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SUMMARY

 

Nuclear import and export are crucial processes for any eukaryo-
tic cell, as they govern substrate exchange between the nucleus
and the cytoplasm. Proteins involved in the nuclear transport
network are generally conserved among eukaryotes, from yeast and
fungi to animals and plants. Various pathogens, including some
plant viruses, need to enter the host nucleus to gain access to its
replication machinery or to integrate their DNA into the host
genome; the newly replicated viral genomes then need to exit the
nucleus to spread between host cells. To gain the ability to enter
and exit the nucleus, these pathogens encode proteins that
recognize cellular nuclear transport receptors and utilize the
host’s nuclear import and export pathways. Here, we review and
discuss our current knowledge about the molecular mechanisms
by which plant viruses find their way into and out of the host cell

 

nucleus.

 

INTRODUCTION

 

Bidirectional substrate exchange between the cell nucleus and
the cytoplasm is a selective, receptor-mediated process, which
provides a crucial communication avenue within the cell. A
number of animal and plant pathogens recognize the host’s
nuclear transport receptors and utilize cellular nuclear import
mechanisms to gain access to the nucleus, which allows them to
take advantage of the host DNA replication and repair machinery.
An additional advantage to using the host nuclear import
machinery is the ability to infect non-dividing cells, in which the
integrity of the nucleus is maintained throughout their infection
cycle.

Although most plant viruses replicate in the host cell cytoplasm,
there are several large virus families, such as geminiviruses and

caulimoviruses, which replicate in the nucleus. For all nucleus-
replicating viruses, nuclear transport is a crucial stage in the
infection cycle, which can be targeted to create novel antiviral
compounds. In recent years, peptides and single-chain antibodies
have been generated to impede nuclear import of the human
immunodeficiency virus-1 (HIV-1) proteins Tat and Vpr, and thus
inhibit viral replication (Krichevsky 

 

et al

 

., 2003, 2005). Success of
this antiviral strategy, which can be applied to a variety of animal
and plant viruses, emphasizes the importance of understanding
the nuclear transport of viral proteins and genomes. Although
traffic of animal viruses into and out of the host cell nucleus has
been extensively reviewed (e.g. Cros and Palese, 2003; Smith and
Helenius, 2004; Weidman 

 

et al

 

., 2003; Whittaker and Helenius,
1998; Whittaker 

 

et al

 

., 2000), the field of nuclear transport of
plant viruses has remained largely out of the spotlight. Here, we
remedy this lack of attention by reviewing our current knowledge
of molecular mechanisms of nucleocytoplasmic transport of plant
viral proteins and genomes.

 

CELLULAR PATHWAYS FOR NUCLEAR 
TRANSPORT

 

Before discussing nuclear import and export of plant viruses, it is
important briefly to describe the general principles and major
molecular participants in the process of nuclear transport in
uninfected cells (Fig. 1). Nuclear import and export are based on
a network of proteins that shuttle between the nucleus and
the cytoplasm, allowing substrate exchange through nuclear pore
complexes (NPCs), selective channels spanning the nuclear
envelope (reviewed in Adam, 2001; Bagley 

 

et al

 

., 2000; Vasu and
Forbes, 2001; Wozniak and Lusk, 2003). An NPC is a large
proteinaceous structure (Fig. 1), which contains approximately
30 structural proteins (nucleoporins, Nups) in yeast (Rout

 

et al

 

., 2000) and in vertebrates (Cronshaw 

 

et al

 

., 2002), and has
a molecular mass ranging from 44–66 MDa in yeast (Rout and
Blobel, 1993; Rout 

 

et al

 

., 2000; Yang 

 

et al

 

., 1998) to 60–125 MDa in
vertebrates (Cronshaw 

 

et al

 

., 2002; Reichelt 

 

et al

 

., 1990). Studies
of the NPCs in various organisms suggest that these structures
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are well conserved among eukaryotes. For instance, antibodies
against the yeast nucleoporin Nsp1 recognize a 100-kDa protein
in nuclear matrix preparations isolated from carrot suspension
cells, suggesting that an Nsp1-like protein is an element of the
NPC in plants (Cronshaw 

 

et al

 

., 2002; Meier, 2005; Scofield 

 

et al

 

.,
1992; Vasu and Forbes, 2001).

Small molecules—up to 9 nm in diameter (Görlich and Kutay,
1999) or up to 70 kDa for globular proteins (Dingwall, 1991;
Görlich and Kutay, 1999)—can enter the nucleus by simple diffu-
sion. However, this diffusion is reasonably fast only for proteins
of up to 20–30 kDa (Görlich and Kutay, 1999), and molecules and
multimolecular complexes larger than 70 kDa [some complexes
that traverse NPC are ribosomal subunits with a diameter of
approximately 35 nm (reviewed in Meier, 2005)] must rely exclu-
sively on active nuclear import. Furthermore, even some proteins
that are smaller than 30 kDa, such as histones, are imported into
the nucleus by an active mechanism (Breeuwer and Goldfarb,
1990; Jäkel 

 

et al

 

., 1999). The ‘classical’ active nuclear import
pathway begins with a pair of nuclear import receptors—importin

 

α

 

 and importin 

 

β

 

 (also known as karyopherin 

 

α

 

 and karyopherin

 

β

 

) (reviewed in Chook and Blobel, 2001; Goldfarb 

 

et al

 

., 2004;
Görlich 

 

et al

 

., 1995b; Görlich, 1997; Meier, 2005; Powers and
Forbes, 1994; Smith and Raikhel, 1999). In the cytoplasm, the
importin 

 

α

 

/

 

β

 

 heterodimer binds to a protein containing nuclear
localization signal (NLS) via the NLS-binding region of importin

 

α

 

. This trimeric complex is docked to the cytoplasmic face of the
NPC and targeted to its core through the affinity of importin

 

β

 

 for the NPC components (Chi 

 

et al

 

., 1995; Enenkel 

 

et al

 

., 1995;
Görlich 

 

et al

 

., 1995a; Görlich, 1997; Kraemer 

 

et al

 

., 1995; Nigg,
1997; Radu 

 

et al

 

., 1995). Translocation into the nucleus requires
recruitment of a small GTPase, Ran, in a GDP-bound form (Görlich,
1997). Once in the nucleus, dissociation of the complex contain-
ing both importins, Ran and the cargo protein is triggered by con-
version of Ran-GDP to Ran-GTP by the Ran nucleotide exchange
factor, regulator of chromosome condensation 1 (RCC1) (Görlich,
1997; Smith and Raikhel, 1999). Recent data indicate that the
presence of Ran-GTP also allows large cargo molecules to
translocate efficiently through central regions of the NPC (Lyman

 

et al

 

., 2002). Finally, importins and Ran-GTP are recycled into the
cytoplasm—where Ran-GTP is converted to Ran-GDP by the
cytoplasmic Ran-GTPase activation protein (RanGAP) and

 

Ran-GTP, is also exported as an importin 

 

α

 

/CAS/Ran-GTP complex. On the 
cytoplasmic face of the NPC, Ran-GTP is hydrolysed to Ran-GDP by RanGAP, 
causing dissociation of the exported complexes and allowing recycling of 
the import factors. Nuclear export, illustrated for cargo molecules with a 
leucine-rich NES, begins in the nucleoplasm with binding of the NES of the 
cargo molecule to CRM1/XPO1 and Ran-GTP; the resulting complex exits 
the nucleus via the NPC, and, on the cytoplasmic face of the NPC, its 
dissociation is induced by Ran-GTP hydrolysis, which is facilitated by 
RanGAP and RanBP1.

