U-A U-A U-A U-A sentative plant in each case), their
UG-C UG'C UG'C UG'C UG'C relative frequency (indicated by
U-A U-A U-A U-A U-A the fractions at the bottom), and
g:g 8:8 8:3 gg 8:8 the symptoms expressed by the
G-C G-C G-C G-C G-C infected plants one and three
16 26 6 5/5 months after inoculation are pre-
sented in the central and right
(b) Mild symptoms Severe symptoms parts, respectively. Bold letters
show the changes introduced with
uc ul ull] ull u respect to the characteristic UUUC
u 6 u G u U symptomatic tetraloop, and white
8:8 1 month gg 8:8 88 3 months 8:8 letters on a black backgro_und
A-U ) A-U A-U A-U ) A-U denote spontaneous  mutations
AM i AR A Y ol found in the progenies during
u, u, u, u u, i the in vivo evolution experiments.
i : i - Other details are as in the legend to

1/5 215 2/5 5/5 Figure 1.
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the legend to Figure 1.

UNCG family, suggesting that selection pressure
acts on the sequence and not on the structure.

Effects of substituting the thermodynamically
stable GAAA tetraloop characteristic of
CChMVd-NS strains by other tetraloops and by
a triloop and a pentaloop

To explore the sequence and size requirements
of the tetraloop that determines CChMVd patho-
genicity in more detail, we introduced a set of
additional changes by site-directed mutagenesis at
this tetraloop, and the recombinant plasmids with
the corresponding dimeric head-to-tail inserts
were bioassayed in chrysanthemum. As a first
step, the effect of introducing the “hybrid” tetra-
loop UUAA (a combination of the UUUC and
GAAA tetraloops characteristic of CChMVd-S and
-NS strains, respectively) was studied. One month
after inoculation, the viroid progeny showed
changes in only the 3'-half of the tetraloop, with
most of the sequences reverting to the typical
symptomatic UUUC tetraloop, an observation con-
sistent with the appearance of mild symptoms in
the infected plants (Figure 4(a)). Three months
after inoculation these symptoms had evolved to

severe and, concurrently, only variants with the
UUUC tetraloop were detected from the progeny
(Figure 4(a)).

An analogous situation was found when bio-
assays were performed with dimeric constructs
containing the UAA triloop. The inoculated plants
displayed mild symptoms one month after inocu-
lation and only two types of sequences, the
parental UAA and, predominating, the UUUC
characteristic of the symptomatic strain, were
detected in the resulting progeny (Figure 4(b)).
Three months after inoculation all plants expressed
severe symptoms and, again, only variants with the
UUUC tetraloop were detected from the progeny
(Figure 4(b)).

In a third experiment, a pentaloop with the
sequence GACCG was introduced. The two
5-terminal nucleotides were identical to those in
similar positions in the characteristic non-sympto-
matic GAAA tetraloop, whereas the 3'-moiety
neither resembled this nor the UUUC tetraloop
typical of the symptomatic strain. One month
after inoculation with the corresponding dimeric
construct all plants were infected but expressed
no symptoms. The original pentaloop was not
preserved in any of the analysed variants from the
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resulting progeny; one of them, however, had the
characteristic non-symptomatic GAAA tetraloop,
another could form a hairpin identical to that of
the natural variant CMNS2 previously obtained
from a non-symptomatic isolate,* and others pre-
sented changes allowing the formation of a triloop
(Figure 4(c)). The infected plants remained symp-
tomless after four months, and a limited analysis
of the progeny at this time revealed only two
types of variants: three had the characteristic non-
symptomatic GAAA tetraloop, and one presented
a new sequence (CAUUG) that in the thermo-
dynamically most stable secondary structure
could form a triloop closed by a C-G pair (Figure
4(c)). In the last experiment of this series, the
UUUC tetraloop typical of the symptomatic strain
was changed into the closely related UUUU pre-
viously found in the progeny of CChMVd variant
CM1 (Ref. 26 and data not shown). As soon as 15
days post-inoculation all plants showed severe
symptoms, indicating an infectivity and pathogen-
icity similar to that of variants with the UUUC tet-
raloop. Analysis of the resulting progeny showed
a predominance of variants with the parental
UUUU and the symptomatic UUUC tetraloops
(Figure 4(d)). One month after inoculation, these
plants remained symptomatic but the progeny
showed a clear prevalence of variants with the
UUUC tetraloop (Figure 4(d)). In all, these results

