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It has long been known that 
viruses induce extensive 
remodeling of infected cells. 
These structural alterations 
include reshaping of large 
organelles (e.g., chloroplast, 
mitochondria), proliferation of 
membranes and membranous 
vesicles and modification of the 
plasmodesmata structure. These 
alterations have a profound 
impact on the plant physiology 
and development. However, 
it is only more recently that 

studies have investigated the biogenesis of virus-induced structures and their biological 
function(s). 

The induction of cellular remodeling is conceivably the result of interactions between plant 
and virus components. A large body of recent literature has been focused on the study of 
these interactions at the molecular level; in particular, the interaction of viral proteins or 
nucleic acids with host factors (proteins, nucleic acids, carbohydrates, lipids and metabolites). 
Concurrent to these molecular studies, an avenue of investigation at the interface of molecular 
virology and plant cell biology has emerged. Techniques allowing easy expression of viral 
proteins or modified viral genomes in plants combined with powerful visualization tools 
(e.g., confocal microscopy, electron microscopy tomography) have shed a new light on the 
study of cellular remodeling in virus-infected plant cells. We now know that some of these 

PLANT VIRUS INFECTION – A CELL 
BIOLOGY PERSPECTIVE

PVX virion “cages” encasing the X-body. Figure taken from 
Linnik O, Liesche J, Tilsner J and Oparka KJ (2013) Unraveling 
the structure of viral replication complexes at super-resolution. 
Front. Plant Sci. 4:6. doi: 10.3389/fpls.2013.00006.
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novel sub-cellular structures are virus-induced organelles or “factories” that house the RNA 
replication complex. Other morphological changes (e.g. membrane vesicles, alteration of the 
plasmodesmata, cell wall-associated tubular structures) are related to the intracellular and 
intercellular movement of the virus. Finally, induction of autophagosomes and modification 
of large organelles have been observed in association with the innate immune response.

A recent focus of plant virology is to dissect the molecular and cellular requirements that 
underlie the biogenesis of virus-induced structures. One avenue of research investigates how 
the host secretory pathway is involved in viral replication. The trafficking of viral entities from 
their site of origin to the plasmodesmata for cell-to-cell movement is another area of intensive 
research. Finally, one can forecast that the cellular biology of host defense responses (including 
the innate immune response and RNA silencing mechanisms) to be a rapidly developing field 
of investigation. Many challenges lie ahead. A high definition of viral factory architecture is 
required to better understand the interplay between virus replication and various cellular 
processes (e.g., translation). The dynamics and mechanisms of how these virus-induced 
structures are released from or integrated into host organelles need to be further investigated. 
It is with these issues in mind that we invite interested individuals to contribute their expertise 
for an encyclopedic coverage of this Research Topic. All types of contributions are welcomed. 
We need Original Research Articles and “State-of-the-Art” reviews, for instance on what plant 
viruses do to the host cell interior (either directly or indirectly) and what parallel can be made 
with other plant pathogens or with animal viruses. We want commentaries on important 
questions that have still not been addressed and how they can be answered. Technology is 
also an all-important component for any area of investigation and we wish to have “Technical 
Advances” articles describing the panoply of tools available to follow viruses from a cell 
biology perspective.
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Plant viruses cause extensive remodeling of infected cells. These
structural alterations include reshaping of large organelles (e.g.,
chloroplast, mitochondria, peroxisomes), proliferation of mem-
branes and membranous vesicles and modification of the plas-
modesmata (PD) structure. These alterations have a profound
impact on plant physiology and development. However, it is only
recently that studies have deeply investigated the biogenesis of
virus-induced structures and their biological function(s).

Novel techniques that allow easy expression of viral proteins or
modified viral genomes in plants combined with powerful visu-
alization tools [e.g., confocal microscopy, electron microscopy
(EM) tomography] offer a new perspective on cellular remod-
eling in virus-infected plant cells. We now know that some of
these novel sub-cellular structures are virus-induced organelles or
“factories” that house the RNA replication complex. Other mor-
phological changes (e.g., membrane vesicles, alteration of the PD,
cell wall-associated tubular structures) are related to the intra-
cellular and intercellular movement of the virus. Finally, induc-
tion of autophagosomes and modification of large organelles
have been observed in association with the innate immune
response.

This e-Book on Plant Virus Infection—a Cell Biology
Perspective aims at providing the latest information on the molec-
ular and cellular requirements that underlie the biogenesis of
these virus-induced structures.

First, we have a look at a non-virus pathogen: the viroid.
In contrast to a virus, the viroid genome is composed of a
tiny circular RNA (250–400 nt) that does not code for proteins.
Nevertheless, viroid infections are accompanied by cellular and
developmental disorders that sometimes have dramatic economic
consequences, for instance the cadang-cadang disease of coconut
palms. Di Serio et al. (2013) look at the cytopathic effects incited
by viroid RNAs and propose mechanisms that may lead to these
morphological changes.

“Hijack it, change it” is applicable to the description of many
viral processes, given the propensity of viruses to commandeer the
host machinery for their own purposes. In their review, Patarroyo
et al. (2013) discuss this concept as applied to the secretory sys-
tem. They provide an overview of the plant secretory pathway
and discuss recent advances in our understanding of how viruses
utilize and alter this system in order to permit such processes as
replication, intra- and inter-cellular movement.

Sanfaçon (2013) summarizes the membrane-localization char-
acteristics of proteins encoded by members of the Secoviridae,

She further reviews and discusses literature demonstrating the
ability of these proteins to induce membrane proliferation and
perhaps alter membrane structure (e.g., curvature) and integrity
(formation of pores through oligomerization) in the host cell.
The membrane often targeted by these viral proteins is the
endoplasmic reticulum.

In reviewing the latest cell biological studies describing
tobacco mosaic virus (TMV) replication and movement, Liu and
Nelson (2013) highlight how a divergent function of two orthol-
ogous proteins may explain different infection requirements by
two tobamoviruses. The authors review the many publications
showing influences or interactions of proteins encoded by TMV
as infections develop. The complexity of the interactions and
their proposed functions for just this one virus are striking.
The findings from multiple laboratories strongly suggest that the
host membrane is a primary vehicle for tobamovirus intercellu-
lar movement and that the cytoskeleton has a role in modulating
movement for only some members. A theory that cytoskeletal-
dependent trafficking of a TMV complex from the PD is nec-
essary for TMV, but not the related Turnip vein clearing virus is
presented.

The triple gene block (TBG) proteins are the focus of several
contributions. First, Solovyev et al. (2012) introduce the reader
to the complex story of viral cell-to-cell movement mediated by
TGB proteins of potex- and hordei-like viruses. The authors pro-
vide links between virus cell-to-cell trafficking and replication,
silencing suppression, virus systemic spread over the plant, and
the roles of the nucleus in plant virus movement.

Indeed, TGB proteins may have multiple functions in the viral
infection process. Linnik et al. (2013) contribute a research article
on how three-dimensional structured illumination microscopy
(3D-SIM) can provide a novel high definition view of the potato
virus X (PVX) factory architecture. They show previously unrec-
ognized membrane structures induced by the PVX TGB proteins.
Specifically, they found that previously observed granular struc-
tures produced by TGB2 and TGB3 proteins are fine membrane
doughnut-shaped loops of remodeled tubular ER containing the
viral proteins. These loops form dense arrays wrapped around
the TGB1 protein inclusions. These findings provide new insights
into the structural organization of a PVX complex considered as
a virus factory.

Interestingly, a second research paper studying a different
Potexvirus genus member, alternanthera mosaic virus (AltMV),
provides insight into how its TGB3 protein may function to
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modify its target, the chloroplast and its membranes. In this study,
Jang et al. (2013) further solidified a previously observed influ-
ence of AltMV TGB3 protein on chloroplast structure through
EM studies. They also found that TGB3 interacts with a nuclear-
encoded chloroplast protein that may result in a destabilization of
the thylakoid membranes. While shedding light on an influence
of a viral protein on another membrane system, this and the pre-
vious study on PVX indicate how conserved proteins may have
diverged in function.

In addition to TGB3, TGB2 seems also to play a role in target-
ing the virus to chloroplasts. In another research paper, Cowan
et al. (2012) demonstrated that TGB2 protein of potato mop-top
virus (PTMV), the type virus of the genus Pomovirus, inter-
acts with the ER, mobile granules, small round structures, and
chloroplast envelops. Protein-lipid interaction assays confirmed
the association of TGB2 with lipids of chloroplasts. Consistently,
EM data revealed abnormal chloroplasts with cytoplasmic inclu-
sions and terminal projections. Viral coat protein (CP), genomic
RNA, and labeled TGB2 were colocalized to chloroplasts in
PTMV-infected tissues.

Viral cell-to-cell movement remains a hot topic for plant virol-
ogists. Xu and Zhou (2012) studied NSvc4, the movement protein
of rice stripe virus (RSV), the type member of the Tenunivirus
genus. They showed that NSvc4 traffics on the actin filament
and ER network and that targeting of NSvc4 to PD requires
the functional cytoskeleton. They also found that NSvc4 con-
tains a chloroplast-targeting signal and localizes to chloroplasts
in infected cells, suggesting NSvc4 may also be a multi-functional
protein.

In their hypothesis and theory article, Krenz et al. (2012) dis-
cuss alteration in chloroplast structure induced by geminiviruses.

They provide evidence that abutilon mosaic virus (AbMV) infec-
tion induces a network of stromules that extend from the plas-
tid to the cellular periphery. The stromules contain heat shock
cognate 70 kDa protein, a plant chaperone that interacts with
the AbMV movement protein. The authors discuss a model in
which AbMV traffics along the stromule network to move into
neighboring cells.

Cellular remodeling is also the consequence of molecular path-
ways being overpowered by viruses. Verchot (2012) explores the
recruitment of host proteins, such as cellular chaperones, to
membrane bound sites required for virus replication and cell-to-
cell movement. She discusses the possibilities that cellular chaper-
ones are acting within their normal context to enable viral protein
folding, trafficking, and functioning, or whether they are diverted
from their normal activities to provide novel contributions to
virus infection.

Zhang and Wang (2012) summarize current knowledge about
the unfolded protein response (UPR) in cells, which is a reac-
tion to ER stress triggered by the accumulation of unfolded or
misfolded proteins in the lumen of the endoplasmic reticulum.
The UPR is an attempt by the cell to return to ER homeosta-
sis. Both animal and plant viruses are capable of redirecting the
cell to produce large amounts of viral proteins, which causes ER
stress and sets in motion the UPR signaling pathways. Zhang and
Wang (2012) discuss how viral infections activate the UPR and
implications for host physiology.

Bujarski (2013) gives an overview of genetic recombination
in plant positive-sense RNA viruses. Questions being raised are
the identity of the host factors involved in RNA recombina-
tion and the intracellular location of this RNA–RNA template
switching.
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Viroids are infectious agents identified only in plants so far. In contrast to viruses, the
genome of viroids is composed of a tiny circular RNA (250–400 nt) not coding for pro-
teins, but containing in its compact structure all the information needed for parasitizing
the transcriptional and RNA trafficking machineries of their hosts. Viroid infections are
frequently accompanied by cellular and developmental disorders that ultimately result in
macroscopic symptoms.The molecular events linking the structural domains of viroid RNAs
with cellular and macroscopic alterations remain largely unexplored, although significant
progress has been lately achieved in one specific viroid-host combination, highlighting
the ability of viroids to strongly interfere with their host RNA regulatory networks. Cyto-
pathic effects induced by nuclear-replicating viroids, which were investigated since early
studies on viroids, consist in irregular proliferations of cell membranes (paramural bod-
ies or plasmalemmasomes), cell wall distortions, and chloroplast malformations. Different
alternatives have been proposed regarding how these cytological alterations may influ-
ence the onset of macroscopic symptoms. Recently, the cytopathology and histopathology
incited by a chloroplast-replicating viroid have been investigated in depth, with defects in
chloroplast development having been related to specific molecular events that involve RNA
silencing and impairment of chloroplast ribosomal RNA maturation. On this basis, a ten-
tative model connecting specific cytopathologic alterations with symptoms has been put
forward. Here, early and more recent studies addressing this issue will be reviewed and
reassessed in the light of recent advances in the regulatory roles of small RNAs.

Keywords: cell wall, chloroplast, non-coding RNAs, pathogenesis, plasmalemmasome, RNA silencing

INTRODUCTION
Viroids are infectious agents composed exclusively of a small
(246–401 nt), circular, and highly structured RNA able to repli-
cate autonomously and move systemically in their host plants,
wherein they frequently elicit macroscopic symptoms (Flores et al.,
2005; Ding, 2009). The approximately 30 viroid species reported
so far have been assigned to the taxonomic families Pospiviroidae,
grouping the type species Potato spindle tuber viroid (PSTVd) and
many others that replicate and accumulate in the nucleus, and
Avsunviroidae, clustering the type species Avocado sunblotch viroid
(ASBVd) and three other viroids replicating and accumulating in
plastids (mainly chloroplasts; Owens et al., 2011). Members of
both families induce severe diseases in certain hosts, although in
some viroid-host combinations the infection remains latent (Flo-
res et al., 2011). Viroid diseases are characterized by macroscopic
symptoms that may include stunting, alterations affecting leaves
(epinasty, vein clearing, distortion, discoloration, mottling, and
necrosis) and bark (cankers, scaling, cracking), and malforma-
tions of tubers, flowers, and fruits (in the last two organs frequently
accompanied with color breaking). In rare cases viroids may cause
the death of the plant.

In contrast to viruses, all the available data support that viroids
do not code for any protein and, therefore, their replication,

trafficking, and pathogenesis rely on the interplay between the
invading RNA and host factors. There is evidence for members of
both families supporting the direct interaction of viroid RNAs with
host proteins (Daròs and Flores,2002; Martínez de Alba et al., 2003;
see for a review Owens and Hammond, 2009). These interactions
are most likely mediated by structural domains that, mimicking
those contained in cellular RNAs, allow viroid RNAs to usurp and
redirect enzymes and other host components to their replication
and trafficking. Structural elements in the genomic viroid RNA
and their proposed role(s) in conferring functional properties to
these infectious agents have been recently reviewed (Flores et al.,
2012). Some of these elements have been shown to regulate specif-
ically cell-to-cell (Qi et al., 2004; Takeda et al., 2011) and long
distance (Zhong et al., 2007, 2008) movement of PSTVd through
the plasmodesmata and phloem, respectively, while others have
been implicated in replication or in pathogenesis (see for a review
Navarro et al., 2012a).

Whether the macroscopic symptoms result from interaction(s)
between the genomic viroid RNA and host factor(s) detracted from
their physiological functions is not known. Alternatively, post-
translational triggering of signaling cascades by RNA-activated
phosphorylation of host proteins has been proposed as the pri-
mary event of viroid pathogenesis (Hiddinga et al., 1988; see for a
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review Owens and Hammond, 2009). In addition to many studies
supporting the ability of viroids to modify host gene expression
during infection (Conejero et al., 1990; Itaya et al., 2002; Tessitori
et al., 2007; Wang et al., 2011; Owens et al., 2012; Rizza et al., 2012;
see for a review Owens and Hammond, 2009), other hypothe-
ses based on the interference of viroid RNAs with the plant RNA
silencing machinery have been proposed for their pathogenesis in
the last few years (see below). Models on how viroids may elicit
macroscopic symptoms have been described in previous reviews
(Flores et al., 2005; Ding, 2009; Owens and Hammond, 2009;
Navarro et al., 2012a). Here, we will address viroid pathogenesis
from a different perspective, focusing on the cytological alterations
induced by viroids in infected cells and taking into account recent
advances in the plant-viroid interplay achieved by genome-wide
technologies.

VIROID INFECTION IS FREQUENTLY ACCOMPANIED BY
CYTOLOGICAL ALTERATIONS
Cytopathic effects of viroid infections were first reported by
Semancik and Vanderwoude (1976) in the experimental host
Gynura aurantiaca infected by Citrus exocortis viroid (CEVd), a
member of family Pospiviroidae. Using electron microscopy, these
authors identified in symptomatic leaves paramural bodies with
electron density similar to plasma membranes that they termed
plasmalemmasomes (PSs), which later on were also observed in
tomato infected by PSTVd (Hari, 1980; Figure 1A). These invagi-
nations of the plasmalemma into the cytoplasm were rare in
asymptomatic leaves of infected plants, and absent in leaves that
had reached maturity before viroid infection and in uninfected
controls. Therefore, PSs were considered the primary cytopathic
effect of CEVd infection (Semancik and Vanderwoude, 1976).
They were found in all cell types, including mesophyll, epidermis,
companion cells, and phloem and xylem parenchyma of vascular
bundles, and were closely associated with the leaf epinasty and
blistering caused by the viroid. The morphology of PSs was largely
variable, with those from mature cells being prevalently located at
the cell wall-plasma membrane interface and displaying multiple
membrane layers. In contrast, PSs from immature cells were of
smaller size and contained roundish granules. In some instances,
PSs were also observed in contact with plasmodesmata, occasion-
ally in opposite positions separated by the cell wall (Semancik and
Vanderwoude, 1976).

A few years later, these data were questioned because PSs were
recognized in both symptomatic and uninfected G. aurantiaca
plants (Wahn et al., 1980). In particular, PSs were detected with
the same frequency in CEVd-infected and healthy controls. More-
over, a distinction was made between vesicular and tubular PSs
depending on their ultrastructure. Formation of PSs as the pri-
mary cytopathic effect induced by CEVd in G. aurantiaca was
excluded in this study, but the shape and internal structure of
both vesicular and tubular PSs were different in CEVd-infected
and healthy leaf tissues (Wahn et al., 1980). In particular, PSs
from diseased tissues contained vesicles strikingly irregular in their
shape, size, and number, while tubular PSs contained malformed
tubules; similar alterations were never observed in healthy con-
trols and therefore appeared viroid-induced. Moreover, another

FIGURE 1 | Cytopathic effects associated to viroid infection.
Plasmalemmasomes in tomato infected by PSTVd (A), and in avocado
infected by ASBVd (B). Normal and malformed chloroplasts with irregularly
stacked thylakoids and wide interspaces (denoted with arrows) in healthy
and PSTVd-infected tomato [(C,D) respectively], and in peach healthy and
infected with a PLMVd latent variant [(E,F) respectively). Bar = 50 nm.
(A,C,D) have been reproduced (with modifications) from Hari (1980;
Copyright The American Phytopathological Society), and (B) from Da Graça
and Martin, 1981; Copyright John Wiley and Sons), in all cases with
permission.

interesting cytopathic effect of CEVd infection in G. auranti-
aca was identified in this same study: the conspicuous distortion
and irregular thickness of cell walls, which produced irregular
cell shapes in symptomatic tissues (Wahn et al., 1980; see also
below). Intriguingly, malformed PSs were only found in cells
with altered walls, suggesting a correlation between these two
subcellular alterations.
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The role of PSs in viroid pathogenesis remains controversial. As
indicated above, paramural bodies were subsequently reported as a
cytopathic effect of PSTVd infection in tomato leaves (Figure 1A;
Hari, 1980), thus extending their presence to viroid-host com-
binations other than CEVd and G. aurantiaca. PSs were later
observed also in chlorotic tissues of chrysanthemum infected by
Chrysanthemum stunt viroid (CSVd), another member of the fam-
ily Pospiviroidae (Rosenberg de Gómez et al., 1985). On the other
hand, Marton et al. (1982) observed in CEVd-infected tomato
callus cells a significantly higher frequency of PSs that was not
regarded as viroid-specific but rather a secondary (and non-
specific) effect of viroid infection. Similarly, the higher number
of PSs detected by Gruner and Santore (1991) in PSTVd-infected
tomato leaves with respect to healthy controls was considered as
a non-specific physiological response to diverse abiotic and biotic
stresses. Interestingly, an increase in the number and size of para-
mural bodies with respect to healthy controls was also reported in
ASBVd-infected avocado tissues (Figure 1B; Da Graça and Mar-
tin, 1981), thus showing that alterations in PSs are not restricted
to infections by nuclear-replicating viroids.

The discrepancies regarding PSs do not apply to the cell wall
alterations first reported in G. aurantiaca infected by CEVd (Wahn
et al., 1980). Similar distorted, undulated cell walls with variable
thickness were also observed in tomato infected by CEVd (Mar-
ton et al., 1982), chrysanthemum infected by CSVd (Rosenberg
de Gómez et al., 1985), and hop and cucumber infected by Hop
stunt viroid (HSVd; Momma and Takahashi, 1982), indicating
that this is the most common cytopathic effect induced by sev-
eral members of the family Pospiviroidae. In hop plants, these
structural alterations were absent in shoot tips (0.2 mm long,
consisting of the apical meristem and two pairs of primordial
leaves), but present starting from the third leaf primordium, show-
ing that they appear at early leaf developmental stages (Momma
and Takahashi, 1983). Anomalies in cell wall structures are also
consistent with: (i) modifications in wall composition of CEVd-
infected tomato cells with respect to their healthy counterparts
(Wang et al., 1986), and (ii) a marked reduction in the num-
ber of protoplasts, released from CEVd-containing tomato tissues
and non-differentiated calli treated with enzymes for disrupting
cell walls, with respect to healthy controls (Marton et al., 1982).
However, no clear differences between the cell walls of healthy
and PSTVd-infected tomato leaves were observed by Gruner and
Santore (1991).

Early studies on viroid cytopathology also showed structural
defects in chloroplasts induced by nuclear-replicating viroids,
including PSTVd (Hari, 1980), CSVd (Rosenberg de Gómez
et al., 1985), and HSVd (Momma and Takahashi, 1982). These
findings suggest that viroids with preferential accumulation in
one specific organelle can interfere with the development and
presumably the function of other cell organella. When com-
pared to healthy controls (Figure 1C), abnormal development
and organization of the chloroplast membranes, with distorted
and irregularly stacked thylakoids, were observed in PSTVd-
infected cells (Figure 1D). Interestingly, similar alterations have
been also reported in the chloroplasts from asymptomatic tis-
sues infected by a chloroplast-replicating viroid, Peach latent
mosaic viroid (PLMVd; Figure 1F), but not in the healthy

controls (Figure 1E; Rodio et al., 2007). Whether this struc-
tural defect is induced specifically by viroid infection or is a
more general plant response to biotic stresses remains an open
question.

LINKING VIROID-INDUCED CYTOPATHIC EFFECTS WITH
MACROSCOPIC SYMPTOMS AND THE UNDERLYING
BIOCHEMICAL PATHWAYS
Among nuclear-replicating viroids, a correlation between subcel-
lular alterations and macroscopic symptoms was proposed for
certain viroid-infected hosts, such as G. aurantiaca, hop, and
cucumber, in which cell wall defects were accompanied by leaf
distortions (Wahn et al., 1980; Momma and Takahashi, 1982).
However, the most conspicuous evidence that cytopathic effects
may have a direct link with macroscopic symptoms has been
obtained for the chloroplast-replicating PLMVd (for a review
see Flores et al., 2006). Some variants of this viroid, which con-
tain a specific pathogenic determinant consisting of an inserted
hairpin of 12 nt (Figure 2A), cause peach calico (PC), a severe dis-
ease characterized by an extreme chlorosis (albinism) of leaves
(Figure 2C), stems, and fruits (Malfitano et al., 2003; Rodio
et al., 2006). In albino leaf tissues from PLMVd-infected peach
trees, altered plastids with irregular shape and size and with rudi-
mentary thylakoids, thus resembling proplastids, were observed
by electron microscopy (Figure 2D; Rodio et al., 2007). Further
analyses revealed that structural alterations, namely rudimentary
thylakoids and presence of vesicles, are already evident in most
proplastids from meristematic cells of the albino shoot apices,
supporting the notion that an early step of chloroplast devel-
opment is specifically impaired by PLMVd variants inducing
PC. These alterations have never been found in green leaf tis-
sue and shoot apices of plants infected by PC-inducing variants
or by other mosaic-inducing or latent variants, thus confirm-
ing their close association with the albino phenotype (Rodio
et al., 2007). In addition, these structural alterations have been
closely associated with impaired processing and accumulation
of plastid rRNAs in the albino tissues (Figure 2B), a molecu-
lar defect also reported in variegated mutants of some plants
(Rodio et al., 2007). Therefore, a macroscopic symptom, the
corresponding cytological defects, and the possible biochemical
pathway, have been closely related to the presence of a specific
structural domain (the inserted hairpin) in the infecting viroid
RNA.

Interestingly, another chloroplast-replicating viroid, ASBVd,
may induce a severe chlorosis (bleaching) in its natural host
avocado. This symptomatology, which resembles closely PC
(Figure 2E), has been associated with plastid ultrastructural
defects partially similar to those reported in PC, but with rudi-
mentary thylakoid membranes slightly more organized (Da Graça
and Martin, 1981; Figure 2F). Moreover, ASBVd sequence variants
from bleached tissues are slightly different from those accumu-
lating in non-symptomatic tissues (Semancik and Szychowski,
1994) and, based on our preliminary results, accumulation of
plastid rRNA appears also impaired in bleached tissues (Di Serio
and Flores, unpublished data). Altogether, these data establish a
particularly intriguing parallelism between PLMVd and ASBVd
pathogenesis.
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FIGURE 2 | Association of cytopathic effects and biochemical lesions
with macroscopic symptoms in viroid infections. (A) Schematic
representation of the secondary structure predicted for a PLMVd variant
inducing PC, with the nucleotides forming the PC-associated insertion
denoted by a black background. (Inset) Two PLMVd (-) sRNAs mapping at
this insertion target for cleavage the mRNA coding for the chloroplastic
heat-shock protein 90 (cHSP90) as predicted by RNA silencing; arrow marks
the predicted and validated cleavage site (Navarro et al., 2012b). (B)
Accumulation of plastid rRNAs in GF-305 peach leaves infected by latent
(PC-P1.149 and PC-C40∆) and PC-inducing (PC-C40) variants as revealed by
Northern-blot hybridizations with cDNA probes specific for 23, 16, 5, and

4.5S rRNAs; the impaired accumulation and processing of plastid rRNAs is
associated with the albino phenotype (Rodio et al., 2007). (C) Severe
chlorosis induced by a PC-inducing variant of PLMVd and (D) altered plastid
with rudimentary thylakoid membranes (arrows) observed in chlorotic areas.
(E) Severe chlorosis induced by ASBVd and (F) altered plastid with
rudimentary thylakoid structures (arrows), slightly more organized than in
PC, in the corresponding bleached areas. Bar = 50 nm. (A,B,F) have been
reproduced with permissions from Navarro et al., 2012b; Copyright John
Wiley and Sons), Rodio et al., 2007; Copyright American Society of Plant
Biologists, www.plantcell.org) and Da Graça and Martin (1981), respectively,
in all cases with permission.
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CYTOPATHIC EFFECTS ARE ASSOCIATED WITH
MODIFICATIONS IN GENE EXPRESSION
The triggering events and molecular mechanisms underly-
ing viroid pathogenesis are still largely unknown, but it is
generally accepted that these RNAs induce modifications of
host gene expression that, ultimately, lead to macroscopic symp-
toms through activation of cross-talking signaling cascades.
Altered accumulation and phosphorylation of host proteins were
identified in early studies (for a review see Navarro et al., 2012a),
which more recently have been complemented by genome-wide
transcriptome analyses (Qi and Ding, 2003; Wang et al., 2011;
Owens et al., 2012; Rizza et al., 2012). Although it remains to be
conclusively established whether the genes with altered expres-
sion are actually involved in symptom elicitation, these studies
have supplied interesting information for further dissecting the
molecular interplay between viroids and their hosts.

In the last decade, new hints on possible mechanisms by which
non-protein-coding RNAs, like viroids, could modify host gene
expression have been derived from dissection of RNA silencing
pathways in plants (for reviews see Chen, 2009; Parent et al., 2012).
Since early identification in infected tissues of viroid-derived small
RNAs of 21–24 nt (vd-sRNAs) with structural features similar to
the small interfering RNA (siRNAs) and micro RNAs (miRNAs;
Itaya et al., 2001; Papaefthimiou et al., 2001; Martínez de Alba
et al., 2002), RNA silencing has been proposed as a regulatory net-
work by which viroids may modify host gene expression eventually
resulting in macroscopic symptoms. In particular, it was proposed
that, similarly to miRNAs and siRNAs, vd-sRNAs could be incor-
porated into Argonaute (AGO) complexes and target host mRNAs
for cleavage or translation inhibition. The correlation between
symptom severity and vd-sRNAs accumulation (Markarian et al.,
2004; Wang et al., 2004; Matoušek et al., 2007; Gómez et al.,
2008), and the identification of pre-miRNAs or mRNAs poten-
tially targeted by vd-sRNAs (Diermann et al., 2010; Wang et al.,
2011), provided circumstantial support for this hypothesis. How-
ever, compelling evidence that vd-sRNAs, mimicking miRNAs,
indeed target host mRNAs for sequence-specific cleavage has been
supplied only recently by dissecting the molecular mechanisms
potentially involved in the induction of PC by PLMVd (Navarro
et al., 2012b). More explicitly, two PLMVd-sRNAs containing the
insertion strictly associated with PC were identified by vd-sRNAs
deep sequencing and bioinformatics tools. RNA ligase-mediated
rapid amplification of cDNA ends (RACE) has shown that these
vd-sRNAs target for cleavage the mRNAs coding for the chloro-
plastic heat-shock protein 90 (cHSP90) as predicted by RNA
silencing (Figure 2A inset). Interestingly, this protein is involved
in chloroplast biogenesis and plastid-to-nucleus-signaling, which
appear compromised in the albino tissues characteristic of PC
(Rodio et al., 2007). In these tissues accumulation of the mRNA
encoding for cHSP90 is significantly lowered with respect to the
green adjacent tissues. Altogether these data strongly support a role
for cHSP90 down-regulation in PC macroscopic symptoms and
the closely associated cytopathic effects, although involvement of
additional factors cannot be excluded at this stage (Navarro et al.,
2012b). In addition, based on the previous observation that rRNA
maturation is impaired in altered plastids from albino sectors of

leaves expressing PC (Figure 2B; Rodio et al., 2007), it can be
speculated that cHSP90, a chaperone, could mediate directly or
indirectly this biochemical pathway.

Are the other ultrastructural defects induced by viroids also
due to misregulation of specific host genes? Some years ago, the
stunting and restricted cell wall expansion induced by PSTVd in
tomato was correlated to the down-regulation of an expansin gene
(LeExp2; Qi and Ding,2003). More recently,genome-wide analyses
have shown important transcriptional changes in response to
infections by CEVd in Etrog citron (Rizza et al., 2012) and PSTVd
in tomato (Owens et al., 2012). Notwithstanding the different
viroid-host combinations and experimental designs of these stud-
ies, it is worth noting that overexpression of genes coding for
proteins involved in cell wall remodeling (i.e., pectinesterases) and
down-regulation of genes involved in chloroplast metabolism and
biogenesis, were observed in both cases. Even if it is not known
whether modulation of these genes can be directly related to the
ultrastructural alterations in cell wall and chloroplast induced by
CEVd and PSTVd, these data are intriguing. In addition, the iden-
tification of genes consistently overexpressed in viroid-infected
hosts points to the existence of mechanisms, apart from RNA
silencing mediated by vd-sRNAs, by which viroids could interfere
with host gene expression.

CONCLUDING REMARKS
Ultrastructural defects induced by viroids in their hosts were
prevalently investigated by biochemical and electron microscopy
techniques in the 70s and 80s of the last century. However, the
beginning of the 90s witnessed a change of focus and, since
then, studies on viroid pathogenesis have been dominated by
molecular approaches, leaving almost completely aside cellular
and histological studies. Nowadays, current technologies based
on genome-wide analyses, including deep sequencing, are being
increasingly applied for dissecting viroid-host interactions at the
molecular level, and it can be anticipated that they will be more
and more used in the future. However, the studies on PC induced
by PLMVd (Rodio et al., 2007; Navarro et al., 2012b) exemplify
that data on cytopathic effects must be integrated when trying to
characterize the biochemical pathways and regulatory networks
involved in plant responses to viroid infections. At the same time,
new studies on viroid-induced cytopathic alterations appear par-
ticularly stimulating if they are included in a wider experimental
design aimed at exploring by high-throughput technologies the
concurrent modifications in host gene expression. This combined
multidisciplinary strategy should be instrumental for generat-
ing a broader view of how these fascinating non-coding RNAs
manipulate their hosts.
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The secretory pathway of eukaryotic cells has an elaborated set of endomembrane com-
partments involved in the synthesis, modification, and sorting of proteins and lipids. The
secretory pathway in plant cells shares many features with that in other eukaryotic cells
but also has distinct characteristics important for fundamental cell and developmental pro-
cesses and for proper immune responses. Recently, there has been evidence that the
remodeling of this pathway, and often the formation of viral-induced organelles, play an
important role in viral replication and spread. The modification of the host secretory path-
way seems to be a common feature among most single-stranded positive ss(+)RNA and
even some DNA viruses. In this review, we will present the recent advances in the under-
standing of the organization and dynamics of the plant secretory pathway and the molecular
regulation of membrane trafficking in the pathway. We will also discuss how different plant
viruses may interact with the host secretory pathway for their efficient replication and
spread, with a focus on tobacco mosaic virus and turnip mosaic virus.

Keywords: ER, Golgi, endosomes, virus replication, virus transport

INTRODUCTION
Like any other eukaryotic cells, plant cells are characterized by an
elaborated secretory pathway composed of a complex network of
organelles including the endoplasmic reticulum (ER), the Golgi
apparatus, the trans-Golgi network (TGN), various endosomes,
and vacuoles (Hanton et al., 2005; Bassham et al., 2008). This path-
way is involved in the synthesis, modification and transport of
proteins, lipids and polysaccharides (Bassham et al., 2008). Pro-
teins made in the ER can be transported, via Golgi, toward the
plasma membrane; on the other hand, proteins outside of the cells
can also be internalized, via endocytosis. The proper organization
and the dynamics of the secretory pathway are vital for normal cell
development and physiology (Hanton et al., 2005).

In animal cells, it is known that efficient replication of many
viruses involves a modification of the secretory pathway in host
cells that generates a membrane structure designated as virosome,
virus inclusion, virus factory, or viroplasm (for review, see Novoa
et al., 2005; Netherton et al., 2007; Miller and Krijnse-Locker,
2008). Most animal viruses are membrane enveloped and it is
known that the modification of the secretory pathway in host
cells is also crucial for viral assembly (Netherton et al., 2007),
intracellular and intercellular movement of viral complexes (Bran-
denburg and Zhuang, 2007), and inhibition of cellular secretion
to reduce host immune response (Netherton et al., 2007). Differ-
ent animal viruses modify the secretory pathway in many different
ways for efficient viral replication, assembly, and spread along the
secretory pathway (Netherton et al., 2007). For example, picor-
naviruses modify the early secretory pathway for RNA replication
and inhibition of cellular secretion by interfering with the func-
tion of Arf1 and its guanine nucleotide exchange factor GBF1 in
the formation of COPI vesicles (Hsu et al., 2010), while Norwalk
virus inhibits cellular secretion through an interaction with COPII

vesicles (Sharp et al., 2010). It is interesting that, although much
less is known about how plant viruses modify the plant secretory
pathway, recent data indicate that many plant viruses also utilize
the plant secretory pathway for efficient replication and probably
for cell-to-cell spread (Laliberte and Sanfacon, 2010; Schoelz et al.,
2011; Verchot, 2011).

In this review, we will first highlight the recent progress in
the organization and dynamics of the plant secretory pathway, we
will then present the recent findings on how plant viruses may
utilize the host secretory pathway for replication and intracellular
and intercellular transport, with a focus on the recent advances
on how the secretory pathway may be utilized by tobacco mosaic
virus (TMV) and turnip mosaic virus (TuMV) for successful virus
infection.

THE ORGANIZATION AND DYNAMICS OF THE ER–GOLGI
INTERFACE IN PLANT CELLS
The ER is an extensive membrane network that extends through-
out the cytoplasm. The ER is the largest membranous structure
in the eukaryotic cell; it is the site where proteins and lipids are syn-
thesized and modified. The Golgi apparatus, with cis-Golgi facing
the ER and trans-Golgi away from the ER, is the central station
in the secretory pathway. In Golgi, proteins and lipids received
from the ER will be further modified and sorted to the proper des-
tination in the secretory pathway. Despite the fact that in animal
cells the ER is mainly aligned with microtubules (Du et al., 2004)
and in plant cells with microfilaments (Boevink et al., 1998), the
morphology of the ER in plants is quite similar to that in ani-
mal cells. The ER in both mature animal and plant cells exhibits
a labyrinth-like morphology composed of membranous tubules
and cisternae (Hu et al., 2009; Orso et al., 2009; Chen et al., 2011,
2012). In addition, the mechanisms that mediate the tubulation of

www.frontiersin.org January 2013 | Volume 3 | Article 308 | 15

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/about
http://www.frontiersin.org/Plant-Microbe_Interaction/10.3389/fpls.2012.00308/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=CamiloPatarroyo&UID=54857
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=Jean_Fran�oisLalibert�&UID=44771
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=HuanquanZheng&UID=47353
http://www.frontiersin.org/
http://www.frontiersin.org/Plant-Microbe_Interaction/archive


“fpls-03-00308” — 2013/1/9 — 18:35 — page 2 — #2

Patarroyo et al. The secretory pathway in virus infection

the ER (Voeltz et al., 2006; Sparkes et al., 2010) as well as the gen-
eration of interconnected ER network also appear to be conserved
across different eukaryotic cells (Hu et al., 2009; Orso et al., 2009;
Chen et al., 2011; Zheng and Chen, 2011). On the other hand,
the organization of the Golgi apparatus is quite different between
mammalian and plant cells. In mammalian cells, Golgi stacks form
a single large perinuclear ribbon at the microtubule organization
center peripheral to the nucleus (Ladinsky et al., 1999); in plant
cells, the Golgi apparatus is present in the form of numerous indi-
vidual cisternal stacks that move rapidly along the actin/ER cable
in the cytoplasm (Boevink et al., 1998). As such, the morphology
of the protein transport in the ER–Golgi interface appears very
different between mammalian and plant cells.

Transport of proteins from the ER to the Golgi apparatus in
both animal and plant cells starts from a transitional ER domain
called ER export site (ERES). In mammalian cells, the ERESs
are relatively stationary (Hammond and Glick, 2000), which are
linked with the cis-Golgi by ERGIC, an ER–Golgi intermediate
compartment made by the fusion of COPII vesicles formed at the
ERESs (will be discussed below). In plant cells, individual ERESs
are believed to be motile and tightly associated with Golgi stacks
(daSilva et al., 2004). The ERES works together with individual
Golgi stacks as a single functional unit (daSilva et al., 2004); no
intermediate ERGIC has been revealed in plant cells. Yet it appears
that the molecular mechanisms underlying protein transport in
the ER–Golgi interface are very conserved between animal and
plant kingdoms (Lee and Miller, 2007; Hsu and Yang, 2009; Hwang
and Robinson, 2009; Marti et al., 2010; Chen et al., 2012).

In animal cells, transport from the ER to the Golgi apparatus is
mediated by COPII vesicles (Lee and Miller, 2007). The proteins
required for the formation of COPII vesicles from the ER include
small Sar1 GTPase, membrane anchored guanine exchange factor
(GEF) Sec12, Sec23/Sec24 heterodimers for cargo selection and
initiation of ER membrane curving (Bickford et al., 2004), and
Sec13/Sec31 for the final formation of cage-like spherical vesicle
(Lee and Miller, 2007). The fusion of COPII vesicles to gener-
ate ERGIC, which will further mature into cis-Golgi cisternae,
requires small Rab1 GTPase and ER-localized SNARE (soluble N-
ethylmaleimide-sensitive-factor adaptor-protein receptors) pro-
teins (Bonifacino and Glick, 2004). In plant cells, despite the
morphological difference in the ER–Golgi interface, all these key
proteins exist (Bassham et al., 2008; Marti et al., 2010). It has been
experimentally demonstrated that AtSEC24a as well as Rab-D pro-
teins, homologs of Rab1, are required for ER-to-Golgi transport
in plant cells (Batoko et al., 2000; Faso et al., 2009; Qi and Zheng,
2011). In mammalian cells, the retrograde Golgi transport, essen-
tial for recycling of proteins and lipids back to the ER in order
to maintain equilibrium with the COPII-dependent transport,
occurs mainly through COPI vesicles (Hsu and Yang, 2009). The
COPI coatomer is composed by two protein complexes, F- and B-
COP. The formation of COPI vesicles in Golgi cisternae requires
small Arf1 GTPase, whose activity is regulated by Sec7-domain
Arf1-GEFs (Hsu and Yang, 2009). Brefeldin A (BFA), a fungal
metabolite, has been found to be a specific inhibitor that inter-
feres with the interaction between Sec7-domain Arf-GEF and Arf
proteins (Nebenfuhr et al., 2002). In Arabidopsis thaliana, electron
tomography analysis have shown the existence of two types of

COPI coated vesicles, the COPIa vesicles derived from cis-Golgi
and the COPIb vesicles derived from the trans-Golgi (Hwang and
Robinson, 2009).

THE ORGANIZATION AND DYNAMICS OF POST-GOLGI
TRAFFIC NETWORK IN PLANT CELLS
Proteins and lipids, after being transported and modified in the
Golgi apparatus, are further transported to either the plasma
membrane, or to the lysosome/vacuole (in plant cells). In mam-
malian cells, cargo molecules modified in the Golgi apparatus are
usually delivered to the TGN where they are sorted into either
secretory vesicles that move to the plasma membrane, or clathrin-
coated vesicles to deliver cargoes to the endosomes and then the
lysosome (Traub and Kornfeld, 1997). This anterograde protein
transport to the plasma membrane is usually balanced by various
clathrin-coated vesicle mediated endocytic pathways (Gruenberg
and Maxfield, 1995; Clague and Urbe, 2001). After being formed
in the plasma membrane, clathrin-coated endocytic vesicles are
first delivered to the early endosome (EE), a compartment that
can be marked by Rab5, a small GTPase required for the fusion
of clathrin-coated vesicles to the EE (Gorvel et al., 1991; Rink
et al., 2005). At the EE, proteins can be either recycled back to
the plasma membrane via recycling endosomes (RE; Grant and
Donaldson, 2009), or further sorted to the late endosomes (LE)
and the lysosome. It is thought that the protein recycling at the EE
via the RE is mediated by Rab11 (Grant and Donaldson, 2009). The
LE is believed to mature by the fusion of different EEs mediated
by small Rab7 GTPase and LE-specific SNARE proteins (Boni-
facino and Glick, 2004; Rink et al., 2005). At the LE, ESCRT
(the endosomal sorting complexes required for transport) at
the surface can selectively pick ubiquitinated membrane proteins
to be directed to the lysosomes for further degradation (Katzmann
et al., 2001).

In plant cells, initially the TGN was thought to be absent, but
recent evidence suggests that the TGN may be a motile organelle
derived from the Golgi apparatus (Dettmer et al., 2006; Kang et al.,
2011; Qi et al., 2011). It has been demonstrated that the plant TGN
could act as a sorting station and simultaneously release two types
of vesicles: secretory vesicles heading to the plasma membrane and
the cell wall (Preuss et al., 2006; Szumlanski and Nielsen, 2009; Qi
et al., 2011), and clathrin-coated vesicles mediating transport to
vacuoles (Kang et al., 2011). The organization of the dynamics
of the post-Golgi traffic network in plant cells is, however, not
well studied. It appears that protein transport in the plant post-
Golgi traffic network is quite distinct from that in mammalian
cells. There are several lines of evidence suggesting that the TGN
in plants also serves as an EE (Dettmer et al., 2006; Qi et al., 2011).
At the TGN/EE, proteins can be either recycled back to the plasma
membrane (Ueda et al., 2001), or further transported to multi-
vesicular bodies (MVB) or prevacuolar compartments (PVC), a
compartment equivalent to the LE in animal cells (Spitzer et al.,
2009). In plant cells, no RE has been identified. Different from
mammalian cells, in plant cells the TGN/EE is highlighted by the
presence of different Rab-A proteins (Szumlanski and Nielsen,
2009; Kang et al., 2011; Qi et al., 2011), homologs of the animal
Rab11 protein; the MVB/PVC is marked by Rab-F proteins (Ueda
et al., 2001), homologs of the Rab5 in animal cells. MVB/PVC
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bearing ESCRT that can selectively pick ubiquitinated membrane
proteins has also been reported (Spitzer et al., 2009).

THE ROLE OF THE HOST SECRETORY PATHWAY IN PLANT
VIRAL REPLICATION
Viruses are obligate intracellular parasites that depend on cellu-
lar materials for their replication and spread. As mentioned in
the introduction, replication and assembly of many membrane
enveloped animal viruses occur in an intracellular compartment
termed virus factory, viral inclusion, viroplasm, or virosome
whose generation requires the modification of the host secretory
pathway (Novoa et al., 2005; Netherton et al., 2007; Miller and
Krijnse-Locker, 2008). Despite the fact that most plant viruses
are not membrane enveloped, recent research revealed that plant
viruses also utilize the host secretory pathway for viral replication
(Laliberte and Sanfacon, 2010; Verchot, 2011).

Studies with TMV, an extensively studied member of
tobamoviruses, showed that TMV infection causes severe modi-
fications of the ER, converting it into large irregular aggregates
early in infection (Reichel and Beachy, 1998). This ER-derived
structure contains virus particles, the virus-encoded 183 and
126 kDa replicases, movement protein (MP), vRNA, ribosomes,
and host translation elongation factor EF1-α (Beachy and Zaitlin,
1975; Heinlein et al., 1998; Reichel and Beachy, 1998; Mas and
Beachy, 1999; Figueira et al., 2002). Therefore it is believed that
this ER-derived structure is the site for TMV replication, which
is often termed as viral replication complex (VRC; Heinlein et al.,
1998). However, how exactly these TMV replication complexes
are formed is not yet clear. The MP and the replicase com-
ponents 126 and 183-kDa proteins are associated with the ER
(Reichel and Beachy, 1998; Hagiwara et al., 2003). The MP, when
expressed ectopically, can induce modifications in the ER (Reichel
and Beachy, 1998) and the 126-kDa replicase, when expressed
ectopically, can also induce the formation of cytoplasmic inclu-
sion bodies (Ding et al., 2004). Therefore it is possible that these
viral proteins are involved in the formation of TMV replica-
tion complexes. Furthermore, the TMV replication complexes
are found to be associated with the host transmembrane proteins
TOM1 (Yamanaka et al., 2000; Hagiwara et al., 2003) and ARL8, a
small GTP-binding protein (Nishikiori et al., 2011). Both proteins
are required for efficient TMV RNA replication (Nishikiori et al.,
2011). This suggests that host proteins also play important roles
in the formation of TMV replication complexes in the secretory
pathway. It will be interesting to study how exactly these viral and
host proteins are involved in the process.

In the case of potyviruses, TuMV infection induces the for-
mation of small vesicular compartments that move rapidly along
the microfilaments and the ER (Beauchemin et al., 2007; Cotton
et al., 2009; Grangeon et al., 2012). The polyprotein 6K2-VPg-Pro,
through its hydrophobic 6K2 domain, is responsible for the for-
mation of these motile structures (Beauchemin et al., 2007). The
presence of viral dsRNA,an obligate intermediate in the replication
of the ssRNA viruses, as well as the host eukaryotic initiation fac-
tor iso4E (eIF(iso)4E), poly-A binding protein, heat shock cognate
70-3 protein (Hsc70-3), and the eukaryotic elongation factor 1A
(eEF1A; Beauchemin and Laliberte, 2007; Beauchemin et al., 2007;
Dufresne et al., 2008; Thivierge et al., 2008; Cotton et al., 2009) in

the 6K2-induced vesicles suggests that the viral genome replication
takes place in these structures (Cotton et al., 2009). Interestingly,
in cells infected by the potyvirus tobacco etch virus (TEV), the
motile 6K2 vesicular compartments are ER-derived and are asso-
ciated with ERESs. The formation of the structure is COPII- and
COPI-dependent (Wei and Wang, 2008). The motile 6K2 vesi-
cles in TuMV-infected cells are associated but not perfectly with
COPII vesicles as well as Golgi stacks (Grangeon et al., 2012). BFA
can enhance the association of 6K2 vesicles with COPII and Golgi
stacks (Grangeon et al., 2012). The interpretation of these facts is
that the formation as well as the transport (will be discussed fur-
ther) of the motile 6K2 structures requires an interaction between
6K2 and host proteins involved in the formation and transport of
COPII and COPI vesicles.

Recently, we reported that TuMV induces the formation of a
perinuclear globular structure with an amalgamation of viral 6K2,
ER, Golgi, and COPII membranes as well as the presence of chloro-
plasts within the structure (Grangeon et al., 2012). This globular
structure maintains a dynamic connection with the cortical ER
and the Golgi apparatus; additionally the motile 6K2 vesicles may
originate from the globular structure (Grangeon et al., 2012). We
hypothesize that this globular structure could provide an extended
platform for viral replication and protein synthesis (Grangeon
et al., 2012). Indeed, the formation of large perinuclear ER-derived
structures has also been observed in several other plant viruses.
For example, cowpea mosaic virus (CPMV) induces the prolifera-
tion of ER membranes (de Zoeten et al., 1974; Carette et al., 2000,
2002a) that are often next to the nuclei. By the incorporation of
H3-uridine in the infected leaves, newly synthesized viral RNA can
be found in the perinuclear membranous structures induced by
CPMV (de Zoeten et al., 1974). Grapevine fanleaf virus (GFLV)
induces the formation of a punctate-spongy perinuclear structure
composed of reorganized ER membranes and active synthesis of
RNA is found in these ER-derived structures (Ritzenthaler et al.,
2002). Potato virus X (PVX) also forms an ER-contained perinu-
clear structure called X-body (Tilsner et al., 2012) where the viral
replicase and TGB1 are located.

The exact mechanism by which these globular structures are
formed remains unclear. It is known in plant cells that disruption
of the formation of COPII vesicles also induces the formation of
perinuclear clusters of the ER and Golgi membranes (Faso et al.,
2009). The 60K helicase of CPMV interacts with the ER localized v-
SNARE-like protein VAP27 in the proliferation of ER membranes
(Carette et al., 2002b), suggesting that an interaction of viral and
host ER proteins may be required in the process. It is interest-
ing, however, in TuMV infected cells, the BFA treatment does
not inhibit the formation of the perinuclear globular structure
nor viral replication (Grangeon et al., 2012). Although the perin-
uclear structure in TuMV-infected cells contains the ER and Golgi
membranes, it seems that the formation of the structure does not
require a functional early secretory pathway. Similarly, BFA seems
not affect replication of melon necrotic spot virus but it may
have a negative impact on viral cell-to-cell movement (Genoves
et al., 2010). On the other hand, in GFLV-infected cells, although
it is not known if the BFA treatment inhibits the formation of
the perinuclear structure, such treatment results in a significant
reduction of the replication efficiency of the virus (Ritzenthaler
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et al., 2002). It is highly likely that different viruses use different
strategies to generate membranous structures for their efficient
replication.

In animal cells, the generation of the virus factory contain-
ing the membranous structures of the host secretory pathway is
also thought to be a mechanism for viruses to hide from host
cell anti-viral defenses (Novoa et al., 2005; Miller and Krijnse-
Locker, 2008). With regards to this, it is interesting to note that
in N. benthamiana cells expressing a dominant-negative Vps23,
Vps24, Snf7p, and Vps4p, components of ESCRT complexes, the
replication of the tomato bushy stunt virus (TBSV), a member
of tombusvirus, is impaired (Barajas et al., 2009). In addition, in
yeast vps23Δ or vps24Δ cells, the activity of the viral replicase p92
is reduced and the (−) stranded viral RNA is more accessible to
ribonucleases (Barajas et al., 2009). How the absence of ESCRT
complexes in host cells could lead to a reduced activity of p92 and
less stable viral RNA remains unknown. As mentioned previously,
the ESCRT complexes are required for the recognition and sorting
of ubiquitin-modified cargo proteins into MVBs and eventually to
the vacuole (Katzmann et al., 2001; Spitzer et al., 2009). It is pos-
sible that ESCRT complexes are recruited into the viral replicase
complex at some stages to help the virus to evade the recognition
by host defense proteins and/or to avoid the degradation by the
gene silencing machinery. Indeed, the p33 replication protein of
TBSV interacts with Vps23p (Barajas et al., 2009), suggesting that
the viral protein may be involved in the recruitment of ESCRT
into the virus factory, or regulate the activity of ESCRT in the
factory.

Although most plant viruses are not membrane enveloped,
it is interesting to note that there is a small group of plant
viruses such as the tomato spotted wilt virus (TSWV) that are
membrane enveloped (Mumford et al., 1996). TSWV is a plant-
infecting counterpart of the animal infecting viruses within the
arthropod-borne Bunyaviridae. It is known that bunyaviruses that
infect animal cells are replicated in tubular viral factories that are
built around Golgi stacks but are connected to both mitochondria
and the rough ER (Walter and Barr, 2011). After the final virion
assembly in the lumen of swollen Golgi stacks, viruses bud into
secretory vesicles in which they migrate toward the plasma mem-
brane and are then secreted (Walter and Barr, 2011). However, it
is not clear if this is also the case for TSWV. TSWV is replicated in
infected plant cells in association with a membrane modification
of the ER and Golgi (Ribeiro et al., 2008). The viral particles are
assembled within the infected plant cells when ribonucleoprotein
complexes (RNPs) are enwrapped by Golgi cisternae. The Golgi
membrane wrapped RNPs then fuse with each other and with ER
membranes, producing a singly enveloped vesicle where virus par-
ticles are retained until uptake by its insect vector (Kitajima et al.,
1992; Kikkert et al., 1999). It was recently shown that the TSWV
glycoproteins Gn and Gc induce the formation of ER- and Golgi-
derived membranous structures upon ectopic expression in plant
protoplasts (Ribeiro et al., 2008). The Gn glycoprotein localizes
to both the ER and Golgi and is able to redirect the ER-arrested
glycoprotein Gc to Golgi in a COPII-dependent manner upon
co-expression (Ribeiro et al., 2009). In addition, both Gn and Gc
interact with the TSWV nucleocapsid protein (N) and RNPs in
ER and Golgi (Ribeiro et al., 2009). Therefore it seems that viral

Gn and Gc glycoproteins, transported within the ER and Golgi,
play an important role in the generation of the hybrid ER–Golgi
structure where the virus is replicated and assembled. As one of
the few plant viruses that are enveloped by lipid membranes, it
will be interesting to examine how TSWV migrates, once assem-
bled in the cytoplasmatic vesicles, to the neighboring cells. Likely,
TSWV moves cell-to-cell differently from its animal counterpart,
because the viral NSm protein, which was shown to restore the
cell-to-cell and long distance movement of a movement-defective
TMV clone (Lewandowski and Adkins, 2005), forms tubules in
association with plasmodesmata (PD) upon TSWV infection of
N. rustica (Storms et al., 1995).

ROLE OF THE HOST SECRETORY PATHWAY IN INTRA- AND
INTER-CELLULAR TRANSPORT OF VIRUSES
As described above, many plant viruses replicate in infected cells
in association with membranous structures derived from the host
secretory pathway (Laliberte and Sanfacon, 2010; Verchot, 2011).
Consequently, virions or viral nucleic acid–protein complexes
must travel from the site where they are replicated to the neigh-
boring cells to start the replication cycle again in order to cause a
systemic infection. It has been generally accepted that plant viruses
move from an infected cell to its neighboring cells through PD
(Schoelz et al., 2011; Ueki and Citovsky, 2011). However, the viri-
ons and even the naked genome of plant viruses are too large to fit
through unaltered PD. To facilitate the spread of viral particles or
replication complexes, most plant viruses encode at least one ded-
icated protein termed movement protein (Lucas, 2006) to modify
the structure of PD (Lucas, 2006; Schoelz et al., 2011; Ueki and
Citovsky, 2011).

How could viral particles or replication complexes generated
in the virus factory move to PD? Studies of various plant viruses
over the past decades indicated that host cytoskeletal elements
provide viruses the means to move from their sites of replication
to PD from where they travel to the neighboring cells (Schoelz
et al., 2011; Ueki and Citovsky, 2011). However, recent studies of
some plant viruses indicate that the host secretory pathway and
protein transport machineries may also be hijacked by viruses
for their efficient transport to PD and cell-to-cell movement. In
TMV, the MP and the 126 kDa replicase proteins are required
for its efficient movement (Reichel and Beachy, 1998; Hirashima
and Watanabe, 2001). Both proteins as well as TMV replication
complexes are found to be associated with the ER (Heinlein et al.,
1998; Yamanaka et al., 2000; Hagiwara et al., 2003). However, it is
interesting that lower concentrations of BFA (10 μg/ml) or overex-
pression of dominant negative Sar1 does not inhibit intercellular
transport of neither the MP of TMV nor the TMV replication
complexes to PD (Tagami and Watanabe, 2007), while a higher
concentration of BFA (>50 μg/ml) did inhibit the movement of
the TMV MP to PD (Heinlein et al., 1998; Wright et al., 2007).
The higher concentration of BFA is known to disrupt intercon-
nected ER network (Zheng et al., 2004). Thus the interpretation of
the different effect of different BFA concentrations could be that
the transport of TMV to PD requires a networked ER but does
not require the COPII-/COPI-dependent molecular machinery.
Considering the fact that ER tubules traverse through PD to the
neighboring cells, it is possible that ER tubules are used directly

Frontiers in Plant Science | Plant-Microbe Interaction January 2013 | Volume 3 | Article 308 | 18

http://www.frontiersin.org/Plant-Microbe_Interaction/
http://www.frontiersin.org/Plant-Microbe_Interaction/archive


“fpls-03-00308” — 2013/1/9 — 18:35 — page 5 — #5

Patarroyo et al. The secretory pathway in virus infection

by TMV as a transport conduit for both intra- and inter-cellular
transport.

In the case of the members of the genus Potyviruses, it
appears that intracellular transport of virus replication complexes
from the site where they replicate to PD requires the classic
COPII/COPI vesicle trafficking machinery in the secretory path-
way. As described in the previous section, in both TuMV- and
TEV-infected cells, motile 6K2 vesicular structures are identified
as a site where viral genome can be replicated (Beauchemin et al.,
2007; Cotton et al., 2009; Grangeon et al., 2012). Yet the forma-
tion of these motile 6K2 vesicles is COPII- and COPI-dependent
(Wei and Wang, 2008). They are generated from ERESs, move
to Golgi stacks, and are transported along the actin and the ER
to the cell periphery (Beauchemin et al., 2007; Wei and Wang,
2008; Cotton et al., 2009; Grangeon et al., 2012). Furthermore,
the movement of 6K2 and the cell-to-cell movement of TuMV
can be inhibited by BFA at 10 μM (Grangeon et al., 2012). For
potyviruses, the proteins VPg, CI, CP, and P3N-PIPO have been
implicated in inter-cellular movement of viruses through PD
(Nicolas et al., 1997; Rojas et al., 1997; Carrington et al., 1998; Wei
and Wang, 2008; Wei et al., 2010). It is interesting that recently,
Wei et al. (2010) demonstrated that the trafficking of P3N-PIPO
and CI to PD requires a COPII-/COPI-dependent protein trans-
port machinery, but not the actomyosin system (Wei et al., 2010)
as the localization of P3N-PIPO and CI to PD is abolished in
infected cells treated with BFA, or in cells expressing a mutant
version of Sar1 [Sar1(H74L)], but not by actin disrupting agents.
It seems that the transport of the potyvirus replication complex
to the cell periphery requires the classic COPII/COPI vesicle traf-
ficking machinery in the secretory pathway and the actomyosin
system, but the transport of the viral proteins to PD for the sub-
sequent modification of PD only requires the classic COPII/COPI
vesicle trafficking machinery in the secretory pathway. However,
NSvc4, the putative MP of rice strip virus (RSV) and MP17, the
MP of potato leaf roll virus (PLRV), when expressed alone, are
targeted to PD in COPII- and actin-dependent manners (Vogel
et al., 2007; Yuan et al., 2011). Similarly, the MP protein p7B of
melon necrotic spot virus is found to localize to the ER, Golgi, and
PD when ectopically expressed (Genoves et al., 2010). Genoves
et al. (2010) show that both BFA and latrunculin B inhibit the
transport of p7B to Golgi and PD at the level the ER. However, it
is generally accepted that in plant cells the actomyosin system is
not required for protein transport from the ER to Golgi (Brandizzi
et al., 2002).

As mentioned previously, in plant virus infected cells, PD has to
be modified, either with an increase in SEL or formation of tubules
(reviewed by Schoelz et al., 2011), to allow viral particles or replica-
tion complexes to spread. Recent data suggested that, in addition to
movement-related proteins encoded by various viruses, some host
proteins, for example, PDLP1, a type-I membrane protein located
to PD, appear to be required for successful modification of PD
(Huang et al., 2001; Thomas et al., 2008; Amari et al., 2010). When
Arabidopsis plants expressing mutant versions of PDLP1, PDLP2,
and PDLP3 are inoculated with cauliflower mosaic virus (CaMV),
a Caulimovirus that induces tubules through which CaMV viri-
ons move, significantly fewer plants present systemic infections
(Amari et al., 2010). The replication of CaMV in the protoplasts

carrying the triple mutation is, however, comparable to the repli-
cation in wild type Arabidopsis (Amari et al., 2010). This suggests
that the PDLP1 protein plays a vital role in the movement of
the virus, possibly in the modification of PD for the formation
of tubules. It is interesting that the targeting of PDLP1 to PD
is COPII-dependent (Thomas et al., 2008). However, in CaMV-
infected cells, it appears that targeting of the MP of the virus
to the cell periphery is not abolished by the treatment of BFA
(Huang et al., 2000). It seems that transport of viral proteins
of CaMV and host proteins to PD relies on different transport
routes.

In addition to the above mentioned roles that the host secretory
pathway may play in the transport of virus replication complexes
and viral and host proteins required for efficient spread of viruses,
it is worth noting that the TGB2 protein of potato mot top virus
(PMTV), which is located to both the ER and PD and is probably
involved in the modification of PD for intercellular virus move-
ment (Cowan et al., 2002), can also be found in vesicles marked by
FM4-64 (Haupt et al., 2005), a fluorescent dye that is widely used
to track endocytosis in plant cells (Qi et al., 2011). TGB2 inter-
acts with a J-domain chaperone essential for the endocytic protein
transport and is also co-localized with Ara7, a Rab-F protein local-
ized to the PVC/MVB (Haupt et al., 2005). In addition to this, the
MP of TMV and a DNA virus, cabbage leaf curl virus (CaLCuV),
physically interact with the clathrin-associated SNARE-interacting
protein synaptotagmin (Lewis and Lazarowitz, 2010). Synaptotag-
min is a Ca2+ sensor and down-regulation of this protein inhibits
endocytosis and intercellular spread of TMV and CaLCuV (Lewis
and Lazarowitz, 2010). However, the exact role that this endocytic
protein transport pathway may play in the virus multiplication is
yet to be determined. Endocytosis is known to be a mechanism for
cells to regulate the localization and/or function of some plasma
membrane localized proteins (Gruenberg and Maxfield, 1995),
perhaps the accumulation and function of proteins required for
modification of PD for efficient virus spread needs to be regulated
by endocytosis.

