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RNA replication and systemic trafficking play significant roles in developmental regulation and host-pathogen interactions.
Viroids are the simplest noncoding eukaryotic RNA pathogens and genetic units that are capable of autonomous replication
and systemic trafficking and offer excellent models to investigate the role of RNA structures in these processes. Like other
RNAs, the predicted secondary structure of a viroid RNA contains many loops and bulges flanked by double-stranded
helices, the biological functions of which are mostly unknown. Using Potato spindle tuber viroid infection of Nicotiana
benthamiana as the experimental system, we tested the hypothesis that these loops/bulges are functional motifs that reg-
ulate replication in single cells or trafficking in a plant. Through a genome-wide mutational analysis, we identified multiple
loops/bulges essential or important for each of these biological processes. Our results led to a genomic map of viroid RNA
motifs that mediate single-cell replication and systemic trafficking, respectively. This map provides a framework to enable
high-throughput studies on the tertiary structures and functional mechanisms of RNA motifs that regulate viroid replication
and trafficking. Our model and approach should also be valuable for comprehensive investigations of the replication and

trafficking motifs in other RNAs.

INTRODUCTION

RNA replication not only represents a crucial milestone in the evo-
lution of life based on the RNA World scenario (Gilbert, 1986;
Joyce, 2002) but also impacts modern life as exemplified by the
amplification of infectious RNAs and RNA silencing signals
(Baulcombe, 2004; Ding and Voinnet, 2007). Upon synthesis,
some plant RNAs traffic into neighboring cells or even to distant
organs to regulate global gene expression and profoundly influ-
ence development and defense (Lough and Lucas, 2006; Ding
and Itaya, 2007; Ding and Voinnet, 2007). RNA trafficking, an in-
tegral part of viral systemic infection, often involves the active
role of viral-encoded proteins (Lucas, 2006).

Structural elements in viral RNAs that regulate replication have
been extensively studied (Hull, 2002; Flint et al., 2004; Miller and
White, 2006). By contrast, the molecular mechanisms that con-
trol RNA cell-to-cell trafficking remain poorly understood. The
idea that an RNA contains specific structural motifs to mediate
trafficking (Citovsky and Zambryski, 2000; Lucas et al., 2001) is
gaining increasing experimental support. Two viroid motifs that
mediate trafficking between specific cells have been identified
(Qi et al., 2004; Zhong et al., 2007). A cis-element in the 5’ un-
translated region of potexviral RNA, which plays a role in repli-
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cation (Miller et al., 1998), mediates cell-to-cell trafficking of a
fused reporter RNA (Lough et al., 2006). The recent demonstra-
tion that Brome mosaic virus RNAs can traffic long distance in the
absence of replication suggests that these RNAs have structural
elements directly recognized by cellular factors for trafficking
(Gopinath and Kao, 2007). The untranslated regions of potato
(Solanum tuberosum) BEL5 mRNA appear to be important for
long-distance trafficking in regulating tuber formation (Banerjee
et al., 2006). Structural motifs yet to be identified also control the
trafficking of other cellular RNAs (Haywood et al., 2005).

We use Potato spindle tuber viroid (PSTVd) as a model to
investigate RNA motifs that mediate replication and systemic
trafficking, given its outstanding biological and structural fea-
tures. Viroids are the smallest and simplest eukaryotic RNA
pathogens and genetic units that are capable of autonomous
replication and systemic trafficking. Without protein-coding ca-
pacity, encapsidation, and helper viruses, the circular viroid
genomic RNAs express all biological functions directly. To initi-
ate replication in single cells, the (+)-strand circular genomic
RNA is imported into the nucleus (for family Pospiviroidae) or
chloroplast (for family Avsunviroidae). This is followed by tran-
scription into (—)-strands that serve as the replication inter-
mediates to synthesize the (+)-strands. This rolling circle of
replication also includes cleavage of concatemeric transcription
products and ligation of the cleaved products into circular mol-
ecules. Upon export out of the organelle (i.e., nucleus or chlo-
roplast), the viroid RNAs embark on systemic trafficking that
includes movement across different cellular boundaries in an
inoculated leaf, entry into the phloem, long-distance movement
within the phloem, and exit out of the phloem and into another



36 The Plant Cell

leaf or other organ (Flores et al., 2005; Ding and ltaya, 2007;
Owens, 2007). Thus, a viroid RNA presents a simple model to
investigate many RNA-based biological processes.

The secondary structure of PSTVd is one the best understood
among RNAs, making it a highly tractable system to dissect RNA
structural features that mediate specific biological functions. The
359-nucleotide PSTVd genome was predicted to form a thermo-
dynamically favorable rod-like secondary structure in its native in
vitro state (Gross et al., 1978). Based on sequence and structural
comparisons among members of the family Pospiviroidae, this
structure can be divided into five domains: the left and right
terminal, pathogenicity, central, and variable (Figure 1; Keese
and Symons, 1985). This rod-like structural model is well sup-
ported by microscopic and biophysical studies (Riesner et al.,
1979), chemical/enzymatic mapping (Gast et al., 1996), and nu-
clear magnetic resonance spectroscopic studies (left terminal
domain; Dingley et al., 2003). Mutational studies support the im-
portance of the rod-like secondary structure of PSTVd for infec-
tion (Hammond and Owens, 1987; Hammond, 1994; Wassenegger
et al.,, 1994; Hu et al.,, 1997; Owens and Thompson, 2005).
Biophysical/chemical studies identified several premelting re-
gions of low thermostability in the native structure of PSTVd,
and denaturation of this structure initiated at these regions and
subsequent refolding led to the formation of metastable hairpin
(HP) structures via pairing of distant complementary nucleotide
sequences (Riesner, 1987; Riesner et al., 1979).