 

Fig. 1

 

Major steps of protein import and export through the nuclear pore 
complex (NPC). A schematic model of the NPC, largely derived from electron 
tomographic studies, represents a structure with an eight-fold rotational 
symmetry (not indicated here for simplicity) composed of a central channel, a 
spoke complex anchored to the nuclear envelope by the luminal ring, and 
cytoplasmic and nucleoplasmic rings, which are connected to the cytoplasmic 
filaments and nuclear basket, respectively. Nuclear import, illustrated for cargo 
molecules with a basic-type NLS, initiates in the cytoplasm with binding of the 
NLS of the cargo molecule to the importin 

 

α

 

 subunit of the importin 

 

α

 

/

 

β

 

 
heterodimer; the resulting complex is transported to the NPC and, then, in the 
presence of Ran-GDP is translocated into the nucleoplasm. Within the nucleus, 
Ran-GDP is converted to Ran-GTP by RCC1, and Ran-GTP binds to importin 

 

β

 

 
and dissociates the cargo/importin 

 

α

 

/

 

β

 

 complex. The cargo remains in the 
nucleus whereas the importin 

 

β

 

/Ran-GTP complex is exported through the 
NPC, and importin 

 

α

 

, following binding to its export factor CAS which binds 
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Ran-binding proteins (e.g. RanBP1), which enhance the normally
low GTPase activity of Ran—and routed back to the nuclear
import cycle (reviewed in Fried and Kutay, 2003; Komeili and
O’Shea, 2001; Meier, 2005; Mosammaparast and Pemberton,
2004) (Fig. 1).

Aside from via the ‘classical’ import pathway, a number of pro-
teins enter the nucleus by different mechanisms. Some proteins,
such as Rev and Tat of HIV-1, do not require importin 

 

α

 

 for their
nuclear import, but instead bind directly to importin 

 

β

 

 (Truant
and Cullen, 1999). Yet another mechanism involves a homologue
of importin 

 

β

 

, called transportin, which binds to a specific 38-
amino-acid-long sequence, termed M9, within the target proteins
(Bonifaci 

 

et al

 

., 1997; Fridell 

 

et al

 

., 1997; Pollard 

 

et al

 

., 1996).
Finally, other types of NLSs, such as the negatively charged NLS
of the HIV-1 Vpr protein for which no obvious nuclear import
pathways have been suggested (Karni 

 

et al

 

., 1998), imply the
existence of additional pathways for nuclear import (Deane 

 

et al

 

.,
1997; Görlich, 1997; Schlenstedt 

 

et al

 

., 1997).
Similar to nuclear import, substrates exported from the

nucleus use targeting sequences, termed nuclear export signal
(NES), and specific receptors that recognize them. Several nuclear
export receptors, such as CRM1/exportin (XPO) 1 (Fornerod 

 

et al

 

.,
1997; Stade 

 

et al

 

., 1997) and CAS (Kutay 

 

et al

 

., 1997), have been
identified in different eukaryotic organisms. During the export
process, Ran-GTP in the nucleus stimulates binding of CRM1 to
the export substrate, and, after translocation through the NPC,
the CRM1/Ran-GTP/cargo protein complex is disassembled
following dissociation of Ran-GTP, which is promoted by RanBP1-
and RanGAP-facilitated conversion of Ran-GTP to Ran-GDP on
the cytoplasmic side of NPC. The exported molecule is released
into the cytoplasm, CRM1 is recycled back to the nucleus and
Ran-GDP is directed to the nuclear import cycle (reviewed in Fried
and Kutay, 2003; Komeili and O’Shea, 2001; Kutay and Guttinger,
2005; Meier, 2005) (Fig. 1).

 

NUCLEAR IMPORT AND EXPORT SIGNALS

 

How does the nuclear import machinery of the cell identify the
‘cargo’ proteins that should be transported into the nucleus
and distinguish them from those that should not? This task is
achieved by recognition of specific protein sequences—the
NLS—within the cargo protein. Usually, the NLS is a stretch of 7–
20 amino acids within karyophilic cellular or viral proteins (Dingwall
and Laskey, 1991; Garcia-Bustos 

 

et al

 

., 1991; Hicks and Raikhel,
1995; Nair 

 

et al

 

., 2003). Although there is no single consensus
sequence for NLSs, they possess several common features. Typi-
cally, an NLS is rich in basic amino acids, not cleaved from the
protein after import and functionally independent of its position
within the protein molecule. One of the best studied examples of
such basic-type NLS is the NLS of the large T antigen of simian
virus 40 (SV40), represented by a single basic amino acid domain,

PKKKRKV (Kalderon 

 

et al

 

., 1984a,b). Another well-studied class
of basic-type NLSs are the bipartite signals, exemplified by the
NLS of 

 

Xenopus

 

 nucleoplasmin KRPAATKKAGQAKKKK, which are
composed of two short basic regions (underlined) separated by a
peptide spacer (Dingwall and Laskey, 1991; Robbins 

 

et al

 

., 1991).
Although the basic-type NLSs are by far the most common class
of such signals, several other types of NLSs have been described,
such as the NLS of Mat-

 

α

 

 2-type protein (Hall 

 

et al

 

., 1984), which
contains a mix of hydrophobic and basic amino acids, or the
negatively charged NLS of the HIV-1 Vpr protein (Friedler 

 

et al

 

., 1998).
Just as the nuclear entry of proteins requires an NLS, protein

export out of the nucleus requires an NES (Kutay and Guttinger,
2005; Ossareh-Nazari 

 

et al

 

., 2001; Ullman 

 

et al

 

., 1997; Ward and
Lazarowitz, 1999). NESs have been identified in a number of
shuttling nuclear proteins from animals and viruses. First charac-
terized in the HIV-1 Rev protein and the transcription factor TFIIIA
from 

 

Xenopus

 

 (Fischer 

 

et al

 

., 1995; Fridell 

 

et al

 

., 1996; Wen 

 

et al

 