CONCLUDING REMARKS
Plant cells have a sophisticated secretory pathway that is vital for
their growth and survival in response for prevailing environmental
conditions. In recent years, there has been an explosion of infor-
mation regarding the organization of the plant secretory pathway
and the molecular mechanisms that regulate protein transport
in the plant secretory pathway. For successful infection of host
plant cells, it seems that plant viruses have developed different yet
highly host-adapted strategies to take advantage of the molecular
machineries provided by the host secretory pathway to replicate
and move from infected to uninfected cells. However, how plant
viruses interplay with their host secretory pathway is not well
understood. It is highly likely that different plant viruses interact
differently with the host secretory pathway for efficient virus mul-
tiplication. To unravel the exact mechanisms by which different
viruses are replicated, and transported to and through PD to neigh-
boring cells, we need to identify more of the host factors required
for the multiplication of different viruses. We need to understand
how these host factors interact with different viral factors and to
figure out the functional significance of these interactions in viral
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infection. We believe that a further understanding of these issues is
important for those who wish to develop plant cultivars that resist
to virus infection. On the other hand, such research could also
serve as a way to unlock the secrets of the host secretory pathway
in plant cells.
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Formation of plant virus membrane-associated replication factories requires the association
of viral replication proteins and viral RNA with intracellular membranes, the recruitment
of host factors and the modification of membranes to form novel structures that house
the replication complex. Many viruses encode integral membrane proteins that act as
anchors for the replication complex. These hydrophobic proteins contain transmembrane
domains and/or amphipathic helices that associate with the membrane and modify its
structure. The comovirus Co-Pro and NTP-binding (NTB, putative helicase) proteins and
the cognate nepovirus X2 and NTB proteins are among the best characterized plant virus
integral membrane replication proteins and are functionally related to the picornavirus 2B,
2C, and 3A membrane proteins. The identification of membrane association domains and
analysis of the membrane topology of these proteins is discussed.The evidence suggesting
that these proteins have the ability to induce membrane proliferation, alter the structure
and integrity of intracellular membranes, and modulate the induction of symptoms in
infected plants is also reviewed. Finally, areas of research that need further investigation are
highlighted.

Keywords: integral membrane proteins, viral replication complexes, intracellular membranes, protein–membrane

interactions, secoviridae, picornavirales, plant–virus interactions, membrane remodeling

CHARACTERIZATION OF COMOVIRUS AND NEPOVIRUS
REPLICATION COMPLEXES AND IDENTIFICATION OF
PUTATIVE MEMBRANE ANCHORS
Positive-strand RNA viruses replicate in large complexes that
are associated with host intracellular membranes (Salonen et al.,
2005; Sanfacon, 2005; Miller and Krijnse-Locker, 2008; den Boon
and Ahlquist, 2010; Laliberte and Sanfacon, 2010; Nagy and
Pogany, 2012 ). Some viruses require host membrane proteins
to target their replication proteins to the membranes (Yamanaka
et al., 2000). However, many viruses encode proteins that inter-
act with membranes directly and modify their intrinsic structure.
These proteins have membrane association domains and contain
protein–protein and/or protein–RNA interaction domains that
allow them to recruit the viral RNA, other viral replication pro-
teins, or host factors to the membranes. Well-characterized plant
virus membrane proteins include the tombusvirus 33–36 kDa
proteins, bromovirus 1a protein, potyvirus 6K protein, and
tymovirus 140 kDa protein (Schaad et al., 1997; den Boon
et al., 2001; Weber-Lotfi et al., 2002; Prod’Homme et al., 2003;
Turner et al., 2004).

The family Secoviridae (order Picornavirales) includes the gen-
era Comovirus, Fabavirus, Nepovirus, Sequivirus, Waikavirus, Cher-
avirus, Sadwavirus, and Torradovirus (Sanfacon et al., 2011). The
best characterized members of the family are Cowpea mosaic virus
(CPMV, comovirus), Grapevine fanleaf virus (GFLV, nepovirus),
and Tomato ringspot virus (ToRSV, nepovirus; Pouwels et al.,
2002a; Sanfacon et al., 2006). These viruses use a polyprotein

strategy to express their proteins and have a replication block con-
sisting of a nucleotide-binding protein (NTB), a genome-linked
protein (VPg), a proteinase (Pro), and an RNA-dependent RNA
polymerase (Pol; Figure 1C). Although they share these properties
with picornaviruses (including the well-characterized poliovirus),
nepo- and comoviruses differ in that they have bipartite genomes.
The RNA1-encoded polyprotein contains all protein domains nec-
essary for replication and RNA1 can replicate independently of
RNA2 (Vos et al., 1988; Viry et al., 1993 ).

Plant cells infected by como- and nepoviruses are characterized
by the presence of numerous membraneous vesicles, which are
derived from the endoplasmic reticulum (ER; Carette et al., 2000;
Ritzenthaler et al., 2002; Han and Sanfacon, 2003). In CPMV-
infected cells, vesicles first appear throughout the cytoplasm, but
later coalesce in a large perinuclear structure (Carette et al., 2002a).
Actin microfilaments are probably involved in this process (Carette
et al., 2002a). Perinuclear membrane aggregates are also observed
in ToRSV- and GFLV-infected cells (Ritzenthaler et al., 2002; Han
and Sanfacon, 2003). Viral replication proteins, de novo RNA syn-
thesis and dsRNA intermediates co-localize with these structures,
indicating that they are the site of viral replication (de Zoeten et al.,
1974; Carette et al., 2000, 2002a; Ritzenthaler et al., 2002; Han and
Sanfacon, 2003).

Vesicles induced in como- and nepovirus-infected cells are
irregularly shaped, vary in size and are usually surrounded by
a single-membrane (Carette et al., 2000; Ritzenthaler et al., 2002;
Figure 1A). These vesicles are similar to those observed in early
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FIGURE 1 | Membrane replication proteins encoded by CPMV,ToRSV

and poliovirus. (A) Electron micrograph showing the proliferation of
single-membrane vesicles in ToRSV-infected Nicotiana clevelandii plants.
The bar indicates 200 nm. (B) Models for the formation of viral replication
complexes. (1) In cells infected with poliovirus or coxsackie B3 virus, viral
integral membrane proteins (red ovals) induce positive curvature of the
membrane allowing the budding of tubular structures. Other viral
replication proteins (e.g., polymerase, green ovals) interact with the viral
membrane proteins. Host factors and viral RNA (not shown) associate with
the replication complex by protein–protein and protein–RNA interactions.
Single-membrane vesicles may bud out and form double-membrane
vesicles after the internal collapse of the single-membrane vesicle and
subsequent membrane fusion to allow its circularization. Late in infection,
double-membrane vesicles are predominant in picornavirus-infected cells.
This model is based on electron tomography observations from Belov et al.
(2012) and Limpens et al. (2011). (2) In cells infected with many plant and
animal viruses, induction of negative membrane curvature results in
membrane invagination and formation of spherules in the lumen of the
membrane. In plant, spherules have been observed in association with
membranes from the ER (brome mosaic virus), chloroplast (turnip yellow
mosaic virus), peroxisome (tomato bushy stunt virus) and mitochondria
(carnation Italian ringspot virus). The spherules are connected to the
cytoplasm by a neck. Viral integral membrane proteins (red ovals) line the

(Continued)

FIGURE 1 | Continued

interior of the spherule. The viral polymerase (green ovals) as well as other
viral proteins, host factors and the viral RNA (not shown) are enclosed in
the spherule. Release of the vesicle in the lumen of the membrane may
be followed by budding of a double-membrane vesicle into the cytoplasm.
This model has been discussed in recent reviews (den Boon and Ahlquist,
2010; Laliberte and Sanfacon, 2010; Nagy and Pogany, 2012). (C) Organiza-
tion of replication protein domains in the polyproteins of CPMV, ToRSV, and
poliovirus. The RNA1-encoded polyproteins of CPMV and ToRSV are shown.
For poliovirus, the polyprotein encoded by the single genomic RNA is shown,
although the P1 region (containing the structural proteins) is truncated as
indicated by the diagonal bars. Vertical lines represent the protease cleav-
age sites. Conserved motifs are: RNA-dependent RNA polymerase (Pol,
green ovals), protease (Pro, orange diamond), nucleotide-binding protein
(NTB, red oval), Co-Pro and X2 (purple square). Horizontal bars under each
polyprotein represent integral membrane proteins that have been detected
in virus-infected cells.The matureToRSV X2 protein is shown with a question
mark. Although likely, its presence in infected cells could not be confirmed
due to the lack of antibodies. (D)The regions of the polyprotein containing the
putative membrane anchors are shown for each virus. Predicted membrane-
association domains are indicated with blue barrels (hydrophobic helices)
or with yellow/blue barrels (amphipathic helices, with the yellow half rep-
resenting the polar/charged hydrophilic side of the helix and the blue half
representing the hydrophobic side of the helix).

stages of infection by poliovirus and coxsackie B3 virus (both
picornaviruses). Three-dimensional reconstruction of these early
picornavirus-induced structures revealed that they are branching
tubular structures rather than closed vesicles (Limpens et al., 2011;
Belov et al., 2012). Positive membrane curvature induced by viral
membrane proteins allows budding of tubular structures from
the surface of the membrane. Replication proteins accumulate on
the outside of the single-membrane structures (Figure 1B, model
1). That GFLV- and poliovirus-induced vesicles are immuno-
precipitated by antibodies against viral replication proteins, is
consistent with this model (Bienz et al., 1994; Carette et al., 2000).
In contrast, membrane structures induced by many plant viruses
(including bromo-, tombus-, and tymoviruses) are formed by
membrane invagination and require negative membrane curva-
ture. These replication complexes are sheltered inside spherules
that are connected to the cytoplasm by a neck (Figure 1B, model 2).

Of the replication proteins encoded by como- or nepovirus
RNA1, two contain obvious hydrophobic regions: the comovirus
Co-Pro and NTB proteins and the cognate nepovirus X2 and NTB
proteins (Figure 1D). In infected cells, mature proteins co-exist
with stable intermediate polyproteins (Figure 1C). The CPMV
Co-Pro is only detected as a mature protein due to efficient cleav-
age between Co-Pro and NTB. However, NTB is found either
as a mature protein or within various intermediates (NTB–VPg,
NTB–VPg–Pro, and NTB–VPg–Pro–Pol; Wellink et al., 1986). In
contrast, processing at the nepovirus X2–NTB cleavage site is
inefficient in vitro leading to the accumulation of X2–NTB and
X2–NTB–VPg in addition to X2 and NTB (Wang and Sanfa-
con, 2000; Wetzel et al., 2008). In ToRSV-infected cells, NTB,
NTB–VPg, and X2–NTB–VPg are tightly associated with ER
membranes active in viral replication (Han and Sanfacon, 2003).
In contrast, only a sub-population of a polyprotein containing
the VPg, Pro, and Pol domains (VPg–Pro–Pol’) is associated
with replication-competent membranes and this association is
peripheral, suggesting that it requires an interaction between
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VPg–Pro–Pol’ and a membrane protein (Chisholm et al., 2007).
Similarly, only a fraction of VPg–Pro–Pol is membrane-bound
in CPMV-infected cells (Dorssers et al., 1984). When expressed
individually, the ToRSV X2, NTB and NTB–VPg and the CPMV
Co-Pro and NTB–VPg associate with ER membranes, while pro-
teins containing the ToRSV or CPMV VPg, Pro, and Pol domains
remain in the soluble cytoplasmic fraction (Carette et al., 2002b;
Zhang et al., 2005; Zhang and Sanfacon, 2006;Chisholm et al.,
2007 ). Thus, the CPMV Co-Pro and NTB and ToRSV X2 and
NTB and/or intermediate polyproteins containing these protein
domains are likely to act as membrane anchors for the replication
complex.

The nucleotide-binding motif of the nepo- and comovirus NTB
is related to that of the poliovirus 2C protein (Figure 1C). The
nepo- and comovirus NTB also contain a hydrophobic C-terminal
domain, which is absent in 2C (Figure 1D). The poliovirus 3A
protein (immediately downstream of 2C in the polyprotein) has
a hydrophobic domain that corresponds to the C-terminal region
of the nepo- and comovirus NTB, although polyproteins contain-
ing both 2C and 3A are not detected in infected cells (Figure 1C;
Cameron et al., 2010). The ToRSV X2, and CPMV Co-Pro are
highly hydrophobic and share a signature sequence (F-x27-W-
x11-L-x23-E; Rott et al., 1995), which is also found in the cognate
proteins of nepo-, como-, faba-, and cheraviruses (Sanfacon et al.,
2011). Co-Pro is a protease co-factor that slows the processing
of the CPMV RNA1 polyprotein (Peters et al., 1992). However,
there is no experimental evidence that X2 regulates the nepovirus
protease activity (Wang and Sanfacon, 2000; Wetzel et al., 2008).
Thus, the conserved motif may be important for another com-
mon activity of Co-Pro and X2. The poliovirus 2B protein is
located immediately upstream of 2C (Figure 1D) but does not
share sequence motifs with X2 and Co-Pro, other than a general
hydrophobicity.

MEMBRANE MODIFICATIONS AND SYMPTOMS INDUCED
BY THE COMOVIRUS Co-Pro AND NTB–VPg
When overexpressed from a viral vector, the CPMV NTB–VPg
or Co-Pro induces the formation of small ER-derived perinuclear
bodies (Carette et al., 2002b). Proliferation of the cortical ER is
also observed after overexpression of Co-Pro. These structures
resemble the ER modifications observed in early stages of natural
CPMV infections but differ from the large perinuclear structures
present later in infection. Thus, both proteins may act together to
induce the larger structures in natural infections. NTB and NTB-
containing intermediate polyproteins co-immunoprecipitate with
Co-Pro, suggesting that Co-Pro and NTB interact with each other
(Wellink et al., 1986). This situation is reminiscent of that observed
with poliovirus membrane proteins. While 3A, 2C, and 2BC each
induce ER modifications, co-expression of 3A and 2BC together
is required to induce vesicles that are similar to those observed in
natural poliovirus infections (Suhy et al., 2000). Protein–protein
interactions among these proteins are well-documented (Teterina
et al., 2006; Yin et al., 2007).

Ectopic overexpression of CPMV Co-Pro or NTB–VPg induces
local necrosis in plant (Carette et al., 2002b). Interestingly, CPMV
does not cause necrosis in natural infection, even though Co-
Pro and NTB–VPg accumulate in infected cells. Accumulation of

these proteins in electron-dense bodies, which are probable sites
of protein aggregation, may help reduce their toxicity (Carette
et al., 2002b). Comparison of the symptomatology induced by
chimeric constructs of two isolates of bean pod mosaic virus
(another comovirus) also points to Co-Pro and NTB as symptom
severity determinants (Gu and Ghabrial, 2005). Chimeric con-
structs containing Co-Pro or NTB from the severe isolate induce
increased symptomatology and accumulate to higher level than
the mild isolate. Co-Pro and NTB may regulate the rate of virus
replication, in agreement with their proposed role in replication
complex assembly. Although the severe symptoms may be due
to increased accumulation of viral products, possibly triggering
plant defense responses, it may be a direct consequence of the
membrane alterations induced by NTB and Co-Pro. Poliovirus 2B
and 3A induce apoptosis when overexpressed (Madan et al., 2008).
At least for 2B, the induction of apoptosis was correlated with its
viroporin activity, which affects the integrity of various mem-
branes, including mitochondrial membranes (Madan et al., 2008,
2010). Although a sub-population of the CPMV NTB–VPg targets
chloroplast membranes (Carette et al., 2002b), there is no exper-
imental evidence that mitochondria are targeted. Further studies
will be necessary to investigate possible correlations between mem-
brane alterations and symptomatology induced by the comovirus
NTB and Co-Pro proteins and to determine whether the nepovirus
X2 and NTB proteins can alter membrane structures and induce
symptoms.

MEMBRANE TOPOLOGY OF THE ToRSV X2 AND NTB:
EVIDENCE FOR OLIGOMERIZATION AND VIROPORIN
ACTIVITY
Membrane association of integral membrane proteins can be
directed by transmembrane α-helices, which are highly hydropho-
bic, or by amphipathic α-helices. Amphipathic helices initially
insert parallel to the membranes with their hydrophobic face
inserted in the lipid bilayer (Figures 2A,B). Oligomerization of
amphipathic helices can lead to the formation of aqueous pores
whereby the hydrophilic faces of the helices orient toward the pore
and the hydrophobic faces interact within the membrane envi-
ronment (Gonzalez and Carrasco, 2003; Figure 2B). Hydropho-
bic intra- and intermolecular interactions among amphipathic
and adjacent hydrophobic helices can stabilize the oligomers
(Figure 2B), as suggested for the poliovirus 2B protein (Agirre
et al., 2002; Martinez-Gil et al., 2011).

The hydrophobic C-terminal domain and a predicted
N-terminal amphipathic helix of the ToRSV NTB protein
(Figure 1D) are each sufficient to target GFP fusion proteins to
ER membranes in plant cells or to direct the insertion of NTB
or NTB–VPg into canine microsomal membranes in vitro (Wang
et al., 2004; Zhang et al., 2005). These domains are conserved in the
sequence of NTB from other nepo- and comoviruses (Figure 1D).
The C-terminal hydrophobic region of the ToRSV NTB contains
a highly hydrophobic α-helix, which traverses the membrane.
The VPg domain of NTB–VPg is translocated in the membrane
lumen (topology 1, Figure 2C), allowing the recognition of a
naturally occurring N-glycosylation site (Wang et al., 2004; Zhang
et al., 2005). The luminal orientation of the C-terminal region of
NTB–VPg was confirmed by proteinase K protection assays using
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FIGURE 2 |Topology model forToRSV membrane replication proteins.

(A) Model for the parallel insertion of an amphipathic helix. The hydrophobic
side of the helix (blue) inserts in one leaflet of the lipid bilayer while the
polar/charged hydrophilic side of the helix (yellow) is exposed to the
cytosolic face of the membrane. This insertion displaces the lipid
headgroup, causing the acyl chain to reorient and inducing positive
membrane curvature. (B) Model for the oligomerization of amphipathic
helices and formation of an aqueous pore. In the top panel, an amphipathic
helix is inserted parallel to the lipid bilayer (horizontal gray lines) of the
membrane (left). Formation of an aqueous pore (double-ended red arrow)
requires oligomerization of four or six amphipathic helices (middle). In the
aqueous pore, the hydrophilic side of the helix (yellow) is exposed toward
the pore, while its hydrophobic side (blue) is oriented toward the
membrane lipid bilayer. A simplified representation of the pore shows only
two molecules to better visualize each side of the amphipathic helix relative
to the pore (right). In the bottom panel, a membrane protein consisting of
an amphipathic helix and a hydrophobic helix (blue) is shown. After initial
membrane insertion of the monomer with the amphipathic helix parallel to
the membrane (left), an aqueous pore is formed by oligomerization of the
amphipathic helix (middle). The hydrophobic helix of each molecule is
located on the outside of the pore alongside the amphipathic helix (model
shown for a hexamer). Hydrophobic interactions between the hydrophobic
side of the amphipathic helix and the hydrophobic helix stabilize pore
formation. A simplified representation of the pore shows only two

(Continued)

FIGURE 2 | Continued

molecules (right). (C) Predicted topologies for NTB–VPg, X2, and X2–NTB–
VPg shown for monomers (left) or oligomers (right). Two possible topologies
are shown for NTB–VPg monomers (1 and 2, see text). To simplify the figure,
only two molecules are shown in the oligomer models. However, at least
four molecules would be necessary to form an aqueous pore (as shown in
B). The open circle represents the VPg domain and the red oval indicates the
conserved NTB motif. (D) Model for the induction of positive membrane cur-
vature by hydrophobic interactions of membrane proteins oligomers, shown
for NTB–VPg. On the left, blue arrows represent possible hydrophobic inter-
actions. These interactions (shown by broken blue lines on the right) would
induce positive membrane curvature. Similar hydrophobic interactions are
predicted to occur in X2 or X2–NTB–VPg oligomers (not shown).

membrane-fractions of ToRSV-infected cells (Han and Sanfacon,
2003). However, these results do not exclude the possibility that a
sub-population of the protein adopt an alternate topology. In vitro,
a second weakly predicted transmembrane α-helix traverses the
membranes when the first transmembrane helix is deleted (Wang
et al., 2004). In an alternate topology (topology 2, Figure 2C),
the NTB C-terminal hydrophobic region traverses the membrane
twice allowing a cytosolic orientation of the VPg. Experiments
are required to determine whether this alternate topology exists in
infected cells. Alternative topologies for NTB–VPg could regulate
the presentation of the VPg to the cytoplasmic face of the mem-
brane where protein–protein interactions and viral replication take
place.

The N-terminus of NTB is translocated in the membrane
lumen, suggesting oligomerization of the amphipathic helix and
pore formation (Zhang et al., 2005; Figure 2C). Pore formation
may be enhanced by hydrophobic interactions between the N-
terminal amphipathic helix and the C-terminal transmembrane
helix. Denaturing SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) of NTB–VPg or of fragments containing the amphipathic
or transmembrane helices revealed the presence of additional
bands that correspond in size to oligomers. Membrane pro-
teins can conserve their oligomeric structure in the presence
of denaturing agents, due to strong hydrophobic interactions
(DeGrado et al., 2003). The potential NTB–VPg oligomers were
glycosylated, suggesting that oligomerization occurred within the
membranes (Wang et al., 2004; Zhang et al., 2005). Although
the topology model of NTB–VPg oligomers suggests the forma-
tion of an aqueous pore, further experimentation is required
to test whether the protein affects the membrane integrity
in vivo.

In plant cells, ER-targeting of ToRSV X2 is directed by two
strongly predicted transmembrane helices and a putative amphi-
pathic helix (Zhang and Sanfacon, 2006; Figure 1D). These
features are conserved in the X2 from other nepoviruses. Sim-
ilarly, three transmembrane helices and one amphipathic helix
are predicted in the CPMV Co-Pro (Carette et al., 2002b; Zhang
and Sanfacon, 2006; Figure 1D). The topology of ToRSV X2
was examined in vitro (Zhang and Sanfacon, 2006). The two
predicted transmembrane helices were found to traverse the mem-
brane, forming a hairpin and resulting in a cytosolic orientation
of the C-terminus of X2 (Figure 2C). The N-terminus of X2
was translocated to the membrane lumen. Analysis by SDS-PAGE
of full-length or truncated X2 suggests that, as for NTB–VPg,
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protein oligomerization occurs through hydrophobic interactions
(Zhang and Sanfacon, 2006). A topology model of X2 oligomers
implies the formation of an aqueous pore by oligomerization of
the amphipathic helix (Figure 2C). However, in vivo evidence in
support of this model is still lacking. Due to its highly hydropho-
bic nature, it has not been possible to produce antibodies against
X2. Thus, although the presence of mature X2 in ToRSV-infected
cells is likely, it could not be confirmed. However, polyproteins
corresponding to the expected molecular mass for X2–NTB–VPg
were detected with anti-NTB and anti-VPg antibodies (Han and
Sanfacon, 2003). Efforts are underway to develop ToRSV infec-
tious clones, which may allow the insertion of epitope tags in X2 to
confirm its presence in ToRSV-infected cells and examine its topol-
ogy in vivo (Chisholm and Sanfacon, unpublished). Although
insertion of hydrophilic epitope tags into hydrophobic membrane
proteins can hinder their function, a recent study described tol-
erated insertion sites in poliovirus membrane proteins (Teterina
et al., 2011a).

The topology models for X2 and NTB–VPg pose some prob-
lems when applied to the X2–NTB–VPg polyprotein. The cytosolic
orientation of the C-terminus of X2 is in apparent conflict with
the luminal orientation of the N-terminus of NTB. However, the
presence of two strong transmembrane domains in the X2 domain
of X2–NTB–VPg may prevent the membrane translocation of the
NTB amphipathic helix, forcing it to insert parallel to the mem-
branes (Figure 2C). Thus, processing at the X2–NTB cleavage site
may influence the orientation of the NTB amphipathic helix and
alter the ability of NTB and/or X2 to modify intracellular mem-
branes. The impact of proteolytic cleavage on membrane topology
was demonstrated for the poliovirus 3A and 3AB (Fujita et al.,
2007). Using a fluorescence quenching method, 3AB was shown
to adopt a single topology, in which the hydrophobic domain is
parallel to the membrane. In contrast, 3A adopts two possible ori-
entations, one of which traverses the membrane. It was suggested
that the hydrophilic VPg domain prevents the membrane translo-
cation of the 3A hydrophobic domain in 3AB. Regulated cleavage
of the poliovirus 2BC also impacts its membrane-modification
activities. Although 2B,2C,and 2BC can target to membranes, only
2BC induces a proliferation of membraneous vesicles (Suhy et al.,
2000). On the other hand, poliovirus mutants with decreased pro-
cessing efficiency at the 2BC cleavage site have reduced membrane
permeabilization activity, suggesting that the release of mature 2B
from 2BC is essential for its viroporin function (van Kuppeveld
et al., 1996).

INTERACTION OF VIRAL MEMBRANE PROTEINS WITH HOST
FACTORS: TOWARD A MECHANISM FOR MEMBRANE
MODIFICATION
The experimental evidence points to a role for como- and
nepovirus membrane replication proteins in altering host
membranes and assembling the replication complexes. Positive

membrane curvature can be induced by parallel insertion
of amphipathic helices (Figure 2A) or by intra- and inter-
molecular hydrophobic interactions among membrane protein
oligomers (as shown for NTB–VPg, Figure 2D; McMahon and
Gallop, 2005).

Host factors are also likely to play an important role. The
secretory pathway is hijacked by poliovirus to help the forma-
tion of membraneous vesicles, resulting in an inhibition of host
protein transport (Hsu et al., 2010). The 2B and 3A proteins
inhibit the secretory pathway (Doedens and Kirkegaard, 1995).
3A interacts with several components of the secretory pathway,
including ACBD3, a Golgi adaptor protein (Greninger et al., 2012;
Sasaki et al., 2012) and GBF1, a guanine nucleotide exchange fac-
tor that activates Arf1, a cellular GTPase and regulator of the
secretory pathway (Wessels et al., 2006; Belov et al., 2008; Tete-
rina et al., 2011b). Arf1 is also the known target of brefeldin
A, an inhibitor of the secretory pathway that blocks poliovirus
infection (Irurzun et al., 1992; Maynell et al., 1992). The 3A–
GBF1 and 3A–ACBD3 interactions may assist in the recruitment
of P1KIIIβ, an enzyme involved in phospholipid synthesis, to
the replication complex (Hsu et al., 2010; Greninger et al., 2012;
Sasaki et al., 2012). P1KIIIβ would alter the membrane lipid
composition, possibly affecting the membrane curvature and facil-
itating the formation of virus factories. However, the sensitivity
of picornaviruses to brefeldin A varies greatly and the GBF1–3A
interaction is not conserved for all picornaviruses, suggesting that
the interaction between viruses and the host secretory pathway
varies.

How do these findings apply to como- and nepoviruses? Repli-
cation of CPMV and GFLV is hindered by cerulenin (Carette
et al., 2000; Ritzenthaler et al., 2002), an inhibitor of type II fatty
acid synthase, suggesting that de novo phospholipid synthesis is
required for membrane proliferation, possibly involving changes
in membrane lipid composition. GFLV and CPMV replication is
inhibited by brefeldin A (Pouwels et al., 2002b; Ritzenthaler et al.,
2002). However, the interaction of nepo- and comoviruses with
the secretory pathway is not well understood and their ability to
block protein secretion has not been investigated. Two SNARE-
like proteins from Arabidopsis thaliana were shown to interact
with the CPMV NTB–VPg (Carette et al., 2002c). Although their
function is not known, they may regulate membrane fusion and
vesicle formation. Identification of additional interaction partners
of the nepo- and comovirus membrane proteins will be essen-
tial to better understand membrane remodeling directed by these
proteins.
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Successful systemic infection of a plant by Tobacco mosaic virus (TMV) requires three
processes that repeat over time: initial establishment and accumulation in invaded cells,
intercellular movement, and systemic transport. Accumulation and intercellular movement
of TMV necessarily involves intracellular transport by complexes containing virus and
host proteins and virus RNA during a dynamic process that can be visualized. Multiple
membranes appear to assist TMV accumulation, while membranes, microfilaments and
microtubules appear to assist TMV movement. Here we review cell biological studies
that describe TMV-membrane, -cytoskeleton, and -other host protein interactions which
influence virus accumulation and movement in leaves and callus tissue. The importance
of understanding the developmental phase of the infection in relationship to the observed
virus-membrane or -host protein interaction is emphasized. Utilizing the latest observations
of TMV-membrane and -host protein interactions within our evolving understanding of the
infection ontogeny, a model forTMV accumulation and intracellular spread in a cell biological
context is provided.

Keywords: membrane transport, microfilaments, microtubules, plant virus, vesicle trafficking, tobamovirus

INTRODUCTION
Viruses, as obligate organisms, utilize host factors to accumu-
late and spread in their host. A successful infection by a plant
virus includes entry and accumulation in the first cell, move-
ment into neighboring uninfected cells, and systemic infection
through the plant vascular tissue (Boevink and Oparka, 2005;
Epel, 2009; Harries and Ding, 2011; Niehl and Heinlein, 2011;
Schoelz et al., 2011; Tilsner et al., 2011). Plant viruses have vary-
ing strategies for infecting hosts which reflect their use of existing
functionally redundant host developmental pathways. Therefore
an understanding of virus infection processes also offers insight
into normal host physiological processes. Tobacco mosaic virus
(TMV) encodes four known functional proteins: the 126 and
183 kDa replication-associated proteins, the movement protein
(MP), and the structural capsid or coat protein (CP). In order
to have a successful infection, these four multifunctional pro-
teins cooperate with many host components. The host membrane
and cytoskeleton are sub-cellular structures important for TMV
infection. TMV-induced granules or inclusion bodies that contain
membranes also contain host proteins. In this review, we discuss
the changing roles of host membranes, cytoskeleton, and inclu-
sion body-associated proteins as infection progresses. Findings
reported in the literature are first presented in the section(s) where
the effect on virus physiology was observed rather than where it
may additionally influence this activity. For example, the influ-
ence of synaptotagmin on TMV physiology (Lewis and Lazarowitz,
2010) was reported as an inhibition of intercellular spread of the
TMV MP, although it likely influences the intracellular transport
of this protein. This was done to clearly indicate what is in the pub-
lished literature rather than what a reader may interpret the results
to indicate. In some instances, however, the presumed influence

of the observed outcome on the mechanism of virus movement is
noted. As pertinent, findings from other tobamoviruses are men-
tioned to indicate the generality or specificity of a conclusion for
the genus.

INITIAL INFECTION
Tobacco mosaic virus enters plant cells only through mechani-
cal wounds which either transiently open the plasma membrane
or allow pinocytosis (Palukaitis and Zaitlin, 1986; Shaw, 1999;
Figure 1). TMV begins to disassemble within 3 min after entry
and disassembly of CP from the capsid is associated with transla-
tion of viral RNA (vRNA; Wu et al., 1994; reviewed in Shaw, 1999).
TMV vRNA labeled with cyanine 3-UTP forms small granules in
cytoplasm less than 5 min after entering the cell (Christensen et al.,
2009). The vRNA-containing granules form where CP and vRNA
co-localize as well as in the absence of CP, suggesting that although
CP was not needed for granule formation the disassembly of TMV
capsids occurred at the site of granule formation. Removal or
mutation of cis and trans elements necessary for virus replication
(i.e., the vRNA 3′ untranslated region and replicase) did not pre-
vent granule formation, although they were smaller and less stable.
The granules were shown to associate with fluorescently labeled
ER. The 5′ methylguanosine cap on the vRNA was necessary to
anchor vRNA to the ER/actin complex: absence of the cap leading
to vRNA degradation and no granules (Christensen et al., 2009).
Considering that uncoating of vRNA may make it accessible to
the silencing surveillance system (reviewed in Niehl and Heinlein,
2011), it will be important to determine to which host factors
viral proteins are attached during granule formation and trans-
port to cortical and perinuclear replication sites. Identifying host
factors in the granules will be difficult due to their presumed low
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FIGURE 1 | Schematic of a proposed accumulation and movement

pathway forTMV within cells. To simplify the model we do not address the
possibility that the MP or any other viral protein moves within the cell, with or
without viral RNA, independently of the virus replication complex. Also, we do
not address the possibility that host proteins involved in virus accumulation
and movement traffic independently from the virus complexes to support
these activities. TMV capsid enters through an opening within the cell wall
(CW) and plasma membrane (PM) or through pinocytosis after wounding (a).
TMV RNA is released from the capsid at the site of viral RNA (vRNA) granule
formation (b). The granules are associated with the endoplasmic reticulum
(ER), which may serve as the replication site on transport of the vRNA to
cortical vertices or perinuclear regions of the ER. Transport to these locations
requires microfilaments (MF) (c). Other membranes such as the vacuolar (V)
membrane may serve as a scaffold for virus replication, but this requires
further analysis. A virus replication complex (VRC) is formed in the cortical
vertices or perinuclear region of the ER (d). VRCs contain vRNA, movement
protein (MP), replication proteins and host proteins. TOM1, a membrane
protein, interacts with replication proteins and serves as an anchor between
the replication proteins and a host membrane, which may be ER (TOM1?),
vacuole (TOM1) or another membrane (e). For TMV intercellular movement,
VRCs move from sites of replication to plasmodesmata (PD). Elongation
factor 1A (EF-1A) interacts with vRNA, replication proteins, MFs and
microtubules (MTs) and influences TMV movement. It is unclear if this

influence is on sustained movement associated with clearance of virus
components within the cell, or with initial movement: we have placed it with
initial movement and with the MF (f). An interaction between two host
proteins, a class II KNOTTED 1-like protein (NTH201) and a DnaJ-like protein
(MPIP1), and the TMV MP also may aid transport of virus to the PD (g),
although again it is unclear if this interaction aids initial or sustained
movement. Movement of the VRC to the PD requires membrane, and may be
influenced by actomyosin (MF and myosin) and MT (h). The influence of the
MT end-binding protein (EB1a) on virus movement is placed during transport
to the PD (h). MP microfilament severing activity at the PD is proposed to
eliminate F-actin-like structures at the PD to increase the PD size exclusion
limit SEL (i). In addition, interaction between the MP and the ankyrin repeat
containing protein (ANK) is correlated with an increase of the PD SEL through
a decrease in callose at the PD neck (j). vRNA transports through PD within a
VRC or simply with vRNA and MP, the latter being phosphorylated (MPP) in
the PD to release the vRNA for translation in the next cell (k; Karpova et al.,
1997; Lee et al., 2005). After vRNA transfer to the neighboring cell, VRC
remnants associate with endosomes (E; possibly pre-vacuolar vesicles) for
transport to vacuoles, potentially through interaction of the vesicle fusing
protein, synaptotagmin, with the MP (l). Transport is proposed to involve the
actomyosin network. Likely prior to this transport, CELL-DIVISION CYCLE
protein48 (CDC48) extracts the MP from the ER-associated VRC for
attachment to the MT and later degradation (m). N, nucleus.

quantities, but will be necessary to understand the steps prior to
virus replication.

REPLICATION
Tobacco mosaic virus and the very closely related Tomato
mosaic virus (ToMV) use their parental genomes to synthesize

complementary negative strands which serve as templates for
the synthesis of progeny full-length positive strands and subge-
nomic mRNAs containing MP and CP open reading frames (ORFs;
Ishikawa and Okada, 2004; Ishibashi et al., 2010). Although the
183 kDa protein encoded by the 5′ ORF of these viruses can repli-
cate the genome, the 126 kDa protein, produced by termination
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of translation at an amber stop codon within the 183 kDa pro-
tein ORF, is necessary for maximum progeny RNA production
(Ishikawa et al., 1986; Ishikawa et al., 1991; Lewandowski and
Dawson, 2000). The 126 and 183 kDa proteins contain methyl-
transferase and helicase domains, while the 183 kDa protein alone
contains the C-terminal domain encoding an RNA-dependent
RNA polymerase. The 126 and 183 kDa proteins together will be
referred to as the replication proteins in this review. TMV/ToMV
replication is believed to occur in a membrane-associated com-
plex containing the replication proteins, MP, vRNA, and host
proteins (Hagiwara et al., 2003; Heinlein et al., 1998; Más and
Beachy, 1999; reviewed in Ishibashi et al., 2010; Laliberté and
Sanfaçon, 2010; de Castro et al., 2012; Figure 1). The ER was
implicated as a site for virus replication complex (VRC) formation
through co-localization of an ER marker, BiP, with MP-GFP and
in turn, MP-GFP co-localization with replication proteins during
immunofluorescence studies (Heinlein et al., 1998). Reichel and
Beachy (1998), using transgenic plants expressing an ER-targeted
GFP, determined that the ER formed large cortical aggregates
at reticulate vertices and fewer membrane tubules during TMV
accumulation, but returned to a normal structure after repli-
cation ended. However, later studies with ToMV using both
fluorescence microscopy and biochemical fractionation methods
determined that the replication proteins and replicase activity were
associated predominantly with the vacuolar membrane, although
they also showed some localization and activity with other less
defined membrane fractions which included the ER (Hagiwara
et al., 2003). Interestingly, ToMV can replicate in cells that are
vacuole-diminished (Nishikiori et al., 2006). This finding supports
the notion that although the tonoplast may function to support
ToMV/TMV accumulation, other membranes such as the ER are
important for this activity. Clearly, additional work is necessary
to determine which membranes are essential for tobamovirus
accumulation (Figure 1).

Regardless of the membrane used for tobamovirus accumula-
tion, it is clear that a characteristic VRC is not uniformly induced
by tobamoviruses. TMV, ToMV, and Tobacco mild green mosaic
virus (TMGMV), form different subcellular structures contain-
ing replication proteins late in the infection cycle: TMV forming
X-bodies and ToMV and TMGMV forming virus bundles when
analyzed through immunocytochemical EM studies (Das and
Hari, 1992). For a fourth tobamovirus, Turnip vein clearing virus
(TVCV), X-bodies are rare (Resconich, 1961). Early fluorescence
localization studies determined that for strains of TMV the size
of the VRCs varied and was positively correlated with the level
of disease observed (Liu et al., 2005, 2006). Recently, however, it
was determined that silencing expression of the gamma subunit
of ATP synthase, a nuclear-encoded chloroplast protein, resulted
in smaller but more numerous VRCs and severe disease symptoms
(Bhat et al., 2012). Thus, the size of the VRC is not a perfect indi-
cator of disease intensity and the number of VRCs may influence
this phenotype.

The form of inclusions induced by tobamoviruses is correlated
with differences in the replication protein sequences (Liu et al.,
2005; Harries et al., 2009). While ectopically expressed 126 kDa
protein from TMV fused with GFP forms intracellular inclu-
sions, the 125 kDa protein homolog from TVCV does not form

inclusions (Harries et al., 2009). Interestingly, the intracellular
inclusions formed by the TMV 126 kDa protein co-localized with
microfilaments, as observed for the TMV VRC (Liu et al., 2005).
Domain(s) within the 126 kDa protein necessary for inclusion
body formation are not identified, however, it is known that the
helicase domain when expressed alone is able to form octomers in
vitro (Goregaoker and Culver, 2003) and thus may be a domain
important for this activity. In addition, a 126 kDa protein-GFP
construct expressing only the N terminal 781 amino acids of the
126 kDa protein associated with the ER and formed inclusions (dos
Reis Figueira et al., 2002). The 781 amino acid protein includes the
methyltransferase and non-conserved bridge domain that previ-
ously was determined to influence the RNA silencing suppression
function of this protein. There is unpublished data indicating that
the methyltransferase domain alone can form inclusions (Knapp
et al., 2007). More work is needed to further identify the domains
responsible for inclusion formation and the relevance of inclusion
formation to tobamovirus physiology.

Ectopically expressed TMV MP fused with fluorescent reporter
proteins also can form cytoplasmic inclusion bodies (Heinlein
et al., 1998; Reichel and Beachy, 1998; Sambade et al., 2008).
These small inclusions are similar to those visualized in the cor-
tical periphery during infection with tobamoviruses expressing
an MP-GFP fusion (Padgett et al., 1996; Heinlein et al., 1998;
Reichel and Beachy, 1998; Boyko et al., 2007). The cortical MP-
GFP inclusions that appear during virus infection likely represent
the inclusions containing replication proteins and MP observed by
Szécsi et al. (1999), but this requires confirmation. Inclusions con-
taining MP-GFP associate with microtubules both early and late in
the infection cycle (Heinlein et al., 1998; Boyko et al., 2007; Sam-
bade et al., 2008). Studies with cellular markers and an MP-mRFP
construct containing a downstream non-viral stemloop-forming
RNA aptamer that can be fluorescently labeled determined that
MP-mRFP associates with ER and its own RNA (Sambade et al.,
2008). In this regard, it will be important to determine if multiple
types of inclusions are formed independently during infection or
are always part of a continuum, with progeny inclusions appearing
from parental inclusions.

The host proteins within VRCs or inclusions that contain
them are not fully identified. Late in infection, TMV-induced X-
bodies have been shown to contain the microtubule component,
β-tubulin, through immunocytochemical EM studies (X. S. Ding
and R. S. Nelson, personal communication). The function of this
protein in X-bodies is unknown, but perhaps it could be to aid
the degradation of body components analogous to the suggested
function of microtubules during TMV MP turnover (Kragler et al.,
2003). The host translation factor, elongation factor 1A (EF-1A),
is present in the membrane-associated fraction where viral repli-
case activity was observed (Osman and Buck,1996; Watanabe et al.,
1999) and in X-bodies produced by TMV (Ding et al., 1998). It also
interacts with the 3′-UTR of genomic vRNA and with the methyl-
transferase domain of the replication proteins (Zeenko et al., 2002;
Yamaji et al., 2006). EF-1A has additional activities beyond sup-
porting translation including forming complexes with tubulin
and actin, the actin interaction possibly linking the cytoskeleton
to protein synthesis, and ubiquitin-mediated degradation (Durso
and Cyr, 1994; Gonen et al., 1994; Kim and Coulombe, 2010).
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The function of EF-1A during TMV accumulation was hypothe-
sized to aid minus strand synthesis (Yamaji et al., 2006). However,
down-regulation of EF-1A through virus-induced gene silencing
resulted in the reduced size of green fluorescent lesions induced
by TMV-expressing GFP, but no reduction in lesion numbers or
translation activity in the silenced leaves (Yamaji et al., 2010). This
result suggests that the function of EF-1A is not for translation
or virus accumulation, but for virus movement that may, in some
manner, be linked to the cytoskeleton (Figure 1).

Tobamovirus multiplication 1 (TOM1) is a predicted multi-
pass transmembrane protein required for tobamovirus accumu-
lation (Ishikawa et al., 1993; Yamanaka et al., 2000). Surpris-
ingly, over-expression of TOM1 decreases ToMV multiplication
(Hagiwara-Komoda et al., 2008). This observation is associated
with the finding that accumulation of the ToMV replication pro-
teins in membrane-free (soluble) fractions was lower for plants
over-expressing TOM1 compared with those not over-expressing
this protein (Hagiwara-Komoda et al., 2008). This result indi-
cates that the level of the soluble form or the ratio of soluble
and membrane-bound forms of the replication proteins is criti-
cal for normal virus accumulation. It was hypothesized that the
soluble form is important for RNA silencing suppressor activity
and it was shown that the loss of suppressor activity is correlated
with diminished accumulation of the virus (Kubota et al., 2003;
Hagiwara-Komoda et al., 2008). TOM1 interacts with the helicase
domain of the 130 kDa protein from the related tobamovirus,
Tobacco mosaic virus-Cg (crucifer-infecting virus), in a yeast two-
hybrid screen (Yamanaka et al., 2000). This interaction was shown
to be with the helicase core region based on predictions from the
crystal structure of the helicase domain (Nishikiori et al., 2012).
The replication proteins from ToMV and TOM1 share similar sub-
cellular fractionation pattern in extracts from infected BY-2 cells,
residing mostly in the tonoplast-containing fractions, but also in
fractions with other membranes, including the ER (Hagiwara et al.,
2003). It is hypothesized that TOM1 forms a link between the
host membrane in which it resides and the tobamovirus replica-
tion proteins (Figure 1). This interaction is likely important for
VRC formation, but the co-localization of TOM1 and tobamovirus
replication proteins in live cells has not been reported.

INTRACELLULAR MOVEMENT
For TMV to establish a systemic infection, the virus or its com-
ponents must move within a cell to establish an infection site,
multiply and finally position for movement to the next cell. The
granules of vRNA that form on initial infection, the VRCs that
form during infection and the 126 kDa protein- and MP/vRNA-
containing inclusions observed during ectopic expression all move
within the cell (e.g., Kawakami et al., 2004; Liu et al., 2005; Sam-
bade et al., 2008; Christensen et al., 2009). These complexes may
change their form and constituents with time.

During initial infection, granules containing vRNA anchor to
cortical ER and move to cortical ER vertices and the perinuclear
ER where virus replication and translation occurs (Reichel and
Beachy, 1998; Christensen et al., 2009; Figure 1). Indeed, vRNA
has been visualized in the perinuclear bodies by bimolecular flu-
orescence complementation using a modified sequence-specific
RNA-binding protein, Pumilio1, or by classical in situ RNA

labeling (Tilsner et al., 2008). The vRNA must contain a sequence
that targets the ER membrane directly or through a protein that
targets the ER. Why the vRNA moves to particular cortical ER
vertices or the perinuclear ER for replication is unknown. How-
ever, considering that most of the ribosome-containing, or rough,
ER is present in the perinuclear region (Carrasco and Meyer,
2011) it is likely that this location, or a cortical ER vertex also
containing ribosomes, is best suited for virus protein synthesis.
Neither cytochalasin D nor latrunculin B (LatB) treatment, both
microfilament antagonists, affect granule formation suggesting
that microfilaments are not involved in this initial activity (Chris-
tensen et al., 2009). However, disruption of microfilaments results
in granules hovering in the cortical ER, suggesting microfilaments
help transport the granules in the cell. In contrast, depolymeriz-
ing microtubules does not stop vRNA granule movement along
the tubular cortical ER (Christensen et al., 2009).

Membranes may be involved in intracellular trafficking of TMV
components and the virus itself, as a VRC or vRNP, during virus
accumulation and later spread. TMV replication occurs in asso-
ciation with ER and other membranes and both the MP and the
replication proteins associate intrinsically or through a protein
linker with membranes (Brill et al., 2000; Hagiwara et al., 2003;
Fujiki et al., 2006). Interestingly, however, interruption of ER to
Golgi secretory transport, mediated by the host coat complex II
(COP-II) with brefeldin A (BFA) or through over-expression of
a dominant-negative GTPase, Sar1p, did not alter targeting of
ectopically expressed, fluorescently labeled MP to plasmodesmata
(PD; Boutant et al., 2009; Genovés et al., 2010). This result, as well
as BFA studies with infectious virus (see below), indicates that
the COP-II-mediated transport system is not utilized by TMV MP
or TMV to target viral products to the cell periphery. The actual
pathway used by the virus, however, likely includes ER since that
membrane is present in early- and late-formed virus inclusions (by
fluorescence microscopy and EM), with early forming inclusions
paired at the cell wall (e.g., Esau and Cronshaw, 1967; Heinlein
et al., 1998; Szécsi et al., 1999; see below).

Much information is available on the movement of inclusion
bodies containing the viral replication proteins. Several labo-
ratories pursued EM-based immunocytolocalization studies of
TMV infections with antibody against the replication proteins
(Hills et al., 1987; Saito et al., 1987). They noted that the struc-
ture of the inclusions likely changed during development, going
from smoothly granular to containing electron-dense rope-like
structures, composed at least partly of 126 kDa protein, in a
ribosome-rich matrix. Saito et al. (1987) referred to the former
as viroplasms and the latter as X-bodies. Szécsi et al. (1999)
showed through light and EM immunocytolocalization studies
that TMV-induced inclusion bodies with viroplasm and X-body
characteristics changed position and content as infections within
cells developed. Near the infection front the inclusion bodies were
paired on either side of the cell wall and contained both the repli-
cation proteins and MP, while four to six cells back from the front
the bodies were not paired, had moved away from the cell wall
and only contained the replication proteins. Through fluores-
cence microscopy of cells near the infection front, Tilsner et al.
(2008) observed vRNA in small cortical bodies in the peripheral
cytoplasm. They suggested these cortical bodies may represent the
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inclusions at the cell periphery observed by Szécsi et al. (1999).
Motionless small fluorescent bodies in the cell were detected at
12 h post-inoculation and these bodies were moving by 14 h post-
inoculation when tracking TMV expressing an MP-GFP fusion:
a period when both MP and the replication proteins would co-
localize (Kawakami et al., 2004). Movement of the fluorescent
inclusions early in infection, when both replication proteins and
MP would be present, was aligned with microfilaments, and
through pharmacological and gene-silencing studies, the inclu-
sions (also referred to as VRCs) were shown to require these intact
microfilaments for their intracellular movement (Kawakami et al.,
2004; Liu et al., 2005). The degradation of the microfilaments was
not sufficient to decrease virus accumulation to levels that would
prevent virus movement or VRC formation and thus the influ-
ence of microfilaments on TMV intracellular movement was not
confounded by a significant inhibition of virus replication (Liu
et al., 2005). Treatment with a general myosin motor inhibitor,
2,3-butanedione monoxime (BDM), impaired the intracellular
movement of VRCs (Kawakami et al., 2004).

Boyko et al. (2007), using a chimeric TMV expressing the MP
from the Ob tobamovirus (Padgett et al., 1996), determined that
MP-GFP inclusions at the infection front likely representing VRCs
were associated with and typically trafficked along cortical micro-
tubules for short distances in a stop-and-go manner (microtubules
labeled with a microtubule-associated protein fused with GFP).
Later studies obtained similar findings using the native MP of
TMV fused with mRFP (Sambade et al., 2008). It was hypothesized
that microtubules serve to anchor and then, through polymer-
ization, release the VRC for movement (Sambade and Heinlein,
2009; reviewed in Peña and Heinlein, 2012). A second hypothe-
sis, to be discussed further in the section on TMV intercellular
movement, was that microtubule polymerization pushes the VRC
along the ER (Peña and Heinlein, 2012). Other research, however,
found that disruption of microtubules through pharmacological
treatment with aminoprophos-methyl, colchicine, or oryzalin, or
by silencing α-tubulin, had no significant effect on the transport
of the MP-GFP within cells or to the PD area during infection
(Gillespie et al., 2002; Kawakami et al., 2004; Wright et al., 2007).
Regarding microfilaments, early studies indicated an association of
TMV MP with rhodamine-conjugated phalloidin microfilaments
after probing cells with polyclonal antibody against the MP and
fluorescein-conjugated secondary antibody (McLean et al., 1995).
Wright et al. (2007) utilized fluorescence recovery after photo-
bleaching (FRAP) to observe MP-GFP movement and found that
microfilament antagonists, LatB and cytochalasin B, inhibited MP
targeting to the PD. However, a later study determined that the
MP-GFP expressed during virus infection was not observed to co-
align with fluorescently labeled microfilaments (Hofmann et al.,
2009). Lastly, in studying membrane-mediated transport of the
MP, inhibition of ER–Golgi membrane trafficking with BFA at low
concentration (10 μg/ml) did not inhibit MP targeting (Tagami
and Watanabe, 2007; Wright et al., 2007), but did influence the
structure of the MP-GFP inclusion bodies (Tagami and Watan-
abe, 2007). At high concentration of BFA (100 μg/ml), which
disrupts cortical ER structure, there was a significant effect on MP
targeting to the PD (Wright et al., 2007). Thus, during virus infec-
tion the trafficking of the MP within the cell likely requires intact

ER and may require microfilaments and microtubules (Figure 1),
although evidence against a direct action for microfilaments exists
and microtubules may not be in an intact form or the required
microtubule array is unusual in that it is impervious to certain
pharmacological agents (Seemanpillai et al., 2006).

Although the TMVVRC moves within cells, the replication pro-
teins and the MP, independent of one another and in the absence of
vRNA, also can transport within the cell. Their independent trans-
port may have physiological relevance. Expression of a fusion of
the TMV 126 kDa protein with GFP yields an intracellular inclu-
sion body that, like the VRC, co-aligns with and traffics along
microfilaments (Liu et al., 2005). As observed for the VRC, disrup-
tion of microfilaments ends intracellular transport of the 126 kDa
protein-GFP inclusion body. Furthermore, normal intracellular
movement of the 126 kDa-GFP inclusion body, like TMV sus-
tained intercellular movement, requires myosin XI-2 (see section
on “INTERCELLULAR MOVEMENT” for discussion of myosin
influence on TMV physiology; Harries et al., 2009; C. Liu, and R.
S. Nelson, personal communication). Whether the 126 kDa pro-
tein directly interacts with microfilaments or myosin XI-2 requires
further study. If there is no direct interaction between these pro-
teins, trafficking of virus proteins may be through interaction of
myosin XI-2 with host components associated with a virus-host
protein complex or through the creation of a bulk flow network of
cytoplasmic constituents (i.e., cytoplasmic streaming). Consider-
ing that the viral replication proteins may transport independently
of the MP or other viral components to complete their functions,
additional studies of their ectopic transport in relationship to their
transport during virus infection are needed. The difficulty in pur-
suing studies on the viral replication proteins is that no fusion
between the replication proteins and a fluorescent marker has been
developed that yields a viable virus. This needs to be addressed for
further progress to occur.

Transient expression of the MP fused with fluorescent mark-
ers results in the formation of inclusions that associate with RNA
and associate with and traffic along the ER, perhaps interacting
with a microtubule scaffold necessary for movement (Sambade
and Heinlein, 2009). Both microfilament and microtubule antag-
onists inhibited intracellular transport of the MP-fluorescent
marker fusion, the results from the latter treatment (using
aminoprophos-methyl) being a different finding from many dur-
ing virus infection where MP-GFP fusion movement was not
impeded by microtubule antagonists. To complicate this situa-
tion further, additional research determined that neither oryzalin
or aminoprophos-methyl, both antagonists of microtubules, nor
LatB, a microfilament antagonist, inhibited the formation of MP-
GFP inclusions or their localization to the cell periphery or PD
in cultured cells or leaves (Prokhnevsky et al., 2005; Boutant et al.,
2009). These apparently conflicting results highlight the difficulty
interpreting findings from pharmacological studies. Clearly, addi-
tional work is required to determine, in real time and through
methods using non-pharmacological techniques, the influence of
the cytoskeleton on transiently expressed MP intracellular traf-
ficking. Assuming MP trafficking independent of the VRC has
physiological relevance, findings from these additional studies
would provide further insight into the mechanism of TMV intra-
cellular movement. Some work investigating the influence of MP
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transport in the absence of pharmacological treatment has been
published. For example, Kotlizky et al. (2001) determined that
an ectopically expressed MP mutant-GFP fusion, MPNT−1-GFP,
which inhibits TMV spread when expressed in transgenic plants,
was able to associate with microtubules but did not target PD or
move between cells. This suggests that the microtubule binding
domain resides in a different location from the region important
for PD localization and supports the pharmacological studies indi-
cating that MP PD localization and initial virus spread requires
more than microtubule association by the MP.

INTERCELLULAR MOVEMENT
As for intracellular movement, our understanding of TMV inter-
cellular movement is fragmented. It is certain, however, that TMV
utilizes PD to move between cells. PD are bounded by the plasma
membrane and contain a cytoplasmic sleeve between this mem-
brane and intact ER, the ER referred to as the desmotubule in this
tissue (Lucas et al., 2009; Benitez-Alfonso et al., 2010; White and
Barton, 2011; Figure 1). Callose is present in the neck region of the
PD (Northcote et al., 1989; see Benitez-Alfonso et al., 2010). Actin
and myosin are among multiple protein components in the cyto-
plasmic sleeve (Fernandez-Calvino et al., 2011; White and Barton,
2011). The size exclusion limit (SEL) of PD allows the passive
diffusion of small molecules ∼1 kDa in size. This presents an
impediment to virus movement because virus structures that are
hypothesized to move between cells require a far larger SEL. The
MP of TMV modifies the SEL of the PD to facilitate virus move-
ment through PD and fluorescently labeled MP is observed in PD
after virus spread has occurred (reviewed in Benitez-Alfonso et al.,
2010; Niehl and Heinlein, 2011). The MP itself also can move
between cells when ectopically expressed (reviewed in Niehl and
Heinlein, 2011). The increase in PD SEL during TMV spread is
transient, returning to a restricted size after passage of the infection
front as measured by fluorescence expressed from the TMV-GFP
genome (Oparka et al., 1997). Microfilament antagonists lead to a
significant increase in the PD SEL while those that stabilize micro-
filaments prevent the MP from increasing the PD SEL (White et al.,
1994; Ding et al., 1996; Su et al., 2010). The TMV MP exhibits
microfilament severing activity (Su et al., 2010). These findings, in
total, suggest a mechanism for virus spread where TMV MP opens
PD through its microfilament severing activity, mimicking the
phenotype induced with microfilament antagonists (Figure 1). Su
et al. (2010) hypothesized that the severing activity of the TMV MP
was limited to the PD area by analogy with findings from a mutant
MP of Cucumber mosaic virus altered in its ability to target the
PD. This mutant MP, which also has severing activity, fragments
microfilaments in the cytoplasm (Su et al., 2010). Besides the MP,
evidence for the VRC moving between cells has been published
(Kawakami et al., 2004), but there have been no subsequent reports
supporting this finding. The 126 kDa protein fused with GFP has
not been reported to move between cells during ectopic expression,
suggesting that VRC intercellular movement requires expres-
sion of additional viral proteins (likely the MP) or the presence
of the vRNA.

In addition to innate actin severing activity by the TMV
MP that may enlarge PD, the TMV MP interacts with ankyrin
repeat-containing protein, ANK, at the PD and this association

is correlated with an increase the PD SEL (Ueki et al., 2010).
ANK has multiple activities, including binding to and deliver-
ing chloroplasts to their destination, supporting disease resistance
against bacteria and virus challenge and participating in reactive
oxygen scavenging, but it does not have callose degrading activ-
ity. Over-expressing ANK in transgenic plants resulted in more
extensive MP-YFP and TMV-DsRed spread between cells. During
transient expression of ANK and MP, the level of callose in the neck
region of the PD decreased. Previously it was shown that enhanced
TMV intercellular spread was correlated with enhanced expres-
sion of the callose-degrading enzyme, β -1, 3-glucanase (Bucher
et al., 2001). Whether predominantly cytoplasmic ANK, through
its MP interaction and the MP interaction with membrane, targets
β -1, 3-glucanase in ER-derived vesicles to the cell wall or if ANK
functions directly to inhibit callose synthase activity, remains to
be determined (Ueki et al., 2010; Figure 1). Interactions of the
TMV MP with other host proteins that influence TMV spread have
been described (e.g., pectin methyl-esterase; Chen et al., 2000).
However, in many instances cell biological studies to observe the
interaction between the MP and host proteins within a live cell
have not been conducted to further determine the location where
the interaction may influence intercellular spread.

Regarding microtubules and TMV intercellular movement,
there is evidence that MP interaction with the microtubule end-
binding protein 1a (EB1a) is important for TMV spread. Brandner
et al. (2008) determined that EB1a-GFP and MP-GFP form com-
plexes both in vitro and in vivo. EB1a-GFP sub-cellular localization
during TMV infection was altered from end labeling comet-
like structures representing growing microtubules to labeling the
length of microtubules. The length-wise decoration of micro-
tubules was associated with a co-localization of MP-RFP. This
unexpected re-localization of the EB1a protein at the infection
front was correlated with an inhibition of virus intercellular
spread. Ouko et al. (2010) determined that a mutant tobacco
expressing a detyrosinated α-tubulin had a slower moving GFP-
EB1 and inhibited intercellular spread by TMV. These studies
suggest that modified microtubule dynamics inhibits TMV inter-
cellular spread, perhaps by inhibiting microtubule polymerization
that normally would push the VRC along the ER during intracel-
lular transport (reviewed in Peña and Heinlein, 2012; Figure 1).
These findings support those using a mutant strain of TMV whose
temperature sensitive intercellular movement is correlated with
the temperature sensitive localization of MP with microtubules
(Boyko et al., 2007). However, other studies using pharmacolog-
ical agents or silencing of the α-tubulin gene found no effect of
these treatments on TMV intercellular spread or on the presence of
MP in PD (Gillespie et al., 2002). Additionally, a virus expressing
a modified MP with limited affinity for microtubules displayed
enhanced intercellular spread (Gillespie et al., 2002). These and
other findings from studies of a microtubule-binding protein,
MPB2C, which binds to the MP and when overexpressed has a
negative effect on intercellular movement of a related tobamovirus
(Ruggenthaler et al., 2009), led to the suggestion that the function
of microtubules in TMV spread is for degradation of the MP.
Recently, it was determined that a CELL-DIVISION CYCLE pro-
tein48 (CDC48) from Arabidopsis, which localizes in the cytoplasm
near the cortical ER network, interacts with the TMV MP to extract
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it from ER for its subsequent accumulation on microtubules
(Niehl et al., 2012). These authors also determined that overex-
pression of CDC48 in infected tissue inhibited virus spread. Thus,
it appears that removal of the MP from the ER at the infection
front and its movement to the microtubules through CDC48
activity is directed toward processing and possibly, degrading,
the MP (Figure 1).

Microfilaments have been shown to be important for TMV
intercellular movement, but the interpretation of their involve-
ment in this activity is evolving. Findings from early studies using
a GFP-labeled virus showed that disruption of microfilaments,
through pharmacological methods or by silencing actin, inhibited
sustained (2 days and beyond post-inoculation) virus intercel-
lular movement (Kawakami et al., 2004; Liu et al., 2005). This
inhibition in sustained intercellular spread was not associated
with a decrease in virus accumulation per cell that would affect
virus movement or prevent VRC formation (Liu et al., 2005). In
addition, the sustained virus intercellular movement was not cor-
related with VRC size (Liu et al., 2005). This movement required
myosin motor activity and specifically myosin XI-2 motor activity
(Kawakami et al., 2004; Harries et al., 2009). Surprisingly, intercel-
lular movement of the related tobamovirus, TVCV, was unaffected
by disruption of microfilaments or silencing of any myosin stud-
ied to date (Harries et al., 2009). During this time, it also was
shown that TMV was not inhibited in spread early after LatB
treatment (i.e., movement up to 24 h after treatment; Hofmann
et al., 2009). In addition, these researchers determined that actin
binding domain 2 (ABD2)-GFP, expressed in transgenic plants,
inhibited TMV movement. They concluded that this disruption
in virus movement was primarily due to a loss of membrane
fluidity caused by the ABD2-GFP marker and that TMV inter-
cellular movement was predominantly influenced by membrane
diffusion characteristics. Thus, results from studies of both TVCV
and early TMV intercellular movement suggest membranes as the
predominant vehicle controlling tobamovirus intercellular move-
ment. These findings also support those from a previous study
showing that both the viral replication proteins and MP are neces-
sary to allow maximum diffusion through PD of GFP-fused probes
representing soluble ER membrane-bound proteins (Guenoune-
Gelbart et al., 2008). It was concluded that the results best support
a model in which the virus complex, perhaps consisting of viral
RNA, MP and other proteins, diffuses on the ER membrane within
the PD from infected to uninfected cells driven by a concentra-
tion gradient (Guenoune-Gelbart et al., 2008). The involvement
of the ER directly in virus movement, without prior transport
through Golgi, is supported by the finding that inhibition of the
COP II transport system through expression of a dominant nega-
tive GTPase mutant protein, Sar1, did not inhibit sustained TMV
intercellular movement (Genovés et al., 2010).