Earlier studies showed that many mutations rendered PSTVd
noninfectious in inoculated tomato (Solanum lycopersicum)
plants (Hammond and Owens, 1987; Loss et al., 1991; Owens
et al., 1991, 1995; Qu et al., 1993; Hu et al., 1996). Such results
were often interpreted as inhibited replication. However, be-
cause viroid accumulation was analyzed in either locally inocu-
lated or systemic leaves, it was not feasible to conclude whether
noninfection for a given mutant is attributed to defects in repli-
cation in single cells or to defects in systemic trafficking. For
example, the lower titer of PSTVANT compared with PSTVANB in
systemic leaves of tobacco (Nicotiana tabacum) did not result
from its lower replication capacity but resulted from its confine-
ment within the vascular tissue (Qi et al., 2004). Therefore, the
specific functional defects of those noninfectious mutants re-
main to be resolved.

Transcription of the (+)-strand PSTVd RNA probably initiates
at U359 or C1 at the left terminal loop based on in vitro studies
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Figure 1. Functional Analysis of PSTVd Structural Motifs.
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as well as reversion of mutated nucleotides in infected tomato
(Kolonko et al., 2006). HPII has long been thought to play a role
in replication, particularly transcription of the (—)-strand RNA,
based on the reversion of HPII-disrupting nucleotides to the wild
type in infected tomato plants (Loss et al., 1991; Owens et al.,
1991; Qu et al., 1993; Candresse et al., 2001). Consistent with
this hypothesis, HPIl could be detected in vitro and in vivo
(Schréder and Riesner, 2002). HPI also appears to be important
for infectivity based on the findings that mutations predicted
to disrupt HPI abolish infectivity in tomato plant (Hammond
and Owens, 1987). Direct experimental data, including loss-of-
function genetic evidence, are necessary to further test the role
of these structures in replication in single cells.

There is compelling evidence for the role of some loop struc-
tures in PSTVd infection. The loop E (Figure 1) in the central re-
gion was first shown to contain tertiary structure by in vitro UV
cross-linking (Branch et al., 1985) and further supported by
chemical/enzymatic mapping (Gast et al., 1996). It has been
shown to play arole inin vitro processing (Baumstark et al., 1997;
Schrader et al., 2003) and host adaptation (Wassenegger et al.,
1996; Qi and Ding, 2002; Zhu et al., 2002). Recent studies led to a
precise tertiary structural model of PSTVd loop E and loss-of-
function genetic evidence for its role in replication (Zhong et al.,
2006) and demonstration of its existence in vivo (Eiras et al.,
2007; Wang et al., 2007). A bipartite motif mediates PSTVd traf-
ficking from bundle sheath to mesophyll in young tobacco leaves
(Qietal., 2004). The U43/C318 loop forms a tertiary structure that
is necessary for PSTVd to traffic from the bundle sheath into the
phloem in Nicotiana benthamiana leaves (Zhong et al., 2007).

A major obstacle in advancing mechanistic studies of viroid
RNA structures in relation to specific biological functions has
been a lack of comprehensive understanding of the biological
significance of the numerous secondary structural features, such
as the loops and bulges. For all RNAs, loops and bulges have
generally been thought to consist of nucleotides that are un-
paired with functions elusive. However, rapidly accumulating
evidence from x-ray crystal and nuclear magnetic resonance
structural studies demonstrate that most RNA loops and bulges
are highly structured three-dimensional motifs, formed via non-
Watson-Crick base pairing, base stacking, and other base inter-
actions, that serve as the major sites for RNA-RNA, RNA—protein,
and RNA-small ligand interactions (Leontis et al., 2002, 2006;
Holbrook, 2005; Noller, 2005). Based on these advances in our
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The in vitro native rod-like secondary structure of PSTVd showing the five structural domains is based on Keese and Symons (1985). The 27 loops in this
secondary structure are numbered from left to right. The arrows indicate introduced mutations in the helical regions. The bars show the positions of
nucleotides that are proposed to base pair to form metastable HPI and HPII structures as shown in Figure 3. T, left terminal domain; Tg, right terminal domain.



understanding of the RNA loop/bulge structures and functions, we
hypothesize that most, if not all, of the loops/bulges in the rod-
shaped secondary structure of PSTVd represent functional motifs
that have distinct functions in replication and/or trafficking.

To test this hypothesis, we conducted a genome-wide muta-
tional analysis of the role of these loops/bulges during single-cell
replication and systemic trafficking in N. benthamiana. PSTVd
replicates efficiently in cultured cell protoplasts (Qi and Ding,
2002) and easily develops systemic infection in this plant (Hu
et al., 1997; Zhu et al., 2001). Through this analysis, we identified
multiple loops/bulges as functional motifs that are critical for rep-
lication or trafficking. In addition, we found that several PSTVd
mutants previously shown to be noninfectious in tomato were
capable of replication in N. benthamiana single cells but were
defective in systemic trafficking. Finally, we obtained evidence
that HPI and HPIl are not essential for PSTVd replication in
N. benthamiana. These results support the hypothesis that the
loops/bulges in the rod-shaped secondary structure of PSTVd
serve as major functional motifs that likely interact with cellular
factors to accomplish various aspects of replication and sys-
temic trafficking during infection. We present a genomic map of
the most critical motifs, which provides a framework to enable
high-throughput studies on the tertiary structures and functional
mechanisms of RNA motifs that regulate viroid replication and
trafficking. Our model and approach should also be valuable for
comprehensive investigations of the replication and trafficking
motifs in other RNAs.

