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Increasing evidence indicates that the phloem mediates traffic of selective RNAs within a plant. How an RNA enters, moves
in, and exits the phloem is poorly understood. Potato spindle tuber viroid (PSTVd) is a pathogenic RNA that does not encode
proteins and is not encapsidated, and yet it replicates autonomously and traffics systemically within an infected plant. The
viroid RNA genome must interact directly with cellular factors to accomplish these functions and is, therefore, an excellent
probe to study mechanisms that regulate RNA traffic. Our analyses of PSTVd traffic in Nicotiana benthamiana yielded
evidence that PSTVd movement within sieve tubes does not simply follow mass flow from source to sink organs. Rather,
this RNA is transported into selective sink organs. Furthermore, two PSTVd mutants can enter the phloem to spread
systemically but cannot exit the phloem in systemic leaves of tobacco (Nicotiana tabacum). A viroid most likely has evolved
structural motifs that mimic endogenous plant RNA motifs so that they are recognized by cellular factors for traffic. Thus,
analysis of PSTVd traffic functions may provide insights about endogenous mechanisms that control phloem entry,
transport, and exit of RNAs.

RNA and protein traffic is a biological function
basic to all multicellular organisms. Increasing evi-
dence indicates that selective plant RNAs traffic from
cell to cell through plasmodesmata and even from
organ to organ through the phloem. Examples in-
clude Suc transporter 1 (SUT1) mRNA (Kühn et al.,
1997), over 100 mRNAs from phloem exudates of
pumpkin (Ruiz-Medrano et al., 1999), and a mutant
fusion transcript between LeT6, a tomato (Lycopersi-
con esculentum) homeodomain protein gene, and
PYROPHOSPHATE-DEPENDENT PHOSPHOFRUC-
TOKINASE gene (Kim et al., 2001). Gene silencing
signals, believed to consist of RNAs, also traffic sys-
temically (Palauqui et al., 1997; Voinnet and Baul-
combe, 1997; Voinnet et al., 1998). These findings
raise the prospect that systemic RNA traffic controls
various plant developmental and physiological pro-
cesses, in addition to surveillance and elimination of
viral pathogens (Jorgensen et al., 1998; Lucas et al.,
2001; Ueki and Citovsky, 2001; Wu et al., 2002).

The diversity of RNAs transported in the phloem
poses questions about how the phloem delivers all
cargos to the proper locations. Most important of
these are whether a transport cargo has a distinct
motif for traffic, whether entering and exiting the
phloem involve the same or unique RNA motifs, and

what cellular factors recognize and transport an RNA
to its final destination (Oparka and Turgeon, 1999;
Citovsky and Zambryski, 2000; Lucas et al., 2001;
Ueki and Citovsky, 2001). Viroid infection provides a
unique experimental system to study phloem-
mediated RNA traffic in plants. Viroids are single-
stranded, covalently closed circular, and pathogenic
RNAs that infect plants (Riesner and Gross, 1985;
Flores et al., 1997; Diener, 2001). Although they do
not encode proteins, viroids can replicate autono-
mously and traffic systemically throughout their host
plants. A viroid genome must apparently interact
directly with host components for traffic.

We have been using potato spindle tuber viroid
(PSTVd) as a model system to study RNA traffic in
plants. This viroid replicates in the nucleus. Its sys-
temic movement, therefore, includes nuclear trans-
port (Woo et al., 1999; Zhao et al., 2001), cell-to-cell
transport (Ding et al., 1997), and phloem transport
(Palukaitis, 1987; Zhu et al., 2001). In this study, we
used several approaches to obtain evidence that (a) a
phloem-based mechanism transports PSTVd to se-
pals but not to the other floral organs of an infected
plant, (b) PSTVd replication and phloem exit are
mediated by different viroid motifs, and (c) phloem
exit of PSTVd is potentiated by specific interactions
with host factors. We present our results and discuss
their biological implications.