corroborated the high selection pressure which exists
at this region that favors the prevalence of two tetra-
loops (UUUC and to a lesser extent UUUU). In
these four experiments dot-blot analysis failed to
detect significant differences in the accumulation
level of the viroid progeny (Figure 2(b), data not
shown), indicating that this is not the factor deter-
mining the observed phenotypes.

Genetic stability of a natural non-symptomatic
CChMVd variant with an atypical stem-
tetraloop in the region involved

in pathogenicity

In the course of the characterization of a
CChMVd-NS strain, a variant (CMNS2) with some
peculiarities in the region containing the tetra-
loop that determines CChMVd pathogenicity was
found.” This variant presented four distinct
mutations between positions 80 and 86, but distri-
buted in such a way that they allowed the adoption
of a hairpin stem of nine uninterrupted base-pairs
capped with a different tetraloop (GCAA) of the
GNRA family (Figure 5(a)). Interestingly, a variant
with the same stem—tetraloop hairpin was charac-
terized in the progeny resulting from the infection
with the construct containing the GACCG penta-
loop (Figure 4(c)). To assess the genetic stability of
the CMNS2 variant, a recombinant plasmid with
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Table 1. Effects of co-inoculations with CChMVd symptomatic (S) and non-symptomatic (NS) variants on viroid
progeny and symptom expression of chrysanthemum plants

Ratio of S to NS variants in inocula®

S and NS variants in the progeny (15 days p.i.)

Symptoms (15 days p.i.)

1:1
10:1
1:10

Control (only S variant)
Control (only NS variant)
Buffer

9 and 3° Mild (4/4)¢
10 and 0 Severe (4/4)
8 and 4 Mild (2/4)
1and 8 None (2/4)
6and 0 Severe (4/4)
0 and 8 None?
None None

? S and NS refer to the symptomatic (CM20) and non-symptomatic (CM20-1) variants, respectively.
P Number of variants in the progeny from one of the infected plants with the tetraloops characteristic of symptomatic and non-

symptomatic variants.

¢ Number of plants with symptoms with respect to those inoculated (four plants with each inoculum).
4 All inoculated plants were infected as revealed by dot-blot analysis.

the corresponding dimeric insert was bioassayed
in chrysanthemum. One month after inoculation,
dot-blot hybridization revealed that although
all plants were infected and accumulating similar
viroid levels (data not shown), they were symp-
tomless, and analysis of the progeny showed a con-
siderable variability in the region encompassing
the tetraloop. Only one of the six recovered vari-
ants had the parental hairpin preserved, whereas
the others presented different mutations that
restored the common hairpin stem with three
bulging residues (Figure 5(a)).

Two of the variants from the CMNS2 progeny
had the tetraloops AACU and AAUA in the region
that determines CChMVd pathogenicity. To study
whether these tetraloops evolved in similar or
different directions, recombinant plasmids with
dimeric cDNA inserts of both variants were inde-
pendently bioassayed. One month after the inocu-
lation with the variant containing the AACU
tetraloop all plants were infected but symptomless,
and the viroid progeny was composed of a mixture
of two tetraloop sequences: the parental and
another with the change AACU — AUUU (Figure
5(b)). However, three months after inoculation
some plants expressed severe symptoms and an
analysis of the viroid population showed a rever-
sion to the typical symptomatic UUUC tetraloop
(Figure 5(b)). In a parallel way, one month after
inoculation with the variant containing the AAUA
tetraloop all plants were infected but symptomless,
and the viroid progeny was composed of a mixture
of tetraloop sequences in which the parental was
predominant (Figure 5(c)). Three months after
inoculation a fraction of the plants expressed
severe symptoms and the viroid population was
composed of variants with the symptomatic
UUUC and UUUU tetraloops (Figure 5(c)). As in
the previous experiments, dot-blot hybridization
revealed no significant differences in the accumu-
lation level of the viroid progeny (data not
shown). Collectively, these results indicated that
there is a strong selection pressure not only on
the tetraloop but also on the structure of the
adjacent stem, and that the symptomatic and non-

symptomatic variants have a differential biological
fitness (with the first being more efficient than the
second).