RESULTS

Generation of PSTVd Mutants with Disrupted Loops

We used the intermediate strain of PSTVd (wild type; Gross et al.,
1978) as our experimental model. For simplicity of description,
the term “loop” is used in this report to broadly include both
loops and nucleotide bulges. Numbered from left to right, there
are a total of 27 loops in the PSTVd secondary structure (Figure
1). We previously showed loop 15 (loop E) to be essential for
replication (Zhong et al., 2006) and loop 7 (U43/C318 motif) to be
critical for systemic trafficking (Zhong et al., 2007). Therefore,
they were not included for detailed analyses in this study. How-
ever, we did include A99C, a loop E-disruptive mutant that is
defective in replication (Zhong et al., 2006), as a negative control
in addition to mock inoculation in all replication experiments.
To examine the function of the other 25 loops in PSTVd rep-
lication and systemic trafficking, we generated a series of mu-
tants with each containing one disrupted loop. Specifically, we
designed mutations to close each internal loop by introducing
canonical Watson-Crick base pairs or by deleting bulged nucle-
otides. The two terminal loops cannot simply be closed due to
structural constraints. Therefore, we generated mutations to en-
large each of them based on previous studies (Hammond and
Owens, 1987). None of the mutations affected the overall PSTVd
secondary structure as predicted by mfold (Zuker, 2003; Figure 2).
We also investigated the effects of helical mutations on PSTVd
infection (see arrows in Figure 1 for specific mutations). These
mutations were shown in previous studies to affect PSTVd
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infection (Hammond and Owens, 1987; Owens et al., 1991).
These included G46C (Hammond and Owens, 1987), G26C, and
G65U (Owens et al., 1991) that completely abolished infectivity in
tomato plants. Whether they inhibited replication in single cells
or systemic trafficking was unknown.

Finally, we also generated mutants with disrupted HPII and HPI
to test the function of these metastable structures in replication
and systemic trafficking. Based on the HPII structural model and
previous analyses (Loss et al., 1991; Qu et al., 1993), each of the
substitutions C229U, C231A, and G324U is predicted to disrupt
HPII structure (see arrows in Figure 3). Each of the substitutions
G80A and C109U is predicted to disrupt HPI (Hammond and Owens,
1987; see arrows in Figure 3). Double mutations C231A/G324U
and G80A/C109U are predicted to restore formation of HPIl and
HPI, respectively (Qu et al., 1993; Hammond and Owens, 1987).

For all mutants, we tested their replication in single cells and
systemic trafficking in a whole plant of N. benthamiana. Specific
results are presented below.

Genomic Locations of Loops That Are Most Critical for
Replication in Single Cells

To determine the replication capacity of each mutant, we used
the accumulation level of its circular genomic RNA in inoculated
protoplasts of N. benthamiana cultured cells as an indicator (Qi
and Ding, 2002). The protoplast assay avoids complications of
cell-to-cell movement associated with assays using inoculated
or systemic leaves because the accumulation level of a mutant in
a leaf is determined by its replication capacity in single cells and
the extent of its movement between cells. Three days after in-
oculation of protoplasts, RNA was extracted and analyzed by
RNA gel blot hybridization using PSTVd-specific riboprobes. The
accumulation levels of circular PSTVd RNA were quantified,
based on results from three biological replicates for each mutant,
and the data are presented as the percentage of the wild-type
level. As shown in Figure 4, in negative control experiments,
mutant A99C (which has nucleotide A99 substituted by C to dis-
rupt loop E) accumulated to <5% of the wild-type level, consis-
tent with previous results (Zhong et al., 2006). The other loop
mutants exhibited different levels of accumulation compared
with the wild type, ranging from ~10 to >110% (Figure 4).
Representative RNA gel blots showing wild-type and mutant
PSTVd accumulation levels are presented in Figure 5A.

Examination of the overall patterns reveals that the loops most
critical for replication in single cells reside in the distal end of the
left terminal domain and the central region. Specifically, enlarg-
ing loop 1, deleting loops 2 and 3, and closing loop 4 in the left
terminal domain reduced replication to below 16%, and disrup-
tion of loop 15 (loop E) and loop 13 in the central region reduced
replication to 5 to 10% of the wild-type level. These low levels of
replication indicate that presence of each of these loops is critical
for replication.

The loops in the proximal end of the left terminal (loops 5 and
6), variable (loops 18 to 22), pathogenicity (loops 8 to 10), and
right terminal domains (loops 23 to 27) are also important, but
less critical, for replication. Disruption of loops in these domains
reduced replication to 25 to 80% of the wild-type levels. Among
these, the variable domain appears to be the least important for
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Figure 2. Thermodynamic Prediction of Secondary Structures of Loop Mutants by mfold (Zuker, 2003).
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Figure 3. The Nucleotide Sequences and Secondary Structures of HPI
and HPII.

The arrows indicate the nucleotide substitutions used in this study.

replication, given the overall higher replication levels of mutants
in this domain compared with those of mutants in the other
domains (Figure 4).

Further analyses reveal a complex pattern of loop mutant
behavior in the central region. While disruption of loop 15 (loop E)
and loop 13 reduced replication to 5 to 10% of the wild-type level
as mentioned above, deletion of loop 14 surprisingly enhanced
replication to >110% of the wild-type level. Disruption of the
other loops reduced replication to 20 to 50% of the wild-type
levels. Strikingly, as discussed below, while disruption of loop 11
reduced replication to ~21%, it is the only mutant that main-
tained normal systemic trafficking.

