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Chapter 1

Accumulation of short interfering RNAs characteristic of RNA silencing
precedes recovery of tomato plants from severe symptoms of Potato spindle
tuber viroid infection

|. Abstract

Tomato plants infected with Potato spindle tuber viroid (PSTVd) had severe leaf curling
and vein necrosis. The disease symptoms began to diminish during the late stages of infection,
however, and almost healthy-looking leaves began to appear on the upper portion of the plants.
PSTVd concentrations reached their highest levels in leaves with severe symptoms and
decreased in upper leaves recovering from severe symptoms. PSTVd-specific short interfering
RNAs (siRNAs), characteristic of RNA silencing, accumulated in all leaves in which PSTVd
reached a detectable level, suggesting that recovery from severe disease was induced by RNA

silencing via sequence-specific degradation of PSTVd.
I1. Introduction

Viroids are small RNA pathogens that consist solely of a single-stranded circular RNA
that contains 246—402 nucleotides. Viroids replicate from RNA to RNA via a rolling circle
mechanism in infected cells and depend completely on host metabolism. Infected host plants
are often stunted and epinastic. Potato spindle tuber viroid (PSTVd), the first viroid to be
discovered and the type species of the family Pospiviroidae, replicates and accumulates in the
nuclei. PSTVd infects tomato systemically, and infected plants develop mild to severe
stunting, leaf curling, and veinal necrosis. PSTVd pathogenicity is regulated by a portion of
the molecule known as the “pathogenicity domain” (Keese and Symons 1985; Schndlzer et al.
1985). Recently, small RNAs that had either 22 and 23 (Papaefthimiou et al. 2001) or 25
(Itaya et al. 2001) nucleotides and were homologous to PSTVd RNAs of both polarities were
detected in tomato plants infected with PSTVd. A similar phenomenon has also been
described for two other viroids that replicate and accumulate in the chloroplast of infected
cells (Martinez de Alba et al. 2002). The finding of such small RNA species in viroid-infected
plants indicates that, like many RNA plant viruses (Baulcombe 1999; Lindbo et al. 2001,

Marathe et al. 2000), viroids can induce RNA silencing (or posttranscriptional gene silencing).



However, detailed analysis using severe and mild PSTVd strains revealed that the quantity of
small RNA and the degree of the viroid pathogenicity had no correlation, suggesting that
RNA silencing was unlikely to be responsible for the symptoms observed (Itaya et al. 2001;
Papaefthimiou et al. 2001). While these studies were going on, we often observed
amelioration of symptoms during the later stage of PSTVd infection. For example, PSTVd
infected tomato plants had severe leaf curling accompanied by veinal necrosis and stunting
within 4-5 weeks after inoculation. By 1-2 months after inoculation, however, they began to
produce leaves with extremely mild or no symptoms (Sano et al. 1992); and although once
seriously diseased, the plants recovered to an almost healthy condition. The phenomenon may
be a general one for plants infected with members of the Pospiviroidae because a similar
amelioration of symptom expression during the late stage of infection can be observed on
tomato plants infected with Citrus exocortis viroid and cucumbers infected with Hop stunt
viroid (Chapter 2). In this chapter we compare the progress of symptom expression and
induction of short interfering RNAs (siRNA) homologous to PSTVd in infected tomato plants.
We then discuss the contribution of gene silencing to plant resistance to viroid replication and

symptom expression.

I11. Materials and Methods

In the first experiment on disease symptom development in PSTVd-infected plants and
accompanying changes in PSTVd concentration, we inoculated five tomato seedlings at the
cotyledon stage with PSTVd (ca. 2ng/10ul/plant) and observed symptom expression for 10
weeks in a greenhouse maintained at 20°-30°C, with supplementary lighting to provide a 16-h
day. The intermediate strain of PSTVd [kindly provided by R.A. Owens, USDA-ARS, MPPL
and imported with permission of Plant Quarantine (permission no. 6 Yokoshoku 2312)] was
used for the inoculum. Ten weeks after inoculation a leaf disk (1cm diameter) was collected
from each of the Ist to 14th leaves of each plant; the disks were used for extracting
low-molecular-weight RNAs to compare the PSTVd concentration in each leaf (Li et al.
1995).

V. Results

Leaf curling began to appear on the 3rd or 4th leaf 11-12 days after inoculation. The
severity of leaf curling increased rapidly between the 4th and 6th leaves, and the plants finally
became severely stunted 4-5 weeks after inoculation (Fig. I-1A,B). Veinal necrosis was also
observed usually on the 3rd to 6th leaves. Beginning with the 10th or 11th leaf, the leaf



symptoms began to decrease, and the upper part of the infected plant began to grow at almost
the same rate as the uninfected ones (Fig. I-1C,D).

Concentrations of PSTVd in the infected plant were consistent with the progress of
symptom expression. That is, with both Northern analysis and microplate hybridization (Sano
and Ishiguro 1996), the PSTVd concentration reached the highest level in the 3rd to 9th leaves
and then gradually decreased in the upper leaves, showing a remarkable recovery from the
disease (Fig. 1-2). Because similar results were obtained from all five plants examined, this
amelioration of disease symptoms accompanied by a decrease in PSTVd concentration during
the late infection seemed to be a general phenomenon in tomato plants infected with PSTVd.

For the second experiment, we examined the accumulation of PSTVd-specific siRNA in
infected plants and its possible relation with symptom expression. Three tomato seedlings
were infected with PSTVd on the cotyledon and first true leaf stage and then incubated for 10
weeks under greenhouse conditions as already described. Pooled samples containing the
corresponding leaves from all three plants (5-10g) were then used for extraction of low
molecular-weight RNAs to examine PSTVd and PSTVd-specific siRNA concentrations in
each leaf. Low-molecular weight RNA (10pg) was dissolved in 10ul of loading buffer
containing 25% urea, 10% glycerol, and 0.01% each of bromophenol blue and xylene cyanol
FF. After heat denaturation at 68°C for 15min, the samples were electrophoresed in a 12%
polyacrylamide (acrylamide: bisacrylamide 19 : 1) gel containing 8M urea. The RNA was
then transferred to a nylon membrane (Biodyne plus, Pall) and hybridized with a DIG-labeled
full-length PSTVd cRNA probe as described by Papaefthimiou et al. (2001).

