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Systemic spread of viruses in plants involves local movement from cell to cell and long-distance transport
through the vascular system. The cell-to-cell movement of the Beet yellows virus (BYV) is mediated by a move-
ment protein that is an Hsp70 homolog (Hsp70h). This protein is required for the assembly of movement-
competent virions that incorporate Hsp70h. By using the yeast two-hybrid system, in vitro coimmunoprecipi-
tation, and in planta coexpression approaches, we show here that the Hsp70h interacts with a 20-kDa BYV
protein (p20). We further demonstrate that p20 is associated with the virions presumably via binding to
Hsp70h. Genetic and immunochemical analyses indicate that p20 is dispensable for assembly and cell-to-cell
movement of BYV but is required for the long-distance transport of virus through the phloem. These results
reveal a novel activity for the Hsp70h that provides a molecular link between the local and systemic spread of
a plant virus by docking a long-distance transport factor to virions.

The systemic invasion of plants by viruses was conceptual-
ized and later visualized as a two-phase process that involves
relatively slow movement of virus from cell to cell and much
faster long-distance transport through the vascular system (8,
12, 20, 28). The cell-to-cell movement of viruses proceeds via
the plasmodesmata (30, 34) and is potentiated by virus-coded
movement proteins (MPs) (26). Despite large variation in their
functional profiles, several common activities were revealed in
diverse MP species. Among these are the plasmodesmatal tar-
geting of the MPs, their ability to bind nucleic acids, and
interaction of the MPs with the cytoskeleton and with the
endoplasmic reticulum (26). At least one of the MPs was re-
cently implicated in the suppression of RNA silencing (52),
which is a host defense response targeting viral RNAs for
degradation (9, 51). Although the comprehensive theory of the
viral cell-to-cell movement has yet to emerge, it will certainly
include MP-driven modifications of the plasmodesmata, cy-
toskeleton, and other compartments of the plant cell.

Interestingly, several groups of the rod-shaped plant viruses
move from cell to cell in a capsid protein (CP)-independent
manner (reviewed in reference 7). In contrast, filamentous
viruses generally require CP for cell-to-cell movement (10, 15).
Among spherical viruses, some do not require CP for move-
ment, whereas others do (7). Variation in CP requirements
irrespective of the virion morphology presumes different mech-
anisms of cell-to-cell movement or a different distribution of
functional assignments among individual virus proteins.

Long-distance transport of the plant viruses proceeds in the
phloem. The entry into and exit from the phloem involves
extensive, tissue-specific interactions between virus-coded pro-
teins and plant proteins restricting viral transport (11). Due to
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important yet poorly understood specialization of the plasmo-
desmata interconnecting the cells within the phloem, viral
loading into and unloading from the phloem has more strin-
gent requirements than cell-to-cell movement in mesophyll
(25, 36, 45). This tendency is illustrated by the large number of
viruses that require virion formation for long-distance, but not
cell-to-cell, transport (7, 8). In fact, only a few viruses are
capable of spreading systemically in a nonvirion form (29, 41,
44, 47). These viruses, however, code for long-distance trans-
port factors (LTFs) that are specifically required for efficient
systemic spread (13, 14, 44, 48). Strikingly, several LTFs are
suppressors of RNA silencing. Correlation between silencing
suppression and transport activities of LTFs suggests that the
ability of some viruses to spread systemically is linked to over-
coming systemic RNA silencing (9, 21, 24, 51). As a general
picture of viral long-distance transport emerges, the following
two questions need to be addressed. What is the mechanistic
connection between cell-to-cell movement and long-distance
transport processes that are mediated by the MPs and LTFs,
respectively? For the viruses whose transport requires both
virion formation and LTF function, does the LTF bind virions?
In this work, we address these questions with Beet yellows virus
(BYV) as a model. According to present taxonomy, BYV be-
longs to the genus Closterovirus within the large family Clos-
teroviridae (23).

Closteroviruses possess complex, positive-strand RNA ge-
nomes (Fig. 1) that are encapsidated into exceptionally long
filamentous virions (23). These virions possess two distinct
parts, a virion body that is assembled by major CP and a tail
assembled by a minor capsid protein (CPm) (1). Genetic anal-
yses revealed that at least five proteins are required for BYV
cell-to-cell movement (Fig. 1) (2, 40). These proteins include
CP, CPm, and three MPs, namely, the 6-kDa protein (p6), the
Hsp70homolog (Hsp70h), and the 64-kDa protein (p64). In-
triguingly, the two latter proteins were found in tight associa-
tion with the virions and were implicated in virion formation
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FIG. 1. Genome map of BYV. L-Pro, leader proteinase (the bent arrow shows the site of autocatalytic processing); MET, HEL, and POL, the
methyltransferase, RNA helicase, and RNA polymerase domains of the BYV replicase, respectively.

