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Plant viruses move through plasmodesmata (PD) either as nucleoprotein complexes (NPCs) or as tubule-
guided encapsidated particles with the help of movement proteins (MPs). To explore how and why MPs
specialize in one mechanism or the other, we tested the exchangeability of MPs encoded by DNA and RNA virus
genomes by means of an engineered alfalfa mosaic virus (AMYV) system. We show that Caulimoviridae (DNA
genome virus) MPs are competent for RNA virus particle transport but are unable to mediate NPC movement,
and we discuss this restriction in terms of the evolution of DNA virus MPs as a means of mediating DNA viral

genome entry into the RNA-trafficking PD pathway.

Following virus entry and replication, successful infection of
a host requires viral spread to distal parts of the organism
through the vascular tissue. In plants, virus movement involves
mostly symplastic trafficking of different viral components
through the connections of plasmodesmata (PD) (13). With
this aim, plant viruses encode one or more movement proteins
(MPs), which allow viral genomes to cross the host cell wall by
altering the size exclusion limit (SEL) or the structure of PD
(6, 11). Plant viruses have evolved distinct mechanisms to move
their genomes within the host. These mechanisms can be
grouped into two general strategies: one in which the genome
is transported in the form of a nucleoprotein complex (NPC)
and another in which nucleic acids are encapsidated and move
as virus particles. In both cases, besides altering PD SEL, MPs
are involved either in NPC assembly or in forming tubules
traversing modified PD and helping transport of either NPC or
virions to the neighboring cell. Within these two major strat-
egies, there exists a wide range of variability in terms of the
number and type of viral and host proteins helping MPs to
mediate virus spread within the host (11).

In spite of such variability, several different MPs have been
classified into a 30K superfamily; these MPs, from 20 genera
including both RNA and DNA genome viruses, are structurally
related to the 30-kDa MP of Tobacco mosaic virus (TMV),
independent of the movement strategy followed (14). Mem-
bers of this family have a common core of predicted secondary
structure elements («-helices and B-elements) containing a
nucleic acid binding domain. Distinct MPs belong to this fam-
ily. including several tubule-forming MPs, although these are
phylogenetically separated from the other members (14). Thus,
30K superfamily MPs are closely related, and some of them are
functionally interchangeable in the viral context (2, 20). In
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particular, MPs from five distinct genera with an RNA genome
can successfully replace the corresponding gene of Alfalfa mo-
saic virus (AMV) (19), indicating that one or more basic and
fundamental movement properties might be associated with
the common 30K structural core.

Among all known plant viruses, only three viral families have
evolved a DNA genome: Geminiviridae, Caulimoviridae, and
Nanoviridae (6). One possible explanation for this restriction is
that endogenous cell-to-cell transport via PD is specialized to
use RNA as the communication and signaling molecule (12).
To circumvent this restriction, and to allow the efficient exploi-
tation of endogenous transport machineries, DNA genome
viruses have evolved appropriate mechanisms involving their
MPs. Interestingly, Begomovirus and Caulimovirus MPs also
belong to the 30K superfamily discussed above (14). The MP
encoded by Cauliflower mosaic virus (CaMV), the type member
of Caulimoviridae, forms tubules that guide the movement of
encapsidated virus via an indirect MP-virion interaction (16, 21),
whereas geminivirus MPs selectively bind their genomes and
transport them as NPCs (6, 9, 17). In this study, we mvestigated
the evolutionary convergence of MPs encoded by DNA and RNA
viruses by testing their exchangeability in the viral context.

CaMV MP mediates cell-to-cell movement of AMV. A sys-
tem based on modified AMV (19, 24) was used to test whether
CaMV MP could mediate RNA virus transport. This system
allows monitoring of cell-to-cell and long-distance transport of
an engineered AMV RNA 3 transcript encoding, in addition to
viral MP and coat protein (CP), green fluorescent protein
(GFP). This hybrid transcript lcads to virus infection when
inoculated onto transgenic tobacco plants expressing AMV P1
and P2 polymerases (P12 plants).