RESULTS

PSTVd Trafficked into Selective Floral Organs

Our previous work showed that PSTVd intermedi-
ate (PSTVdInt) strain was present in the sepals but not
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in the petals, stamens, and ovary of developing flow-
ers of mechanically inoculated tomato and Nicotiana
benthamiana (Zhu et al., 2001). We analyzed further
the PSTVd infection pattern in mature flowers of
mechanically inoculated N. benthamiana by in situ
hybridization. As shown in Figure 1A, the viroid was
detected in sepals but not in the other floral organs.
Thus, PSTVd consistently infected sepals, but not
petals, stamens, and ovary of flowers at different
stages. Considering that petals, stamens, and ovary
are complete sink organs with functional phloem
connections to the rest of the plant body and that
CmNACP, CmGAIP, and CmPP16 mRNAs (Ruiz-
Medrano et al., 1999) and the green fluorescent pro-
tein (GFP; Imlau et al., 1999) can traffic into all floral
organs, two possibilities could account for the pres-
ence of PSTVd in sepals and its absence in the other
floral organs. First, PSTVd was transported into all
floral organs, but its replication in the ovary, petals,
and stamens was inhibited. Second, PSTVd was trans-
ported into sepals but not into the other floral organs.

To distinguish between these possibilities, we
tested the ability of PSTVd to replicate in various
floral organs of transgenic N. benthamiana that ex-
presses the cDNA of PSTVdInt under the control of
the cauliflower mosaic virus (CaMV) 35S promoter
(Hu et al., 1997). We carried out in situ hybridization
using a digoxigenin (DIG)-labeled RNA probe spe-
cific for the (�)-strand PSTVd, which is produced
only during PSTVd replication (Branch and Robert-
son, 1984). Examination of flowers at various devel-
opmental stages from the transgenic plants revealed
presence of the (�)-strand PSTVd in sepals, petals,
stamens, and ovary (Fig. 1B). Furthermore, sequence
analysis of PSTVd progeny isolated from the trans-
genic plants revealed wild-type (intermediate) se-
quence. We emphasize that the hybridization signal
in the transgenic plants must be from PSTVd that
accumulated as a result of autonomous viroid repli-
cation by using the CaMV 35S promoter-generated
primary transcripts as the initial templates and not
because of aberrant expression of the inserted PSTVd
cDNA. The CaMV 35S promoter-generated primary
transcripts are not detectable by RNA-RNA hybrid-
ization (Wassenegger et al., 1994; Hu et al., 1997),
presumably because the viroid RNA-RNA replica-
tion leads to methylation of the viroid cDNA and,
therefore, inactivation of further transcription (Was-
senegger et al., 1994). As shown in Figure 1C, no
hybridization signal was detected from transgenic N.
benthamiana expressing only the central conserved
region (Hu et al., 1997).

Our data indicate that PSTVd can replicate in all
floral organs in N. benthamiana. Therefore, absence of
PSTVd signals in petals, ovary, and stamens in me-
chanically inoculated plants can be best interpreted
as being attributable to restricted traffic of PSTVd
into these organs and not to suppression of
replication.

Figure 1. Selective traffic of PSTVdInt into sepals but not into other
floral organs of N. benthamiana, as detected by in situ hybridization
on paraffin sections. A, Transverse view of a mature flower from
mechanically inoculated N. benthamiana. The viroid signal (arrows)
is detected in sepals (Se) but not in petals (Pe), stamens (St), or the
pistil (Pi). B, Longitudinal view of a mature flower from a 35S:
PSTVdInt-transgenic N. benthamiana plant. Viroid signal is detected
in all floral organs (arrows). Ov, Ovary. C, Absence of hybridization
signal in leaf cells of transgenic N. benthamiana expressing the
central conserved region of PSTVd under the control of the CaMV
35S promoter. MS, Mesophyll; Ph, phloem. All bars � 40 �m.
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Two PSTVd Mutants Replicated in But Did Not
Exit the Phloem in Tobacco (Nicotiana tabacum)

After mechanical inoculation, PSTVdInt strain in-
fects N. benthamiana and tomato systemically (Zhu et
al., 2001), but it hardly infects tobacco (N. tabacum).
The lack of infection in tobacco could be attributable
to inability of the viroid to replicate in tobacco cells
and/or to move systemically. Tobacco infection
would, therefore, provide a complementary experi-
mental system to gain further insights about viroid-
host interactions for systemic traffic.