(32, 46, 49). Further analyses revealed strong correlation be-
tween BYV cell-to-cell movement and virion assembly and
showed that Hsp70h is required for tail formation (3). Accord-
ingly, the tail was conceptualized as an Hsp70h-powered move-
ment device attached to the virion body (3).

It is well established that the molecular chaperones of the
Hsp70 family function via ATP-regulated interaction with their
protein targets (6, 37). All Hsp70s, including closteroviral
Hsp70h, possess two major domains: a conserved, N-terminal,
ATPase domain, and a less-conserved, C-terminal domain (5,
19, 54). By analogy to the cellular Hsp70s, we hypothesized
that the closteroviral Hsp70h acts via protein-protein interac-
tions. In this work we describe the interaction between Hsp70h
and a 20-kDa BY'V protein (p20) and show that Hsp70h pro-
vides a site for docking p20 to virions. Moreover, we demon-
strate that p20 is a BYV LTF. Taken together these data
provide a first example of an LTF that interacts with the MP
and virions, thus linking the processes of cell-to-cell movement
and long-distance transport.

MATERIALS AND METHODS

Yeast two-hybrid screens. The B-glucuronidase (GUS) open reading frame
(ORF) and BYV ORFs encoding L-Pro (leader proteinase), p6, Hsp70h, p64,
CPm, CP, p20, and p21 (Fig. 1) were PCR amplified by using pBYV-4 as a
template (40), with the concomitant addition of the Ncol and BamHI restriction
endonuclease sites to the termini of the resulting products. These products were
digested with Ncol and BamHI and were ligated into appropriately digested
plasmids pACT-2 and pAS-2 (Clontech). Yeast strain Y190 was used throughout
the study. All protocols for yeast transformation and DNA isolation were as
described previously (17). Yeast two-hybrid analyses were conducted with pro-
tocols described by Finley and Brent (18). Quantification of the B-galactosidase
(B-Gal) activity in units was performed by using the following formula: 1,000 X
[OD45 — (1.75 X ODss0) /(T X V' X ODygqq), where optical density at 420 nm
(OD,y) and ODss, are the absorbances of the reaction mixture, ODygy is the
cell density of the culture, T is the reaction time in minutes, and V' is the volume
in milliliters.

In vitro translation and immunochemical analyses. Preparation and transla-
tion of the capped mRNAs as well as immunochemical analyses were conducted
as described previously (32). Histidine-tagged p20 was expressed in plants by
using a Tobacco etch virus-derived gene expression vector and was isolated as
described previously (16). Each immunoprecipitation reaction mixture, except
for the negative control, contained 0.5 ug of p20 and monoclonal anti-histidine
tag antibody (Amersham-Pharmacia Biotech) in 1:500 dilution. Detection of p20
in virions was conducted with polyclonal antiserum against synthetic, C-terminal
oligopeptide of p20 (CELDKSGGELEILTFSKNEVFL) that was generated at
Genemed Synthesis, Inc. (San Francisco, Calif.). Alternatively, anti-p20 anti-
serum to full-size, recombinant p20 kindly provided by R. Creamer (New Mexico
State University) was used. The anti-Hsp70h (32) as well as anti-CP and anti-
CPm sera (3) were described previously.

Agroinfection of plants and transient protein expression. The previously de-
scribed plasmid pBYV-GFP (40) was used as the source of virus sequences. A