As previously performed with other 30K superfamily mem-
bers (19), the RNA-transcribing pGFP/MP/CP clone was mod-
ified to replace the AMV MP gene with the CaMV MP gene
obtained from the pCa37 clone (10), either with or without the
region corresponding to the C-terminal 44 residues of AMV
MP (A44) (Fig. 1A). The A44 domain (amino acids 256 to 300)
is dispensable for tubule formation, cell-to-cell movement, and
systemic transport of AMV (18) but interacts specifically with
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FIG. 1. Detection of infection foci in P12 plants two days after inoc-
ulation with a hybrid AMV RNA 3 in which the AMV movement protein
(MP) gene was exchanged for the MP gene of CaMV. (A) Schematic
representation of chimeric AMV RNA 3 (construct 1) and mutants (con-
structs 2 to 4). GFP, CP, and MP coding regions are depicted by boxes;
the brick pattern represents the AMV MP C-terminal 44 amino acids.
Fluorescence images illustrate chimeric RNA 3 distributions in P12
plants. Bar = 100 um. (B) Fluorescence images of P12 plant protoplasts
infected with hybrid AMV RNA 3 expressing GFP-CaMV MP/CP (left
panel), GFP-CaMV MP:A44/CP (middle panel), or GFP-CaMV
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CP (19). Transcripts were inoculated onto P12 plants and pro-
toplasts, and fluorescent signals were monitored by confocal
laser scanning microscopy at 2 days postinoculation. Both
GFP-CaMV MP/CP and GFP-CaMV MP:A44/CP formed tu-
bules protruding from the protoplast surface (Fig. 1B, left and
middle panels, respectively). As observed for all previously
tested 30K superfamily members, only CaMV MP:A44 formed
foci (Fig. 1A and C) that expanded with time (Fig. 1C, lower
graph). No such foci formed with GFP-CaMV MP/CP. The
requirement for A44 confirmed that, except for TMV (19) and
AMYV (Fig. 1A) (19) MPs, the MP-CP interaction is indispens-
able for exogenous MPs to mediate AMV transport. Removal
of A44 also reduces movement efficiency of AMV MP (Fig. 1C,
histograms 1 and 2 in both graphs); in fact, the rate of size
increase of CaMV MP:A44 foci was 2- to 3-fold higher than
that of AMV MP255 foci (Fig. 1C, histograms 3 and 2, respec-
tively, in both graphs).

Virus encapsidation is essential for CaMV MP-mediated
movement. The finding that MP-CP interaction is indispens-
able for AMV transport did not rule out the possibility that
CaMV MP:A44 also mediates NPC movement. To examine
the strategy used by CaMV MP to mediate AMV movement,
pGFP/CaMVMP:A44/CP was further modified to express a
shorter AMV CP (CP 206) lacking the C-terminal 14 amino
acids. CP 206 is competent for cell-to-cell movement and RNA
accumulation but not for virion encapsidation (19, 22). In con-
trast with all other previously tested MPs (19), CaMV MP was
unable to transport nonencapsidated viral nucleic acids, which
remained confined to single cells in the presence of CP 206
(Fig. 2A, image 2), although comparable levels of MP sub-
genomic RNA accumulated (Fig. 2B, lanes 1 and 2). This
might indicate a distinct evolution for MPs involved in tubule-
mediated virus transport. To further investigate this hypothe-
sis, we replaced the wild-type (WT) AMV MP with the MP of
Grapevine fanleaf virus (GFLV) (8), an RNA virus that moves
from cell to cell in a tubule-guided fashion. We found that
GFLV MP facilitated the formation of infection foci in con-
junction with either WT AMV CP or CP 206 (Fig. 2A, images
3 and 4). This result is in agreement with previous studies with
Cowpea mosaic virus (CPMV) MP (7, 19), which also directs
the formation of tubules, and confirmed that tubule-forming
MPs from RNA viruses mediate both NPC and virion trans-
port of AMV.