In this experiment, primary leaf curling appeared on the 3rd or 4th leaf of each plant 14
days after inoculation. The severity of leaf curling increased rapidly toward the 5th to 7th
leaves, and all the plants became severely stunted by 4 weeks after inoculation. Veinal
necrosis was also observed on the 3rd to 7th leaves. Symptoms decreased beginning with the
11th leaf, and the upper part of the plants resembled the mock-inoculated controls. Although
delayed by 2—-3 days compared to the first experiment, the progress of symptom expression in
each plant was similar and otherwise consistent with those examined in the previous
experiment (Fig. I-3).

Low-molecular-weight RNAs extracted from each of the 16 expanded leaves at 10 weeks
after inoculation were subjected to 12% polyacrylamide gel electrophoresis (PAGE) and
transferred to a nylon membrane. Two replicates were prepared and used for Northern
analysis: one to determine the PSTVd concentration and the other to examine PSTVd-specific
siRNA accumulation. These analyses revealed that PSTVd concentrations were highest in the
3rd to 9th leaves and gradually decreased in the upper leaves (Fig. 1-3, PSTVd). This

reduction of PSTVd concentration in the upper leaves is consistent with the remarkable



recovery from disease in the upper part of the infected plants. PSTVd-specific siRNA, in
contrast, was first detected faintly in the 2nd leaf, reached its highest level in the 3rd leaf, and
was maintained at a steady level through the 16th leaf (Fig. I-3, PSTVd-siRNA). Because
siRNA accumulation was detectable in the 3rd leaf, in which the PSTVd concentration also
reached a detectable level, production of the siRNA in the tomato plant seems to be triggered

whenever the PSTVd concentration exceeded a certain threshold.

V. Discussion

In summary, when tomato plants were infected with PSTVd at the cotyledon stage, primary
symptoms appeared on the 3rd or 4th leaf 11-14 days after inoculation. More severe
symptoms, consisting of leaf curling with occasional veinal necrosis, appeared soon thereafter
on the 5th to 9th leaves, and the plants then became severely stunted. The severity of disease
symptoms, however, decreased dramatically during the later stages of the infection, and
almost healthy-looking leaves began to appear on the upper portion of infected plants.
Because the concentration of PSTVd reached its highest level in the leaves with severe leaf
curling (i.e., 3rd to 9th or 10th leaf) and decreased in those above the 10th to 11th leaves that
had remarkably recovered from severe infection, the recovery of tomato plants from severe
infection may be dependent on a decrease in the PSTVd concentration in the upper leaves.
Furthermore, as PSTVd-specific siRNA accumulated in the 2nd leaf to the upper leaves, RNA
silencing seemed to be activated when the PSTVd concentration exceeded a certain threshold
level. Recent advances in RNA-silencing research have revealed that siRNA derived from
dsRNA hybridizes to the complementary target sequence and guides a multisubunit
ribonuclease, called RISC, that specifically degrades the target sequence (Hamilton et al.
2002; Hannon 2002; Plasterk 2002; Vance and Vaucheret 2001). Taking this RNA silencing
process into consideration, the accumulation of PSTVd-specific siRNAs strongly suggests
that sequence-specific degradation of PSTVd is taking place in the infected tomato cells.
Consequently, the recovery of PSTVd-infected tomato plants from primary severe infection
seems to be a general phenomenon, which was induced by RNA silencing via
sequence-specific degradation of the PSTVd molecule and the resulting decrease in the
PSTVd concentration in the infected plant. However, when explaining the recovery
phenomenon from the viewpoint of RNA silencing, we must raise the following question. As
described before, recovery of tomato plants from severe infection was highly consistent with a
decrease in PSTVd concentration; however, a considerable time lag was observed between the
induction of PSTVd-specific siRNAs and the decrease in PSTVd concentration or the
recovery. Concretely, PSTVd-specific siRNAs was first observed as early as in the 2nd leaf,



but lowering of the PSTVd concentration was not apparent until the 10th or 11th leaf
expanded during the late stage of infection. Expression of the target gene, in general,
immediately downshifts to a considerably lower level once the RNA silencing mechanism is
activated. Why is the decrease in PSTVd concentration or the recovery from severe symptoms
not observed immediately after the induction of PSTVd-specific siRNA in the PSTVd
infected tomato plants? First, we have to consider the nature of a viroid that replicates directly
from RNA to RNA, depending on the host enzyme. In particular, we must note that models
proposed for the replication of viroids (Branch and Robertson 1984; Ishikawa et al. 1984) and
the generation/accumulation of siRNAs by the RNA silencing mechanism (Nishimura 2001;
Plasterk 2002) share a somewhat similar process, although viroid replication seems to be
dependent mainly on host RNA polymerase II (Diener 2001; Miihlbach and Sénger 1979).
The process during RNA silencing that produces double-stranded RNA from target RNA
using target-specific siRNA primers may contribute to viroid accumulation, which could
offset the rapid degradation of viroid during the subsequent process. As a result, rapid
lowering of the viroid concentration might not be observed immediately after the induction of
viroid specific siRNA. In addition, considering that disease symptoms develop during the
process in which the leaf primordium develops into the leaf, it should have a critical effect on
the severity of symptoms if RNA silencing symptoms have been induced in the differentiating
primordium. Because siRNA or the signal to induce RNA silencing spreads systemically in
the plant immediately after induction, any leaf primordium that develops after the induction of
siRNA is subject to RNA silencing from the beginning of the differentiation. If the recovery
starts in such a differentiated leaf after the establishment of RNA silencing, we cannot
recognize it until the leaf fully expands. We are now conducting more detailed time-course
analyses on viroid and viroid-specific siRNA accumulation to have a clearer understanding of
the relation between the timing of recovery and viroid-specific siRNA accumulation. This
phenomenon is interesting from the perspective of viroid—host interaction. That is, recovery of
plants from severe infection can be considered a phenomenon in which the viroid-infected
plant obtains acquired tolerance to viroids by an RNA-silencing mechanism. In other words,
RNA silencing seems to have an important role in conferring acquired viroid tolerance on the

viroid-infected plant itself.