Co-inoculation experiments of CChMVd
variants show a relationship between
pathogenicity and biological fithess

To provide additional support for the higher
fitness of the symptomatic variant, gel-purified
monomeric RNAs, resulting from self-cleavage
during in vitro transcription of plasmids with
dimeric symptomatic and non-symptomatic
CChMVd-cDNA inserts, were co-inoculated at
different proportions in chrysanthemum plants. In
a first experiment, the symptomatic variant CM20
(UUUC, positions 82-85) and its non-symptomatic
derivative CM20-1 (UUUC — GAAA), were chosen
for the competition assays. Taking advantage of the
fact that residues at positions 82-83 in the sympto-
matic cDNA clones form part of a Hindlll site
(AAGCTT, positions 78-83), the proportion of
both competitors in the progeny was easily deter-
mined by restriction analysis.”> Control inocu-
lations with either of the variants and sequencing
of several cDNA clones of the resulting progenies
confirmed the genetic stability of both UUUC and
GAAA tetraloops and of their associated pheno-
types (Table 1). When equimolecular amounts of
both competitors were co-inoculated, variants
with the UUUC tetraloop predominated over
those with the GAAA tetraloop (in a ratio 3:1),
and plants displayed a mild symptomatology.
When the symptomatic variant was in a tenfold
excess in the inoculum, only the UUUC tetraloop
was detected in the progeny and plants displayed
severe symptoms. In contrast, when the non-symp-
tomatic variant was tenfold more abundant in the
inoculum than the symptomatic, half the plants
exhibited a mild phenotype and two-thirds of
the recoverd clones had the UUUC tetraloop; the
other half had no symptoms and the GAAA tetra-
loop was prevalent in the progeny (in a ratio 8:1)
(Table 1). These results showed that the symptoma-
tology observed could be directly related to the
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proportion of both types of variants in the progeny,
and that the biological fitness of the symptomatic
variant was significantly higher than that of its
non-symptomatic counterpart.

In a second competition experiment, the sympto-
matic variant was the same as in the first experi-
ment but the non-symptomatic was CMNS35,
a natural variant in which the UUUC — GAAA
change is accompanied by other mutations outside
the tetraloop.?> When the co-inoculations were per-
formed with monomeric RNA mixtures from both
variants in the proportions 1:1, 10:1 and 1:10, the
symptom expression pattern in the infected plants
15-20 days post-inoculation was very similar to
that of the previous experiment (data not shown).
Only in co-inoculations in which the non-sympto-
matic variant was in 100- or 1000-fold excess, did
all plants remain symptomless for two months
after inoculation (although dot-blot analysis
showed that they were infected). These results
confirmed the greater biological fitness of the
symptomatic variant, and explain the lack of
symptom expression observed in plants inoculated
in a cross-protection format (Refs. 31,32 and see
also Discussion).

Discussion

Within family Avsunviroidae, CChMVd repre-
sents the best choice for reverse genetics studies
on structural-functional relationships mainly
because chrysanthemum is easily propagated from
cuttings in the greenhouse, and reacts to infection
with plasmids containing dimeric cDNA inserts of
the viroid with diagnostic symptoms in a relatively
short time. Using this system, we have shown that
the CChMVd pathogenicity determinant maps to
a tetraloop in the branched conformation of the
viroid,” and that the plus hammerhead ribozyme
of CChMVd deviates from the consensus catalytic
core due to the involvement of an extra residue in
critical function(s) other than self-cleavage.”” Here
we have focused our attention on the tetraloop
that determines patogenicity in an attempt to
get a deeper insight into it and into the mecha-
nism underlying cross-protection phenomena in
CChMVd.