.,
1995), the typical NES is, similarly to NLS, a relatively short seg-
ment of the protein, which is not cleaved from it after the export
process has been completed and is functionally independent of
its position within the protein sequence (Lazarowitz and Beachy,
1999). Sequence-wise, NESs are hydrophobic sequences of 10–
13 amino acids, often rich in leucine residues, e.g. the NLS of HIV-
1 Rev LQLPPLERLTL (Fischer 

 

et al

 

., 1995; Wen 

 

et al

 

., 1995), which
are essential for the NES function (Fischer 

 

et al

 

., 1995; Fridell

 

et al

 

., 1996; Wen 

 

et al

 

., 1995). In plant viruses, one of the well-
described NESs is the NES of the 

 

Squash leaf curl virus

 

 (SLCV)
nuclear shuttle protein (NSP, see also below), which is strikingly
similar in its overall characteristics to other eukaryotic and viral
NESs (Ward and Lazarowitz, 1999). Moreover, the 

 

Xenopus

 

 TFIIIA
NES can functionally substitute for the SLCV NSP NES in both
protein nuclear export and viral infectivity, suggesting that the basic
nuclear export machinery is highly conserved between animals
and plants (Ward and Lazarowitz, 1999).

 

PLANT-SPECIFIC CHARACTERISTICS OF THE 
NUCLEAR TRANSPORT MACHINERY

 

Studies of nuclear transport in animal, yeast and plant cells have
revealed that the fundamental trafficking machinery is highly
conserved (Corbett and Silver, 1997; Haizel 

 

et al

 

., 1997; Hicks
and Raikhel, 1995; Merkle 

 

et al

 

., 1996). For instance, Ran homo-
logues of 

 

c

 

. 75% identity to Ran proteins found in vertebrates
and fungi have been identified in Arabidopsis (Haizel 

 

et al

 

.,
1997), tomato (Ach and Gruissem, 1994), tobacco (Merkle 

 

et al

 

.,
1994) and other plant species (Smith and Raikhel, 1999). The
requirement for GTP hydrolysis during nuclear import is con-
served as well, because nuclear import in both vertebrates
and plants can be blocked by non-hydrolysable GTP analogues
(Görlich, 1997; Hicks 

 

et al

 

., 1996; Merkle 

 

et al

 

., 1996; Zupan

 

et al

 

., 1996). Additionally, a lectin wheat germ agglutinin (WGA)
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specifically binds to a subset of NPC proteins modified with a single

 

O

 

-linked 

 

β

 

-N

 

-acetylglucosamine (O-GlcNAc) residue and blocks
nuclear import in permeabilized cultured animal cells (Dabauvalle

 

et al

 

., 1988; Davis, 1995). Similarly, WGA recognizes glycopro-
teins in plant NPCs and blocks nuclear import of large molecules/
macromolecular complexes in plant cells (Zupan 

 

et al

 

., 1996), but
not in permeabilized plant protoplasts (Heese-Peck 

 

et al

 

., 1995;
Hicks 

 

et al

 

., 1996; Merkle 

 

et al

 

., 1996), suggesting potential
differences in nuclear import and/or variability in glycosylation of
the NPC proteins between intact and permeabilized plant cells.

Despite its extensive similarity to other eukaryotic systems,
nuclear import in plants may possess several unique features.
First, nuclear import—inhibited at low temperatures in animal
cells (Adam 

 

et al

 

., 1990)—occurs at 4 

 

°

 

C in plants (Hicks 

 

et al

 

.,
1996; Merkle 

 

et al

 

., 1996), suggesting an evolutionary adapta-
tion to growth in colder climates. Moreover, different plant spe-
cies may have evolved different mechanisms for nuclear import.
While nuclear import of the basic-type NLS-containing proteins
in rice (and, potentially, other monocotyledonous plants) is medi-
ated by the importin 

 

α

 

/

 

β

 

 heterodimer (Jiang 

 

et al

 

., 1998a; Jiang

 

et al

 

., 1998b; Matsuki 

 

et al

 

., 1998), in 

 

Arabidopsis thaliana

 

 (and
most likely other dicots), nuclear import is promoted by importin

 

α

 

 alone, without the requirement for importin 

 

β

 

. Indeed, the
Arabidopsis genome does not encode a true homologue of importin

 

β

 

 that functions in an importin 

 

α

 

-dependent import pathway as
in yeast and animals (Harel and Forbes, 2004). Thus, Arabidopsis
importin 

 

α

 

 [AtI MP

 

α

 

 (Hicks 

 

et al

 

., 1996) or AtKAP

 

α

 

 (Ballas and
Citovsky, 1997)], although homologous in its sequence to import-
ins 

 

α

 

 of other, non-plant eukaryotes, probably differs from them
functionally. Consistent with this idea, AtI MPa binds NLSs with
high affinity (Hicks 

 

et al

 

., 1996; Hubner 

 

et al

 

., 1999; Smith 

 

et al.,
1997), whereas the NLS-binding affinity of importins α from
yeast and mouse increases when they are complexed with impor-
tin β (Efthymiadis et al., 1997; Hu and Jans, 1999; Hubner et al.,
1997; Rexach and Blobel, 1995). Intriguingly, recent studies
in animal systems indicate that animal importins α can also
function without importin β (Kotera et al., 2005), although this
importin β-independent activity may not represent the main
function of importin α in animal cells. Unlike for nuclear import,
there is no evidence that nuclear export machinery of plant cells
substantially deviates from that in animal and yeast cells.

NUCLEAR TRANSPORT OF PLANT VIRAL 
PROTEINS INVOLVED IN 
NUCLEOCYTOPLASMIC TRAFFIC OF VIRAL 
GENOMES

DNA viruses: geminiviruses

Geminiviruses are a family of plant viruses, which draw their name
from the morphology of the virus particles with twin icosahedral

morphology (Lazarowitz, 1992; Timmermans et al., 1994).
Geminiviruses are currently classified in the family Geminiviridae,
which comprises three genera, Begomovirus, Mastrevirus and
Curtovirus—with a fourth genus, Topocuvirus, proposed—
according to their genome, host plants and insect vector (Rybicki
et al., 2000; Stanley et al., 1999). The geminivirus genome is
composed of either two (bipartite geminiviruses) or a single
(monopartite geminiviruses), covalently closed, circular, 2.5- to
2.9-kb-long single-stranded (ss) DNA molecule (Lazarowitz,
1992).

Because geminiviruses encode only a small number of proteins
assisting in their replication (Elmer et al., 1988; Hanley-Bowdoin
et al., 1990; Sunter et al., 1990), and there is no evidence that
these viral proteins function as DNA polymerases (Nagar et al.,
1995), to propagate they must take advantage of the replication
machinery of the host cell, which requires access to the host cell
nucleus. To gain nuclear access, geminiviruses have evolved to
encode specific proteins, which contain NLS and NES signals, and
are able to mediate transport of the viral DNA genomes in and
out of the nucleus. Although all geminiviruses utilize this general
strategy for nuclear transport of their genomic DNA, the nature
of these viral nuclear shuttle proteins differs between bipartite
and monopartite geminiviruses.