fragment of BYV ¢cDNA (nucleotides 1 to 2548) was PCR amplified with con-
comitant addition of Xbal sites at either end of the product and was cloned into
an Xbal site downstream from the Cauliflower mosaic virus 35S RNA polymerase
promoter cassette. This cassette was previously generated by insertion of the 35S
promoter between NotI and Xbal sites in a pBlueScript SK(IT) plasmid (Strat-
agene) and contained nucleotides —417 to —1 relative to the transcription
initiation site. A primer (5'-CATTTCATTTGGAGAGCAGTTTTTAACCATC
CTTC) containing the 3’ end of the 35S promoter and the 5’ end of the BYV
cDNA (underlined) was used for site-directed mutagenesis to remove nonvirus
sequences as described previously (50). The DNA fragment containing the 35S
promoter and 5’ region of the BYV ¢cDNA was PCR amplified by using the
primers 5'-TAGAGCTCAACATGGTGGAGCAC and 5'-CATCTAGAAGTT
CACCCGGAG and was cloned into minibinary vector pCB301 digested with
Sacl and Xbal (53) to yield a pCB-35S-5BYV-NOS plasmid. A primer comple-
mentary to the 3’ end of the BYV sequence followed by a self-cleaving ribozyme
(27) was synthesized (5'-TACCCGGGCCGTTTCGTCCTCACGGACTCATC
AGAAGACATGTGAATCATGTCTTGACGGCCCTTATTTTTTCTTC) and
used in combination with the upstream primer, 5'-ATTGGCAAACGCGGGA
TCCCGT, to amplify the 3’ region of the BYV-green fluorescent protein (GFP)
c¢DNA and to add ribozyme sequence. This PCR product was digested with
BamHI and Xmal and was cloned into pCB-35S-5BYV-NOS plasmid to produce
pCB-35S-5'3’BYV-Rib-NOS. Finally, a Xbal-BamHI fragment of the BYV-GFP
cDNA was transferred into pCB-35S-5'3’BYV-Rib-NOS to yield p35S-BYV-
GFP.

The ORFs encoding BYV p20, Hsp70h, the 42-kDa N-terminal domain (N42),
and the 23-kDa C-terminal domain (C23) were cloned into minibinary vector for
Agrobacterium-mediated, transient expression in a free form or as a fusion with
GFP as described previously (38). The resulting plasmids were mobilized into
Agrobacterium tumefaciens strain EHA 105 by electroporation. Young Nicotiana
benthamiana (6- to 8-leaf stage) plants were inoculated by using a 3-ml plastic
syringe to infiltrate the leaf tissue. The same protocol and A. tumefaciens strain
C58 were used for plant inoculation with the p35S-BYV-GFP plasmid.

Generation and analyses of the mutant BYV variants. Mutant BYV variant
Ap20 was described previously (2), whereas mutations Stop-49 and Stop-81 were
generated by using the primers 5'-CTCCACGATCTCTAGTTGAATGTTAAC
and 5'-GGTCTCTTACACTTGAGTGAGTTCTGG, respectively (the prema-
ture stop codons are underlined). Each of the Stop mutations was introduced
into pBYV-GFP and was assayed for cell-to-cell movement by using inoculation
of Claytonia perfoliata leaves as described previously (40). In addition, each of the
four mutations was introduced into p35S-BYV-GFP via transferring BarmHI-
BstEII fragments from the corresponding pBY V-GFP variant. Cell-to-cell move-
ment in C. perfoliata and long-distance transport in N. benthamiana were mon-
itored with epifluorescent microscopy (40), whereas subcellular localization of
the GFP-tagged proteins in epidermal cells of N. benthamiana was imaged by
using confocal laser scanning microscopy as described previously (38). Isolation
of the virions, sucrose density gradient centrifugation, and characterization of the
virions’ protein composition were as described previously (32).

RESULTS

Yeast two-hybrid screens reveal that p20 interacts with
Hsp70h and itself. In order to identify BYV proteins that
interact with Hsp70h, we employed a yeast two-hybrid system.
Each of the BYV genes encoding Hsp70h, L-Pro, p6, p64,
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TABLE 1. Yeast two-hybrid screens®

No. of B-Gal-positive

ACT fusion DB fusion .
colonies
Hsp70h GUS 0
Hsp70h 8 X ORFs” 9
N42 8 X ORFs 11
C23 8 X ORFs 9
Hsp70h p20 17
N42 p20 38
C23 p20 33
GUS p20 0
p20 N42 22
p20 C23 24
p20 p20 117

“ Data from one representative experiment out of at least three experiments
are shown.

> 8x ORFs, a mixture of eight variants that harbor BYV ORFs encoding
L-Pro, p6, Hsp70h, p64, CPm, CP, p20, and p21.