These results provide biological support for the 30K super-
family classification by showing that its members are exchange-
able beyond the movement strategy employed and indicate
that tubule-guided transport is an additional, rather than al-
ternative, feature developed by a group of these viruses, with
the exception of CaMV, which apparently lacks, or has lost, the
ability to move NPCs. We reasoned that limitation of CaMV

MP285:A44/CP (right panel). (C) Size expansion of infection foci
formed upon inoculation in P12 plants of the four RNA 3 hybrids
illustrated in panel A. The upper graph illustrates the average sizes of
20 different infection foci; the lower graph shows size evolution of 5 (a
through e) randomly selected single foci. Focus area is measured in
square millimeters. Bars represent standard deviations. hpi, hours
postinoculation.
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FIG. 2. Chimeric AMV RNA 3 accumulation and cell-to-cell trans-
port in P12 plants. (A) Detection of fluorescent infection foci two days
after inoculation with AMV RNA 3 derivatives obtained by exchange
of AMV MP with that of CaMV (images 1 and 2), GFLV (images 3
and 4), or CmYLCV (images 5 and 6) MPs. A schematic representa-
tion shows the GFP/MP:A44/CP AMV RNA 3 derivatives as depicted
in Fig. 1. Arrows above the boxes indicate the start of subgenomic
RNAs. CP 220, AMV WT coat protein; CP 206, AMV deletion mutant
coat protein. Bar = 100 pm. (B) Northern blot analysis of chimeric
RNA 3 derivative accumulation in P12 protoplasts. Total RNA ex-
tracted from protoplasts at 16 h postinoculation were glyoxylated,
loaded onto a 1.5% agarose gel, and hybridized with a digoxigenin-
labeled riboprobe complementary to the 3" UTR of RNA 3. Lane
numbers correspond to the analyzed constructs shown in panel A. M,
mock inoculation. The positions of the chimeric RNA 3, the first
subgenomic RNA (Sg RNA), and RNA 4 are indicated.

MP to the tubule-guided movement strategy could ensure safe
transport of the viral DNA genome through the non-cell-au-
tonomous RNA-specific pathway. To explore this hypothesis,
we extended our analysis to Cestrum yellow leaf curling virus
(CmYLCV) and Mungbean yellow mosaic virus (MYMV) MPs.
CmYLCV belongs to a distinct genus of Caulimoviridae,
whereas MYMYV is a member of the family Geminiviridae.
Upon inoculation of GFP-CmYLCV A44/CP 206 transcript
into P12 plants, fluorescent signal appeared but remained con-
fined to single cells, unlike that produced with WT CP (Fig.
2A, images 5 and 6), indicating that CmYLCV MP is subject to
the same restrictions as CaMV MP. MYMV MP was not func-
tional in this system either with or without A44 addition (data
not shown).
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Systemic transport of chimeric AMV RNA 3. Accumulation of
RNA 3 derivatives expressing CaMV, GFLV, and CmYLCV
MPs (Fig. 3A) was analyzed in inoculated and systemically in-
fected P12 leaves by tissue printing of petioles. All RNA 3 con-
structs tested were detected in inoculated leaves, with the inten-
sity of the signal decreasing from inoculated leaves toward distal
leaves (Fig. 3B). Derivative RNA 3 containing GFLV MP (Fig.
3B, lane 4) or CPMV MP (T. Fajardo et al., unpublished data)
moved systemically at a speed similar to that of WT MP and
accumulated to levels even higher than those of the WT. This
indicates that RNA-encoded tubule-forming MPs are highly com-
petent to mediate AMV movement in our system.

On the contrary, a lower efficiency of CaMV MP:A44 was
indicated by the decreased intensity of the signal starting from
the third systemically infected leaf (Fig. 3B, lane 2). The
CmYLCV A44 derivative RNA 3 did not move out of inocu-
lated leaves, suggesting even stronger restriction for CmYLCV
MP (Fig. 3B, lane 3). Tissue printing results were confirmed by
Northern blot analysis using the same riboprobe specific for
the 3 untranslated region (UTR) of AMV RNA 3 (Fig. 3C).