Bipartite geminiviruses
The bipartite genome of begomoviruses, such as SLCV and Bean
dwarf mosaic virus (BDMV), contains two ssDNA molecules des-
ignated DNA A and DNA B. Most of the viral genes are located on
the DNA A molecule (Elmer et al., 1988), and the DNA B molecule
contains only two genes that encode viral movement proteins:
MPB, movement protein encoded by DNA B, formerly BL1 or BC1;
and NSP, nuclear shuttle protein, formerly BR1 or BV1 (Sanderfoot
and Lazarowitz, 1995; Sanderfoot et al., 1996). MPB associates
with the cell wall and membrane fractions of the cell, and it has
been suggested to function to increase the exclusion limit of
plasmodesmata, thereby facilitating cell-to-cell movement of the
virus (Pascal et al., 1993). By contrast, NSP shuttles between the
nucleus and the cytoplasm, presumably mediating nuclear import
of the viral genome (Sanderfoot and Lazarowitz, 1995; Sanderfoot
et al., 1996).

Both NSP and MPB bind single-stranded nucleic acids. How-
ever, in the case of SLCV, NSP binds ssDNA much better than MPB
(Pascal et al., 1994) whereas, in the case of BDMV, MPB binds
double-stranded (ds) DNA and NSP binds both ssDNA and dsDNA
with comparable affinity (Rojas et al., 1998). Thus, SLCV MBP and
NSP probably translocate the true viral genomic ssDNA (Pascal
et al., 1994) while BDMV MPB and NSP may mediate nuclear
and/or cell-to-cell transport of a replicative dsDNA form of the
virus (Noueiry et al., 1994; Rojas et al., 1998).

SLCV NSP was first shown to shuttle between the nucleus and
the cytoplasm in transient expression assays in both insect cells
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and tobacco protoplasts (Sanderfoot and Lazarowitz, 1995;
Sanderfoot et al., 1996). When expressed alone, NSP is detected
in the nuclei of transfected tobacco protoplasts; however, when
co-expressed with MPB, it is redirected from the nucleus to the
cortical cytoplasm, suggesting that MPB interacts with NSP
and traps it at the cell periphery (Lazarowitz and Beachy, 1999;
Sanderfoot and Lazarowitz, 1995, 1996). The NSP–MPB interac-
tion was confirmed in the studies showing that the C-terminus of
NSP contains a domain that directly binds MPB (Sanderfoot and
Lazarowitz, 1995; Sanderfoot et al., 1996). Therefore, the current
model, based on studies of SLCV and BDMV, suggests that MPB
and NSP act in a cooperative manner to move the viral genome
from the nucleus to the cytoplasm and across the cell wall
through the plasmodesmal channels (Lazarowitz and Beachy,
1999; Sanderfoot and Lazarowitz, 1995; Sanderfoot et al., 1996).
In particular, the mechanism of SLCV propagation probably
involves the following steps: following initial infection, NSP
transports the viral ssDNA into the host cell nucleus, or at least
to the nuclear pore, for transcription, replication and subsequent
assembly; NSP would bind some of the replicated viral genomes
and bring them back out to the cytoplasm, where MPB traps NSP–
ssDNA complexes and directs them through plasmodesmata into
adjacent, uninfected cells (Lazarowitz and Beachy, 1999; Sander-
foot and Lazarowitz, 1996; Sanderfoot et al., 1996; S. Lazarowitz,
personal communication). In these neighbouring cells, the MPB/
NSP–ssDNA complexes dissociate, and NSP again assists in import-
ing the viral genome into the nucleus to initiate new rounds of
replication and infection (Lazarowitz and Beachy, 1999; Sanderfoot
and Lazarowitz, 1995, 1996; Sanderfoot et al., 1996).

Not unexpectedly, NSP has been shown to contain two NLSs,
both of which are required for NSP functionality and located
in the N-terminal half of the protein: a bipartite NLS located
between residues 22 and 41, and an SV40 T antigen-type NLS
between residues 89 and 93 (Lazarowitz and Beachy, 1999;
Sanderfoot et al., 1996). Consistent with its function in nuclear export
of the viral genomes (see above), NSP has been shown to contain
also an NES signal (Ward and Lazarowitz, 1999). A series of C-
terminal truncations of NSP was fused to the β-glucuronidase (GUS)
reporter gene and co-expressed with MPB in a plant cell. The
rationale behind these experiments was that fusion proteins with
an intact NSP C-terminal domain, which interacts with MPB,
would be relocalized from the nucleus to the cortical cytoplasm
only if they contained an NES (Ward and Lazarowitz, 1999). These
studies identified an amino acid sequence required for the export
of NSP from the nucleus, which resembles NESs found in other
rapidly shuttling nuclear proteins. Mutation of the leucine resi-
dues in this sequence abolished both the SLCV infectivity and the
relocation of NSP from the nucleus to the cortical cytoplasm of
tobacco protoplasts in the presence of MPB, confirming its func-
tion in the nuclear export of the NSP (Ward and Lazarowitz,
1999).

One of the challenges faced by NSP is to balance between viral
replication and nuclear export of the newly synthesized viral
genomes. For SLCV and Cabbage leaf curl virus (CLCV), this proc-
ess has been proposed to be controlled by interactions between
NSP, the plant-specific nuclear acetyltransferase AtNSI (Arabi-
dopsis thaliana NSP interactor) (McGarry et al., 2003) and the
viral coat protein (CP) (Carvalho and Lazarowitz, 2004; McGarry
et al., 2003). In this model, the invading geminiviral ssDNA
genomes are converted by host nuclear enzymes into dsDNA
minichromosomes, which serve as templates for transcription
and for rolling-circle replication (Bisaro, 1996; Pilartz and Jeske,
1992). The newly replicated viral ssDNA molecules then are
bound by CP, sequestered away from replication, and are made
available for interaction with NSP (Qin et al., 1998; Sanderfoot
et al., 1996). NSP recruits AtNSI which acetylates CP, decreasing
its affinity for ssDNA, thus leading to CP displacement and
formation of the NSP–ssDNA complexes competent for nuclear
export (Carvalho and Lazarowitz, 2004; McGarry et al., 2003).

Monopartite geminiviruses
Monopartite geminiviruses lack the DNA B component of its
genome as well as obvious MPB or NSP homologues, which may
reflect fundamental differences in the mechanism of nucleo-
cytoplasmic shuttling and cell-to-cell movement of monopartite
vs. bipartite geminiviruses (Navot et al., 1991). Most of our
knowledge about nuclear import and export of monopartite
geminiviruses derives from studies of Maize streak virus (MSV)
and Tomato yellow leaf curl virus (TYLCV).