PSTVd Loops That Are Critical for Systemic Trafficking

To identify PSTVd loops that might be important for systemic
trafficking, we mechanically inoculated each mutant onto the first
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two true leaves of 2-week-old N. benthamiana seedlings. At 4
weeks after inoculation, the presence or absence of PSTVd in
systemic leaves was determined by dot and RNA gel blots.
Twelve plants, from three biological replicates each involving
four plants, were inoculated with each mutant and the wild type.
The results are pooled and presented in Tables 1 to 3. To deter-
mine the trafficking function of a mutant, several factors need to
be considered: (1) the replication level of the mutant in proto-
plasts, (2) the number of inoculated plants that showed systemic
infection, and (3) the maintenance of introduced mutations in the
RNA progeny. Because reduced replication levels could influ-
ence the trafficking capacity of PSTVd as a population, it is
important to determine the minimal replication level, relative to
the wild type, that is still sufficient to sustain systemic infection.
As shown in Figure 4 (black column), deletion of loop 11 reduced
PSTVd accumulation to slightly >20% of the wild-type level in
protoplasts. However, this mutant systemically infected nine out
of the 12 inoculated plants (Figure 5B; Table 5). Sequencing of
viroid progeny from four of the systemically infected plants
showed maintenance of the deletion in two plants and additional
mutations in the other two plants (Table 5). Although the biolog-
ical effects of additional mutations remain to be understood, it is
clear that 20% of the wild-type replication level is sufficient for
systemic trafficking. Based on these considerations, we provi-
sionally classified the trafficking functions of loop mutants into
four categories (Figure 4, Tables 1 to 3; for representative RNA
gel blot data, see Figure 5B): (1) trafficking competent, (2) traf-
ficking defective, (3) trafficking impaired, and (4) trafficking un-
known. Each is described in detail below.

Trafficking-Competent Mutant

As discussed above, the loop 11 mutant is the only one in this
category.
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Figure 4. Summary of Replication and Systemic Trafficking Functions of Loop Mutants.

The replication level of a mutant is presented as the percentage of the wild-type level. The systemic trafficking function of a loop mutant is indicated by
column shading, with black denoting trafficking-competent mutants, white denoting trafficking-defective mutants, gray denoting trafficking-impaired

mutants, and hatched denoting trafficking-unknown mutants.
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Figure 5. RNA Gel Blot Analyses of the Replication and Systemic Trafficking Functions of PSTVd Mutants.

(A) Representative RNA gel blots showing accumulation of the circular molecules of the wild type and mutants of PSTVd (c-PSTVd) in N. benthamiana

protoplasts.

(B) Representative RNA gel blots showing presence or absence of the circular molecules of the wild type, trafficking-competent (loop 11), trafficking-
defective (loop 12), trafficking-impaired (loop 21), and trafficking-unknown (loop 2) mutants of PSTVd, respectively, in 12 of the N. benthamiana plants

inoculated in each case. M, mock inoculation.

Trafficking-Defective Mutants

These mutants accumulated to >20% of the wild-type levels in
the protoplasts but failed to accumulate in systemic leaves in all
of the 12 inoculated plants. These mutants included loops 6, 10,
12,17,18,19, 20, 24,25, and 26 (Table 1, white columns in Figure
4). These loops are mostly clustered in the variable and right
terminal domains and at the junction between the pathogenicity
domain and central region.

Trafficking-Impaired Mutants

These mutants accumulated to >20% of the wild-type levels in
the protoplasts. However, they showed systemic infection in
<50% of the inoculated plants. As shown in Table 2 and gray
columns in Figure 4, loop mutants 5, 8, 9, 14, 16, 21, 22, 23, and
27 belong to this group. We sequenced viroid progeny from a
fraction of the systemically infected plants to determine whether
the trafficking mutants maintained only the original mutations,
acquired new mutations, or reverted to the wild type. In all cases,
we detected reversions or additional mutations (Table 5). Be-
cause the effects of these spontaneous mutations on PSTVd
systemic trafficking are not clear, the conservative designation
of “trafficking impaired” suggests that the original mutations
did not abolish, but inhibited to some extent, the trafficking
function.

Trafficking-Unknown Mutants

Loop mutants 1, 2, 3, 4, and 13 accumulated to <20% of the wild-
type level in protoplasts (Table 3, hatched columns in Figure 4).
Systemic accumulation of the mutants in this group was absent
in most of the inoculated plants (Table 3). Sequencing of RNA
progeny from a fraction of the systemically infected plants de-
tected additional mutations (Table 5). How these additional mu-
tations affect trafficking and replication is unclear at this stage.
Because 20% is below the currently known replication level suf-
ficient to support trafficking, we do not know whether compro-
mised systemic accumulation of these mutants is due to the low
replication levels or specific defects in systemic trafficking.

Mutations in Helical Regions alter Neighboring Loop
Structures and Inhibit PSTVd Systemic Trafficking

As discussed above, mutations G46C (Hammond and Owens,
1987), G26C, and G65U (Owens et al., 1991) completely abol-
ished PSTVd infectivity in tomato plants, but whether they
inhibited replication or trafficking is unclear. As summarized in
Table 4, our analyses showed that these mutants replicated to 23
to 46% of the wild-type, levels but all failed to accumulate in
systemic leaves of N. benthamiana plants. Sequencing of viroid
progeny from the only plant systemically infected by G65U
showed reversion to the wild-type sequence.



Table 1. Trafficking-Defective Mutants

Loop Mutations Domain® Replication® Trafficking®

Wild type 100% 11/12

6  G36U/A37C/C38G T 30% 0/12
10 A290A/A291A P 32% 0/12
12 A77A/G78A/C79A CR 29% 0/12
17 A118G/A119C/A120A CR 52% 0/12
18 A126G/C127A v 63% 0/12
19 C227U v 46% 0/12
20  A222G/C223A v 73% 0/12
24 U157G/A158G/U161A Tg 25% 0/12
25  C166A/C167A Th 29% 0/12
26  C172GGAC Th 46% 0/12

aStructural domains in native secondary structure. T, left terminal; P,
pathogenicity; CR, central region; V, variable; Tg, right terminal.

b Replication efficiency of mutants expressed as a percentage of wild-
type PSTVd.