One striking observation of our experiments is
that none of the changes introduced by site-
directed mutagenesis in the tetraloop involved in
CChMVd pathogenicity abolished infectivity, even
in those cases in which the tetraloop was substi-
tuted by a triloop or a pentaloop. This is not a
general situation in CChMVd as we previously
reported that the deletion of a single residue (A27
in the CChMVd reference sequence) annuls
infectivity,” indicating that selection pressures of
very different intensity operate in distinct regions
of the viroid molecule. A second observation is
that in contrast with what is known about other
RNAs,*® but in line with what has been observed
for the RNA of potato virus X,* the thermo-

dynamically stable GAAA tetraloop characteristic
of CChMVd-NS strains is not functionally inter-
changeable for other stable tetraloops of the
UNCG family, suggesting that it is the sequence,
rather than the structure, that is the major factor
governing the preservation of this motif. In most
cases, the changes introduced in this tetraloop led
initially to symptomless infections, that eventually
evolved to symptomatic concurrently with the
appearance and prevalence in the resulting
progeny of the UUUC tetraloop characteristic of
CChMVd-S strains (Figures 3 and 4). This was
also the case of the two bottleneck experiments in
which two variants from the CMNS2 progeny
were used (Figure 5(b) and (c)). Therefore, the
symptomatic phenotype is associated with one or
a very reduced number of sequences (UUUU
would be the second and less important example)
in this region of the viroid molecule. Only in
the case in which the infecting variant had the
GACCG pentaloop, with the same two 5'-terminal
nucleotides as the GAAA tetraloop characteristic
of CChMVd-NS strains, did this latter tetraloop
emerge and eventually dominate the progeny.
This clearly shows that the adaptative landscape
of CChMVd has two major fitness peaks in the
region delimited by positions 82-85 that corre-
spond to variants with UUUC and GAAA
tetraloops.

The secondary structure of the stem capped by
these tetraloops is also under strong selection
pressure, as revealed by bioassays with the non-
symptomatic variant CMNS2. Only one month
after inoculation, the infecting variant was almost
outcompeted by new ones in which the CMNS2
hairpin stem of nine uninterrupted base-pairs was
substituted by the characteristic stem with three
bulging residues (Figure 5). These results indicate
that despite the existence in progenies from natural
(CMNS2) and artificial variants (those with the
GACCG pentaloop) of sequences with an alterna-
tive conformation for the hairpin stem-loop
between positions 71 and 93, they are not main-
tained and rapidly evolved to the standard type
by accumulation of point mutations and deletions
in the AAUUU region. Also in this context it
should be noted that an additional selection
pressure could operate as a consequence of the
fact that the tetraloop which determines CChMVd
pathogenicity and its adjacent stem, form loop 2
and helix II of the minus hammerhead structure,
respectively (Figure 1). Although loop 2, due to
the length of helix II, would appear to be located
far away from the catalytic core of the ribozyme,
bending of helix II caused by its bulging residues
might facilitate the interaction of loop 2 with other
structural elements of the ribozyme, particularly
with helix I-loop 1.

The co-inoculation experiments using typical
CChMVd-S and -NS variants at different pro-
portions confirmed the higher biological fitness
of the symptomatic variant. Only when the non-
symptomatic variant was in a tenfold excess in the
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inoculum, did a fraction of the plants remain
symptomless, whereas when the excess was 100-
or 1000-fold, all plants, although infected, did not
express symptoms (Table 1). These results are
consistent with the protection afforded by
CChMVd-NS strains against their S counterparts
when inoculated in a cross-protection format.*"*?
Cross-protection phenomena refer to the obser-
vation that viroid ability to infect a host plant may
relate to previous infections by other strains of the
same or by a closely related viroid. In fact, when a
plant is pre-infected with a mild viroid strain and
is then challenge-inoculated with a severe strain of
the same viroid, the typical symptoms of the
second strain and the accumulation level of its
corresponding RNA are attenuated for an uncer-
tain period of time, probably as a consequence
of the competition between the two RNAs for a
limiting host factor. On this basis, the existence of
CChMVdA-NS strains was first postulated, even
before CChMVd was identified as a viroid, to
explain why some plants of a chrysanthemum
cultivar sensitive to the disease were unable to
develop the characteristic symptoms when inocu-
lated with extracts from a CChMVd-S strain.*’ The
present results show that CChMVd-NS variants,
with a characteristic GAAA tetraloop in positions
82-85 (Ref. 32 and data not shown), can also effi-
ciently protect against CChMVd-S variants in a
co-inoculation format, provided that the inoculum
contains a vast excess of the former over the latter.