CPm, CP, p20, and p21 (Fig. 1) was expressed in yeast cells as
a fusion product with either a GAL4 activation domain (pACT
series of plasmids) or a GAL4 DNA-binding domain (pAS
series). In addition, we generated analogous plasmids express-
ing fusions of each of the Hsp70h principal domains, N42 and
C23. Protein-protein interactions were assayed by GAL4-me-
diated activation of the two reporter genes, HIS3 and lacZ. The
yeast strains that grew efficiently on His-deficient medium were
further tested in B-Gal filter assays. The examined combina-
tions of fusion proteins are shown in Table 1.

In the first series of experiments, yeast strains possessing
PACT-Hsp70h, pACT-N42, or pACT-C23 were transformed
with the mixture of eight pAS variants harboring the BYV
genes listed above. Each of these experiments yielded B-Gal-
positive colonies (Table 1). In contrast, no positive colonies
were recovered when the pACT-Hsp70h-containing strain was
transformed with pAS-GUS, a plasmid that expressed bacterial
GUS fusion as a negative control. It was found that all of the
analyzed B-Gal-positive clones contained identical pAS plas-
mids that harbored a p20 coding region (data not shown).
These results strongly suggested that full-size Hsp70h, as well
as each of its domains, is capable of interacting with p20.

To reconfirm these observations, we transformed yeast
strains possessing pACT-Hsp70h, pACT-N42, or pACT-C23
with pAS-p20. As expected, we recovered a number of colonies
that grew on the medium lacking His and were also B-Gal
positive (Table 1). To further determine if the interaction
between Hsp70h and p20 is specific, we tested combination of
pACT-GUS with pAS-p20. The fact that no colonies were
found (Table 1) confirmed the specificity of Hsp70h-p20 inter-
action. We have also tested combinations of pACT-p20 with
PAS-N42 and pAS-C23 and recovered B-Gal-positive colonies
in each experiment (Table 1). It should be noted, however, that
the intensity of blue staining was lower than that of the recip-
rocal combinations. Apparently, the level of interaction be-
tween p20 and Hsp70h domains in yeast may be affected by the
structure of the fusion products.

To examine the ability of p20 to interact with itself, we tested
the combination of pACT-p20 and pAS-p20. Since the colonies
were of intense blue color (Table 1, final row), we concluded
that p20 is capable of efficient di- or multimerization. The
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FIG. 2. B-Gal assay for yeast two-hybrid interactions with BYV
p20. Interaction in yeast was tested between p20 and Hsp70h, N42,
C23, p20 (self-interaction), or empty vector (negative control). The
B-Gal activity in units was calculated as described in Materials and
Methods. The data represent means and standard deviations of four
experiments.

observed interactions between p20 and Hsp70h, N42, and C23
as well as p20 self-interaction were also quantified by using in
vitro B-Gal assays. As seen in Fig. 2, the results of these assays
are in full agreement with the qualitative observations summa-
rized in Table 1.

In vitro interactions between p20 and Hsp70h domains.
Since the yeast two-hybrid system is prone to artifacts, we
employed an alternative experimental system to confirm inter-
actions between p20 and Hsp70h domains. To this end, we
expressed His-tagged p20 in plants by using a Tobacco etch
virus gene vector (16). Purified, His-tagged p20 was incubated
with **S-labeled Hsp70h and was immunoprecipitated by His-
tag-specific monoclonal antibody. Presence of labeled Hsp70h
in the pelleted material was indicative of its coimmunoprecipi-
tation with His-tagged p20 (Fig. 3A). In a control experiment,
¥S-labeled GUS was not coimmunoprecipitated with p20 by
the same antibody. Likewise, no Hsp70h was detected in the
pellet when p20 or antibody was absent from the incubation
mixture (Fig. 3A). These data indicated that p20 and Hsp70h
can physically interact in vitro.

In a similar series of experiments, we found that recombi-
nant p20 is capable of binding each of the two Hsp70h domains
(Fig. 3B). Thus, the in vitro immunochemical analysis con-
firmed the results of yeast two-hybrid screening.

Hsp70h changes subcellular localization of p20. It was dem-
onstrated previously that Hsp70h is associated with the plas-
modesmata and virions in the BY V-infected cells (31, 32). We
were interested to determine if p20 and Hsp70h possess au-
tonomous signals that would target them to a specific cellular
compartment and if coexpression of these proteins would re-
sult in their relocalization. To address these questions, we
employed Agrobacterium-mediated, transient expression of p20
and Hsp70h fused with GFP. The GUS-GFP fusion was used
as a control because neither GFP nor GUS possesses specific
targeting signals (38).