Irrespective of the mechanism of early movement between cells
by TMV, an explanation of this virus’s requirement for microfil-
aments for sustained movement is required. Harries et al. (2010)
suggested that the influence of microfilaments on this activity may
be in preventing a stress response from occurring at the PD that
later signaled to cells in advance of virus spread. These cells would
then modify their metabolism in preparation for the arrival of the
virus. Here we hypothesize that it is the transport of the VRC from

the cell wall/PD area to an internal subcellular location on the
actomyosin array that is necessary to prevent the stress signal from
moving to the next cell (Figure 1). On treatment with LatB or
silencing of myosin XI-2, the TMV VRCs would remain at the cell
wall/PD interface, inhibiting normal cell–cell communications.
This stress would be signaled to the cells in advance of the virus
spread and modify these cells to inhibit subsequent virus spread.
This hypothesis is supported by the finding that the VRCs of TMV
move away from the cell wall as the infection passes (Szécsi et al.,
1999). This interpretation would also accommodate the finding
that early TMV movement is unaffected by actomyosin inhibitors
since it would take some time to signal in advance of the infection
front to stop virus movement. In addition, it would explain the
lack of effect of LatB on TVCV movement since the 125 kDa pro-
tein, the homolog of the 126 kDa protein of TMV, does not form
intracellular inclusions that associate with microfilaments (Har-
ries et al., 2009) and the virus itself produces few visible VRCs
(Resconich, 1961). The transport of the TMV VRC or its rem-
nants from the wall may require membranes and vesicles since the
TMV MP binds with a plant synaptotagmin in vitro (Lewis and
Lazarowitz, 2010). Synaptogamins are a family of Ca2+- and lipid-
binding proteins that modulate, through interaction with SNARE
proteins, the fusion of vesicles with membranes (Chapman, 2008).
A dominant negative synaptotagmin mutant caused depletion
of endosomes and inhibited intercellular trafficking of the MP-
GFP fusion (Lewis and Lazarowitz, 2010). The direct influence of
synaptotagmin on virus physiology appears to be on the endo-
cytic pathway, implying that the effect of the dominant negative
synaptotagmin on virus movement is through blocking the recy-
cling of membrane used by the virus to reach the cell wall/PD area,
thus backing up the system (Figure 1). This hypothesis, suggesting
a requirement for actomyosin-mediated vesicle trafficking of the
VRC or VRC components from the wall membranes for sustained
virus movement, can be evaluated through cell biological studies.

Regarding non-cytoskeletal or membrane-associated proteins
and TMV intercellular movement, a gene encoding a class II
KNOTTED1-like protein, NTH201, was cloned from Nicotiana
tabacum and its expression levels were positively correlated with
MP accumulation, VRC numbers and virus spread (Yoshii et al.,
2008). NTH201 has no ability to traffic between cells or traffic GFP,
unlike class I KNOX-like plant proteins, and the authors speculated
that NTH201 may function as a transcription factor that helps to
stabilize or fold MP and VRCs through its regulation of other
genes. This mystery was partially explained when a second host
factor, MPIP1, a DnaJ-like protein with potential chaperone activ-
ity, was determined to interact with TMV MP and NTH201 in a
yeast-three hybrid screen (Shimizu et al., 2009). Silencing MPIP1
inhibits TMV spread, as determined by GFP fluorescence, and
thus its silencing phenocopies observations of TMV spread when
NTH201 expression was silenced. It is possible that an interaction
between two host proteins and the TMV MP aid in transport of
virus between cells (Figure 1).

CONCLUSION
Cell biological studies over the last 20 years have tremendously
aided our understanding of TMV accumulation and spread. With-
out advanced molecular and biochemical technologies allowing
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virus and virus component labeling and advanced imaging hard-
ware our understanding of the individual processes during virus
spread would be diminished. For example, if virus intercellular
movement were studied by genetics alone the importance of the
transport of TMV vRNA granules to the perinuclear region of the
ER versus the transport of TMV VRCs and MPs to the PD could go
unrecognized. This said, some cell biological studies have yielded
conflicting or controversial results. This is especially true of phar-
macological studies and researchers must carefully control as many
variables in these studies as possible. In addition, conclusions from
pharmacological studies should be verified using other methods.
Use of novel virus labeling techniques and advanced microscopes
will allow further advances in this area. For example, the identifica-
tion of small fluorescent tags that do not influence the function of
the viral protein to which it is fused will be helpful. The iLOV pro-
tein, derived from the blue light receptor phototropin and much
smaller than GFP, has been available for some time and was a
first step toward utilizing smaller fluorescent tags (Chapman et al.,
2008). More recently a MYB-related transcription factor, Rosea 1,
which is also smaller than GFP, has been placed in TMV as a marker
for virus location (Bedoya et al., 2012). Advanced microscopes
with super high resolution will allow us to more easily determine
whether proteins are interacting or simply co-localizing (Tilsner

and Oparka, 2010). Access to the N. benthamiana genome (Bom-
barely et al., 2012) will allow better identification of gene family
members projected to influence virus transport and the ability
to target individual members for knockdown, over-expression
and labeling. Lastly, recent findings suggest that while transport
of TMV to the PD is important, it is also important to under-
stand what happens to the virus inclusions left in the cell after
virus movement, since their proper degradation or storage may
influence sustained intercellular movement by the virus. As an
analogy, although humans can function well for a time in their
home (i.e., cell) without working plumbing, a plugged drain,
like a plugged PD, will eventually be noticed. With our improv-
ing technologies, resources, and knowledge the future is bright,
literally, for cell biological studies on TMV accumulation and
spread.
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The aim of this short review was to summarize recent advances in the field of viral cell-to-cell
movement mediated by the triple gene block (TGB).The growing body of new research has
uncovered links between virus cell-to-cell trafficking and replication, silencing suppression,
virus spread over the plant, as well as suggested the roles of nucleus/nucleolus in plant
virus transport and revealed protein-membrane associations occurring during subcellular
targeting and cell-to-cell movement. In this context, our review briefly summarized current
views on several potentially important functions of TGB proteins and on the development
of new experimental systems that improved understanding of the molecular events during
TGB-mediated virus movement.

Keywords: plant virus, virus movement, movement protein, triple gene block,TGB

INTRODUCTION
In recent years, the molecular mechanism of triple gene block
(TGB)-mediated cell-to-cell movement of plant viruses was
extensively studied and reviewed (Morozov and Solovyev, 2003;
Verchot-Lubicz et al., 2010; Hyun et al., 2011; Niehl and Heinlein,
2011; Schoelz et al., 2011; Torrance et al., 2011). Three overlapping
TGB genes encode proteins designated TGB1, which contains the
domain of RNA helicase of superfamily 1, TGB2 and TGB3, which
are small membrane-associated proteins. Our previous reviews
focused on common and distinct properties of two major classes
of TGB modules, potex-like and hordei-like TGBs (Morozov and
Solovyev, 2003; Verchot-Lubicz et al., 2010). The TGB2 protein
is highly conserved in both TGB classes, whereas the structural
properties of TGB1 and TGB3 proteins differ considerably between
potex-like and hordei-like TGBs (Figure 1; Morozov and Solovyev,
2003).

The analysis of recently published sequences of new TGB-
containing viruses allowed us to reveal two additional TGB classes,
one included the TGB of Beet necrotic yellow vein virus (BNYVV)
and several related viruses belonging to the unassigned genus
Benyvirus, and the other was TGB of bacilliform Hibiscus green
spot virus (HGSV; Figure 1A; Morozov and Solovyev, 2012). Sim-
ilar to the hordei-like TGB3 proteins, the BNYVV TGB3 has two
transmembrane domains. However, the BNYVV TGB3 protein dif-
fers from hordei-like proteins by the N-terminal transmembrane
domain located close to the protein terminus and a conserved
sequence signature found only in the genus Benyvirus (Morozov
and Solovyev, 2003, 2012; Figure 1B). The HGSV TGB1 heli-
case is very distantly related to other TGB1 proteins and shows
more similarity to the superfamily 1 replicative helicases of the
genus Benyvirus; and HGSV TGB3 contains two long hydropho-
bic segments with extremely short central hydrophilic region and

no similarity to any of three other groups of TGB3 proteins
(Figure 1B; Melzer et al., 2012). Moreover, despite the high-
est conservation of TGB2 among hordei-, beny-, and potex-like
TGB proteins (Morozov and Solovyev, 2003), the HGSV pro-
tein has the central hydrophilic segment only distantly related to
other TGB2 proteins (Morozov and Solovyev, 2012; Figure 1B).
The relation of the TGB1 protein to the replicative helicases
of alpha-like positive-stranded RNA viruses (Koonin and Dolja,
1993), occurence of two helicase domains in the RNA replicase
of an endornavirus (Koonin and Dolja, 2012) and the ability to
suppress RNA silencing observed for helicase domains of viral
replicases as well as TGB1 proteins (Bayne et al., 2005; Sen-
shu et al., 2009, 2011) allowed us to put forward the hypoth-
esis of a multi-step TGB evolution (Morozov and Solovyev,
2012).

In this review, only three directions of TGB research where con-
siderable progress has been achieved in recent years were selected
for detailed discussion. The advances in functional analysis of
TGB-mediated virus movement are summarized in Table 1 and
Figure 1C.

TGB-MEDIATED SILENCING SUPPRESSION AND VIRUS
MOVEMENT
The pioneering work of Bayne et al. (2005) proposed that the
virus movement depends on multiple functions including silenc-
ing suppression. The idea that silencing suppression mediated
by the Potato virus X TGB1 protein could be required for cell-
to-cell PVX movement came from the finding that the move-
ment function of some TGB1 mutants could be restored by the
heterologous silencing suppressors P19 and HcPro provided in
trans. However, at least one of the other functions of the potex-
like TGB1 protein (the movement function per se) is essential
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FIGURE 1 | (A) Genome organization of the new TGB-containing virus HGSV.
Boxes represent genome-encoded open reading frames. Replicase gene
domains are shown in the yellow box: MT, methyltransferase; PRO, protease;
HEL, RNA helicase; POL, RNA-dependent RNA polymerase. Green boxes
represent the TGB. Blue box specifies the viral coat protein (CP). (B)
Molecular organization of TGB1, TGB2, and TGB3 proteins. Nucleolar
localization sequences and helicase domain regions of TGB1 are shown above
the BSMV TGB1. Characteristic signature sequences in TGB2 and TGB3 are

shown. Dark green boxes indicate hydrophobic transmembrane sequence
segments. (C) General scheme of TGB-mediated intracellular movement and
interactions of macromolecules. Processes specific for potex-like and
hordei-like TGBs are shown by blue and red arrows, respectively. Note that
the box ‘binding to chaperone SGT1’ means a functional interaction between
TGB3 and SGT1 (Ye et al., 2012). Transport steps common for both potex-
and hordei-like TGBs are shown by parallel arrows. Processes that are

(Continued)
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FIGURE 1 | Continued
not proved to be involved directly in virus cell-to-cell movement are shown
by dashed arrows. Numbered gray arcs indicate alternative pathways of
intracellular trafficking. (1) TGB2 and TGB3 may travel to their destinations
in specific membrane containers such as vesicles formed in a
COPII-independent manner, or ER-specific membrane rafts (Verchot-Lubicz
et al., 2010; this review). (2) Trafficking to the cell periphery of the TGB1
protein (and TGB1-containing RNPs) may exploit the cytoskeleton-based

pathway with the immediate movement to PD-associated compartment,
or via binding to TGB2/TGB3-containing membrane subdomains involved in
cytoskeleton-dependent transport (Verchot-Lubicz et al., 2010; this review).
(3) TGB2/3-specific membrane containers may bind movement-competent
RNPs containing TGBp1. On the other hand, these complexes may be
delivered directly to the neck region of PD through interactions with
cytoskeleton (see above; Verchot-Lubicz et al., 2010; this review). For
further details, see text.

for virus movement, since several TGB1 protein mutants are
movement-defective but fully competent as silencing suppressors,
and strong silencing suppressors could not support movement
of such TGB1-deficient PVX (Bayne et al., 2005). In accordance
with these data, a specific mutation in TGB1 of Alternanthera
mosaic virus, another potexvirus, proved to significantly reduce
the TGB1 silencing suppression ability but retained the pro-
tein movement functions unaffected (Lim et al., 2010a). A sim-
ilar effect of this particular TGB1 point mutation on silencing
suppression is observed in other potexviruses too (Lim et al.,
2010b).

Five different potexviruses exhibit strong variations in the abil-
ity to suppress RNA silencing in Nicotiana benthamiana, and these
variations result from the differences in the suppressor activities
of their TGB1 proteins (Senshu et al., 2009). Moreover, recent data
demonstrate that some of the potexvirus TGB1 proteins suppress
both intracellular silencing and the silencing spread through the
plant, while others such as TGB1 encoded by potexvirus PVX and
Potato virus M, a carlavirus, mainly suppress the spread of the
silencing signal (Voinnet et al., 2000; Senshu et al., 2011). The clue
to understanding the drastic functional differences observed in
N. benthamiana for TGB1 proteins encoded by viruses with dif-
ferent natural hosts was made in the study where PVX, which is
not competent for movement in Arabidopsis thaliana, was able
to infect the A. thaliana triple dicer mutant (dcl2, dcl3, and
dcl4). Moreover, the restriction of PVX systemic movement on
A. thaliana also depended on AGO2 (RNAse H-like Argonaute
protein; Jaubert et al., 2011). Thus, the ability of PVX to infect
the Arabidopsis triple dicer mutant and AGO2 mutant suggests
that the PVX TGB1 protein does not function as an effective
silencing suppressor in this host (Alvarado and Scholthof, 2009;
Jaubert et al., 2011). The specificity of TGB1 interaction with host
and non-host proteins is one of the explanations of this phe-
nomenon. Indeed, previous reports have shown that several viral
silencing suppressors directly target AGO proteins and either pre-
vent siRNA loading or induce AGO degradation (Alvarado and
Scholthof, 2009; Csorba et al., 2010; Burgyán and Havelda, 2011;
Shimura and Pantaleo, 2011; Schott et al., 2012). Recently, the
PVX TGB1 protein was also reported to interact with AGO1,
AGO2, AGO3, and AGO4 and destabilize AGO1 (Chiu et al.,
2010).

Recently, Duan et al. (2012) demonstrated that the interac-
tion of silencing suppressor 2b encoded by cucumoviruses with
AGO proteins in vivo was required, in addition to the sup-
pression function itself, for the nucleolar targeting of 2b and
contributed to the re-distribution of both the 2b and AGO pro-
teins in the nucleus. Therefore, TGB1 can be expected to be
capable of trafficking to the nucleus and nucleolus. Indeed, the

TGB1 proteins encoded by two potexviruses, Alternanthera mosaic
virus and Narcissus mosaic virus, were shown to localize partly
in the nucleus and nucleolus, and their nucleolar localization
was experimentally proved to be essential for the efficient sup-
pression of RNA silencing, probably through TGB1 interaction
with nucleolar components of the host RNA silencing machin-
ery (Lim et al., 2010b). However, the PVX TGB1 protein was
localized to the nucleus but not to the nucleolus (Samuels et al.,
2007).

POSSIBLE LINK BETWEEN THE TGB1 NUCLEOLAR
LOCALIZATION AND VIRUS LONG-DISTANCE MOVEMENT
An increasing number of reports reveals that the proteins of many
RNA viruses localize to the nucleus and its sub-compartments
(mainly, to the nucleolus and the Cajal bodies), interact with
nuclear/nucleolar proteins and divert host protein functions in
order to exert novel role(s) during virus infection (Hiscox, 2007;
Greco, 2009; Taliansky et al., 2010).

Analysis of TGB1 amino acid sequences employing the web
service NoD, the nucleolar localization sequence detector (Scott
et al., 2011), reveals nucleolar localization signals (NoLS) nei-
ther in HGSV, PVX, and other potex-like TGB1 proteins, nor
in benyvirus-encoded proteins (our unpublished observations).
On the other hand, all analyzed hordei-like TGB1 proteins are
predicted to possess at least one NoLS: two NoLS sequences
(NoLS A and B) were found in the proteins of all hordeiviruses,
while a single NoLS was predicted in the pomovirus and peclu-
virus proteins (Figure 1B). Therefore, we propose that the abil-
ity of the potexvirus TGB proteins to localize to the nucleolus
can be due to their interactions with cell proteins (see above),
whereas the transport of hordeivirus and pomovirus TGB1 pro-
teins to the nucleolus can be directed by their own targeting
signals.

In agreement with the NoLS predictions in hordei-like TGB1
proteins, several reports demonstrate the nuclear/nucleolar tar-
geting of pomovirus and hordeivirus GFP-tagged TGB1 pro-
teins observed along with their cytoplasmic localization (Wright
et al., 2010; Semashko et al., 2012a). The NoLSs in TGB1 pro-
teins encoded by viruses of both genera were predicted in the
unstructured N-terminal domain (NTD; Figure 1B), which is
present in all hordei-like TGB1 proteins (Makarov et al., 2009).
These predictions are validated by the observation that the iso-
lated N-terminal fragments of TGB1 can partly localize to the
nucleolus (Wright et al., 2010; Semashko et al., 2012a). More-
over, mutations of basic residues in this region of the hordei-like
pomovirus TGB1 protein abolish its nucleolar accumulation (Tor-
rance et al., 2011). Similarly, mutagenesis of the basic amino
acid residues in predicted hordeivirus NoLS A (aa107-136) and B
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Table 1 | Overview of recent achievements in the cell biology studies ofTGB.

Research directions Novel advances Reference

TGB-mediated silencing

suppression and virus

movement

Five different potexviruses exhibit strong variations in the ability to suppress RNA silencing in

Nicotiana benthamiana

Senshu et al. (2009)

A specific mutation in potexvirus TGB1 significantly reduces the TGB1 silencing suppression

ability but retains the protein movement functions unaffected

Lim et al. (2010a,b)

Carlavirus TGB1 suppresses systemic RNA silencing in Nicotiana benthamiana Senshu et al. (2011)

PVX is able to infect triple dicer and AGO2 mutants of the non-host plant Arabidopsis thaliana Jaubert et al. (2011)

PVX TGB1 protein interacts with and destabilizes AGO1 Chiu et al. (2010)

Localization of the TGB1

protein in the nucleus

and nucleolus

Potexvirus TGB1 proteins are shown to localize partly in the nucleus and nucleolus Samuels et al. (2007), Lim

et al. (2010b)
The isolated N-terminal fragments of hordei- and pomovirus TGB1 can partly localize to the

nucleolus

Wright et al. (2010),

Semashko et al. (2012a)

Hordeivirus TGB1 interacts with nucleolar proteins fibrillarin and coilin Semashko et al. (2012a,b)

Protein-membrane

association in the

TGB-mediated

intracellular movement

Potexvirus TGB3 exhibits the affinity to highly curved subdomains of cortical ER Lee et al. (2010), Wu et al.

(2011)
Potexvirus TGB3 protein is targeted to membrane bodies at the cell periphery of yeast and

plant cells and directs the TGB2 protein to these structures

Wu et al. (2011)

TGB3 multimer formation is required for the transport to specific peripheral compartments Lee et al. (2010)

Protein regions necessary for the multimerization and subcellular targeting are mapped in

both potex- and hordeivirus TGB3 proteins

Wu et al. (2011), Shemyakina

et al. (2011), Sun and Zhang

(2012)

Interaction of the TGB

proteins with the

cytoskeleton

Pomovirus TGB1 interacts with microtubules, and this interaction is not required for virus

movement

Wright et al. (2010), Torrance

et al. (2011)
Hordeivirus TGB1 interacts with microtubules, and this interaction is involved in protein

trafficking to plasmodesmata and aggresomes

Shemyakina et al. (2011)

Assembly of potexvirus TGB1 rod-like inclusions depends on actin microfilaments but not on

microtubules

Yan et al. (2012)

The potexvirus TGB1 protein remodels host actin Tilsner et al. (2012)

Actin cytoskeleton is important for BSMV cell-to-cell movement and for localization of TGB3 Lim et al. (2012)

Association of the TGB

proteins with the sites of

virus replication

The potexvirus TGB3 protein is co-localized with the viral replicase in the ER Bamunusinghe et al. (2009)

Potexvirus TGB1 is responsible for virus genome compartmentalization in infected cells Tilsner et al. (2012)

The role of the virus coat

protein in potexvirus

movement

The interaction between the potexvirus replicase and the coat protein is critical for virus

movement in plant hosts

Lee et al. (2011)

Potexvirus CP mutants deficient in the interaction with TGB1 can form virus particles but is

unable to move in plant tissues

Tilsner et al. (2012)

The N-terminal region of the PlAMV potexvirus coat protein is required for cell-to-cell

movement but is dispensable for virion assembly

Ozeki et al. (2009)

Genomic cis-elements

involved in TGB-mediated

movement

The stem-loop structure in the 5′-terminal region of potexvirus RNA controls viral movement

by interacting with the several host proteins and the virus coat protein

Cho et al. (2012a,b,c)

TGB-induced ER stress PVX TGB3 induces unfolded protein response Ye et al. (2011), Ye and

Verchot (2011)

Hordeivirus TGB3 overexpression induces severe changes of endomembrane system Solovyev et al. (2012), Lim

et al. (2012)

Eliciting of hypersensitive

response

Hordeivirus TGB1 elicits hypersensitive response and binds host Bsr1 R-protein Cui et al. (2012), Lee et al.

(2012)

TGB3 upregulates host

chaperones

PVX TGB3 upregulates ER resident and ubiquitin ligase chaperones Ye et al. (2011, 2012), Ye and

Verchot (2011)

TGB1 and remorin PVX TGB1 protein binds to plant membrane raft protein remorin. This interaction impairs

cell-to-cell movement of the virus

Raffaele et al. (2009), Perraki

et al. (2012)
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(aa171-194) reveal that these protein regions are indeed involved
in the protein localization to the nucleolus (Semashko et al.,
2012a).

The hordeivirus TGB1 protein is able to bind fibrillarin, the
major nucleolar protein, in vitro. The interaction of the two
proteins, which involves the glycine-arginine-rich domain of fib-
rillarin and the 82 N-terminal amino acid residues of TGB1
protein, can also be detected by bimolecular fluorescence comple-
mentation upon transient coexpression in N. benthamiana plants
(Semashko et al., 2012a). Additionally, the TGB1 NTD of two
hordeiviruses is able to interact in vitro and in vivo with coilin,
the major structural component of Cajal bodies, the subnuclear
structures revealed in nuclei of many eukaryotes, including plants;
and substitutions in the NoLS A resulted in an almost complete
loss of the NTD ability to bind coilin (Semashko et al., 2012b;
Kalinina and Guseinov, unpublished results). Fibrillarin is known
to interact with the umbravirus ORF3 protein in the nucleolus,
and this complex re-locates from the nuclei to the cytoplasm and
takes part in the formation of viral cytoplasmic ribonucleoproteins
(RNPs), which are capable of long-distance movement (Taliansky
et al., 2010). In the hordeivirus and pomovirus TGB1 proteins,
positively charged motifs corresponding to NoLS proved to be
dispensable for the virus transport from cell-to-cell but neces-
sary for the long-distance virus movement (Kalinina et al., 2001;
Wright et al., 2010; Torrance et al., 2011). Collectively, these data
suggest that, unlike viruses with the potex-like TGB where the
nuclear localization of the TGB1 protein is due to its functions
in suppression of RNA silencing, the localization of hordei-like
TGB1 to the nucleus/nucleolus may result from its functions in
virus long-distance movement. We hypothesize that this differ-
ence can be explained by different structure of the transport form
of the viral genome in viruses with potex-like and hordei-like
TGB, namely, the TGB1-modified virions in the former group
and TGB1-formed non-virion RNPs in the latter one (Verchot-
Lubicz et al., 2010). Presumably, the formation of transport-
competent TGB1-containing virions does not require functions
of cell nucleolar protein(s).

PROTEIN-MEMBRANE ASSOCIATION IN THE TGB-MEDIATED
INTRACELLULAR MOVEMENT
Transport of the TGB1 protein to plasmodesmata is generally
accepted to require the functions of the TGB2 and TGB3 pro-
teins (Verchot-Lubicz et al., 2010). Previous data clearly demon-
strated that the TGB3 protein contains signals of intracellular
transport at least in viruses with the hordei-like TGB (Tilsner
et al., 2010; Shemyakina et al., 2011; Sun and Zhang, 2012).
Being capable of interaction with other TGB proteins, the TGB3
protein serves as a “driving force” of their intracellular trans-
port to plasmodesmata-associated sites (Zamyatnin et al., 2004;
Lim et al., 2008, 2009). Therefore, understanding the mecha-
nism of TGB3 protein translocation from sites of its synthe-
sis to plasmodesmata is of key importance for unraveling the
details of the intracellular phase of TGB-mediated transport
(Figure 1C).

In yeast cells, the behavior of the TGB3 protein encoded by
Bamboo mosaic virus (BaMV), a potexvirus, is similar to that in
plant cells: the protein is able to be targeted to the membrane

bodies at the cell periphery and to direct the TGB2 protein to
these structures (Lee et al., 2010). As in plant cells, the peripheral
membrane TGB3-containing structures in yeast cells represent a
subdomain of the cortical ER (Lee et al., 2010; Wu et al., 2011).
Moreover, the TGB3-containing structures in yeast cells reside
within discrete cortical ER regions enriched in cell reticulons
Rtn1 and Yop1. These proteins belong to two families of inte-
gral ER membrane proteins necessary for the formation of highly
curved membrane tubules of cortical ER in eukaryotic cells (Lee
et al., 2010). The potexvirus TGB3 protein co-localized with a
plant-encoded Rtn1-related protein in tobacco leaf cells as well,
thus, validating the data obtained in yeast cells (Lee et al., 2010).
Importantly, the desmotubule, an ER tubule, which locates in plas-
modesmata and interconnects ER networks in neighboring cells,
is extremely narrow and therefore has a high membrane curva-
ture. Tilsner et al. (2011) recently suggested that the Rtn1- and
Yop1-related proteins are required for the formation and stabi-
lization of desmotubule, while the TGB3 protein can exhibit a
high affinity to this specific plasmodesmal sub-structure. Indeed,
the hordei-like TGB3 proteins of BSMV and Potato mop-top virus
(PMTV) were shown to be retained within cell wall-embedded
structures upon plasmolysis (Lim et al., 2009; Tilsner et al.,
2010), which supports the hypothesis of their localization to the
desmotubule.

As demonstrated for both potex-like and hordei-like TGBs, the
TGB3 protein trafficking to plasmodesmata-associated membrane
structures is COPII-independent and, thus, employs an uncon-
ventional mechanism, which does not involve the exit from ER in
COPII-transport vesicles (Figure 1C; Schepetilnikov et al., 2005,
2008; Lee et al., 2010). The COPII-independent TGB3-specific
trafficking to plasmodesmata-associated peripheral ER compart-
ments requires specific signals in the TGB3 sequence. It was
demonstrated that the targeting of hordei-like TGB3 protein was
determined by a composite signal comprising the highly conserved
sequence motif YQDLN located in the central hydrophilic protein
region and the C-terminal transmembrane domain (Schepetil-
nikov et al., 2008; Tilsner et al., 2010; Lim et al., 2012). Recent
studies show that these TGB3 regions play distinct roles. Analyses
of the hordeivirus TGB3 protein demonstrate that the true sig-
nal of its intracellular transport resides in the protein C-terminal
transmembrane segment, while the YQDLN motif is involved in
protein oligomerization, which is essential for the functioning of
targeting signal (Shemyakina et al., 2011; Sun and Zhang, 2012).
Therefore, the hordeivirus TGB3 protein with the functional C-
terminal targeting signal is able to enter its specific transloca-
tion pathway only in the form of multimeric complexes. Such
TGB3-containing complexes represent the natural form of this
protein found in hordeivirus-infected tissue (Shemyakina et al.,
2011).

The residues responsible for specific targeting and self-
interaction have been recently mapped in the BaMV TGB3 pro-
tein. The targeting to Rtn1/Yop-enriched cortical ER subdomains
requires the C-terminal hydrophilic protein region, specifically,
several critical residues conserved in the TGB3 proteins encoded
by different potexviruses (Wu et al., 2011). Therefore, the func-
tionally equivalent transport signals identified in the hordeivirus
TGB3 protein (the transmembrane sequence domain) and the
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potexvirus TGB3 protein (the hydrophilic sequence region) are
strikingly different in their properties. The potexvirus TGB3 is
capable of multimer formation, and the residues involved in pro-
tein self-interaction were mapped to the TGB3 region containing
the protein sorting signal (Wu et al.,2011). It should be emphasized
that, similarly to the hordeivirus TGB3 protein, the potexvirus
TGB3 protein self-interaction is a pre-requisite for its correct
subcellular targeting (Shemyakina et al., 2011; Wu et al., 2011).

The mechanism of TGB3 intracellular transport was hypothe-
sized to involve either lateral translocation of TGB3-formed rafts,
which also incorporate the TGB2 protein, in the plane of the ER
membranes (Morozov and Solovyev, 2003; Wu et al., 2011) as pos-
tulated for the Tobacco mosaic virus MP (Epel, 2009), or vesicles of
unknown nature tightly associated with the cortical tubular ER as
observed for the PVX and PMTV TGB3 proteins (Samuels et al.,
2007; Verchot-Lubicz et al., 2010).

Thus, the new data clearly show that the potex-like and
hordei-like TGB3 proteins, which have markedly different struc-
ture (Morozov and Solovyev, 2003), nevertheless exhibit similar
functional properties (Figure 1C) including the abilities for multi-
merization and multimerization-dependent subcellular targeting.
Similar to hordeivirus TGB3 proteins, the BaMV TGB3 protein is
found in discrete membrane bodies located at the cell periphery
corresponding to highly curved subdomains of cortical ER (Wu
et al., 2011) and is able to interact with the TGB2 protein, therefore
ensuring the TGB2 co-targeting to TGB3-containing structures
(Lee et al., 2010; Wu et al., 2011). Another parallel between the
potex-like and hordei-like TGBs is provided by the recently shown
interaction between the BaMV TGB2 and TGB1 proteins (Wu
et al., 2011). This finding suggests that the complex containing the

two membrane proteins encoded by potex-like TGB may direct
the TGB1 protein to plasmodesmata-associated sites (Figure 1C).
This hypothesis agrees with the reported ability of the hordei-
like PMTV TGB2/TGB3 proteins to target the respective TGB1
protein to peripheral membrane compartments and to the plas-
modesmata interior (Zamyatnin et al., 2004) as well as with the
observed interactions of the BSMV TGB3 protein with both TGB2
and TGB1 proteins (Lim et al., 2008). The new findings make it
possible to propose a general model of intracellular transport for
hodeivirus and potexvirus TGB proteins (Figure 1C). This model
includes common and specific events for both types of proteins as
well as possible alternative pathways of trafficking process.

CONCLUSION
Studies carried out in the recent years reveal new aspects of
the TGB-mediated virus movement, such as the accumulation of
TGB3 protein in the cortical highly curved ER regions enriched in
cell reticulons and involvement of the TGB1 protein in the inter-
actions with the cellular RNA silencing machinery. The current
research uncovers tight links between virus replication and cell-
to-cell movement, the role of cytoskeleton, and the requirements
for specific genomic RNA regions for TGB-mediated transport. In
this short review we focused the reader’s attention on the three
trends in TGB studies to inspire further progress in the field.
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During infection, many RNA viruses produce characteristic inclusion bodies that contain
both viral and host components. These structures were first described over a century
ago and originally termed “X-bodies,” as their function was not immediately appreciated.
Whilst some inclusion bodies may represent cytopathic by-products of viral protein over-
accumulation, X-bodies have emerged as virus “factories,” quasi-organelles that coordinate
diverse viral infection processes such as replication, protein expression, evasion of host
defenses, virion assembly, and intercellular transport. Accordingly, they are now generally
referred to as viral replication complexes (VRCs).We previously used confocal fluorescence
microscopy to unravel the complex structure of X-bodies produced by Potato virus X (PVX).
Here we used 3D-structured illumination (3D-SIM) super-resolution microscopy to map the
PVX X-body at a finer scale. We identify a previously unrecognized membrane structure
induced by the PVX “triple gene block” (TGB) proteins, providing new insights into the
complex interplay between virus and host within the X-body.

Keywords: PVX, viral replication complex, 3D-SIM, super-resolution,TGB proteins, endoplasmic reticulum, Golgi

INTRODUCTION
VIRAL REPLICATION COMPLEXES
In the process of host invasion, many plant viruses induce the for-
mation of characteristic inclusion bodies that were initially termed
“X-bodies” due to their unclear role (Goldstein, 1924). Variously
referred to as amorphous inclusions, amorphous bodies, amoe-
boid bodies, vacuolate bodies, or viroplasms, such inclusion bodies
were described in early studies by Goldstein (1926), Sheffield
(1939, 1949). Inclusion bodies have been valuable in the diag-
nosis of plant virus diseases (Martelli and Russo, 1977; Edwardson
and Christie, 1978), and many detailed studies of their structure
were conducted using electron microscopy (Esau, 1967; Shalla
and Shepard, 1972; Christie and Edwardson, 1977). Although the
observation of inclusion bodies during infection provided some
insight into their role, their detailed structure and function was a
mystery until the arrival of molecular tools.

Plant viruses predominantly have positive sense, single-
stranded RNA genomes ((+)ssRNA; Hull, 2002). (+)ssRNA
viruses replicate on the cytoplasmic surfaces of modified host cell
membranes, and many viral inclusion bodies have been revealed
to be “virus factories,” i.e., replication sites (Miller and Krijnse-
Locker, 2008; den Boon et al., 2010; Laliberté and Sanfaçon, 2010).
Accordingly, these viral structures are now mostly referred to as
viral replication complexes or VRCs (Asurmendi et al., 2004).

Viral RNA (vRNA)-dependent RNA polymerases (“replicases”)
are usually active as oligomeric arrays (Lyle et al., 2002; Kopek
et al., 2007; Spagnolo et al., 2010), and the host membranes they
occupy serve as scaffolds to assemble these complexes (Nishikiori
et al., 2006). However, the functions of VRCs are more complex

than simply functioning to anchor replicase proteins to mem-
branes. In addition to vRNA and proteins, they often incorporate
host components including rearranged host membranes (Schaad
et al., 1997; Carette et al., 2000; Dunoyer et al., 2002; Ritzenthaler
et al., 2002; Zamyatnin et al., 2002; Turner et al., 2004) that form
a sheltered environment for the viral genome (Miller and Krijnse-
Locker, 2008; den Boon et al., 2010; Laliberté and Sanfaçon, 2010).
Besides being the primary centers of viral replication, VRCs may
also facilitate viral access to essential host resources such as ribo-
somes, enzymes, and nucleotides. In animal RNA viruses, viral
packaging may be closely linked to viral egress via the secretory
pathway and budding from the plasma membrane (den Boon
et al., 2010). Similarly in plant viruses, VRCs could be sites of
assembly of movement-competent ribonucleoprotein complexes
(RNPs) for intercellular transport via plasmodesmata (Schoelz
et al., 2011; Tilsner and Oparka, 2012). With such a complex vari-
ety of processes coordinated in close proximity within VRCs, a
detailed knowledge of the spatial organization of host and viral
factors is crucial to understanding the functions of VRCs. Renewed
ultrastructural investigations, using electron tomography, have
yielded high-resolution “maps” of the VRCs of Flock house virus
(FHV) and SARS corona virus (Kopek et al., 2007; Knoops et al.,
2008). However, similar studies are lacking for plant viruses. In
the case of FHV, combination of tomographic and biochemical
data enabled estimations of the numbers of replicase molecules
and (−)RNA replication templates in the membrane invagina-
tions that harbor the replication machinery (Kopek et al., 2007).
However, electron microscopy is limited in its ability to localize
specific macromolecules within VRCs. This is more easily done
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using fluorescence microscopy coupled to fluorescently labeled
antibodies or fluorescent protein fusions.

Until recently, confocal laser scanning microscopy provided
the highest resolution possible in fluorescence microscopy, with
maximum resolutions of ∼200 nm in the focal plane (x-y) and
∼500 nm along the focal axis (z ; Huang et al., 2009). Such ideal res-
olution is rarely achieved in heterogenous, living specimens, and
for practical purposes confocal microscopy has approximately 50-
to 100-fold lower resolution than electron microscopy, resulting
in an inability to use confocal microscopy for structural mapping.

In recent years, various “super-resolution” microscopy
(nanoscopy) approaches have been developed that overcome
the diffraction barrier that limits conventional light microscopy,
enabling fluorescence imaging at resolutions smaller than the
wavelength of the emitted light (Huang et al., 2009; Schermelleh
et al., 2010). Hence, these technologies are ideally suited to gain
new insights into the structure-function relationships of VRCs
(Horsington et al., 2012; Malkusch et al., 2012; Pereira et al.,
2012). In practical terms, however, not all approaches are equally
well suited to plants. In particular, the cell wall limits penetration
of antibodies into plant cells. Therefore, the use of a genetically
encoded fluorescent reporter fused with a protein of interest that
is transcribed within the cell provides a better approach for intra-
cellular studies. Additionally, the autofluorescence background
created by chloroplasts and cell walls is particularly problem-
atic for approaches that require single-molecule imaging such as
photoactivation localization microscopy (PALM) and stochastic
optical reconstruction microscopy (STORM; Tilsner and Flors,
unpublished).

By contrast, three-dimensional structured illumination
microscopy (3D-SIM) is a widefield imaging approach that is
amenable to most specimens suitable for confocal microscopy. In
3D-SIM, a diffraction grating is superimposed upon the sample,
and rotated during image acquisition. Sub-diffraction informa-
tion is contained in the shifting diffraction patterns, and can
be extracted by mathematical transformation, permitting image
deconvolution with a resolution of ∼100 nm in x-y and 200 nm
in z (Gustafsson et al., 2008; Huang et al., 2009). This consti-
tutes an approximate two-fold increase in resolution over confocal
microscopy, but in practical terms provides a significant increase
in biological detail (Fitzgibbon et al., 2010; Phillips et al., 2012). We
have previously used 3D-SIM to obtain super-resolution images of
phloem sieve elements, including the localization of a viral move-
ment protein to plasmodesmata (Fitzgibbon et al., 2010). To make
the phloem accessible to 3D-SIM, we partially digested cell wall
material and separated the cells of the tissue. Here, we employed
3D-SIM to analyze the X-body of a model virus, Potato virus
X (PVX), and to demonstrate the suitability of the technique to
imaging three-dimensional structures in leaf epidermal cells. This
approach also should be suitable to a multitude of plant cell biol-
ogy studies, including those conducted in the absence of virus
infection.

THE POTATO VIRUS X-BODY
Potato virus X is a (+)ssRNA virus important for agriculture
(Adams et al., 2004). It serves as a model virus for analysis
of RNA silencing and virus movement, as a vector for protein
overexpression and knockdown and as a virus-induced gene

FIGURE 1 | Organization of the PVX genome (not to scale). TGB, triple
gene block; CP, coat protein.

silencing model (Batten et al., 2003; Verchot-Lubicz et al., 2007).
The mechanically transmitted PVX virions are flexuous filaments
with a length of about 470–580 nm and are composed of the 6.4 kb
vRNA and ∼1300 subunits of coat protein (CP; Atabekov et al.,
2007).

The PVX genome contains five open reading frames (ORFs)
encoding five viral proteins (Batten et al., 2003): the 165 kDa
replicase, which is the only viral protein required for replication
(Doronin and Hemenway, 1996; Plante et al., 2000), a “triple gene
block (TGB)” of three overlapping ORFs encoding the 25 kDa
(TGB1), 12 kDa (TGB2), and 8 kDa (TGB3) movement proteins
(MPs) responsible for cell-to-cell transport (Verchot-Lubicz et al.,
2010; Solovyev et al., 2012 in this Research Topic), and the 25 kDa
CP (Figure 1). All three TGBs and CP are needed for virus move-
ment (Verchot-Lubicz et al., 2010) and CP is found in plasmodes-
mata and translocated between cells, indicating that it is a part of a
movement-competent ribonucleoprotein complex (Oparka et al.,
1996; Santa Cruz et al., 1998; Lough et al., 2000).

TGB1 is an RNA helicase that also functions as a translational
activator (Atabekov et al., 2000; Rodionova et al., 2003) and silenc-
ing suppressor (Voinnet et al., 2000). TGB1 has been shown to be
essential for forming the PVX X-body, and for recruiting actin fil-
aments and host endomembranes [endoplasmic reticulum (ER)
and Golgi] to this structure. TGB1 also recruits the two other viral
MPs, TGB2, and TGB3 to the X-body (Tilsner et al., 2012). In
contrast to TGB1, TGB2, and TGB3 are transmembrane proteins
localized in the ER (Krishnamurthy et al., 2003; Ju et al., 2005).
TGB2 induces the formation of ER-derived motile granules that
also contain TGB3 (Ju et al., 2005, 2007; Samuels et al., 2007).
The granules are associated with ribosomes, replicase, and virions
(Ju et al., 2005; Bamunusinghe et al., 2009). As PVX replicates in
association with the ER (Doronin and Hemenway, 1996), these
granules may be replication sites.

Cells with mature PVX infections contain a perinuclear X-
body. PVX X-bodies appear from about 1–2 days post-infection.
They generally are circular or egg-shaped. The number and size
of X-bodies per infected cell differs, but older infections typically
contain only one. The X-body can be larger than the nucleus,∼10–
15 µm across, and is a complex amalgamation of host membranes
including small vacuoles (Shalla and Shepard, 1972; Allison and
Shalla, 1974; Santa Cruz et al., 1998; Tilsner et al., 2012). It also
contains so-called “laminate inclusions” that are characteristic of
PVX infection. In EM images, these inclusions consist of beaded or
smooth sheets roughly 3 nm thick, firmly packed in several layers
(Kozar and Sheludko, 1969; Stols et al., 1970; Shalla and Shepard,
1972; Allison and Shalla, 1974). Antibodies against TGB1 decorate
the beaded sheets (Davies et al., 1993; Santa Cruz et al., 1998),
and C-terminal fusions of fluorescent proteins (FPs) to TGB1
produce aggregates that morphologically resemble them (Tilsner
et al., 2009, 2012). Thus, the inclusions contain large amounts of
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TGB1, but it is not clear if they consist entirely of the TGB1 pro-
tein. It was proposed that the beaded sheets could be active sites
of viral protein synthesis (Kozar and Sheludko, 1969; Shalla and
Shepard, 1972). The smooth sheets had virus particles between
the layers of the sheets (Shalla and Shepard, 1972), whereas the
beaded sheets did not (Stols et al., 1970; Shalla and Shepard, 1972).
Whilst the beaded sheets superficially resemble ribosome-studded
ER membranes, no lipids were found to be present in them, but
treatment with potassium permanganate destroyed them, indicat-
ing that they are proteinaceous. The beads, found on both surfaces
of the sheets, are too small to be ribosomes (Shalla and Shepard,
1972). Surprisingly, more recent work on TGB1 does not refer
to these early data on TGB1 beaded sheets. Fluorescent fusions of
TGB2 and TGB3 also localized to the X-body (Samuels et al., 2007;
Tilsner et al., 2012). Lastly, encapsidated PVX virions surround the
X-body and when the CP is fused to GFP, virions appear as flu-
orescent cages around the inclusions (Oparka et al., 1996; Santa
Cruz et al., 1998; Tilsner et al., 2012).

Recently, we undertook a detailed structural and functional
analysis of the PVX X-body and its biogenesis (Tilsner et al., 2012).
The X-body is formed by gradual accumulation of the ER-derived,
TGB2/3-containing granules around the TGB1 beaded sheets.
Non-encapsidated vRNA, visualized with a fluorescent reporter
construct in vivo, localizes to whorls that tightly encircle the TGB1
inclusions. The presence of “naked” RNA inside the X-body, and
encapsidated virions at its periphery, along with the association
of TGB2/3 granules with replicase, strongly suggested that the X-
body is indeed a replication site, i.e., a VRC. In the absence of
TGB1, no X-body is formed. Without an X-body, PVX still accu-
mulates, but fewer virion aggregates are observed, indicating that
the X-body may play a role in efficient virus encapsidation (Tilsner
et al., 2012). In uninfected cells, ectopically expressed TGB1 can
recruit TGB2 and TGB3 into a “pseudo-VRC,” which has a similar
structure to the X-body.

In order to analyze the reorganized membrane structures of
the PVX X-body at higher resolution, we turned to 3D-SIM
microscopy. Here, we present results utilizing this technology to
reveal new details of membrane organization within the PVX VRC
and we demonstrate the applicability of 3D-SIM to general studies
of plant subcellular structures.

MATERIALS AND METHODS
FLUORESCENT REPORTER AND VIRUS CONSTRUCTS
Bombardment vectors for expression of TGB1-mCherry, GFP-
TGB2, and TGB3-GFP, and binary vectors for agroinfiltration of
TGB1-TagRFP, GFP-TGB2, TGB3-GFP, and unfused TGB2 and
TGB3, as well as a binary vector for expression of a complete
PVX genome with an endogenous TGB1-mCherry fusion were
previously described (Ju et al., 2005; Tilsner et al., 2009, 2012).
PVX.GFP-CP and PVX.mCherry-CP constructs were previously
described (Santa Cruz et al., 1996; Tilsner et al., 2009). In some
cases, a 35S promoter-driven PVX.GFP-CP bombardment con-
struct (Christophe Lacomme, unpublished) was used for infec-
tions. A transgenic Nicotiana benthamiana line expressing ER-GFP
(Haseloff et al., 1997), and a transgenic Nicotiana tabacum line
expressing Golgi (ST)-GFP (Boevink et al., 1998), were described
previously.

EXPRESSION IN PLANTS
Infectious PVX RNA was obtained by T7 in vitro transcrip-
tion from plasmid constructs containing PVX.GFP-CP and
PVX.mCherry-CP modified cDNA copies, as described in Santa
Cruz et al. (1996). Combinations of agrobacteria carrying binary
expression constructs were infiltrated into N. benthamiana leaves
at an OD600 of 0.15 or 0.25 each, as described previously (Tilsner
et al., 2012). Microprojectile bombardments were carried out with
a custom built gene gun according to the description in Gaba and
Gal-On (2006).

IMAGING AND IMAGE PROCESSING
Confocal microscopy was performed as described in Tilsner et al.
(2009, 2012). For super-resolution imaging, lower epidermal peels
were prepared using a pair of fine forceps to peel carefully but
quickly an epidermal peel from the lower epidermis of N. ben-
thamiana or N. tabacum plants. Along the length of the peels,
thickness varied from a few cells to a single cell layer. Immediately
after peeling, the epidermal peels were fixed by floating them in
a fixative solution for 30–45 min at room temperature (for details
see Fitzgibbon et al., 2010). The epidermal peels were assembled
on a cover slip, not on a glass slide, in order to have the peel as
close as possible to the cover slip. Finally, the peels were mounted
in Citifluor AF1 antifade medium (Agar Scientific), pressing gently
to remove residual Citifluor from under the cover slip. The sam-
ples were sealed with nail varnish, and viewed through a cover
slip for 3D-SIM imaging with an OMX version 2 microscope
(Applied Precision) as described in (Fitzgibbon et al., 2010). GFP
was excited at 488 nm and TagRFP and mCherry were excited at
594 nm. Image processing was done as described in Fitzgibbon
et al. (2010). Figures were assembled with Adobe Photoshop and
ImageJ software. TGB2 and TGB3 membrane hoops and Golgi
dimensions were measured using softWoRx (Applied Precision)
software. Mean outer and inner diameters of the membrane hoops
were compared by one-way ANOVA followed by Least Significant
Difference and Duncan’s Multiple Range Tests using SPSS software
(IBM).

RESULTS
FIBRILLAR VIRION BUNDLES SURROUND THE X-BODY
“Overcoat” PVX, in which viral CP is fused with a fluorescent
protein via a 2A peptide linker, produces fluorescent virions in
which a significant proportion (∼80%) of the virus coat is fluo-
rescently labeled (Santa Cruz et al., 1996). The 2A peptide causes
partial release of incomplete polypeptide without termination
of translation, resulting in the production of both fluorescent
protein-fused and unfused CP, thus enabling encapsidation. The
fluorescent virions are found in fibrillar “cages” surrounding the
X-body (Figure 2; Santa Cruz et al., 1998; Tilsner et al., 2012).
In confocal images (Figures 2A,B), we observed large bundles of
virus filaments but were unable to resolve the fine structure of the
virion cages. Using 3D-SIM, we were able to resolve a fine net-
work of virus bundles, the smallest of which were about 100 nm
in diameter (Figure 2C insert). The diameter of individual PVX
particles is 13 nm (Atabekov et al., 2007), suggesting that some of
the small bundles that we resolved contained no more than eight
virus particles aligned side-by-side. In three dimensions (Movie
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Linnik et al. Viral replication complex at super-resolution

FIGURE 2 | PVX virion “cages” encasing the X-body. (A) Live-cell
confocal overview of PVX.GFP-CP-infected cells with two perinuclear
(n: nucleus) X-bodies. (B) Higher magnification confocal image of
a virion cage surrounding the X-body from a fixed sample.

(C) High-resolution 3D-SIM image. The insert shows an enlargement
of the area in the rectangle in which individual virion filaments are
resolved to <100 nm diameter. Bars (A): 50 µm; (B,C): 10 µm; [insert
in (C)]: 500 nm.

S1 in Supplementary Materials), the viral cages formed a complex
interconnected network of virions that surrounded host and viral
structures at its center.

SUPER-RESOLUTION IMAGING OF TGB1 AGGREGATES AT THE CENTER
OF THE X-BODY
TGB1 lies at the core of the X-body where it appears as walnut-
shaped inclusions, each comprised of sickle-shaped aggregates
(Figure 3; Tilsner et al., 2009, 2012). These correspond well to
the circularly arranged TGB1 beaded sheets reported earlier from
EM studies (Kozar and Sheludko, 1969; Stols et al., 1970; Shalla
and Shepard, 1972; Davies et al., 1993; Santa Cruz et al., 1998).
Using 3D-SIM we were able to resolve the fibrillar composition of
the TGB1 aggregates, showing even more clearly their correspon-
dence with the beaded sheets observed in EM (Figures 3B–D;
Movie S2 in Supplementary Materials). Many of the TGB1 inclu-
sions appeared to be arranged as flattened, undulating “ribbons”
within the X-body (Figures 3C,D).

FINE-SCALE ARCHITECTURE OF THE TGB2 AND TGB3-INDUCED
MEMBRANE COMPARTMENTS WITHIN THE X-BODY
As previously reported (Tilsner et al., 2012), TGB2 and TGB3 sur-
round TGB1 aggregates within the X-body. In confocal images
GFP-TGB2 is broadly localized around the TGB1 inclusions,
and this localization resembles the granulated morphology of
the recruited ER membranes (Figure 4A; see also Tilsner et al.,
2012). Unlike TGB2, the TGB3-GFP fluorescence is concentrated
in isolated patches or clusters in the X-body (Figure 4F; see
also Tilsner et al., 2012). The isolated patches of TGB3 prob-
ably correspond to the aggregated TGB2/3 granules of earlier
infection stages (Bamunusinghe et al., 2009; Tilsner et al., 2012).
Similar compartments were observed with ER-GFP and Golgi-
GFP markers (Tilsner et al., 2012). We speculated previously that
these compartments were comprised of densely stacked membrane
sheets or tubules because both Golgi and TGB2/3 transmembrane
markers labeled them completely, and not just their surface,

as would be expected for vesicle- or vacuole-like membrane
structures.

Using 3D-SIM, we now show that the “granules” produced by
TGB2 and TGB3 are in fact fine membrane hoops of remod-
eled tubular ER. In confocal images, these structures had the
characteristic granular appearance (Figures 4A,F) but under 3D-
SIM they appeared as donut-shaped loops (Figures 4B–E,G,H)
with an outer diameter of 296± 37 nm and an inner diameter
of 123± 15 nm for TGB2 (n= 8; Figures 4D,E) or 296± 49 nm
(outer) and 134± 31 nm (inner) for TGB3 (n= 21; Figure 4H),
respectively. Outer and inner diameters of the TGB2 and TGB3
hoops were not significantly different (p > 0.05, Figure 5; see
Appendix). The clear separation of the two membrane tubes
on opposite sides of the hoops, with apparent diameters of ca.
80–90 nm, and separated by only ∼120–130 nm, indicates that a
lateral resolution of less than 100 nm was achieved by 3D-SIM
in these images. TGB2 hoops formed dense arrays resembling
“chain mail” in the center of X-bodies, wrapped around the TGB1
inclusions (Figures 4B–E). TGB3 hoops were more concentrated
in patches around the TGB1 inclusions (Figures 4G,H; Movie
S3 in Supplementary Materials). We have previously shown that
TGB2 is more dispersed over the ER within the X-body, but also
co-localizes with TGB3, which is confined to granules or aggre-
gates (Tilsner et al., 2012). These findings are corroborated here
and the 3D-SIM data indicate that these different modified ER
compartments are all comprised of dense arrays of membrane
hoops containing either only TGB2 or both TGB2 and TGB3.
We could detect these hoops also on the peripheral cortical ER
(arrowed in Figure 4C), and these probably correspond to the
previously reported TGB2-induced, ER-derived granules (Ju et al.,
2005).

REORGANIZATION OF ENDOMEMBRANES WITHIN THE X-BODY
Changes in the morphology of host ER and Golgi membranes
were also more clearly resolved by 3D-SIM than in previous
confocal images (Figure 6, see also Tilsner et al., 2012). The
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Linnik et al. Viral replication complex at super-resolution

FIGURE 3 |TGB1 inclusions in the X-body. (A) Aggregates of
TGB1-TagRFP co-expressed with TGB2 and TGB3 (not shown) in
pseudo-VRCs (Tilsner et al., 2012) from fixed, uninfected tissue, resolved

by confocal microscopy. (B–D) 3D-SIM super-resolution images of the
same material. (A,B) Shown at the same scale. Bars (A,B): 5 µm;
(C,D): 1 µm.

individual tubules of the ER network are barely discernible in
the X-body even though they are unaltered in the surround-
ing cytoplasm (Figure 6A). However, at high magnification,
the diffuse membrane aggregations within the X-body consist
of the same membrane hoops observed for TGB2 and TGB3
(Figures 6B,C), in agreement with the previously demonstrated
ER-association of these proteins (Krishnamurthy et al., 2003; Ju
et al., 2005).

3D-SIM also resolved individual Golgi bodies labeled with a
sialyl transferase (ST)-GFP membrane marker (Boevink et al.,
1998) and revealed a ring-shaped structure (Figures 6E,F). Such
details of this organelle are not visible in conventional confocal
microscopy (Figure 6D). ST-GFP is a trans-Golgi marker (Boevink
et al., 1998) and the ring structure probably corresponds to the
outer rim of trans-Golgi compartments viewed along the trans-cis
axis (Staehelin and Kang, 2008). However the Golgi rings were
clearly different from the ER-derived membrane hoops observed
with TGB2 and TGB3. They had larger outer (478± 44 nm) and
inner (221± 31 nm) diameters (Figure 5; n= 17; statistically sig-
nificant at p < 0.001; see Appendix) which correspond well to
EM observations (Staehelin and Kang, 2008), and did not form

linked “chain mail” structures or large arrays. This is in agreement
with previous biochemical and microscopical findings that there
is no direct association between the TGB proteins and the Golgi
apparatus (Ju et al., 2005; Bamunusinghe et al., 2009).

DISCUSSION
POSSIBLE ROLES OF REMODELED ENDOMEMBRANES WITHIN THE
X-BODY
In previous work we described the essential role of the TGB1 pro-
tein in generating the PVX X-body, and presented a model of the
layered structure of this virus “factory” (Tilsner et al., 2012). The
increased resolution provided by 3D-SIM enabled us to analyze
in greater detail the TGB2 and TGB3 sub-compartments and the
role of these proteins in organizing the X-body, and allowed us to
update our previous model of the PVX “factory” (Figure 7). Our
new data show that TGB2-labeled ER membranes consist of small
hoops, which cluster within the X-body to form an extremely dense
network. Since TGB2 and 3 are integral membrane proteins, the
hoops are expected to be membrane structures. In previous stud-
ies (Boevink et al., 1996; Krishnamurthy et al., 2003; Mitra et al.,
2003; Ju et al., 2005; Samuels et al., 2007; Wu et al., 2011) ER
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Linnik et al. Viral replication complex at super-resolution

FIGURE 4 |TGB2- andTGB3-labeled membrane compartments in the
X-body. (A) Live-cell confocal image of co-bombarded TGB1-mCherry and
GFP-TGB2 in PVX-infected cell. GFP-TGB2 signal is spread around the TGB1
aggregates. The granular appearance of the reorganized ER-derived
membranes is not further resolved. (B–E) High-resolution 3D-SIM images of
TGB1-TagRFP and GFP-TGB2 in a pseudo-VRC in an uninfected cell.
GFP-TGB2-labeled membrane hoops form “chain mail”-like ribbons and dense
arrays in the X-body, but are also observed on the cortical ER (arrows in C). At

higher magnification (D,E), the hoop dimensions are apparent and the hoops
can be seen winding around the TGB1 aggregates. (F) Live-cell confocal
image of TGB1-mCherry and TGB3-GFP (co-bombarded into PVX-infected
cells) show the occurrence of TGB3 granules or aggregates within the X-body.
(G,H) In 3D-SIM images of TGB1-TagRFP and TGB3-GFP in a pseudo-VRC in
an uninfected cell, the TGB3 structures are resolved as hoops similar in size to
those labeled by TGB2 and concentrated in clusters or patches outside of the
TGB1 inclusion. Bars (A–C): 5 µm; (D,E): 1 µm; (F,G): 5 µm; (H): 1 µm.

markers closely mirrored the locations of the TGB2 and 3 pro-
teins, and we found that a lumenal ER marker also labeled small
hoops in the X-body (Figures 6B,C). It can therefore be assumed
that the TGB2/3 hoops remain within and are identical with the
densely reticulated ER network within the X-body. The previously
observed ER-derived TGB2/3 granules (Boevink et al., 1996; Ju
et al., 2005) may in fact also be individual or small clusters of
hoops branching out from the cortical ER (Figure 4C arrows).
Within the resolution limits there is currently no evidence that
the membrane tubules differ from those of the normal ER, how-
ever the “knitting” of the hoops is far more dense than in the
unmodified cortical ER network, where three-way junctions are
typically spaced a few µm apart, although reticulation of a similar

density to the TGB2/3 hoops can also occur, for instance in meris-
tematic cells (Boevink et al., 1998; Sparkes et al., 2009a,b). These
observations suggest that TGB2 may remodel the ER by induc-
ing a localized increase of network branching. The ability of the
transmembrane TGB2/3 proteins of potexviruses to influence the
structure of the ER requires further study. Recently, it was shown
that a specific class of host proteins, the reticulons, is involved
in the formation of VRCs by Brome mosaic virus replicating in
yeast (Diaz et al., 2010; Diaz and Ahlquist, 2012). It will be inter-
esting to see if this class of proteins is recruited to the X-body
during PVX accumulation and whether reticulons, and other host
proteins associated with ER-remodeling, operate in tandem with
TGB2/3 type proteins.
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Linnik et al. Viral replication complex at super-resolution

Modification of host organelles and their redirection to, and
involvement in, X-body organization is likely to be a vital event
in the PVX infection process. One possible role of recruited host
elements is to protect the virus from the host plant defense mech-
anisms by wrapping it in plant membranes and creating a unique
isolated environment for the replicating virus in which it is more
difficult for the plant to recognize and degrade the vRNA through

FIGURE 5 | Sizes ofTGB2 andTGB3 membrane hoops and trans-Golgi
rings. Means with standard deviations are shown (TGB2: n=8; TGB3:
n=21; Golgi: n=17). Blue: outer diameter, red: inner diameter. TGB2 and
TGB3 hoops outer and inner diameters, respectively, are not significantly
different (p > 0.05), but both outer and inner diameter of Golgi rings are
significantly different from both TGB2 and TGB3 (p < 0.001) (see Appendix
for results of statistical analysis).

the plant RNA silencing machinery. In addition, it is possible
that the recruited host membranes enlarge the surface area for
the replicating virus, making replication more efficient because
of the production of increased concentrations of important viral
components (Dunoyer et al., 2002; Schwartz et al., 2002, 2004;
Sanfaçon, 2005; Laliberté and Sanfaçon, 2010). The dense arrays of
membrane hoops observed by 3D-SIM are in agreement with this
hypothesis. For a conclusive interpretation regarding the mem-
brane surface utilized for replication, super-resolution localization
of the PVX replicase will be required, and these methods are cur-
rently being developed in our lab. The organization of X-bodies
is also thought to create a subcellular environment in which host
resources required by the virus, e.g., translation factors, are read-
ily available (Schwartz et al., 2002, 2004; Sanfaçon, 2005), and the
reorganization of ER membranes may play a role in this. Detailed
analyses of the interaction partners of the TGB2 and TGB3 pro-
teins might corroborate this hypothesis for the PVX X-body. It
is also possible that containment of viral replication in the X-
body minimizes damage to the host cell (Sanfaçon, 2005). Lastly,
endomembranes and cytoskeletal elements also provide the routes
for viral cell-to-cell transport (Harries et al., 2009; Schoelz et al.,
2011) and their reorganization by TGB proteins within the X-body
probably reflects the movement-related activities of these proteins
at earlier infection stages.

The accumulation of encapsidated virions on the cytoplasmic
side of the X-body (Oparka et al., 1996; Santa Cruz et al., 1998;
Tilsner et al., 2012; current study) suggests that CP synthesis and
packaging of vRNA take place at the periphery of the X-body,
whereas the location of the TGB proteins, in particular TGB1, may

FIGURE 6 | Reorganized host endomembranes in the X-body. (A) Confocal
image of densely reticulated host ER within the PVX X-body and unmodified
cortical ER network outside of the X-body in fixed tissue. ER is labeled with
lumenally targeted HDEL-GFP (Haseloff et al., 1997). n: nucleus. (B,C),
Super-resolution images of remodeled ER in the X-body of cells infected with
PVX. TGB1-mCherry (not shown).The area in the rectangle in (B) is enlarged in
(C) and shows the dense arrays of ER membranes to consist of membrane

hoops similar to those labeled by the TGB2 and TGB3 proteins. (D) Confocal
image of Golgi stacks labeled with ST-GFP (Boevink et al., 1998) recruited to a
nascent X-body of a PVX-infected, fixed cell. (E,F), Super-resolution images of
Golgi stacks in cells infected with PVX.mCherry-CP [not shown in (E)] resolve
the trans-Golgi as a membrane circle with a larger diameter than the
TGB2/3-containing ER hoops [note (C,E) have almost identical scales]. Bars
(A,B): 5 µm; (C): 1 µm; (D): 10 µm; (E,F): 1 µm.
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Linnik et al. Viral replication complex at super-resolution

FIGURE 7 | Schematic model of the PVX X-body (not to scale). The
TGB1 “beaded sheets” (purple) are localized in the center of the X-body. As
shown previously, non-encapsidated vRNA (yellow) surrounds the TGB1
inclusions (Tilsner et al., 2009, 2012). Host ER (green) is remodeled into
arrays of small membrane hoops by TGB2 which are wrapped around the
TGB1 aggregates within the X-body. Some patches of these TGB2 loops
also contain TGB3 (red) and may constitute the replication sites of the virus
(Bamunusinghe et al., 2009). Bundles of encapsidated virions (black)
accumulate at the periphery and form “cages” around the X-body
sub-compartments.

be influenced by both their targeting properties and their site of
synthesis within the X-body (Tilsner and Oparka, 2012). To fully
address these questions, the distribution of the subgenomic mes-
senger RNAs required for translation of these proteins requires to
be analyzed within the VRC. However, this is beyond the technical
limits of current localization techniques. The distinct localization
of PVX CP and TGB1 in the X-body and their putative produc-
tion (and isolation) in separate sub-compartments is probably
essential for PVX infection (Karpova et al., 2006). Because TGB1
destabilizes PVX virions in vitro (Rodionova et al., 2003), it needs

to be sequestered away from those progeny virions destined for
mechanical transmission to other host plants.