MSV is a mastrevirus (Bock, 1999), which, similarly to other
geminiviruses, must enter the host cell nucleus for replication and
virus assembly, and then exit the nucleus for cell-to-cell movement.
To this end, the MSV genome encodes two proteins, the movement
protein (MP) (Mullineaux et al., 1988) and the CP (Morris-Krsinich
et al., 1985), which are required for systemic infection (Boulton
et al., 1989, 1993; Lazarowitz et al., 1989) and are involved in
the intra- and intercellular transport of the viral genome. Specif-
ically, MSV CP binds ssDNA and dsDNA (Liu et al., 1997), local-
izes to the nucleus within insect cells and tobacco protoplasts,
and mediates nuclear import of viral DNA in maize and tobacco
cells (Liu et al., 1999). As expected, MSV CP contains an NLS that
is located at the N-terminus of the protein (Liu et al., 1997, 1999).

Unlike CP, MSV MP is a non-karyophilic protein the involve-
ment of which in viral cell-to-cell movement is inferred from its
association with plasmodesmata in infected tissues (Dickinson
et al., 1996) and from the observations that GFP-tagged MSV MP
translocates from cell to cell when expressed in maize leaf epi-
dermis (Kotlizky et al., 2000). Interestingly, unlike NSPs of bipar-
tite geminiviruses, MSV MP was unable to bind viral DNA, but,
similarly to NSPs, it interacted with MSV CP and prevented, or
strongly diminished, nuclear accumulation of MSV CP–DNA
complexes in plant cells (Liu et al., 2001).
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In the case of TYLCV, a begomovirus (Czosneck, 1999), both
nuclear import and export of its genome are most probably medi-
ated by a single viral protein, the CP (Kunik et al., 1998; Rojas
et al., 2001). TYLCV CP binds ssDNA and is actively transported
into the nucleus of plant (Kunik et al., 1998; Rojas et al., 2001)
and insect cells (Kunik et al., 1998). Using truncated TYLCV CP–
GUS fusions, an NLS was identified within the N-terminal part of
CP (Kunik et al., 1998). CP nuclear import was inhibited by an
excess of a peptide corresponding to the bipartite NLS of the
Agrobacterium VirD2 protein, which competitively binds to
importin α, as well as by GTPγS (a non-hydrolysable GTP homologue),
suggesting that CP utilizes an importin α-dependent pathway for
nuclear import (Kunik et al., 1998). Indeed, an importin α pro-
tein, designated LeKAPα, from tomato (Lycopersicon esculen-
tum) was identified and shown to interact directly with TYLCV CP
(Y. Gafni, unpublished observation). This interaction is illustrated
in Fig. 2, which shows that CP of the Israeli isolate of TYLCV
directly binds LeKAPα in a living plant cell, and that the interact-
ing proteins accumulate within the plant cell nucleus. In this
study, the protein–protein interaction and subcellular localization
were monitored by the bimolecular fluorescence complementa-
tion assay (BiFC) (Hu and Kerppola, 2003; Hu et al., 2002; Lacroix
et al., 2005; Li et al., 2005; Tzfira et al., 2004).

In addition to carrying an NLS, TYLCV CP has been shown to
contain a functional leucine-rich NES within the C-terminal part
of the protein (Rhee et al., 2000). Consistent with this nucleo-
cytoplasmic shuttle activity, TYLCV CP has been shown to medi-
ate nuclear import and export of fluorescently labelled DNA in
plant cells (Rojas et al., 2001). Therefore, in the current model
for TYLCV intracellular transport, CP is thought to mediate the
uptake of viral DNA into the host cell nucleus and, following rep-
lication, export the newly synthesized TYLCV genomes into the
cell cytoplasm for subsequent cell-to-cell movement. Thus, TYLCV
CP carries out at least two distinct functions, nucleo-cytoplasmic
shuttling of viral genomes and encapsidation of the TYLCV DNA
into viral particles, playing a vital role in the TYLCV infection
cycle. Unlike its nuclear transport, cell-to-cell movement of TYLCV
is not well characterized. This process has been proposed to be
mediated, via an as yet unknown mechanism, by the viral C4 pro-
tein (Rojas et al., 2001, 2005), which induces the disease symp-
toms (Jupin et al., 1994; Krake et al., 1998; Rigden et al., 1994)
and localizes to the host cell periphery and interacts with
plasmodesmata (Rojas et al., 2001, 2005). However, unlike MSV
MP and CP, which interact with each other (Liu et al., 2001),
TYLCV C4 is unable to bind TYLCV CP (Y. Gafni, unpublished
observation).

Fig. 2 TYLCV CP interacts with tomato 
karyopherin α (LeKAPα) in the nucleus of tobacco 
protoplasts. Protein–protein interaction and 
subcellular localization was assayed by 
bimolecular fluorescence complementation (BiFC) 
between cYFP-tagged CP and nYFP-tagged 
LeKAPα. (A) YFP signal. (B) Plastid 
autofluorescence. (C) Phase image. (D) Merged 
YFP and plastid autofluorescence signals. All 
fluorescence images are projections of several 
confocal sections. Scale bar = 10 µm.
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RNA viruses: rhabdoviruses

The Rhabdoviridae family includes both animal and plant viruses
that are characterized by distinctive bullet-shaped enveloped
particles (reviewed in Jackson et al., 2005). Plant-infecting rhab-
doviruses have been classified into two genera (Jackson et al.,
2005; Tordo et al., 2005): Cytorhabdoviruses, such as Lettuce
necrotic yellows virus (LNYV), are similar to the animal rhabdovi-
ruses in that they replicate in the cytoplasm of infected cells,
whereas nucleorhabdoviruses, such as Sonchus yellow net virus
(SYNV), replicate in the host cell nucleus. Although the overall
particle morphology and genome organization of SYNV (Jackson
and Christie, 1979) is similar to that of cytoplasmically replicating
animal rhabdoviruses, such as vesicular stomatitis virus (VSV)
and rabies virus, unlike its animal counterparts, SYNV maintains
its genomic RNA in the nucleus (reviewed in Jackson et al., 2005).

Three SYNV proteins, polymerase (L), nucleocapsid (N) and
phosphoprotein (P), are present in the infectious viral core (Rose
and Whitt, 2001; Wagner and Jackson, 1997). The N and P pro-
teins represent two classes of essential nucleocapsid components
that are found in all monopartite negative-strand RNA viruses
and provide several vital functions during infection. The N protein
encapsidates the full-length genomic and viral messenger RNAs
as the nascent molecules are transcribed, as well as nascent
leader RNAs during the transition period between transcription
and replication (Wagner, 1987). The P protein has been shown to
serve as a chaperone for several viral proteins (Masters and Ban-
erjee, 1988; Takacs and Banerjee, 1995; Takacs et al., 1993), and
its phosphorylation state has been implicated in the regulation of
viral transcription (Gao et al., 1996) and replication (Das et al.,
1997; Hwang et al., 1999).