The epifluorescent microscopy analyses revealed that both
GUS-GFP and p20-GFP are uniformly distributed throughout
the cortical cytoplasm, transvacuolar cytoplasmic strands, and
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FIG. 3. Coimmunoprecipitation of the 35S-labeled Hsp70h (A)
and N42 and C23 (B) with unlabeled, histidine-tagged p20. For lanes
under the heading translation products, the isotope-labeled products
of in vitro translation reactions programmed with no RNA (negative
control; —RNA lane), Brome mosaic virus RNA (positive control; BMV
lane), GUS mRNA (GUS lane), Hsp70h mRNA (Hsp lane), N42 mRNA
(N42 lane), or C23 mRNA (C23 lane) were separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis, blotted onto a nitro-
cellulose membrane, and subjected to autoradiography. For lanes
under the heading immunoprecipitation using anti-His MAB, the in-
dicated labeled translation products were mixed with histidine-tagged,
unlabeled p20 and were immunoprecipitated by using monoclonal,
histidine tag-specific antibody and protein A-Sepharose. Negative con-
trols in which p20 or monoclonal antibody were omitted are also shown.
The arrows at the left mark the positions of corresponding BMV
proteins, whereas the arrowheads within the autoradiograms mark the
major translation products of the mRNAs that encode GUS, Hsp70h,
N42, and C23 before or after immunoprecipitation.

perinuclear regions (Fig. 4). In contrast, Hsp70h-GFP formed
punctate bodies that were aligned with the cell wall. These
results indicated that p20 does not possess an autonomous
targeting signal, whereas Hsp70h is targeted to the cell periph-
ery.

In the next series of experiments we coexpressed GFP fu-
sions with individual nonfused proteins. As expected, coexpres-
sion of GUS-GFP and free Hsp70h did not result in relocal-
ization of the fluorescent product due to a lack of interaction
between Hsp70h and GUS or GFP. However, p20-GFP did
localize to the punctate bodies upon coexpression with non-
fused Hsp70h (Fig. 4). The same pattern of p20-GFP localiza-
tion was observed in the presence of N42-GFP and C23-GFP
fusions. These data indicate that Hsp70h and each of its prin-
cipal domains possess a signal for targeting to cell periphery.

J. VIROL.

Moreover, coexpression of Hsp70h, N42, or C23 with p20-GFP
results in relocalization of the latter product, suggesting that
p20 can interact with Hsp70h or its domains in live plant cells.

p20 is a long-distance transport factor. What is the primary
function of p20 in the BYV life cycle? Previous work demon-
strated that p20 is dispensable for BYV replication (39) and is
not essential for virus cell-to-cell movement, although it might
have an accessory role in the latter process (2). The interaction
of p20 with Hsp70h, which is one of the three BYV MPs (40),
prompted us to revisit the role of p20 in cell-to-cell movement.

A previously characterized p20 mutant, Ap20, was poten-
tially capable of expressing C-terminal fragments of p20 (Fig.
5). It could not be excluded that this fragment was partially
functional in the cell-to-cell movement of the corresponding
mutant variant (2). Deletion of the RNA region encoding this
fragment was impractical because it would inactivate a sub-
genomic promoter that governs expression of a replication-
associated BYV protein, p21 (39). Consequently, we designed
two additional point mutations by introducing premature stop
codons in place of the 49th and 81st p20 codons. These mu-
tants could direct the translation of only short, N-terminal p20
peptides (Fig. 5). Each mutation was introduced into GFP-
tagged BYV, and the resulting mutant BYV-GFP variants
were inoculated into the local lesion host plants (40). Exami-
nation of these mutants demonstrated that each of them was
capable of cell-to-cell movement. The Stop-49 and Stop-81
mutants produced multicellular infection foci with mean diam-
eters of 4.0 = 2.3 and 2.1 = 1.1 cells, respectively. The infec-
tion foci formed by the parental BYV-GFP variant had mean
diameters of 5.1 = 2.8 cells. These data confirmed our previous
conclusion that p20 is not essential for the BYV cell-to-cell
movement, although its inactivation results in a less efficient
local spread.