¢ Trafficking function is expressed as number of plants showing sys-
temic infection, determined by dot blot, over total humber of plants
inoculated.

dnsertion of GA between residues 172 and 173.

Secondary structural prediction by mfold (Zuker, 2003)
showed that all mutations not only disrupted local helices but
also affected the adjacent loops (Figure 6). For example, G26C
enlarges loops 4 and 5, and G46C enlarges loops 6 and 7. G65U
alters loop 9 and creates a small bulge between loops 9 and 10.
These data suggest that defects in systemic trafficking may
result from alteration of the loops, which were shown indepen-
dently to be important for trafficking by the above loop-disruption
mutations. However, we cannot exclude the role of helical struc-
tures at this stage.

Disruption of HPIl and HPI Formation Does Not Inhibit
PSTVd Replication in Single Cells

Previous studies showed that mutations predicted to disrupt the
HPIl core structure always reverted to wild type in infected
tomato plants, suggesting the importance of HPII for replication
(Loss et al., 1991; Owens et al., 1991; Qu et al., 1993). However,
reversion is not direct evidence of HPII functions. To directly test
the potential role of HPII in replication, we analyzed the replica-
tion and trafficking functions of selected HPIl mutants. As shown
in Table 4, C229U, C231A, and G324U mutations, each predicted
to disrupt the HPII core structure, maintained replication func-
tions in N. benthamiana protoplasts. While C231A, G324U, and
C231A/G324U also trafficked systemically, C229U showed im-
pairment in systemic trafficking. Sequencing confirmed main-
tenance of the introduced mutations in plants inoculated by
C231A, G324U, and C231A/G324U. We also detected several
additional mutations in the viroid progeny from plants inoculated
by C231A and G324U but not by C231A/G324U (Table 5). These
mutations are not expected to affect the HPII structure, but their
biological effect is unknown. These data showed that HPII for-
mation is not essential for PSTVd replication in N. benthamiana
cells. Analysis by mfold showed no effect of C229U substitution
on the local secondary structure of PSTVd (Figure 6). The inhib-
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itory effect of this mutation on systemic trafficking suggests that
either HPII plays a role in trafficking or more likely the specific
nucleotides in the short helix between loops 18 and 19 play arole,
together with these loops, in trafficking.

HPI is also suggested to be important for infectivity in tomato
plants (Hammond and Owens, 1987). As shown in Table 4, the
two HPI-disrupting single mutations, G80A and C109U, as well
as the HPI-restoring double mutant G80A/C109U (Hammond
and Owens, 1987) replicated to 53 to 72% of the wild-type levels,
but all failed to establish systemic infection in N. benthamiana.
Therefore, HPI formation is not necessary for PSTVd replication
in this plant. Whether it is involved in systemic trafficking is an
interesting issue to be pursued further (see Discussion).

DISCUSSION

Despite more than three decades of extensive studies, how a
viroid RNA functions to accomplish single-cell replication and
systemic trafficking remains largely unknown. More specifically,
although the PSTVd secondary structural model, including the
structural domains, has been well studied by many means, there
is very limited knowledge of how this model is related to various
specific biological functions necessary to establish systemic in-
fection. One approach to break this bottleneck is to obtain a ge-
nomic map of the functional motifs that will enable high-throughput
mechanistic studies. To this end, we conducted a genome-wide
mutational analysis to determine the roles of various PSTVd
loops in single-cell replication or systemic trafficking. We found
that disruption of nearly every loop had an impact on either rep-
lication or systemic trafficking of PSTVd. There are two plausible
explanations for our observations. First, the closing of some
loops may lead to enhanced stability of the native structure of
PSTVd, preventing its denaturation to form alternative struc-
tures necessary for certain functions in replication or trafficking.
Second, many, if not all, of the loops in the PSTVd secondary
structure serve as functional motifs that likely interact with cel-
lular factors to regulate distinct biological processes necessary
to establish systemic infection. It is important to stress that
these are not mutually exclusive possibilities. The nucleotide
sequences of a loop may be critical for the formation of

Table 2. Trafficking-Impaired Mutants

Genetic

Loop Mutations Domain Replication Trafficking Stability

Wild type 100% 11/12 s

5  U332A/U333G T 36% 2/12 M/R
8  A50G/A51U P 24% 112 R

9  C301A/C303U/A305U P 37% 2112 M/R
14 U267A CR 110% 4/12 M
16 A112A/A113A CR 27% 2/12 M
21 Al42U v 82% 4/12 M

22 C147G v M% 5/12 M/R
23 A150C/C151G Tr 35% 4/12 M
27 U177A/U178A TR 53% 1/12 M

See Table 1 for legend. S, stable; R, reversion to the wild type; M,
additional mutations.
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Table 3. Trafficking-Unknown Mutants

Genetic

Loop Mutations Domain Replication Trafficking Stability

Wild type 100% 11/12 s
1 G2U/A4C/C6G T 16% 1/12 R
2 A8A T 16% 3/12 M
3 C13A T 12% 2/12 M
4 U22A/U24G T 13% 0/12

13 A271A/A272A/C273U/

A274C/A275C CR 10% 1/12 M

See Table 1 for legend. S, stable; R, reversion to the wild type; M,
additional mutations.

metastable structures, whereas its tertiary structure can serve as
a functional motif.

For the structural stability model, an example is the A135G
substitution that closes the A135/C227 loop (loop 19 in our
numbering scheme), which stabilizes a “premelting” region that
may lead to inhibition of HPII formation (Owens et al., 1991). The
A135G substitution rendered PSTVd noninfectious in tomato
(Owens et al., 1991). We closed loop 19 by C227U substitution
(Figure 2), which could have similar stabilizing effects as A135G
substitution does. This mutation reduced PSTVd replication to
46% of the wild-type level and abolished its systemic trafficking
capacity in N. benthamiana (Figure 4, Table 1).