We first tested whether PSTVd would replicate in
the phloem of tobacco and then exit the phloem to
invade nonvascular tissues. To overcome the techni-
cal barrier of mechanically inoculating the phloem,
we generated transgenic plants expressing the cDNA
of PSTVdInt under the control of the companion cell-
specific commelina yellow mottle virus (CoYMV)
promoter (Matsuda et al., 2002; Fig. 2A). Previous
studies on transgenic tobacco and N. benthamiana
with CaMV 35S promoter-driven expression of
PSTVd cDNAs have established the validity of this
inoculation approach. As discussed above, the pri-
mary transcripts of PSTVd derived from the pro-
moter activity would serve as the templates to initiate
autonomous RNA-RNA replication of the viroid
(Wassenegger et al., 1994; Hu et al., 1997).

We obtained two CoYMV:PSTVdInt-transgenic to-
bacco lines (4 and 8) that showed viroid accumula-
tion in leaves based on dot-blot analysis (data not
shown). We then performed in situ hybridization to
determine the cellular localization of the viroid, us-
ing DIG-labeled RNA probes specific for the (�)-
strand of PSTVd. We have shown previously that
PSTVd traffics from the phloem into all other cells in
young sink leaves but is restricted to the phloem
during sink-to-source transition of a leaf in N.
benthamiana and tomato as a result of changes in leaf
physiology during development (Zhu et al., 2001).
Therefore, in this and subsequent experiments, we
focused on analysis of PSTVd traffic in sink leaves.
Our analyses showed that the viroid signal was
present only in the phloem of tobacco (Fig. 2, B–E). In
contrast, the viroid was detected in the phloem, me-
sophyll, and epidermal cells of CoYMV:PSTVdInt-
transgenic N. benthamiana (Fig. 2, F and G). These
data indicate that in an appropriate host, companion
cell-derived viroid can traffic into surrounding cells
for replication. In transgenic tobacco, lack of interac-
tions with a positive host factor or active interactions
with a negative host factor may have contributed to
the restriction of PSTVd in the phloem.

We used reverse transcription (RT)-PCR) to am-
plify viroid progeny from all transgenic lines for
sequencing. We also used PCR to amplify the PSTVd
cDNA inserted into the genomes of these plant lines
for sequencing. The viroid progeny from the trans-
genic N. benthamiana maintained the Intermediate
sequence. Surprisingly, PSTVd progeny in line 4 of

transgenic tobacco contain C259 3 U change and in
line 8 contain U257 3 A change. The viroid cDNA
sequence inserted into the plant genome was not
altered in any lines.

The C259 3 U change is identical to the mutation
that converts the tomato-strain PSTVd KF440–2 into
the tobacco-infectious strain PSTVd-NT (Wasseneg-
ger et al., 1996). We designate our two mutants as
PSTVdInt U257 3 A and PSTVdInt C259 3 U, respec-
tively. We should point out that PSTVdInt C259 3 U
and PSTVd-NT, although both derived from C259 3
U substitution, are not identical because their respec-
tive parental strains PSTVdInt and PSTVd KF440–2
have five nucleotide differences in the pathogenicity
domain (Schnölzer et al., 1985).

To test further whether PSTVdInt U257 3 A and
PSTVdInt C259 3 U were confined to the phloem in
infected tobacco, we constructed cDNAs of these mu-
tants to carry out two types of experiments. First, we
mechanically inoculated in vitro transcripts derived
from these cDNAs onto tobacco. In situ hybridization
on young leaves of positively infected plants re-
vealed presence of the viroid exclusively in the
phloem (Fig. 2H). The viroid progeny from the in-
fected plants were sequenced to confirm maintenance
of the mutant sequences, respectively. Second, we
generated transgenic tobacco expressing the cDNAs of
these mutants under the control of the CoYMV pro-
moter, respectively. In situ hybridization again
showed that the viroid was confined to the phloem
(data not shown), and sequence analysis also con-
firmed maintenance of the mutant sequences. We then
tested whether U2573 A or C2593 U mutation would
impair replication and/or traffic of PSTVd in N.
benthamiana. We mechanically inoculated in vitro
transcripts of both PSTVd mutants onto this plant.
In situ hybridization showed that both PSTVdInt

U257 3 A (Fig. 2I) and PSTVdInt C259 3 U (data not
shown) infected all cells of systemic leaves. The
mutant sequences were maintained in the infected
plants. Thus, both U2573 A and C2593 U mutations
did not abolish PSTVd replication or systemic
movement in N. benthamiana. Altogether, these data
provided compelling evidence that PSTVdInt U2573
A and PSTVdInt C259 3 U replicated in and were
confined to the phloem in tobacco. As shown below,
this confinement was because of the inability of
these mutants to exit the phloem.