We were next interested to test a possible role of p20 in the
long-distance transport of BYV. Since the mechanical inocu-
lation of the BYV systemic hosts is problematic (43), we de-
veloped a more efficient agroinfection procedure. BYV-GFP
cDNA was cloned into a minibinary vector under control of the
Cauliflower mosaic virus 35S RNA polymerase promoter and
the Nos-terminator. The ribozyme cDNA was inserted down-
stream from the 3’ end of BYV cDNA to facilitate formation
of an authentic 3’ terminus of viral RNA. The suspension of
Agrobacterium cells transformed with the resulting plasmid was
infiltrated into leaves of N. benthamiana. Six weeks postinfil-
tration, 93% of the agroinoculated plants were systemically
infected by BYV-GFP, which was determined by symptom
appearance and GFP accumulation in the noninoculated
leaves (Fig. 5 and 6).

The high efficiency of agroinfection allowed us to examine
the long-distance transport phenotypes of the p20 mutants. It
was found that each mutant was capable of only sporadic
systemic transport (Fig. 5) that was detected by the occurrence
of small, isolated green fluorescent areas. In total, only 8 out of
61 plants inoculated with Ap20, Stop-49, and Stop-81 mutants
showed such fluorescent areas (Fig. 5 and 6).

It was demonstrated recently that GFP expressed in the
phloem companion cells of healthy transgenic plants is capable
of trafficking through the phloem (35). To test whether the
GFP accumulation observed in our experiments was due to
BYV-GFP transport and amplification rather than to virus-
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FIG. 4. In planta colocalization of p20 and Hsp70h, N42, or C23. The green color corresponds to the GFP fluorescence; the red spots represent
the autofluorescent chloroplasts. Upper row, transient expression of the GUS-GFP, p20-GFP, and Hsp70h-GFP fusion products. GFP-GUS was
used as a control product that is distributed uniformly throughout the cortical cytoplasm and cytoplasmic strands. Lower row, coexpression of
GUS-GFP or p20-GFP fusion products with free Hsp70h, N42, or C23.

independent trafficking of GFP, we isolated RNAs from the
fluorescent tissues and conducted Northern hybridization and
reverse transcription-PCR analyses. These analyses, followed
by nucleotide sequencing, confirmed that the viral RNA har-
boring original mutations was present in the green fluorescent
areas of the infected plants (data not shown). Thus, gross
debilitation of systemic spread due to mutations in p20 allowed

SYSTEMIC TRANSPORT OF A CLOSTEROVIRUS 11007

Hsp70h-GFP

us to conclude that p20 plays a critical role in long-distance
transport and represents a BYV LTF.

Analysis of virus unloading. Previous work with GFP-tagged
Potato virus X (PVX) established that long-distance transport
results in virus unloading into class III veins of the sink leaves,
with subsequent cell-to-cell movement into mesophyll cells and
minor veins (42). To determine if BYV follows this pathway,

Virus Number of plants
AvG Variant m
3cp | p20 p21
. | BYV-GFP 27 25
Ap20  AUG
\/{ | Ap20 33 2
AUG Stop-49
| Stop-49 14 3
AUG lStop-81
| | Stop-81 14 3

FIG. 5. Mutations introduced into the p20 ORF and systemic infectivity of the corresponding BY V-GFP variants. Gray rectangles represent
the wild-type p20 ORF (upper diagram) or translatable parts of this ORF in the mutants. The parts of flanking CP and p21 ORFs are shown. Empty
rectangles correspond to untranslatable parts in the mutant ORFs, whereas the broken lines mark the region that is deleted in the Ap20 variant.
AUG, the 5'-most translation start sites in p20 ORFs. Stop-49 and Stop-81, mutants in which premature stop codons were introduced in place of
the 49th or 81st codons in the p21 ORF. The plants were considered systemically infected if at least one green fluorescent area was detected in

any of the noninoculated leaves.
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FIG. 6. Systemic transport and unloading of the BYV-GFP variants into the upper, noninoculated leaves of N. benthamiana. 11 and III, class
II and III leaf veins. Images under the BYV-GFP heading show the progression of the virus-infected, green fluorescent areas in the leaves of plants
inoculated with parental BYV-GFP from 1 to 8 w.p.i. Note that the infected cells appear first at 2 w.p.i. in the class III veins and spread throughout
the leaf by 6 w.p.i. At 8 w.p.i., the leaves become necrotic and show only the residual fluorescence. The images under the heading Ap20 show that
occasional virus unloading from class II veins is observed at 4 w.p.i., whereas limited secondary spread into class III veins is detected only by 6 w.p.i.

we conducted temporal and spatial analyses of the infection by
BYV-GFP and its mutant variants. Figure 6 shows that BYV-
GFP in noninoculated leaves appears at 2 weeks postinocula-
tion (w.p.i), while PVX-GFP in noninoculated leaves appears
at ~1 w.p.i. (42). Despite this slow spread, the pattern of
BYV-GFP unloading matches that found in PVX-GFP: GFP
accumulation is detected first in association with class III veins.
At 6 w.p.i., virus egress into leaf mesophyll cells and subse-
quent cell-to-cell movement results in a global colonization of
the leaf tissues.