Materials and Methods

Viroid strains and extraction of viroid RNA

Most variants were obtained of the CChMVd-S and
-NS strains characterized previously in the chrysanthe-
mum cultivars “Bonnie Jean” and “Yellow Delaware”,
respectively.***> A minor fraction of the variants were
obtained from a CChMVd-S strain infecting the cultivar
“Velvet Ridge” (they are referred with the letters VR in
their names). For dot-blot hybridization, RNAs from
chrysanthemum leaves (2 g) were extracted with buffer-
saturated phenol and fractionated on non-ionic cellulose
(CF11, Whatman), which was washed with STE (50 mM
Tris—HCl, 100 mM NaCl, 1 mM EDTA, pH 7.2) contain-
ing 35% (v/v) ethanol and then with STE.*!

Infectivity bioassays and detection of viroid RNA

Chrysanthemum (Dendranthema grandiflora Tzvelez,
cv. Bonnie Jean) was propagated in growth chambers.*
Plants were mechanically inoculated with recombinant
plasmids containing dimeric head-to-tail CChMVd-
cDNA inserts (2 pg of plasmid per plant), or with their
corresponding monomeric CChMVd RNAs resulting
from self-cleavage during in wvitro transcription.
CChMVd infection was assessed by dot-blot hybridi-
zation with a radioactive full-length RNA probe
complementary to the CChMVd-S variant CM20
obtained by transcription with T7 RNA polymerase of a
linearized recombinant plasmid.*

Co-inoculation experiments

The recombinant plasmids pCM20d, pCM20.1d and
pCM35NSd, containing the head-to-tail dimeric cDNA
inserts of CChMVd variants CM20, CM20.1 and
CMB35NS, respectively, were linearized with EcoRI and
in vitro transcribed with T7 RNA polymerase.** The
primary transcripts of (+) polarity and their self-
cleavage products were separated by PAGE in 5% (w/v)
gels containing 1 X TBE and 8 M urea, and the RNAs of
monomeric length were eluted and quantified. Co-inocu-
lations were performed by mixing appropriate amounts
of monomeric RNAs of the symptomatic and non-
symptomatic variants to obtain 1:1, 1:10, 1:100 and
1:1000 ratios; each plant was mechanically inoculated
with approximately 1 ug of total RNA.

Progeny analysis by RT-PCR ampilification, cloning,
and sequencing

Viroid circular forms purified by two consecutive
PAGE steps, were reverse-transcribed and PCR-ampli-
fied with the pair of adjacent primers PIII (complemen-
tary to nucleotides 133-108) and PIV (homologous to
nucleotides 134-159) of the CM20 variant obtained from
CChMVd-S strain (see Figure 1). Reverse transcription,
PCR amplification (with Pfu DNA polymerase (Strata-
gene), endowed with proof-reading activity), and
cloning were performed as described.” Inserts were
sequenced automatically with an ABI Prism DNA
sequencer (Perkin—Elmer).

Site-directed mutagenesis

A PCR-based protocol* was followed with minor
modifications. Plasmid pCM20 (5ng) was amplified
with 250 ng each of pairs of adjacent and phosphorylated
primers complementary and homologous to nucleotides
57-83 and 84-112 of the CM20 variant, respectively,
with the exception of the first two 5 positions of each
primer in which appropriate changes were introduced
to obtain different tetra- tri- and pentaloops (GAAA,
UCCG, UUCG, UUAA, UUUU, UAA, and GACCG) in
the region delimited by positions 82-85 (Figure 1). The
PCR cycling profile, designed to amplify the complete
plasmids with Pfu DNA polymerase, was the same
reported previously.” After electrophoresis in agarose
gels, PCR products of plasmid length were eluted,
circularized with T4 DNA ligase, and used for trans-
formation. Sequencing confirmed that the new plasmids
contained solely the expected mutations.
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