Fig. I-1. Disease symptoms in Potato spindle tuber viroid (PSTVd)-infected tomato plants. A Healthy
control plants 5 weeks after inoculation (wpi). B PSTV dinfected plants 5 wpi. C Healthy plants 10 wpi. D
PSTVd-infected plants 10 wpi. Plants infected with PSTVd had severe leaf curling and stunting at 5 wpi
(B). Note, however, that the upper portion of these plants (L11 - L16) later resembled the corresponding
portions on uninfected plants (D). L11 - L16, leaves 11 to 16. Arrows indicate the 10th leaf of each plant.
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Fig. 1-2. Average PSTVd concentrations in tomato plants at 10 weeks after inoculation. PSTVd
concentrations reached the highest level in the 3rd through 9th leaves and decreased in the upper portion,
the 10™ to 16th leaves. PSTVd concentrations were measured by microplate hybridization using in vitro
PSTVd transcript as a standard. Bars are the standard deviation of five leaves collected from the same
position on different plants
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Fig. 1-3. Relation between symptom expression (Symptoms), PSTVd concentration (PSTVd), and
PSTVd-specific siRNA accumulation (PSTVd-siRNA) in PSTVd-infected tomato plants. PSTVd
concentration reached the highest level when the plant had severe leaf curling, veinal necrosis (3rd to 9th or
10th leaf), or both. PSTVd-specific siRNA reached a detectable level in the 2nd leaf when PSTVd
concentration also reached a detectable level and kept accumulating up to the 16™ leaf. 5.88 RNA was
included as an internal control.
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Chapter 2

Time course analysis of viroid-specific small interfering RNAs in
viroid-infected plants

I. Introduction

Viroids are small RNA pathogens, consisting of highly base-paired, covalently closed,
single-stranded circular RNA. Since Potato spindle tuber viroid (PSTVd) was first discovered
in 1971 (Diener, 1971, 2001) as a novel class of pathogen from potato suffering from spindle
tuber disease, more than 30 species have been reported in the nature (Hadidi et al., 2003).
Viroids replicate autonomously via rolling circle mechanism in their host plants depending on
host transcriptional machinery. Since viroids do not encode any genetic information
translatable to protein, we now consider the unique RNA pathogen as a member of
non-coding RNAs.

As it was expected from the unique highly base-paired secondary structure and the
replication via RNA to RNA, viroids were shown to have a potential to induce RNA silencing
in their host plants. In other words, replication of viroids in the cell is a target for RNA
silencing; a host defense system. First, accumulation of PSTVd specific small-interfering
RNA (siRNA) was detected in tomato plants infected with PSTVd (Itaya et al., 2001;
Papaefthimiou et al., 2001). Then, three types of viroids belonging to Avocado sunblotch
viroid (ASBVd) group were also reported to induce RNA silencing (Martinez de Alba et al.,
2002; Markarian et al., 2004). These results revealed that both of the viroids replicating in
nuclei or in chloroplast can be inducers for RNA silencing, as well as RNA viruses and
transgene transcripts in cytoplasm. Viroids target nuclei or chloroplast as the site for
reproduction after invading in cytoplasm (Woo et al., 1999). The viroids accumulating in the
nucleus or chloroplasts, then, return to cytoplasm for spreading to adjacent cells through
plasmodesmata (Ding and Owens, 2003). Since RNA-silencing, in general, is triggered when
the amount of RNA exceeded a certain level in the cytoplasm, it awaits further analysis
whether viroids induce RNA silencing in nucleus or in chloroplast in the course of
proliferation, or in the cytoplasm when they migrate from the proliferation site (i.e., nuclei or
chloroplast) to the adjacent cells (Flores, 2005).

RNA silencing is potent in symptom expression of viroid-infected plants. Concentration
of viroid-specific siRNA influenced the severity of leaf curling in Gynura aurantiaca infected
with Citrus exocortis viroid (CEVd), and ASBVd-specific siRNA was detectable only in the



bleached parts of avocado leaves suffering from partial bleaching caused by ASBVd infection
(Markatrian et al., 2004).

In the Chapter 1, we have reported a possible involvement of RNA silencing in recovery
phenomena of PSTVd-infected tomato plants in the later stage of infection (Sano and
Matsuura, 2004). Tomato seedlings infected with PSTVd showed dwarfing accompanied by
severe leaf curling and necrosis by four weeks after infection. But another two — three weeks
later, the plants started to develop leaves without curling and necrosis and the termination of
dwarfing marked its amelioration or recovery. Accumulation of PSTVd-specific siRNA was
evident in the infected tomato leaves, and the concentration of PSTVd decreased in the
recovered leaves.

In this Chapter, with the aim to examine the relationship between RNA silencing and the
recovery phenomena of the viroid-infected plants in the latter infection, we have carried out a
time-course analysis of viroid-specific siRNA accumulation using several viroids-hosts

combinations.
I1. Results

I1—1. RNA Silencing in Tomato Infected with PSTVd.
I1—1—1. Time course analysis of PSTVd and PSTVd-specific SiRNA accumulation in
tomato.

Materials and Methods

We infected 42 tomato (Lycopersicon esculentum, cv. Rutgers) seedlings with PSTVd,
and reaped three each randomly on 2, 4, 6, 8, 10, 12, 14, 16, 18, 25, 30, and 45 days post
inoculation (dpi). Leaves at the same position, from the Ist to the uppermost primordium, and
the meristem of the three were combined and processed for extraction of 2M LiCl soluble low
molecular weight RNA (LMW-RNA). Two ug of LMW-RNA was electrophoresed on 12%
polyacrylamide gel containing 8M urea and on 1.5% agarose gel containing formaldehyde for
the subsequent northern hybridization to detect PSTVd-specific siRNA or PSTVd. But the
meristem and primordial leaves of the uppermost, 2nd, 3rd, and 4th were so tiny to extract
enough amount of LMW-RNA. Only 0.1 to 0.5 ug was charged for the analysis.

Results

[Symptom expression] Infection of PSTVd in tomato seedlings of cotyledon stage caused

primary leaf curling accompanied by vein necrosis on the 3rd to 4th leaves 2-3 weeks later
(Fig. II-1a) and resulted in severe stunting of the plants 4-6 weeks later (Fig. II-1b). However,
the 9th and 10th leaves newly expanded in 6-8 weeks later recovered from the symptoms, and
the subsequently developing leaves showed neither leaf curling nor necrosis. Finally, the

upper part of the plants higher than the 9th and 10th leaves recovered dramatically (Fig. II-1c).



a: 14 days post inoculation

primary leat curling severe leaf curling recovery
and stunting

Fig. II-1. Symptoms of tomato infected with PSTVd, 14 days post
inoculation (dpi) (a), 30 dpi (b), and 56 dpi. Plant once stunted severely at
30 dpi, and then the upper portion (red box) recovered and started to grow
like healthy at 56 dpi.