In a more direct approach to test the biological functions of
putative metastable structures, we analyzed the effects of HPII
and HPI mutations on replication in single cells or systemic
trafficking. HPIl has long been thought to play an important role in
PSTVd replication (Loss et al., 1991; Owens et al., 1991; Quet al.,
1993; Candresse et al., 2001). In this study, we showed that none
of the tested HPII-disruptive mutations abolished PSTVd repli-
cation in N. benthamiana protoplasts. In fact, the HPIl mutants
replicated to 54 to 95% of the wild-type levels. More significantly,
we recovered HPII-disrupting mutants from systemically infected
leaves for the first time. Taken together, these data provide com-
pelling evidence suggesting that HPII is not essential for repli-

cation in N. benthamiana. At this stage, however, we cannot rule
out the possibility that HPII functions in a host-specific manner.
Furthermore, there remains a possibility that PSTVd can use
HPII and the stable secondary structure as alternative platforms
to regulate transcription, based on in vitro studies (Repsilber
et al., 1999). Further experiments are clearly needed to test criti-
cally these possibilities. We also showed that HPI-disrupting
mutants maintained 53 to 72% of the replication functions in N.
benthamiana, suggesting that HPI is not essential for replication
in N. benthamiana cells. The observations that the two HPI-
disrupting mutants and the HPI-restoring mutant failed to traffic
systemically raise the intriguing question whether HPI plays a
role in trafficking. On one hand, the inhibitory effect of G80A on
trafficking can be explained in the HPI context. On the other
hand, G80A mutation distorts loops 10 and 12, which are
essential for trafficking (Figure 6, Table 4). The C109U mutation
does not alter the helix or neighboring loops. lts trafficking-
inhibitory effect suggests that either the HPI structure or specific
nucleotides in the helix plays a role in trafficking. The double
mutant G80A/C109U is predicted to restore HPI but not the
native secondary structure (Hammond and Owens, 1987). There-
fore, its inhibition of PSTVd trafficking appears to argue against a
role of HPI in trafficking. However, we showed previously that
certain compensatory mutations can predictably restore an RNA
motif but cannot restore fully the motif function (Zhong et al.,
20086). Thus, further experiments will be necessary to address the
potential role of HPI in systemic trafficking in N. benthamiana and
to determine whether it functions in a host-specific manner.
Our functional motif model is consistent with the demon-
stration that most RNA loops and bulges are highly structured
three-dimensional motifs that serve as the major sites for RNA-
RNA, RNA-protein, and RNA-small ligand interactions (Leontis
et al., 2002, 2006; Holbrook, 2005; Noller, 2005). This interpre-
tation is also supported by the findings that the tertiary structure
of loop E (loop 15) and U43/C318 loop (loop 7) is critical for
replication (Zhong et al., 2006) and phloem entry (Zhong et al.,
2007), respectively. Figure 7 presents a PSTVd genomic map of
loop motifs that are most critical for replication or systemic traf-
ficking in N. benthamiana. To be conservative, we include only

Table 4. Replication and Trafficking of Helical, HPI, and HPIl Mutants

Metastable Genetic Tomato

Mutation Structure Domain Replication Trafficking Stability Infectivity
Wild type 100% 11/12 S S
G26C T 23% 0/12 N?
G46C T 42% 0/12 N
G65U P 46% 112 R N2
C229U HPII-Dis \ 54% 3/12 R/M RS
C231A HPII-Dis \ 95% 9/12 S/R/M N3
G324U HPII-Dis T 82% 8/12 S/R/M N3
C231A/G324U HPII-Res T,V 86% 8/12 S N3
G80A HPI-Dis CR 53% 0/12 N?
C109U HPI-Dis CR 72% 0/12 N?
G80A/C109U HPI-Res CR 66% 0/12 N?

See Table 1 for legend. S, stable; R, reversion to the wild type; M, additional mutations; N, noninfectious; Dis, predicted to disrupt HPI or HPII
structure; Res, predicted to restore HPI or HPII structure. ', Hammond and Owens (1987); 2, Owens et al. (1991); 3, Qu et al. (1993).
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Figure 6. Thermodynamic Prediction of Secondary Structures of Helical, HPII, and HPI Mutants by mfold (Zuker, 2003).

Only partial sequences are shown. Red letters denote introduced mutations. The blue numbers indicate no change, and the red numbers indicate
structural changes in the loops. The dashed lines represent unchanged structures.

loops the disruption of that (1) reduced PSTVd replication to
below 16% of the wild-type level, (2) enhanced the replication
above the wild-type level, and (3) rendered PSTVd defective in
systemic trafficking. We also combined findings from our previ-
ous work on the requirement of loop E (loop 15) for replication
(Zhong et al., 2006) and U43/C318 motif (loop 7) for vascular
entry (Zhong et al., 2007). This map shows that, in the PSTVd
secondary structure, the motifs most critical for replication are
clustered in the distal end of the left terminal domain and central
region, whereas the trafficking motifs are mostly clustered in the
variable and right terminal domains, the proximal end of the left
terminal domain, and at the junction of pathogenicity/central
domains. This map represents a major advance over previous
mutational studies by (1) its genome-wide identification of func-
tional motifs and by (2) its distinction of motif functions for
replication at the cellular level and trafficking at the whole-plant
level. It integrates biological functions with the well-established
structural domains at the whole genomic level and establishes a
new framework for whole-genome approaches to elucidate the