CONCLUSION
3D-SIM “super-resolution” has enabled us to gain new insights
into the structural organization of the replication “factory” of a
model plant virus and develop new hypotheses about its func-
tions. This highlights the value of super-resolution approaches for
the analysis of other viruses, including those that infect animal
cells. The study of viral inclusions is an area within cell biology
that lends itself to the practical application of super-resolution
microscopy, bringing its powers to bear on important biological
questions. To obtain 3D-SIM images does not require compli-
cated embedding and sectioning techniques but only mild fixation
and the use of antifade reagents, ensuring a low degree of sam-
ple disruption. Imaging was conducted on intact epidermal cells
in single- and even multi-cell layer epidermal peels, showing the
versatility of 3D-SIM for complex biological specimens. Due to
their greater photostability, we found GFP fusions better suited
to 3D-SIM imaging than RFP constructs, but the rapid develop-
ment of new FPs is likely to overcome such limitations in the near
future, and others have successfully imaged RFP fusions with 3D-
SIM (Horsington et al., 2012). The increased resolution gained, for
example on Golgi bodies, demonstrates the utility of this approach
outside virology. In the future, correlative super-resolution light
and electron microscopy approaches (Fridman et al., 2012) should
enable a complete mapping of virus “factories” and other complex
cellular structures at near-molecular resolution.
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APPENDIX

DESCRIPTIVES

N Mean (µm) SD SE 95% Confidence interval for mean Minimum Maximum

Lower bound Upper bound

OUTER DIAMETER

TGB2 8 0.2963 0.03662 0.01295 0.2656 0.3269 0.25 0.34

TGB3 21 0.2962 0.04944 0.01079 0.2737 0.3187 0.20 0.37

Golgi 16 0.4775 0.04405 0.01101 0.4540 0.5010 0.41 0.56

Total 45 0.3607 0.09843 0.01467 0.3311 0.3902 0.20 0.56

INNER DIAMETER

TGB2 8 0.1225 0.01488 0.00526 0.1101 0.1349 0.11 0.14

TGB3 21 0.1338 0.03106 0.00678 0.1197 0.1479 0.10 0.20

Golgi 16 0.2213 0.03074 0.00769 0.2049 0.2376 0.17 0.28

Total 45 0.1629 0.05229 0.00780 0.1472 0.1786 0.10 0.28

TEST OF HOMOGENEITY OF VARIANCES

Levene statistic df1 df2 Sig.

Outer diameter 0.198 2 42 0.821

Inner diameter 1.420 2 42 0.253

ANOVA

Sum of squares df Mean square F Sig.

OUTER DIAMETER

Between groups 0.339 2 0.169 81.444 0.000

Within groups 0.087 42 0.002

Total 0.426 44

INNER DIAMETER

Between groups 0.085 2 0.043 51.153 0.000

Within groups 0.035 42 0.001

Total 0.120 44
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Linnik et al. Viral replication complex at super-resolution

POST HOC TESTS, P < 0.001.

Multiple comparisons

Dependent Variable (I) Factor (J) Factor Mean difference (I-J) SE Sig. 99.9% Confidence interval

Lower bound Upper bound

Outer diameter LSD

TGB2
TGB3 0.00006 0.01895 0.998 −0.0670 0.0671

Golgi −0.18125* 0.01975 0.000 −0.2511 −0.1114

TGB3
TGB2 −0.00006 0.01895 0.998 −0.0671 0.0670

Golgi −0.18131* 0.01514 0.000 −0.2349 −0.1278

Golgi
TGB2 0.18125* 0.01975 0.000 0.1114 0.2511

TGB3 0.18131* 0.01514 0.000 0.1278 0.2349

Inner diameter LSD

TGB2
TGB3 −0.01131 0.01200 0.351 −0.0538 0.0311

Golgi −0.09875* 0.01250 0.000 −0.1430 −0.0545

TGB3
TGB2 0.01131 0.01200 0.351 −0.0311 0.0538

Golgi −0.08744* 0.00958 0.000 −0.1213 −0.0535

Golgi
TGB2 0.09875* 0.01250 0.000 0.0545 0.1430

TGB3 0.08744* 0.00958 0.000 0.0535 0.1213

*The mean difference is significant at the 0.001 level. The highlight emphasizes the numbers that show that Golgi does significantly differ from TGB2 and TGB3 at

this significance level.

HOMOGENEOUS SUBSETS

Outer diameter

Factor N Subset for alpha = 0.001

1 2

Duncana,b

TGB3 21 0.2962

TGB2 8 0.2963

Golgi 16 0.4775

Sig. 0.997 1.000

Means for groups in homogeneous subsets are displayed. The highlight emphasizes the numbers that show that Golgi does significantly differ from TGB2 and TGB3

at this significance level.
aUses harmonic mean sample size = 12.759.
bThe group sizes are unequal. The harmonic mean of the group sizes is used. Type I error levels are not guaranteed.

Inner diameter

Factor N Subset for alpha = 0.001

1 2

Duncana,b

TGB2 8 0.1225

TGB3 21 0.1338

Golgi 16 0.2213

Sig. 0.328 1.000

Means for groups in homogeneous subsets are displayed. The highlight emphasizes the numbers that show that Golgi does significantly differ from TGB2 and TGB3

at this significance level.
aUses harmonic mean sample size = 12.759.
bThe group sizes are unequal. The harmonic mean of the group sizes is used. Type I error levels are not guaranteed.
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POST HOC TESTS, P < 0.05

Dependent variable (I) Factor (J) Factor Mean difference (I-J) SE Sig. 95% Confidence interval

Lower bound Upper bound

Outer diameter LSD

TGB2
TGB3 0.00006 0.01895 0.998 −0.0382 0.0383

Golgi −0.18125* 0.01975 0.000 −0.2211 −0.1414

TGB3
TGB2 −0.00006 0.01895 0.998 −0.0383 0.0382

Golgi −0.18131* 0.01514 0.000 −0.2119 −0.1508

Golgi
TGB2 0.18125* 0.01975 0.000 0.1414 0.2211

TGB3 0.18131* 0.01514 0.000 0.1508 0.2119

Inner diameter LSD

TGB2
TGB3 −0.01131 0.01200 0.351 −0.0355 0.0129

Golgi −0.09875* 0.01250 0.000 −0.1240 −0.0735

TGB3
TGB2 0.01131 0.01200 0.351 −0.0129 0.0355

Golgi −0.08744* 0.00958 0.000 −0.1068 −0.0681

Golgi
TGB2 0.09875* 0.01250 0.000 0.0735 0.1240

TGB3 0.08744* 0.00958 0.000 0.0681 0.1068

*The mean difference is significant at the 0.05 level. The highlight emphasizes the numbers that show thatTGB2 andTGB3 do not differ significantly from each other

even at this significance level.

HOMOGENEOUS SUBSETS

Outer diameter

Factor N Subset for alpha = 0.05

1 2

Duncana,b

TGB3 21 0.2962

TGB2 8 0.2963

Golgi 16 0.4775

Sig. 0.997 1.000

Means for groups in homogeneous subsets are displayed.The highlight emphasizes the numbers that show thatTGB2 andTGB3 do not differ significantly from each

other even at this significance level.
aUses harmonic mean sample size = 12.759.
bThe group sizes are unequal. The harmonic mean of the group sizes is used. Type I error levels are not guaranteed.

Inner diameter

Factor N Subset for alpha = 0.05

1 2

Duncana,b

TGB2 8 0.1225

TGB3 21 0.1338

Golgi 16 0.2213

Sig. 0.328 1.000

Means for groups in homogeneous subsets are displayed.The highlight emphasizes the numbers that show thatTGB2 andTGB3 do not differ significantly from each

other even at this significance level.
aUses Harmonic Mean Sample Size = 12.759.
bThe group sizes are unequal. The harmonic mean of the group sizes is used. Type I error levels are not guaranteed.
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Alternanthera mosaic virus (AltMV) triple gene block 3 (TGB3) protein is involved in viral
movement. AltMV TGB3 subcellular localization was previously shown to be distinct from
that of Potato virus X (PVX)TGB3, and a chloroplast binding domain identified; veinal necro-
sis and chloroplast vesiculation were observed in Nicotiana benthamiana when AltMV
TGB3 was over-expressed from PVX. Plants with over-expressedTGB3 showed more lethal
damage under dark conditions than under light. Yeast-two-hybrid analysis and bimolecular
fluorescence complementation (BiFC) reveal that Arabidopsis thaliana PsbO1 has strong
interactions with TGB3; N. benthamiana PsbO (NbPsbO) also showed obvious interac-
tion signals with TGB3 through BiFC. These results demonstrate an important role for
TGB3 in virus cell-to-cell movement and virus-host plant interactions. The Photosystem
II oxygen-evolving complex protein PsbO interaction with TGB3 is presumed to have a
crucial role in symptom development and lethal damage under dark conditions. In order
to further examine interactions between AtPsbO1, NbPsbO, and TGB3, and to identify
the binding domain(s) in TGB3 protein, BiFC assays were performed between AtPsbO1
or NbPsbO and various mutants of TGB3. Interactions with C-terminally deleted TGB3
were significantly weaker than those with wild-type TGB3, and both N-terminally deleted
TGB3 and a TGB3 mutant previously shown to lose chloroplast interactions failed to inter-
act detectably with PsbO in BiFC. To gain additional information about TGB3 interactions
in AltMV-susceptible plants, we cloned 12 natural AltMV TGB3 sequence variants into a
PVX expression vector to examine differences in symptom development in N. benthami-
ana. Symptom differences were observed on PVX over-expression, with all AltMV TGB3
variants showing more severe symptoms than the WT PVX control, but without obvious
correlation to sequence differences.

Keywords: AltMV, potexvirus,TGB3, chloroplast, PsbO

INTRODUCTION
The chloroplast has for many years been recognized as susceptible
to damage during plant virus infections. Infection with Tobacco
mosaic virus (TMV) was shown to interfere with starch mobi-
lization in local lesions on tobacco (Holmes, 1931). Later, TMV
particles were observed in association with chloroplasts (Esau and
Cronshaw, 1967; Granett and Shalla, 1970), while Reinero and
Beachy (1986) showed that TMV coat protein (CP) accumulated
within chloroplasts of infected tobacco. Schoelz and Zaitlin (1989)
demonstrated that TMV genomic RNA, but not subgenomic RNA,
enters tobacco chloroplasts, and suggested that the CP detected

may be translated by chloroplast ribosomes from the genomic
RNA due to the presence of a Shine–Dalgarno sequence upstream
of the CP initiation codon.

Other viruses have also been shown to associate with chloro-
plasts. Both CP and the HC-Pro of Potato virus Y (PVY) were
detected in chloroplasts (Gunasinghe and Berger, 1991). The 6K2
protein of the potyvirus Turnip mosaic virus (TuMV) is an inte-
gral membrane protein that first forms vesicles at the endoplasmic
reticulum (ER), and then traffics to the periphery of the chloro-
plasts, where large invaginations appear to result from chloroplast
extrusions engulfing aggregated vesicles (Wei et al., 2010). The
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Triple Gene Block (TGB) 2 (TGB2) protein of Barley stripe mosaic
virus also accumulates in chloroplasts (Torrance et al., 2006), as
does the CP of Cucumber necrosis virus (Xiang et al., 2006). We
have recently shown that the CP of Lolium latent virus (LoLV)
has a chloroplast transit peptide, and that blocking cleavage of the
transit peptide has a dramatic effect on LoLV systemic movement
(Vaira et al., 2012).

Turnip yellow mosaic virus (TYMV) has been known for many
years to induce vesicles in the exterior of the chloroplasts (Chal-
croft and Matthews, 1966), which were assumed to be the site of
viral RNA synthesis (Ushiyama and Matthews, 1970), and have
more recently been demonstrated to harbor the TYMV repli-
case proteins (Prod’Homme et al., 2001, 2003). Cells in areas of
white (severe) mosaic were observed to have enlarged chloroplasts
with numerous vesicles, including more very large vesicles than in
yellow-green areas; disintegrated chloroplasts were also observed
in such areas (Chalcroft and Matthews, 1966).

A number of studies have identified responses of Photosystem
II (PS II) to infection with various viruses, including differential
effects on components of the Oxygen-evolving complex (OEC);
Abbink et al. (2002) utilized the yeast two-hybrid (Y2H) system
to show that the RNA helicase domain of the 126-kDa replicase
of TMV-U1 (but not of TMV-Ob) interacted with the 33-kDa
subunit of the OEC, also known as PsbO. Virus-Induced Gene
Silencing (VIGS) of Nicotiana benthamiana psbO (NbPsbO) with
the Tobacco rattle virus (TRV) system resulted in a 10-fold increase
in TMV accumulation, and also increased accumulation of Potato
virus X (PVX; Potexvirus) and Alfalfa mosaic virus several-fold;
inhibition of PS II with the herbicide [3-(3,4-Dichlorophenyl)-
1,1-dimethyurea] (DCMU) also increased accumulation of TMV
(Abbink et al., 2002). Other tobamoviruses and Cucumber mosaic
virus have been reported to differentially affect components of PS
II, reducing the levels of the 24-kDa (PsbP) and 16-kDa (PsbQ)
subunits but not PsbO (Takahashi et al., 1991; Takahashi and
Ehara, 1992; Rahoutei et al., 2000; Pérez-Bueno et al., 2004; Sui
et al., 2006).

Specific interactions of other virus proteins with chloroplast
proteins include those observed between the CP of PVX and the
chloroplast transit peptide of plastocyanin; VIGS of plastocyanin
using the TRV system reduced both the severity of PVX symptoms
and the accumulation of PVX CP (Qiao et al., 2009). Chloroplast
phosphoglycerate kinase (cPGK) was found to interact with the
3′-untranslated region (UTR) of Bamboo mosaic virus (BaMV),
another member of the genus Potexvirus; when cPGK was silenced
by VIGS with TRV, accumulation of BaMV CP was also reduced,
suggesting that the replication site of BaMV is associated with the
chloroplast and that cPGK may target the RNA to the chloroplast
membrane (Lin et al., 2007). Tomato mosaic virus CP interacts with
a thylakoid membrane protein IP-L (Zhang et al., 2008), while PVY
(Potyvirus) CP has been shown to interact with the large subunit
of Rubisco (Feki et al., 2005), and PVY HC-Pro with the domain
of the nuclear-encoded chloroplast-division related protein MinD
required for dimerization (Jin et al., 2007). TuMV CP inter-
acts with an otherwise unidentified 37 kDa chloroplast protein
(McClintock et al., 1998). HC-Pro of another potyvirus, Sugar-
cane mosaic virus, interacts in the cytoplasm with the chloroplast
transit peptide of maize ferredoxin-5 (Fd V), possibly disturbing

chloroplast import of mature Fd V (Cheng et al., 2008). The
replication-associated CI protein of Plum pox virus (PPV) inter-
acts with nuclear-encoded photosystem I (PS I) protein PSI-K
of N. benthamiana, and down-regulation of the gene encoding
PSI-K increased PPV accumulation; PPV infection itself results
in reduced levels of PSI-K protein (Jiménez et al., 2006). The P1
protein of Soybean mosaic virus interacts with both the chloro-
plast transit peptide and the mature nuclear-encoded chloroplast
Rieske Fe/S protein of several host species, but only weakly with
the corresponding protein of the non-host Arabidopsis thaliana
(Shi et al., 2007).

We have previously shown that the triple gene block 3 (TGB3)
of the potexvirus Alternanthera mosaic virus (AltMV) localizes
to the chloroplast, whereas TGB3 of PVX, the type member of
the genus Potexvirus, accumulates at the ER (Lim et al., 2010a).
We also used deletion mutants and site-directed mutagenesis to
demonstrate that chloroplast localization is due to a signal in
the N-terminal domain, and that mutation of VL(17,18)AR in
the N-terminal domain was sufficient to both prevent chloroplast
localization, and to severely limit virus movement to a few cells
within the epidermal layer (Lim et al., 2010a). Over-expression of
AltMV TGB3 as an additional gene from either AltMV or from a
PVX vector resulted in veinal-associated necrosis, chloroplast mal-
formation and vesicular invaginations of chloroplast membranes,
and cytoplasmic membrane proliferation (Lim et al., 2010a). Fluo-
rescence in situ hybridization showed that AltMV RNA was closely
associated with the chloroplasts, which combined with chloro-
plast invagination when TGB3 was over-expressed suggests that
the chloroplast is the site of AltMV replication (Lim et al., 2010a).
In related preliminary work, we have shown that AltMV TGB1
interacts with chloroplast β-ATPase of both A. thaliana and N.
benthamiana (Nam et al., 2012).

Here we examine the interactions of AltMV TGB3 with host
PS II OEC protein PsbO of both A. thaliana and N. benthamiana,
using deletion mutants to determine the TGB3 domains involved
in the interactions, and demonstrate significant chloroplast dam-
age when plants over-expressing TGB3 are grown under dark
conditions. We have also examined over-expression of a series of
natural AltMV TGB3 sequence variants, and determined that all
variants induced chloroplast damage under dark conditions.

MATERIALS AND METHODS
VIRUS ISOLATES, cDNA CLONES, AND PLANT MAINTENANCE
Alternanthera mosaic virus 3–7 (AltMV 3–7) is derived from an
infectious clone prepared from Phlox stolonifera isolate AltMV-
SP, and was used for all experiments unless otherwise noted;
AltMV 3–1 and AltMV 4–7 are also derived from AltMV-SP,
and share an identical TGB3 amino acid sequence (Lim et al.,
2010b). P. stolonifera isolates AltMV-BR and AltMV-PA, and Por-
tulaca grandiflora isolate AltMV-Po have been described previ-
ously (Hammond et al., 2006a,b). Complementary DNA clones of
the 3′-terminal region of AltMV-PGL (from P. carolina), AltMV-
PLR (from hybrid annual phlox), AltMV-Po57 (from P. grandi-
flora), AltMV-NAN (from Nandina domestica), and AltMV-CIN
(from hybrid Pericallis) were produced and sequenced essen-
tially as reported for AltMV-BR and AltMV-Po (Hammond et al.,
2006a,b). The TGB3 of all isolates except AltMV-MU (see below)
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were amplified using primers XhoI-F-TGB3 and BamHI-R-TGB3
(Table 1). The full sequence of European portulaca isolate AltMV-
MU was reported by Ivanov et al. (2011), and the amino acid
sequence of AltMV-MU TGB3 was derived by polymerase chain
reaction (PCR) from an AltMV-Po template using XhoI-F-TGB3
paired with a reverse primer BamHI-R-TGB3-MU (Table 1) to
introduce the substitution R62K which differentiates the TGB3
of these isolates. The XhoI and BamHI sites were introduced to
allow cloning of the PCR products into pGD, pGDG, or pGDR
(Goodin et al., 2002) for transient expression by agroinfiltration.
The sequences of all TGB3 constructs were verified by sequencing.

Triple gene block 3 sequences of the various AltMV isolates were
also separately introduced into infectious clone PVX-MCS as an
additional gene, essentially as described (Lim et al., 2010a), form-
ing PVX(TGB3 AltMV+) variants. Infectious RNA transcripts of
wild-type (WT) PVX and the PVX(TGB3 AltMV+) variants were
transcribed in vitro after linearization with SpeI, and inoculated
to young plants of N. benthamiana as described (Petty et al., 1989;
Lim et al., 2010a). Seven days post inoculation (dpi) plants inocu-
lated with AltMV 4–7, WT PVX, or PVX(TGB3 AltMV+) variants
were separately incubated under either light (16 h light/8 h dark)
or continuous dark conditions at 16˚C.

Alternanthera mosaic virus was maintained by mechanical inoc-
ulation on N. benthamiana using 1% K2HPO4 and carborundum
powder as an abrasive. Plants were grown in 10 cm pots in an
insect-proof greenhouse at 25˚C, under a 14-h light regime. Plants
of A. thaliana and N. benthamiana for agroinfiltration were grown
under similar conditions, and were fully imbibed by standing pots
in water for 4–5 h prior to agroinfiltration.

YEAST TWO-HYBRID ASSAYS
Alternanthera mosaic virus 3–7 TGB3 was subcloned into pGBKT7
at EcoRI and BamHI sites, in fusion with the Gal4 DNA-BD, and
the resulting plasmid (pGBKT-TGB3) was used to transform yeast
competent cells (strain AH109) for bait protein expression (Becker
et al., 1991). A. thaliana cDNA library (CD4–30, Arabidopsis Bio-
logical Resource Center, www.abrc.osu.edu) in pAD-GAL4-2.1
(in fusion with Gal4 DNA-AD) plasmid was used to transform
yeast competent cells containing pGBKT-TGB3. Transformant
cells were screened on SD agar His-, Leu-, Trp- plus Aureobasidin
A. Yeast colonies obtained were grown on the same media includ-
ing the chromogenic substrate X-α-galactosidase; only colonies
developing blue color were considered positive. A. thaliana genes
encoding proteins identified as binding TGB3 were amplified from
the selected yeast colonies using appropriate primers, sequenced,
and identified by BLAST analysis against the NCBI database (Lim
et al., unpublished data).

Arabidopsis thaliana PsbO1 gene (oxygen-evolving enhancer
protein 1-1, TAIR: AT5G66570, Acc. No. NM126055) and
the homologous gene in N. benthamiana (NbPsbO; Acc. No.
AY952375; Sui et al., 2006) were examined in this study. The cor-
responding NbPsbO gene (about 1000 bp), was amplified from
N. benthamiana total RNA using primers XhoI-F-NbPsboI and
KpnI-R-NbPsboI (Table 1) based on the NbPsbO sequence, fol-
lowing cDNA synthesis with a polyT primer, sequenced, and fused
to the C-terminus of the Discosoma sp. red fluorescent protein
(DsRed) in pGDR for agroinfiltration. NbPsbO was also cloned

into pGDG as a fusion to the C-terminus of the Green Fluorescent
Protein (GFP), and pSPYCE/pSPYNE vector variants (Waadt et al.,
2008) for subcellular localization and bimolecular fluorescence
complementation (BiFC) assays, respectively.

The insertion gene fragment of NbPsbO for BiFC was derived
from PCR using cDNA of N. benthamiana which was synthesized
from N. benthamiana total mRNA. Primers SpeI-F-NbPSBOI
BiFC and XhoI-R-NbPSBOI BiFC (Table 1) were used to amplify
the 999-bp PCR product of NbPsbO with oligo(dT)-primed N.
benthamiana cDNA as template. The primer set were synthesized
based on the sequence of N. benthamiana chloroplast photo-
synthetic oxygen-evolving protein 33 kDa subunit (PsbO) mRNA
(GenBank ID: AY952375.1; Sui et al., 2006).

BIMOLECULAR FLUORESCENCE COMPLEMENTATION ASSAYS
The pSPYCE(M),pSPYCE(MR),pSPYNE173,and pSPYNE(R)173
vectors (Waadt et al., 2008) were used for insertion of TGB3 vari-
ants, A. thaliana PsbBO1 (AtPsbO1), and NbPsbO, as fusions
with the C-terminal (SPYCE constructs) and N-terminal (SPYNE
constructs) domains of the enhanced Yellow Fluorescent Protein
(eYFP), respectively, using the primers shown in Table 1. Binary
plasmids were transformed into Agrobacterium tumefaciens strain
EHA105 by standard protocols (Johansen and Carrington, 2001),
and agroinfiltrated in each combination of TGB3 and PsbO, as well
as homologous TGB3 combinations. Transient expression in N.
benthamiana was performed by agroinfiltration (at OD600= 0.6)
with each pSPYCE and pSPYNE variant; pGD-p19 (Bragg and
Jackson, 2004) was included at 1:10 ratio in all infiltrations as
described (Lim et al., 2009). AtPsbO1 combinations were exam-
ined by agroinfiltration of A. thaliana, and all other combinations
by agroinfiltration of N. benthamiana. For all combinations, eYFP
fluorescence was observed at 3 days post-agroinfiltration (dpa) by
laser scanning confocal microscopy (LSCM; see below).

INTERACTION OF GFP:PsbO AND DsRed:TGB3 FUSIONS
Nicotiana benthamiana PsbO was fused to the C-terminus of GFP,
and TGB3 to the C-terminus of DsRed, in the vectors pGDG
and pGDR (Goodin et al., 2002), respectively. Transient expres-
sion by agroinfiltration of N. benthamiana was performed as for
BiFC assays, and fluorescent protein localization and interactions
observed by LSCM (see below) at 3 dpa.

DETECTION OF FLUORESCENT PROTEIN EXPRESSION IN
N. BENTHAMIANA
Laser scanning confocal microscopy using a Zeiss LSM 710 micro-
scope was used for detection of GFP, DsRed, and chloroplast
autofluorescence as described by Lim et al. (2010a). For BiFC,
eYFP was excited at 514 nm (Argon laser, MBS458/514 filter set)
and the emission detected at 514–550 nm. When required, nuclei
were stained with 4′-6-diamidino-2-phenylindole dihydrochlo-
ride (DAPI) essentially as described by Deng et al. (2007). DAPI
fluorescence was excited with a 405-nm laser, with emission
detected at 410–475 nm.

Zeiss Zen™2009 software was used to obtain images with max-
imum intensity projection (MIP) of Z -stacks (1 µm slices, 2–80
focal planes) of leaves from the top of the epidermis into the
mesophyll, or within the mesophyll.
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ELECTRON MICROSCOPY
Tissue samples (ca. 2 mm× 1 mm) were excised from leaves of N.
benthamiana infected with WT PVX, PVX over-expressing AltMV
TGB3 or AltMV 3–1 over-expressing TGB3 (Lim et al., 2010a), and
processed for embedding according to Lawson and Hearon (1973).
Ultrathin sections were examined with a JEOL 100CX II transmis-
sion electron microscope (JEOL Ltd.) equipped with an AMT HR
digital camera system (Advanced Microscopy Techniques Corp.).

RESULTS
YEAST TWO-HYBRID INTERACTIONS
Several proteins were identified by screening of an Arabidop-
sis cDNA library with AltMV TGB3 as bait; because the PS II
OEC protein, AtPsbO1, showed the strongest interaction (data
not shown), and because we had previously shown that TGB3
localizes to the chloroplast (Lim et al., 2010a), we selected PsbO
for detailed examination. The interactions detected by screening of
the Arabidopsis cDNA library were confirmed using the full-length
AtPsbBO1 and NbPsbO proteins for BiFC.

BIMOLECULAR FLUORESCENCE COMPLEMENTATION ASSAYS
Reciprocal interactions between AltMV TGB3 and AtPsbO1 were
detected by BiFC only when both constructs were expressed with
the eYFP fragment fused to the N-terminus of the test protein.
No interaction was observed when either TGB3 or PsbO1 was
fused upstream of the eYFP fragment, and no homologous TGB3
interaction was observed in any combination (Table 2).

Similar interactions were observed between AltMV TGB3
and both AtPsbO1 and NbPsbO, in A. thaliana and N. ben-
thamiana, respectively, in both epidermal and mesophyll layers
(Figures 1A,D,H,I; and data not shown). As we had previously
demonstrated that N-terminal TGB3 deletions of as much as 16
residues, and C-terminal deletions of at least 11 residues were
still directed to the chloroplast (Lim et al., 2010a), we utilized N-
terminal and C-terminal mutants of TGB3 (Figure 2) in BiFC
experiments to determine which domains of TGB3 were respon-
sible for interaction with both AtPsbBO1 and NbPsbO. In each
case, deletion of the C-terminal 15 residues reduced but did not
eliminate the interaction (Figures 1A,E,J,K), whereas deletion of
N-terminal residues 2–16 essentially eliminated the interaction
with either PsbO (Figures 1C,F).

The interactions of PsbO and either TGB3 (Figures 1D,I) or
C-terminally deleted TGB3 (Figures 1E,K) were clearly localized
around the chloroplasts in the mesophyll layer, with additional
fluorescence at the periphery of the cell. The intimacy of the asso-
ciation with chloroplasts varied between cells; in some cells the
BiFC interaction was clearly localized to the chloroplast enve-
lope, as well as in the cytoplasm surrounding the chloroplasts
[Figures 1Iii, Kii]. Interaction with some chloroplasts showed
a more punctate appearance [Figure 1Iii] similar to that previ-
ously observed with GFP:TGB3 and DsRed:TGB3 fusions (Lim
et al., 2010a), but other chloroplasts in the same cell appeared
to be surrounded by the interaction as seen with C-terminal
fusions of GFP and DsRed to full-length TGB3, TGB3∆N9, and
TGB3∆N16∆C11 (Lim et al., 2010a). Interestingly, epidermal cells
were also labeled by eYFPC155-TGB3/eYFPN173-PsbO interactions
(Figures 1A,B,D,E,H,J) although GFP:TGB3 and DsRed:TGB3

Table 2 | Interactions of AltMVTGB3 and AtPsbO1 as detected by BiFC.

Combination Interaction

TGB3-eYFPC155/AtPsbO1-eYFPN173 −

TGB3-eYFPN173/AtPsbO1-eYFPC155 −

eYFPC155-TGB3/eYFPN173-AtPsbO1 +

eYFPN173-TGB3/eYFPC155-AtPsbO1 +

TGB3-eYFPC155/eYFPN173-AtPsbO1 −

TGB3-eYFPN173/eYFPC155-AtPsbO1 −

eYFPC155-TGB3/AtPsbO1-eYFPN173 −

eYFPN173-TGB3/AtPsbO1-eYFPC155 −

TGB3-eYFPC155/TGB3-eYFPN173 −

eYFPN173-TGB3/eYFPN173-TGB3 −

eYFPC155-TGB3/TGB3-eYFPN173 −

TGB3-eYFPN173/TGB3-eYFPC155 −

fusions were previously found to be essentially absent from
epidermal tissue (Lim et al., 2010a).

In the epidermal cells, the distribution of the BiFC signal was
more dispersed at the periphery of the cells (Figures 1A,E,H,J).
Although globular accretions of BiFC signal observed in epider-
mal cells (Figures 1B,E) appear to be nuclei, no association of
BiFC signal with nuclei could be identified in leaf pieces infiltrated
with DAPI; epidermal aggregations of BiFC signal were instead
observed primarily in curves of the cell wall (Figures 1H,J). These
epidermal aggregates of eYFPN173-PsbO and eYFPC155-TGB3 were
therefore presumed to result from over-expression, rather than to
reflect a specific association with a cellular component, and no
nuclear association could be confirmed. Little PsbO would nor-
mally be expected in the epidermal layer, due to the low frequency
of chloroplasts in this tissue, and no nuclear association of TGB3
has been identified.

Overall, these results suggested that it is the N-terminal domain
of TGB3 which interacts with PsbO. As we have previously demon-
strated that the region between residues 16 and 20 is critical for
chloroplast targeting, and that mutation VL(17,18)AR (Figure 2)
ablates direct chloroplast interaction (Lim et al., 2010a), we next
examined the interaction of TGB3VL(17,18)AR with PsbO. We hoped
to determine whether chloroplast localization is a prerequisite for
interaction with PsbO, or alternatively, whether interaction with
PsbO is required for chloroplast localization of TGB3. No inter-
action was observed between NbPsbO and TGB3VL(17,18)AR in N.
benthamiana (Figure 1G), suggesting that these TGB3 residues (or
at least L18; see below) are critical for the interaction with PsbO
as well as chloroplast localization.

INTERACTION OF GFP:PsbO AND DsRed:TGB3 FUSIONS
GFP:PsbO (NbPsbO) expressed by agroinfiltration of N. ben-
thamiana (with pGDG:PsbO) in the absence of DsRed:TGB3 local-
ized around the chloroplasts of mesophyll cells (Figure 3A, upper),
whereas DsRed:TGB3 (from pGDR:TGB3) localized to the chloro-
plasts as punctate spots (Figure 3A, lower). When GFP:PsbO and
DsRed:TGB3 were co-expressed, almost complete co-localization
was observed in mesophyll cells, apparently at points where two
chloroplasts were in close contact (Figures 3B–D), confirming
the interactions visualized by BiFC. The GFP:PsbO/DsRed:TGB3
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Jang et al. AltMV TGB3 chloroplast interactions

FIGURE 1 | BiFC interactions between AtPsbO1 or NbPsbO and variants
of AltMVTGB3. (A–C) Reactions of AtPsbO1 with TGB3 in epidermal cells of
A. thaliana. (D–K) Reactions of NbPsbO with TGB3 in mesophyll cells of N.
benthamiana. (A,D,H,I) Full-length TGB3. (B,E,J,K) C-terminal deleted TGB3.
(C,F) N-terminal deleted TGB3. (G) TGB3VL(17,18)AR. (H), (i) Full-length TGB3 in
epidermal cells, with nuclei revealed by DAPI staining; and (ii) enlargement of
central area of (i), showing BiFC interaction along cell wall, and absence of
interaction associated with central nucleus (blue). (I) Full-length TGB3 in
mesophyll cells, showing (i), BiFC interaction around chloroplasts; (ii), BiFC
(yellow) channel image of enlarged area of (i) showing punctate interaction on
some chloroplasts, interaction surrounding envelope of other chloroplasts,
and in cytoplasm around chloroplasts; (iii), Red channel, showing chloroplast
autofluorescence of same enlarged area as (ii). (J), (i) C-terminal deleted

TGB3 in epidermal cells, with nuclei revealed by DAPI staining; and (ii)
enlargement of lower left area of (i), showing nucleus (blue) appressed to cell
wall with absence of nuclear-associated BiFC interaction. (K) C-terminal
deleted TGB3 in mesophyll cells, showing (i) BiFC interaction around
chloroplasts; (ii), BiFC (yellow) channel image of enlarged area of (i), showing
interaction at chloroplast envelope as well as in cytoplasm around
chloroplasts; (iii), Red channel (chloroplast autofluorescence) of same
enlarged area as (ii). Note BiFC reaction with full-length and C-terminal
deleted TGB3, and absence of interaction with N-terminal deleted TGB3 or
TGB3VL(17,18)AR. AtPsbO1 and NbPsbO were fused with the N-terminal domain
of YFP in pSPYNE(R)173, while TGB3 variants were fused to the C-terminal
domain of YFP in pSPYCE(MR). Red is chloroplast autofluorescence from
mesophyll cells. Bars=100 µm.
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Jang et al. AltMV TGB3 chloroplast interactions

FIGURE 2 | Amino acid sequence of mutants of AltMVTGB3 used for BiFC reactions. Altered residues are shown in bold and underlined.

FIGURE 3 | Interaction between GFP:PsbO (NbPsbO) and DsRed:TGB3 in
mesophyll tissue of Nicotiana benthamiana. Constructs pGDG:PsbO and
pGDR:TGB3 were infiltrated separately (A), or co-agroinfiltrated (B–D) into
leaves of N. benthamiana and examined by LSCM at 3 dpa. (A) Upper,
GFP:PsbO (shown as green) expressed alone, showing localization around the
chloroplasts, with chloroplast autofluorescence shown in red; lower,
DsRed:TGB3 (shown as red) showing punctate spots associated with
chloroplasts, with chloroplast autofluorescence shown in green. (B–D) The

upper row shows multiple cells with typical morphology of the mesophyll
layer, and red chloroplast autofluorescence. The lower row shows a magnified
image of the area indicated by an arrow in the upper panel. (B) Merge of
DsRed:TGB3 (shown as green) with GFP:PsbO (shown as white) and
chloroplast autofluorescence (red). (C) DsRed:TGB3 (green) and chloroplast
autofluorescence (red). (D) GFP:PsbO (white) and chloroplast
autofluorescence (red). Note co-localization of DsRedD:TGB3 and GFP:PsbO
at areas where chloroplasts appear to be in close contact. Scale bar=50 µm.

interaction was predominantly punctate, by comparison to the
BiFC interaction, which displayed a mix of punctate spots at
the chloroplast surface, distribution surrounding the chloroplast,
and in the adjacent cytoplasm and cell periphery (Figure 1).
This suggests that localization of TGB3 predominates in the
GFP:PsbO/DsRed:TGB3 interaction, whereas PsbO localization
may be dominant in the BiFC interaction.

ELECTRON MICROSCOPY
Plants infected with WT PVX had essentially normal chloro-
plasts (Figure 4A), whereas in plants infected with PVX over-
expressing AltMV TGB3, abnormal chloroplasts with approxi-
mately spherical vesicular invaginations at the peripheral mem-
brane could frequently be found (Figures 4B,C). Similar vesicles
were also observed in chloroplasts of plants infected with AltMV

over-expressing TGB3 (Figure 4D), as could some much larger
vesicles (Figure 5).

Additional types of abnormal chloroplasts were frequently
observed in plants infected with AltMV over-expressing TGB3.
Significant invaginations of cytoplasmic material were found, typ-
ically toward the ends of chloroplasts (Figures 5A–C,E), and in
some instances combined with significant quantities of irregu-
lar small vesicles lacking apparent connection to the chloroplast
peripheral membrane (Figures 5A,D,F). The large invaginations
could either be apparently totally enclosed within the chloro-
plast (Figures 5A,C,E,F), or still obviously connected to the
cytoplasm (Figures 5B,E). In some instances spheroidal micro-
bodies with a paracrystalline appearance were observed in close
proximity to invaginated chloroplasts (Figure 5A); these may rep-
resent peroxisomes. Osmiophilic globules or plastoglobules were
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Jang et al. AltMV TGB3 chloroplast interactions

FIGURE 4 | Cytopathology associated with AltMVTGB3
over-expression. (A) Normal chloroplast in thin section of N. benthamiana
infected with PVX. (B,C) Vesicles (arrows) observed in chloroplast of N.
benthamiana infected with PVX over-expressing AltMV TGB3 as an added
gene. (D) Vesicles (arrows) in chloroplast of N. benthamiana infected with
AltMV over-expressing AltMV TGB3 as an added gene. CW, cell wall; St,
starch. Scale bars in each panel=500 nm.

frequently observed close to abnormal chloroplasts (Figures 5E,F).
In rare instances, chloroplasts with significant long terminal exten-
sions resembling stromules were observed (Figure 5D). Aggre-
gates of virions were occasionally observed near chloroplasts with
large cytoplasmic inclusions, and rarely inside apparently totally
enclosed invaginations (Figure 5E).

SEQUENCE VARIANTS OF TGB3 IN NATURAL AltMV ISOLATES
We have sequenced the TGB3 region of a number of AltMV isolates
from various hosts (Hammond et al., 2006a,b; Lim et al., 2010b;
J. Hammond and M. D. Reinsel, unpublished data) and the full
sequence of a European portulaca isolate is also available (Ivanov
et al., 2011). There are multiple TGB3 amino acid differences
between these isolates (Figure 6), so we expressed each variant
TGB3 sequence as an added gene from a PVX vector as previously
described (Lim et al., 2010a) in N. benthamiana. Plants infected
with AltMV 4–7 (Lim et al., 2010b), WT PVX, or PVX separately
expressing each TGB3 variant were transferred at 7 dpi to be grown
in either light (16 h/8 h diurnal cycle) or constant dark conditions
for six further days. Plants infected with AltMV showed somewhat

FIGURE 5 | Abnormal chloroplast morphology observed in N.
benthamiana infected with AltMV over-expressingTGB3 as an added
gene. (A) Large invagination and multiple vesicles present at end of a
chloroplast, with an adjacent paracrystalline microbody that may be a
peroxisome. (B) Large invagination open to cytoplasm near one end of a
chloroplast. (C) Large apparent cytoplasmic invagination at one end of a
chloroplast. (D) Stromule-like extension (white arrow) from the end of a
chloroplast. (E) Two large invaginations of cytoplasmic material into a
chloroplast. Note apparent virion aggregates inside apparently fully
enclosed area, and larger virion aggregates near invagination open to
cytoplasm. (F) Chloroplast with two large apparently closed cytoplasmic
invaginations, and multiple small vesicles in constricted region adjacent to
possible TGB1 aggregate. CW, cell wall; Mb, microbody or peroxisome; MT,
mitochondrion; Os, osmiophilic globule or plastoglobule; rER, rough
endoplasmic reticulum; V, virion aggregates: arrows indicate areas of small
vesicles. Scale bars in each panel=500 nm.

more severe symptoms after dark growth than in light (Figure 7A),
while plants infected with PVX over-expressing TGB3 variants
grown under dark conditions showed significantly more severe
symptoms than plants maintained in the light (Figures 7B–G);
plants infected with WT PVX showed milder, similar symptoms
than AltMV-infected plants under both light and dark conditions
(Figure 7H). As previously noted (Lim et al., 2010a) with plants
infected with PVX(TGB3 AltMV+) and grown under normal light
conditions, more severe symptoms including veinal-associated
necrosis occurred (Figure 8A). Significantly fewer chloroplasts
were observed by confocal microscopy in plants in which AltMV
TGB3 variants were over-expressed, compared to plants infected
with PVX (Figures 8B,C); the difference was greater for plants
grown in the dark, but no correlation with specific amino acid
substitutions was obvious (data not shown).

Comparison of the TGB3 sequences of different AltMV isolates
revealed that AltMV-CIN (from cineraria) and AltMV-PLR (from
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Jang et al. AltMV TGB3 chloroplast interactions

FIGURE 6 | Alignment ofTGB3 amino acid sequences of different AltMV
isolates. Residues that differ from the consensus of phlox-derived isolates
are highlighted; AltMV isolates CIN, PLR, Po57, MU, and Po are
“portulaca-type” isolates that are also differentiated from “phlox-type”
isolates by differences in the CP amino acid sequence (J. Hammond and M.

Reinsel, unpublished data). The GenBank accession numbers of the isolates
are: AltMV 3–1, GQ179646; AltMV 4–7, GQ179647; AltMV-SP, AY850931;
AltMV-BR, AY850628; AltMV-PA, AY863024; AltMV-PGL, JQ405265;
AltMV-NAN, JQ405267; AltMV-CIN, JQ405268; AltMV-PLR, JQ405266;
AltMV-Po57, JQ405269; AltMV-MU, FJ822136; AltMV-Po, AY850930.

AltMV 4-7 PVX-CINTGB3-AltMV PVX-NANTGB3-AltMV PVX-PGLTGB3-AltMV PVX-PLRTGB3-AltMV PVX-PoTGB3-AltMV PVX-Po57TGB3-AltMV PVX 
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FIGURE 7 | Effect of growth in the dark on symptom severity in plants
over-expressing AltMVTGB3 variants from a PVX vector. Starting at 7 days
after inoculation, N. benthamiana plants infected with AltMV 4–7, WT PVX, or
PVX(TGB3 AltMV+) variants were incubated for 6 days under either diurnal
light or constant dark conditions. Upper row – plants grown in light; Lower
row – plants grown in dark. (A) AltMV 4–7 (positive control). (B)

PVX-CINTGB3-AltMV. (C) PVX-NANTGB3-AltMV. (D) PVX-PGLTGB3-AltMV. (E)
PVX-PLRTGB3-AltMV. (F) PVX-PoTGB3-AltMV. (G) PVX-Po57TGB3-AltMV. (H) WT PVX
(negative control). Note increased severity of symptoms in dark-grown plants
over-expressing AltMV TGB3 variants, with collapse of apical leaves, whereas
AltMV 4–7 (A) shows slightly more severe symptoms, and WT PVX (H)
shows minimal increase in symptom severity compared to light-grown plants.

hybrid annual phlox) both have an alanine residue at position 17
(Figure 6). This is of interest because mutant TGB3VL(17,18)AR (see
Figure 2) failed to accumulate at the chloroplast (Lim et al., 2010a),
and failed to interact detectably with PsbO in BiFC (Figure 3). The
occurrence of A17 in these two isolates suggests that it is L18 that
is critical to chloroplast localization.

DISCUSSION
AltMV TGB3 LOCALIZATION
Alternanthera mosaic virus TGB3 is a multifunctional protein,
associated with both intra- and intercellular local movement, and
with systemic movement; an infectious clone unable to produce
TGB3 as a result of a premature stop codon is able to replicate and
spread to a few adjacent epidermal cells, but not to move to the
mesophyll (Lim et al., 2010a). TGB3 is therefore not absolutely
required for replication, but the limited epidermal movement

distinguishes the TGB3 mutant from clones unable to express
either TGB2, or CP, which were unable to spread beyond the
initially infected cell (Lim et al., 2010a), as previously noted for
similar mutants of White clover mosaic virus, PVX, and BaMV
(Beck et al., 1991; Lough et al., 2000; Lin et al., 2006). It has yet
to be demonstrated whether AltMV TGB2 and TGB3 interact, as
has been demonstrated with those of PVX (Samuels et al., 2007),
BaMV (Lee et al., 2010), and some other TGB-expressing viruses
(e.g.,Solovyev et al.,2000; Cowan et al.,2002; Lim et al.,2008). PVX
TGB3 has been shown to co-localize with the viral replicase at the
ER in membrane-bound structures (Bamunusinghe et al., 2009),
while AltMV TGB3 localizes to chloroplast membranes which may
be the main site of AltMV replication, as the chloroplast membrane
is the preferential site of virus accumulation (Lim et al., 2010a).

Whereas PVX TGB3 has been shown to localize to granu-
lar vesicles that also contain TGB2 (Schepetilnikov et al., 2005;
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FIGURE 8 | Reduced chloroplast survival in plants with AltMVTGB3
over-expressed from the PVX genome. Plants of N. benthamiana were
inoculated with WT PVX, or PVX over-expressing AltMV TGB3, and grown
under normal diurnal lighting. (A) Mild mosaic symptoms of WT PVX (left)
and more severe symptoms including veinal necrosis induced by PVX

over-expressing AltMV TGB3 (right). (B) LSCM visualization of chloroplast
autofluorescence in the mesophyll layer of indicated area of leaf infected
with PVX. (C) Significantly reduced chloroplast autofluorescence in
indicated region of leaf infected with PVX over-expressing AltMV TGB3.
Scale bar=200 µm.

Samuels et al., 2007; Ju et al., 2008) and with replicase at spherical
bodies along the ER (Bamunusinghe et al., 2009), both N- and C-
terminal AltMV TGB3 fluorescent fusion proteins localized to the
chloroplast, and localization was not affected by co-expression of
free TGB2, TGB3, or TGB2+TGB3 (Lim et al., 2010a). Similarly,
no TGB3 self-interaction was detected in BiFC (this study); thus
unlike BaMV TGB3 (Lee et al., 2010), there is as yet no evidence
for AltMV TGB3 self-interaction. Agroinfiltrated PVX GFP:TGB3
and DsRed:TGB3 were localized primarily at the periphery of epi-
dermal cells, while AltMV TGB3 fusions were observed almost
exclusively in the mesophyll in association with the chloroplasts
when agroinfiltrated under the same conditions (Lim et al., 2010a).
It is the N-terminal domain of AltMV TGB3 that is critical for
chloroplast targeting, even when fused downstream of GFP or
DsRed. Mutation of TGB3 residues VL(17,18)AR was sufficient
to ablate chloroplast targeting and allow accumulation at the
periphery of epidermal cells, and in the context of an infectious

clone yielded a virus unable to move beyond the epidermal layer
(Lim et al., 2010a). There was therefore strong evidence of a link
between TGB3 and the chloroplast, which is necessary for systemic
movement of AltMV.

The chloroplast association was further demonstrated by over-
expression of AltMV TGB3 from either AltMV or PVX; plants
infected with either virus over-expressing TGB3 developed more
severe symptoms, including veinal necrosis. In N. tabacum, a
non-host of AltMV, PVX over-expressing AltMV TGB3 induced
necrotic local lesions rather than the chlorotic local lesions induced
by WT PVX, whereas PVX TGB3 over-expressed from AltMV in
N. benthamiana did not increase symptom severity (Lim et al.,
2010a). Chloroplast invaginations similar to those reported with
plants infected by TYMV (Ushiyama and Matthews, 1970) were
observed in N. benthamiana infected with either AltMV or PVX
over-expressing AltMV TGB3, and fewer intact chloroplasts were
observed in plants infected with PVX over-expressing AltMV
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TGB3 than in controls infected with WT PVX (Lim et al., 2010a;
and this study); the observed chloroplast destruction mirrors that
reported for TYMV under normal light conditions by Chalcroft
and Matthews (1966).

PsbO LOCALIZATION AND FUNCTIONS
It was therefore of considerable interest when we identified an
interaction between AltMV TGB3 and AtPsbO1 by screening an
A. thaliana cDNA library by the Y2H method, as PsbO is a
nuclear-encoded major component of the chloroplast-localized
OEC of PS II (Tyagi et al., 1987). We also cloned a PsbO gene
from N. benthamiana, based on the sequence determined by Sui
et al. (2006), and confirmed interaction between TGB3 and both
AtPsbO1 and NbPsbO by BiFC; the BiFC results clearly demon-
strate co-localization of TGB3 and PsbO surrounding chloroplasts
in mesophyll cells.

The chloroplast-localized interaction of TGB3 and PsbO
observed by BiFC was confirmed by the co-localization of
DsRed:TGB3 with GFP:PsbO; interestingly the siting of the inter-
action between appressed chloroplasts is similar to the observation
of chloroplast clumping caused by TYMV infection (Chalcroft
and Matthews, 1966), although in the current instance in the
absence of viral infection and other viral proteins. As DsRed:TGB3
expressed alone induced punctuate spots, whereas GFP:PsbO
expressed alone accumulated surrounding the chloroplasts, per-
haps the interaction draws the chloroplasts together and creates
a more favorable environment for replication complexes to be
protected from host defenses.

While Sui et al. (2006) were aware that N. tabacum has mul-
tiple copies of the psbO gene, only one copy was cloned from N.
benthamiana until Pérez-Bueno et al. (2011) cloned four isoforms
and demonstrated that only three amino acids differ between the
mature forms of NbPsbO1 and NbPsbO2; two further residues dif-
fer between the 85-residue signal peptides of these isoforms. The
NbPsbO of Sui et al. (2006) is identical to NbPsbO2 (Pérez-Bueno
et al., 2011) except for the third residue of the signal peptide (Ala,
Val, and Thr in NbPsbO, NbPsbO1, and NbPsbO2, respectively),
as a consequence of the NbPsbO PCR primer designed on the
basis of N. tabacum PsbO (Sui et al., 2006); our construct is there-
fore essentially equivalent to NbPsbO2. NbPsbO1 and NbPsbO2
are presumed to have different functionality than NbPsbO3 and
NbPsbO4 (Pérez-Bueno et al., 2011), as reported for AtPsbO1 and
AtPsbO2 in Arabidopsis due to three specific amino acid differ-
ences in the C-terminal domain (Murakami et al., 2005; Lundin
et al., 2007a,b). In Arabidopsis, PsbO2 has threefold higher GTPase
activity that PsbO1,whereas PsbO1 is expressed at higher levels and
supports PS II activity better under high light conditions; AtPsbO2
is also known to regulate dephosphorylation and turnover of PS II
reaction center D1 protein (Lundin et al., 2007a, 2008). However,
comparison of Arabidopsis and NbPsbO amino acid sequences
shows multiple differences between both of the Arabidopsis pro-
teins and all of the N. benthamiana homologs (Pérez-Bueno et al.,
2011), such that functional differences between NbPsbO isoforms
cannot be readily predicted from the sequences. Further work with
different isoforms of NbPsbO will be necessary to identify possi-
ble differences in interaction with AltMV TGB3. It is possible that
TGB3 may interact with all isoforms; there are limited amino acid

differences between isoforms (95–96% identity), although some
of these differences may affect binding between PsbO and PsbP,
or GTP binding (Pérez-Bueno et al., 2011). Only one GTP motif
residue, in motif G1, differentiates NbPsbO2 from the other iso-
forms, whereas the G2/G3 motif is identical in all isoforms, and
the G4 motif is GKPE in NbPsbO1/2, and GKPD in NbPsbO3/4,
as in AtPsbO1 and AtPsbO2, respectively.

The extrinsic proteins of PS II have recently been reviewed by
Bricker et al. (2012): PsbO binds GTP with high affinity and func-
tions as a GTPase; in this role it may control the phosphorylation
state of D1 (the chloroplast-encoded core protein of PS II), which
is coupled to efficient PS II cycling. PsbO may therefore impose
important regulatory controls on photosynthesis; different iso-
forms may exert differential function, and depletion of one PsbO
isoform may have a different effect than depletion of another. In
Arabidopsis, PsbO1 primarily supports normal oxygen evolution,
while PsbO2 regulates the phosphorylation state and turnover
of D1; AtPsbO2 has substantially higher GTPase activity, while
functioning poorly in support of oxygen evolution. PsbO is also
generally assumed to be required for PsbP binding, while PsbP
is required for the association of PsbQ to PS II. The chloroplast-
encoded PS II intrinsic core protein D1 is light-regulated, and
translation is controlled by signals initiated by both PS I and PS II
(Trebitsh and Danon, 2001).

PsbO is nuclear-encoded, and is directed to the chloroplast by
an 85-residue signal peptide which is cleaved from the mature pro-
tein prior to localization of PsbO in the thylakoid lumen. Within
the thylakoid lumen, PsbO is proposed to stabilize the dimeric
structure of the PS II complex, and also to bind and hydrolyze GTP.
PsbO is known to dissociate from its docking site upon photoin-
activation of PS II electron transport, and can be released under
non-inhibitory light conditions as well as at pH 6.0 in darkness;
GTP stimulates light-induced release of PsbO from inactivated PS
II complexes, resulting in degradation of the PS II reaction center
protein D1. GTP binding and hydrolysis occur readily in dark-
ness, potentially releasing PsbO from the luminal surface of PS II
(see Lundin et al., 2007b). The D1 protein is located in the thy-
lakoid stromal membrane, and rapid turnover of dissociated D1
requires the incorporation of freshly synthesized D1 to rebuild PS
II. PsbO is thus an important regulator of D1 protein turnover
(Lundin et al., 2008), and is the minimal and most crucial luminal
extrinsic component for an adequate function of water oxidation
to molecular oxygen in PS II (Lundin et al., 2007b).

CAUSES AND EFFECTS OF CHLOROPLAST DAMAGE
In the current study we over-expressed multiple natural vari-
ants of AltMV TGB3 from PVX, and examined chloroplasts in
leaves of plants grown either under diurnal lighting, or in con-
tinuous darkness. Whereas PVX-infected controls showed little
difference between light- and dark-grown plants, all plants over-
expressing AltMV TGB3 variants showed more severe symptoms
than WT PVX in light conditions, and additionally caused signifi-
cant chloroplast damage and tissue collapse under dark conditions.
One possible explanation for this observation is that cytoplasmic
interaction of TGB3 and PsbO interferes with the recruitment
of fresh PsbO to the chloroplast and PS II, affecting turnover of
D1, further destabilizing the thylakoids and PS II, and leading to
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subsequent chloroplast disruption. Neither infection by WT PVX
under either light or dark conditions, nor the over-expression of
TGB3 under light conditions, is sufficient to cause severe symp-
toms or major chloroplast damage. The lack of light-induced
expression of D1 when plants were grown in the dark, in combina-
tion with inhibition of PsbO recruitment to the thylakoids, is the
probable cause of the observed severe symptoms and chloroplast
destruction.

Further investigation is needed to examine the effects of these
treatments on relative levels of different chloroplast proteins, and
in particular on the ratios of PsbO to PsbP and PsbQ, and to
D1. Differential effects on components of the PS II complex have
been reported with other viruses, at least partially correlating with
tobamovirus and cucumovirus symptom severity in N. tabacum
and N. benthamiana (Takahashi et al., 1991; Takahashi and Ehara,
1992; Rahoutei et al., 2000; Pérez-Bueno et al., 2004; Sui et al.,
2006); however, all components of the PS II complex were depleted
in N. tabacum infected with the flavum (yellowing) strain of TMV
(Lehto et al., 2003). Interestingly, silencing of psbO resulted in a
10-fold increase in TMV accumulation, whereas infection with
TMV normally down-regulated PsbO mRNA levels suggesting the
possibility that inhibition of the OEC and PS II optimizes condi-
tions for infection by suppressing basal plant defense mechanisms
(Abbink et al., 2002). It will be of interest to see whether VIGS of
psbO will increase accumulation of AltMV as observed for TMV
(Abbink et al., 2002), or decrease accumulation as reported with
PVX when plastocyanin expression was reduced (Qiao et al., 2009),
or for BaMV when cPGK was silenced (Lin et al., 2007).

Although over-expression of AltMV TGB3 clearly has a signif-
icant effect on chloroplast survival (causing veinal necrosis and
reduced chloroplast numbers, especially under dark conditions),
the mechanism is not clear. Damage to the chloroplasts may sup-
press the plant’s basal defense mechanisms, allowing the virus to
replicate unhindered; however, overall levels of virus replication
appear little altered, as replication of neither AltMV nor PVX
over-expressing AltMV TGB3 was obviously enhanced (Lim et al.,
2010a). Whereas we have established a clear interaction between
PsbO and TGB3, and demonstrated that the N-terminal domain
of TGB3 is required for the interaction, we have yet to determine
which domains of PsbO are involved, and exactly where the inter-
action occurs, as visualization at the chloroplast does not preclude
PsbO from acting to transport TGB3 to the chloroplast. The N-
terminal domain of TGB3 contains signals required for chloroplast
localization, and mutation of VL(17,18)AR is sufficient to prevent
both chloroplast attachment and to restrict movement of other-
wise infectious AltMV to a few cells within the epidermis (Lim
et al., 2010a), as well as essentially abolishing the BiFC interaction
with PsbO (this work). It should be noted that the N-terminal
domain of TGB3 containing the chloroplast localization sequence
is highly constrained as it overlaps with the C-terminus of TGB2
in a different reading frame, and that the TGB3VL(17,18)AR mutant
maintains the WT TGB2 amino acid sequence (Lim et al., 2010a).
Because TGB3VL(17,18)AR neither localizes to the chloroplast (Lim
et al., 2010a), nor interacts with PsbO, we were unable to dis-
tinguish between the possibilities that chloroplast localization of
TGB3 is required for interaction with PsbO, or that PsbO inter-
action is necessary for targeting of TGB3 to the chloroplast. In

future work we will determine whether TGB3 interacts with the
PsbO signal peptide or with the mature protein.

POTENTIAL PsbO INTERACTION DOMAINS
Alignment of AtPsbO and NbPsbO variants shows that there are
many differences within the signal peptide domain, except for 15
fully conserved residues immediately upstream of the cleavage site,
whereas there is a high degree of identity throughout the mature
PsbO peptide (Pérez-Bueno et al., 2011; and data not shown).
It is therefore most likely that TGB3 interacts with the func-
tional portion of PsbO rather than the signal peptide, although
the localization of the interaction is not yet known. In contrast,
it has been demonstrated that PVX CP interacts specifically with
the transit peptide of plastocyanin (Qiao et al., 2009), a nuclear-
encoded chloroplast protein involved in PS I and accumulating in
the thylakoid lumen (Lawrence and Kindle, 1997); plastocyanin
precursor protein may therefore target PVX CP to the chloroplast,
but whether plastocyanin is also sufficient to act as a carrier to
transport CP into the organelle is not clear (Qiao et al., 2009). Our
evidence to date suggests that TGB3 remains outside the chloro-
plast membrane (Lim et al., 2010a). As TGB3 does not have a
canonical signal sequence, it is possible that interaction of TGB3
with PsbO results in transport of TGB3 to the chloroplast, where
electron microscopy suggests that invaginations result from TGB3
insertion forming protrusions into, rather than across, the chloro-
plast membrane (Lim et al., 2010a). It is notable that BaMV TGB3
has been shown to localize to curved domains of the cortical ER
(Lee et al., 2010), and that a sorting signal critical for targeting of
BaMV TGB3 to punctae within curved ER tubules has been iden-
tified; however, while BaMV TGB3 targets curved domains of the
ER, it is unable to shape the ER (Wu et al., 2011).

FUNCTIONS OF VIRAL:CHLOROPLAST INTERACTIONS
The TGB proteins are often considered to interact with each other
in order to transport viral RNA between cells via the plasmod-
esmata, supported by the ability to exchange the complete TGB
to produce functional hybrid viruses, and multiple reports of
co-localization of TGB2 and TGB3 (e.g., Solovyev et al., 2000;
Morozov and Solovyev, 2003; Verchot-Lubicz, 2005; Samuels et al.,
2007). TGB3 and the replicase of PVX have been shown to co-
localize in membrane-bound spherical bodies including the ER
marker BiP, at an early stage of infection (Bamunusinghe et al.,
2009). More recently, PVX TGB1 has been demonstrated to reor-
ganize actin and endomenbranes into the X-body, which was
also shown to include CP, granular vesicles containing TGB2 and
TGB3, and non-encapsidated viral RNA (Tilsner et al., 2012).
While the presence of the replicase itself was not directly demon-
strated, the TGB2/TGB3 granular vesicles have previously been
associated with replicase and ribosomes (Ju et al., 2005; Bamunus-
inghe et al., 2009), and the X-body is presumed to be the viral
replication “factory” (Tilsner et al., 2012). Whereas Golgi bod-
ies were found within the X-bodies (Tilsner et al., 2012), the
inclusion of chloroplasts was not noted. Yan et al. (2012) fur-
ther examined aggregates of PVX TGB1/TGB2/TGB3, confirming
the close association of the TGB proteins, without any chloroplast
association. Chloroplasts were also not obviously associated with
perinuclear ER-derived membrane aggregations in cells infected
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with the comovirus Cowpea mosaic virus (CPMV; Carette et al.,
2000) or the nepovirus Grapevine fanleaf virus (GFLV; Ritzenthaler
et al., 2002).

In contrast to the situation with PVX, CPMV, and GFLV, the
potyvirus TuMV has been shown to recruit ER membranes and
chloroplasts sequentially through the action of 6K2-containing
membranous vesicles, which aggregate and induce invaginations
at the chloroplast membrane (Wei et al., 2010). Further examina-
tion of this system revealed perinuclear globular structures that
included ER, Golgi bodies, COPII coatamers, and chloroplasts as
well as viral proteins (Grangeon et al., 2012).

Manfre et al. (2011) summarize a number of studies suggesting
that the chloroplast plays an important cellular role during viral
invasion, which might include the location of viral replication,
or activity in host defenses. As AltMV TGB3 is part of the viral
movement complex, and AltMV replication is associated with the
chloroplast (Lim et al., 2010a), both of these roles may be rele-
vant. A number of viruses have been shown to repress expression
of multiple nuclear-encoded chloroplast proteins (Dardick, 2007;
Shimizu et al., 2007; Yang et al., 2007), and multiple chloroplast
proteins interact with various potyviral proteins in Y2H screens,
indicating that many viruses disrupt or modify chloroplast struc-
ture or function while establishing infection (Manfre et al., 2011).
Whether such interactions interfere with host defenses to promote
systemic susceptibility is still unclear, but it has been proposed
that the chloroplast plays a critical role in host defense (Genoud
et al., 2002; Griebel and Zeier, 2008) and that viral interactions
with the chloroplast may interfere in defense signaling (Abbink
et al., 2002; Lehto et al., 2003). Manfre et al. (2011) showed
that silencing of several individual photosynthetic proteins led
to increases in numbers of TuMV infection foci compared to con-
trols, suggesting that a general effect on photosynthetic capacity
or chloroplast function influences host susceptibility; infections
under low light also resulted in increased numbers of infection
foci and increased rate of systemic movement. Treatment with the
chloroplast protein synthesis inhibitor Lin increased both numbers
of foci and rate of systemic movement even under light condi-
tions, indicating that the photosynthetic or energy-production
functions of the chloroplast are essential for plant defense mecha-
nisms (Manfre et al., 2011). Although salicylic acid (SA)-mediated
host defense mechanisms are light-dependent, and SA is thought
to be synthesized in the chloroplast, no direct relationship could
be demonstrated between SA and numbers of TuMV infection
foci; an alternative hypothesis that light and chloroplast function
influence the ability of viruses to establish replication centers was
considered (Manfre et al., 2011). TuMV has indeed recently been

shown to establish replication complexes at the outer membrane
of the chloroplast (Wei et al., 2010), as AltMV is also believed
to do, in part through the interaction of TGB3 at the chloro-
plast (Lim et al., 2010a). The interaction of TGB3 with PsbO
may thus both interfere with the host basal defenses, and establish
the location for the AltMV replication complex at the chloroplast
surface.