[Overall features of PSTVd and PSTVd-specific siRNA accumulation in tomato two to
45 days after inoculation]

Neither PSTVd nor PSTVd-specific siRNA was detectable in any of the leaves up to 10
dpi (Fig.11-2). On 12 dpi, PSTVd reached the detectable level for the first time in the 3rd, 4th,
and 5th leaves (Fig. II-2), however, PSTVd-specific siRNA was still under the detectable
level (Fig.II-3). Two days later (14 dpi), when primary leaf curling appeared on some of the
3rd leaves (Fig.I1-2, 14 dpi, 3D), PSTVd-specific siRNA first reached the detectable level in
the 2nd, 3rd, 4th, 5th, and 6th leaves (Fig.II-3). Since the amount of LMW-RNA charged for
the 7th, 8th, flower bud, 9th, 10th and the meristem was only 0.1 - 0.3 ug, further analysis was
necessary for PSTVd or PSTVd-specific siRNA accumulation in these tissues (see Section
11-1-2).

After 16 dpi, as the symptoms (leaf curl and stunt) were getting severer, PSTVd

accumulation gradually increased and reached the maximum levels in the 3rd — 7th leaves on
25 dpi, 4th — 7th on 30 dpi, and 2nd — 6th on 42 dpi (Fig.II-2). Recovery began at the 9th and
10th leaves on 42 dpi when they fully expanded. It should be noteworthy that PSTVd
accumulation in the recovered leaves was apparently lower than the maximum levels (Fig.II-2,
42 dpi, 9R, 10R). Meanwhile, PSTVd-specific siRNA kept the detectable level up to 42 dpi,

the end of examination, from almost all the leaves that we charged at least 1.0 ug of



LMW-RNA. It should be noteworthy that two sizes (ca. 21 nucleotides and ca. 25
nucleotides) of PSTVd-specific siRNAs were clearly visible in the lower parts of the plants;
i.e., 2nd — 4th on 14 dpi, 2nd — 6th on 16 dpi, 1st — 7th on 18 dpi and 3rd — 10th on 25 dpi
(Fig.II-3, 14 — 25 dpi, Fig.II-4). On the contrary, only short siRNA (ca. 21 nucleotides) was
visible in the upper parts of the plants; i.e., Sth — 6th on 14 dpi, 7th on 16 dpi, 8th — flower
bud on 18 dpi, and 11th on 25 dpi (Fig.II-3, 14 — 25 dpi, Fig.II-4). The double or single
feature of siRNA accumulation was obscure in the latter stage of infection (Fig.II-2, 30 dpi,
42 dpi).

I1—1—2. Detail analysis of PSTVd-specific sSiRNA accumulation on 15 days after
inoculation, just after the induction of RNA silencing.
Materials and Methods

In the first experiment described above, the shoot meristem and the uppermost primordial

leaves down to the 4th were so tiny that we could not get enough amounts of nucleic acids,
1.0 ug at least, which was necessary to detect viroid-specific siRNAs in our experiment
conditions. Then, we infected 50 tomato seedlings with PSTVd under the same condition, and
reaped all on 14 dpi when some of the plants started to show primary leaf curling in their 3rd
true leaves. As in the first experiment, all the 50 leaves or primordial leaves at the same
position, from the 1st to the uppermost (10th) primordial leaf and the meristem, were
combined and processed for LMW-RNA extraction. Enough amount of nucleic acids were
successfully obtained from the meristem as well as the tiny primordial leaves; i.e., the
meristem (3 ug), 10th (3 ug), 9th (4 ug), 8th (5 ug) and 7th (5 ug). Two or 1.5 ug of the
nucleic acids were electrophoresed on 12% PAGE containing 8M urea and on 1.5% AGE for
the subsequent northern hybridization to detect PSTVd-specific siRNA or PSTVd.
Results

As the result, PSTVd-specific siRNA was detectable from all the primordial leaves higher
than 7th but for the meristem. To our interest, only short siRNA of ca. 21-nucleotide was
clearly visible in the upper primordial leaves; i.e., 7th — 10th (Fig.II-5¢), and again two
siRNAs (ca. 21 and 25 nucleotides) were visible in the lower expanded leaves; i.e., 2nd — 4th
(data not shown, since the result was the same to Fig.II-3, 14 dpi). The result indicated that
once RNA silencing was triggered in PSTVd-infected tomato plant, short PSTVd-specific
siRNA of ca. 21 nucleotide accumulated quickly to the detectable level throughout the plant
except for the meristem. Since long siRNA of ca. 25 nucleotides was also detected in the
leaves up to 6th on 16 dpi, 7th on 18 dpi, and 10th on 25 dpi in the first experiment (Fig.II-3,
16 - 25 dpi), accumulation of long siRNA behinds two — several days of short siRNA.
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Fig. II-2. Time course analysis of PSTVd accumulation in tomato infected with PSTVd.
Low molecular weight RNAs extracted from PSTVd-infected tomato, 8 — 45 days post
inoculation (dpi) were loaded on 1.5% AGE, transferred to nylon membrane, and
hybridized with DIG-labeled PSTVd cRNA. The upper column of each dpi indicates
lumigraph obtained by northern hybridization, and the lower column indicates AGE
image stained with ethidium bromide. Numbers and abbreviations are all the same to
Fig. 1I-1. Positive control on the upper right of the figure, indicate intensity of PSTVd
hybridization signals serially diluted by 5-folded from 20 — 0.03 ng per lane.
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Fig. II-3. Time course analysis of PSTVd-specific siRNA accumulation in
tomato infected with PSTVd. Low molecular weight RNAs extracted from
PSTVd-infected tomato, 12 — 45 days post inoculation (dpi) were loaded on
12% PAGE, transferred to nylon membrane, and hybridized with DIG-labeled
PSTVd cRNA. Arrow head indicated the position of PSTVd-specific siRNA.
Numbers under the leaf position indicate amount of low molecular weight RNA
loaded on the gels. Leaf number with D, for example 3D in 14 dpi, indicates the
leaf showing disease symptoms such as leaf curl. Leaf number with R, for
example 9R in 45 dpi, indicates the leaf showing recovery. ‘Fb’ means flower
bud. ‘M’ means meristem. Positive control on the upper right of the figure,
indicate samples from leaf 1 — 3 of PSTVd-infected tomato at 45 dpi, and
PSTVd-sense oligo DNAs of 24 and 33 nucleotides.
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Fig. II-4. Accumulation of long and short PSTVd-specific siRNA in
PSTVd-infected tomato leaves at 18 dpi. As described in the text 2.0 ug of
low molecular weight RNAs from 4" to 9" leaf and primordial leaf, and a
flower bud (Fb) were loaded on 12% PAGE, transferred to nylon membrane,
and hybridized with DIG labeled PSTVd-cRNA. Double PSTVd-specific
siRNA bands were visible in the leaf extract from 4%, 5™ 6™ and 7™, but
only a short PSTVd-specific siRNA band was visible in 8", 9™ and Fb.
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Fig. II-5. Accumulation of PSTVd-specific siRNA from PSTVd-infected tomato
leaf primordia at 15 dpi. (A) and (B) indicate a representative PSTVd-infected
tomato plant at 15 dpi, showing primary leaf curling. Numbers in (A) and (B)
indicate leaf numbers from first to 9 and meristem (M). As described in the text
1.0 — 2.0 ug of low molecular weight RNAs from 6" to 9™ leaf primordia and
the meristem were loaded on 12% PAGE, transferred to nylon membrane, and
hybridized with DIG labeled PSTVd-cRNA. A single PSTVd-specific siRNA
band was visible except for meristem.