infection mechanisms of a viroid RNA. To determine whether
these motifs are present in other members of the genus Pospivi-
roid, we examined the equivalent positions of other viroid se-
quences in the genus that are predicted to fold into similar
secondary structures as PSTVd. Many loops are indeed present
in Chrysanthemum stunt viroid, Citrus exocortis viroid, Columnea
latent viroid, Mexican papita viroid, Tomato apical stunt viroid,
Tomato chlorotic dwarf viroid, and Tomato planta macho viroid
(see Supplemental Figure 1 online; Singh et al., 2003; Zhong
et al., 2007; Subviral RNA Database, http://subviral.med.uottawa.
ca/cgi-bin/home.cgi). Such secondary structural conservation
lends further support to the functional importance of these loops.
However, RNA motifs are often more conserved at the tertiary
structural rather than sequence/secondary structural levels (Leontis
et al., 2006). Therefore, a future focus of studies will be the de-
termination of the tertiary structures of all the motifs, as recently
reported for loop 7 (Zhong et al., 2007) and loop 15 (loop E;
Zhong et al., 2006) to understand fully structural conservation in
relation to function.
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Table 5. Sequencing of Viroid Progeny from a Fraction of Systemically Infected Plants

Original No. of Plants Progeny Sequences
Loop Mutations Trafficking Sequenced (No. of Plants)
11 A74A 9/12 4 AT4A(2)
A74G/U312C(1)
U257A(1)
5 U332A/U333G 2/12 1 WT+C42U/U355C(1)2
9 C301A/C303U/A305U 2/12 1 WT+U257A(1)2
14 U267A 4/12 2 U267A/C216U(1)
U267A/U316C(1)
16 A112A/A113A 2/12 2 A112A/A113A/G243U(1)
A112A/A113A/U247A(1)
21 A142U 4/12 4 A142U/G221U(3)
A142U/A219U(1)
22 C147G 5/12 3 WT(1)
C231A(1)
C167A(1)
23 A150C/C151G 4/12 2 WT(1)
A150C/C151G/A135G(1)
27 U177A/U178A 112 1 U177A/U178A/A182U(1)
2 A8BA 3/12 2 ABA/A171G(2)
3 C13A 2/12 2 C13A/U316C(2)
13 A271A/A272A/C273U/ 1/12 1 C273U/A274C/A275C/
A274C/A275C U316C(1)
HPII C229U 3/12 3 WT(2)
C229U/C216U(1)
HPII C231A 9/12 5 C231A(2)
WT(1)
C231A/C216U(2)
HPII G324U 8/12 4 G324U(2)
WT(1)
G324U/U329G(1)

WT, reversion to wild-type sequences. Letters in bold indicate new mutations.

2 Mixture of wild-type and additional mutations.

Our results provide loss-of-function evidence to further estab-
lish the role of the left terminal loop and the central region in
replication. In particular, the importance of loop 1 for replication
is consistent with the in vitro mapping of transcription initiation
sites at the left terminal loop (Kolonko et al., 2006). The finding
also provides clear evidence that failed replication at the cellular
level can account for the noninfection of mutant PSTVd-P, based
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on which loop 1 mutations were designed, in N. benthamiana (Hu
et al., 1997) and likely also in tomato (Hammond and Owens,
1987). It will be of great interest to determine whether loops 1 to 4
in the left terminal domain function at the same or distinct steps
of replication. The importance of the central region in replication
has long been suggested (Keese and Symons, 1985). It is clearly
involved in processing in vitro (Baumstark et al., 1997; Schrader
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Figure 7. A Genomic Map of PSTVd Loop Motifs That Are Essential/Critical for Replication and Systemic Trafficking.

1Data from Zhong et al. (2006); 2 data from Zhong et al. (2007). R, replication; T, trafficking.



et al., 2003). We previously provided genetic evidence for the
requirement of loop E (loop 15) in this region for replication in vivo
(Zhong et al., 2006). As additional genetic evidence to support
the essential role of the central region in replication, we identified
loop 13 as another motif in this region that is essential for rep-
lication. Furthermore, deletion of loop 14 (bulged U) consistently
led to enhanced replication, albeit at a modest level. The signif-
icance of this striking observation remains to be understood. It
does, however, raise the intriguing question of whether positive
and negative regulatory elements exist in PSTVd to maintain an
optimal level of replication beneficial to the viroid population.
With regard to mechanisms, defects in intracellular trafficking
such as nuclear import, RNA stability (including resistance to
general nuclease activities and RNA silencing), transcription,
subcellular localization, or in vivo processing would affect accu-
mulation of a mutant in the protoplasts. Thus, our collection of
PSTVd mutants provides valuable materials for future studies to
probe the specific roles of the PSTVd loops in these processes
and identification of the cellular factors that interact with these
loops for function.

We previously showed that a bipartite motif was necessary and
sufficient to mediate PSTVd trafficking from the bundle sheath
to mesophyll in young tobacco leaves (Qi et al., 2004) and that
loop 7 (U/C moatif) is required for trafficking from the bundle sheath
into the phloem in N. benthamiana (Zhong et al., 2007). Whether
these motifs function alone or synergistically with additional mo-
tifs to mediate trafficking in these cases remains an open issue.
Furthermore, there is no information about the motifs that medi-
ate trafficking across other cellular boundaries. Our identification
of many motifs that are essential or important for systemic traf-
ficking should make it possible to address these issues. It should
be pointed out that the distinction between trafficking-defective
and trafficking-impaired mutants is quite arbitrary at this stage,
with the reason why systemic infection occurred in a small frac-
tion of the plants inoculated by the latter group of mutants remain-
ing to be understood. Nonetheless, further investigations using a
combination of cellular, molecular, and structural approaches (Qi
et al., 2004; Zhong et al., 2007) should provide important insights
into the specific role of each of the identified loops in trafficking
across various cellular boundaries. Here, two observations are
particularly interesting. The identification of loops 24, 25, and 26
at the right terminal domain as essential for trafficking is consis-
tent with previous findings that mutations in the right terminal loop
inhibited PSTVd systemic infection when inoculated onto tomato
(Hammond, 1994). This is also the region that has been shown to
interact with VIRP1 (Gozmanova et al., 2003; Maniataki et al.,
2008), a bromodomain-containing protein from tomato recently
shown to be important for PSTVd infection (Kalantidis et al.,
2007). Thus, the right terminal region can be a focus for further
studies on the RNA-protein interactions that direct trafficking
across some cellular boundaries yet to be identified. A potential
implication of our findings is that multiple motifs may also be
involved in regulating systemic trafficking of viral and cellular
RNAs, an important issue that remains to be addressed.