PSTVdInt C259 3 U and PSTVdInt U257 3 A
Replicated in Nonvascular Tissues of Tobacco

Presence of PSTVdInt U257 3 A and PSTVdInt C259
3 U in the phloem and its absence from all other
cells in transgenic tobacco raised a number of ques-
tions. First, was the phloem restriction attributable to
inability of the viroid to traffic out of the phloem into
nonvascular tissues such as the mesophyll for repli-
cation? Second, did the viroid traffic into nonvascu-
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Figure 2. Restricted traffic of replicating PSTVd out of the phloem in CoYMV:PSTVd-transgenic tobacco but not in transgenic
N. benthamiana. PSTVd is detected in the nuclei (purple dots in B–I) by in situ hybridization; H is from a cryosection, and all
others are from paraffin sections. A, Companion cell (CC)-specific activity of the CoYMV promoter in transgenic tobacco, as
revealed by �-glucuronidase (GUS) reporter expression (Matsuda et al., 2002). The GUS activity is absent from all other cells
including sieve element (SE) and phloem parenchyma (PP). B through E, CoYMV:PSTVdInt-transgenic tobacco. Paradermal (B and
C) and transverse (D and E) leaf sections show that PSTVd mutants replicate and remain in the phloem (Ph). The phloem tissue
on the left of D is obliquely sectioned. E, A high magnification view of the right portion of D. MS, Mesophyll; Xy, xylem. F and
G, CoYMV:PSTVdInt-transgenic N. benthamiana. Paradermal (F) and transverse (G) leaf sections show that PSTVdInt accumulates
in phloem (Ph), mesophyll (MS), and epidermis (EP). H, Presence of PSTVdInt U2573 A in the phloem (Ph) of a systemic leaf of
mechanically inoculated tobacco. MS, Mesophyll. I, Presence of PSTVdInt U257 3 A in the phloem (Ph) and mesophyll (MS) of
a systemic leaf of mechanically inoculated N. benthamiana. Bar in A � 10 �m. Bars in B through I � 40 �m.
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lar tissues but not replicate in these tissues? Third,
are U257 3 A and C259 3 U changes essential for
PSTVd replication in tobacco?

To address these questions, we generated trans-
genic tobacco expressing the cDNA of PSTVdInt un-
der the control of the CaMV 35S promoter. Ten trans-
genic lines were obtained that showed accumulation
of PSTVd based on dot-blot analysis (data not
shown). To determine the cellular localization of
PSTVd in these transgenic plants, we performed in
situ hybridization using a DIG-labeled RNA probe
specific for the (�)-strand PSTVd. The viroid was
detected in patches of mesophyll and phloem cells
(Fig. 3, A and B), indicating that the viroid can rep-
licate in these tissues. In transgenic N. benthamiana
expressing the cDNA of the PSTVdInt under the con-
trol of the CaMV 35S promoter, the viroid was also
detected in all leaf cells (Hu et al., 1997; Fig. 3C).

Sequence analysis revealed that viroid progeny iso-
lated from transgenic N. benthamiana maintained the
PSTVdInt sequence. In contrast, viroid progeny from
seven of the transgenic tobacco lines contain C259 3
U change and progeny from the other three tobacco
lines contain U257 3 A change. These changes are
identical to those obtained from the CoYMV:
PSTVdInt-transgenic plants. The viroid cDNA se-
quences inserted into the plant genome in all trans-
genic plants were not altered.

Our data indicate that U257 3 A and C259 3 U
substitutions in PSTVdInt are important for replica-
tion in tobacco, similar to the conversion of the
tomato-strain PSTVd KF440–2 into the tobacco-
infectious strain PSTVd-NT by the C259 3 U substi-
tution (Wassenegger et al., 1996). As suggested by
Wassenegger et al. (1996), a very low level of PSTVd
replication, using primary transcripts derived from
the 35S promoter activity as the initial templates,
may have occurred in transgenic tobacco. During this
replication, mutations occurred randomly and U257
3 A and C2593 U changes enhanced some aspects of
replication and accumulation. It is puzzling why the
viroid appeared in patches of cells. Two explanations
are possible. First, PSTVdInt U257 3 A or PSTVdInt