I1—2. RNA Silencing in Cucumber Infected with Hop stunt viroid.
I1—2—1. Recovery phenomena of cucumber plant infected with HSVd in the later stage
of infection

Materials and Methods

Recovery of disease symptom in the later stage of infection was also examined in
cucumber infected with Hop stunt viroid (HSVd). We infected cucumber (Cucmis sativus, cv.
Suyo) seedlings of cotyledon stage with HSVd, incubated in a grows-chamber conditioned at
20-25C, 16-h day length, and observed the symptom expression for 3 months. At the end of
observation, LMW-RNA was extracted from selected leaves and 2 ug of the LMW-RNA was
electrophoresed in 12% polyacrylamide gel containing 8M urea and on 1.5% agarose gel
containing formaldehyde for the subsequent northern hybridization to detect HSVd-specific
siRNA or HSVd.

Results

[Symptom expression]

Infection of cucumber seedlings of the cotyledon stage with HSVd resulted in primary leaf
curling in the 4th leaf 15 — 25 days post inoculation (dpi). The plants stunted severely and the
leaves became small and curled about 6 weeks post inoculation at the 10-11th true-leaf stage.
However, the 30-40th leaf expanded in 10 — 12 weeks post inoculation recovered from curling
and the upper stems and leaves (40-50th) started to grow more vigorously (Fig.II-6). The
result indicated that the recovery phenomenon in the later stage of viroid-infection was also
the case in cucumber infected with HSVd.

[HSVd and HSVd-specific siRNA accumulation in cucumber]

Three months, i.e., 12 weeks, post inoculation, we selected a plant which showed typical

recovery, and extracted LMW-RNA from the 15 upper leaves, that means leaves of the
36-50th in Fig.II-6. Two ug of the LMW-RNA was electrophoresed in agarose gel containing
folmaldehyde (Fig.II-7b), blotted onto nylon membrane, and hybridizaed with DIG-labeled
HSVd cRNA probe (Fig.IlI-7a). HSVd concentration looked slightly lower in the 36-39th
leaves which developed just after recovery from severe stunting and leaf curling ().
LMW-RNA was also electrophoresed in 12% polyacrylamide gel containing 8M urea for
northern hybridization to detect HSVd-specific siRNA. HSVd-specific siRNA was visible in

all the leaves examined (data not shown).
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Fig. 11-6. Recovery of cucumber plant infected with HSVd in the late
stage of infection, 12 weeks post inoculation. Lower part of the plant

shows stunting and leaf curling, but the upper part (in the red box)
recovered and started to grow vigorously.
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Fig.II-7. Lumigraph of HSVd northern hybridization. Two ug of LMW-RNA
extracted from the 36 — 50th HSVd-infected cucumber leaves at 12 weeks post
inoculation was electrophoresed in agarose gel containing folmaldehyde (b),
blotted onto nylon membrane, and hybridized with DIG-labeled HSVd cRNA
probe (a). HSVd concentration looked slightly lower in the 36-39th leaves which
developed just after recovery from severe stunting and leaf curling (a).

I1—2—2. Time course analysis of HSVVd and HSVd-specific SiRNA in cucumber.

Materials and Methods

We infected 15 cucumber seedlings of cotyledon stage with HSVd, and reaped 10 of them
one month post inoculation. Leaves at the same position, from the 1* to the uppermost
primordium, of the ten were combined and processed for extraction of 2M LiCl soluble low
molecular weight RNA (LMW-RNA). Two ug of LMW-RNA was electrophoresed on 12%
polyacrylamide gel containing 8M urea and on 1.5% agarose gel containing formaldehyde for
the subsequent northern hybridization to detect HSVd-specific siRNA or HSVd.

Results
[Accumulation of HSVd and HSVd-specific siRNA in cucumber]
As in the tomato infected with PSTVd, all the 10 leaves at the same position, from the 1st

to 18th, were combined and processed for LMW-RNA extraction. Since the primordial leaves

higher than 19th were so tiny and grew with bracts in cluster as to collect separately, we were
unable to use them for further analysis. Two ug of the nucleic acids were electrophoresed on
12% PAGE containing 8M urea for the subsequent northern hybridization to detect



HSVd-specific siRNA.

As a result, two siRNAs consisting of ca.21 and ca.25 nucleotides were detected from the
lower parts of the plants, i.e., 4-14th leaves, while only ca. 21 nucleotide siRNA was
detectable in the younger primordial leaves; 15th and higher (Fig.II-8). The result confirmed
that the accumulation pattern of long and short HSVd-specific siRNA in cucumber plant is
quite similar to PSTVd-specific siRNA accumulation in tomato. However, the accumulation
of HSVd-specific siRNA in cucumber was apparently lower than PSTVd-specific siRNA in

tomato.