DIFFERENCES BETWEEN AltMV AND PVX
Alternanthera mosaic virus is a member of the genus Potexvirus, yet
has several clear differences from the type member, PVX. AltMV
TGB3 agroinfiltrated alone is targeted to the mesophyll and specif-
ically to the chloroplast (Lim et al., 2010a), whereas PVX TGB3 is
targeted to the ER (Ju et al., 2008), and accumulates primarily in
the epidermis (Lim et al., 2010a). Fluorescence in situ hybridiza-
tion to AltMV-infected leaf sections revealed that AltMV RNA was
primarily associated with chloroplasts in the mesophyll, with lit-
tle signal from either epidermis (Lim et al., 2010a), whereas PVX
has no obvious reported association with chloroplasts. No beaded
sheets of TGB1 are readily discernible in AltMV-infected tissue,
whereas the beaded sheets of PVX TGB1 are characteristic and
easily detected (e.g., Davies et al., 1993). In contrast, paracrys-
talline inclusions are frequently observed in both the nucleus
and cytoplasm of AltMV-infected cells (J. Hammond, H.-S. Lim,
and M. M. Dienelt, unpublished data) and these may represent
aggregates of TGB1; GFP-TGB1 aggregates in both the cytoplasm
and nucleus (Lim et al., 2010c). Further work will be required to
determine whether AltMV replication complexes are indeed asso-
ciated with the chloroplast rather than the nucleus (as for TYMV;
Prod’Homme et al., 2001, 2003), or incorporate chloroplasts in
association with the nucleus (as for TuMV; Grangeon et al., 2012).
Considering the differences in subcellular localization of TGB3, in
TGB2/TGB3 interactions, in TGB1 subcellular organization, and
apparent sites of replication, there is much to be learned by further
comparison of AltMV and PVX. It will also be of interest to further
examine the host proteins interacting with the respective viral pro-
teins, to determine the common features and further differences
between these two members of the genus Potexvirus.
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The potato mop-top virus (PMTV) triple gene block 2 (TGB2) movement proteins fused
to monomeric red fluorescent protein (mRFP-TGB2) was expressed under the control
of the PMTV subgenomic promoter from a PMTV vector. The subcellular localizations
and interactions of mRFP-TGB2 were investigated using confocal imaging [confocal
laser-scanning microscope, (CLSM)] and biochemical analysis. The results revealed
associations with membranes of the endoplasmic reticulum (ER), mobile granules, small
round structures (1–2 μm in diameter), and chloroplasts. Expression of mRFP-TGB2 in
epidermal cells enabled cell-to-cell movement of a TGB2 defective PMTV reporter clone,
indicating that the mRFP-TGB2 fusion protein was functional and required for cell-to-cell
movement. Protein-lipid interaction assays revealed an association between TGB2 and
lipids present in chloroplasts, consistent with microscopical observations where the
plastid envelope was labeled later in infection. To further investigate the association of
PMTV infection with chloroplasts, ultrastructural studies of thin sections of PMTV-infected
potato and Nicotiana benthamiana leaves by electron microscopy revealed abnormal
chloroplasts with cytoplasmic inclusions and terminal projections. Viral coat protein (CP),
genomic RNA and fluorescently-labeled TGB2 were detected in plastid preparations
isolated from the infected leaves, and viral RNA was localized to chloroplasts in infected
tissues. The results reveal a novel association of TGB2 and vRNA with chloroplasts, and
suggest viral replication is associated with chloroplast membranes, and that TGB2 plays a
novel role in targeting the virus to chloroplasts.

Keywords: PMTV, TGB2, viral RNA, replication, chloroplasts, inclusions

INTRODUCTION
Plant viral genomes are relatively small and most comprise
positive-sense, single-stranded RNAs that encode a few multi-
functional proteins. RNA viruses replicate in association with
various cellular membranes including those of the endoplasmic
reticulum (ER), mitochondria, peroxisomes, vacuole, and chloro-
plasts (reviewed by Ahlquist et al., 2003; Salonen et al., 2005;
Harries et al., 2010; Laliberté and Sanfaçon, 2010). Targeting of
viral replication machinery to particular compartments by virus-
encoded, non-structural proteins that associate with specific
organellar membranes, can lead to the formation of membrane-
bound, cytosolic viral replication complexes (VRCs). For those
viruses, such as potato mop-top virus (PMTV), where the coat
protein (CP) is not required for cell-to-cell or systemic movement
(Torrance et al., 2009), different membranes may be involved in
replication and movement of the viral ribonucleoprotein (vRNP)
complex and virions. In addition, plant viruses encode one or
more movement proteins to facilitate the spread of infection
throughout the plant (reviewed by Lucas, 2006; Taliansky et al.,
2008; Schoelz et al., 2011). It is becoming apparent that some

movement proteins are multi-functional, playing additional roles
in virus replication, counter defense and pathogenicity, as well as
in viral genome transport (Scholthof, 2005; Lucas, 2006; Torrance
et al., 2006).

PMTV, the type species of the genus Pomovirus is a tubular
rod-shaped virus with a tripartite, positive-sense, single-stranded,
RNA genome. The PMTV genome contains a module of three
overlapping open reading frames (ORFs) encoding the triple gene
block proteins (TGB), that are required for virus movement.
The TGB module is found in nine genera of plant viruses and
previously was classified into two broad groups: potex-like and
hordei-like (reviewed by Morozov and Solovyev, 2003). However,
research has shown that there are some differences in functional
properties and this has led to a revision and re-classification
into three groups: potex, hordei, and pomovirus (Verchot-Lubicz
et al., 2010). The TGB of PMTV represents the Pomovirus group.
In all groups, the three TGB movement proteins act in a coordi-
nated manner, and all are required for cell-to-cell and systemic
movement of the viral genomes. The hordei- and pomo-like TGB
viruses are differentiated from the potex-like viruses by their
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larger TGB1 containing an N-terminal domain of variable mass
in addition to the helicase domain, the TGB3 which contains two
predicted transmembrane domains and the CP is not needed for
systemic movement. Furthermore, there is increasing evidence
that there are subtle differences in the sub-cellular localizations
of the TGB proteins between the hordei-, pomo-, and potex-
like groups which may indicate differences in functional roles
(Haupt et al., 2005; Ju et al., 2005, 2007; Verchot-Lubicz, 2005;
Torrance et al., 2006; Lim et al., 2009; Tilsner et al., 2010; Wright
et al., 2010). In this paper we focus on the pomovirus PMTV
TGB2. The current model for the coordinated action of the TGB
proteins is that TGB1 interacts with viral RNA, forming a ribonu-
cleoprotein vRNP movement complex that exits the cell, and
that the TGB1/vRNP complex requires the integral membrane
proteins TGB2 and TGB3 for localization to the plasma mem-
brane and plasmodesmata (PD; Zamyatnin et al., 2004; Lucas,
2006; Lim et al., 2008; Verchot-Lubicz et al., 2010). Studies using
TGB2 and TGB3 fused to fluorescent proteins and expressed from
the cauliflower mosaic virus 35S (35S) promoter have revealed
that they co-localize in cellular membranes and mobile gran-
ules and utilize the actin-ER network to facilitate movement to
the cell periphery and PD (Gorshkova et al., 2003; Haupt et al.,
2005). PMTV TGB2 and TGB3 contain vesicle-targeting and PD-
targeting signals respectively, enabling them to associate with
components of the endocytic pathway (Haupt et al., 2005; Tilsner
et al., 2010). Although TGB2 and TGB3 can both increase the
size exclusion limit (SEL) of PD, there is no evidence that they
are independently capable of trafficking between cells (Haupt
et al., 2005). The properties of PMTV TGB2 differ from those of
hordeivirus TGB2 proteins reported to date in that it binds RNA
in a sequence non-specific manner (Cowan et al., 2002) but is
not required for RNA replication, can increase PD SEL indepen-
dently (Haupt et al., 2005), and it associates with components of
the endosomal network (Haupt et al., 2005).

There have been many reports of plastids as possible sites of
virus replication. The turnip mosaic potyvirus (TuMV) has been
shown to sequentially recruit the ER and chloroplasts for genome
replication, and the 6K protein, which induces ER-derived vesi-
cles, viral RNA and replicase components have all been found
associated with invaginations of the plastid envelope (Jakubiec
et al., 2004; Wei et al., 2010). Chloroplasts are also amalga-
mated into perinuclear bodies containing other organelles and
viral proteins in TuMV-infected tissue (Grangeon et al., 2012).
For turnip yellow mosaic virus (TYMV), virus particles, the repli-
case protein, CP and viral RNA have all been found associated
with cytoplasmic inclusions that form at the periphery of chloro-
plasts and have been proposed to be the sites of RNA replication
and viral encapsidation (Ushiyama and Matthews, 1970; Hatta
et al., 1973; Hatta and Matthews, 1974, 1976; Prod’homme et al.,
2001, 2003). Barley stripe mosaic virus (BSMV), closely related
to PMTV, also causes invaginations in chloroplast membranes
which contain virions (Carroll, 1970; McMullen et al., 1978)
and viral proteins TGB2 and γb (Torrance et al., 2006), sug-
gesting that plastids are possible sites of BSMV replication and
virion assembly (Lin and Langenberg, 1984, 1985). The TGB3
protein of Alternanthera mosaic virus (AltMV) has also been
shown to target to chloroplasts and the targeting is required

for both efficient cell-to-cell and long-distance movement of
that virus (Lim et al., 2010). Ultrastructural changes and pro-
duction of peripheral vesicles in chloroplasts have also been
found for a wide range of other plant viruses although direct
evidence of viral replication or assembly has not always been
detected.

To date, the published experimental data describe the local-
izations of PMTV TGB2 when expressed from the 35S promoter.
This paper presents results of localization studies of proteins
expressed from a viral subgenomic promoter in a virus con-
text and establishes the functionality of the mRFP-TGB2 fusion
protein in facilitating cell-to-cell movement. The confocal laser-
scanning microscopy results are supported by biochemical and
ultra-structural studies of PMTV-infected tissues which reveal
that PMTV infection induces chloroplast abnormalities and that
viral CP, RNA, and TGB2 are associated with chloroplasts.
Collectively, the results allow us to hypothesize that chloroplasts
may be sites of virus replication and possibly encapsidation, and
that TGB2 may play a role in directing movement of both viral
RNP complexes and virions.

MATERIALS AND METHODS
PLANT MATERIAL
Nicotiana benthamiana plants were grown from virus-free seed
stocks maintained at The James Hutton Institute (JHI, UK) and
sown in 10 cm diameter pots in a compost mix containing: 66%
(v/v) Irish moss peat, 28% (v/v) Vermiculite, 6% (v/v) Pavoir
sand, 0.14% (w/v) magnesium limestone, 0.14% (w/v) calcium
limestone, 0.17% (w/v) Sincrocell controlled release fertilizer
(William Sinclair Horticulture Ltd, Lincoln, UK), 0.08% (w/v)
Osmocote Start fertilizer (Scotts, Humberside, UK) and 0.03%
(w/v) Celcote wetting agent (LBS Horticulture, Lancashire, UK)
and growth of plants was maintained in a glasshouse with a day-
time temperature of 26◦C and night time of 22◦C. The daytime
light intensity varied between 400 and 1000 μmol m−2 sec−1 with
a mean day length of 16 h. Transgenic N. benthamiana plants
expressing ER-targeted GFP (35S::mGFP5ER-HDEL) were a gift
from Jim Haseloff (Haseloff et al., 1997) and grown under the
same conditions as above.

TRANSIENT EXPRESSION PLASMIDS
The 35S::mRFP-TGB2 vector used by Haupt et al. (2005) con-
tained the gene encoding PMTV TGB2 fused to the 3′-end of
the mRFP ORF and placed under control of the 35S promoter
in the plasmid vector pRTL2. This plasmid was modified to
prevent expression of the N-terminal portion of TGB3 by mutat-
ing the AUG initiation codon of the overlapping TGB3 ORF to
ACG. A fusion of green fluorescent protein (GFP) to aspartate
aminotransferase (GFP-AAT) was used as a marker for the plastid
stroma (Kwok and Hanson, 2004).

INFECTIOUS CLONES AND TRANSCRIPT PREPARATION
Full-length cDNA clones of the three genomic RNAs of a Swedish
isolate of PMTV (PMTVSw), named pPMTV-1, pPMTV-2, and
pPMTV-3 (Savenkov et al., 2003) were used to produce run-off
transcripts as follows: MluI-linearized (pPMTV-1 and pPMTV-2)
or SpeI-linearized (pPMTV-3) plasmid DNA was used as template
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in the RiboMax Large Scale RNA Production System (Promega).
The transcripts were mixed with an equal volume of GKP buffer
(50 mM Glycine, 30 mM K2HPO4, 3% (w/v) celite, 3% (w/v)
bentonite) and mechanically inoculated onto leaves of 4-week
old N. benthamiana plants. Three weeks post inoculation the
systemically-infected leaves were examined or used as sources of
inoculum.

EXPRESSION OF GFP-TGB2 FROM A TMV VECTOR
The recombinant TMV vector GFP-TGBp2 (Cowan et al.,
2002) was used to infect 4-week old N. benthamiana plants.
At 6 days post inoculation (dpi) systemically-fluorescing leaves
were sampled and used for plastid preparation (see later).

PLASMID CONSTRUCTION TO CREATE PMTV REPORTER AND MUTANT
CLONES
The plasmid pPMTV-3 (Savenkov et al., 2003; see above) was
used to generate the constructs described in this study. To demon-
strate that a 400 nt fragment upstream of the TGB2 gene could
function as a subgenomic promoter for expression of a reporter
protein, the putative subgenomic promoter fragment and YFP
gene were inserted downstream of the TGB3 gene to produce
pPMTV3.sgP2::YFP. First NcoI and ApaI restriction enzyme
sites were inserted downstream of the TGB3 gene through PCR.
The resulting plasmid was digested with NcoI and ApaI and
ligated to a NcoI/ApaI-digested YFP PCR product obtained using
primers (1) (5′-GCCACCATGGTGAGCAAGGGCGAGGAGC-3′)
and (2) (5′-AAAGGGCCCTTACTTGTACAGCTCGTCCA-3′)
to yield pPMTV3.YFP. Finally, an NcoI-digested PCR product,
encompassing the putative subgenomic promoter (1361–1745
nt in RNA3), obtained using primers (3) (5′-CTGCCAT
GGATCCGATTTGGTAAAGCTACAGC-3′) and (4) (5′-GGA
CCATGGCTGTCTGTTTGTGGTTGC-3′), was cloned into NcoI-
digested pPMTV3.YFP. The correct orientation of the putative
subgenomic promoter was verified using a unique BamHI restric-
tion site (in italics, above). Inoculation of RNA transcripts onto
N. benthamiana leaves resulted in detectable YFP fluorescence,
demonstrating that the putative subgenomic promoter was
functional. To generate an RNA-based replicon with enhanced
stability, the plasmid pPMTV3.sgP2::YFP was digested with MluI
and BamHI (removing a portion of the TGB1 gene and all of
the TGB2 and TGB3 genes) prior to blunting and self-ligation to
yield the replicon plasmid pR3.TGB1(5′).sgP2::YFP.

To substitute a mRFP-TGB2 gene fusion for the YFP gene, a
NcoI/ApaI-digested mRFP-TGB2 PCR product, generated with
primers (5) (5′-CGACCATGGCCTCCTCCGAGGACGTC-3′)
and (6) (5′-TTTGGGCCCTCTAGATTAACCTCCATATGAC-3′),
was cloned into NcoI/ApaI-digested pR3.TGB1 (5′).sgP2::YFP
to produce pR3.sgP2::mRFP-TGB2. Subsequently, the start
codon of the TGB1 gene was removed to prevent expression
of a truncated TGB1. The 5′-UTR was amplified with primers
(7) (5′-AAAGGTACCTAACAAGGAATCGTGAAACAATT-3′)
and M13-Reverse, and digested with SacI/KpnI prior to
cloning into SacI/ApaI-digested pR3.sgP2::mRFP-TGB2 with
a KpnI/ApaI-digested PCR product comprising the entire
cassette (5′ end of the TGB1 gene, subgenomic promoter and
mRFP-TGB2 gene fusion) obtained with primers (6) (see above)

and (8) (5′-AAAGGTACCGAAAGCGCATTCAACGGAAG-3′).
The resulting plasmid, pR3.�ATG.sgP2::mRFP-TGB2, was used
in mRFP-TGB2 localization studies.

To construct pPMTV-3.YFP-TGB1, the plasmid pPMTV-
3.GFP-TGBp1 (Zamyatnin et al., 2004) was digested with NcoI
to remove the GFP gene and ligated to a NcoI-digested YFP
PCR product obtained using primers (1) (see above) and (9)
(5′-AAACCATGGATCCCTTGTACAGCTCGTCCATG-3′). The
correct orientation of the YFP gene was verified using a unique
BamHI restriction site (in italic, above).

Primers PMTV13MutF (5′-CCGGCCAATATTAATTTGGTC
GCGC-3′) and PMTV13MutR (5′-GCGCGACCAAATTAATAT
TGGCCGG-3′) were used to prepare the construct pPMTV-
3.YFP-TGB1.�TGB2, in which the A at nucleotide 37 in the TGB2
coding sequence was converted to a T. This created an in-frame
UAA stop codon and prevented expression of TGB2 without
interfering with expression of TGB1 or TGB3.

MICROPROJECTILE BOMBARDMENT
Plasmid DNA and RNA transcripts were introduced into leaf
epidermal cells by bombardment of gold particles as described
previously by Haupt et al. (2005).

AGROBACTERIUM-BASED TRANSIENT EXPRESSION
The binary vector pGreen0229 (Hellens et al., 2000) was mod-
ified by insertion of the T-DNA cassette from pRTL2 to pro-
duce pGRAB (Petra Boevink, unpublished). The mRFP-TGB2
gene fusion was cloned into pGRAB for transformation of
Agrobacterium tumefaciens strain LBA4404. Bacterial cultures
were grown and, after testing across a wide range of optical
densities (OD600 = 0.01–0.5) all of which gave the same phe-
notype, the cells were suspended at OD600 = 0.2 in 10 mM
MES (pH 5.5), 10 mM MgCl2 containing 0.15 mM acetosy-
ringone for 1 h at room temperature (∼22◦C) before infiltration
through stomata on the abaxial surface of N. benthamiana source
leaves.

CONFOCAL LASER-SCANNING MICROSCOPY
Confocal images were obtained using a Leica TCS SP2 spec-
tral confocal laser-scanning microscope (CLSM) equipped with
water-dipping lenses. GFP and YFP were excited at 488 nm,
and emission collected between 505–530 and 515–535 nm,
respectively. mRFP was excited at 561 nm and emission col-
lected between 580–600 nm. Chlorophyll autofluorescence was
excited at 488 nm and emission collected between 660–700 nm.
Simultaneous imaging of GFP and mRFP fusions, or YFP
and mRFP-fusions was possible, but imaging of chlorophyll in
combination with mRFP was always performed sequentially.

CLSM IMAGE DECONVOLUTION
For deconvolution, images were collected using an active Z-galvo
attachment for the Leica SP2 CLSM, 512 × 512 pixel resolutions
and a voxel size of approximately 75 nm to suit the XY resolu-
tion of the Leica HCX PL APO 63x water-dipping lens. Images
were recorded using a Z-step size equivalent to 0.5–1 times the
z-resolution of the objective lens. Point spread functions (PSF)
were calculated for each fluorophore by imaging fluorescent beads
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with appropriate fluorescent characteristics (PS-Speck micro-
scope point source kit; Molecular Probes) and processing the
data using Amira 3D visualization software (Mercury Computer
Systems Inc.). Deconvolution of the images was also carried out
using Amira software, utilizing the appropriate PSFs. Multiple-
channel, 3D deconvolved images were separated into single chan-
nels and transferred to Adobe Photoshop (Adobe Corporation)
software to create the 2D projections shown in Figure 3.

PLASTID PREPARATIONS
Four week old N. benthamiana plants were inoculated with
PMTVSw and maintained in a growth cabinet providing a 14 h,
18◦C light period with light intensity of 145 μmol m−2 s−1, and
a 10 h, 15◦C dark period. Plastids were isolated essentially as
described by Nivison et al. (1986) from plants 14–20 dpi fol-
lowing a 24 h dark period. Briefly, 1 g of leaves was triturated
in seven volumes of grinding buffer (0.35 M Sorbitol, 0.05 M
HEPES-KOH pH 7.5, 2 mM EDTA, 0.5 mM MgCl2, 1 mM DTT,
10 mg/mL BSA) and filtered through muslin. The extract was
centrifuged at 1000× g for 3 min (Eppendorf centrifuge 5417R;
rotor F45-30-11) and the resulting pellets suspended in a total
of 1 ml Sorbitol medium (0.35 M Sorbitol, 35 mM HEPES-KOH
pH 8.3, 10 mM K2HPO4, 0.5 mM MgCl2, 1 mM DTT). A 0.5 ml
aliquot of the preparation was layered onto a gradient compris-
ing 1 ml of 40% and 1 ml 85% [v/v] Percoll (prepared in 40 mM
HEPES-KOH pH 7.5, 0.05 mM MgCl2, 0.35 M Sorbitol, 1 mM
DTT) and centrifuged at 13,000× g for 7 min. The intact plas-
tids were recovered from the interface between the 40% and 85%
layers of Percoll, and a fraction containing broken chloroplasts
was recovered from a single band in the 40% Percoll fraction. The
plastid samples were washed twice by dilution with five volumes
of Sorbitol medium and centrifugation at 4000× g for 5 min.
The pellet containing the plastids was finally suspended in 0.5 ml
Sorbitol medium.

WESTERN BLOTS
Samples of leaf extracts and plastid preparations were mixed
with an equal volume of Laemmli buffer and electrophoresed
in a 12.5% SDS-PAGE gel. The separated proteins were elec-
troblotted onto Hybond ECL nitrocellulose (GE Healthcare) and
the membrane subsequently incubated with antibody prepara-
tions essentially as described previously (Torrance, 1992) using
the immunoglobulin fraction of a PMTV antiserum (Torrance
et al., 1993) at 2 μg ml−1 and an anti-rabbit alkaline phos-
phatase conjugate (Sigma product no A8025) as the second
antibody.

RT-PCR
Total RNA was extracted from leaf or plastid samples using the
RNeasy Plant Mini Kit (Qiagen) following the manufacturer’s
instructions. First strand PMTV RNA1 cDNA was synthesized
with the reverse primer (5′-CGATCGTGTCTTGATCGCAGC-3′)
using one microgram of total RNA. The resulting cDNA was used
as template (2 μl of a 1:10 and 1:100 dilution in a 25 μl reaction)
in a PCR with the reverse primer (above) and forward primer
5′-CTTGTGGGAGAAGTCGCAGTG-3′ to amplify a product of
1057 bp.

DETECTION OF NEGATIVE-STRAND RNA ASSOCIATED WITH
CHLOROPLASTS
Chloroplasts were isolated from PMTV-Swe-infected and
non-infected N. benthamiana leaves and counted using a
haemocytometer. Aliquots containing 4, 2, 1, 0.5, or 0.25 × 107

chloroplasts were taken and total RNA extracted using the RNeasy
Kit (Qiagen) then 10 μl used as template to prepare cDNA using
M-MLV reverse transcriptase (Promega) with 10 pmol of primer
Nested1 (5′-GTGAATGCGATACTTCACAC-3′) in 20 μl reaction.
2 μl of cDNA was used as template in a 50 μl PCR reaction
comprising 1× Green GoTaq Reaction buffer (Promega), 0.2 μM
of primer Nested2 (5′CACTTACGCTATGAAGTGTG-3′) and
0.2 μM of primer Nested3 (5′-GTCACATACAACATCAACGAG-
3′), 0.2 mM dNTPs, 2.5 mM MgCl2, and 2.5 μl of GoTaq DNA
Polymerase (Promega). The PCR conditions were 95◦C for
2 min, then 30 cycles of 95◦C for 30 s, 55◦C for 30 s, 70◦C
for 30 s, followed by 70◦C for 10 min. 2 μl of this reaction
were used as template for a second PCR with primers Nested6
(5′-GACATCTTCAGTGCACAGAGG-3′) and Nested7 (5′-
GTAAAACCCATTGACGCTAGG-3′) using the conditions 95◦C
for 2 min, then 35 cycles of 95◦C for 30 s, 55◦C for 30 s, 70◦C
for 30 s, followed by 70◦C for 10 min. These PCR products
were electrophoresed in 2% agarose gels and then stained with
ethidium bromide.

In-situ RNA HYBRIDISATION
RNA probes were created by cloning a 950 bp fragment from
the 3′ UTR of PMTV RNA1 into the pGEMT-Easy vector. PCR
screening was used to identify clones containing the sequence in
both orientations such that both sense and antisense RNA probes
could be produced by running off transcripts from the T7 pro-
moter, ensuring comparable quantity and quality of both probes.
The in-situ hybridization protocol was a modified version of that
used by Drea et al. (2005), brief details of which follow.

Tissue was fixed in 4% paraformaldehyde in PEM buffer
(0.1 M PIPES pH 6.95, 1 mM EGTA, 1 mM MgSO4), dehydrated
through an ethanol series and then into xylene before being infil-
trated with and then embedded in Paramat Extra wax (VWR
International, Lutterworth, UK). Chloroplasts were prepared as
previously described and embedded in 1% Agar No.1 (Oxoid
Ltd., Basingstoke, UK) before being fixed and processed in par-
allel to the plant tissue. Tissue and chloroplasts were sectioned
to 10 μm thick and mounted on Polysine slides (Menzel–Glaser,
Braunschweig, Germany) before being de-waxed and pre-treated
as follows: two washes in PBS buffer, two washes in Histoclear
(Fisher Scientific, Loughborough, UK), for 20 min each; 100%
ethanol for 10 min, then through a 95, 85, 50, and 30%,
ethanol series (2 min each); PBS for 3–4 min; proteinase K treat-
ment (2–3 μg/mL in 100 mM Tris and 10 mM EDTA, pH 7.5) for
30 min at 37◦C; Glycine (0.2%, w/v) in PBS for 2 min; PBS for
3–4 min; acetic anhydride (0.5% [v/v] in 0.1 M triethanolamine,
pH 8.0) for 10 min; PBS for 3–4 min; and then back through
30, 50, 85, 95, and 100% ethanol. Slides were dried at room
temperature and stored at 4◦C until hybridization.

In vitro transcription was performed for 2 h at 37◦C incorpo-
rating digoxigenin-UTP nucleotides (0.35 mM), using T7 RNA
polymerase (Promega) in the presence of 100 mM DTT, RNAsin
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and 200 ng of PCR product as the DNA template. (The plas-
mid templates were cut using restriction enzyme PvuII and
then amplified using M13 forward and reverse primers). RNA
probes were hydrolyzed immediately in 100 mM carbonate buffer,
(60 mM Na2CO3, 40 mM NaHCO3, pH 10.2), at 60◦C for 30 min
to reduce the probe to ∼200 bp fragments, and products were
precipitated in 2.5 M ammonium acetate and three volumes of
100% ethanol for 1 h at 4◦C. Following precipitation, transcripts
were diluted in four times the volume of the original transcrip-
tion reaction in RNAse-free water. To assess the incorporation
of digoxigenin-UTP, probes were diluted and one microliter was
spotted on nitrocellulose for a dot blot and processed as follows:
30 min in blocking buffer (Sigma–Aldrich, St. Louis, MO); 30 min
in anti-digoxigenin–alkaline phosphatase-conjugated antibody
(Roche, Herts, UK; diluted 1/5000 in TBS); 5-min wash in Tris-
buffered saline (TBS; 10 mM Tris and 250 mM NaCl); 5 min
in alkaline phosphatase buffer (100 mM Tris, 100 mM NaCl,
pH 9.5, and 50 mM MgCl2); and developed in alkaline phos-
phatase buffer containing nitroblue tetrazolium (0.1 mg/mL)
and 5-bromo-4-chloro-3-indolyl phosphate salt (0.075 mg/mL)
for ∼10 min.

Hybridization chambers (Grace Biolabs) were applied securely
to the slides (after pretreatment). The probes were diluted 100
times in hybridization solution (300 mM NaCl, 10 mM Tris, pH
6.8, 10 mM NaPO4, 5 mM EDTA, 50% [v/v] formamide, 5%
[w/v] dextran sulfate, 0.5 mg/mL tRNA, 1× Denhardt’s solution)
and introduced into the chambers at 55◦C after being heated
to 85◦C for 2 min to denature the probe. Hybridization was
performed overnight in a 55◦C incubator.

Chambers were removed and the slides were washed as fol-
lows: three 1 h washes in 0.2 × SSC (1 × SSC is 0.15 M NaCl
and 0.015 M sodium citrate) at 50◦C with constant agitation;
10 min in 1 × TBS at room temperature. The slides were then
transferred into racks for anti-digoxigenin staining as follows:
1% blocking solution (Roche) in TBS for 1 h; 1 × TBS contain-
ing a 1:2500 dilution of anti-digoxigenin–alkaline phosphatase
and 0.025% [v/v] Tween-20 for 2 h; four 10 min washes in 1 ×
TBS; and 5 min in alkaline phosphatase buffer (0.1 M Tris, 0.1 M
NaCl, and 50 mM MgCl2, pH 9.5). Then, the color reaction
was developed in alkaline phosphatase buffer containing nitrob-
lue tetrazolium (0.1 mg/mL) and 5-bromo-4-chloro-3-indolyl
phosphate-p-toluidine salt (0.075 mg/mL) for up to 6 h. Slides
were then washed several times in water to stop the reaction
before being dried.

If necessary, tissue was lightly counterstained with 0.25%
Alcian Blue 8GX (Sigma–Aldrich, Dorset, UK) in 3% acetic
acid to show cellular structure before being mounted in DPX
mountant (Sigma–Aldrich, Dorset, UK) under glass coverslips.
Representative sections for each probe were photographed with
a Leica DC500 digital camera on a Nikon Optiphot microscope
under bright-field conditions.

PROTEIN-LIPID OVERLAY BLOTS
Protein lipid overlay assays were done using Membrane
Lipid Strips™ (Echelon Biosciences Inc.) following the man-
ufacturer’s instructions. Briefly, blocked membranes were
incubated overnight with up to 20 μg/mL preparations

of either thioredoxin-TGB2 or thioredoxin (Cowan et al.,
2002). The membranes were then incubated for 1 h with
anti-thioredoxin-TGB2 rabbit polyclonal antiserum (Cowan
et al., 2002) diluted to 1 μg/mL, followed by anti-rabbit
horseradish peroxidase (HRP) conjugate (Invitrogen Ltd.)
diluted 1:1000 and visualized with HRP ECL™ substrate (GE
Healthcare) according to the manufacturer’s instructions.

TRANSMISSION ELECTRON MICROSCOPY (EM)
Source material was obtained from PMTV-infected N. benthami-
ana plants with yellowing symptoms that had been maintained
in the controlled environment conditions described above. Small
segments of leaves were fixed, dehydrated and embedded in
Araldite resin (Agar Scientific) as described by Taylor et al. (2000).
In addition, leaves were taken from naturally infected potato, cv
Scarborough, showing aucuba (yellow mosaic) symptoms which
had tested positive for PMTV in ELISA and EM examination
failed to detect the presence of any other virus. Segments of
potato leaf were fixed and dehydrated as described in Oparka et al.
(1999), and embedded in LR White resin (Agar Scientific). Ultra-
thin sections of both N. benthamiana and potato were mounted
on pyroxylin-coated nickel grids, post-stained with uranyl acetate
and lead citrate as described by Roberts (2002), and examined in
a Jeol 1200EX electron microscope.

RESULTS
EXPRESSION OF mRFP-TGB2 IN EPIDERMAL CELLS FROM A MODIFIED
VIRUS VECTOR
Previously, we studied the localization of mRFP-TGB2 expressed
in epidermal cells from the 35S promoter following biolis-
tic bombardment of plasmid DNA (Haupt et al., 2005)
and we have confirmed these observed localizations through
Agrobacterium-mediated expression (unpublished results). To
investigate whether the localizations we observed were influenced
by over-expression from the 35S promoter, the mRFP-TGB2
fusion protein was expressed from a PMTV vector (see Figure 1
for a schematic of all constructs used in this study). A region of
the PMTV TGB genetic module containing the putative subge-
nomic promoter for TGB2 and TGB3 was identified. A cDNA
clone was modified to delete the ORFs and a mRFP-TGB2 fusion
gene inserted downstream of the putative subgenomic promoter
sequence. RNA transcripts from this construct were bombarded
with RNA1 onto N. benthamiana leaves. In these experiments,
the virally-expressed fusion protein was observed in epidermal
cells, indicating that the promoter was functional. The distribu-
tion of the virally-expressed, red fluorescent TGB2-fusion protein
was the same as when expressed from the 35S promoter reveal-
ing associations at first with membranes of the ER (Figure 2A)
and mobile granules and later, the membranes of two popula-
tions of small (Figure 2B) and larger, ∼4 μm diameter, vesicular
structures as reported previously (Haupt et al., 2005).

mRFP-TGB2 COMPLEMENTS VIRUS MOVEMENT
We previously showed that the mRFP-TGB2 fusion protein
could function to increase the SEL of PD (Haupt et al., 2005).
To test whether the mRFP-TGB2 could also complement virus
movement, a PMTV reporter construct that expressed yellow
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FIGURE 1 | PMTV genome (A) and constructs derived from RNA TGB (B).

The viral RNA1 encodes the 148K replication protein and the 206K
read-through (RT) product. RNA TGB encodes the three overlapping TGB
proteins (51K, 13K, and 21K) and an 8K cysteine-rich protein. RNA CP encodes
the 19.7K coat protein and its RT domain. Diamonds, leaky termination codons;

clover-leaf motif, tRNA-like structure; solid boxes, expressed ORFs, dashed
boxes, non-expressed ORFs, promoters are shown in arrows, FP, fluorescent
protein. The 35S mRFP-TGB2 diagram shows the gene fusion expressed
from the plasmid pRTL2 (used for microprojectile bombardment) or the binary
vector pGRAB (used for Agrobacterium-mediated transient expression).

fluorescent protein (YFP) fused to the N-terminus of TGB1
(PMTV-3.YFP-TGB1) was prepared. When transcripts of this
construct were inoculated together with RNA1, small, spread-
ing, fluorescent lesions, ∼12 cells in size, were visible at 2 dpi
(Figure 2C) and had spread to more than a hundred cells by
7 dpi. A derivative construct, PMTV-3.YFP-TGB1.�TGB2, was
prepared in which a stop codon was introduced to prevent trans-
lation of TGB2. Inoculation of RNA transcripts from this deriva-
tive with RNA1 resulted in single fluorescent cells (Figure 2D),
movement out of the initial cell never occurred, confirming that
TGB2 is required for movement but not for replication. To test
the functionality of the mRFP-TGB2 fusion protein, N. benthami-
ana leaves were infiltrated with Agrobacterium containing the
binary vector with the 35S::mRFP-TGB2 cassette prior to bom-
bardment of RNA transcripts of PMTV-3.YFP-TGB1.�TGB2 into
the infiltrated area. Cells expressing both fusion proteins were
rarely detected; a total of 27 cells in three experiments. Most

of these cells showed aggregated (and probably non-functional)
mRFP-TGB2 protein, but in the nine cells without aggregation
the YFP reporter clone moved out of the initial cell (9/27 cells),
often showing a halo surrounding the initial cell and occasion-
ally moving over several cell boundaries (Figures 2E,F). These
experiments indicate that mRFP-TGB2 can functionally comple-
ment for the TGB2 deletion in the mutated clone PMTV-3.YFP-
TGB1.�TGB2.

mRFP-TGB2 LOCALISES TO THE CHLOROPLAST ENVELOPE
CLSM imaging revealed that the mRFP-TGB2, expressed from
either the binary vector or a viral replicon, was localized in the
bounding membrane of two populations of vesicles; one approx-
imately 1–2 μm in diameter and a second population of ∼4 μm
diameter vesicle-like compartments (Haupt et al., 2005). In the
present study we investigated the 4 μm diameter structures in
more detail. The vesicles were excited using 488 nm light and
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FIGURE 2 | Transient expression of TGB2 protein in epidermal cells.

(A) Expression of sg::mRFP-TGB2 (magenta) from a PMTV vector in
epidermal cells of N. benthamiana. Fluorescence is first visible throughout
the ER network (typically 1 dpi). Bar = 10 μm. (B) Slightly later in the infection
process (typically 2 dpi) than seen in (A), mRFP-TGB2 labels the membranes
of small mobile vesicles that are 2 μm in diameter (arrows). Bar = 10 μm.
(C) Expression of PMTV reporter clone PMTV3.YFP-TGB1 in epidermal cells
of N. benthamiana at 2 dpi; YFP fluorescence (green) is seen throughout a
small lesion consisting of ∼12 cells. Bar = 50 μm. (D) Expression of PMTV
reporter clone PMTV3.YFP-TGB1�TGB2 in epidermal cells of
N. benthamiana. In the absence of a functional TGB2, the viral reporter clone
(YFP fluorescence) is confined to a single cell. Bar = 20 μm. (E) Expression
of PMTV reporter clone PMTV3.YFP-TGB1�TGB2 (green) in epidermal cells
of N. benthamiana that are expressing 35S::mRFP-TGB2 (magenta); YFP
fluorescence has spread out of the initial cell (marked with ∗) to surrounding
cells; YFP can be seen in the cytosol and accumulated in the nuclei of
neighboring cells. Bar = 10 μm. (F) Enlarged portion of the YFP signal shown
in (E) to show the movement of the fluorescence out of the initial cell, and
the accumulation of this YFP in nuclei of neighboring cells (arrowed). Bar =
10 μm. (G,H) Expression of sg::mRFP-TGB2 from PMTV vector in epidermal

cells of N. benthamiana. Red fluorescence (magenta) is localized to the
chloroplast envelope. Stromules are arrowed. Chlorophyll autofluorescence is
shown in green in (H). Bar in G = 4 μm for (G and H). (I) The emission
spectrum of the contents of a 4 μm diameter vesicle labeled with
mRFP-TGB2 shows a peak at 680 nm (emission range shown is from 495 to
755 nm). (J,K,L) Co-expression of 35S::mRFP-TGB2 (magenta; J) with
GFP-AAT (green; K) in a chloroplast in an epidermal cell of N. benthamiana.
TGB2 is present in the membrane of the chloroplast and the stromule (J),
while GFP is visible throughout the stroma of both plastid and stromule (K).
The stromule is arrowed in each image and (L) shows an overlay of the two
channels. Bar in J = 4 μm for (J–L). (M,N,O) To ensure that the ER
membrane was not contributing to the fluorescence seen on the chloroplast
membrane, 35S::mRFP-TGB2 (magenta) was expressed in mGFP5-ER
(green) transgenic N. benthamiana. The green ER does not surround the
chloroplasts and the plastids sit internal to the cortical ER network. Strands of
ER can be seen to cross the surface of the chloroplasts (M and O). The
membranes of both 2 μm diameter vesicles (arrows) and a 4 μm diameter
chloroplast are labeled with mRFP-TGB2 (M–O), with the chlorophyll
autofluorescence from the interior of the plastid shown in blue (N and O). Bar
in M = 4 μm for (M–O).
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scanned over a wavelength range of 495–755 nm. We found mRFP
fluorescence located in the membrane (Figures 2G,H) and the
emission spectrum of the contents was found to match that of
chlorophyll A (maximum at 680 nm; Figure 2I). Furthermore,
when mRFP-TGB2 was co-expressed with GFP-aspartate amino-
transferase (GFP-AAT; a marker for the plastid stroma), mRFP-
TGB2 was seen to surround GFP fluorescence that was within
the compartment. mRFP-TGB2 was also associated with GFP in
stromules (Figures 2J–L), indicating that mRFP-TGB2 associates
with membranes of the chloroplast envelope. It was noted that in
the experiments where mRFP-TGB2 was expressed from the viral
subgenomic promoter, the localization to chloroplasts occurred
later than when expressed from the 35S promoter; typically 1–
2 dpi from the 35 s promoter but 3–4 dpi from the viral promoter.

To eliminate the possibility that the mRFP-TGB2 fluores-
cence was in the ER surrounding the chloroplast, rather than
in the chloroplast envelope, 35S::mRFP-TGB2 was expressed in
transgenic N. benthamiana plants expressing ER-localized GFP
(mGFP5-ER-HDEL; Haseloff et al., 1997). In these experiments,
GFP was clearly associated with the ER network and, though
in close proximity to the mRFP-TGB2-labeled vesicles, did not
co-localize with the vesicle membrane (Figures 2M–O). The dif-
ferent fluorescent signals were also clearly distinguished when
viewed over time (supplementary Figure 1; Movie).

To clarify further the relationship of TGB2 with chloroplasts,
3-dimensional image stacks were acquired using microscope set-
tings that allow deconvolution, giving improved image resolution.
Following deconvolution, the structures of the chlorophyll-
containing vesicles were more clearly resolved; the internal
autofluorescence was located in thylakoids and grana stacks,
confirming these structures were chloroplasts (Figures 3A–C).
Furthermore, it was clear from the deconvolved image stacks
that, although the mRFP-TGB2 labeling was most intense on
the peripheral membrane of the chloroplasts, there was some
signal from within the plastid (Figures 3A,C), indicating that
some TGB2 was also present inside chloroplasts. Deconvolution
of these images also showed that the ER network is still faintly
labeled with mRFP-TGB2 (arrows in Figure 3A) when the pro-
tein begins to accumulate in plastids; something that was not
visible previously, and similarly, small bright spots could be dis-
tinguished on the ER network in the deconvolved image. These
latter objects are assumed to be the mobile granules typically
found early in infection (see Haupt et al., 2005), as they are
the same size, but, like the ER network, have reduced in flu-
orescence intensity to a level undetectable without deconvolu-
tion at the later time point when TGB2 protein accumulates in
chloroplasts.

PMTV RNA, CP, AND TGB2 WERE DETECTED IN PLASTID
PREPARATIONS FROM N. benthamiana LEAVES
To investigate whether the chloroplast association occurred in
the context of a natural viral infection, plastid preparations
were made from leaves of uninfected and virus-infected N. ben-
thamiana plants. Two fractions were obtained from Percoll step
gradients; intact chloroplasts and a fraction containing mem-
branes from disrupted plastids and other cellular membranes
(membrane fraction). Western blots of the preparations revealed

the presence of PMTV CP in samples of both the intact plastids
(Figure 3D lane 3) and membrane fractions (also containing
disrupted plastid membranes; Figure 3D lane 1); the band
relating to the CP is arrowed. However, TGB2 could not be
detected in these samples using antiserum prepared against TGB2
(data not shown).

Total RNA was prepared from each of the fractions and
RT-PCR revealed the presence of viral genomic RNA in both
intact plastids (Figure 3E, lanes 9 and 10) and membrane frac-
tions (Figure 3E, lanes 11 and 12) as well as in total leaf
extracts (Figure 2E, lanes 7 and 8). No viral RNA or CP was
detected in negative control preparations from non-infected
leaves (Figure 3E, lanes 1–6).

Chloroplasts were isolated from systemically-infected leaves of
N. benthamiana infected with the tobacco mosaic virus (TMV)
vector expressing GFP-TGB2 (Cowan et al., 2002). Western blot
analysis of extracts from the isolated chloroplasts with the TGB2-
specific antiserum failed to detect TGB2 accumulation. However,
CLSM imaging of the intact isolated chloroplasts revealed that
∼5% of chloroplasts were labeled with GFP-TGB2 (Figure 3F)
although this is likely to be an underestimation because large
starch grains in infected plastids cause them to rupture dur-
ing chloroplast preparation, making it difficult to isolate infected
plastids intact. Deconvolved image stacks of these isolated chloro-
plasts reconfirmed that the fluorescent TGB2 fusion protein
was associated with the bounding membranes of the plas-
tids (Figure 3G). Furthermore, these higher resolution images
revealed that a small amount of TGB2-associated fluorescence
was also present inside the plastids, as was chlorophyll auto-
fluorescence (Figures 3G,H). In combination, these results sug-
gest that the available TGB2 antiserum is not sensitive enough
to detect the chloroplast-associated TGB2. In control experi-
ments, plastid preparations from PMTV-infected mGFP5-ER-
HDEL N. benthamiana plants did not show any green fluores-
cence in the chloroplast envelope (Figure 3I) and western blots
were negative for the presence of HDEL (a marker for the ER;
Figure 3J), confirming that the TGB2 protein (Figure 3F) was
indeed associated with the chloroplast envelope and not contam-
inating ER membranes.

DETECTION OF PMTV NEGATIVE STRAND RNA IN CHLOROPLASTS
In order to determine whether viral replication was occurring
at chloroplasts, RT-PCR was used to detect the viral replicative
intermediate, negative strand RNA in chloroplasts isolated from
PMTV-Swe-infected plants. Non-infected N. benthamiana leaves
were used as a negative control. No negative strand RNA was
detected in healthy control chloroplasts, but was detected in
each sample of PMTV-infected chloroplasts (Figure 3K) indi-
cating that replication of viral RNA occurs in association with
chloroplasts.

In-situ VIRAL RNA LOCALISATION
To further confirm the presence of viral RNA at chloroplasts,
in-situ RNA labeling of PMTV-Swe-infected N. benthamiana
leaves and isolated chloroplast preparations was conducted.
Antisense and sense DIG-labeled RNA probes, designed to
hybridize to and detect viral genomic RNA and the replicative
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FIGURE 3 | Analysis of TGB2 protein associated with chloroplasts.

(A,B,C) Deconvolved images showing mRFP-TGB2 (in magenta; A) in the
membrane of chloroplasts, in strands of the ER network (arrows) and in small
bodies on the ER. Chlorophyll autofluorescence is shown in green (B). TGB2
is also present at a low level in the stroma of the chloroplasts and in some
foci on the surface of the plastids (arrowheads; A). (C) shows an overlay of
(A) and (B). Bar in B = 5 μm for (A–C). (D) Western blot of plastid
preparations from PMTV-infected (lanes 1, 3, 5) and non-infected (lanes 2, 4,
6) N. benthamiana leaves; the blot was reacted with anti-PMTV CP serum.
Lanes 1 and 2, disrupted plastids and membrane fraction; lanes 3 and 4,
intact plastids and lanes 5 and 6, non-fractionated preparation. Reaction with
CP arrowed; the positions of the size markers (kDa) indicated on right. (E)

RT-PCR of plastid preparations from non-infected (lanes 1–6) and
PMTV-infected (lanes 7–12) N. benthamiana leaves. Total RNA was prepared
from leaves (lanes 1, 2, 7, 8), intact plastid fraction (lanes 3, 4, 9, 10) or
disrupted plastid and membrane fraction (lanes 5, 6, 11, 12). cDNA
preparations from each sample were tested at dilutions of 1/10 and 1/100.
Size markers indicated on the left. (F) False transmission and fluorescence
image overlay of plastid preparation from N. benthamiana leaves infected
with the TMV vector expressing GFP-TGB2. Chlorophyll autofluorescence is
shown in green, while GFP-TGB2 on the plastid membrane is shown in

magenta. ∼5% of all plastids showed TGB2 in the outer membrane (arrows).
Bar = 15 μm. (G,H) Higher magnification and deconvolved images of purified
plastids labeled with GFP-TGB2 expressed from the TMV vector. The TGB2
signal is visible on the membrane and in small internal speckles (magenta; G

and H) while the chlorophyll signal (green; H) is located in the thylakoids. Bar
in G = 5 μm for (G and H). (I) False transmission and fluorescence image
overlay of plastid preparation from mGFP5-ER-HDEL N. benthamiana leaves.
Chlorophyll autofluorescence is shown in green. No GFP fluorescence was
detected in association with the plastid envelope. Bar = 15 μm. (J) Detection
of ER proteins retained in chloroplast preparations from transgenic
N.benthamiana expressing mGFP5-ER-HDEL. Western blot of disrupted
plastid and membrane fraction (lane 1), intact chloroplasts (lane 2) and whole
leaf extract (lane 3) reacted with anti-HDEL monoclonal antibody. The
positions of molecular mass markers (kDa) are indicated to the left of the
blot. (K) Detection of negative strand PMTV RNA1 in chloroplasts. Lanes 1–5
represent products amplified in RT-PCR from templates derived from
PMTV-infected chloroplasts (4,2,1,0.5 and 0.25 × 107 chloroplasts,
respectively). Lanes 6–10 are controls showing no amplification from healthy
chloroplasts (4,2,1,0.5 and 0.25 × 107 chloroplasts, respectively). “−”
represents a no template PCR control; “+” represents a positive control PCR
reaction. The size of the arrowed DNA molecular mass marker (M) is 500 bp.
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intermediate respectively, were first tested on healthy and PMTV-
infected leaf tissue. No viral RNA was detected using either probe
in healthy tissue (data not shown). The sense probe did not detect
any replicative intermediate (negative strand) RNA in sections
of PMTV-infected leaf midrib and lamina (Figure 4A), but on
adjacent serial sections, the antisense probe showed the pres-
ence of viral RNA in all infected cells. PMTV was found in a

patchy manner throughout the tissue, but especially in the leaf
lamina (Figures 4B and C), and although not high-resolution
images, these micrographs suggested the probe was associated
with chloroplasts.

Viral genomic RNA was also detected in association with iso-
lated chloroplasts; eighty random fields of labeled chloroplasts
were selected and between 2 and 15% of plastids in each field

FIGURE 4 | Association of PMTV RNA with chloroplasts and TGB2 with

lipids. (A) PMTV 3′UTR DIG-labeled sense RNA probe did not detect any
viral RNA in a section of leaf infected with PMTV as shown by the lack of
purple precipitate. The tissue has been counterstained with Alcian Blue to
show cell structure. (Bar = 250 μm for A and B). (B) PMTV 3′UTR
DIG-labeled antisense RNA probe detected viral RNA in the leaf lamina and
in some parenchyma cells associated with the vascular trace in the midrib of
the leaf, as shown by purple-coloration of infected cells with replicating
virus. The tissue has been counterstained with Alcian Blue to show cell
structure. (C) A higher magnification image of the tissue shown in (B) to
show the purple coloration associated with viral RNA in many cell types in a
patch of PMTV-infected leaf lamina (Bar = 100 μm). (D) Chloroplasts from
control, healthy tissue did not label strongly with the PMTV DIG-labeled
antisense probe showing that there was little non-specific labeling with this

probe (Bar in D = 20 μm for D–F). (E) Chloroplasts from PMTV-infected
tissue did not label strongly with the PMTV DIG-labeled sense probe
showing that, if present, the viral negative strand RNA which is produced as
a replicative intermediate was present at levels too low to be detected.
(F) Chloroplasts from PMTV-infected tissue and labeled with the PMTV
DIG-labeled antisense probe showed viral genomic RNA associated with the
plastid membrane. Small purple spots can be seen in many chloroplasts in
this image. (G,H) Show higher-magnification images of portions of (D) and
(F) respectively. Some of the spots of viral RNA associated with the plastid
membrane are marked with arrowheads in (H). (Bar in G = 5 μm for G and
H). (I) Membrane blot showing TGB2 interactions with a number of lipids.
The strongest reactions were obtained with cardiolipin and sulfatide, but
PtdIns(4)P, Phosphatidic acid, PtdIns(4,5)P2 and PtdIns(3,4,5)P3 also showed
interactions of decreasing intensity with TGB2.
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showed the presence of positive-strand RNA. The PMTV anti-
sense probe did not react strongly with chloroplasts from healthy
tissue (Figures 4D and G), nor did the sense probe with chloro-
plasts from PMTV-infected tissue (Figure 4E), but viral genomic
RNA was associated with chloroplasts from PMTV-infected tis-
sue as detected by the antisense probe (Figures 4F and H). In
these chloroplasts the RNA appeared to be in punctate spots
associated with the periphery of the chloroplasts (arrows in
Figure 4H).

PROTEIN-LIPID ASSAYS
Since mRFP-TGB2 interacts with a number of different sub-
cellular compartments we wanted to ascertain the specificity of
membrane targeting. Membrane lipid arrays were incubated with
preparations of recombinant thioredoxin-TGB2 fusion protein,
which was subsequently detected with antiserum raised to the
fusion protein. The results showed that TGB2 interacted with 6 of
the 15 lipids tested: cardiolipin, 3-sulfogalactosylceramide (sul-
fatide), phosphatidic acid and the phosphoinositides PtdIns(4)P,
PtdIns(4,5)P2, and PtdIns(3,4,5)P3. Reproducible results were
obtained using TGB2 at either 20 μgml−1 or 2 μgml−1, and a rep-
resentative assay is shown in Figure 4I. No reactions were seen in
controls where the arrays were incubated with thioredoxin fol-
lowed by the thioredoxin-TGB2 antiserum and anti-rabbit HRP,
showing the binding was TGB2-specific (data not shown).

ELECTRON MICROSCOPY OF INFECTED PLANTS REVEALS THE
PRESENCE OF ABNORMAL CYTOPLASMIC INCLUSIONS IN
CHLOROPLASTS
Previous electron microscopical reports of PMTV infection
have not shown detailed cytological effects of the virus and
so ultra-structural studies were used to investigate the physical
effects of virus infection on chloroplasts. Tissue samples from
leaves of healthy or virus-infected N. benthamiana plants were
fixed and embedded, and thin sections were examined in the
electron microscope. PMTV infections in leaves typically have a
low titre of virions and viral spread is sparse and patchy within
leaves; tissue was sampled from uninfected leaves and infected
leaves showing yellowing symptoms. The most marked difference
between the samples was the presence of multiple large starch
grains in chloroplasts in infected leaves, while chloroplasts in
healthy leaves had none or a few small starch grains (Figures 5A
and B). The chloroplasts showed extensive deformation and often
had large cytoplasmic inclusions (Figures 5B–D) and abnor-
mal terminal projections (Figure 5D). These inclusions occurred
most frequently at the ends of chloroplasts and often encom-
passed organelles such as mitochondria (Figures 5B and C). The
frequency of chloroplasts with inclusions and terminal projec-
tions was more prevalent in older infected tissue with yellow
mosaic symptoms than in younger infected tissue. Such abnor-
malities were not found in uninfected tissue. The form of the
cytoplasmic inclusions was assessed by examination of serial
ultra-thin sections. They were found to be spheroidal in shape,
with diameters of about 0.5–1 μm, but were also not true inclu-
sions; rather they were flask-shaped, cytoplasmic invaginations,
each being connected to the external cytoplasm by a narrow
opening (Figures 5C,E,F). The incidence of virus particles in

FIGURE 5 | Ultrastructural effects of PMTV infection on chloroplasts.

Transmission electron microscope images of thin sections from a healthy
N. benthamiana plant (A), PMTV-infected N. benthamiana plants (B–F) and
S. tuberosum cv. Scarborough (G–J), the sections show ultrastructural
changes in chloroplasts. (A) Example of a typical chloroplast from an
uninfected N. benthamiana plant containing a single small starch grain (s).
Bar = 1 μm. (B,C) Sequential sections through a distorted chloroplast, from
a PMTV-infected plant, containing large starch grains (s) and with a
terminal, cytoplasmic inclusion encompassing a mitochondrion (m): in
(B) the inclusion appears enclosed, while in (C) it appears open with the
aperture to the cytoplasm marked with an arrow. Bar in B = 1 μm for (B and
C). (D) Chloroplast containing large starch grains (s) and with an abnormal,
terminal extension (marked with arrow). Bar = 1 μm (E,F) Serial sections
through a chloroplast of an epidermal cell with a cytoplasmic inclusion: the
inclusion appears open in (E) (aperture marked with an arrow) and enclosed
in (F). Bar in E = 1 μm for (E and F). (G) Chloroplast with large cytoplasmic
inclusion (marked with an arrow) from PMTV-infected potato plant.
Bar = 1 μm. (H,I,J) Serial sections through a chloroplast from a potato plant
infected with PMTV: in (H), the inclusion (∗) appears enclosed, while it is
open in (I) and missing from (J), indicating the open flask-shaped nature of
these inclusions. (Bar in H = 1 μm for H–J).

infected tissue was very low and particles were not observed in
the flask-shaped invaginations.

Ultra-structural studies were also carried out on leaf tissue
from the natural host, potato. As in the experimental host, the
most pronounced abnormality was the presence of multiple, large
starch grains in chloroplasts and some contained cytoplasmic
inclusions (Figure 5G), which were most frequently found at the
ends of chloroplasts. Examination of serial sections from infected
potato tissue showed that these inclusions were also spheroidal
and connected to the ground cytoplasm by a cytoplasmic bridge
(Figures 5H–J).

DISCUSSION
It was previously shown that PMTV mRFP-TGB2 and GFP-TGB3
when expressed from a 35S promoter co-localized in cellular
membranes and mobile granules, utilizing the ER-actin network
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to facilitate movement to the cell periphery and PD. In addition,
TGB2 and TGB3 associated with components of the endocytic
pathway. The SEL was also increased in cells expressing either
protein, suggesting that both proteins can interact with, and
functionally gate, PD (Haupt et al., 2005). In this study the dis-
tribution of mRFP-TGB2 was examined after expression from
a modified PMTV vector under the control of a viral subge-
nomic promoter to investigate whether the observed localiza-
tions were reproducible in a virus context. Identical results were
obtained with the different expression systems used and a more
detailed analysis of the images of the ∼4 μm-diameter spheri-
cal structures first published in Haupt et al. (2005) where they
were simply referred to as large vesicles, revealed that they were
chloroplasts. This finding was surprising because chloroplasts
are typically ovoid or disc-shaped organelles (Esau, 1965), but
this rounding-up of chloroplasts has also been seen before in
BSMV-infected tissues (Torrance et al., 2006). Movement of a
PMTV mutant clone that was deficient in TGB2 expression was
functionally complemented by mRFP-TGB2, allowing the virus,
as reported by YFP-TGB1 fluorescence, to move into neighbor-
ing cells. Following co-expression, YFP fluorescence was detected
in cells surrounding the initial infected cell and occasionally
more than one cell boundary distant. In these experiments,
the proportion of co-expressing cells was low in comparison
to the numbers of individual red- or yellow-fluorescent cells.
This may be a result of exclusion of the virus due to a form
of RNA silencing, since the PMTV-3.YFP-TGB1.�TGB2 mutant
was created by mutation of the TGB2 initiation codon rather
than by deletion of the gene. It is highly unlikely that cell-to-
cell movement of the TGB2 deletion mutant was due to rever-
sion since, in control bombardments of RNA1 and the mutant
viral RNA, movement out of the initial cell never occurred.
Furthermore, if the mutant had reverted, continued movement
over many cell boundaries, resulting in larger fluorescent lesions
of greater than 20–100 cells, would have been expected. The
bombardment results confirm that TGB2 is not required for
viral replication, although PMTV TGB2 is known to bind RNA
(Cowan et al., 2002).

These data reveal subtle differences in the localizations of
PMTV TGB2 protein compared to other TGB2 proteins. In the
systems examined, TGB2 proteins are all observed in association
with the ER and mobile granules, particularly at early time points
in expression. However, unlike PMTV, the BSMV TGB2 local-
ized later in the infection to chloroplasts only in the presence
of viral RNA (Torrance et al., 2006) and PVX TGB2 has never
been reported to associate with chloroplasts or with components
of the endocytic pathway, accumulated instead in the cytosol and
nucleus later in expression (Ju et al., 2005).

Chloroplasts labeled with mRFP-TGB2 were often seen sur-
rounding the nucleus and mRFP-TGB2 also labeled stromules.
In the experiments reported here, localization to the chloroplast
envelope was consistent between different expression systems,
although the timing varied slightly. The localizations described
for TGB2 from a PMTV vector under the control of its own
subgenomic promoter were all visible slightly later than from
35S promoter expression. Differences in the time at which
localizations were observed may be due to different levels of

expression between the various systems rather than an intrin-
sic effect of the expression system, however, we cannot rule out
the possibility of temporal regulation by the virus infection pro-
cess. Deconvolution has produced greater resolution of fine and
faintly-labeled structures, showing additional detail and allowing
imaging of compartments that were previously invisible with-
out image processing. It was, for instance, interesting to note
that, when deconvolved, the ER and small mobile structures
were still visible at the later stage of chloroplast labeling. These
sub-cellular structures are typically labeled with mRFP-TGB2
early in the infection process (see Haupt et al., 2005), but were
previously considered to be unlabeled at the later, vesicle and
chloroplast-associated stage.

TGB2 was undetectable in preparations of chloroplasts from
PMTV-infected tissues using antisera raised against TGB2, and
in a previous study we were unable to detect TGB2 in PMTV
systemically-infected N. benthamiana tissue. However, TGB2 was
detected in P1 and P30 fractions (enriched for nuclei, chloro-
plasts and cellular membranes) when it was over-expressed from
a TMV-based vector (Cowan et al., 2002). In the present study,
TGB2 was found, by CLSM imaging, to be present in ∼5% of
the intact chloroplasts isolated from tissues that were systemically
infected with TMV expressing GFP-TGB2. It seems likely there-
fore, that the level of expression of TGB2 in natural infections is
below the limit of detection in Western blots. However, the dis-
tribution of mRFP-TGB2 fluorescence in chloroplasts was clear in
the CLSM experiments reported here using three different expres-
sion systems. These results suggest that, in a natural infection,
TGB2 is present on and in chloroplasts and that this localization
is a functional part of the infection process, but that the levels
required for this function are below the detection limits of the
available antiserum. The technical difficulty in preparing chloro-
plasts for analysis is compounded by the presence of large starch
grains in chloroplasts from PMTV-infected tissues (cf Figure 4):
these tend to pass through the plastid membrane during cen-
trifugation, rupturing the chloroplast and probably reducing the
abundance of chloroplasts from infected cells in any preparation
used for analysis.