NLS sequences have been identified in both N and P proteins
of SYNV. Specifically, the N protein contains a bipartite NLS in its
C-terminus (Goodin et al., 2001). In contrast, the P protein does
not contain a classical basic amino acid residue-rich NLS and
does not bind importin α in vitro; instead, nuclear import of the
P protein is directed by an NLS within its N-terminal domain
(Goodin et al., 2001). In addition, a putative NES was suggested
to be located in the C-terminus of the P protein (Martins et al.,
1998), indicating that this viral protein shuttles between the
nucleus and the cytoplasm of the host cell; indeed, when
expressed alone, P is detected both in the cell nucleus and in the
cytoplasm, whereas N is exclusively nuclear (Goodin et al., 2001,
2002). Interestingly, N and P proteins interact with each other,
and their co-expression in plant and yeast cells results in a dra-
matic shift of both proteins to a distinct subnuclear, but not
nucleolar (Tsai et al., 2005), location (Goodin et al., 2001, 2002).
Recently, relocalization to a subnuclear locus, identified as nucleolus,
was demonstrated for co-expressed N and P proteins of another
nucleorhabdovirus, Maize fine streak virus (MFSV) (Tsai et al., 2005).
Although cytorhabdoviruses also encode N and P homologues

(Rose and Whitt, 2001), the intercellular fate of these proteins
remains unknown, and it represents a focus of several ongoing
studies (M. Goodin and R. G. Dietzgen, personal communication).

The presence of different types of NLSs in the SYNV core pro-
teins suggests that this virus may utilize several different path-
ways for its nuclear import. This situation is reminiscent of
the nuclear import of lentiviruses, such as HIV-1, in which several
proteins in the infectious viral core, e.g. Vpr, integrase and matrix
protein, carry different types of NLSs (Bukrinsky and Haffar,
1999). The presence of multiple NLSs of different types, which use
different nuclear import receptors and pathways, might be
explained by the necessity to effectively infect different types of
cells or cells at different stages of development, when individual
import pathways work with varying degrees of effectiveness.

The current model of SYNV infection suggests that, during
early stages of infection, the viral core containing the N, P and L
proteins and the SYNV genomic RNA is transported into the nucleus
for replication of the viral genome and subsequent matura-
tion of the virions (Jackson, 1978; Martins et al., 1998; Wagner
et al., 1996), most probably utilizing the NLSs of the N and P pro-
teins. Following viral replication, nucleorhabdovirus cores reas-
sembly and bud from the intact or modified inner membrane
of the nuclear envelope into perinuclear spaces; this budding most
probably results in envelopment of the virus (Christie et al., 1974;
Jackson, 1987; Jackson et al., 2005). In addition, SYNV nucleo-
capsid cores have been proposed to exit the nucleus and move
cell to cell with the help of the viral movement protein, such as
sc4 of SYNV (Jackson et al., 2005). It is tempting to speculate that
this putative nuclear export of the SYNV cores is mediated by the
viral P protein, which contains an NES signal (Martins et al., 1998).

It is of note that this peculiar mechanism of viral nuclear exit
by budding from the inner nuclear membrane into the perinuclear
space was also reported for herpesviruses (Leuzinger et al., 2005).
Herpes simplex virus 1 (HSV-1) is an enveloped virus that infects
animal cells by fusing with their plasma membranes and injecting
its nucleoprotein capsid into the host cell cytoplasm (Spear,
1993). The HSV-1 capsid then docks at the NPC with the help of
importin β, potentially in an importin α-independent fashion
(Ojala et al., 2000), and releases the viral genome into the nucle-
oplasm (Batterson et al., 1983; Ojala et al., 2000; Roizman and
Sears, 1996). HSV-1 exit out of the nucleus and envelopment
probably occur via two distinct pathways: budding of capsids at
the inner nuclear membrane into the perinuclear space and
egress of capsids through impaired nuclear pores, followed by
budding at the outer nuclear membrane or at membranes of the
rough endoplasmic reticulum or Golgi (Leuzinger et al., 2005).

Plant pararetroviruses: caulimoviruses

Cauliflower mosaic virus (CaMV) is the type member of the cauli-
moviruses (Shepherd, 1981), one of the six genera in the family
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Caulimoviridae (Pringle, 1999). Its genome consists of a circular
dsDNA (Frank et al., 1980; Hull and Covey, 1985; Shepherd, 1981,
1989) packaged by the viral CP into an icosahedral particle with
a diameter of approximately 54 nm (Cheng et al., 1992).

With regard to its replication mechanism, CaMV is a pararet-
rovirus because it employs reverse transcription in its infection
cycle (Pfeiffer and Hohn, 1983; Rothnie et al., 1994), but its
genome is composed of DNA rather than RNA of true retroviruses
(Rothnie et al., 1994). CaMV replicates by first transcribing its
genomic DNA to a polycistronic 35S RNA and then reverse tran-
scribing the latter back to the genomic DNA (reviewed in Hull and
Covey, 1985; Ryabova et al., 2002; Shepherd, 1989). In addition,
unlike retroviruses, which integrate their proviral DNA into the
host genome (Brown, 1989), the genomic DNA of pararetrovi-
ruses, i.e. animal hepadnaviruses and plant caulimoviruses,
accumulates within the nucleus of the infected cell as circular
minichromosomes (Ménissier et al., 1983; Newbold et al., 1995;
Olszewski and Guilfoyle, 1983; Tuttleman et al., 1986). Whereas
many retroviruses, such as murine leukaemia virus, can infect
host cells only during cell division when the nuclear envelope is
compromised (Roe et al., 1993), pararetroviruses and the retro-
viral subgroup of lentiviruses, i.e. HIV-1 and HIV-2 (Hirsch et al.,
1995), developed means to import their genetic material into
the host cell nucleus, enabling them to infect non-dividing, resting
cells (Bukrinsky, 2004; Bukrinsky and Haffar, 1999; Bukrinsky
et al., 1993; Cullen, 2001; Izaurralde et al., 1999; Karsies et al.,
2002).

Early in the replication cycle, CaMV imports its genomic DNA
into the host cell nucleus, where it is assembled into minichromo-
somes (Ménissier et al., 1983; Olszewski and Guilfoyle, 1983).
From these minichromosomes, viral 35S RNA is produced and
transported to the cytoplasm for translation and reverse tran-
scription (Olszewski et al., 1982; Pfeiffer and Hohn, 1983), where
it contributes to establishment of a cytoplasmic pool of CaMV
particles, which are then transported to other cells, taken up by
the insect vectors or reinfect the nucleus (Hull and Covey, 1985).