Leaf Number
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Fig.II-8. Accumulation of long and short HSVd-specific siRNA in HSVd-infected

cucumber leaves one month post inoculation. As described in the text 2.0 ug of LMW
RNA from Ist to 18th leaf were loaded on 12% PAGE, transferred to nylon
membrane, and hybridized with DIG labeled HSVd-cRNA. Double HSVd-specific
siRNA bands were visible in the leaf extract from 4 to 14th, but only a short
HSVd-specific siRNA band was visible in 17 and 18" (a). M25; 25 nucleotides size
marker. M20; 20 nucleotide size marker. Arrow indicates the position of M20 faint
band. Panel (b) is enlarged images of siRNA in leaf number 4,5,6,7, 17 and 18.




I1—3. RNA Silencing in Cultivated Hops and Grapevines Harboring Viroids.

Once PSTVd and HSVd reached their detectable levels in tomato or cucumber, short
viroid-specific siRNA of ca.2l nucleotide accumulated throughout the plant, which was
followed by accumulation of long viroid-specific siRNA of ca. 23-25 nucleotides. To verify
the pervasiveness of this phenomenon in the other viroid-infected host plants, analysis was
carried out for viroid-specific siRNA accumulation in hops mixed-infected with HSVd and
Hop latent viroid (HLVd) or with Apple fruit crinkle viroid (AFCVd) and HLVd.

I1—3—1. Time course analysis of HSVd, HLVd, AFCVd and their siRNA accumulation
in cultivated hops.

Materials and Methods

Five each of young shoots were collected from hops (Humulus lupulus, cv. Kirin II)
cultivated in the Chitose Experiment Field of Faculty of Agriculture and Life Science,
Hirosaki University, Aomori, Japan, on June 3 and 20, 2005. Mature hop leaves and cones
were also collected on September 20. They were collected from hops infected with
HSVd-citrus or AFCVd, and also from healthy as a control. All the hops, however, were
latently infected with HLVd.

On June 3, shoots were ca.15 cm long and had two pairs of expanded leaves, but have not
yet shown any disease symptoms (Fig.II-9a). On June 20, on the other hand, shoots grew
ca.30cm long with four pairs of expanded leaves, and those infected with HSVd began to
show typical leaf curling (Fig.II-9b).

For the samples collected on June 3 and 20, all the 5 pairs of leaves at the same position,
from the 1st to the meristem, were combined and processed to extract 2M LiCl soluble
nucleic acids (LMW-NA). Nevertheless, the primordial leaves higher than the 10th were
mixed and extracted together with the meristem, because they were so tiny and grew with
bracts in cluster as to collect separately. For the mature leaves and cones collected on
September 20, all the leaves and cones of ca. 60g were combined and used for LMW-RNA
extraction. Twenty ug of LMW-NA from young shoots and of LMW-RNA from matured
leaves, were electrophoresed on 12% PAGE containing 8M urea for northern hybridization to
detect viroid-specific siRNA.

Results

[Young shoots in June] Viroid-specific siRNA was not detectable in any of the young

leaves collected on June 3 (data not shown), even though we have charged 20 ug of
LMW-NA which is 10-times as much as those in PSTVd/tomato and HSVd/cucumber.
Seventeen days later (June 20), when primary leaf curling appeared on some of the leaves
(Fig.I1-9, arrows), HSVd-specific siRNA of ca. 21-25 nucleotides first reached the detectable



level in the 1st leaf (Fig.II-10(a), leaf number 1). At the same time, HLVd-specific siRNA of
the similar size also reached the detectable level in the Ist and 2nd leaves (Fig.II-10(b), leaf
number 1 and 2), although the viroid does not induce any detectable symptom.
AFCVd-specific si-RNA was not detectable at this stage (Fig.II-10(c)).

[Mature leaves and cones in September] All the viroid-specific siRNAs were clearly

visible in mature hop leaves and cones collected in September (Fig.II-11). In addition,
accumulation of long (ca. 25 nucleotides)- and short (ca. 21 nucleotides)-siRNA was apparent
in HSVd- (Fig.Il-11(a)) and HLVd-hops (Fig.lI-11(c)). In contrast, long AFCVd-specific
siRNA was obscure comparing to more abundant short siRNA (Fig.II-11(b)). The result again
confirmed that the accumulation of long and short viroid-specific siRNA was the case in hops
infected with HSVd, HLVd and probably AFCVd, although we could not follow the
accumulation pattern of long and short viroidd-specific siRNAs in hops due to their low
accumulation in the field conditions.

It may not be surprising, but we should stress the fact that both siRNAs specific to HSVd
and HLVd, or to AFCVd and HLVd were inducible in the same tissue when the plants were

mix-infected with two different viroids.

June 20, 2005

June 3, 2005 ’

Fig.II-9. Hop shoot mix-infected with HSVd-citrus and HLVd on June 3 and 20. The shoot on
June 20 showed typical primary leaf curling (arrows).
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Fig.II-10. Accumulation of viroid-specific siRNA in young hop shoot (June 20) infected with
HSVd, AFCVd and HLVd. As described in the text 20 ug of LMW RNA from Ist to 9th leaf,
and the above to merisitem were loaded on 12% PAGE, transferred to nylon membrane, and
hybridized with DIG labeled HSVd (a), HLVd (b) and AFCVd (c) cRNA probes. HSVd- and
HLVd-specific siRNA band of ca. 20 nt was faintly visible in leaf 1 of HSVd, and leaf 1 and
2 of HLVd (arrows). Si-RNA was not detectable in AFCVd-hops at this stage (c).
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Fig.II-11. Accumulation of AFCVd-, HSVd-, and HLVd-specific siRNA in
mature hop leaves and cones (September 21) infected with HSVd, AFCVd,
and HLVd. Three sets of 20 ug of LMW-RNAs extracted from
AFCVd-infected, HSVd-infected and healthy hops were electrophoresed on
12% PAGE containing 8M urea, blotted to nylon membrane and hybridized
with DIG-labeled AFCVd, HSVd, and HLVd probes. Both of AFCVd- and
HSVd-hops were mix-infected with HLVd. Arrow indicates viroid-specific
siRNAs. Accumulation of long (ca. 25 nucleotides) - and short (ca. 20
nucleotides)-siRNA was visible in HSVd and HLVd. Both of the
viroid-specific siRNAs was detectable in the tissues mix-infected with
HSVd and HLVd, and AFCVd and HLVd..