Implications for DNA virus transport. The 30K superfamily
phylogenetic tree places all tubule-forming MPs in a separate
cluster (15), suggesting an important relationship between MP
secondary structure and movement strategy. Our results and
previous results (19) support this prediction, showing that all
tested 30K family members encoded by an RNA virus mediate
virus NPC movement, whereas only a subset have developed
the additional feature of controlling tubule-guided transport.
CaMV MP joined the tubule cluster but, despite the presence
of an RNA binding domain (RBD) (1, 23), did not mediate
viral NPC transport. Globplot software (version 2.3; EMBL
[http://globplot.embl.de]) predicts a globular tertiary structure
for MPs. We reasoned that the CaMV MP RBD could be
buried in such a structure and thus be unavailable for AMV
NPC formation. To explore this possibility, we modified AMV
RNA 3 to express a GFP:CaMV MP:RBD:A44/CP transcript
containing an additional RBD from AMYV, CaMV, and Prunus
necrotic ringspot virus (PNRSV) (5) MPs. None of these con-
structs was able to mediate NPC transport or, surprisingly,
encapsidated virus movement. As the larger chimeric MP-
RBD constructs could interfere with virion movemeént through
tubules, we expressed a shorter tubule-competent construct,
CaMV MP285-RBD (Fig. 1B, right panel) (21), similar in size
to WT CaMV MP; however, this construct did not restore
virion transport (data not shown). This indicates that move-
ment inhibition cannot be a consequence of steric hindrance of
the chimeric MP but is most probably a structural modification
resulting from the RBD addition. While a number of reasons
could explain why the addition of RBDs does not help NPC
movement, inactivation of virion transport under such experi-
mental conditions underscores the pivotal role played by the
three-dimensional structure of CaMV MP. It is tempting to
speculate that, in CaMV, this structure could have evolved to
prevent NPC formation and thus mediate only encapsidated
virus transport, thus avoiding direct access of the CaMV DNA
genome to the plant cell-to-cell trafficking pathway specialized
for RNA molecule traffic. With the same aim, geminivirus,
moving as an NPC, evolved to have DNA genome molecules
small enough to be restrictively selected by MP and elude
detection by the RNA recognition system of the PD pathway
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FIG. 3. Systemic movement of AMV RNA 3 derivatives in P12 plants. (A) Schematic representation of WT AMV RNA 3 (construct 1) and
derivatives expressing the MPs of CaMV (construct 2), CmYLCV (construct 3), and GFLV (construct 4). CPs and MPs are depicted by boxes. The
brick pattern represents the AMV MP C-terminal 44 amino acids. Arrows indicate the start of RNAs 3 and 4. (B) Tissue printing of petiole
transversal sections of the two inoculated leaves (Inl and In2) and all available systemic leaves (S1 through S9) at 7 (inoculated leaves) or 14
(systemic leaves) days postinoculation with the RNA constructs represented in panel A. H, healthy plant. (C) Northern blot analysis of
accumulation of WT AMV RNA 3 (lane 1) and derivatives (lanes 2, 3, and 4) in inoculated and systemic leaves. Samples consist of a mix of leaf
tissue from the two inoculated leaves or from the S1, S2, and S3 systemic leaves. H, healthy plant. Positions of RNA 3 and RNA 4 are indicated

on the right.

(3, 4, 9). A very restrictive evolution of geminivirus MP could
explain the inability of MYMV MP to mediate AMV move-
ment with and without the addition of RBDs (data not shown).
We believe that MP structure has played an important role in
the evolution of DNA virus-encoded MP specialization to me-
diate virus transport through the non-DNA-permissive plas-
modesmata pathway. To provide further evidence of this, ef-
forts to determine the structure of CaMV MP are under way.
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