Although the replication of CaMV has been a subject of
extensive studies for several decades, information regarding the
mechanism of nuclear import of viral DNA and proteins is just
emerging. A functional basic amino acid residue-rich NLS was
identified within the N-terminus of the CaMV CP (Leclerc et al.,
1999). This sequence was required for targeting of CaMV CP to
the nuclei of plant protoplasts, and it was conserved in several
other caulimoviruses (Leclerc et al., 1999). This karyophilic nature
of CaMV CP, combined with the presence of a nucleic acid bind-
ing domain in the C-terminal part of CP (Guerra-Peraza et al.,
2000), suggests that this protein may function to bind and trans-
port the viral DNA into the host cell nucleus. Interestingly, nuclear
import of CaMV CP is negatively regulated in cis by its acidic
N-terminal extension; only the mature form of CP, in which the
N-terminal extension has been removed by a CaMV-encoded

protease (Karsies et al., 2001; Torruella et al., 1989), can enter
the host cell nucleus (Karsies et al., 2002; Leclerc et al., 1999).
This regulation of CP nuclear import, potentially due to masking
of the NLS within the CP precursor, may be important for the viral
infection cycle, e.g. to allow virus assembly in the cytoplasm of
the infected cell (Karsies et al., 2002; Leclerc et al., 1999).

Consistent with the basic nature of its NLS, CaMV CP interacts
with importin α (Karsies et al., 2002), indicating that its nuclear
import occurs by an importin α-dependent pathway. Lending
support to the possible role of CP in nuclear targeting of CaMV,
purified CaMV particles docked at the periphery of plant nuclei in
cell-free plant systems (Karsies et al., 2002). This docking was
inhibited by classical inhibitors of nuclear import, anti-NLS
antibodies and GTPγS (Karsies et al., 2002). The docked CaMV
virions, however, were unable to enter the nucleus (Karsies et al.,
2002); potentially, this lack of nuclear import is due to the large
size of CaMV particles (c. 54 nm, Cheng et al., 1992), which
exceeds the diameter of particles known to be actively trans-
ported through the NPC (26–39 nm, Dworetzky and Feldherr,
1988; Feldherr et al., 1984; Panté and Kann, 2002). Thus, after
docking of the virions at the NPC, their capsids must either
become physically distorted or, at least partially, disassemble and
the DNA imported into the nucleus with the help of CP subunits
(and/or another protein such as reverse transcriptase) still
attached to the viral genome (Karsies et al., 2002).

The mechanism by which nuclear import of CaMV in plant cells
is effected and controlled is not specific for plant pararetrovi-
ruses, and it is employed by their animal hepadnavirus counter-
parts. Specifically, nuclear import of hepatitis B virus (HBV) is
mediated by its core protein, which is presumed to carry a basic-
type NLS (Kann et al., 1999); this import process may be further
assisted by the HBV reverse transcriptase, which also contains an
NLS (Kann et al., 1997). The activity of the HBV core protein NLS
is negatively regulated by masking in immature core protein;
however, unlike CaMV CP NLS, which is activated by proteolysis
(Karsies et al., 2001, 2002; Leclerc et al., 1999; Torruella et al., 1989),
the HBV core protein NLS is unmasked upon phosphorylation
(Kann et al., 1999). Phosphorylated viral cores then dock at the
NPC in an importin α/β-dependent fashion (Kann et al., 1999). That
both plant and animal pararetroviruses have evolved to regulate
negatively their CP/core protein NLSs suggests the importance of
this mechanism for the infection cycle, e.g. to ensure virus assem-
bly in the host cytoplasm and to minimize the damage that these
viral proteins could cause in the cell nucleus (Karsies et al., 2002).

Unlike that of nuclear import, the role of nuclear export in
CaMV biology is still unexplored. Because CaMV DNA is pro-
duced in the host cell cytoplasm by reverse transcription of the
35S RNA (Pfeiffer and Hohn, 1983), the viral infection cycle most
likely does not require the reactions of DNA nuclear export.
Instead, the CaMV 35S RNA may be exported into the host cell
cytoplasm via the endogenous pathway(s) of mRNA nuclear
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export (Erkmann and Kutay, 2004; Zenklusen and Stutz, 2001).
Alternatively, by analogy with HIV-1 Rev-mediated nuclear export
of the unspliced viral RNA (Fischer et al., 1994), nuclear export of
CaMV 35S RNA may also involve viral factors for which the iden-
tity remains to be determined. Regardless of its molecular mech-
anism, CaMV nuclear export is followed by intercellular transport
through plasmodesmata, either as whole viral particles or as par-
tially encapsidated genomes; this cell-to-cell movement of CaMV
is mediated by its MP encoded by gene 1 of the virus (reviewed
in Waigmann et al., 2004).

NUCLEAR TRANSPORT OF PLANT VIRAL 
PROTEINS NOT INVOLVED IN 
NUCLEOCYTOPLASMIC TRAFFIC OF VIRAL 
GENOMES

It is important to emphasize that not all viral proteins that are
imported into the host cell nucleus participate in the transport of
viral genomes. Nuclear import of viral proteins also is involved in
other stages of the viral infection cycle, such as suppression of
the RNA silencing defence response of the host plant. Antiviral
RNA silencing response represents the innate immune system of
the plant involved in plant defence against viruses (Baulcombe,
2002a, 2004; Voinnet, 2001). In turn, viruses have evolved to
encode RNA silencing suppressor proteins that counteract this
host defence (Baulcombe, 2002b, 2004). Some of such viral sup-
pressor proteins are known to localize to the host cell nucleus.
Specifically, AC2 or transcriptional activator protein (TrAP)—an
RNA silencing suppressor of a bipartite geminivirus, Mungbean
yellow mosaic virus-Vigna (MYMV)—localizes to the cell nucleus
via a basic-type NLS, which is required for the suppressor activity
(Trinks et al., 2005). In the case of a monopartite geminivirus
TYLCV-China, silencing suppression has been attributed to its C2
protein (Dong et al., 2003; van Wezel et al., 2001, 2003), which
represents a homologue of the AC2/TrAP proteins of bipartite
geminiviruses (Hartitz et al., 1999). C2 contains an arginine-rich
NLS, and nuclear localization of C2 was suggested to be required
for the C2-induced suppression of RNA silencing (Dong et al.,
2003) through an as yet unknown mechanism. Unlike nuclear
replicating geminiviruses, Cucumber mosaic virus (CMV) is an
RNA virus that replicates in the host cell cytoplasm (Palukaitis
and Garcia-Arenal, 2003), yet its RNA silencing suppressor, the
2b protein (Brigneti et al., 1998), is targeted to the cell nucleus
(Mayers et al., 2000) by one (Lucy et al., 2000) or two arginine-
rich NLSs (Wang et al., 2004), which are recognized by a plant
importin α (Wang et al., 2004). Note that not all viral RNA silenc-
ing suppressors are nuclear proteins, and such viral suppressors
as P19 of Tomato bushy stunt virus (TBSV), HcPro of Cowpea
aphid-borne mosaic virus (CABMV) and γb of Poa semilatent
virus (PSLV) reside outside of the nucleus (Mlotshwa et al., 2002;
Uhrig et al., 2004; Yelina et al., 2005).