In summary, our results provide a foundation for genome-wide
mechanistic studies of the PSTVd structural elements in repli-
cation and systemic trafficking. These include more extensive
studies on the relative contributions of the native versus meta-
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stable structures in replication and trafficking using a combina-
tion of biophysical, structural, genetic, and molecular approaches.
Furthermore, our results provide a guide for targeted studies on the
tertiary structures of various motifs and how each of them functions
in a specific step of replication and trafficking. Finally, the pool of
mutants with known functional defects will facilitate investigation of
the cognate cellular factors. These findings and their implications
support the notion that PSTVd can be a productive model to
investigate comprehensively how distinct RNA motifs interact with
cellular factors to regulate a wide range of cellular processes of
general biological significance. Our model and approaches should
be useful to investigate comprehensively the structure-function
relationships of other RNAs.

METHODS

Plant Materials and Growth Conditions

Nicotiana benthamiana plants were grown in a growth chamber controlled
at 14-h-light (27°C)/10-h-dark (24°C) cycles. Cultured cells of N. ben-
thamiana were maintained in Murashige and Skoog medium (MS salts;
Life Technologies) supplemented with 30 g/L of sucrose, 256 mg/L of
KH,PO,4, 100 mg/L of myo-inositol, 1 mg/L of thiamine, and 1 mg/L of
2,4-D with a final pH of 5.5. The detailed protocols are described by
Zhong et al. (2005).

PSTVd cDNA Construction

Plasmid pRZ6-2 containing cDNAs of PSTVd'" was constructed by Hu
et al. (1997) and was a gift from Robert Owens. All PSTVd-derived mu-
tants were generated by site-directed mutagenesis using the Quick-
change site-directed mutagenesis kit (Stratagene) using pRZ:PSTVd'"t as
the template. The introduced mutations were verified by sequencing.
Construction of pinter(-) was described by Qi and Ding (2002).

In Vitro Transcription

To prepare PSTVd inocula, Hindlll-linearized plasmid pRZ6-2 containing
PSTVd cDNA was used as the template for in vitro transcription with
T7 MEGAscript (Ambion). To prepare riboprobes for RNA gel blotting,
[«-32P]UTP-labeled antisense riboprobes were prepared by in vitro tran-
scription using T7 MAXIscript kit (Ambion) using Spel-linearized pinter(-)
as the template. After in vitro transcription, the DNA templates were re-
moved by digestion with RNase-free DNase |. The RNA transcripts were
purified with MEGACIear kit (Ambion). Nonradioactive and radioactive
RNA transcripts were quantified by UV spectrometry or scintillation
counting, respectively.

Plant and Protoplast Infection

The in vitro transcripts of PSTVd variants were used to inoculate the
carborundum-dusted first two true leaves of 2-week-old N. benthamiana
plants (300 ng/plant). DEPC-H,0 was used for mock inoculation. Four
weeks after inoculation, total RNAs were extracted from systemic leaves
for RNA gel blot analysis. N. benthamiana protoplasts were prepared and
transfected with PSTVd transcripts by electroporation as described by
Zhong et al. (2005). At 3 d after inoculation, transfected protoplasts were
collected for RNA extraction and gel blot analysis.

RNA Extraction and RNA Gel Blots

Total RNA from infected plants was isolated using Trizol reagent
(Invitrogen), and total RNA from protoplasts was extracted using the
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RNeasy plant mini kit (Qiagen) according to the manufacturer’s instruc-
tions. Five micrograms of total RNA was separated on a 5% polyacry-
lamide/8 M urea gel. After electrophoresis, the RNA was transferred to
a Hybond-XL nylon membrane (Amersham Biosciences) using a vac-
uum blotting system (Amersham) and immobilized by UV cross-linking.
Hybridization with [«-32P]UTP-labeled riboprobes was performed at
65°C using ULTRAhyb reagent (Ambion). After overnight hybridization,
the membranes were washed twice in 2X SSC/0.1% SDS for 15 min and
twice in 0.2Xx SSC/0.1% SDS for 15 min at 65°C and exposed to a Storage
Phosphor Screen (Kodak). Hybridization signals were quantified with the
Molecular Imager FX using Quantity One-4.1.1 software (Bio-Rad).

Sequencing of RNA Progeny

The protocols for preparing cDNAs of the PSTVd progeny isolated from
plants were essentially as described by Qi and Ding (2002). Briefly, cDNAs
of PSTVd RNA were RT-PCR amplified and sequenced in both directions
using the ABI377 DNA sequencer (Perkin-Elmer) at the DNA Sequencing
Facility at Ohio State University.

Supplemental Data

The following material is available in the online version of this article.

Supplemental Figure 1. Secondary Structural Conservation of Some
PSTVd Loops in Other Species of Genus Pospiviroid, Including
Chrysanthemum stunt viroid, Citrus exocortis viroid, Columnea latent
viroid, Mexican papita viroid, Tomato apical stunt viroid, Tomato
chlorotic dwarf viroid, and Tomato planta macho viroid.
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