The timing of virus unloading for Ap20 mutant was dramat-
ically different: the first fluorescent cells did not appear till
4 w.p.i. Furthermore, only sporadic unloading that involved
preferentially class II veins was detected (Fig. 6). The subse-
quent local spread of virus from the sites of primary unloading
indicated that mutant virus was capable of cell-to-cell move-
ment. Hence, the timing, extent, and pattern of virus unloading
were drastically affected in the Ap20 mutant. These results
reconfirmed that functional p20 is required for efficient pas-
sage of BYV through and/or unloading from the phloem of
infected plants.

p20 is associated with the virions. Taking into account the
ability of p20 to bind a virion-associated Hsp70h, we hypoth-
esized that p20 functions in long-distance transport via attach-
ment to the virions. To address this hypothesis, we used a
p20-specific antiserum for the analysis of BYV virions sepa-
rated in a sucrose gradient. As seen in Fig. 7A, p20 was con-
fidently detected in the virion preparation. Moreover, p20 and
CP peaked in the same fractions of the gradient (Fig. 7A and
B) that were previously shown to contain intact, full-length
BYV virions (32). These results showed that p20 is physically
associated with the BY'V virions.

It was demonstrated that the assembly of the tailed BYV
virions is a prerequisite for virus cell-to-cell movement (2, 3).
Although CP is apparently the only protein required for virion
body assembly, tail formation requires CPm and Hsp70h (3).
Presence of the p20 in virions prompted us to ask if this protein
is also required for tail assembly. To test for the formation of
virion bodies and tails, the virions were isolated from green
fluorescent tissues infected by parental BYV-GFP as well as by
mutant variants Stop-49 and Stop-81. It was found that each of
the preparations of mutant virions contained CP, CPm, and
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FIG. 7. Comigration of BYV p20 and virions in sucrose density gradient. (A) Immunoblot analysis of the gradient fractions (numbered from
the bottom up) using antiserum to the synthetic, C-terminal p20 peptide. (B) The same gradient fractions separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and stained with Coomassie brilliant blue. The position of the BYV CP is marked by an arrow; the

numbers at the left indicate molecular sizes of the protein markers.

Hsp70h in amounts similar to those present in wild-type virions
(Fig. 8). In contrast, either antiserum to the synthetic, C-ter-
minal p20 peptide (Fig. 8) or antiserum to the full-size, recom-
binant p20 (data not shown) detected p20 in parental but not
mutant virions. Taken together, these results indicate that in-
activation of p20 does not affect assembly of the tailed BYV
virions, and they suggest that the association of p20 with the
virions is required to facilitate their long-distance transport.

DISCUSSION

Phloem is among the most complex and least experimentally
amenable tissues of vascular plants. Viruses, a great majority of
which rely on the phloem in their long-distance transport,
provide powerful tools to probe this tissue. Viral loading into,
passage through, and unloading from the phloem proceed via
utilization and modification of normal phloem functions. With
a few exceptions, viruses traffic in the phloem in a form of
virions. Other recognized key players in viral long-distance
transport are MPs and LTFs. The interplay between the viri-
ons, MPs, and LTFs largely defines the virus-specific part of
the long-distance transport machinery. However, little is
known about how virions, MPs, and LTFs work together to
ensure successful virus spread through the phloem.

In a previous work we developed the concept of a BYV
virion as a morphologically and functionally bipartite entity
(3). One principal part of the virion, the body made up of CP
and RNA, carries the function of genome protection. The
other part, the tail assembled by CPm, represents a specialized
device for cell-to-cell movement. We have also demonstrated
that one of the BYV MPs, Hsp70h, is an integral part of the
virion (32) that is required for tail assembly (3). It was further
hypothesized that the virion translocation through the plas-
modesma occurs in a directional, tail-first manner and is pow-
ered by ATPase activity of Hsp70h. In this work we show that
in addition to its central role in BYV cell-to-cell movement,
Hsp70h provides a docking site for p20, an accessory virion
protein that is critical for long-distance transport of the virus.