Other proteins of cytoplasmically replicating viruses are also
found in the cell nucleus. For example, nuclear inclusion a and b
proteins (NIa and NIb) of potyviruses, such as Tobacco etch virus
(TEV) and Pepper vein banding virus (PVBV), which function in
the host cell cytoplasm, are imported into the nucleus via their
basic-type NLSs, presumably for sequestration as aggregates
(Anindya and Savithri, 2004; Carrington et al., 1991; Li and
Carrington, 1993; Li et al., 1997; Schaad et al., 1996). In addi-
tion, the 27-kDa protein, which is encoded by ORF3 of Groundnut
rosette virus (GRV) and required for viral RNA protection and
movement through the phloem, contains an arginine-rich
NLS and a leucine-rich NES, and is located within the cell
nucleus, preferentially targeting nucleoli (Ryabov et al., 1998,
2004). Yet another viral protein, p25, encoded by RNA-3 of Beet
necrotic yellow vein virus (BNYVV) and involved in symptom for-
mation, is a nucleocytoplasmic shuttle that contains a basic-type
NLS that interacts with plant importins α and a hydrophobic
residue-rich NES (Vetter et al., 2004). Similarly to these plant RNA
viruses, cytoplasmically replicating animal RNA viruses also can
transport their proteins, such as the protease-polymerase
precursor 3CD of poliovirus, into the host cell nucleus (Weidman
et al., 2003).

Finally, the matrix (M) protein of SYNV is another viral protein
capable of nuclear import (Goodin et al., 2002). M is an inner
component of the virion that connects the viral envelope to the
ribonucleocapsid core, and, unlike the SYNV core proteins N and
P (see above), M does not appear to participate directly in nuclear
transport of the viral genome.

SUMMARY AND CONCLUSIONS

Nuclear import of viral genomes for replication and their subse-
quent export for cell-to-cell movement represent central stages in
infection cycles of several members of major families of plant
viruses. Thus, it is important to understand the mechanisms by
which these nuclear transport processes occur, especially with
regard to the viral factors that mediate nucleo-cytoplasmic shut-
tling of the invading viral genomes and the components of the
host cell machinery that recognize these viral transport proteins.
Our knowledge about plant viral nuclear import and export dis-
cussed in this review is summarized in Fig. 3, which depicts major
events in nuclear import of bipartite and monopartite geminivi-
ruses, rhabdoviruses and pararetroviruses, exemplified by SLCV,
TYLCV, SYNV and CaMV, respectively. Although all of these
viruses utilize the host cell machinery for nuclear transport, they
vary in their strategies of harnessing this cellular pathway.
Specifically, SLCV and SYNV have evolved to encode dedicated
transport proteins, i.e. NSP and MPB for SLCV and N and P for
SYNV, that bind viral genomes and direct them into and out of the
nucleus. CaMV and TYLCV, by contrast, appear to be more
biologically frugal, utilizing their CPs not only to encapsidate the
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Fig. 3 Summary of nuclear import and export mechanisms of plant viruses belonging to the families of geminiviruses (bipartite and monopartite), nucleorhabdoviruses 
and pararetroviruses. Bipartite geminiviruses, exemplified by SCLV (Squash leaf curl virus), import their circular ssDNA genomes into the nucleus using the viral NSP 
(nuclear shuttle protein); following replication, the viral genomes are shuttled out of the nucleus by NSP, which then interacts with the viral MPB (movement protein 
encoded by DNA B) to move via plasmodesmata to the neighbouring cell. Monopartite geminiviruses, exemplified by TYLCV (Tomato yellow leaf curl virus), import 
their circular ssDNA genomes into the nucleus using the viral CP (coat protein), which most likely also participates in nuclear export of fully assembled virions or partially 
encapsidated genomes; the exported viral genomes probably move through plasmodesmata with the help of the viral C4 protein. Nucleorhabdoviruses, exemplified 
by SYNV (Sonchus yellow net virus), import their viral core composed of the linear ssRNA genome and L (polymerase), N (nucleoprotein) and P (phosphoprotein) 
proteins into the nucleus using the N protein; following replication, the core complexes reassembly and envelope by budding through the inner nuclear membrane 
into the perinuclear space; also, the cores may export from the nucleus with the help of the P protein and move from cell to cell with the help of the sc4 movement 
protein. Pararetroviruses, exemplified by CaMV (Cauliflower mosaic virus), import their circular dsDNA genomes from partially disassembled virions into the nucleus 
using the viral CP; within the nucleus, the genomic DNA is converted to minichromosomes, transcribed and the transcripts are exported into the cytoplasm, where 
the complete viral 35S RNA is reverse-transcribed to produce genomic DNA, which is encapsidated by CP and moves through plasmodesmata as complete or partially 
assembled virions with the help of the CaMV movement protein. SCLV and TYLCV are shown as twinned icosahedral particles (brown and blue, respectively), SYNV 
virion is depicted as a membrane envelope (grey rectangle) surrounding the viral core (light brown rod) and CaMV is shown as a single icosahedral particle (red). Viral 
genomic DNA or RNA are shown in red as circular or linear structures. All other viral components are indicated by their adjacent labels. NPCs are indicated as breaks 
in the nuclear envelope. Plasmodesmata are shown as membrane-lined channels with traversing endoplasmic reticulum (ER) indicated in grey. Arrows indicate the 
sequence of depicted events. For further details, see text.
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genomic DNA molecules, but also to transport them into (and, in
the case of TYLCV CP, also out of) the host cell nucleus.

Identification and characterization of the viral proteins and
their targeting signals required for nuclear transport of plant
viruses is important not only for better understanding of the viral
infection cycles and infection mechanisms, but also for designing
new antiviral strategies for crop protection. Indeed, many
nuclear-replicating plant viruses represent major crop pathogens;
for example, TYLCV is a major tomato pathogen and causes
extensive crop losses world-wide (Gafni, 2003; Moriones and
Navas-Castillo, 2000; Nakhla and Maxwell, 1997). Interfering
with nuclear transport of such viral pathogens, e.g. by RNAi
silencing of viral nuclear shuttle proteins or by competing with
them using over-expression of their mutants with inactivated NLS
and/or NES signals, would represent an attractive biological
approach to prevent or attenuate viral infection of agronomically
important plant species.
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