C259 3 U mutations arose independently in a few
cells of the mesophyll and phloem, and these variants
replicate and move into surrounding cells (within the
phloem and mesophyll, respectively). Second,
PSTVdInt U257 3 A or PSTVdInt C259 3 U arose in a
few cells in the early stages of organogenesis. Subse-
quent cell division spread the viroid population into
multiple and contiguous cells. These potential mech-
anisms are not necessarily mutually exclusive. They
could have all contributed to the observed accumu-
lation of PSTVdInt U2573 A or PSTVdInt C2593 U in
patches of cells in the transgenic plants.

Because PSTVdInt U2573 A and PSTVdInt C2593 U
can replicate in tobacco mesophyll and in the
phloem, we attribute their phloem limitation in the
CoYMV:PSTVdInt-transgenic tobacco and in the me-

Figure 3. Replication of PSTVd in mesophyll of transgenic tobacco
and N. benthamiana. As detected by in situ hybridization on paraffin
sections, each purple dot represents localization of PSTVd in the
nucleus. A and B, Accumulation of PSTVdInt C2593 U and PSTVdInt

U257 3 A in mesophyll (MS) and phloem (Ph) of CaMV 35S:
PSTVdInt-transgenic tobacco, respectively. C, Accumulation of
PSTVdInt in mesophyll (MS) and phloem (Ph) of CaMV 35S:PSTVdInt-
transgenic N. benthamiana. Bars � 40 �m.
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chanically inoculated tobacco to their inability to traf-
fic out of the phloem. Our data, thus, suggest that
PSTVd replication and phloem-to-nonvascular tissue
traffic are mediated by separate viroid motifs.

U257 3 A and C259 3 U Substitutions Did Not Alter
PSTVd Structure

Because PSTVd does not encode proteins, all func-
tional information resides directly within the RNA
genome itself. To gain insights into the molecular
basis of U2573 A and C2593 U substitutions for the
enhanced replication in tobacco, we analyzed the
structure of PSTVdInt U2573 A and PSTVdInt C2593
U in comparison with that of the PSTVdInt. Comput-
ing with mfold (version 3.1 for 37°C; Zuker et al.,
1999) or RNAstructure 3.6 (Mathews et al., 1999)
revealed no difference in the secondary structure of
the three strains (Fig. 4). Data suggest that nucleotide
changes, and not structural changes, led to the en-
hanced replication of PSTVd in tobacco. However,
alternative approaches (e.g. chemical/enzymatic
mapping and x-ray crystallography) are needed to
verify independently the computed secondary struc-
ture and/or to uncover potential tertiary structures.

DISCUSSION

It is generally believed that, once in the phloem,
long-distance movement of macromolecules includ-
ing viral pathogens follows mass flow of photo-
assimilates from source to sink organs/tissues (Leis-
ner and Turgeon, 1993; Roberts et al., 1997; Golecki et
al., 1999). Recent studies showed that the 27-kD GFP
ectopically produced in the companion cells of ma-
ture source leaves is loaded into sieve elements and

transported to sink leaves in transgenic Arabidopsis
and tobacco (Imlau et al., 1999; Oparka et al., 1999).
Imlau et al. (1999) further showed that GFP can traffic
all the way into shoot apices and all floral organs.
These observations have led to speculations that
macromolecular flow from sieve elements to neigh-
boring cells in a sink organ occurs by default without
regulation (Oparka and Santa Cruz, 2000; Zambryski
and Crawford, 2000).

Our data demonstrate that PSTVdInt can replicate
in all floral organs of transgenic N. benthamiana
plants, and yet the viroid is present only in sepals but
not in petals, stamens, and ovary in mechanically
inoculated N. benthamiana. Considering these obser-
vations and the finding that some plant mRNAs can
traffic into all floral organs (Ruiz-Medrano et al.,
1999), we suggest that a phloem-based mechanism
selectively transports PSTVdInt into sepals but not
into other floral organs. On the basis of this model,
flow of macromolecules within sieve tubes to sink
organs does not occur all by default. At present, we
cannot exclude the possibility that the viroid is trans-
ported into the sieve elements of petals, stamens, and
ovary but is not unloaded into surrounding nucleate
cells for replication. In this case, the small amount of
PSTVdInt in individual sieve elements could have
escaped detection by the current in situ hybridization
protocol. Whether traffic of PSTVd into various floral
organs is regulated during passage within the sieve
tubes or during exit from the sieve tubes, our obser-
vations support the hypothesis that the phloem has a
sophisticated mechanism to deliver macromolecules
to specific sink organs.