I1—3—2. Accumulation of HSVd, GYSVd and their siRNA in cultivated grapevines.
Materials and Methods
Fully expanded young leaves of grapevine (Vitis vinifera), cultivars ‘Koshu’, ‘Alphonse

lavallee’, ‘Citronne’, ‘Pione’, and ‘Muscut Bailey A’ were collected on June 20, 2002, from
several vineyards in Yamanashi prefecture, Japan. All the vines are ca. 40- to 100-year-old.

Leaves of ca. 20g were combined and used for LMW-RNA extraction. LMW-RNA was
electrophoresed on 12% PAGE containing 8M urea and on 1.5% agarose gel containing
formaldehyde for northern hybridization to detect viroid-specific siRNA and viroid.

Results

Ten ug of LMW-RNA was electrophoresed on 1.5% agarose gel containing formaldehyde,
blotted onto nylon membrane, and hybridized with DIG-labeled HSVd- and GYSVd-cRNA
probes. HSVd was positive in ‘Alphonse labalee’, ‘Citronne’, ‘Pione’ and ‘Muscut Bailey A’.



GYSVd was positive in ‘Alphonse labalee’, ‘Citronne’, ‘Pione’ and ‘Muscut Bailey A’.
Hybridization signals suggested that the concentrations of HSVd and GYSVd in these leaves
are fairly good (data not shown).

Then, 50 — 100 ug of LMW-RNA was electrophoresed on 12% PAGE containing 8M urea,
blotted onto nylon membrane, and hybridized with DIG-labeled HSVd- and GYSVd-cRNA
probes. Although we have charged 50 — 100 ug of LMW-RNA, which is 25 — 50 times as
much as those in PSTVd/tomato and HSVd/cucumber, neither of HSVd- and GYSVd-specific
siRNA was detectable from any of the samples examined. Another trials should be done using

matured grapevine leaves or fruits collected in autumn.

(a) Grapevine samples
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(b) HSVd probe (c) GYSVd probe
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Fig.II-12. Accumulation of HSVd- and GYSVd-specific siRNA in five grapevine
cultivars collected on May 20, 2002, cultivating in Yamanashi prefecture, Japan. Fifty
to 100 ug of LMW-RNAs extracted from five vines (ca. 40 to 100-year-old) were
electrophoresed on 12% PAGE containing 8M urea (a), blotted onto nylon membrane
and hybridized with DIG-labeled HSVd (b) and GYSVd probes (c). M25 means 25
nucleotide oligo DNA homologous to HSVd, and arrows indicate the position.
Viroid-specific siRNA accumulation was not apparent in these samples.




I1—4. RNA Silencing in Tomato Infected with Cucumber Mosaic Virus.
I1—4—1. Accumulation of CMV-specific siRNA in tomato.
Materials and Methods
The similar analysis was conducted on tomato infected with Cucumber mosaic virus
(CMV). Ten tomato (Lycopersicon esculentum, cv. Rutgers) seedlings of cotyledon stage

were infected with CMV. Two week later, some of the plants dwarfed severely and mosaic
appeared on the expanded leaves. Sixteen day later when all the plants showed similar disease
symptoms, 10 leaves at the same leaf position, from the 1* to the meristem, were combined
and processed for extraction of 2M LiCl soluble RNA. Two ug of LMW-RNA was
electrophoresed on 12% PAGE containing 8M urea for northern hybridization to detect
CMV-specific siRNA. However, as in the case of PSTVd in tomato, primordial leaves higher
than 7th were so tiny to extract enough amount of LMW-RNA. Only 0.1 to 0.5 ug was
charged for the analysis.
Results

Only short CMV-specific siRNA of ca.2l nucleotides was detectable even in the fully
expanded 1st — 6th leaves, but for the 3rd (Fig.II-13(b)). No long CMV-specific siRNA was
detected in any of the leaves examined. These results supported that long viroid-specific
siRNA appeared in the fully expanded lower leaves of viroid-infected host plants was not an
artifact, rather accumulation of short siRNA of ca.21 nucleotides followed several days later
by long siRNA of ca.25 nucleotides seemed to be a phenomenon unique to viroid-infected

host plants.
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(a) PAGE (b) northern hybridization / CMV probe

Fig.II-13. Accumulation of CMV-specific siRNA in CMV-infected tomato leaves 16 days
post inoculation. As described in the text, 2.0 ug of LMW RNA from 1st to 9th leaf, and the
meristem were electrophoresed on 12% PAGE (a), blotted onto nylon membrane, and
hybridized with DIG labeled CMV RNA3-cRNA probe. Only short CMV-specific siRNA
band was visible in the leaf extract from 1st to 6th, except for 3rd (b). M; 20 nucleotides oligo
DNA size marker. Arrow indicates the position of 20 nucleotides size marker.




I11. Results and Discussion

Viroid-inducing RNA Silencing and Recovery

As described in Chapter 1, when tomato plants (cv. Rutgers) were infected with PSTVd at
the cotyledon stage, primary leaf curling appeared on the 3rd or 4th leaf 11-14 days after
inoculation. More severe leaf curling with vein necrosis appeared on the 5th to 9th leaves and
the plants became severely stunted. The severity of disease symptoms, however, decreased
dramatically during the later stages, i.e., later than 6 weeks, of the infection, and almost
healthy-looking leaves began to expand on the upper portion of infected plants. The
concentration of PSTVd reached its highest level in the leaves with severe leaf curling but
decreased in the upper healthy-looking leaves. In addition, accumulation of PSTVd-specific
siRNAs preceded tomato plant recovery from severe symptoms. The circumstantial evidence
gave us an assumption that the recovery of tomato plants from severe infection may be
dependent on a decrease of the PSTVd concentration in the upper leaves in relation to RNA
silencing targeting PSTVd replication triggered in the infected plants.