RT-PCR detected the presence of viral negative strand RNA
(the replicative intermediate), in chloroplasts isolated from
PMTV-Swe-infected N. benthamiana leaves, indicating that repli-
cation of viral RNA occurs in association with chloroplasts. In-
situ RNA labeling of both infected tissue and isolated chloroplasts
from infected tissue showed that viral genomic (positive strand)
RNA was associated with infected plastids. In-situ RNA label-
ing was unable to detect negative strand RNA above background
labeling, but this is perhaps not surprising since it is assumed to
be present in very small quantities; methods utilizing PCR ampli-
fication are likely to be of greatest utility. Detection of viral RNA
in association with chloroplasts was also a relatively rare event;
only a small percentage of isolated chloroplasts or small patches
of leaf tissue showed hybridization with the PMTV probe which is
consistent with the sporadic and patchy nature of a PMTV infec-
tion in foliar tissue. When detected, the viral genomic RNA was
found to be in punctate spots associated with the plastid periph-
ery; possibly corresponding to the membrane invaginations seen
in the EM and the punctate spots of TGB2 seen with CLSM.
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Because TGB2 was localized to several different subcellular
compartments we wanted to investigate whether TGB2 displayed
any binding specificity to membrane lipids. Lipids play impor-
tant roles in the maintenance and activity of integral membrane
proteins and function as signaling molecules in plant growth
and development (reviewed by Martin et al., 2005), and can be
involved in plant pathogen resistance (Takahashi et al., 2009)
and viral replication (Lee and Ahlquist, 2003). Lipid interac-
tion analysis revealed that TGB2 interacts with phosphatidic
acid, a signaling phospholipid and biosynthetic precursor of car-
diolipin. Phosphatidic acid is thought to be transported from
the ER to chloroplast thylakoids (Awai et al., 2006), and car-
diolipin is present in photosystem II fractions from chloroplast
thylakoid membranes (Depalo et al., 2004), both providing addi-
tional supporting evidence for TGB2 association with plastids.
The other lipids that TGB2 interacted with in the membrane
blots, the phosphoinositides (PtdIns) and sulfatide are found
in discrete domains of plasma membranes and are involved
in signaling and host-pathogen interactions (Mongrand et al.,
2004; Borner et al., 2005). These interactions are the subject of
further study. The lipid binding experiments support the con-
tention that TGB2 interacts with specific lipid domains since
no reaction was found with phosphatidylcholine and phos-
phatidylethanolamine both of which are major constituents of
plasma membranes.

There have been many reports of viruses inducing deforma-
tion and disruption of chloroplasts. For example, chloroplasts are
known to be sites of replication of TYMV where the virus induces
small spherules at the periphery (Prod’homme et al., 2001). The
6K protein of (TuMV) induces vesicles that target chloroplasts
and induce chloroplast membrane invaginations (Wei et al., 2010)
and virus infection causes plastids to accumulate in perinuclear
structures containing other membraneous organelles and viral
proteins that are required for genome replication (Grangeon
et al., 2012). BSMV induces cytoplasmic invaginations and vesic-
ulation in membranes of proplastids and chloroplasts (Carroll,
1970; Torrance et al., 2006). The CP and RNA of BSMV were
detected in chloroplast preparations (Torrance et al., 2006) while
double-stranded RNA was found in proplastids of wheat root
tips (Lin and Langenberg, 1985), implicating plastids as sites of
virus replication. AltMV TGB3 targets to chloroplasts, causes
chloroplast malformation and vesicular membrane invaginations
and the association is required for efficient cell-cell and systemic
movement. As found for PMTV, viral RNA also associates with
the chloroplast periphery (Lim et al., 2010). Viruses commonly
cause chlorosis and have been reported to adversely affect pho-
tosystem II structure and function (Rahoutei et al., 2000; Lehto
et al., 2003). Recently, it was shown that the potyvirus helper com-
ponent proteinase (HC-Pro), a multifunctional protein with roles
in RNA silencing suppression, movement and transmission by
vector aphids, interacts with the tobacco MinD protein that plays
a role in chloroplast division (Jin et al., 2007). It was suggested
that HC-Pro binding may interfere with chloroplast division to
promote virus pathogenicity.

A previous EM study of PMTV-infected potato tissue revealed
an abundance of cytoplasmic membranous tubules and perfo-
ration and loss of both the plasma membrane and chloroplast

envelope (Fraser, 1976). However, chloroplast ultra-structure was
not reported in detail. In our study, we show for the first time
that PMTV induces the formation of large cytoplasmic invagi-
nations in chloroplasts and tests on chloroplast preparations
from PMTV-infected N. benthamiana showed that viral genomic
RNA and CP were associated with chloroplasts. Immunogold
labeling of ultrathin sections with the anti-TGB2 antibody was
unable to detect TGB2 protein in association with the chloro-
plasts, but this is perhaps unsurprising since the TGB2 antiserum
did not work in western blots. However results presented here
show TGB2 associated with plastid membranes and localized to
spots on the surface of chloroplasts (possibly cytoplasmic invagi-
nations) using a number of different methods. The additional
association of viral RNA and CP with the spots on chloro-
plasts suggests these may be sites of virus replication, and it
is possible that the plastid association of TGB2 reflects a role
in viral replication by recruiting vRNP. Alternatively it is pos-
sible that TGB2 has a cytopathic effect, for example, blocking
or subverting chloroplast receptors thereby inducing inclusions
of cytoplasm for replication. A similar phenotype (cytoplasmic
inclusions) has been observed in mutants defective in chloro-
plast import receptors (Kubis et al., 2004). Chloroplasts are
sites of salicylic acid biosynthesis and are the target of vir-
ulence effectors in other host-pathogen interactions (Jelenska
et al., 2007). Therefore, it is possible that chloroplast targeting
by TGB2 is virus-mediated to promote pathogenesis. However,
we do not know whether PMTV induces a salicylic acid medi-
ated defense response. It may also be that TGB2 is required
for intracellular transport of viral RNP complexes or assembled
virions that are produced in association with plastids; TGB2 asso-
ciates with TGB3 in a complex of defined stoichiometric ratio
to associate with motile membrane compartments of the ER
through protein-protein or protein-lipid interactions to achieve
passage to and through PD (Tilsner et al., 2010). Although
virus particles were not seen associated with the invaginations
of chloroplasts in EM sections in this study, CP was detected in
chloroplast preparations, suggesting that CP production could
be associated with plastid membranes, or encapsidation could
occur here. PMTV does not produce large quantities of viri-
ons in infected cells, but given that the virus can move as a
vRNP complex, virions may not be important in leaf tissue.
The one event that does require the viral CP is natural trans-
mission by its plasmodiophorid vector, Spongospora subterranea,
but this only occurs in root cells. This lack of necessity for viri-
ons to move systemically through the apical parts of the plant
may explain their relative absence in infected leaf cells. Future
research will be focused on establishing whether TGB2 plays a
role in pathogenesis, vRNP and virion transmission and/or virus
replication.
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Our previous work has demonstrated that the NSvc4 protein of Rice stripe virus (RSV)
functions as a cell-to-cell movement protein. However, the mechanisms whereby RSV traf-
fics through plasmodesmata (PD) are unknown. Here we provide evidence that the NSvc4
moves on the actin filament and endoplasmic reticulum network, but not microtubules,
to reach cell wall PD. Disruption of cytoskeleton using different inhibitors altered NSvc4
localization to PD, thus impeding RSV infection of Nicotiana benthamiana. Sequence analy-
ses and deletion mutagenesis experiment revealed that the N-terminal 125 amino acids
(AAs) of the NSvc4 determine PD targeting and that a transmembrane domain spanning
AAs 106–125 is critical for PD localization. We also found that the NSvc4 protein can local-
ize to chloroplasts in infected cells. Analyses using deletion mutants revealed that the
N-terminal 73 AAs are essential for chloroplast localization. Furthermore, expression of
NSvc4 from a Potato virus X (PVX) vector resulted in more severe disease symptoms
than PVX alone in systemically infected N. benthamiana leaves. Expression of NSvc4 in
Spodoptera frugiperda 9 cells did not elicit tubule formation, but instead resulted in punc-
tate foci at the plasma membrane. These findings shed new light on our understanding of
the movement mechanisms whereby RSV infects host plants.

Keywords: rice stripe virus, movement, chloroplast, tubules

INTRODUCTION
Rice stripe disease is the most devastating viral disease of rice in
China, Japan, and Korea (Wei et al., 2009). The causal agent, Rice
stripe virus (RSV), is the type member of the Tenuivirus genus and
the viral genome consists of four single-stranded RNA segments
(RNAs 1, 2, 3, and 4; Hibino, 1996). RNA 1 is negative-sense and
encodes a putative RNA-dependent RNA polymerase. RNAs 2, 3,
and 4 are ambisense, and each of which encodes two open read-
ing frames (ORFs) with one on viral RNA (vRNA) and another
on viral complementary RNA (vcRNA). RSV vRNA 2 encodes a
membrane-associated protein that reportedly is an RNA silencing
suppressor and interacts with SGS3 (Du et al., 2011). The vcRNA
2 encodes a glycoprotein with unidentified functions (Zhao et al.,
2012). The vRNA 3 and vcRNA 3 encode a gene silencing suppres-
sor and a nucleocapsid (NC) protein, respectively (Hibino, 1996;
Xiong et al., 2009). RSV vRNA 4 encodes a disease-specific protein
that accumulates in both infected plant and insect cells (Toriyama,
1986). The protein encoded by vcRNA 4 was identified as the RSV
movement protein (MP; Xiong et al., 2008). RSV is transovarially
transmitted by small brown planthopper (SBPH), Laodelphax stri-
atellus, in a circulative-propagative manner (Falk and Tsai, 1998; Li
et al., 2011). After RSV infection, rice plants often show chlorotic
stripes in the newly expanded leaves, and the stripes progress into
pale streaks in infected plant leaves. Because of global environment
changes and the extensive increases in distribution of the trans-
mission vector (L. striatellus) in the south and southeastern parts
of China, RSV has caused significant losses in rice production in
the past decade.

To infect a host plant successfully, viruses must overcome two
obstacles; they must be capable of replicating in host cells and mov-
ing between cells and then be able to move systemically throughout
the plant via the vasculature. To carry out these functions, viruses
encode MPs that often interact with viral genomic (g) RNAs to
form ribonucleoprotein complexes that mediate intra- and inter-
cellular movement. At the plasmodesmata (PD), the MPs modify
PD size exclusion limits to enable transit of the ribonucleopro-
tein complexes to adjacent cells. In some examples, the viral MPs
form tubules that penetrate through the PD and serve as con-
duits for whole virus cell-to-cell transport. It has been shown
that viruses often co-opt plant cellular processes to carry out spe-
cific functions required for infection (Scholthof, 2005; Shen et al.,
2011). In addition to host factors that interact directly with viral
MPs (Paape et al., 2006; Shimizu et al., 2009), host cytoskeleton,
and endoplasmic reticulum (ER) networks also play critical roles
in virus movement in hosts (Ashby et al., 2006; Harries et al.,
2010). For example, both microtubules and microfilaments have
been implicated in supporting cell-to-cell movement of Tobacco
mosaic virus (TMV) in Nicotiana benthamiana (Brandner et al.,
2008; Harries et al., 2009b, 2010). The MP of Abutilon mosaic
virus (AbMV) is known to have an anchor domain that allows
the MP to localize to the ER (Aberl et al., 2002). Association
of viral MPs with the secretory pathway was also reported for
viruses whose MPs form tubules. For example in cells infected
with Cowpea mosaic virus or Cauliflower mosaic virus, tubule for-
mation was independent of microtubules or microfilaments, but
tubule formation required a functional secretory pathway (Huang
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et al., 2000; Pouwels et al., 2002). Trafficking of P3N-PIPO and
CI of Turnip mosaic virus (TuMV) to PD has also been shown to
be dependent on the host secretory pathway (Wei et al., 2010b).
Interestingly, in Grapevine fanleaf virus infected cells both the
secretory pathway and the cytoskeleton networks were reported
to be involved in tubule formation and in intra-cellular target-
ing of virions (Laporte et al., 2003). Thus, plant virus may utilize
the host cytoskeleton, the ER network, or both for PD target-
ing. Genomes of plant viruses are small and each virus encodes
only a few proteins. Consequently, virus-encoded proteins are
often multi–functional proteins. For example, the coat protein
of Turnip crinkle virus (TCV) not only functions in movement
between cells and in virion assembly, but also functions as a sup-
pressor of gene silencing (Qu et al., 2003; Cao et al., 2010). Viral
MPs also have varied functions: BC1 of AbMV accumulates pref-
erentially at the cell periphery or around the nucleus in plant
cells, and hence may participate in distinct functions (Zhang et al.,
2001, 2002). The Barley stripe mosaic virus-encoded triple-gene
block (TGB) 1 protein has similar localization patterns, and TGB2
can localize to both ER membranes and chloroplasts, indicating
it also has distinct functions (Torrance et al., 2006; Lim et al.,
2009). Several other viral MPs have been reported to accumu-
late in chloroplasts and are considered to have important roles
in virus replication, viral transport, or symptom development.
For example, mutation of the chloroplast-targeting signal in the
Alternanthera mosaic virus (AltMV) TGB3 impaired the virus cell-
to-cell movement and eliminated the long distance movement of
the virus (Lim et al., 2010). A number of biochemical and subcel-
lular localization activities are associated with the TGB proteins of
other flexiviruses, including intra-cellular targeting, gene silenc-
ing activities, and host membrane remodeling (Verchot-Lubicz
et al., 2010; Tilsner et al., 2012). The 66 K protein of Turnip yellow
mosaic virus (TYMV) was reported to localize to virus-induced
chloroplastic membrane vesicles, which are thought to function as
TYMV RNA replication factories (Prod’homme et al., 2003). The
TuMV 6 K also has been shown to target chloroplasts to result in
aggregation and elicitation of membrane invaginations (Wei et al.,
2010a). Former work demonstrated that NSvc4 rely on the early
secretory pathway and actin-myosin VIII motility system for plas-
modesmatal localization and could induce foliar necrosis from a
TMV-NSvc4 hybrid vector (Yuan et al., 2011; Zhang et al., 2012).
Here we present new evidence indicating that NSvc4 exerts its
movement functions by trafficking on actin filaments and ER net-
works to reach the PD and shown that the N-terminal 125 amino
acids (AAs) determine the PD localization. We also demonstrate
that the NSvc4 protein targets chloroplasts in infected cells and is
a symptom determinant in plant.

MATERIALS AND METHODS
PLASMIDS CONSTRUCTIONS
The full length ORFs of NSvc4 protein and the N- and C-terminal
deletion mutants were amplified from pBin438-NSvc4 (Xiong
et al., 2008) using the Phusion High-Fidelity DNA polymerase
(New England Biolabs, Ipswich, USA). The NSvc4 deletion mutant
(lacking AAs 106–125) was first amplified via an overlap PCR
method with the primers MP-Fol and MP-Rol (See Table A1 in
Appendix for all the primers used in this study). The resulting

PCR fragments were ligated individually into the pCHF3-eGFP
plasmid and used for agroinfiltration into N. benthamiana (Xiong
et al., 2008). To construct Potato virus X (PVX) NSvc4 expres-
sion vectors, full length and deletion mutants of NSvc4 were PCR
amplified with primers containing ClaI and SalI restriction sites.
The PCR fragments were cloned individually into the pGEM-
Teasy vector. After digestion using the ClaI and SalI enzymes,
the resulting fragments were ligated individually to the PVX
pgR107 vector (provided by Dr D. C. Baulcombe, Sainsbury Lab-
oratory, John Innes Centre, Norwich Research Park, Norwich,
UK). All the plasmids were verified by DNA sequencing before
further use.

PLANT INOCULATION AND CONFOCAL MICROSCOPY
N. benthamiana plants were grown in a growth chamber set at
25± 1˚C and 16 h light and 8 h dark conditions. RSV infectiv-
ity trials were carried out by rub-inoculating leaves with crude
extracts from RSV-infected O. sativa leaves ground in phosphate
buffer (0.2 M). After a 12-h incubation in the dark, the plant
were transferred to a culture room set at 25± 1˚C, 80% relative
humidity, and 16 h light and 8 h dark cycle. Local and systemic leaf
infections were evaluated at 3, 7, and 10 days post inoculation by
RT-RCR (data not shown). Leaves of 4-week-old plants were infil-
trated with Agrobacterium tumefaciens (strain GV3101) harboring
either the full length NSvc4 sequence or one of the mutant NSvc4
plasmids using needleless syringes as described previously (Batoko
et al., 2000). Leaf tissue was harvested at 48 h post agro-infiltration
and examined for GFP fluorescence under a Leica TCS SP5 con-
focal microscope equipped with a 20× objective lens. Conditions
set to excite GFP and monitor the emission were as described by
Brandizzi et al. (2002). Chloroplast autofluorescence was detected
using a 670-nm emission filter according to the manufacturer’s
instructions. Confocal images were processed using the LCS Lite
Leica software.

INHIBITOR TREATMENTS
Latrunculin B (LatB), oryzalin, and brefeldin A (BFA) were pur-
chased from Sigma-Aldrich (St. Louis, USA) and dissolved in
dimethyl sulfoxide (DMSO) to make stock solutions at 10 mM,
2 mM, and 200 µg/ml, respectively. Immediately prior to use, the
stocks were diluted to 5 µM LatB, 50 µM oryzalin, and 50 µg/ml
BFA using double-distilled water (ddH2O). Three hours before
agroinfiltration, diluted LatB, oryzalin, or BFA solutions were
infiltrated into N. benthamiana leaves using needleless syringes
as described (Harries et al., 2009a). Diluted DMSO (1:1000 in
ddH2O) was infiltrated into N. benthamiana leaves and used as a
control. The MAN1-RFP (from soybean, which is known to local-
ize to cis-Golgi) was used to monitoring BFA in function in our
system (data not shown).

For virus inoculation assays, leaves of six-to-eight leaf stage
N. benthamiana were rub-inoculated with 5 µM LatB, 50 µM
oryzalin, or diluted DMSO (1:1000 in ddH2O). One day after the
chemical treatments, the leaves were rub-inoculated as described
previously with crude extracts prepared from RSV-infected O.
sativa leaves (Xiong et al., 2008). After 12 h incubation in the dark,
the plants were transferred to a culture room set at 25± 1˚C, 80%
relative humidity, and 16 h light (5000 lux) and 8 h dark.
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Xu and Zhou RSV movement and symptom development

IMMUNOCYTOCHEMISTRY AND ELECTRON MICROSCOPY
Small tissues (approximately 1 mm wide and 3 mm long) were
excised from N. benthamiana leaves agroinfiltrated with the bac-
teria harboring the pgR107 or pgR107-NSvc4 vectors. Harvested
tissues were fixed with 50 mM phosphate-buffered saline (PBS),
pH 6.8, containing 1% glutaraldehyde and 2% formaldehyde for
3 h at 4˚C. After dehydration in a graded series of ethanol (30, 50,
70, 90, and 100%), the fixed samples were embedded in Lowicryl
K4M resin as described previously (Xiong et al., 2008).

CONSTRUCTION OF BACULOVIRUS PLASMIDS AND TRANSFECTION OF
Sf-9 CELLS
The full length NSvc4 sequence was PCR amplified from the
pgR107-NSvc4 using the primers MP-(BamH1)-F and MP-(Sal1)-
R. The amplified fragments were digested with the BamHI and SalI
restriction enzymes, and then inserted between the BamHI and
SalI sites within the pFastBacHTGFPT transfection vector (kindly
supplied by Chuanxi Zhang, Zhejiang University, Zhejiang, China)
under the control of the polh promoter. The recombinant plasmid
pFastBacHTGFPT-NSvc4 was transformed into E. coli DH10Bac
as instructed (Invitrogen, Carlsbad, USA). After transformation,
the gene cassette from the recombinant plasmid was transferred to
the bacmid genome by site-specific transposition and the recombi-
nant bacmid DNA was then isolated following the manufacturer’s
instructions.

Recombinant bacmid DNA was transfected into 1.0× 106 cells
Spodoptera frugiperda 9 (Sf-9) cell using Cellfectin Reagent (Invit-
rogen, Carlsbad, USA), and transfected cells were incubated at
27˚C for 72 h. Supernatant of culture medium TNM-FH (Sigma-
Aldrich, USA) was collected from the transfected Sf-9 cell cultures
and transferred to fresh Sf-9 cells followed by an additional 48–72 h
incubation period before confocal microscopy observations.

COMPUTATIONAL ANALYSES OF THE NSvc4 PROTEIN
The transmembrane helices of NSVc4 were predicted using the
Membrane Protein Explorer (MPEx, version 3.21) and the ∆G
prediction server2 (Hessa et al., 2007; Snider et al., 2009). The ∆G
server provides predictions of the corresponding apparent free

1http://blanco.biomol.uci.edu/mpex/
2http://dgpred.cbr.su.se/index.php?p=home

energy differences. In principle, a negative ∆G value by the Sec
translocon predicts that a protein sequence has a TM helix and
that proteins can integrate into membranes.

RESULTS
ACTIN FILAMENTS AND GOLGI APPARATUS DISRUPTION ABOLISH PD
LOCALIZATION OF NSvc4 AND DELAY RSV SYSTEMIC INFECTIONS IN N.
BENTHAMIANA
To investigate roles of the cytoskeleton and secretory membranes
in NSvc4 intra-cellular transport and PD targeting, three phar-
macological inhibitors were applied to N. benthamiana leaves
before agroinfiltration-mediated transient expression of NSvc4-
eGFP. LatB and oryzalin treatments were used to disrupt actin
filaments and microtubules, as previously reported (Harries et al.,
2009a; Yuan et al., 2011). Expression of NSvc4-eGFP under con-
trol of the PVX pgR107-NSvc4 vector in the DMSO (control)
treated N. benthamiana leaves yielded punctate spots at the PD
(Figure 1A). When NSvc4-eGFP was expressed in LatB treated
N. benthamiana leaves, the number of punctate spots at the PD
were clearly reduced, and fluorescence was more generally dis-
persed throughout the cell (Figure 1B), indicating that a functional
actin cytoskeleton is important for targeting NSvc4-eGFP to punc-
tate foci at the PDs. When the NSvc4-eGFP was expressed in the
oryzalin treated N. benthamiana leaves, abundant punctate spots
similar to those noted in the DMSO controls were evident at the
PD (Figure 1C). These experiments indicate that depolymerizing
microtubules does not have obvious interference on formation
of punctate spot at the PD. BFA is known to interfere with the
ER/Golgi secretory pathway by inhibiting COPI vesicle produc-
tion (Tse et al., 2006). We therefore treated N. benthamiana leaves
with BFA and noted the NSvc4-eGFP fluorescence was more gen-
erally distributed in the cytosol than in the DMSO treated controls
and that the localization at the PD and the peripheral membranes
was greated reduced (Figures 2A,B). These results thus suggest
that an intact Golgi secretory system has a substantial positive
effect on PD targeting of NSv4-eGFP.

In order to determine whether the pharmacological affects
were correlated with RSV infection, we inoculated N. benthami-
ana leaves with extracts from RSV-infected rice. We had noted
earlier (Xiong et al., 2008) that RSV results in systemic infections
in N. benthamiana after mechanical inoculation. Therefore to test

FIGURE 1 | Role of actin filaments in PD localization of NSvc4. N.
benthamiana leaves were first infiltrated with DMSO (A), LatB (B), or oryzalin
(C). Three hours later, the leaves were agroinfiltrated with bacteria harboring

the NSvc4-eGFP vector. Infiltrated leaves were sampled at 48 h after
agro-infiltration and subjected to examination under the confocal microscopy.
Arrows indicate PD localization of fusion proteins.
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Xu and Zhou RSV movement and symptom development

FIGURE 2 | Role of the ER-Golgi secretion pathway in PD
localization of NSvc4. N. benthamiana leaves were infiltrated with
DMSO (A) or BFA (B). After 3 h, the leaves were agroinfiltrated for

expression of NSvc4-eGFP. The leaf shown in (C) was agroinfiltrated with
deletion mutant of NSvc4 (NSvc4106–125-eGFP). Arrows indicate the
localization of fusion protein.

the effects of the DMSO, LatB, and oryzalin treatments on RSV
infection, we inoculated RSV from infected rice extracted to N.
benthamiana leaves 1 day after application of the drug treatments.
The results show that disruption of actin filaments using LatB
strongly inhibits systemic infection of RSV, whereas oryzalin treat-
ments were similar to those of DMSO on RSV systemic infection
in N. benthamiana (Table 1).

COMPUTATIONAL ANALYSIS OF NSvc4 AND DOMAINS RESPONSIBLE
FOR NSvc4 PD LOCALIZATION
Using the Membrane Protein Explorer program, AAs spanning
positions 106–125 of the NSvc4 protein have properties of a trans-
membrane domain (Figure 3). To confirm this prediction, we
deleted AAs 106–125 from the NSvc4 to create NSvc4∆106–125-
eGFP, and expressed the mutant transiently from the PVX vector in
the epidermal cells of N. benthamiana leaves via agro-infiltration.
Confocal microscopy observations revealed that PD localization
by the deletion mutant was substantially reduced compared to
the DMSO controls. Only a few apparently intact foci were evi-
dent and most of the fluorescence was diffuse and appeared to
be associated with the cytosol (Figure 2C). These observations
provide evidence suggesting that the predicted transmembrane
region (AAs 106–125) in the NSvc4 protein provides an impor-
tant anchor domain that is required for NSvc4 trafficking on the
endomembrane network.

To determine the domain responsible for NSvc4 PD localiza-
tion, a series of NSvc4 deletion mutants were constructed, inserted
into the pCHF3 vector and expressed transiently by agroinfiltra-
tion into N. benthamiana leaf cells. The fluorescence patterns
in cells at 48 h after infiltration revealed that the NSvc41–54-
eGFP, NSVc41–73-eGFP, NSvc41–106-eGFP, and NSvc4∆125–286-
eGFP mutant derivatives each elicited GFP expression patterns
similar to those produced by pCHF3-eGFP, the GFP control vec-
tor (Figure 4). However, fluorescence from the NSvc41–125-eGFP
deletion mutant protein accumulated in punctate foci at the PD
that appeared to be similar to the fluorescence elicited in cells

Table 1 | Effect of different inhibitors on RSV infection in N.

benthamiana.

Treatment 3 dpia

inoculation

leaf

3 dpi

systemic

leaf

7 dpi

systemic

leaf

10 dpi

systemic

leaf

LatB 15/15b 0/15 3/15 3/15

Oryzalin 15/15 0/15 11/15 12/15

DMSO 15/15 0/15 13/15 15/15

aDays post inoculation of RSV in N. benthamiana. b The denominator shows

the number of N. benthamiana plants used in these treatment; the numerator

represents the number of N. benthamiana plants with symptom.

expressing NSvc4-eGFP (Compare Figures 4B,G). In marked
contrast, the NSvc4∆ 106–125-eGFP proteins accumulated as small
punctate bodies in the cytoplasm and were not observed at the PD
(Figure 4E). These observations indicate that the N-terminal 1–
125 AA fragment contains a PD localization signal that is sufficient
for PD targeting.

LOCALIZATION OF NSvc4 IN SPHERE-LIKE COMPARTMENTS AND
CHLOROPLAST
Image analysis indicated that as well as localizing at the PD, the
NSvc4 protein also accumulated in discrete, sphere-like compart-
ments of approximately 4 mm in diameter in cells (Figure 5).
To determine the subcellular localization of these spheres, epi-
dermal cells expressing NSvc4-eGFP were analyzed by confocal
microscope. A lambda scan set at 5 nm intervals between 595 and
755 nm for analysis of the sphere-like compartments had emis-
sion peaks at 500–530 nm and at 650–700 nm (Figure 5B). The
spectral characteristics of the 650–700 nm emission peak were
similar to the chlorophyll spectrum (maximum at 680 nm). So,
the fluorescence spectra were collected simultaneously, with one
photon multiplier-tube bandwidth set at 500–530 nm and a sec-
ond one at 660–700 nm, and the NSvc4-eGFP and chlorophyll
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Xu and Zhou RSV movement and symptom development

FIGURE 3 | NSVc4 transmembrane domain prediction. Prediction of
transmembrane domain was carried out with the ∆G prediction server
(http://dgpred.cbr.su.se/index.php?p=home). The Y -axis shows the predicted

G value and the x -axis represents the amino acid sequence position. The dark
region spanning amino acids 106–125 is predicted to be a transmembrane
domain.

autofluorescence was merged to generate yellow fluorescent of the
overlapping foci (Figure 5).

To confirm the presence of NSvc4 in the chloroplasts, NSvc4-
eGFP was expressed in N. benthamiana leaf cells using the PVX
vector (pgR107). By 7–8 days post agroinfiltration (dpi), leaves
with systemic symptoms were sampled and examined by confocal
microscopy. In cells expressing the NSvc4-eGFP, the GFP signal co-
localized with the chlorophyll autofluorescence, suggesting that a
fraction of the expressed NSvc4-eGFP protein accumulates in the
chloroplasts (Figure 6).

To determine which region of NSvc4 is required for chloroplast-
targeting, we agroinfiltrated plasmids harboring the wild type or
mutant NSvc4-eGFP fusions (Figure 7). The results showed that
NSvc41–73-eGFP accumulated in the sphere-like compartments
and in the chloroplasts of the epidermal leaf cells (Figure 7B).
However, NSvc41–54-eGFP and NSvc454–73-eGFP localized around
the nuclei and in the cytoplasm,but were not obvious in the chloro-
plasts (Figures 7A,E). The remaining NSvc4 mutants localized
exclusively in the cytoplasm. These observations suggest that the
N-terminal 73 AAs contain a chloroplast-targeting signal.

THE NSvc4 PVX VECTOR INDUCES MORE SEVERE SYMPTOMS IN N.
BENTHAMIANA THAN PVX
By 7 days after agroinfiltration of N. benthamiana plants for
expression of the wtPVX vector (pgR107) or the NSvc4
(pgR-NSvc4), all plants developed systemic symptoms in the upper

emerging leaves. Symptoms in plants infiltrated with pgR-NSvc4
were more severe than in plants infiltrated with the wtPVX vector.
By 20 dpi, virus symptoms in plants infected with wtPVX vec-
tor disappeared, whereas symptoms in the PVX-NSvc4 infected
plants remained intense and developed foliar necrosis (Figure 8).
Reverse transcription PCR result showed that NSvc4 was accumu-
lated in leaves of the PVX-NSvc4 infected plants in both the early
and the late infection stages (data not shown). Examination of
thin sections prepared from the PVX or PVX-NSvc4 infected N.
benthamiana leaf tissues by electron microscopy revealed major
malformations of chloroplast grana and electron lucent bodies
beneath the membranes of PVX-NSvc4 infected cells, but sim-
ilar malformations were not evident in wtPVX infected cells.
In addition, proliferations radiating from the chloroplasts into
the cytoplasm were observed in the PVX-NSvc4 and RSV rub-
inoculating infected N. benthamiana leaves, but not in the cells
infected with wtPVX (Figure 9 and Figure A1 in Appendix).

SYMPTOM DEVELOPMENT IS INDEPENDENT OF NSvc4 CHLOROPLAST
LOCALIZATION
To determine the correlation between NSvc4 chloroplast local-
ization and symptom development, PVX vectors expressing var-
ious mutants of NSvc4 were agroinfiltrated individually into
N. benthamiana leaves. The results demonstrate that NSvc41–73

and NSvc41–106 are capable of targeting chloroplasts (Figure 10;
Table 2). Interestingly, plants infected with two mutant viruses
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Xu and Zhou RSV movement and symptom development

FIGURE 4 | Determination of domains within the NSvc4 that are
responsible for PD localization. Tissue was collected from N. benthamiana
leaves at 48 h after agroinfiltration with pCHF3-eGFP (A), pCHF3-NSvc4-eGFP
(B), pCHF3-NSvc41–54-eGFP (C), pCHF3-NSvc41–73-eGFP (D),

pCHF3-NSvc4∆106–125-eGFP (E), pCHF3-NSvc41–106-eGFP (F),
pCHF3-NSvc41–125-eGFP (G), and pCHF3-NSvc4125–286-eGFP (H). Harvested leaf
samples were examined by confocal microscopy. Arrows indicate the
localization of NSvc4 and its mutant fusion protein.

FIGURE 5 | Localization of NSvc4 proteins in chloroplast. Tissues
were harvested from N. benthamiana leaves at 48 h after
agroinfiltration with (A) pCHF3-eGFP or (B) pCHF3-NSvc4-eGFP. The
harvested tissues were then examined under a confocal microscope.

Fluorescence emissions were collected simultaneously, with a one
photon multiplier-tube bandwidth set at 500–530 and 660–700 nm,
respectively. Arrows indicate the sphere-like compartments formed by
NSvc4-eGFP fusion protein.

developed phenotypes similar to those caused by the wild wtPVX
at 7dpi, and the disease phenotype also recovered by 20 dpi. Inter-
estingly, NSvc4106–286 was predicted not to localize to chloroplasts,

but, the mutant still elicited a severe symptom phenotype in
infiltrated N. benthamiana plants that was maintained for up to
20 dpi. These results indicate that NSvc4 chloroplast localization

Frontiers in Plant Science | Plant-Microbe Interaction December 2012 | Volume 3 | Article 269 | 96

http://www.frontiersin.org/Plant-Microbe_Interaction
http://www.frontiersin.org/Plant-Microbe_Interaction/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Xu and Zhou RSV movement and symptom development

FIGURE 6 | NSvc4-eGFP expressed using the Potato virus X-based vector localized to chloroplasts. At 7 or 8 days post inoculation with pgR-NSvc4-eGFP,
systemically infected leaves were sampled and examined by confocal microscope. Arrows indicate the sphere-like compartments formed by NSvc4-eGFP
fusion protein.

FIGURE 7 |The N-terminus 73 amino acids determine the chloroplast
localization of NSvc4. N. benthamiana leaves were agroinfiltrated with
pCHF3-NSvc4-eGFP (A), pCHF3-NSvc41–54-eGFP (B), pCHF3-NSvc41–73-eGFP
(C), pCHF3-NSvc41–125-eGFP (D), pCHF3-NSvc454–73-eGFP (E),
pCHF3-NSvc4125–286-eGFP (F), pCHF3-NSvc4106–125-eGFP (G),

pCHF3-NSvc4∆106–125-eGFP (H). At 48 h post agroinfiltration the leaves were
sampled and examined under a confocal microscope. The fluorescence
emission was collected simultaneously, with one photon multiplier-tube
bandwidth set at 500–530 and 660–700 nm, respectively. Arrows indicate the
sphere-like compartments and the chloroplast.

is dispensable for the exacerbated symptoms. Hence, it is possible
that the NSvc4 transmembrane domain has a role in chloroplast
malformations, membrane proliferations from the chloroplasts
and symptom development.

NSvc4 PROTEIN DID NOT MEDIATE TUBULE FORMATION IN Sf-9 CELLS
Our earlier research has shown that NSvc4 accumulated at PD in
the walls of RSV-infected cells (Xiong et al., 2008). Because the
NSm MP of Tomato spotted wilt virus (TSWV) formed tubule-
like structures in insect cells (Storms et al., 1995), we decided

to investigate the possibility of tubule formation by RSV NSvc4.
In these experiments, the TSWV NSm (AcNPV/NSm-GFP) pro-
tein elicited numerous tubule-like extensions on Sf-9 cell surface
by 36–48 h post transfection. However, Sf-9 cells transfected with
the RSV NSvc4 protein (AcNPV/NSvc4-GFP), failed to develop
similar tubules by 48 hpi. In contrast to the free GFP protein
(AcNPV/GFP), which was distributed uniformly in the nuclei and
in the cytoplasm, the NSvc4-GFP protein (AcNPV/NSvc4-GFP)
accumulated as globular structures at the cell periphery and, in this
regard, was similar to the localization patterns of NSvc4 in plant
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cells (Figure 11). However, it has been reported in an abstract that
the NS2 protein encoded by RSV vRNA 2 can induce tubule-like
structures in insect cells (ITMGCM, 1999), but this report has not
been verified in a peer reviewed paper. Nevertheless, it is possible
that NS2 may interact with NSvc4 to facilitate RSV movement, so
in future experiments, we plan to investigate possible roles of NS2

FIGURE 8 | Symptom expression in N. benthamiana plants after
infection with the wild type PVX vector or the NSVc4 expressing PVX
vector. N. benthamiana plants were infiltrated with pgR107 (wild type PVX)
or pgR107-NSvc4 (PVX expressing NSvc4) at 7 or at 20 dpi. Allows showed
the foliar necrosis in pgR107-NSvc4 infected N. benthamiana.

and NSvc4 protein interactions to determine whether they may
act together to facilitate RSV cell-to-cell transport.

DISCUSSION
Our previous studies of RSV NSvc4 have indicated that NSvc4
belongs to the 30 K MP superfamily, and have shown experimen-
tally that the protein interacts with single-stranded RNA in vitro,
traffics to the PD of dicot cells and can move to adjacent cells after

FIGURE 9 | Ultrastructural changes resulting from infection with wild
type PVX or PVX-NSvc4. Tissue sections were prepared from the leaves
infected with the wild type PVX or PVX expressing NSvc4. Morphological
changes in chloroplast were only observed in plants infected with PVX
expressing NSvc4. Arrows indicate alterations of chloroplast membrane.

FIGURE 10 | Symptoms elicited by wild type PVX or PVX expressing mutants of NSvc4. N. benthamiana plants were agroinfiltrated with various PVX
constructs. Plant infected with PVX-NSvc4 (A), PVX-NSvc41–125 (B), PVX-NSvc4125–286 (C), PVX (D), PVX-NSvc41–53 (E), and PVX-NSvc41–73 (F). Photographs were
taken at 20 days post agroinfiltration.
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bombardment (Xiong et al., 2008). Within the 30 K superfamily,
the TMV MP has been studied most intensively and is known
to target PD via trafficking on cortical ER and actin cytoskele-
ton (Wright et al., 2007; Hofmann et al., 2009). A recently report
indicates that targeting of NSvc4 to PDs utilizes the actin micro-
filament pathway and the myosin VIII rather than myosin XI
motility system (Yuan et al., 2011). Our results complement and
verify this study by demonstrating that actin microfilament dis-
sociation by LatB and Golgi disruption by BFA interfere with PD
targeting of the NSvc4-eGFP fusion protein, whereas disruption of
microtubules by oryzalin has little effect on PD targeting. More-
over, microfilament disruption but not microtubule disruption
inhibits infection of RSV in N. benthamiana, Thus, our combined
results clearly suggest that targeting of NSvc4 to PDs depends on
a functional ER and actin network.

Many viral MPs within the 30 K superfamily have a hydrophilic
region at their C-termini. Deletion or alanine-scanning mutations
within the C-termini of several viral MPs have demonstrated that

Table 2 |Targeting of NSvc4 and its mutants to plasmodesmata and

chloroplast and their roles in symptom development.

Localization/symptom Plasmodesmata Chloroplast Symptom

NSvc4 + + +

NSvc41–54 – – –

NSvc41–73 – + –

NSvc41–106 – + n

NSvc41–125 + + +

NSvc4125–286 – – +

NSvc4106–286 – – +

n, The symptom data was not record.

this region is dispensable for cell-to-cell movement (Schoelz et al.,
2011). We have now extended previous RSV studies through tran-
sient expression of wtNSvc4 and NSvc4 mutants in cells, and have
determined that NSvc4 differs from the general MP rule because
the N-terminal 125 AAs are sufficient to target the truncated frag-
ment to the PD. Furthermore, we have shown that AAs 106–125
contain a predicted transmembrane domain and that deletion of
this domain abolishes the PD targeting ability of NSvc4. These
results strongly suggest that the 20 deleted residues serve as an
integral membrane signal that facilitates insertion into the ER.

Several previous reports have shown that some viral MPs accu-
mulated in chloroplast and thus might have an important role
in virus replication, movement, and/or symptom development
(Prod’homme et al., 2003; Torrance et al., 2006). For example
AltMV TGB3 was shown to be responsible for AltMV movement
between cells and contained a novel signal which was required for
chloroplast membrane localization. Here we provide definitive evi-
dence that RSV NSvc4 has a chloroplast-targeting signal within its
N-terminal 73 residues, and that this signal targets the NSvc4-GFP
chloroplast in both the agro-mediated and PVX-based expression
systems. We anticipate further studies to elucidate the potential
involvement of chloroplast-targeting in the RSV life cycle.

Expression of the NSvc4 through PVX-based vector exacer-
bated disease symptoms in N. benthamiana than the symptoms
elicited by PVX alone. Electron microscope observations suggested
that disease symptoms correlated with chloroplast malforma-
tions and cytoplasmic membrane proliferations in cells. However,
expression of mutants of NSvc4 indicated no direct connection
between chloroplast localization of NSvc4 and symptom devel-
opment. We propose that the chloroplast-targeting phenomenon
may be involved in RSV replication or other unidentified activities.
Considering the chloroplast malformations and membrane pro-
liferations in the PVX-NSvc4 infected N. benthamiana cells, it

FIGURE 11 |Tubule formation in Sf-9 cells. S. frugiperda 9 cells were transinfected with recombinant baculovirus AcNPV/GFP (A), AcNPV/NSm-GFP (B), or
AcNPV/NSvc4-GFP (C). Images were taken at 72 h post transfection.
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is reasonable to propose that the transmembrane activity of the
NSvc4 may play a pivotal role in development of disease symp-
toms. Because viral MPs modify PD structures and increase PD size
exclusion limits, transgenic plants expressing viral MPs often show
alterations in plant development. Plant developmental anomalies
have also been demonstrated through infection of N. benthamiana
plants using TMV-based vector expression NSvc4 (Zhang et al.,
2012), so the phenomena we have observed are not virus specific.
The authors also found that region D17–K33 was recognized as a
crucial domain for leaf necrosis response using TMV-based vector
expression NSvc4 (Zhang et al., 2012). In our experiment, we also
observed foliar necrosis expressed of PVX-NSvc4. More detailed
work is needed to determine the regions responsible for forma-
tion of foliar necrosis expressed from PVX vector. From these
accumulated data, we conclude that RSV NSvc4 is a symptom
determinant that affects the host phenotype, but the mechanisms
whereby the protein functions in symptom development remain
to be elucidated.

One of the major questions unique to RSV movement is the
form in which infectious entities might move from initial infection
foci to adjacent cells. Because RSV is a negative strand “ambisense”
virus, it is obvious that the NC must be involved in intra-cellular
transit in order to facilitate nascent transcription and replication
in newly invaded plant cells. Similar events also must function dur-
ing RSV infections of planthopper vectors. Therefore, we carried
out preliminary experiments to determine the location of NSvc4
and the TSWV NSm MP in insect cells. Our results show that in
contrast to NSm, NSvc4 failed to produce tubule-like structures
after plasmid transfection into Sf-9 cells, but instead formed large
foci at the surface of the cells. We previously were unable to detect

NSvc4 binding to the RSV NC protein, but have shown that NSvc4
exhibits non-specific RNA binding in gel shift assays. These results
suggest that NSvc4 may be able to access RNA encapsidated in the
NC, and such a mechanism is compatible with recent experimen-
tal data for Vesicular stomatitis virus (VSV), the most intensively
studied negative strand virus (Green et al., 2011). Interestingly,
the VSV NC (N) protein is thought to undergo conformational
changes to permit access by the polymerase protein during tran-
scription and replication. Moreover, the matrix protein of negative
strand viruses has mechanisms to discriminate genomic NCs from
antigenomic NCs during morphogenesis, and these likely are RNA
sequence specific. Therefore, we posit that NSvc4 specifically rec-
ognizes RNA in RSV gNCs and ferries these complexes to the cell
wall and then enlarges the PD complexes sufficiently to facilitate
NC transit to adjacent cells. Although, different mechanisms, pos-
sibly cell fusion, may be involved in systemic spread in infected
planthoppers, we envision that NSvc4:NC associations with NCs
likely function during insect infection processes. Therefore, we
are planning further investigations to elucidate the complicated
mechanisms whereby RSV moves between plant and insect cells.
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APPENDIX

Table A1 | Primers used in our experiments.

MP(Kpn1)-F 5′-ggggtaccATGGCTTTGTCTCGACTTTTG-3′

MP(BamH1)-R 5′-CGGGATCCcatgatgacagaaacttcag-3′

MP(BamH1)-R54 5′-GGATCCtgtggcagcttggtcaatc-3′

MP(BamH1)-R73 5′-GGATCCATCATACTTGTTCACCTTGACAT-3′

MP(BamH1)-R106 5′-CGGGATCCatgggtgagaggttgatg-3′

MP(kpn1)-F125 5′-gggtaccATGagtggaataactaccctcc-3′

MP(Kpn1)-F106 5′-gggtaccATGtatccattctttagagtggc-3′

MP(BamH1)-R125 5′-CGGGATCCagctctacccttgattcct-3′

MP-Fol 5′-cctctcacccatagtggaataactaccctc-3′

MP-Rol 5′-agttattccactatgggtgagaggttgatg-3′

eGFP(Sal1)-R 5′-GTCGACTTACTTGTACAGCTCGTCCAT-3′

MP(sal1)-R54 5′-GTCGACCTAtgtggcagcttggtcaatc-3′

MP(sal1)-R73 5′-GTCGACCTAATCATACTTGTTCACCTTGACAT-3′

MP(sal1)-R125 5′-GTCGACCTAagctctacccttgattcct-3′

MP(Cla1)-F125 5′-CCATCGATATGagtggaataactaccctcc-3′

MP(Cla1)-F 5′-ATCGATATGGCTTTGTCTCGACTTTT-3′

MP(sal1)-R 5′-GTCGACCTACATGATGACAGAAACTTC-3′

MP-(BamH1)-F 5′-GGATCCATGGCTTTGTCTCGACTTTT-3′

MP-(Sal1)-R 5′-GTCGACCTACATGATGACAGAAACTTC-3′

FIGURE A1 | Ultrastructural structures resulting from 20 days post
rub-inoculating N. benthamiana leaves with crude extracts from
RSV-infected O. sativa leaves. Allows showed that membrane
proliferations radiating from the chloroplasts into the cytoplasm.
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Stromules are dynamic thin protrusions of membrane envelope from plant cell plastids.
Despite considerable progress in understanding the importance of certain cytoskeleton
elements and motor proteins for stromule maintenance, their function within the cell
has yet to be unraveled. Several viruses cause a remodulation of plastid structures and
stromule biogenesis within their host plants. For RNA-viruses these interactions were
demonstrated to be relevant to the infection process. An involvement of plastids and stro-
mules is assumed in the DNA-virus life cycle as well, but their functional role needs to
be determined. Recent findings support a participation of heat shock cognate 70 kDa pro-
tein (cpHSC70-1)-containing stromules induced by a DNA-virus infection (Abutilon mosaic
virus, AbMV, Geminiviridae) in intra- and intercellular molecule exchange. The chaperone
cpHSC70-1 was shown to interact with the AbMV movement protein (MP). Bimolecular flu-
orescence complementation confirmed the interaction of cpHSC70-1 and MP, and showed
a homo-oligomerization of either protein in planta.The complexes were detected at the cel-
lular margin and co-localized with plastids. In healthy plant tissues cpHSC70-1-oligomers
occurred in distinct spots at chloroplasts and in small filaments extending from plastids
to the cell periphery. AbMV-infection induced a cpHSC70-1-containing stromule network
that exhibits elliptical dilations and transverses whole cells. Silencing of the cpHSC70 gene
revealed an impact of cpHSC70 on chloroplast stability and restricted AbMV movement,
but not viral DNA accumulation. Based on these data, a model is suggested in which
these stromules function in molecule exchange between plastids and other organelles and
perhaps other cells. AbMV may utilize cpHSC70-1 for trafficking along plastids and stro-
mules into a neighboring cell or from plastids into the nucleus. Experimental approaches
to investigate this hypothesis are discussed.

Keywords: geminivirus, movement protein, plastid, chaperone, heat shock protein

INTRODUCTION
In plants, transport of endogenous macromolecules such as pro-
teins and nucleic acids over cellular boundaries occurs in a highly
selective and regulated manner (Oparka, 2004; Lee and Lu, 2011;
Maule et al., 2011; Niehl and Heinlein, 2011; Zavaliev et al., 2011).
These controlled intra- and intercellular pathways are exploited by
plant viruses for their systemic spread within their hosts; viruses
can thus be used as tools to study basic endogenous transport
processes within plants (Lee et al., 2003; Lucas, 2006; Benitez-
Alfonso et al., 2010; Harries and Ding, 2011; Harries et al., 2011;
Niehl and Heinlein, 2011; Schoelz et al., 2011; Ueki and Citovsky,
2011). There is evidence accumulating that interactions of viruses
with the cytoskeleton or the endomembrane system are involved
in the targeting of viral nucleoprotein complexes and transport-
mediating movement proteins (MPs) to plasmodesmata. However,
it is still not possible to generate a complete model of intra- and
intercellular movement for any known plant virus. Considering
the diverse and sometimes contrasting reports on the roles of var-
ious cellular components in viral spread, it is conceivable that

viruses use fundamentally different transport mechanisms within
their hosts. This seems to be the case for members within one
genus, as shown, for example by research into RNA-viruses of
the genus Tobamovirus [turnip vein-clearing virus (TVCV) and
tobacco mosaic virus (TMV); Harries et al., 2009] and the genus
Potexvirus [Alternanthera mosaic virus (AltMV) and potato virus
X (PVX); Lim et al., 2010].

TRANSPORT MODELS FOR THE PLANT DNA GEMINIVIRUSES
In contrast to RNA-viruses, plant-infecting DNA geminiviruses
(family Geminiviridae) replicate within the nucleus, and systemic
infection requires the crossing of two cellular barriers, the nuclear
envelope via pores and the cell wall via plasmodesmata (Waig-
mann et al., 2004; Krichevsky et al., 2006; Lucas, 2006; Jeske, 2009).
The geminiviruses have relatively small genomes (2.5–3.0 kb per
single-stranded DNA circle) and with this limited coding capacity
exhibit a strong dependency on host proteins to complete their
life cycle. As a consequence, viral-encoded transport-mediating
proteins have to interact with a variety of plant factors involved in
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macromolecular trafficking to overcome cellular boundaries and
transfer viral DNA (vDNA) from a nucleus through the cytoplasm
and via plasmodesmata into an adjacent cell and into the nucleus
of that cell. The genome of bipartite geminiviruses (genus Bego-
movirus) consists of two DNA molecules: DNA A and DNA B. The
two DNA B-encoded proteins, nuclear-shuttle protein (NSP) and
MP, mediate the viral transport processes (Gafni and Epel, 2002;
Rojas et al., 2005; Wege, 2007; Jeske, 2009) and both proteins have
an impact on viral pathogenicity (Rojas et al., 2005; Zhou et al.,
2007; Jeske, 2009). Previous work showed the C-terminal domain
of begomoviral MPs to be important for symptom development
and pathogenicity (von Arnim and Stanley, 1992; Ingham and
Lazarowitz, 1993; Pascal et al., 1993; Duan et al., 1997; Hou et al.,
2000; Saunders et al., 2001; Kleinow et al., 2009a). The DNA A-
encoded coat protein (CP) is not essential for systemic infection
of bipartite begomoviruses, suggesting that the transport complex
is distinct from virions (Rojas et al., 2005; Jeske, 2009). However,
CP was able to complement defective NSP mutants, and is there-
fore regarded as a redundant element in viral movement (Qin
et al., 1998). Several studies provide evidence that NSP facilitates
trafficking of vDNA into and out of the nucleus, and that MP
serves as a membrane adaptor and mediates cell-to-cell transfer
via plasmodesmata as well as long-distance spread through the
phloem (Rojas et al., 2005; Krichevsky et al., 2006; Wege, 2007;
Jeske, 2009).

Two models are currently suggested for the role of NSP and
MP during cell-to-cell transport of bipartite geminiviruses: the
“couple-skating” and the “relay race” models (Rojas et al., 2005;
Jeske, 2009). The “couple-skating” model is based on the experi-
mental data of the phloem-limited begomoviruses squash leaf curl
virus (SLCV; Pascal et al., 1994; Sanderfoot and Lazarowitz, 1995;
Sanderfoot et al., 1996), cabbage leaf curl virus (CaLCuV; Car-
valho et al., 2008a,b), and Abutilon mosaic virus (AbMV; Zhang
et al., 2001; Aberle et al., 2002; Hehnle et al., 2004; Frischmuth
et al., 2007). This model suggests that MP binds the NSP/vDNA
complex at the cytoplasmic side of plasma membranes or micro-
somal vesicles, and transfers the nucleoprotein complex into the
next cell either along the plasma membrane or via the endoplas-
mic reticulum (ER) that spans the plasmodesmata. In contrast,
the “relay race” model predicts that after NSP-mediated nuclear
export the vDNA is taken over by MP, which then transports
the vDNA into the adjacent cell (Noueiry et al., 1994; Rojas
et al., 1998, 2005). This model is based on experimental data of
the mesophyll-invading begomovirus bean dwarf mosaic virus
(BDMV; Levy and Tzfira, 2011). Nevertheless, details of how
both proteins co-ordinate vDNA transfer from the nucleus to the
cell periphery and further throughout the plant body, are mostly
unknown.

For a controlled cycle of geminiviral replication, transcrip-
tion, encapsidation, and movement, NSP and MP are most likely
integrated into a regulatory network consisting of other viral pro-
teins and plant factors. Several studies have characterized a set
of interacting host proteins for NSP and MP. NSPs of CaLCuV,
tomato golden mosaic virus (TGMV), and tomato crinkle leaf
yellows virus (TCrLYV) were found to interact with two classes
of receptor-like kinases from Arabidopsis thaliana (Fontes et al.,
2004; Mariano et al., 2004; Florentino et al., 2006). The further

analysis of the NSP/kinase interactions indicated that they play
a role in infectivity and symptom development. NSP counters
activation of defense signaling mediated by one kinase class via
phosphorylation of an immediate downstream target, the ribo-
somal protein L10/QM (Fontes et al., 2004; Mariano et al., 2004;
Florentino et al., 2006; Carvalho et al., 2008c; Rocha et al., 2008;
Santos et al., 2010). Additionally, CaLCuV NSP was found to
interact with an acetyltransferase (AtNSI; McGarry et al., 2003;
Carvalho and Lazarowitz, 2004; Carvalho et al., 2006) and with
a small GTPase (Carvalho et al., 2008a,b). AtNSI is proposed
to regulate nuclear export of vDNA by acetylating histones and
CP. Carvalho et al. (2008a,b) suggest a function for the small
GTPase in nuclear export processes, probably as a co-factor
of NSP.

Independent of the transport model, the begomoviral MPs
have to mediate multiple functions during intra- and intercellu-
lar trafficking. The identification of three phosphorylation sites in
the AbMV MP, which have an impact on symptom development
and/or vDNA accumulation (Kleinow et al., 2009a), indicates a
regulation of diverse MP functions by yet unknown host kinases.
Currently, three interacting host factors of begomoviral MPs have
been identified: a histone H3 (Zhou et al., 2011), a synaptotagmin
(SYTA; Lewis and Lazarowitz, 2010), and a chaperone, the heat
shock cognate 70 kDa protein cpHSC70-1 (Krenz et al., 2010). Gel
overlay assays, and in vitro and in vivo co-immunoprecipitation
(Co-IP) experiments showed an interaction of H3 with NSP and
MP of BDMV as well as with CPs of different geminiviruses (Zhou
et al., 2011). In Nicotiana tabacum protoplasts and N. benthami-
ana leaves, transiently expressed H3 co-localized with NSP in the
nucleus and the presence of MP redirected H3 to the cell periphery
and plasmodesmata. A complex composed of H3, NSP, MP, and
vDNA was recovered by Co-IP from N. benthamiana leaves tran-
siently expressing epitope-tagged H3. The data support a model
in which histone H3 is a component of a geminiviral movement-
competent vDNA complex that assembles in the nucleus and is
transferred to the cell periphery and plasmodesmata. SYTA local-
ized to endosomes in Arabidopsis cells, and interacted with MPs of
the begomoviruses CaLCuV and SLCV as well as with the unre-
lated MP of the RNA-virus TMV (Lewis and Lazarowitz, 2010).
Transgenic Arabidopsis lines with either a reduced SYTA level or
expressing a dominant-negative SYTA mutant exhibited a delayed
systemic infection and an inhibition of cell-to-cell trafficking of
the different MPs. Consequently, Lewis and Lazarowitz (2010)
proposed that: (i) SYTA regulates endocytosis and (ii) distinct viral
MPs transport their cargo to plasmodesmata for cell-to-cell spread
via an endocytotic recycling pathway. The chaperone cpHSC70-1
of Arabidopsis was shown to specifically interact with the N-
terminal domain of AbMV MP in a yeast two-hybrid system (Krenz
et al., 2010). Bi-molecular fluorescence complementation (BiFC)
analysis provided further evidence for the chaperone/MP interac-
tion, and revealed an MP as well as a cpHSC70-1 self-interaction
in planta (Krenz et al., 2010). MP/cpHSC70-1 complexes and MP-
oligomers were observed at the cell periphery and co-localized with
chloroplasts. The detection of MP-homo-oligomers at the cellu-
lar margin is in agreement with other localization studies in plant
cells (Zhang et al., 2001; Kleinow et al., 2009b) and with earlier
yeast two-hybrid assays that showed an MP oligomerization via
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the C-terminal domain (Frischmuth et al., 2004). MP-oligomer
formation has also been detected at chloroplasts (Krenz et al.,
2010). It is unknown whether BiFC results from MP imported
into plastids or merely associated with the outer envelope of the
chloroplast. No BiFC signal was seen in peri-nuclear sites as was
previously found for AbMV MP transiently expressed as green flu-
orescent protein (GFP) fusion in plant cells (Zhang et al., 2001).
Thus, MP/MP interaction may be restricted to chloroplasts and
the cell periphery.

Bi-molecular fluorescence complementation showed that
cpHSC70-1-oligomers were mainly associated with chloroplasts
where they accumulated in distinct spots, and occurred to a lower
extent in small filaments extending from plastids to the cell periph-
ery and distributed at the periphery (Krenz et al., 2010). The
localization of cpHSC70-1 was significantly influenced by AbMV-
infection, accumulating in fluorescent foci on long filamental
tubular structures reminiscent of plastid stromules, stroma-filled
plastid tubules (Natesan et al., 2005; Hanson and Sattarzadeh,
2008). It remains uncertain whether cpHSC70-1 was maintained
exclusively within the stroma or whether it was re-located to other
structures upon geminiviral infection such as envelope mem-
branes or the intermembrane space. Altogether, AbMV-infection
seems to induce a prominent formation of stromules. To our
knowledge the geminivirus AbMV is the only plant DNA-virus
so far for which stromule biogenesis was documented. Silenc-
ing of the cpHSC70 gene of N. benthamiana with the aid of an
AbMV DNA A-derived gene silencing vector caused tiny white
leaf sectors, which indicated an impact of cpHSC70 on chloro-
plast stability (Krenz et al., 2010). vDNA accumulated within
these small chlorotic areas that were spatially restricted to small
sectors adjacent to veins, suggesting a functional relevance of
the MP/chaperone interaction for AbMV transport to symptom
induction in planta.

CELLULAR FUNCTIONS OF HSP70 AND HSC70 AND THEIR
PUTATIVE ROLES IN VIRAL INFECTION
The expression of chaperones from the heat shock protein 70
kDa (HSP70) family is induced in response to developmental sig-
nals and various abiotic and biotic stress stimuli (Escaler et al.,
2000a,b; Maule et al., 2000; Sung et al., 2001; Aparicio et al., 2005;
Brizard et al., 2006; Swindell et al., 2007). Some family members
exhibit a low constitutive expression level and are therefore named
heat shock cognate proteins 70 kDa (HSC70s) (Sung et al., 2001;
Swindell et al., 2007). The cellular functions of this chaperone
family are quite diverse. They assist newly translated proteins to
obtain their active conformation, misfolded or aggregated proteins
to refold, assist in membrane translocation of proteins, in assembly
and disassembly of macromolecular complexes and in controlling
the activity of regulatory factors (Kanzaki et al., 2003; Mayer and
Bukau, 2005; Weibezahn et al., 2005; Bukau et al., 2006; Noel et al.,
2007; Kampinga and Craig, 2010; Mayer, 2010; Flores-Pérez and
Jarvis, 2012). In addition to their intracellular functions in differ-
ent subcellular compartments, HSP70s play a role in cell-to-cell
transport as indicated by two non-cell-autonomous cytoplas-
mic HSP70s from Cucurbita maxima (Aoki et al., 2002) and by
closterovirus-encoded homologs of HSP70s which are essential
for virus transport and plasmodesmata targeting (Alzhanova et al.,

2007; Avisar et al., 2008, and references therein). For HSP70s
and HSC70s, substrate binding and release is regulated by a
conformational change that is driven by their ATPase activity. Co-
chaperones (DNAJ-like/HSP40 type proteins) assist HSP70s and
HSC70s functions with their delivery and release of substrates and
by enhancing ATP hydrolysis activity.

HSP70s and HSC70s transcript and protein levels are up-
regulated in plants upon an infection with RNA- or DNA-viruses
(Escaler et al., 2000a,b; Maule et al., 2000; Aparicio et al., 2005;
Brizard et al., 2006). Accumulation of viral proteins within the
cell during the infection causes stress and might thereby induce
the expression of this chaperone family. Several classes of chap-
erones and co-chaperones including HSP70s/HSC70s and their
specific co-chaperones were identified to interact with viral pro-
teins to facilitate the regulation of viral replication, transcription,
encapsidation, and intra- and intercellular movement as well as
to suppress pathogen responses (Noel et al., 2007; Benitez-Alfonso
et al., 2010; Nagy et al., 2011). Recently, silencing of a cytosolic
HSC70-1 was found to impair infection by the monopartite gem-
inivirus tomato yellow leaf curl Sardinia virus (TYLCSV) in N.
benthamiana (Lozano-Duran et al., 2011). However, none of these
HSP70s and HSC70s involved in viral life cycles were located in
the chloroplast stroma where cpHSC70-1 was identified to inter-
act with the MP of the geminivirus AbMV (Krenz et al., 2010).
In addition to the localization of cpHSC70-1 in the chloroplast
stroma and stromules, it is also seen in mitochondria and as a
nuclear protein in response to cold stress (Sung et al., 2001; Peltier
et al., 2002, 2006; Bae et al., 2003; Ito et al., 2006; Su and Li, 2008,
2010; Krenz et al., 2010; Latijnhouwers et al., 2010). An analy-
sis of an Arabidopsis knock-out mutant of cpHSC70-1 revealed
that its deficiency caused severe developmental defects (Su and
Li, 2008, 2010; Latijnhouwers et al., 2010), but the functions of
cpHSC70-1 and other stroma-targeted HSP70s/HSC70s are not
completely understood. Recent genetic and biochemical analyses
indicated that cpHSC70-1 seems to play a role in protein translo-
cation into the plastid stroma in early developmental stages of
plants (Su and Li, 2010; Flores-Pérez and Jarvis, 2012). It is well
known that HSP70s/HSC70s fulfill multiple functions in chloro-
plasts (Flores-Pérez and Jarvis, 2012), therefore the participation
of cpHSC70-1 in protein transport across membranes might not
be the only function it provides. What function of cpHSC70-1 is
targeted by AbMV MP? It can be speculated that the virus exploits
the ATPase activity of the chaperone as a driving force to mediate
transport of the geminiviral nucleoprotein complexes.