Our studies on PSTVd traffic in leaves of tobacco
and N. benthamiana provided compelling evidence
that phloem exit of an RNA is highly controlled.
Although PSTVdInt U2573 A and PSTVdInt C2593 U
can replicate in the phloem and mesophyll cells of
tobacco leaves, they do not traffic from the phloem to
mesophyll. In N. benthamiana, these two mutants and
the parental strain PSTVdInt can exit the phloem to
invade neighboring tissues. These results lend strong
support to the hypothesis that PSTVd contains struc-
tural motifs for intercellular movement (Ding et al.,
1997). Consistent with this hypothesis, in situ hybrid-
ization of tomato roots and stems infected by mutant
PSTVd-R revealed restriction of the mutant replica-
tion in the vascular tissue (Hammond, 1994).
PSTVd-R contains UU3AA substitutions at posi-
tions 177 and 178 and an additional G residue be-
tween positions 176 and 177 (Hammond and Owens,
1987). It should be noted, however, that the replica-
tion function of mutant PSTVd-R in nonvascular tis-
sues of these organs was not tested (Hammond,
1994).

Interestingly, fluorescently labeled in vitro tran-
scripts of PSTVdInt can move from cell to cell when
injected into tobacco mesophyll (Ding et al., 1997).
Furthermore, PSTVdInt U2573 A or PSTVdInt C2593

Figure 4. Selected portion of computed secondary structure of
PSTVdInt, PSTVdInt C259 3 U, and PSTVdInt U257 3 A. Nucleotide
substitutions C259 3 U and U257 3 A are indicated.
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U that was mechanically inoculated onto tobacco
leaves apparently moved from epidermis to meso-
phyll and then into the phloem to spread systemi-
cally, but they did not exit the phloem in the systemic
leaves. These results suggest that the PSTVd genome
contains multiple structural motifs for traffic be-
tween different cell or tissue types. In particular,
phloem entry and exit appear to be mediated by
different motifs. There are examples that phloem en-
try and exit of a virus also use different mechanisms.
Ghoshroy et al. (1998) showed that nontoxic concen-
trations of cadmium inhibit systemic infection of tur-
nip vein clearing virus, otherwise an infectious virus,
in tobacco. Cadmium has no effect on viral replica-
tion, assembly and local movement, but it appears to
inhibit virus exit from the vascular tissue (Ghoshroy
et al., 1998).

Our data showing that PSTVdInt U257 3 A and
PSTVdInt C259 3 U can replicate in the phloem and
mesophyll but cannot traffic from the phloem to non-
vascular tissues provide evidence that replication
and phloem exit are mediated by different viroid
motifs. Notably, both U257 3 A and C259 3 U muta-
tions occur in the lower one-half of the same loop
within the central conserved region of PSTVd. The
analysis of Wassenegger et al. (1996) specifically
showed that nucleotide C259 is part of the PSTVd
loop E sequence, which is conserved in eukaryotic 5S
rRNA (Wimberly et al., 1993), 28S rRNA (Szewczak
and Moore, 1995), and viroid RNAs (Branch et al.,
1985; Gast et al., 1996). Wassenegger et al. (1996)
postulated that C259, as an extrahelical residue in
loop E, is involved in interacting with host factors for
efficient replication in tobacco. Our isolation of the
tobacco-infectious strain PSTVdInt C2593 U confirms
the importance of C259 3 U for PSTVd replication in
tobacco. U257 is significantly also part of the loop E
(see Wassenegger et al., 1996). That both U257 3 A
and C259 3 U are critical for PSTVd replication but
not for phloem exit in tobacco further underscores
the involvement of loop E in viroid replication and
suggests that the viroid motif(s) for phloem exit is
located elsewhere. Work is in progress to identify
this traffic motif(s). In search of cellular factors that
are involved in phloem traffic of viroids, two recent
studies demonstrate that phloem lectin PP2 from cu-
cumber phloem exudate binds viroids and other
RNAs (Gómez and Pallás, 2001; Owens et al., 2001).
Whether PP2 has a role in viroid traffic is being
investigated.