Initially, p20 was identified as the BYV protein that interacts
with Hsp70h in yeast, in vitro, and in plant cells. Further
experiments revealed that each of the principal domains of the
Hsp70h was capable of binding p20. This observation suggests
that each Hsp70h molecule can bind at least two p20 mole-

cules. Alternatively, the interface between Hsp70h and p20 in
a 1:1 complex may overlap each of the Hsp70h domains. Ad-
ditional p20 molecules could be included in a complex via p20
self-interaction.

To address the significance of Hsp70h-p20 interaction, we
investigated the p20 function in the BYV life cycle and re-
vealed its primary role in the long-distance transport of BYV.
Indeed, mutation of the p20 gene resulted in profound defects
in a phloem-associated virus spread. First, the mutants were
unable to spread systemically in a majority of inoculated plants.
Second, in those few plants where systemic spread was de-
tected, it was delayed by at least two weeks. Third, the extent
and pattern of virus unloading were affected by mutations.
Instead of the massive unloading from class III veins seen with

Antiserum
Parental Stop49  Stop81
- - - a-CP
Parental  Stop49  StopS8l
—— a-p20
Parental Stop49 Stop81
S ) - a-CPm
Parental Stop49 Stop81
T— e e a-Hsp70h

FIG. 8. Protein composition of the virions isolated from plants
infected with parental and mutant BYV-GFP variants. Immunoblot
analyses of the virions were done by using the specific antisera indi-
cated at the right of each panel.
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parental BYV-GFP (Fig. 6) as well as with other viruses (42),
mutant BYV-GFP variants exhibited patchy unloading from
class III and/or class II veins. Taken together, these results
established p20 as a BYV LTF.

Further analyses revealed that although p20 is not essential
for virion assembly or cell-to-cell movement, it is attached to
the virions, presumably via interaction with the BYV MP,
Hsp70h. This association between virion, MP, and LTF sug-
gests that the processes of the local and systemic translocation
of BYV are mechanistically linked to each other via physical
interaction between virion-associated MP and LTF. Further-
more, it prompts a novel paradigm of a BYV virion as a
dynamic entity that mediates virus transport via recruitment of
the MP and LTF.

It should be emphasized that the transport mechanisms may
not be uniform among the viruses in the Closteroviridae family,
as BYV is the only known closterovirus that is capable of
exiting the phloem. On the other hand, interaction between the
virions and MP was recently described for a Potexvirus, sug-
gesting that recruitment of the transport proteins by virions
could be a widespread phenomenon (4).

What is a mechanism of p20 function in long-distance trans-
port of BYV? One possibility is that p20 facilitates either entry
of virions into or exit from the phloem, e.g., via modification of
the plasmodesmatal function of the Hsp70h. This modification
may be required to account for the specialized nature of plas-
modesmata that interconnect cells within phloem. Another
possibility is stabilization of the virions inside the phloem. In
particular, p20 may prevent the disassembly of the virions and
damage of RNA due to alkaline pH of the phloem sap (33).
Alternatively, p20 could protect virions from inactivation by
plant defense proteins that are present in the phloem (11).

The third mechanistic possibility is involvement of p20 with
suppression of plant RNA silencing response, which is a likely
mechanism of action for several LTFs (1, 24). Our attempt to
reveal such suppressor activity of p20 with a model system in
which RNA silencing is induced by transient expression of the
double-stranded RNA (22) was unsuccessful (J. Reed, K. Kass-
chau, J. Carrington, and V. V. Dolja, unpublished results).
However, it cannot be excluded that p20 interferes with some-
thing other than the double-stranded-RNA-induced facet of
the RNA silencing pathway.

Phylogenetically, p20 represents a novel class of viral LTFs.
A database search revealed that p20 shows only marginal sim-
ilarity to other ~20-kDa proteins encoded by related members
of the Closterovirus genus (V. V. Dolja, unpublished data). In
general, none of the presently characterized LTFs exhibits
sequence similarity to any other proteins except for their or-
thologs within the same virus taxon. Because of that, LTFs
appear to be a relatively recent evolutionary invention that
may provide valuable mechanistic clues as to virus-host inter-
actions within the phloem.
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