PLASTIDS AND STROMULES IN VIRAL INFECTION
Several interactions of RNA-viruses with chloroplasts have been
described which were important for the viral infection pro-
cess (Reinero and Beachy, 1986; Schoelz and Zaitlin, 1989;
Prod’homme et al., 2003; Jimenez et al., 2006; Torrance et al.,
2006; Xiang et al., 2006; Lin et al., 2007; Lim et al., 2010). Virus–
chloroplast interactions most likely facilitate viral replication or
movement. The role of chloroplasts in the life cycle of plant
DNA-viruses needs to be examined. In studies of cellular alter-
ations induced by various geminiviruses in systemically infected
plants, dramatic morphological changes in the ultrastructure of
chloroplasts were identified, such as vesiculated entities, reduced
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starch and chlorophyll content, accumulation of fibrillar inclu-
sions, virus-like particles, and vDNA within plastids (Esau, 1933;
Jeske and Werz, 1978, 1980a,b; Schuchalter-Eicke and Jeske, 1983;
Jeske and Schuchalter-Eicke,1984; Jeske,1986; Gröning et al., 1987,
1990; Rushing et al., 1987; Channarayappa et al., 1992). For AbMV
it was shown that the severity of chloroplast structure remodel-
ing was dependent on light intensity, and diurnal and seasonal
conditions. Geminivirus-induced plastid alterations have thus far
been interpreted to be an indirect result of the interference of viral
infection with carbohydrate metabolism, mainly through a dis-
ruption in translocation via the phloem (Jeske and Werz, 1978).
Nevertheless, the detection of vDNA, fibrillar inclusions, or virus-
like particles within chloroplasts, suggests other functions of this
interplay. Until now, only AbMV vDNA was detected in puri-
fied plastids from infected plants (Gröning et al., 1987, 1990).
An artificial co-purification was excluded by thermolysin and
DNase I treatment. In situ hybridization detected high amounts
of AbMV vDNA in a low number of purified plastids, which
would not be expected for a non-specific co-purification. How-
ever, so far, in situ hybridization of infected Abutilon sellovianum
tissue only revealed AbMV vDNA-specific signals on plastids in
rare cases (Horns and Jeske, 1991). Furthermore, the finding that
an outer envelope membrane protein (Crumpled leaf) is impli-
cated in the CaLCuV infection process also supports an involve-
ment of chloroplasts in the geminiviral life cycle (Trejo-Saavedra
et al., 2009). An interesting plastid modification detected upon
AbMV-infection, was the induction of stromule biogenesis (Krenz
et al., 2010).

Stromules emanate from the main body of the plastid and are
confined by the outer and inner envelope membranes (Natesan
et al., 2005; Hanson and Sattarzadeh, 2008, 2011). They repre-
sent a highly dynamic structure which extends, retracts, branches,
bends, and sometimes releases vesicles from their tip (Gunning,
2005; Natesan et al., 2005; Hanson and Sattarzadeh, 2008). The
typical diameter is <1 μm and the length is extremely vari-
able due to their dynamic properties (Gray et al., 2001; Kwok
and Hanson, 2004b; Waters et al., 2004). Stromules are distin-
guished from other irregular shaped plastid protrusions by their
specific shape index (Holzinger et al., 2007). The movement of
stromules relies on the actin cytoskeleton and the motor pro-
tein myosin XI (Kwok and Hanson, 2003; Natesan et al., 2009;
Sattarzadeh et al., 2009). Differentially shaped stromules have
been identified by using expression of various stroma-targeted
fluorescent proteins; these include straight or branched tubules
which can exhibit either randomly localized elliptical dilations
that transverse the tubule length or triangular areas of expan-
sion (Köhler et al., 2000; Hanson and Sattarzadeh, 2008; Schattat
et al., 2011, 2012). For the latter type, branch formation occurs
in tandem with dynamic remodeling of contiguous ER tubules
(Schattat et al., 2011). Schattat and colleagues suppose that this
co-alignment might originate from membrane contact points or
by an exploitation of the same cytoskeletal elements for develop-
ment. Single or multiple stromules may arise in all plastid types
present in higher plant tissues, but their frequency varies; for
example their abundance is significantly higher for achlorophylic
plastids in sink tissues than for chlorophyll-containing plastids
in green tissues (Köhler et al., 1997; Köhler and Hanson, 2000;

Natesan et al., 2005; Hanson and Sattarzadeh, 2008; Schattat et al.,
2012). Analyses of the fruit ripening in tomato showed that the
formation of stromules is influenced by the plastid differentia-
tion status and is inversely correlated with the density and size
of plastids within a cell (Waters et al., 2004). Consequently, a
role of stromules in sensing the number of plastids in a cell is
supposed. Various abiotic and biotic stress conditions includ-
ing heat (Holzinger et al., 2007), subcellular redox stress (Itoh
et al., 2010), application of extracellular sucrose or glucose (Schat-
tat and Klösgen, 2011), treatment with abscisic acid (Gray et al.,
2012), colonization by an arbuscular mycorrhizal fungus (Fester
et al., 2001; Hans et al., 2004; Lohse et al., 2005), and infiltration
of agrobacteria (Schattat et al., 2012) were described as inducers
of stromules. The formation of a dense plastid network in cells
close to the main symbiotic structure during mycorrhizae for-
mation supports a putative correlation between plastid metabolic
activity and stromule biogenesis. An induction of stromules was
detected as well upon viral infections (Esau, 1944; Shalla, 1964;
Caplan et al., 2008; Krenz et al., 2010). RNA-virus infected sugar
beets exhibit mosaic disease symptoms including mottling and
yellow-green sectoring of leaves. Plastids within these yellow areas
showed vesiculation and an amoeboid shape resembling stromules
(Esau, 1944). Shalla (1964) described the appearance of “long
appendages which extend and contracted within a few seconds”
from the plastid body and vesicle formation inside chloroplasts
of TMV-infected tomato leaflets. TMV-infected tobacco plants
exhibited a strong induction of stromule formation (Caplan et al.,
2008) just as for N. benthamiana plants locally infected with the
DNA-virus AbMV (Krenz et al., 2010).

Although several inducers of stromules have been identified,
their functional role remains to be determined. They were pro-
posed to participate in plastid motility and in facilitating transport
of various molecules, e.g., proteins, metabolites and signaling
components, into and out of a plastid, among plastids and even
between plastids and other organelles (Köhler et al., 1997, 2000;
Kwok and Hanson, 2004a; Natesan et al., 2005; Hanson and Sat-
tarzadeh, 2008, 2011). Chlorophyll, thylakoid membranes, plastid
DNA, and ribosomes have not been detected within stromules
(Hanson and Sattarzadeh, 2008, 2011; Newell et al., 2012). Nev-
ertheless, the possibility of a rare movement of plastid DNA and
ribosomes or the transfer of much smaller DNA molecules, e.g.,
plastid transformation vectors, via stromules cannot be completely
excluded. Exchange of stroma-targeted GFP between two plas-
tids interconnected by stromules was observed using fluorescence
recovery after photobleaching (FRAP) experiments in tobacco
and Arabidopsis (Köhler et al., 1997; Tirlapur et al., 1999). More-
over, two-photon excitation fluorescence correlation spectroscopy
revealed two different transport modes through stromules in
tobacco suspension cells (Köhler et al., 2000). A simple diffu-
sion of single stroma-targeted GFP molecules was observed in
addition to an active ATP-dependent batch movement of GFP
“packets.” Köhler and colleagues supposed that these GFP bodies
represent an accumulation of GFP in small vesicles. Stromules
may carry several of these GFP “packets” leading to a beaded
appearance (Köhler and Hanson, 2000; Pyke and Howells, 2002;
Hanson and Sattarzadeh, 2008, 2011). The stromules induced by
AbMV-infection and containing the MP-interacting chaperone
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cpHSC70-1 exhibited a related appearance like pearls on a string
(Krenz et al., 2010; Figures 1 and 2). It is hypothesized that
cpHSC70-1 is present in the same type of “packet”structure as GFP
in the preceding experiments, probably associated with vesicles
and actively transported.

The data obtained by Kwok and Hanson (2004a) suggested
that stromules may serve as pathways between nuclei and more
distant regions of the cell and possibly even other cells. They
observed that clusters of plastids around nuclei are capable of
extending stromules both outward, to the cell membrane, as
well as inward, through nuclear grooves. Close contact between
plastids and the nuclei and the plasma membrane of plant cells
suggests that physical interactions may enhance functional inter-
actions between these organelles. Furthermore, Kwok and Hanson
(2004a) found that stromules from two adjacent cells appeared
to meet at either side of an adjoining cell wall. Consequently,
the stromule’s structure seems to be suitable for the exchange
of molecules between plastids and other organelles or the traf-
ficking of plastidal proteins and metabolites to diverse regions
of the plant cell. Remarkably, the cpHSC70-1-containing stro-
mules detected upon an AbMV-infection arose not only on plastids
clustered around and in close association with the nucleus, but
also appeared to interconnect plastids and extend from plas-
tids outward to the cell periphery (Krenz et al., 2010; Figures 1
and 2).

By contrast, in non-infected tissues only short cpHSC70-1-
containing filaments were found which extended solely from
cortex positioned plastids to the cell periphery. However, molec-
ular transfer from the plastids to the nucleus or vice versa with
the aid of stromules remains to be confirmed. That a retrograde
protein exchange between plastids and the nucleus can occur was
demonstrated recently. Plastid-encoded HA-tagged Whirly1 pro-
tein was translocated to the nucleus in transplastomic tobacco
plants, where it stimulated pathogen-related gene expression
(Isemer et al., 2012). The chloroplast-localized NRIP1 (N receptor-
interacting protein 1) was redirected to the cytoplasm and to the
nucleus in presence of the p50 effector, a 50 kDa helicase domain
encoded by TMV (Caplan et al., 2008). Upon this recruitment
to the nucleus and the cytoplasm NRIP1 binds to the N innate
immunity receptor to initiate effector recognition and pathogen
defense mechanisms. TMV-infection causes a strong increase in
stromule formation, and a localization of fluorescent protein-
tagged NRIP1 within stromules was observed (Caplan et al., 2008).
Thus, the authors speculated about an involvement of stromules
in the nuclear re-localization of NRIP1.

Schattat et al. (2012) do not support a function of stromules
in trafficking of macromolecules between plastids. In this thor-
oughly performed work, interconnectivity of independent plastids
was tested with the aid of a photoconvertible stroma-targeted
fluorescent protein. Despite the strong microscopic impression
of interplastid connectivity via stromules, an exchange of the
stroma marker protein could not be visualized by high quality
confocal imaging. Various plant materials (e.g., N. benthamiana
and Arabidopsis) were comprehensively analyzed for plastid mor-
phology and marker protein transfer. Although the differently
colored plastids and stromules were in very close proximity, the
labeled organelles remained separate as indicated by the absence

FIGURE 1 | Abutilon mosaic virus-induced cpHSC70-1-containing

stromules extending from plastids to the cell periphery. Transient
co-expression of test constructs in leaf tissues of locally AbMV-infected

(Continued)
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FIGURE 1 | Continued

N. benthamiana and epi-fluorescence microscopy were carried out
according to Krenz et al. (2010, 2011). AbMV infection was established by
simultaneous agro-infiltration of infectious DNA A and DNA B clones with
the fluorescent protein expression constructs. (A) Merged image of cells
expressing NSP:cyan fluorescent protein (CFP), the two split yellow
fluorescent protein (YFP)/BiFC constructs of cpHSC70-1 and the
plasmodesmata marker PDCB1:mCherry (callose binding protein 1,
Simpson et al., 2009) for 4 days post agro-infiltration (dpai). The square in (A)

highlights cpHSC70-1-oligomers at chloroplasts and stromules (yellow,
arrows) anchoring at the cell periphery (red: PDCB1:mCherry), and is
magnified in (B). The separate fluorescence signals superimposed in (A) are
shown in (C) YFP, (D) CFP, and (E) mCherry. Note: The plasmodesmata
marker PDCB1:mCherry lost its extracellular localization at the neck region
of plasmodesmata upon AbMV-infection (compare Figure 3) and is probably
distributed throughout the apoplast. NSP:CFP is redirected from the nucleus
to the cell periphery, probably the plasma membrane, by presence of MP or
AbMV-infection (Zhang et al., 2001; Frischmuth et al., 2007). Bar: 10 μm.

of color mixing. That the method applied in these studies is
suitable to detect an exchange of material between organelles
upon a fusion was confirmed by analogous experiments using
a mitochondria-targeted version of the fluorescent protein. In
contrast to our observations from geminivirus-infected plants,
the results of Schattat et al. (2012) were obtained working with
uninfected plants. Whether these conflicting results are caused
by the different experimental set-up, plastid types, and plant
material used, or whether indeed a macromolecular trafficking
of stroma-proteins through interconnecting stromules is not fea-
sible under any conditions, needs to be elucidated by further
experimentation.

In addition to the induction of stromule biogenesis, AbMV-
infection influences the localization of a plasmodesmata-
associated protein. The plasmodesmata callose binding protein
1 (PDCB1) fused to mCherry was investigated as a marker for
plasmodesmata by Simpson et al. (2009). PDCB1 is a glyco-
sylphosphatidylinositol (GPI)-linked protein that exhibits callose
binding activity and localizes to the neck region of plasmod-
esmata in the apoplast. Here it possibly acts as a structural
anchor between the plasma membrane component spanning the
plasmodesmata and the cell wall. The available data support a
function for PDCB1 in plasmodesmata flux control by influenc-
ing the callose deposition in the cell wall and as a consequence
the aperture of plasmodesmata. Due to its extracellular local-
ization PDCB1 was not expected to interfere with viral proteins
like AbMV MP, which is likely to accumulate in the central sym-
plastic cavity region of complex plasmodesmata (Kleinow et al.,
2009b; Lee and Lu, 2011). The fluorescence microscopic analyses
showed punctate structures in the cell periphery after transient
expression of PDCB1:mCherry in epidermal leaf tissues, which
are in agreement with the expected plasmodesmata localization
(Figure 3).

Surprisingly, upon AbMV-infection PDCB1:mCherry signals
were still distributed at the cell periphery, most likely the cell wall
(Figures 1–3), but no punctate structures were detected anymore.
Thus, the protein seems to have lost the plasmodesmata local-
ization. We hypothesize this as an AbMV-induced remodeling
of the plasmodesmata aperture by callose depletion in the neck
region.

FIGURE 2 | Abutilon mosaic virus-induced cpHSC70-1-containing

stromules grabbing a nucleus. The experimental set-up is the same as
stated in Figure 1. (A) Merged image of cells expressing the three test
proteins for 4 dpai and (B) magnification of the square in (A) which marks
cpHSC70-1-oligomers at chloroplasts and stromules (yellow, arrows) which
closely associate to a nucleus (blue: NSP:CFP) near to the cell periphery
(blue: NSP:CFP, likely plasma membrane and red: PDCB1:mCherry,
apoplast), magnified in (B). The separate emissions merged in (A) are
shown in (C) YFP, (D) CFP, and (E) mCherry. N, nucleus; bar: 10 μm.
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FIGURE 3 | Influence of AbMV-infection on localization of the

plasmodesmata marker PDCB1. PDCB1:mCherry (Simpson et al., 2009)
was expressed in epidermal tissues of N. benthamiana plants either (A)

healthy or (B) locally infected with AbMV for 4 days. The experiment was
performed as described in Figure 1. (A) Punctate mCherry signals indicate
the targeting of PDCB1 to the apoplastic part of the neck region from

plasmodesmata according to Simpson et al. (2009). (B) Upon
AbMV-infection these plasmodesmata-specific signals disappeared
and PDCB1 emerged homogenously in the apoplast. These results
showed a virus-induced alteration of the subcellular localization of
PDCB1, probably by modifying callose deposition at plasmodesmata.
Bar: 10 μm.

AbMV MOVEMENT ALONG STROMULES WITH THE HELP OF
A CHAPERONE
A cellular function in plant endogenous macromolecular traffick-
ing is suspected for stromules and chaperones like HSC70s and in
addition an involvement for chaperones in viral movement. How-
ever, their combined participation in these processes has thus far
not been examined. The accumulated data for the geminivirus
AbMV indicate that for both factors there is a joint involvement in
the viral life cycle, very likely the movement process (Krenz et al.,
2010). In the studies of Krenz et al. (2010) stromules were visual-
ized on chlorophyll-containing plastids by BiFC experiments using
the chaperone cpHSC70-1. Here, two different types of cpHSC70-
1-containing stromules were monitored. Only short stromules
extending from plastids to the cell periphery have been found
in healthy epidermal tissues, whereas upon AbMV-infection long
stromules forming a network between plastids, nucleus, and the
cell periphery were detected. For the latter ones, the BiFC signals of
cpHSC70-oligomers highlighted mainly stromule structures with
elliptical dilations giving them a beaded appearance. This signifi-
cant difference created by the geminivirus infection might indicate
additional functions of cpHSC70 in association with the two stro-
mule types observed. The cpHSC70-containing stromules may
function in macromolecule transfer, perhaps just under certain
cellular conditions, e.g., a virus infection. This transport may hap-
pen intracellulary among plastids and between plastids and other
organelles, or even intercellularly through plasmodesmata.

A prerequisite for the traveling of stromal proteins via stro-
mules from an individual plastid to another plastid or organelle
(e.g., nucleus) might be the fusion of the outer and inner enve-
lope membrane with the target membrane. AbMV-infection might
create a cellular environment that allows such a fusion event
of stromules and the consequent transposition of quantities of
stromal components. Alternatively, a transfer process might be
initiated, which does not comprise a fusion of the inner envelope
membrane or the envelope at all. This might consist of transport
along the cytoplasmic leaflet of the outer envelope membrane,

through the intermembrane space after fusion of the outer enve-
lope with the target membrane or via envelope-coated vesicles
released from stromules (Gunning, 2005; Krause and Krupinska,
2009). Irrespective of the underlying mechanism, a movement of
a geminiviral nucleoprotein complex in association with interact-
ing plastid stromules and cpHSC70, even with a low efficiency,
might be sufficient for intra- and intercellular viral spread. A
transport event in close association with membranes or vesicles
would be consistent with the geminiviral MP being a membrane-
associated protein. AbMV MP was localized to the protoplasmic
face of plasma membranes and vesicles, where its C- and N-
terminal domains most likely protrude into the cytoplasm (Aberle
et al., 2002; Frischmuth et al., 2004, 2007). The central part of
MP probably forms an amphipathic helix structure which inserts
into one leaflet of the target membrane (Zhang et al., 2002). It
has been observed that insertion of amphipathic helices into a
monolayer induces bending and generates local curvature (Kozlov
et al., 2010; McMahon et al., 2010). Such protein-mediated mem-
brane stresses were found to trigger fusion, fission, and budding
events of membranes. Presumably, AbMV MP may be capable of
inducing and/or enhancing such membrane remodeling. How-
ever, it cannot be excluded that the close association of AbMV
MP with plastid structures represents a targeting of the cytoskele-
tal elements, to which chloroplasts and stromules are usually
attached, for cellular transit of viral nucleoprotein complexes. The
result of cpHSC70 silencing in N. benthamiana revealed that the
chaperone/MP interaction is not essential for the systemic spread
of AbMV (Krenz et al., 2010), suggesting it plays a role via an
alternative path.

In summary, a model (Figure 4) can be proposed in which
MP/cpHSC70 interaction and stromule induction facilitate intra-
and intercellular macromolecular trafficking along plastids and
stromules into the neighboring cell or in the other direction from
plastids into the nucleus. Whether this represents an accidental
event or is of major significance for AbMV propagation and/or
symptom development remains to be investigated.
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FIGURE 4 | Hypothetical model of AbMV intra- and intercellular

trafficking via a plastid network. (A) In healthy plant cells oligomers of the
chaperone cpHSC70 locate mainly in small spots at chloroplasts (1), to a
lesser amount in small filaments extending from cortical chloroplasts toward
the cell periphery (2) and distributed at the cellular margin (3). (B) In
AbMV-infected cells homo-oligomers of cpHSC70-1 were found similar to
non-infected cells at chloroplasts (1) and to a low extent at the cellular margin
(3). However, AbMV-infection establishes the formation of a stromule
network interconnecting different chloroplasts (4), but also extending from

plastids inward to the nucleus, where they closely attach (5) and outward
to the cell periphery/cell wall, assumedly to plasmodesmata (Pd) that
transverse the cell wall (6). These stromules exhibit structures where
cpHSC70-oligomers appeared mainly in elliptical dilations giving them a
“pearls on a string”-appearance. The stromule network might function in
intra- and intercellular trafficking of viral nucleoprotein complexes by the
interaction of AbMV MP with the chaperone cpHSC70 within stromules (7).
The potential underlying transport mechanism is yet unknown, but probably
involves membrane fusions or a vesicle formation.

So far geminivirus replication and virion assembly were only
detected within the nucleus of infected cells (Rojas et al., 2005;
Jeske, 2007, 2009). Thus, it seems to be very unlikely that the
observed interaction of AbMV with plastids and stromules plays
a role in replication or virion assembly processes. Nevertheless,
AbMV-induced stromule formation and/or cpHSC70-1 interac-
tion might be also related to other cellular processes. Plastids were
involved in the biosynthesis pathways of many essential com-
pounds (e.g., carbohydrates, fatty acids, purines) and stromules
might be important in facilitating metabolic exchanges within
the cells (Fester et al., 2001; Hans et al., 2004; Kwok and Han-
son, 2004b; Waters et al., 2004; Lohse et al., 2005; Schattat and
Klösgen, 2011). Plant cells respond to various abiotic and biotic
stress stimuli, causing disturbance in the cellular energy status,
by complex changes, which include the carbohydrate metabolism
and therefore also plastid activity. It is known that stromules
occur more frequently and are longer in plant cells with disturbed
metabolism (Hanson and Sattarzadeh, 2008), e.g., cells cultured
in liquid medium, callus or suspension culture that shed chloro-
phyll in their chloroplast. That stromule emergence is triggered
by an increased plastid metabolic capacity resulting from biotic
stress, is supported by the findings of their strong induction upon
symbiotic interaction of root cells with mycorrhiza (Fester et al.,

2001; Hans et al., 2004; Lohse et al., 2005). Interestingly, gemi-
niviral proteins other than MP have an impact on a regulatory
key component of the stress and glucose signal transduction, the
sucrose non-fermenting 1-related (SnRK1) protein kinase (Kong
and Hanley-Bowdoin, 2002; Hao et al., 2003; Shen and Hanley-
Bowdoin, 2006). Plastids and HSP70s were previously concluded
to be involved in the onset of a virus-pathogen response (Noel
et al., 2007; Caplan et al., 2008; Nagy et al., 2011); therefore, the
interaction of AbMV with the plastidal cpHSC70-1 might depict
a counteraction of an antiviral defense mechanism.

Recently, a mutant screen identified a plastid- and a
mitochondria-localized RNA helicase to be necessary for plas-
tid development, embryogenesis and unexpectedly for cell-to-cell
trafficking (Burch-Smith et al., 2011; Burch-Smith and Zambryski,
2012). For both knock-out plants profound changes in the tran-
scriptome were observed, e.g., a dramatic down-regulation of
nucleus-encoded plastid-related genes. Although the proteins are
located exclusively in plastids and mitochondria, respectively,
loss of one of the RNA helicase functions causes formation of
twinned and branched plasmodesmata in Arabidopsis. Thus, dis-
ruption of the plastid function seems to induce an increased
molecule exchange, possibly metabolites or signaling factors,
among neighboring cells. The data supports a pathway linking
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intra- to intercellular communication and therefore a signaling
from organelles to the nucleus and plasmodesmata. It can be spec-
ulated that viral interactions with plastids also targets this novel
regulatory pathway to enhance plasmodesmata trafficking.

CONCLUSION AND FUTURE PERSPECTIVES
The AbMV data on movement is consistent with cell-to-cell trans-
port according to the“couple-skating”model. However, the results
of Krenz et al. (2010) may demand to widen this concept of gemi-
niviral cellular transfer for AbMV: it may opportunistically hijack
different pathways for intracellular transport and plasmodesmata
targeting including an alternative route via chloroplasts and stro-
mules with the aid of a plastidal chaperone. It is clear, in any case,
that further research is needed to elucidate this hypothesis.

A functional characterization of AbMV MP and the host factor
cpHSC70-1 in the assumed transport processes could start with
comprehensive analyses of their localization in subcellular com-
partments and membrane structures. The following points should
be considered: (i) To resolve the geometric relation of the different
cellular structures high resolution confocal imaging and time lapse
imaging is required. (ii) Test protein expression should be done
in combination with a set of fluorescent marker proteins, proba-
bly photoconvertible, for different compartments to monitor the
subcellular distribution, temporal activities, and macromolecu-
lar trafficking events. A cytoplasmic marker would be needed to
investigate if AbMV-induced stromules actively associate with the
nucleus or are just pressed by other organelles, like a large vacuole,
toward the nucleus. (iii) Careful controls should be included to

account for stresses (including agro-infiltration) that are known
to influence stromule formation. (iv) To minimize the influence
of agro-infiltration, transgenic plants expressing required fluo-
rescent test proteins and alternate methods to introduce AbMV
(biolistic bombardment of vDNA) should be applied. To inves-
tigate the precise molecular function of cpHSC70-1 on AbMV
infection and presumably macromolecular trafficking, the impact
of the following scenarios on AbMV spread could be investi-
gated: (i) transgenic plants overexpressing wild-type cpHSC70-1
or a non-MP-interacting, dominant-negative cpHSC70-1 variant
and (ii) infection with AbMV DNA encoding a non-cpHSC70-
1-interacting MP mutant. Finally, the relevance of the findings
should be tested for additional geminiviruses other than AbMV.
This knowledge gained will contribute significantly to the elu-
cidation of the geminiviral intra- and intercellular movement
process.
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Cellular chaperones and folding enzymes play central roles in the formation of positive-
strand and negative-strand RNA virus infection. This article examines the key cellular
chaperones and discusses evidence that these factors are diverted from their cellular
functions to play alternative roles in virus infection. For most chaperones discussed, their
primary role in the cell is to ensure protein quality control. They are system components
that drive substrate protein folding, complex assembly or disaggregation. Their activities
often depend upon co-chaperones and ATP hydrolysis. During plant virus infection, Hsp70
and Hsp90 proteins play central roles in the formation of membrane-bound replication
complexes for certain members of the tombusvirus, tobamovirus, potyvirus, dianthovirus,
potexvirus, and carmovirus genus.There are several co-chaperones, includingYjd1, RME-8,
and Hsp40 that associate with the bromovirus replication complex, pomovirus TGB2, and
tospovirus Nsm movement proteins. There are also examples of plant viruses that rely on
chaperone systems in the endoplasmic reticulum (ER) to support cell-to-cell movement.
TMV relies on calreticulin to promote virus intercellular transport. Calreticulin also resides
in the plasmodesmata and plays a role in calcium sequestration as well as glycoprotein
folding. The pomovirus TGB2 interacts with RME-8 in the endosome. The potexvirus TGB3
protein stimulates expression of ER resident chaperones via the bZIP60 transcription fac-
tor. Up-regulating factors involved in protein folding may be essential to handling the load
of viral proteins translated along the ER. In addition, TGB3 stimulates SKP1 which is a co-
factor in proteasomal degradation of cellular proteins. Such chaperones and co-factors are
potential targets for antiviral defense.

Keywords: RNA virus replicase, cellular chaperones, unfolded protein response, virus intercellular movement,

HSP70 heat-shock proteins, HSP90 heat-shock proteins, DNAJ homologs

INTRODUCTION
Positive-strand RNA viruses are among the largest group of viruses
infecting plants worldwide and contribute to some of the most
critical issues in agriculture. Two types of cellular alterations that
are essential for (+) strand RNA virus replication and cell-to-cell
movement include: (1) discrete and well characterized changes
in the endomembrane architecture, and (2) the recruitment of
host factors into viral protein containing complexes. With regard
to changes in membrane architecture, viruses typically create
membrane bound environments, called virus factories, to pro-
tect replication and assembly complexes from cellular defenses.
At the electron microscopic level viroplasms are large virus fac-
tories that are amorphous structures containing virion particles,
viral RNAs, and non-structural proteins, but typically exclude
organelles. The term viroplasm was first used to describe such
perinuclear virus factories produced by large DNA viruses and
some (+) strand RNA viruses such as poxvirus and poliovirus.
Recent research indicates that many plant infecting (+) strand
RNA create microenvironments that are sometimes referred to
as miniorganelles and these can range in size from vesicles or
invaginations along organelle membranes to slightly larger virus

factories. Typically these various membrane bound virus factories
are induced by non-structural viral proteins and serve to concen-
trate replication proteins, viral genomes, and host proteins needed
for efficient virus replication. Such extensive rearrangement of
host membrane compartments are a hallmark of (+) strand RNA
virus infection and the specific structures produces by various
virus species have been reviewed in prior publications and will
not be explored in depth here (Heath et al., 2001; Netherton et al.,
2007; Wileman, 2007; Verchot, 2011).

The second cellular alteration mentioned above is the recruit-
ment of host proteins, including cellular chaperones, to membrane
bound sites required for virus replication and cell-to-cell move-
ment. Among these are the heat shock protein (Hsp) 40, 70, 90,
and 100 families of protein chaperones which are highly conserved
across eukaryotes and are vital factors in the quality control of cel-
lular proteins and protein complexes contributing to a wide range
of cellular processes (Mayer, 2010). Chaperones within the con-
text of the cellular quality control machinery enable misfolded or
aggregated proteins to be refolded (Tyedmers et al., 2010) or tar-
geted for degradation by cellular proteases (Bukau et al., 2006).
The ubiquitin ligase machinery is central to ubiquitin tagging
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misfolded proteins and targeting them for degradation by cel-
lular proteasomes. There are also reports that the ubiquitin ligase
machinery is vital for regulating host immunity to infection. With
regard to viral processes, there are few examples where the protein
quality control machinery regulates viral proteins in the same way
that it acts on cellular proteins. But there are also examples where
viruses commandeer chaperones to become central components
of replication complexes or drive virus egress into neighboring
cells, providing activities that are outside of their normal cellular
functions. Among these examples, it is not clear whether the entire
machinery is dismantled or if there are an abundance of factors
that can allow for some to be recruited without inhibiting normal
cellular functions.

This review discusses the various contributions of cellular chap-
erones and folding enzymes, including a variety of Hsp, to the
formation of viral multi-protein complexes. This article contrasts
the cellular functions of such proteins to provide the reader with
adequate information to consider whether cellular chaperones are
acting within their normal context to enable viral protein folding,
trafficking, and functioning, or whether they are diverted from
their normal activities to provide novel contributions to virus
infection. Understanding the various contributions of protein
chaperones to cellular and viral activities could enable researchers
to determine when and where such factors could be targeted by
antiviral compounds to suppress disease. Given the rapid evolu-
tion of plant viral genomes and the slow evolution of Hsp proteins,
it is reasonable to consider that therapeutic interventions targeting
host components of the viral replication and transport machinery
could offer a reliable approach to controlling disease.

THE CONTRASTING ROLES OF CYTOSOLIC Hsp70 AND
J-DOMAIN PROTEINS IN CELLULAR PROTEIN FOLDING AND
PLANT RNA VIRUS INFECTION
Hsp70 family of proteins can interact with a wide range of cofac-
tors and folding substrates and contribute to diverse biological
processes. The most common cofactors are J-domain proteins
(also known as Hsp40) which identify and recruit substrates
to Hsp70 through direct interactions (Figure 1A). Nucleotide
exchange factors (NEFs) are another set of cellular partners which
stimulate dissociation of ADP and this fosters client dissociation
upon refolding (Figure 1A; Kampinga and Craig, 2010). Thus, the
Hsp70 chaperones cycle between substrate bound and free states
and rely on the energy of ATP to induce conformation changes in
the substrates (Figure 1A). Hsp70 can also partner with Hsp90 or
Hsp100 (or ClpB) family to solubilize and refold protein aggre-
gates into the native state (Mayer and Bukau, 2005; Kampinga and
Craig, 2010; Tyedmers et al., 2010).

The Hsp70 and J-domain proteins are mentioned first because
they are most often reported to associate with plant virus infec-
tion (Aparicio et al., 2005; Chen et al., 2008). Importantly, Hsp70
and J-domain proteins are not always linked in their contribu-
tions to plant virus infection which leads to the speculation that
these factors can be diverted from their normal cellular functions
to contribute to crucial viral protein complexes. Cytosolic Hsp70s
play crucial roles in the replication cycle, intercellular transport,
and virion assembly of many positive-strand RNA viruses includ-
ing potexviruses, tobamoviruses, potyviruses, cucumoviruses,

tombusvirus, and carmoviruses. Hsp70 gene expression is induced
by these same positive-strand RNA viruses as well as by plant rhab-
doviruses and tospoviruses, which have negative-strand genomes
(Aparicio et al., 2005; Senthil et al., 2005; Chen et al., 2008; Wang
et al., 2009; Mathioudakis et al., 2012). For some plant viruses,
there is research knowledge concerning how viral proteins interact
with Hsp70 and which aspects of virus infection are aided by these
interactions, but for many viruses there is much to learn about
the vital roles that Hsp70 plays in pathogenesis. For example, the
inhibition of Hsp70 activity or expression alters the replication of
turnip crinkle carmovirus although the exact role within the viral
replication complex is not known (Chen et al., 2008). Beyond ful-
filling key needs in viral pathogenesis, Hsp70 overexpression can
enhance abiotic stress tolerance in plants. Thus, understanding the
contrasting roles of Hsp70 in plant virus infection can be critical
for designing broad strategies to control disease and improve plant
tolerance to abiotic stresses. For example, diverting Hsp70 from
its normal function could compromise abiotic stress responses.
However, if viruses enhance Hsp70 gene expression or if there are
multiple homologs or redundancy in function amongst homologs
then it is possible that subversion of the Hsp70 machinery by
the plant virus might have no impact on the normative cellular
processes or might even serve to enhance abiotic stress tolerance.
There is no data yet on this topic to know the impact of plant virus
infection on Hsp70 related abiotic stress tolerance.

Tombusvirus and bromovirus replication has been studied
extensively using yeast as a host model system. Both viruses encode
two protein components that comprise the core replicase. For
Tomato bushy stunt virus and Cucumber necrosis virus (TBSV
and CNV; tombusvirus) it is the p33 and p92 proteins. The p92
is produced by translational readthrough of the UAG stop codon
at the end of the p33 domain. Both of the replicase proteins have
membrane anchoring domains and assemble with viral RNA tem-
plate along membrane sites (Panavas et al., 2005). Yeast Hsp70 and
DNAJ homologs contribute to the assembly and activation of these
viral replicases (Figure 2A1). Hsp70 plays a vital role in localizing
the TBSV replicase to organellar membranes and in membrane
insertion of the replication proteins in vitro and in Nicotiana ben-
thamiana plants (Pogany et al., 2008; Wang et al., 2009). Two yeast
Hsp70 proteins, named Ssa1p and Ssa2p, are present in purified
TBSV replicase complexes and mutations in these genes cause
cytosolic redistribution of the p33 and p92 replication proteins.
With respect to Brome mosaic virus (BMV; bromovirus), the two
viral protein components of the replicase are named 1a and 2a
and are translated from separate genomic RNAs. The 1a mul-
timerizes along endoplasmic reticulum (ER) membrane causing
invaginations that lead to vesicle formation (Diaz et al., 2012).
The 1a protein provides RNA capping and helicase activity. The 2a
protein is the polymerase and recruits template RNA into the repli-
cation vesicles (Chen and Ahlquist, 2000). The yeast Ydj1 encodes
Ydj1p, which is a DNAJ homolog that normally interacts with the
Ssa family of Hsp70, is vital for BMV replication (Figure 2A2)
and interact with the 2a protein (Tomita et al., 2003). Mutations
in Ydj1 inhibit negative-strand RNA synthesis but do not inhibit 1a
recruitment of 2a to membrane bound complexes. Thus, Ydj1p is
proposed to play a role in the converting the complex to an active
form that is capable of negative-strand RNA activation (Tomita
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FIGURE 1 |The Hsp70, Hsp90, and BiP mediated protein folding systems

are conserved across kingdoms and are vital contributors to plant virus

infection and immunity. Misfolded proteins can be referred to as
“substrates” or “clients.” Hsp70 is shown in orange (A,B). Hsp90 (B) is a
dimer and has three domains which are represented in deep green and BiP
(C) is shown in purple. Each chaperone in this figure depends upon ATP
(beige) hydrolysis for client binding and release. ADP is depicted in yellow.
J-domain proteins are a broad family of proteins that include Hsp40 and
DNAJ-like homologs and are depicted in cyan in each panel. While each panel
schematic shows a linear representation of the process for recruiting
co-chaperones and clients for maturation, in fact the chaperone systems are
dynamic and cycle between complex formation for maturation of a client
followed, ATP hydrolysis, and disassembly. The cycles repeat in each example.
(A) The J-domain protein binds to a misfolded protein client and delivers it to
Hsp70. These proteins directly interact and it is ATP hydrolysis which enables
the release of the J-domain protein. This is also followed by maturation and
release of the client protein. (B) Hsp90 has a nucleotide-binding domain
(NBD) at the N-terminus, the client and co-chaperone binding middle domain
(MD), and the dimerization domain (DD) t the C-terminus. The NBD
participates in ATP hydrolysis (B1) but, interestingly, also interacts with SGT1
and Rar1 (B2). There are two types of co-factors represented in the figure: (1)
Hsp40 and Hsp70 coordinate to recruit client proteins to Hsp90 dimers. The

Hsp90 MD is primarily responsible for interactions with the misfolded client
presented by the Hsp40/70 complex. ATP hydrolysis enables Hsp90 dimer
conformational changes and client protein maturation. (2) Rar1-SGT1-Hsp90
are vital for folding and stabilization of NLR proteins. SGT1 and Rar1 are
co-chaperones and function to assist the assembly of the Hsp90 dimer. The
schematic shows the sequential binding and release of SGT1 and Rar1 to
Hsp90. SGT1 binds to the ND domain of Hsp90. Two SGT1 proteins are
drawn together bringing Hsp90 monomers into close proximity necessary for
dimerization. Rar1 binds ND and interacts with SGT1, sequentially
dissociating one and then the next SGT1. Thus, Rar1 enhances SGT1-Hsp90
interactions, but also aids dissociation of SGT1 from Hsp90. Thus the
schematic attempts to represent the dynamics nature of their complex
formation as proposed by Kadota et al. (2010). These associations are
suggested by Shirasu (2009) to stabilize Hsp90 dimers for client substrate
loading or release. (C) BiP is an Hsp70 homolog and vital contributor to the
ERQC machinery. According to Kampinga and Craig (2010), an inactive BiP is
bound to the ER luminal domain of a resident ER stress sensor, and to ADP.
Upon recognition of misfolded proteins, ERdj3 is a J-domain protein with two
domains for substrate and chaperone interactions. ERdj3 resides in the ER
and recruits BiP and a misfolded client substrate into a complex. ADP
conversion to ATP is necessary to release ERdj3 and subsequent client
protein maturation by BiP in the ER.
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FIGURE 2 | Comparison of the host protein chaperones recruited to

membrane bound viral complexes by unrelated (+) strand RNA viruses.

Similar chaperones provide different roles in the viral protein complexes. (A)

Comparison of Hsp70 and Ydj1 interactions with various viral replicases.
(A1,2) The tombusvirus and bromovirus replicases assemble in spherules
along the peroxisome and ER membranes, respectively. (A3,4)

Tobamoviruses and Potyviruses replicate in ER derived structures. (A1)

Tombusviruses encode p33 and p92 proteins required for replication. The
Hsp70 (orange) recruits p33 to cellular membranes. eIF4e (blue) is another
cellular component of the replication complex. (A2) Bromoviruses encode 1a
and 2a proteins. 1a forms a shell along the membrane. Ydj1p is a J-domain
protein involved in negative-strand synthesis which interacts with the 2a
protein. (A3) Tobamovirus replicase consists of the 130K and 180K proteins
and accumulates on ER membranes. TOM1 and TOM2 are host proteins
which provide membrane anchoring. Hsp70 and eEF1a are host factors that
associate with the viral replicase. (A4) The potyvirus replicase is anchored to
ER membranes by the viral encoded 6K-VPg. The host PABP, eEF1a, eIF4a,
and Hsc70-3 proteins associate with the viral replicase. It is likely that the
PABP brings the 3′ end of the genome near the 5′ end and that replication is
initiated along a circular RNA. (B) Closterovirus virions are long filamentous
particles with structurally differentiated tail domain. The viral movement
protein is an Hsp70 homolog (Hsp70h; red spheres) which functions to both
stabilize the tail region of the virion and aid trafficking across plasmodesmata.

(C) Role of DNAJ homologs in regulating virus encapsidation and egress. (C1)

Depiction of the Hsc70-3 containing viral replicase and its relationship to
another Hsp70 and CPIP protein. This describes another role for Hsp70 in the
potyvirus life cycle, unlike its role in replication depicted in (A4). The Hsp70
and CPIP depicted here suppresses coat protein accumulation and blocks
virion assembly. Virion assembly also serves to suppress viral genome
translation and therefore, suppression of CP accumulation can enhance
genome expression. This machinery reduces the impact of CP on viral
genome translation. In this model, proposed by Hafren et al. (2010), CPIP
recruits the potyvirus coat protein to Hsp70 which serves to aid ubiquitination
and CP degradation. CPIP recruits the CP and thereby reduces its impact on
viral genome translation. (C2) Yeast two-hybrid assays carried out using the
tospovirus NSm protein identified NtDNAJ_M541 protein as an interacting
partner. NSm (red spheres) associates with the plasma membrane, binds
nucleocapsids, weakly binds RNA, and forms tubules. Given the myriad of
NSm activities it is not yet clear how NtDNAJ_M541 (blue octagons)
contributes to its functions. Pomovirus TGB2 movement protein is a
transmembrane protein that resides in the ER and interacts with RME-8.
TGB2 binds viral RNA and potentially cargoes it along the ER to
plasmodesmata to facilitate intercellular transport. Researchers proposed that
RME-8 is an endocytic marker indicating TGB2 is recycled from the plasma
membrane back to the ER where it can bind viral genomes for further rounds
of transport to the plasmodesmata.
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et al., 2003). While Ydj1p, Ssa1p, and Ssa2p are separately identi-
fied as factors in these virus replication cycles, the co-chaperone
complex itself has not be identified so it is not clear whether the
individual factors are highjacked independently or if the entire
chaperone complex is needed to drive membrane insertion and
conformational changes in both systems.

Flock house virus (FHV) is primarily an insect infecting virus
and is not defined as a plant virus, but is important to consider
alongside TBSV and BMV because there are key similarities with
regard to the viral replicases, and in laboratory experiments FHV
replicates in plant cells as well as yeast and Drosophila. In yeast,
FHV requires Ydj1p and Hsp70 chaperones for virus replication
(Weeks and Miller, 2008). Single deletions of Ssa1 or Ssa2 did
not alter FHV RNA3 accumulation in yeast but deletion of Ssz1
which encodes an atypical Hsp70 resulted in an abundant increase
in FHV RNA3 accumulation. However, deletion of the Ydj1 gene
suppressed FHV RNA replication while deletion of other DNA J
homologs (JJJ1, JJJ2, or ZUO1) increased FHV RNA3 accumula-
tion (Weeks and Miller, 2008; Weeks et al., 2010). The combined
data show that the Ssa family of Hsp70 chaperones are essential
for replication of several positive-strand RNA viruses in yeast. The
fact that viruses which normally infect either plants or an insect
commonly require of Hsp70 and Ydj1p is remarkable and sug-
gests that the need for the Hsp70 complex for the replication of
some positive-strand RNA viruses are maintained through evo-
lution of their hosts. However, the mechanistic contribution to
virus replication varies for each virus. For example, deletion of
Ssa1 or Ssa2 alters the membrane distribution of the tombusvirus
replicase while similar deletions alter the post-translational sta-
bility of the FHV protein A polymerase (Weeks and Miller, 2008;
Weeks et al., 2010). Thus, while the need for the Hsp70 complex
for virus replication is well established, the mechanistic contribu-
tions cannot be broadly infer based on studies of a single plant
virus.

Research conducted in plants has also identified Hsp70
associating with the tobamovirus and potyvirus replicase
(Figures 2A3,4), although its role in these complexes is not yet
described is such detail. Affinity purified Tomato virus mosaic
virus (ToMV; tobamovirus) replicase identified Hsp70, eEF1A,
TOM1, and TOM2A proteins associating with membrane bound
complexes. TOM1 and TOM2A are integral membrane proteins
normally associated with the vacuolar membrane but are high-
jacked by the ToMV replicase to the membrane site of virus
replication (Nishikiori et al., 2006). Turnip mosaic virus (TuMV;
potyvirus) RdRP co purifies with Arabidopsis Hsc70-3 and the
poly(A) binding protein (PABP) in ER-derived vesicles (Dufresne
et al., 2008).

Beyond aiding assembly of viral replication complexes, Hsp70
and DNAJ-like proteins contribute to virion assembly and cell-
to-cell spread of viruses in other genera. Key examples of (+)
strand RNA viruses include the potyviruses, closteroviruses, and
pomoviruses. There is also evidence that the Hsp70 machin-
ery contributes to the intercellular transport of (−) strand RNA
genome containing tospoviruses.

With regard to viral coat protein (CP) interactions and virion
assembly there are two examples. The first example is the clos-
terovirus movement protein (MP) which is itself an Hsp70

homolog (Hsp70h). The Hsp70h plays dual roles in virion assem-
bly and intercellular movement (Figure 2B) and its activities
appear to be unlike the function of cellular Hsp70 that is depicted
in Figure 1. Closteroviruses are filamentous viruses that have
a long flexuous particles formed by the major capsid protein
and a short tail formed by the minor capsid protein (CPm).
For Citrus tristeza virus (CTV) and Beet yellows virus (BYV)
Hsp70h combined with the viral encoded p61 protein enables the
assembly of full-length virions by specifically enabling tail assem-
bly by CPm (Satyanarayana et al., 2000, 2004; Alzhanova et al.,
2007; Tatineni et al., 2010). The second function of Hsp70h is to
traffic virions to plasmodesmata and enables intercellular trans-
port. The closterovirus Hsp70h autonomously associates with
the actin–myosin network and can move through plasmodes-
mata. Dominant negative mutants of class VIII myosins impede
plasmodesmal localization of Hsp70h (Avisar et al., 2008). In
Cucurbita maxima, Hsp70 homologs were identified to have the
capacity to traffic through plasmodesmata and the combined data
suggest that a subclass of Hsp70 chaperones engage the plasmod-
esmata trafficking machinery (Aoki et al., 2002). These data do
not fit the current understanding of the roles for Hsp70 in protein
folding and turnover, and suggests an alternative function in long
distance trafficking that is worth further studying. It is reasonable
to speculate the Hsp70 is a component of machinery that moves
along the actin network or associates with myosins, but this topic
requires further investigation to provide clear understand of this
subclass of Hsp70 chaperones. However, these combined data of
closterovirus Hsp70h and the C. maxima Hsp70s led researchers to
speculate that there is a basic mechanism for filamentous virions
to require chaperone activity to reach plasmodesmata and trigger
viral RNA transfer to neighboring cells

Secondly, separate studies have reported the potyvirus CP inter-
acting with Hsc70 and CPIP, which is a DNAJ-like protein (Hofius
et al., 2007; Mathioudakis et al., 2012). In this example, the co-
chaperone machinery appears to function in its normal role of
client recruitment and modification. CPIP binds to the CP and
delivers it to Hsp70 to aid ubiquitination and degradation (Hafren
et al., 2010; Figure 2C1). Given the multimeric nature of CPs it is
possible that the Hsp70 machinery ensures proper protein folding
and prevents CP aggregation (Hafren et al., 2010). Beyond qual-
ity control regulation of the potyvirus CP, this mechanism also
plays a significant role in regulating potyviral gene expression.
Within the context of virus infection, the potyvirus CP functions
to down-regulate viral gene expression and replication to enable
genome encapsidation. As CPs build up in the cell, there becomes
an increasing pressure toward suppressing viral genome expression
and replication. Therefore, to prolong or increase the amount of
genome translation and replication, the combined action of CPIP
and Hsp70 serves to down-regulate CP-mediated effects on viral
gene expression (Figure 2C; Hafren et al., 2010).

DNAJ proteins contribute to membrane bound events relating
to virus intercellular movement and there are two well-studied
examples (Soellick et al., 2000; Figure 2C2). First is RME-8,
another DNAJ-like chaperone, which interacts with the pomovirus
TGB2 MP (Figure 2C2). RME-8 localizes to endocytic vesicles
and interacts with cytosolic Hsp70 to control clathrin-dependent
endocytosis (Haupt et al., 2005). Thus, TGB2 may rely on
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endosome for recycling proteins to the cell’s interior where it can
provide further rounds of transporting viral genomes from the site
of replication to plasmodesmata. However, given the examples of
TOM1 and TOM2A which are highjacked by TMV from the vac-
uolar membrane to viral replication complexes located on other
membranes, it is possible that RME-8 is either a landmark for the
endosome or plays a different role in TGB2 trafficking. Another
example are the (−) strand RNA genome containing tospoviruses
whose MP, named NSm, localizes to the plasma membrane and
forms tubular extensions from the cell surface. Nsm also interacts
with the nucleocapsid and genomic RNA and potentially functions
to enable the tubule guided transport of the ribonucleoprotein
complex across plasmodesmata. The tospovirus NSm MP interacts
with a DNAJ-like protein (NtDnaJ_M541) from both N. tabacum
and A. thaliana (Soellick et al., 2000; Figure 2C2). This factor
belongs to a subclass of the DNAJ family that only contains the J-
domain. Such factors contribute to protein translocation into the
mammalian ER, plant peroxisomes, and microtubule formation.
The particular role of the NtDnaJ_M541 protein is not known
but researchers proposed that it either mediates Hsp70 depen-
dent mechanism of virus movement or itself provides the motive
force for ribonucleoprotein translocation to the plasmodesmata
(Soellick et al., 2000).

Hsp100 CHAPERONES REGULATE CELLULAR PROTEIN
AGGREGATES BUT Hsp101 PROMOTES TOBAMOVIRUS
TRANSLATION
The Hsp100/Clp family of chaperones belongs to the superfam-
ily of AAA+ domain containing ATPases and some members
act solely in the protein quality control network, functioning
in protein disaggregation. This superfamily is defined by direct
nucleotide binding and the presence of highly conserved Walker A
and B motifs. Most AAA+ domain proteins form ATP bound
oligomers and it is the molecular scaffold that is essential for
HSp100/Clp as well as nucleotide-binding domain leucine-rich
repeat (NLR) protein functions (Mayer,2010; Bonardi et al., 2012).
Hsp100 proteins can cooperate with the Hsp70-Hsp40 system to
solubilize and refold aggregated substrate proteins (Zhang and
Guy, 2005; Sharma et al., 2009). In plants, Hsp101 is required
for thermotolerance and oxidative stress (Tonsor et al., 2008; Kim
et al., 2012).

In TMV infection, Hsp101 and eIF4G are recruited by the
68 nucleotide 5′ untranslated leader, known as Ω, and enhances
translation of the genomic RNA (Wells et al., 1998; Gallie, 2002).
Other tobamoviruses such as Oilseed rape mosaic virus (ORSV)
which lack the Ω sequence, do not display the Hsp101-dependent
enhancement (Carr et al., 2006), which emphasizes the role of
Ω in Hsp101 recruitment. Furthermore, the N. tabacum Hsp101
enhances translation of Ω-containing constructs in yeast. Genetic
analysis of Hsp101 interactions with the TMV 5′ leader showed
that it binds to a poly(CAA) sequence within Ω and aids the
recruitment of eIF4F (Gallie, 2002). It is interesting that the Ω

-Hsp101 enhancement is not conserved among all tobamoviruses.
One possible explanation is that the Ω functions overlap with the
5′ cap and poly(A) tail for recruiting eIF4G (which is a subunit
of eIF4F) to the mRNA. The Ω is more effective following heat
shock and its presence can reduce the effectiveness of the 5′-cap

and poly(A) tail for recruiting eIF4G (Wells et al., 1998). Given
that the 5′ cap and poly(A) tail synergistically operate to recruit
eIF4G, the Ω may not be crucial in all tobamoviruses and this
could explain why it is not highly conserved across members of
this genus (Carr et al., 2006).

Hsp90 PLAYS ESSENTIAL ROLES IN HOST PLANT IMMUNITY
AND VIRUS REPLICATION
Hsp90 is a highly conserved eukaryotic molecular chaperone. It
contributes to the stabilization, or activation of proteins that are
involved in signal transduction, protein trafficking, and immunity.
Hsp90 typically forms a dimer and its associations with client
proteins, as for Hsp70, are regulated by co-chaperones as well
as ATP binding and hydrolysis (Figure 1B1). Its clients are often
properly folded or are in a near native state. Hsp90 proteins have
three functional domains: nucleotide-binding domain (NBD) at
the N-terminus, the middle domain (MD) which is involved in
client and co-chaperone binding, and the dimerization domain
(DD) at the C-terminus (Zhang et al., 2010). Hsp90 forms an open
homodimer mediated by interactions occurring through the DD
domain. When the NBD binds ATP the N-terminal domains come
into contact and for a closed conformation. Hsp90 cycles between
open and closed conformations (Figure 1B1).

In mammalian cells, Hsp40, Hsp70, and Hsp90 are known
to cooperate in the maturation of certain client proteins (Figure
1B1). The Hsp90 machinery also associates with ubiquitin-
dependent degradation processes that contribute to immune
regulation (Zhang et al., 2010). In plants and animals, Hsp90,
SGT1 (suppressor of G2 allele of skp1) and Rar1 are essential to the
function of many NLR proteins (Figure 1B2). NLR proteins are
pathogen sensors which contribute to host immunity by activat-
ing disease defense responses (Azevedo et al., 2002; Shirasu, 2009;
Kadota et al., 2010; Kadota and Shirasu, 2012). Mutations in Hsp90
can lead to the loss of NLR-mediated defense responses in plants.
Most NLR proteins exist in a cell in a near native state but upon
recognition of a pathogen effector the NLR proteins are folded and
may form dimer or multimeric complexes that are necessary for
immune regulation. The Hsp90–SGT1–Rar1 machinery is needed
for Rx- or N-mediated resistance to Potato virus X (PVX) or TMV
(Boter et al., 2007; Takabatake et al., 2007), RPM1 or RPS2 resis-
tance to Pseudomonas syringae (Cai et al., 2006; Kadota et al., 2010),
Mi-1 resistance to root knot nematodes (Bhattarai et al., 2007),
Mla-resistance to powdery mildew in barley (Hein et al., 2005)
among others. The Hsp90–SGT1–Rar1machinery is intriguing
because the required partnership among these three factors differs
from the Hsp40–Hsp70–Hsp90 partnership for client recruitment
and folding. Figure 1B2 shows that SGT1 and Rar1 bind to the
N-terminal ATPase domain of Hsp90, but do not promote ATP
hydrolysis. Instead, Rar1 enhances SGT1–Hsp90 interactions and
form an asymmetric complex that holds the Hsp90 dimer to enable
loading or release of the client protein. Both Rar1 and SGT1 are
required for steady state accumulation of many NLR proteins
and SGT1 plays an addition role in recruiting the NLR client to
Hsp90 (Kadota et al., 2008, 2010; Shirasu, 2009; Kadota and Shi-
rasu, 2012). This model is substantiated by yeast two-hybrid assays
showing SGT1 and Rar1 proteins interact in the absence of Hsp90.
Also mutations in Rar1 can reduce NLR protein accumulation but
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the consequence is not as significant as mutations affecting SGT1
and Hsp90. Thus, the NLR stability is mediated by SGT1–Hsp90
complex and enhanced by the presence of Rar1.

The SGT1–Hsp90–Rar1 machinery is particularly intriguing
because each of these factors provide additional roles in bio-
logical processes that are independent of each other (Shirasu
and Schulze-Lefert, 2003). Rar1 was shown in soybean and Ara-
bidopsis to be essential for the induction of pathogenesis-related
(PR) gene expression and contributes to PAMP-mediated immu-
nity (Fu et al., 2009). While SGT1 is required for Rx-steady state
accumulation, it also negatively regulates some NLR proteins in
Arabidopsis and helps to mediate systemic acquired resistance in
soybean (Boter et al., 2007; Fu et al., 2009). With regard to plant
virus infection, SGT1 is specifically induced by SMV, PVX, and
Plantago asiatica mosaic virus (PlAMV) infection in susceptible
hosts (Komatsu et al., 2010; Ye et al., 2012b). PlAMV and PVX
are both potexviruses and VIGS silencing SGT1 enhanced virus
accumulation relative to leaves treated with only the VIGS vec-
tor. N. benthamiana plants overexpressing SGT1 show enhanced
systemic accumulation of PVX (Ye et al., 2012b). Unlike PVX,
PlAMV infection causes systemic necrosis and silencing SGT1
and RAR1 reduces these symptoms (Komatsu et al., 2010). Thus,
for potexviruses it appears that SGT1 contributes to the regula-
tion of systemic virus accumulation. Moreover, SGT1 associates
with Hsc70 in Arabidopsis and this interaction contributes to
basal resistance. Given that Hsc70 is also a positive factor in
plant virus infection this story may be quite complicated. More
research is needed to uncover the various roles of SGT1 as a co-
chaperone in events that modulate immunity and promote plant
virus multiplication.

There are also reports showing Hsp90 plays a positive role in
Bamboo mosaic virus (BaMV; a potexvirus), Red clover necrotic
mosaic virus (RCNMV; a dianthovirus), and FHV infection and
it appears to provide different partnerships with the various viral
replicases (Figure 3). The N. benthamiana Hsp90 was reported by
Huang et al. (2012) to interact specifically with the 3′ untrans-
lated region of BaMV. Hsp90 does not associate with the 3′
region of the BaMV-associated satellite RNA, PVX (potexvirus
genus) or Cucumber mosaic virus (CMV; cucumovirus genus)
genomic RNAs suggesting that this is a unique interaction that
promotes BaMV replication (Figure 3; Huang et al., 2012). In
contrast, RCNMV encodes two replication associated proteins
named p27 and p88. Hsp70 and Hsp90 interact with p27 and
lead to the recruitment of RNA 2 to the ER. Hsp70 and Hsp90
also promote translation of p27 (Mine et al., 2010, 2012). FHV
also requires Hsp90 for assembly of the viral replication complex
and protein-A accumulation (Kampmueller and Miller, 2005).
These very recent discoveries that Hsp90 contributes to the ini-
tiation of viral RNA synthesis in a virus species-specific manner
is intriguing. While the interactions between component proteins
of the viral replicase with Hsp90 seem to have little in common,
it is possible that a common fold in the proteins is recognized
by Hsp90 or that a viral RNA element first attracts Hsp90 which
then recruits other of viral replication factors (Huang et al., 2012).
Further investigations are needed to unlock the mechanism of
replicase assembly and the role of Hsp90 for these and other plant
viruses.

FIGURE 3 | Hsp90 contributes to the BaMV and RCNMV replication

complexes. The gray spheres represent the membrane bound viral
components of the replicase. The BaMV p166 protein is represented as a
dimer. The RCNMV p88 and p27 are also represented. Hsp90 is indicated in
green and binds to the 3′ end of the BaMV genome. It is not known to
interact with other viral genomes making this observation unique. Hsp90
and hsp70 are also components of the RCNMV replicase and are essential
for membrane recruitment of the complex.

ER CHAPERONE SYSTEM AND ITS EMERGING IMPORTANCE
IN PLANT VIRUS INFECTION
A separate set of chaperones and folding enzymes exist in the
ER and contribute to the ER quality control (ERQC) machinery
which regulates the folding of newly synthesized proteins (Meu-
nier et al., 2002). Proper folding and assembly is necessary for
proteins entering the secretory pathway to reach their appropriate
cellular destinations (Iwata and Koizumi, 2012). Key components
of the ERQC include protein disulfide isomerase (PDI) which
enables the formation of disulfide bonds in proteins, calreticulin
(CRT) and calnexin (CNX) which are lectin-like chaperones that
recognize and monitor N-linked glycan modifications (Meunier
et al., 2002; Meusser et al., 2005), and the ER luminal-binding
protein BiP, which is a member of the Hsp70 family that mon-
itors protein folding and maturation in the ER. Glycoproteins can
also be processed by ERp57 (a member of PDI family) which
enable the formation of disulfide bonds (Ellgaard and Helenius,
2001, 2003).

Both the CRT/CNX and BiP chaperone systems sequester mal-
formed proteins in the ER for refolding. N-linked glycosylation
occurs through the transfer of a triglucosylated, branched chore
oligosaccharide to a nascent polypeptide. The core oligosaccharide
is trimmed by ER resident glucosidases to the monoglucosylated
form. CNX and CRT recognize N-linked glycans attached to pro-
teins which function to ensure the glucose is removed from the
glycan. Improperly trimmed glycans can go through a reiterative
process of transfers between the glucosidases and CNX/CRT to
ensure proper maturation prior to ER export. BiP resembles other
Hsp70 proteins in that its interactions with cofactors and sub-
strates are regulated by the ATPase cycle (Figure 1). In this system
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ERdj3, which is a member of the Hsp40 family, first binds to the
unfolded proteins and recruits BiP (Kampinga and Craig, 2010).
The binding and release of nascent chains is controlled by the cycle
of ATP and ADP exchange (Figure 1). Similar to CRT/CNX sys-
tem, BiP undergoes cylces of binding and release from unfolded
proteins. Co-chaperones include ERdj3 which is an Hsp40 and
PDI. When proteins fail to mature properly, they are directly
cleared from the ER and degraded by the ubiquitin-proteasome
system.

CRT also functions in Ca2+ sequestration and in plants, accu-
mulates in plasmodesmata. CRT interacts directly with the TMV
MP and is suggested to play a regulatory role in promoting
virus intercellular transport. Overexpression of CRT interferes
with TMV cell-to-cell movement and is suggested to direct TMV
MP from plasmodesmata to microtubules. It is worth speculat-
ing that this could lead to TMV MP degradation (Chen et al.,
2005). Interestingly, BiP, CRT, and PDIs including ERp57 are
up-regulated during N-mediated resistance to TMV (Caplan
et al., 2009). Silencing ERp57, CRT2, and CRT3 in N-gene
expressing N. benthamiana led to partial restoration of systemic
accumulation lending further support to earlier reports that up-
regulating CRT blocks TMV movement. CRTs also regulate the
folding of plasma membrane localized induced receptor-like kin-
ase (IRK) that functions during N-mediated resistance (Caplan
et al., 2009).

BiP is best known for its central role in ER stress and the
unfolded protein response (UPR; Figure 4). In the absence of ER
stress, BiP binds to the ER luminal domain of IRE1. Upon stress,
BiP moves away from IRE1 and binds to the unfolded protein. IRE1
possesses a cytosolic endoribonuclease domain which is activated
by the uncoupling of BiP and IRE1 (Iwata and Koizumi, 2012;
Parmar and Schroder, 2012). IRE1then cleaves exon–intron junc-
tions in the mRNA encoding the bZIP60 transcription factor. The
bZIP60 is translocated to the nucleus where it activates expression
of genes involved in the UPR. Overexpression of BiP suppresses
the UPR because it increases the amount of protein binding IRE1
and enabling protein maturation. The PVX TGB3 protein is essen-
tial for virus movement and is an ER resident protein that appears
to stimulate expression of the IRE1-major downstream effector
bZIP60 as well as BiP and CRT (Ye et al., 2011). Silencing bZIP60
also impairs PVX accumulation in protoplasts, indicating that
activation of UPR related transcription factor is vital for PVX
infection. Overexpression of TGB3 from a CaMV 35S promoter
or from a TMV vector can cause HR-like lesions N. benthamiana
leaves. Experiments also revealed that BiP plays a cytoprotective
role in virus infected leaves and its overexpression can alleviate
TGB3 or virus-induced cell death. These data argue that BiP and
the UPR components of a pro-survival response that is activated
by TGB3 to create a cellular environment that enables the spread
of virus infection.

Another component of the ERQC machinery that works in
conjunction with the ER resident chaperones is a mechanism to
eliminate the malformed proteins from the ER. Such malformed
proteins that cannot be refolded are recognized by Hrd1/Der3p
which acts to ubiquitinate substrates to enable their dislocation
and subsequent degradation. Hrd1p/Der3p resides in the ER
and provides the essential ubiquitin ligase activity that precedes

proteolytic breakdown of misfolded proteins. Hrd1p/Der3p is well
described in mammal and yeast cells and was recently identified
in plant cells (Meusser et al., 2005; Zhang and Kaufman, 2006; Su
et al., 2011). The ubiquitinated substrates are transported out of
the ER for degradation by the 26S proteasome.