In conclusion, our analyses of PSTVd traffic reveal
regulatory points for systemic RNA traffic that likely
involve distinct interactions between RNA motifs
and cellular factors. RNA movement within sieve
tubes may not simply follow mass flow from source
to sink. It appears that some control mechanisms can
sort and direct an RNA to selective sink organs. In
addition, phloem exit of an RNA in sink organs is
also highly controlled. A viroid most likely has

evolved structural motifs that mimic endogenous
plant RNA motifs so that they are recognized by
cellular factors for traffic. In this regard, a viroid can
be considered an exogenous RNA that contains “en-
dogenous” traffic motifs and can, therefore, be used
to study the mechanisms that control phloem entry,
transport, and exit of plant RNAs.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Tobacco (Nicotiana tabacum cv Samsun) and Nicotiana benthamiana were
grown in a growth chamber maintained at 27°C/22°C day/night tempera-
ture regimes and 14-/10-h light/dark cycle.

Molecular Cloning and Generation of Transgenic Plants

Two types of DNA constructs were generated for plant transformation.
First, the cDNA of PSTVdInt flanked by ribozymes (Hu et al., 1997) was
inserted into SmaI site, downstream of the CaMV 35S promoter, of plasmid
pRTL2 (Carrington and Freed, 1990; Restrepo et al., 1990). The 35S:PSTVdInt

construct was then inserted into HindIII site of binary vector pGA482.
Second, the cDNA of PSTVdInt was inserted into SmaI site of binary vector
pCOI (provided by Dr. Gary Thompson [University of Arkansas, Little
Rock]), downstream of the companion cell-specific CoYMV promoter (Mat-
suda et al., 2002). After sequence verification, these constructs were used to
transform Agrobacterium tumefaciens (LBA 4404).

A standard A. tumefaciens-mediated leaf-disc transformation method
(Horsch et al., 1985) was used to generate transgenic tobacco and N.
benthamiana plants. Dot-blot analysis with RNA probes specific for the
(�)-strand PSTVd was used for initial screening for transgenic lines that
accumulated PSTVd. Protocols for dot-blot analysis were described earlier
(Zhu et al., 2001).

Sequencing of PSTVd cDNA and RNA Progeny

Genomic DNA was extracted from PSTVd transgenic plants using DNeasy
Plant Mini Kit (Qiagen USA, Valencia, CA). PSTVd was amplified by PCR
from genomic DNA, using primers PSTVd-AS (5�-CCTGAAGCGCTCCTC-
CGAG-3�) and PSTVd-S (5�-GATCCCCGGGGAAACCTGG-3�) and PfuTurbo
DNA polymerase (Stratagene, La Jolla, CA) and the buffer provided by the
manufacturer. The PCR cycling profile (28 cycles) was 30 s at 95°C, 30 s at
55°C, and 45 s at 68°C with a final extension step at 68°C for 10 min. The PCR
products were fractionated on 1.5% (w/v) agarose gel. The band of expected
size was cut out of the gel and purified with Qiaquick Gel Extraction Kit
(Qiagen USA). Taq DNA polymerase (Promega, Madison, WI) was used to
create 3�-A overhangs to the purified PCR products, which were then cloned
into pGEM-T vector (Promega). PSTVd cDNAs in the plasmids were se-
quenced in both directions using the ABI377 DNA sequencer (PerkinElmer
Life Sciences, Boston) at the DNA Sequencing Facility at The Ohio State
University.

To determine the sequences of RNA progeny, total RNA was isolated
from the PSTVd-transgenic plants or mechanically inoculated plants using
RNeasy Plant Mini Kit (Qiagen USA) following manufacturer’s instructions.
cDNAs of PSTVd RNA were synthesized by RT-PCR. The first cDNA strand
was synthesized using the Thermoscript RT-PCR system (Invitrogen, Carls-
bad, CA) and primer PSTVd-AS following the protocols recommended by
the manufacturer. To synthesize the second strand of cDNA, aliquots (1/10)
of the RT reaction mixture were PCR-amplified with primers PSTVd-AS and
PSTVd-S as described. The PCR products were purified, cloned, and se-
quenced as described.