In the Chapter 2, we first performed three experiments on time-course analysis of
viroid-specific siRNA accumulation in plants infected with PSTVd and HSVd, to have a
clearer understanding of the relation between the timing of recovery and viroid-specific
siRNA accumulation. The first experiment was a two-day interval analysis of PSTVd,
PSTVd-specific siRNA and symptoms in tomato infected with PSTVd. The result was
summarized in Table 1. In this experiment, when plants were infected with PSTVd in the
cotyledon stage, the primary leaf curl appeared on the 3rd true leaf 14 days after inoculation.
PSTVd accumulation reached the detectable level in 3rd—5th leaves 12 days after inoculation,
i.e., two days before the primary symptom expression. PSTVd-specific siRNA reached the
detectable level in 2nd-7th leaves 14 days after inoculation, i.e., two days behind PSTVd
detection, or the same day to primary symptom expression. Symptoms consisting of leaf
curling with vein necrosis became severer in leaf number 4th-8th and plants stunted severely
by 16, 18, 25 and 30 days after inoculation. PSTVd accumulation reached the maximum level
in the leaf number 2nd-9th at 18 days after inoculation, and sub-maximum level in 3rd-5th at
25 days after inoculation. PSTVd accumulation decreased gradually to a certain level
hereafter, although it still kept fairly good concentration. These results indicated that, in
PSTVd-infected tomato plants, PSTVd accumulation reached the maximum level 18-25 days
after inoculation in the leaf number 2nd-9th which showed severe leaf curling accompanied
by vein necrosis, and then gradually decreased to a certain level in the upper leaves which

started to recover from severe disease symptoms.



Table 1. Time-course analysis of PSTVd, PSTVd-specific siRNA and symptoms in tomato
(cv. Rutgers) infected with PSTVd.

Days PSTVd accumulation siRNA accumulation = Symptoms

1-10 No No No

12 faint (3-5)* No No

14 low (2-7) Yes (2-6) leaf curl 3)

16 relatively high (2-8)  Yes (2-7) leaf curl & stunt (3-4)

18 highest (2-9) Yes (1-9) leaf curl & stunt (3-5)

25 highest (3-5) Yes (2-11) leaf curl & stunt (3-7)

30 relatively high (4-7)  Yes (2-12) leaf curl & stunt (3-8)

42 relatively high (2-4)  Yes (2-13) leaf curl & stunt (3-8)
lower (upper leaves) recovery (9-10)

*: numbers in parenthesis indicate leaf number, i.e., (3-5) means leaf numer 3 to 5.

A defect in this experiment was insufficiency of LMW-RNA obtained from tiny
primordial leaves. We reaped 5 plants every two days and combined them for extraction,
however, the amounts of LMW-RNA from 5 tiny primordial leaves were less than 0.4 ug at
the best, which was still below the detection limit of our experiment condition. At least 1 ug
of LMW-RNA in a lane was essential to verify PSTVd-specific siRNA accumulation in our
northern hybridization sensitivity. To improve the limitation, we have them performed the
second experiment focusing on the day when PSTVd-specific siRNA first reached the
detectable level or the day just after the induction of RNA silencing; i.e., 14 or 15 days after
inoculation.

As described in Result section, we successfully extracted enough amount of LMW-RNA
from 50 PSTVd-infected tomato plants of 15 days after inoculation. The analysis of
PSTVd-specific siRNA accumulation in the tiny primordial leaves clearly indicated that
PSTVd-specific siRNA was detectable in all the primordial leaves up to 9th at 15 days after
inoculation, just the day when primary disease symptom was observed or the day just after the
induction of RNA silencing targeting PSTVd replication. It should be noteworthy that the 9th
primordial leaf has just begun to develop at the time when PSTVd-specific siRNA first
reached the detectable level in all the leaves and primordial leaves except for the meristem,
and recovery started later from the 9th and 10th leaves. It means that the recovery takes place
according to the following process; i.e., (1) PSTVd-specific siRNA spread systemically in the
plant immediately after the induction of RNA silencing targeting PSTVd replication, (2)
primordial leaves being developed hereafter will be exposed to the RNA silencing from the
beginning of their differentiation, and (3) suppression of PSTVd replication in these tissues

later results in recovery from severe disease symptoms. If the recovery starts in such



primordial leaves after establishment of RNA silencing, we will meet the recovery

phenomenon after the leaves fully expanded nearly a month later.

Accumulation of a short and a long siRNA uniqgue to viroid-inducing RNA silencing

In the second experiment, when PSTVd-inducing RNA silencing was established in
tomato plants, two classes of PSTVd-specific siRNAs were detectable; i.e., short one of ca. 21
nucleotides and long one of ca. 25 nucleotides. It should be noteworthy that when we
examined PSTVd-specific siRNA accumulation in all the expanded leaves and primordial
leaves at 15 days after inoculation, just after the induction of RNA silencing, only a short
siRNA was detectable in the upper primordial leaves being developed, on the other hand, both
of the short and a long siRNAs were clearly detectable in the lower fully expanded leaves
showing prominent disease symptoms. Similar analysis on 16, 18, and 25 days after
inoculation revealed that only the short siRNA was detectable in the primordial leaves being
developed, however, the long siRNA as well as the short one became detectable later as the
leaves grew up to expand. It was also evident that accumulation of the long one behinds the
short one by 2 to several days, or, in other words, the short one preceded the long one 2 to
several days. Since the short one spread whole plants except for the meristem quickly after the
induction, it looks more like an identified signaling molecule for systemic spreading of
viroid-specific RNA silencing.

The similar analysis performed using cucumber plants infected with HSVd again indicated
that only a short HSVd-specific siRNA of ca.21 nucleotides was evident in the primordial
leaves being developed, however, both of the long and the short ones were clearly detectable
in the lower expanded leaves.

The double viroid-specific siRNA accumulation pattern was also observed in hops
infected with HSVd, AFCVd and HLVd in the later growing season. On the contrary, only a
short CMV-specific siRNA of ca. 21 nucleotides was detectable in tomato plants infected
with CMV, but no long CMV-specific siRNA was detectable in any of the leaves, even in
fully expanded symptomatic leaves. Consequently, the pattern of siRNA accumulation in
which a short one of ca.21 nucleotides first accumulated quickly after the induction of RNA
silencing then a long one of ca.25 nucleotides followed slowly 2 — several days behind, was

the one unique to viroid-inducing RNA silencing triggered in viroid-infected host plants.
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