Construction of cDNA Clones of PSTVdInt

U257 3 A and PSTVdInt C259 3 U for in
Vitro Transcription

To generate cDNA clones of the PSTVd mutants for in vitro transcription,
the 294-bp EagI-Eco47 III fragment (positions 145–359/1–79) of the mutants
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were transferred to a double ribozyme expression cassette pRZ6–2 (Hu et
al., 1997) by replacing the corresponding fragment of the PSTVdInt. This
resulted in plasmids pRZ:IntU257 3 A and pRZ:IntC259 3 U.

Synthesis of in Vitro Transcripts and
Mechanical Inoculation

For production of in vitro transcripts of the PSTVdInt and the two
mutants, plasmids pRZ6–2 (Hu et al., 1997), pRZ:IntU257 3 A, and pRZ:
IntC259 3 U were linearized with HindIII and used as template for in vitro
transcription using the T7 MEGAscript Kit (Ambion, Austin, TX) following
manufacturer’s protocol. After in vitro transcription, the DNA template was
removed by digestion with RNase-free DNase. The RNA transcripts were
purified using RNeasy Plant Mini Kit (Qiagen USA) and diluted to a final
concentration of 100 ng �L�1 in 20 mm sodium phosphate buffer (pH 7.0).
Aliquots of 10 �L were rubbed onto each of carborundum-dusted young
leaves of 2-week-old tobacco or N. benthamiana seedlings.

Tissue Processing

Samples from transgenic or mechanically inoculated plants were pro-
cessed to obtain paraffin sections or cryosections for in situ hybridization.
Protocols for tissue processing to obtain paraffin sections were essentially as
described in Zhu et al. (2001). In brief, plant samples were fixed in
formaldehyde-acetic acid (10% [v/v] formaldehyde, 50% [v/v] ethanol, and
5% [v/v] acetic acid) at 4°C overnight. After dehydration and infiltration,
the samples were embedded in paraffin (Electron Microscopy Sciences, Fort
Washington, PA). Sections (8–10 �m) were obtained with a rotary mic-
rotome (model 820, American Optical Co., Buffalo, NY).

Cryosections were obtained as described in Itaya et al. (1998). In brief,
samples were fixed in a mixture of 3.7% (w/v) paraformaldehyde, 0.1%
(v/v) glutaraldehyde, 0.2% (w/v) picric acid, 50 mm potassium phosphate,
and 5 mm EGTA for 2 to 3 h. The fixed samples were infiltrated sequentially
with 3:7 (v/v), 5:5 (v/v), and 7:3 (v/v) embedding mixture (two parts of 20%
[w/v] Suc and one part of O.C.T. compound; Ted Pella Inc., Redding,
CA):potassium phosphate/EGTA buffer. Afterward the samples were infil-
trated with pure O.C.T. compound, embedded, and frozen at �20°C. The
frozen samples were sectioned to 12 �m thickness using a cryostat (HM500,
Microm, Walldorf, Germany).

In Situ Hybridization

DIG-labeled (�)-strand PSTVd was prepared by in vitro transcription
using as template EcoRI-linearized plasmid pST64-B5 (Owens et al., 1986).
DIG-UTP was purchased from Boehringer Mannheim (Indianapolis, IL),
and in vitro transcription was carried out using the Ambion MEGAscript Kit
(see above).

In situ hybridization was performed as described previously (Zhu et al.,
2001), using reagents purchased from Boehringer Mannheim. In brief, cryo-
sections or dewaxed paraffin sections were prehybridized in a blocking
solution and then incubated with DIG-labeled PSTVd probes. Afterward,
the sections were washed in 0.2� SSC and then incubated with alkaline
phosphatase-conjugated anti-DIG antibodies. Finally, the sections were in-
cubated in the color substrate (nitroblue tetrazolium/5-bromo-4-chloro-3-
indolyl phosphate) solution. When color had developed sufficiently, the
sections were mounted and examined under an Eclipse 600 microscope
(Nikon, Tokyo). Images were captured and processed with a SPOT 2 Slider
CCD camera and the associated software (Diagnostics Instruments, Sterling
Heights, MI).

Distribution of Materials

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes,
subject to the requisite permission from any third-party owners of all or
parts of the material. Obtaining any permissions will be the responsibility of
the requestor.
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