Curiously there are other ubiquitin ligases that interact with
the 26S proteinase, including SCF E3 ubiquitin ligase complex
(Figure 4). This complex includes the co-chaperones SKP1 and
Cullin. While TGBp3 is not known to induce Hrd1p/Der3p it has
been shown to activate expression of SKP1 (Ye et al., 2011). Other
plant viruses that are known to directly interact with SKP1 include
the polerovirus P0 silencing suppressor protein and the nanovirus
Clink. Both P0 and Clink have F-box like domains that can interact
with SKP1 (Aronson et al., 2000; Pazhouhandeh et al., 2006; Borto-
lamiol et al., 2007). Up-regulation of SKP1 by PVX TGB3 or SKP1
interaction with P0 or Clink lead to enhanced virus accumulation.
These combined data suggest that certain plant viruses stimu-
late chaperones or co-chaperones involved in protein turnover as
a means to create a favorable environment for efficient replica-
tion. These factors might rely on SKP1-dependent machinery to
degrade host factors that could impede replication or movement
and may be involved in immunity.

CONCLUSION
This article provides examples where plant viruses subvert a few
key cellular chaperones and cofactors from their normal cellular
function into viral protein complexes and examples where certain
chaperones are likely to function within their normal cellular con-
text, and viral proteins are the recognized substrates. With regard
to subversion of chaperones, the tombusvirus, tobamovirus,
and potyviruses require Hsp70, while BaMV and dianthoviruses
require Hsp90 to participate early in the formation of active
membrane anchored replication complexes (Nishikiori et al., 2006;
Wang et al., 2009; Hafren et al., 2010; Huang et al., 2012; Mine et al.,
2012). It is possible that these viral replicases have a common fold
that can be recognized by the Hsp70 or Hsp90 partner, however
future research is needed to better understand how these two cel-
lular chaperones participate in the replication of a wide range of
unrelated viruses. Ydj1, JJJ, JJ2, and ZOU1 are Hsp40 homologs
in yeast that act independently of Ssa1/2 to enable replication
of either BMV or FHV (Tomita et al., 2003; Weeks and Miller,
2008; Weeks et al., 2010). The combined data among different
plant viruses indicate that the mechanistic contributions of chap-
erones to RNA virus replication varies among viruses and that
there is not one broad definition of how these viral replicases
assemble with host factors. The requirement for Ydj1 appears to
be uncoupled from Hsp70 for BMV replication. However, we
do not yet understand whether these Hsp70 and Hsp40 sepa-
rately or in combination regulate the folding and assembly or
membrane anchoring of the viral replicases. It worth speculat-
ing that Hsp chaperones aid in recruiting essential host factors
such as the PABP, eEF1a, or eIF4a into the replication complex or
to stabilize associations between viral proteins that comprise the
replication complexes (Leonard et al., 2004). They may also pro-
vide stability to the membrane anchor for the replication complex.
Evidence that Hsp90 interacts with 3′ end of the BaMV RNA indi-
cates that chaperones may be subverted to stabilize viral RNA.
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FIGURE 4 |The ER quality control machinery monitors protein folding in

the ER following translation. BiP is an ER chaperone that in its resting state
is bound to the ER stress transmembrane receptor IRE-1 and to ADP. A
nascent or misfolded protein is identified and recruited by ERdj3, which is an
Hsp40 homolog, and BiP is redirected to this complex. As seen in Figure 1,
the role of BiP is to refold misfolded proteins. But in the event that this does
not succeed, the misfolded client is ubiquitinated in the ER. Hrd1p/Der3p in
mammals, yeast, and plants is responsible for substrate ubiquitination in the
ER (Meusser et al., 2005; Zhang and Kaufman, 2006; Su et al., 2011). The

ubiquitinated substrates degraded in the cytosol by the 26S proteasome. The
SCF E3 ubiquitin ligase complex, depicted here, is a cytosolic complex often
described to be associated with the plant NLR immune system. It is intriguing
to see that plant viruses require or mimic components of the SCF complex.
IRE-1 senses accumulation of misfolded proteins and splices bZIP60 mRNA.
bZIP60 is a transcription factor that upon translation is transported to the
nucleus and activates expression of ER resident chaperones, including BiP.
Up-regulation of the network is designed to restore ER homeostasis by
eliminating malformed proteins.

Furthermore, there is no evidence yet to indicate whether the
ATPase activities are essential for the chaperone functions within
the viral replication complexes (Huang et al., 2012). In summary,
further research is needed to understand mechanistic contribu-
tion of these factors to virus replication. With regard to the roles
of Hsp70 and virus movement, there is evidence that Hsp70 over-
expression enhances virus movement but mechanistically we know
very little about its role in the plasmodesmata or interactions
with viral MPs. It is intriguing that the closterovirus MP is an
Hsp70 homolog which functions to stabilize the virion as well as
direct plasmodesmata trafficking. Perhaps further studies with this

protein will provide insight into the activities Hsp70 contributes
to intercellular trafficking.

Ydp1, CPIP, RME-8, and NtDNAJ_M541 are J-domain proteins
that are subverted by the plant viruses. Except for Ydp1 which
associates with the BMV replicase, most interact with structural
or MPs. CPIP is described as a factor that down-regulates the
potyvirus CP, RME-8 is involved in endocytic trafficking of the
pomovirus TGB2 protein from the plasma membrane toward the
cell interior, and the role of the NtDNAJ_M541 protein is not yet
defined (Haupt et al., 2005; Hafren et al., 2010). These factors are
intriguing because they are known to identify client proteins for
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partner chaperones. Thus, it is easy to imagine that they might
identify the viral proteins clients, relying on their substrate bind-
ing sites for stabilizing interactions. The questions we are left
with, is whether these proteins are highjacked by the virus and
subverted for viral functions, or if they target these viral pro-
teins for degradation. For example, we do not yet know the
next step in CPIP led processes, but researchers proposed that
CPIP targets the CP for degradation (Hafren et al., 2010). This
activity promotes viral genome expression and replication but
down regulates encapsidation. The tospovirus NSm protein is
required for virus intercellular movement but the mechanism for
virus transport is not fully understood. Nsm accumulates along
the plasma membrane, forms tubules, and interacts with a viral
ribonucleoprotein complex which is transported between cells.
NtDNAJ_M541 might stabilize the tospovirus Nsm in tubules or
in the plasma membrane, and it might also stabilize complexes
involving the capsid and genomic RNA (Soellick et al., 2000). On
the other hand, this DNAJ-like protein could target Nsm for degra-
dation to alleviate stress on the plasma membrane or modulate the
size of the tubules. The function of RME-8 interactions with the
pomovirus TGB2 protein is also uncertain. Pomoviruses encode
three MPs known as the “triple gene block” proteins. TGB2 binds
viral RNA, inserts into the ER network and might be responsi-
ble for trafficking viral RNA toward the plasmodesmata. Upon
delivering the genome cargo to its destination TGB2 might move
along the plasma membrane where it is recycled back to the
cells interior by the endocytic machinery for further rounds of
RNA trafficking. It is also possible that TGB2 is directed by the
endosome to the vacuole for degradation. Thus RME-8 might
function as a chaperone either to stabilize and regenerate move-
ment complexes, or aid in protein turnover. Thus, considering
that we know so little about CPIP, NtDNAJ_M541, and RME-8
in viral processes, future research is likely to produce fascinating
new insights into the machinery regulating viral encapsidation and
egress.

Finally, the potexvirus TGB3 protein up-regulates the expres-
sion of ER resident chaperones via bZIP60 transcription factor
indicates that the ERQC machinery plays a vital role in plant virus
infection (Ye et al., 2011, 2012a). This is the first example of a plant
viral MP that activates bZIP60 to induce host gene expression. Up-
regulation of ERQC machinery could function to stimulate protein
folding and maintain ER homeostasis during plant virus infection.

This might be a necessary activity to promote virus replication and
spread. It is also possible that TGB3 identifies host proteins, such as
NLR proteins for degradation via the proteasome. The SCF E3 lig-
ase complex contains SKP1 and F-box protein to aid client protein
ubiquitination prior to proteasomal degradation. Given a report
by Ye et al. (2011) that SKP1 is induced by TGB3 and is impor-
tant for virus infection it is possible that the PVX TGB3 protein
acts at the ER to redirect such factors to the E3 ligase complex for
ubiquitin-proteasome pathway soon after translation as a means
to block host immune responses (Ye et al., 2012a). Further research
is needed to identify factors that are degraded in a manner that is
TGB3 dependent.

While the above discussion of Hsp40, Hsp70, and Hsp90 sup-
ports the hypothesis that the chaperone machinery is somewhat
dismantled and reconfigured to support virus replication, the
newer data concerning CPIP, RME-8, and NtDNAJ_M541, and the
ERQC could be viewed as evidence that the chaperone machinery
is diverted to recognizing alternative substrates while their cellular
functions are unaltered. In other words, the endocytic machin-
ery and ERQC machinery appears to remain intact but the virus
piggybacks onto the machinery to achieve a successful infection.
This is important to consider because it could represent a manner
in which the virus can evade defense within the host and avoid
recognition by the immune system. Alternatively, we know so
little about how plant viruses interact with the endocytic machin-
ery or ERQC machinery but we do know that both systems can
achieve protein degradation. Endosomes containing viral compo-
nents could fuse with the vacuole to degrade viral components and
ERQC machinery to down-regulate infection by identifying viral
proteins as foreign or aberrant products that need to be degraded
through the proteasome. Thus, these machineries could be part
of an immune response. We do know from animal virus research
that RNA viruses have mechanisms to cleverly evade recognition
by the host immune system and this can include interacting with
the host autophagic machinery in a manner that promotes infec-
tion. Future research is likely to examine the exciting possibilities
that the ERQC machinery or endocytic machinery are natural
extensions of the antiviral defense machinery or essential path-
way to achieving successful infection. Understanding their roles in
infection could be quite valuable for designing strategies for con-
trolling virus disease which target host machinery that is vital for
infection.
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The accumulation of unfolded or misfolded proteins in the lumen of the endoplasmic
reticulum (ER) results in ER stress that triggers cytoprotective signaling pathways,
termed the unfolded protein response (UPR), to restore and maintain homeostasis in
the ER or to induce apoptosis if ER stress remains unmitigated. The UPR signaling
network encompasses three core elements, i.e., PKR-like ER kinase (PERK), activating
transcription factor 6 (ATF6), and inositol-requiring protein-1 (IRE1). Activation of these
three branch pathways of the UPR leads to the translation arrest and degradation of
misfolded proteins, the expression of ER molecular chaperones, and the expansion of
the ER membrane to decrease the load of proteins and increase the protein-folding
capacity in the ER. Recently, the essential roles of the UPR have been implicated in
a number of mammalian diseases, particularly viral diseases. In virus-infected cells, the
cellular translation machinery is hijacked by the infecting virus to produce large amounts
of viral proteins, which inevitably perturbs ER homeostasis and causes ER stress. This
review summarizes current knowledge about the UPR signaling pathways, highlights
two identified UPR pathways in plants, and discuss progress in elucidating the UPR in
virus-infected cells and its functional roles in viral infection.

Keywords: virus, endoplasmic reticulum, ER stress, unfolded protein response, signaling transduction

INTRODUCTION
The endoplasmic reticulum (ER) is a membrane-bound com-
partment that plays important roles in many cellular processes
such as calcium homeostasis and protein processing (Kim et al.,
2008; Hetz et al., 2011; Hetz, 2012). Secretory and membrane
proteins are synthesized on ribosomes and translocated in an
unfolded state into the ER lumen, where they undergo folding,
organelle-specific post-translational modifications, and assembly
into higher-order structures (Ellgaard and Helenius, 2003; He
and Klionsky, 2009; Marcinak and Ron, 2010). As an organelle
for folding and modifications of proteins, the ER is loaded
with extremely high concentration of proteins (>100 mg/ml), a
concentration at which co-aggregation between proteins and/or
polypeptides is clearly promoted (Stevens and Argon, 1999).
Therefore, the lumen of the ER needs a unique cellular environ-
ment that promotes processing and prevents aggregation (Anelli
and Sitia, 2008; Kim et al., 2008; Hetz et al., 2011; Hetz, 2012).
Indeed, as the major intracellular calcium pool, the ER is the
proximal site of a signal transduction cascade that serves to keep
cellular homeostasis (Hendershot, 2004; Kim et al., 2008; Hetz
et al., 2011; Hetz, 2012). It is also rich in calcium-dependent
molecular chaperones (see “Glossary”) such as ER luminal bind-
ing proteins (BiP), calmodulin (CAM), and calreticulin (CRT),
which assist in de novo folding or refolding of proteins with
high fidelity (Navazio et al., 2001; Ellgaard and Helenius, 2003;
Seo et al., 2008). Furthermore, the ER lumen has an oxidative
environment, which is essential for protein disulphide isomerase
(PDI)-mediated disulfide formation (see “Glossary”), a process
required for the proper folding of a variety of proteins (Kim et al.,
2008).

However, the load of client proteins may exceed the assigned
processing capacity of the ER due to physiological fluctuations
in the demand for protein synthesis and secretion (Zhang and
Kaufman, 2006; Ron and Walter, 2007; Marcinak and Ron, 2010;
Hetz et al., 2011). The resulting imbalance is referred to as ER
stress (Figure 1) (see “Glossary”), which is a pervasive feature of
eukaryotic cells (Gao et al., 2008; Liu and Howell, 2010; Marcinak
and Ron, 2010; Hetz et al., 2011; Iwata and Koizumi, 2012). In
yeast, animals, and plants, ER stress arises under various cir-
cumstances (Figure 1), including developmental processes that
affect protein homeostasis networks and genetic mutations that
erode the functionality of the ER (Brewer and Hendershot, 2004;
Schröder and Kaufman, 2005; Balch et al., 2008; Kim et al., 2008;
Marcinak and Ron, 2010; Hetz et al., 2011). In fact, a variety
of external stimuli (abiotic and biotic stress) such as pathogen
invasion, chemical insult, and energy or nutrient (glucose) depri-
vation have been shown to impose stress on the ER by leading to
alterations of cellular redox equilibrium, disturbances of calcium
homeostasis, failure of post-translational modifications, and a
general increase in protein synthesis (Figure 1) (Dimcheff et al.,
2004; Ye et al., 2011; Iwata and Koizumi, 2012). In general, pertur-
bation of ER homeostasis causes unfolded proteins to accumulate
in the lumen of the ER, triggering an evolutionarily conserved
cytoprotective signaling pathway designated as the unfolded pro-
tein response (UPR) (Figure 1) (see “Glossary”) (Zhang and
Kaufman, 2006; Ron and Walter, 2007; Urade, 2007; Kim et al.,
2008).

The initial intent of the UPR is to reestablish homeostasis,
relieve stress exerted on the ER, and prevent the cytotoxic impact
of malformed proteins via inhibition of mRNA translation and
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FIGURE 1 | ER stress and UPR functions. Disturbances of ER
homeostasis cause overload of unfolded or misfolded protein in the ER
lumen, a condition termed ER stress, triggering the UPR. The UPR may be
induced by pharmacological chemicals, such as tunicamycin, thapsigargin,
homocysteine, reductive/oxidative agents as well as non-steroidal
anti-inflammatory agents, which impose stress on the ER by causing the
vigorous protein synthesis, the imbalance of ER Ca2+ and redox, and
the inhibition of protein modification or transfer to the Golgi body. In
mammalian cells, ER stress also occurs under many circumstances, such
as nutrient deprivation, developmental processes, genetic mutation, as well
as pathogenic insult. The best-known example of ER stress arising from
genetic mutation is the protein-misfolding diseases in human. Recent

reports in plants have indicated a close connection between the UPR and
environmental stimuli such as heat, salt, and drought stress as well as viral
attack, although the underlying mechanisms are largely unknown. The
purpose of the induced UPR is to restore the ER function and relive the
stress exerted on the ER. In addition, the UPR also eliminates the cytotoxic
malformed proteins, which are dislocated across the ER membrane for
ubiquitination (Ub) and proteasome-mediated degradation through a
pathway known as ERAD. However, if ER homeostasis or function cannot
be re-established, programmed cell death will be activated by the UPR,
presumably to protect the organism from the rogue cells that display
misfolded proteins, which has not yet been confirmed in plants and is not
shown in the diagram.

activation of adaptive mechanisms (Figure 1) (Xu, 2005; Kim
et al., 2008; Preston et al., 2009; Ye et al., 2011). The adapta-
tion effect predominantly refers to the upregulation of particu-
lar groups of genes to enhance the protein folding capacity of
the ER and to promote ER-assisted degradation (ERAD) (see
“Glossary”) (Meusser et al., 2005; Kim et al., 2008). The signal-
transduction events that are commonly associated with innate
immunity and host defense, including mitogen-activated protein
kinases (MAPKs), c-Jun N-terminal kinase (JNK), p38, and other
kinases responsible for activation of nuclear factor-κB (NF-κB),
are also induced, known as UPR-induced alarm mechanisms
(Kaneko et al., 2003; Xu, 2005; Kim et al., 2008; Tabas and Ron,
2011). However, if the function of the ER cannot be reestablished
especially under the conditions when the primary stimuli causing
protein unfolding are excessive and/or protracted, a final mech-
anism called programmed cell death (also apoptosis in animals)
(see “Glossary”) is triggered, which presumably helps protect the
organism from the expansion of potentially harmful substances
produced by the damaged cells (Zhao and Ackerman, 2006; Ron
and Walter, 2007; Kim et al., 2008; Tabas and Ron, 2011). The
ER stress-induced cell death pathway is conserved throughout the
plant and animal kingdoms (Urade, 2007; Qiang et al., 2012; Ye
et al., 2012). In Arabidopsis thaliana roots, the mutualistic fungus

Piriformospora indica induces ER stress but inhibits the adap-
tive UPR, resulting in a caspase 1-like mediated cell death, which
is required for the establishment of the symbiosis (Qiang et al.,
2012).

There is not only an increasing biomedical interest in but also
a strong practical demand for investigating the molecular mech-
anisms underlying the UPR and the development of strategies to
manipulate this pathway, due to the fact that chronic ER stress
is involved in a number of mammalian diseases including can-
cers, neurodegeneration, diabetes, inflammation, atherosclerosis,
and renal and viral diseases (He, 2006; Zhao and Ackerman,
2006; Yoshida, 2007; Hetz et al., 2011; Tabas and Ron, 2011).
The molecular mechanism of the UPR has been investigated
extensively in yeast and animals and to a much lesser extent in
plants (Cox and Walter, 1996; Sidrauski and Walter, 1997; Oikawa
et al., 2010). In mammalian cells, the UPR is mediated by two
types of ER transmembrane proteins (ER stress sensors). The
type I ER stress sensor consists of IRE1 (inositol-requiring trans-
membrane kinase/endonuclease) including two identifiable IRE1
isoforms IRE1α and IRE1β, and PERK (PKR-like ER kinase),
whereas the type II ER stress sensor includes ATF6α and ATF6β

(activating transcription factor 6) (Hetz et al., 2011). In con-
trast to animals, the UPR in yeast is controlled by only one
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signaling pathway, the type I transmembrane ER protein IRE1p
(Cox and Walter, 1996; Sidrauski and Walter, 1997; Oikawa et al.,
2010).

In the past several years, the plant UPR signaling pathway has
begun to be explored (Urade, 2007; Vitale and Boston, 2008; Deng
et al., 2011; Nagashima et al., 2011). Thus far, two UPR pathways
have been identified in plants, one mediated by IRE1-bZIP60
(basic leucine zipper), and the other by bZIP17/bZIP28 which
is analogous to the animal ATF6 pathway (Urade, 2007; Vitale
and Boston, 2008; Deng et al., 2011; Nagashima et al., 2011). In
addition, an adaptive pathway mediated by plant-specific N-rich
proteins, which diverges from the molecular chaperone-inducing
branch of the UPR, was described as a novel branch of the ER
stress response in plants that shares components with the osmotic
stress signaling (Costa et al., 2008). Much of the work in plants has
concentrated on ER stress induced by environmental cues (Iwata
and Koizumi, 2012). For instance, in response to heat stress, two
UPR pathways were found to be activated, indicated by bZIP28
proteolytic activation and bZIP60 mRNA splicing (Gao et al.,
2008; Deng et al., 2011). The UPR and salt or drought stress have
drawn attention from several laboratories (Irsigler et al., 2007;
Liu et al., 2007; Costa et al., 2008; Liu and Howell, 2010). More
recently, the essential role of the UPR in plants in response to
viral attack has also been investigated (Ye and Verchot, 2011; Ye
et al., 2011, 2012). In this review, we summarize in detail the cur-
rent proposed models of how the ER transmembrane proteins
sense the unfolded settings, and then address primarily the mech-
anistically distinct arms of the UPR as well as their relevance to
viral infection in animals and plants. Some UPR related proteins
such as cellular chaperons and folding enzymes may directly par-
ticipate in the formation of membrane bound replication and
movement complexes. Interested readers may refer to another
review published in this special issue (Verchot, 2012). Finally,
we discuss possible future directions of research on plant UPR,
especially its roles in viral infection.

BiP: THE SUPPRESSOR OF THE UPR?
It is generally accepted that signaling in the UPR is initiated
by UPR stress sensors, which are ER resident transmembrane
proteins. They utilize their luminal portions to sense the protein-
folding environment in the ER, and their cytoplasmic effector
portions to interact with the transcriptional or translational appa-
ratus (Ron and Walter, 2007). To date, several models have been
proposed to explain how the unfolded protein load is detected
by ER stress transducers (UPR stress sensors) to initiate the UPR
activation (Parmar and Schröder, 2012).

INDIRECT RECOGNITION MODEL
The ER chaperone immunoglobulin heavy-chain BiP, also known
as glucose-regulated protein 78 (GRP78), has been proposed as
a master repressor of UPR (Hendershot, 2004; He, 2006; Zhang
and Kaufman, 2006; Parmar and Schröder, 2012). It has been
long known that BiP is more strongly induced by slowly folding
proteins with a prolonged interaction with BiP than fast fold-
ing proteins (Gething et al., 1986; Watowich et al., 1991; Kohno
et al., 1993). In normal cells, BiP keep UPR stress sensors in
their inactive monomeric states through binding to their luminal

domains (Figure 2A). Conversely, in cells undergoing ER stress,
BiP is released when sequestered by unfolded proteins, leading
to the activation of these ER stress sensors (Figure 2A) (Parmar
and Schröder, 2012). Pivotal evidence for this chaperon-mediated
model (indirect recognition model) comes from immunopre-
cipitation assay directly showing that, in unstressed acinar and
fibroblasts cells, the luminal domains of PERK and IRE1 form a
stable complex with the ER chaperone BiP, and the perturbation
of protein folding promotes reversible dissociation of BiP from
these two type-I transmembrane protein kinases, which corre-
lates with the formation of activated PERK or IRE1 (Bertolotti
et al., 2000). Consistently, in CHO cells stably overexpressing
BiP, the amount of BiP being associated with PERK or IRE1 is
considerably greater than that in parental CHO cells with nor-
mal levels of endogenous BiP (Bertolotti et al., 2000). Moreover,
in BiP-overexpressing CHO cells, phosphorylation of PERK is
delayed and incomplete, and activation of IRE1α by ER stress
is absent (Dorner et al., 1992; Wang et al., 1996; Bertolotti
et al., 2000). In fact, the UPR is attenuated by overexpression
of only BiP rather than of other UPR molecular signatures
(Dorner et al., 1990, 1992). As for the type-II transmembrane
transducer, overexpression of wild-type BiP dramatically delays
the translocation of ATF6 to the Golgi and leads to the lower
amount of cleaved ATF6 in dithiothreitol (DTT)-treated Hela
cell (Shen et al., 2002). A BiP mutant that bears a point muta-
tion in its ATPase domain and loose ability to dissociate from
ATF6 completely abolishes DTT-induced ATF6 activation (Shen
et al., 2002). Collectively, these data suggest that the mecha-
nisms of ER stress sensing by type-I transmembrane sensors
may also operate in the control of type-II transmembrane sensor
activation.

SEMI-DIRECT RECOGNITION MODEL
However, the indirect recognition model is challenged by an
observation in yeast that deletion of the BiP-binding site renders
IRE1p unaltered in ER stress inducibility, although it abolishes
BiP binding (Kimata et al., 2004). The crystal structure of the
yeast IRE1p luminal domain suggests that an IRE1p dimer creates
a shared central groove formed by α-helices, with an architectural
resemblance to the peptide binding domains of major histo-
compatibility complexes (MHCs) (see “Glossary”) (Credle et al.,
2005; Parmar and Schröder, 2012). Thus, IRE1 itself has the
intrinsic ability to sense ER stress, and its activation may be ini-
tiated by BiP dissociation and further triggered by binding of
unfolded proteins to its luminal domains (Figure 2B) (Kimata
et al., 2004). This two-step activation model (semi-direct recog-
nition model, Figure 2B) is proposed considering findings that
BiP mutants locked in the ATP-bound state, but not the ADP-
bound state interact with IRE1 (Kimata et al., 2003). Analysis of
mutation in BiP ATPase domain further revealed that the con-
formational change in BiP induced by the binding of unfolded
proteins to ATP-bound BiP leads to ATP hydrolysis, conversion of
BiP to the ADP-bound state and release from IRE1 (Kimata et al.,
2003; Todd-Corlett et al., 2007). This model is also supported by
the fact that recombinant luminal domains of the yeast IRE1p is
associated with unfolded proteins in a cell-free system (Kimata
et al., 2007). However, this model remains controversial as there
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FIGURE 2 | ER stress sensing mechanism by IRE1/PERK. Three models
are proposed to explain IRE1/PERK activation in response to the
accumulation of unfolded proteins in the ER lumen. (A) The indirect
recognition model proposes that BiP binding maintains IRE1/PERK in an
inactive monomeric state. During ER stress, BiP is dissociated from its
partners to bind unfolded proteins, which leads to the spontaneous
dimerization of IRE1/PERK and activation of their RNase domains. In this
case, BiP operates as the “UPR master control/ER stress sensor.” The model
may also operate in the control of ATF6 activation. (B) The semi-direct
recognition model summarizes findings from studies of IRE1p in yeast and
analyses of IRE1 crystal structure. This model proposes that the IRE1 is

activated via two steps. In the first step, BiP dissociation from IRE1 leads to
formation of higher order oligomers (called cluster). In the second step, direct
interaction of unfolded proteins with IRE1 stabilizes the cytosolic domains of
clustered IRE1 molecules and thus causes IRE1 activation. (C) A direct
recognition model outlines recent studies in yeast. Three subpopulations of
IRE1p co-exist within the cell: an inactive pool in equilibrium with an active
unfolded protein-bound pool. The latter is sequestered by BiP binding,
designated the third inactive set. In this model, BiP binding to or release from
IRE1p does not activate the UPR, but it may serve as a buffer and a timer to
adjust the sensitivity and dynamics of IRE1p activity. In turn, the unfolded
protein binding to IRE1 is the single step of its activation.

lacks evidence that unfolded proteins bind to IRE1 in vivo, and
there is no time-course analysis of BiP dissociation and binding
of unfolded proteins to IRE1.

DIRECT RECOGNITION MODEL
Recently, based on time-resolved analysis of IRE1p signaling in
yeast, Peter Walter’s group has proposed a new quantitative model
(direct recognition model, Figure 2C). In this dynamic UPR reg-
ulation model, IRE1 is in a dynamic equilibrium with BiP and
unfolded proteins, and the unfolded protein binding to IRE1 is
the single and sufficient step for activation of the UPR (Pincus

et al., 2010). BiP binding to or release from IRE1 is ruled out as
the primary switch that governs the UPR on or off as previously
proposed, and it might act as a buffer and a timer to fine-tune
the sensitivity and dynamics of the UPR, respectively (Figure 2C)
(Pincus et al., 2010). The direct recognition model is strengthened
by elegant biochemical assays showing that unfolded proteins
are IRE1p-activating ligands that could directly induce the UPR
in yeast cells (Gardner and Walter, 2011). Binding of unfolded
proteins to IRE1 monomers induces dimerization via formation
of the MHC-like peptide binding groove (Credle et al., 2005;
Gardner and Walter, 2011). Moreover, considerable data suggest
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that the cluster formation is a prerequisite for signaling by IRE1
(Credle et al., 2005; Kimata et al., 2007; Aragón et al., 2008;
Korennykh et al., 2008). Nevertheless, the recombinant luminal
regions of human IRE1 do not interact with unfolded proteins in
a cell-free system (Oikawa et al., 2009), consistent with a previous
prediction that, unlike yeast IRE1p, the MHC-like groove in the
crystal structure of human IRE1 is too narrow for peptide binding
(Zhou et al., 2006).

The difference in IRE1 structure between yeast and human
reminds us that the complexity of ER stress sensing is far beyond
our understanding and that structure-functional analysis in this
field is far from complete. In the case of plants, the Arabidopsis
and rice IRE1 proteins are the ER-resident proteins that pos-
sess kinase activity and have ability to sense ER stress with their
luminal domain (Iwata and Koizumi, 2012). Although it has
been known that overexpression of BiP in tobacco and soybean
prevents activation of the UPR by ER stress inducers (Leborgne-
Castel et al., 1999; Costa et al., 2008), the underlying mechanisms
of ER stress sensing by plant IRE1 have not been investigated.

VIRAL INFECTION AND ER SENSING
In the recent decades, the importance of ER stress and UPR
response in viral infection has been demonstrated in mam-
malian cells (Jordan et al., 2002; Baltzis et al., 2004; Netherton
et al., 2004; Sun et al., 2004; Tardif et al., 2005). In a produc-
tive viral infection, large amounts of viral proteins are synthe-
sized in infected cells, which lead to an overwhelming load of
unfolded or misfolded proteins (Kim et al., 2008). Many mam-
malian viruses have evolved to manipulate host UPR signaling
pathways to promote viral translation and persistence in infected
cells. For example, flaviviruses such as Japanese encephalitis virus
(JEV) and dengue viruses (DEN) trigger the specific UPR path-
way, leading to enhanced protein folding abilities (Urano et al.,
2000). Early studies with hemagglutinin-neuroamindase (HN)
(see “Glossary”) glycoproteins of influenza virus revealed that
BiP associates transiently and non-covalently with the unfolded
or immature glycoproteins (Hurtley et al., 1989). The mis-
folded, BiP-associated glycoproteins are not transported to the
plasma membrane but persist as complexes in the ER for a long
period of time before degradation (Hurtley et al., 1989). Similar
observations have been reported with glycoprotein G of vesic-
ular stomatitis virus, HN glycoproteins of paramyxovirus SV5,
and glycoprotein of hepatitis C virus (HCV) (Ng et al., 1989;
Machamer et al., 1990; Choukhi et al., 1998). Taken together,
these data support the model in which interaction of BiP with
unfolded viral proteins triggers the UPR response during viral
infection.

Intriguingly, among 7 proteins encoded by simian virus 5, only
the HN glycoprotein stimulates UPR response (Hurtley et al.,
1989; Watowich et al., 1991). In virus-infected cells, the HN gly-
coprotein is inserted into the ER, and then transported to cell
surface (He, 2006). Similarly, ectopic expression of the E2 pro-
tein, but not E1, core and NS3 proteins of HCV activates the
expression of BiP (Liberman et al., 1999). HCV replicons express-
ing only non-structural proteins are also capable of stimulating
BiP expression (Tardif et al., 2002). Infection of cytomegalovirus
(CMV) causes a transient increase in BiP levels at the early phase

of viral replication. Moreover, the expression of CMV Us11 that
physically interacts with BiP in mammalian cells is sufficient to
trigger the UPR (Tirosh et al., 2005). In addition, several other
studies have also suggested a connection between the UPR and
viral replication. These include herpes simplex virus (HSV) 1,
JEV, and HCV (Su et al., 2002; Cheng et al., 2005; Tardif et al.,
2005). These studies suggest that either the process of viral repli-
cation or the production of a specific viral protein in the ER is
capable of inducing UPR response.

Although how ER stress sensors sense viral infection to activate
the UPR is not clear, a recent study with severe acute respiratory
syndrome (SARS) coronavirus (SARS-CoV) has identified one of
accessory proteins of SARS-CoV, the 8ab protein that could bind
directly to the luminal domain of ATF6, the type II ER stress sen-
sor (Sung et al., 2009). Ectopic expression of the 8ab protein in
mammalian cells induces the proteolysis of ATF6 and the translo-
cation of its cleaved DNA-binding and transcription-activation
domains from the ER to nucleus (Sung et al., 2009). These find-
ings suggest that viruses may exploit their own protein(s) to
directly modulate UPR response.

As has been reported for animals, the most prominent phe-
nomenon in plants induced by the UPR is the transcriptional
induction of ER chaperone and protein-folding genes, such as BiP,
CRT, and PDI (Schott et al., 2010). Recently, Arabidopsis stromal-
derived factor 2 (SDF2) was identified as a crucial target of the
plant UPR with a direct function in ER protein quality control
(Schott et al., 2010). Using a combination of biochemical and cell
biological methods, SDF2 was shown to respond to ER stress con-
ditions and pathogen infestation in a manner similar to known
molecular UPR markers (Wang et al., 2005; Schott et al., 2010). In
plants, microarray-based analyses of gene expression have shown
that BiP is upregulated in Arabidopsis in response to infections
by Turnip mosaic virus (TuMV) and Oilseed rape mosaic virus
(ORMV) (Whitham et al., 2003; Yang et al., 2007; García-Marcos
et al., 2009). Similar upregulation of ER-resident chaperones has
also been found in Arabidopsis and potato (Solanum tuberosum)
during Potato virus X (PVX) infection (Whitham et al., 2003;
Yang et al., 2007; García-Marcos et al., 2009). In PVX infection,
a viral movement protein TGBp3, which resides in the ER, elic-
its the UPR in Arabidopsis and Nicotiana benthamiana as an early
response to virus infection (Ye and Verchot, 2011; Ye et al., 2011).
Similar to the ER-resident proteins encoded by flaviviruses or
retroviruses such as HIV (Tardif et al., 2004; Chan and Egan,
2005; Sung et al., 2009), TGBp3 modulates the UPR signaling
as a means to cope with robust viral protein synthesis (Ye and
Verchot, 2011; Ye et al., 2011). In the case of HIV, the Vpu pro-
tein coded by HIV has been shown to trigger the degradation
of the host CD4 protein by the 26S proteasome, and this degra-
dation is vital for virion release (Schubert et al., 1998; Meusser
et al., 2005; Nomaguchi et al., 2008). Considering the similar-
ity of TGBp3 to Vpu in terms of molecular mass and subcellular
localization, TGBp3 may have analogous functions to Vpu in tar-
geting host proteins for ubiquitination and degradation to ensure
virus spread (Ye et al., 2012). In addition, the TGBp3-elicited UPR
effectively delays the host immune responses to aid PVX infec-
tion, including TGBp3-triggered programmed cell death (Ye et al.,
2012). The induction of cell death pathway can be suppressed by
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overexpression of BiP and is dependent on SKP1, a core subunit of
the SCF (SKP1/Cullin1/F-box protein) ubiquitin E3 ligase com-
plex (Ye et al., 2012). However, the mechanisms of the activation
of the UPR by TGBp3 in PVX infection or by other viral proteins
(if any) in infections by other plant viruses as well as the roles of
the chaperone BiP in governing the UPR in virus-infected plants
still remain unknown.

THREE PATHWAYS OF THE UPR
PERK PATHWAY AND PROTEIN SYNTHESIS CONTROL
PERK is a ER-localized type I transmembrane protein, with a
catalytic kinase domain sharing substantial homology to other
kinases of the eukaryotic translation initiation factor 2 (eIF2)
(see “Glossary”) (Harding et al., 1999). In the early phase
of ER stress, accumulation of unfolded or misfolded protein
leads to oligomerization of PERK in the ER membranes, induc-
ing its trans-autophosphorylation and kinase domain activation

(He, 2006; Kim et al., 2008). ER stress-activated PERK phospho-
rylates eIF2α on Ser51, which inhibits the guanine nucleotide
exchange factor eIF2B from recycling eIF2 to its active GTP-
bound form (Figure 3). As a result, mRNA translation is shut
off and the load of newly synthesized proteins is reduced that
are destined to enter the already stressed ER lumen (Figure 3)
(Hetz et al., 2006). An exceptional case to this general response
is that certain mRNAs gain a selective advantage for translation
under conditions in which eIF2α is phosphorylated (Figure 3)
(Lu et al., 2004). The 5′ untranslated region of these mRNA con-
tains short, inhibitory upstream open reading frames (uORFs)
that prevent translation of their downstream encoding ORF in
unstressed cells. When eIF2α activity is limited due to its phos-
phorylation in stressed cells, ribosomes skip the inhibitory uORFs
so that they can be translated (Ron and Walter, 2007). Two of such
genes that have been extensively studied include the transcrip-
tion factor Gcn4 (general control non-depressible-4) in yeast and

FIGURE 3 | PERK signaling under virus attack. Upon ER stress such as
virus infection, protein kinase PERK oligomerizes in the ER membrane
and is activated via trans-autophosphorylation. The activated PERK
phosphorylates a subunit of eIF2, which inhibits the exchange factor
eIF2B from recycling eIF2 to its active GTP-bound form. In addition,
dsRNA-activated protein kinase R (PKR) can also activate this pathway
independently of PERK. The resulting reduced activities of eIF2B and the
eIF2 complex account for all of the important consequences of PERK
activity, such as translation inhibition of most mRNAs, which reduces
protein synthesis and lowers ER loading. However, some mRNA such as
ATF4 gains a selective advantage for translation via phosphorylated eIF2.
ATF4 in turn contributes to the transcriptional activation of CHOP, XBP1,
GADD34, and other genes involved oxidative stress and cell death.

GADD34 is a regulatory subunit of protein phosphatase (PP) 1 that
dephosphorylates eIF2α and recovers the activity of eIF2, constituting a
negative feedback loop for regulation of PERK signaling. A constitutive
phosphatase CreP also promotes eIF2 dephosphorylation. Viruses such as
CMV may directly exploit the negative loop to terminate the PERK signaling
pathway, via increasing the expression of ATF4, because the prolonged
closure of protein synthesis is harmful to virus infection. Some viruses,
such as HSV1 and ASFV, may produce a viral factor, which is homologous
to host GADD34, to restore the activity of eIF2 along with PP1. Other
viruses such as HCV may encode a viral protein that binds to PERK as a
pseudosubstrate and thus, inhibits PERK activation. Finally, viruses such as
LCMV may selectively activate the branches of the UPR to favor their
replication. At present, no PERK-like pathway has been found in plants.
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ATF4 in mammalian cells (Figure 3) (Hinnebusch and Natarajan,
2002; Lu et al., 2004; Vattem and Wek, 2004). ATF4 is responsible
for stimulating the expression of a pro-apoptotic factor C/EBP
homologous protein (CHOP), as well as growth arrest and DNA
damage-inducible protein 34 (GADD34) (Figure 3) (Zinszner
et al., 1998; Novoa et al., 2003).

A chemical inhibitor that sustains phosphorylation of eIF2α

protects rat pheochromocytoma cell from ER stress, suggesting
that the maintenance of eIF2α in an inactive state is somehow
beneficial to cell survival during the circumstances that induce
ER stress (Boyce et al., 2005). However, prolonged suppression
of protein synthesis is typically incompatible with cell survival
(Ron and Walter, 2007; Kim et al., 2008). Although the regula-
tory mechanisms and the phosphatase(s) involved are yet to be
characterized, it has been reported that ER stress-induced PERK
activation in pancreatic AR42J cells is rapidly reversible, and,
upon removal of ER stress, activated PERK is dephosphorylated
(Bertolotti et al., 2000; Jousse et al., 2003). In fact, it is well known
that phosphorylated eIF2α is also subject to negative regulation
(Ron and Walter, 2007). Somatic-cell genetic screen has iden-
tified two genes GADD34 and CReP (constitutive repressors of
eIF2α phosphorylation) encoding the substrate targeting subunits
of two phosphatase complexes that independently dephosphory-
late eIF2α (Figure 3) (Connor et al., 2001; Jousse et al., 2003; Ma
and Hendershot, 2003). CReP is constitutively expressed and con-
tributes to baseline eIF2α dephosphorylation, whereas GADD34
is induced as part of the gene expression program activated by
eIF2α phosphorylation and serves in a negative feedback loop
that regulates eIF2α activity (Figure 3) (Jousse et al., 2003; Novoa
et al., 2003).

In mammalian cells, a considerable body of evidence has indi-
cated the association of viral replication with the PERK pathway
(Jordan et al., 2002; Baltzis et al., 2004; Netherton et al., 2004;
Sun et al., 2004; Boyce et al., 2005; Cheng et al., 2005; Isler et al.,
2005). It becomes clear that the battle between the invading virus
and the host cell in the ER is complicated. The repair of the ER
function offered by PERK activation is beneficial to viral repli-
cation (He, 2006). On the other hand, the inhibition of protein
synthesis mediated by the PERK pathway conversely regulates
viral replication and maturation as all viruses depend on the cell
translation machinery to synthesize viral proteins. Then one may
wonder how viruses manage to overcome the translation inhibi-
tion imposed by the PERK pathway for the high speed production
of viral proteins required for virus multiplication.

In human and mouse cells infected with the DNA virus HSV1,
the production and processing of viral proteins in the ER presum-
ably trigger the oligomerization of PERK, leading to the activation
of PERK, as estimated by an increase in autophosphorylation
of PERK (Cheng et al., 2005). Interestingly, in these cells with
activated PERK, eIF2α remains in the unphosphorylated state,
and viral polypeptide synthesis is thus normal. Obviously, the
virus stimulates and then disarms the PERK activity. A virulence
factor, the γ134.5 protein encoded by HSV1, has been shown
to have a critical role in mediating eIF2α dephosphorylation
in virus-infected cells (Figure 3) (He et al., 1997; Cheng et al.,
2005). Furthermore, the γ134.5 protein can alleviate the trans-
lation arrest caused by the UPR inducing compounds DTT and

thapsigargin (He et al., 1997; Cheng et al., 2005). Importantly, the
γ134.5 protein also inhibits the activity of double-stranded RNA-
dependent protein kinase R (PKR) by mediating eIF2α dephos-
phorylation (Figure 3) (He et al., 1997, 1998; Cheng et al., 2001).
Indeed, the carboxyl-terminal domain of viral γ134.5 protein is
highly homologous to the corresponding region of GADD34,
suggesting the domain shared by the two proteins may perform
a common function (He et al., 1997; Cheng et al., 2005). Like
GADD34, the γ134.5 protein can recruit protein phosphatase 1 to
dephosphorylate eIF2α and block translation shutoff during viral
infection (Figure 3) (He et al., 1997; Cheng et al., 2005). Together,
these findings suggest that the viral protein γ134.5 functions as
an antagonist to the inhibitory activity of the PERK pathway
on protein translation by maintaining the eIF2 activity during a
productive HSV1 infection.

Although ER stress and the UPR are evident in the course of
productive infection by African swine fever virus (ASFV, DNA
virus), PERK activation seems not to be induced (Galindo et al.,
2012). In Vero (African green monkey kidney) cells infected
by ASFV, the eIF2α phosphorylation is maintained at a lower
level in order to restore protein translation (Galindo et al.,
2012). Furthermore, ASFV is capable of blocking the expres-
sion of CHOP induced by DTT, thapsigargin, and other agents
(Netherton et al., 2004). ASFV also encodes the viral protein
DP71L, a homolog to GADD34 (Zsak et al., 1996). However, it
is not clear if DP71L also involves in the inhibition of PERK
activation.

It is well documented that the human DNA virus CMV per-
turbs the PERK pathway (Netherton et al., 2004; Isler et al.,
2005; Tirosh et al., 2005). Unlike HSV1, CMV replicates slowly
and in an ordered temporal manner. It seems that CMV directly
exploits the cellular negative feedback loop to inhibit PERK activ-
ities. In human foreskin fibroblasts (HFFs) cells infected with
CMV, PERK is not phosphorylated in the early phase. As viral
replication proceeds, there is an increase in the level of PERK
phosphorylation. However, the amount of phosphorylated eIF2α
is limited and translation attenuation does not occur (Netherton
et al., 2004; Isler et al., 2005; Tirosh et al., 2005). Interestingly,
translation of ATF4, which is dependent on eIF2α phosphoryla-
tion, is significantly increased (Netherton et al., 2004; Isler et al.,
2005; Tirosh et al., 2005). Expression of ATF4 leads to the activa-
tion of target genes involved in the maintenance of metabolism
and redox state, and thus may benefit CMV infection by main-
taining a permissive cellular environment (Figure 3). It is worth
to note that ATF4-induced GADD34 can act directly downstream
of eIF2α phosphorylation to eliminate the negative effects of
PERK activation (Figure 3) (Jousse et al., 2003; Novoa et al.,
2003).

The PERK pathway is also associated with infections by RNA
viruses. For example, a cytopathic strain of bovine viral diar-
rhea virus (BVDV), a member of flaviviruses, activates PERK
and causes hyperphosphorylation of eIF2α (Jordan et al., 2002).
However, it remains unclear as to how the translation atten-
uation resulting from PERK activation is overcome by BVDV.
HCV encodes a viral E2 protein, which binds to PERK as a
pseudosubstrate and may sequester it from its normal sub-
strate eIF2α (Figure 3) (Pavio et al., 2003). Consistently, ectopic
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expression of the E2 protein inhibits PERK phosphorylation and
enhances translation, contributing to a persistent HCV infection.
Additionally, viruses such as LCMV (lymphocytic choriomenin-
gitis virus) bypass the PERK pathway to selectively activate the
ATF6 pathway (Pasqual et al., 2011). Therefore, different viruses
may adapt different strategies to cope with the PERK pathway for
a productive infection. To date, no genes homologous to the ani-
mal PERK have been found in plants. It is reasonable to speculate
that plants do not have the PERK pathway (Iwata and Koizumi,
2012).

IRE1 PATHWAY AND PROTEIN DEGRADATION
IRE1, the first UPR transducer identified by a mutation screen in
yeast, is a bifunctional enzyme, i.e., a Ser/Thr protein kinase and
a site-specific carboxyl-terminal endoribonuclease. Like PERK,
IRE1 has an ER luminal amino-terminal domain and a trans-
membrane domain that anchors IRE1 to the ER membrane
(Figure 4) (He, 2006). In response to ER stress, IRE1 is acti-
vated directly and/or indirectly by unfolded proteins as men-
tioned earlier. Unlike PERK, IRE1 signaling does not have selected
downstream kinase targets because the only known substrate of
the IRE1 kinase is IRE1 itself (Shamu and Walter, 1996; Papa

et al., 2003). Trans-autophosphorylation of the kinase domain
of IRE1 activates its unusual effector function that catalyzes
the unconventional processing (see “Glossary”) of the only
known substrate (Figure 4): an mRNA that encodes a UPR tran-
scriptional activator named Hac1 (homologous to ATF/CREB1)
in yeast (Cox and Walter, 1996; Mori et al., 1996) or XBP1
(X-box BiP-1) in metazoans (Yoshida et al., 2001; Calfon et al.,
2002).

The precursor XBP1 or Hac1 mRNA is cut twice by the acti-
vated IRE1, and a 26 nucleotide intron of xbp1 mRNA is spliced
out (Hetz et al., 2011). The 5′ and 3′ mRNA fragments are then
re-ligated, producing a spliced mRNA that encodes a 41 kDa
XBP1 protein, a bZIP family transcription factor (Figure 4)
(Sidrauski et al., 1996; Stephens et al., 2005; Kim et al., 2008). The
spliced version of XBP1 (termed XBP1s) upregulates a general
population of UPR-related genes mainly involved in protein fold-
ing and ERAD (Figure 4) (Lee et al., 2003; Shaffer et al., 2004).
Thus, the IRE1-XBP1 pathway directs both protein refolding
and degradation in response to ER stress. Recently, the IRE1-
dependent degradation of ER-associated mRNAs has also been
observed in ER-stressed Drosophila melanogaster cells (Hollien
and Weissman, 2006; Hollien et al., 2009), allowing to propose

FIGURE 4 | IRE1 signaling and virus infection in animals and plants.

In animals, IRE1 oligomerizes in the plane of the ER membrane in stressed
cells, leading to trans-autophosphorylation and activation. Activated IRE1
mediates the sequence-specific cleavage of the XBP1 mRNA in higher
eukaryotes, deleting a small RNA fragment (intron) and finally producing a
spliced mRNA (XBP1s) with a frame shift in the coding sequence. Spliced
XBP1s encodes a potent transcriptional activator (XBP1s), whereas the
unspliced XBP1 mRNA (XBP1u) encodes an inhibitor of the UPR (XBP1u).
In mammals, it seems that XBP1s regulates a subset of UPR genes that
promote ERAD of misfolded proteins and refold proteins. In cultured
Drosophila melanogaster cells, activated IRE1 can promote the cleavage of
mRNAs, including XBP1 mRNA, leading to their degradation. This reduces
the load on the stressed ER and might facilitate reprogramming of the
ER-associated protein synthesis and translocation machinery. In cells infected
by viruses such as HCV, the IRE1 pathway is manipulated by the virus via
repressing the transcriptional activity of XBP1s. In addition, some viruses

might also promote the IRE1-dependent mRNA decay as a means to
manipulate the IRE1 pathway. In plants, IRE1 homologs were detected in the
genomes of Arabidopsis and rice a decade ago. However, the target of IRE1
was not identified until 2011. The mRNA of transcriptional factor bZIP60 is the
substrate of IRE1 in plants. Similar to XBP1 in animals, unspliced bZIP60
(bZIP60u) is processed by activated IRE1. The protein product (bZIP60s)
translated from the spliced bZIP60 (bZIPs) is translocated into the nucleus to
activate the expression of UPR genes such as chaperones. Different from
XBP1u, plant bZIP60u protein, translated from bZIP60u mRNA, is retained in
the ER membrane. Sensing unfolded proteins in the ER lumen, bZIP60u
undergoes a proteolytic processing, releasing bZIP60s. A recent study has
shown that the expression of bZIP60 was increased by PVX infection.
However, the roles of the UPR pathway in virus infection have only begun to
be investigated in plants. Critical unanswered questions need to be
addressed in the future, such as whether viruses modulate the IRE1 pathway
via inhibiting the transcriptional activity of bZIP60s (indicated by “?”).
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an XBP1-independent post-transcriptional mechanism for IRE1
to regulate gene expression that remodels the protein repertoire
(Figure 4). However, it is unknown whether the mRNA degra-
dation is promoted by IRE1 with its own endonuclease activity.
In fact, in metazoans both the precursor and spliced form of
XBP1 are translated (Figure 4) (Calfon et al., 2002; Yoshida et al.,
2006). The XBP1s is more stable, working as a transactivator
of UPR target genes, whereas the unspliced XBP1 (designated
XBP1u) is labile and inhibits transcription of UPR target genes
(Figure 4) (Yoshida et al., 2001; Calfon et al., 2002). By contrast,
in yeast, the translation of unspliced HAC1 mRNA is repressed
due to the presence of intron, and relief of this repression is
the key step in activating the yeast UPR (Rüegsegger et al.,
2001).

In human hepatoma cells expressing HCV subgenomic repli-
cons, IRE1 is activated as indicated by elevated accumulation and
expression of XBP1s (Tardif et al., 2004). However, the trans-
activating activity of XBP1s is inhibited and the degradation of
misfolded proteins is repressed due to the block of ERAD activity.
In addition, in an IRE1-null cell line with a defective IRE1-XBP1
pathway, there is an elevated level of translation mediated by the
HCV IRES (internal ribosome entry site), which directs the trans-
lation of HCV non-structural proteins (Tardif et al., 2004). Based
on these data, it is concluded that HCV may suppress the IRE1-
XBP1 pathway to stimulate HCV expression and to contribute
to the persistence of the virus in infected hepatocytes (Tardif
et al., 2004). However, the underlying mechanism of the repres-
sion of the transcriptional activity of XBP1s by HVC (Figure 4)
is unclear. One possible explanation is that in cells carrying
HCV replicons, XBP1 itself is targeted for proteasomal degra-
dation, limiting its transcriptional regulation activity (Trujillo-
Alonso et al., 2011). However, how HCV replicons direct XBP1
to be degraded remains to be understood. In addition to post-
transcriptional modification by IRE1, HAC1 and XBP1 are also
regulated by the UPR as transcriptional targets. In yeast, HAC1
mRNA production is induced by ER stress (Leber et al., 2004).
In metazoan cells, levels of XBP1 mRNA also increase upon UPR
induction (Yoshida et al., 2006), leading to accumulation of newly
transcribed XBP1 mRNAs in their unspliced form. Therefore, the
accumulated XBP1u mRNA may serve as an inhibitor to suppress
the IRE1 signaling pathway since the XBP1u is a transcriptional
repressor of UPR target genes (Yoshida et al., 2001; Calfon et al.,
2002). Moreover, the XBP1u mRNA itself may also terminate the
IRE1 signaling pathway by inhibitory heterodimerization with
spliced XBP1 and/or competition for binding sites (Yoshida et al.,
2006), conferring a switch-like property to XBP1-mediated gene
regulation. Thus far, however, it is unknown if HCV infection
increases the level of XBP1u mRNA and thus suppresses the tran-
scriptional activity of XBP1s. Similar to the case of HCV, infection
with human CMV or animal SARS-CoV also leads to a progres-
sive increase in XBP1s mRNA; however, its target genes are not
induced, suggesting that either the translation or the transcrip-
tional regulation activity of XBP1s is blocked (Isler et al., 2005;
Bechill et al., 2008).

A recent study in lung epithelial cell has showed that influenza
A virus activates the IRE1 pathway with little or no concomi-
tant activation of the PERK and ATF6 pathways, and inhibition

of IRE1 activity leads to decreased viral replication, suggesting
that IRE1 is a potential therapeutic target for influenza A virus
(Hassan et al., 2012). In this study, influenza A virus replication
also leads to an increase in XBP1 mRNA splicing, which can be
blocked by the specific inhibitors of the IRE1 pathway. However,
it is unclear if activation of IRE1 but inhibition of XBP1s is also
used by influenza A virus as a strategy to cope with the IRE1
activation-mediated antiviral responses. In the case of West Nile
Virus (WNV), the IRE1-XBP1 pathway is non-essential for its
replication, although XBP1s is induced (Medigeshi et al., 2007).
In xbp1−/− cells, WNV accumulation is similar to that in the wild
type cells, suggesting a possibility that other UPR pathways can
compensate for the absence of XBP1 in these cells (Medigeshi
et al., 2007). In agreement with these findings, knockdown of
XBP1 expression by small interfering RNA has minimal effects
on cells’ susceptibility to other flaviviruses such as JEV and DEN
(Zhao and Ackerman, 2006), although IRE1-XBP1 pathway was
activated during the two viruses infection, as evidenced by XBP1
mRNA splicing and protein expression, as well as induction of
the downstream genes ERdj4, EDEM1, and p58(IPK) (Yu et al.,
2006).

It has been almost one decade since IRE1 homologs were
detected in the genomes of Arabidopsis and rice (Koizumi et al.,
2001; Okushima et al., 2002). Now, it is clear that the mRNAs of
Arabidopsis bZIP60 (AtbZIP60) and its rice ortholog OsbZIP50,
collectively called bZIP60, are spliced by IRE1 (Figure 4) (Deng
et al., 2011; Nagashima et al., 2011). The bZIP60 mRNA shares
similar secondary structure with HAC1 and XBP1 mRNA, and
they also share a similar splicing mechanism (Figure 4) (Iwata
and Koizumi, 2012). Besides being processed conventionally as
the mRNA targets of IRE1, which seems conserved in both plants
and animals, plant bZIP60 has a unique post-translational mod-
ification (Iwata and Koizumi, 2005; Iwata et al., 2008). Plant
bZIP60 (unspliced) is synthesized at a low level as a precursor
protein, which is anchored in the ER membrane under nor-
mal conditions (Figure 4). Sensing ER stress by an as yet to be
elucidated mechanism, the N-terminal domain of AtbZIP60 is
cleaved and translocated to the nucleus (Figure 4) (Iwata and
Koizumi, 2005; Iwata et al., 2008, 2009). In turn, the nuclear-
localized AtbZIP60 forms a transcriptionally active protein com-
plex of approximately 260 kDa to activate the transcription of
UPR genes, such as BiP3, via the cis-elements plant-UPR ele-
ment and ER stress response element (Urade, 2007; Iwata et al.,
2009). However, the truncated species of bZIP60 has recently been
suggested to be the product translated from the spliced mRNA
mediated by IRE1, not the cleaved product of the full-length
bZIP60 (Deng et al., 2011; Nagashima et al., 2011). Recently, the
role of the bZIP60-mediated UPR has also been demonstrated for
the first time in infection by a plant virus. In response to PVX
infection or PVX TGBp3 induced-ER stress, bZIP60 is upregu-
lated (Figure 4). Silencing bZIP60 leads to the suppression of the
UPR transcript levels and reduces PVX accumulation (Ye et al.,
2011). It is suggested that the bZIP60-mediated UPR may be
important to regulate cellular cytotoxicity and beneficial to PVX
pathogenesis (Ye et al., 2011). However, the mechanism by which
bZIP60 is manipulated by the virus and how bZIP60 operates in
induction of the UPR are not clear.
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ATF6 AND ER CHAPERONE EXPRESSION
ATF6α and ATF6β are the members of type II ER trasmembrane
proteins that possess bZIP transcription factor domains in their
cytosolic regions (Haze et al., 1999). They are synthesized as inac-
tive precursors, tethered to the ER membrane by an ER-targeting
hydrophobic sequence (Figure 5). Unlike PERK and IRE1 which
oligomerize upon ER stress, ATF6 translocates from the ER into
the Golgi apparatus (Figure 5). Once translocated to the Golgi,
it is proteolytically processed by Golgi-resident intramembrane
proteases, first by site 1 protease (S1P) and then in an intramem-
brane region by site 2 protease (S2P) (Figure 5) (Hetz et al., 2011).
This proteolytic processing releases its cytoplasmic DNA-binding
domain, ATF6f (a fragment of ATF6), which operates as a tran-
scriptional activator that upregulates many UPR genes related
to protein folding (Figure 5) (Haze et al., 1999; Lee et al., 2002;
Yamamoto et al., 2007).

As mentioned above, replication of HCV subgenomic repli-
cons suppresses the IRE1-XBP1 pathway (Tardif et al., 2002,
2004). However, in cells infected by HCV replicons, subgenomic
replication results in the activation of the ATF6 pathway, indi-
cated by the presence of a 50 kDa protein, a cleavage product
corresponding to the DNA-binding domain of ATF6 (Tardif et al.,
2002, 2004). As a result, there is an increased transcriptional
level of chaperones such as BiP. At present, it remains elusive
which non-structural viral protein(s) are involved in induction
of ATF6, since HVC subgenomic replicons only express the struc-
tural proteins. Other experiments suggest that the accumulation
of unfolded MHC class I, which is attributed to a decline in pro-
tein glycosylation caused by HCV replication, might account for
the activation of ATF6 (Tardif and Siddiqui, 2003). Additionally,
acute infection with LCMV or expression of its glycoprotein
precursor results in a selective induction of the ATF6-regulated
pathway of the UPR, whereas pathways controlled by PERK and

IRE1 are silent (Pasqual et al., 2011). It seems that a selective
induction of the ATF6-regulated branch of the UPR is likely bene-
ficial for virus replication and cell viability, whereas the induction
of PERK and IRE1 may be detrimental for the invading virus
and the host cell (Pasqual et al., 2011). Similarly, in Vero cell,
ASFV induces the ATF6 signaling pathway, but not the PERK or
IRE1 pathways, which might benefit the virus by assisting protein
folding and preventing early apoptosis (Galindo et al., 2012).

A different pattern has been reported in cells infected with
Hepatitis B virus (HBV) (Li et al., 2007). In Hep3B cells, expres-
sion of the multifunctional regulatory protein of HBV (HBx pro-
tein) alone is sufficient to activate both the ATF6 and IRE1-XBP1
pathways, and silencing HBx blocks their activation induced by
the constitutive replication of HBV (Li et al., 2007). Therefore,
HBx-mediated activation of these two pathways probably pro-
motes HBV replication in liver cells. Similarly, both the IRE1 and
ATF6 pathways are activated during Rotavirus infection (Trujillo-
Alonso et al., 2011). Another scenario has also been found in
human lung adenocarcinoma cells where a global UPR acti-
vation occurs upon DEN infection (Umareddy et al., 2007).
Selective perturbation of the UPR pathways considerably alters
DEN infectivity (Umareddy et al., 2007). Although the molecular
mechanisms by which DEN infection activates ER stress remain
to be elucidated, the three branches of the UPR signaling cascades
might be hijacked by DEN to produce a condition beneficial to
the viral infection.

Similar to animals, plants have signaling components that
function in parallel to the IRE1-bZIP60 signaling cascade
(Figure 5) (Urade, 2007; Vitale and Boston, 2008; Deng et al.,
2011; Nagashima et al., 2011; Iwata and Koizumi, 2012). In
Arabidopsis, bZIP transcription factors bZIP17 and bZIP28 are
also synthesized as a precursor protein and anchored in the ER
(Figure 5) (Iwata et al., 2008; Seo et al., 2008). In response to

FIGURE 5 | ATF6 and bZIP17/bZIP28 pathways. In unstressed cells, ATF6
in animals and bZIP17/bZIP28 in plants reside in the ER membrane. They are
delivered to the Golgi apparatus in an unknown mechanism upon sensing ER
stress. In the Golgi apparatus, these proteins are subject to cleavage twice, first
by the lumenal S1P and then the intra-membrane S2P, to release the cytosolic
effector portions of the proteins (ATF6f). ATF6f then enters into the nucleus

and probably activates a subset of UPR target genes, although these remain to
be characterized. Some viruses such as ASFV have been shown to selectively
activate the ATF6 pathway for their replication in animals. In plants, the
cleaved N terminal portions of bZIP17 and bZIP28 also move into the nucleus
and activate UPR genes. In plants, the functional roles of IRE1-bZIP17/bZIP28
in virus infection (indicated by “?”) have yet to be elucidated.
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ER stress, bZIP17 and bZIP28 undergo proteolytic processing and
translocation in a manner similar to the animal ATF6-S1P/S2P
system (Figure 5) (Iwata and Koizumi, 2012). Upon translocated
into the nucleus, bZIP17 and bZIP28 activate genes involved in
the UPR and other signaling pathways such as brassinosteroid
signaling transduction (Che et al., 2010). Although the prote-
olytic activation of bZIP17 and bZIP28 has been shown to be
triggered by heat stress (Urade, 2007; Vitale and Boston, 2008;
Deng et al., 2011; Nagashima et al., 2011; Iwata and Koizumi,
2012), no information is available at present about their roles in
viral infection. Therefore, our understanding of the plant UPR
pathway is very limited, and more efforts are needed to character-
ize the bZIP17/bZIP28 pathway and its roles in physiological and
pathological settings.

CROSSTALK BETWEEN THREE ARMS OF THE UPR
It is conceivable that IRE1, PERK, and ATF6 pathways commu-
nicate with each other extensively in many aspects, including
activation, function, and feedback regulation. A seminal work dis-
covering the crosstalk between these three arms comes from Hela
cells, where XBP1 mRNA could be induced by ATF6 and spliced
by IRE1 in response to ER stress (Yoshida et al., 2001). Moreover,
transcriptional activation of XBP1 could be induced by the PERK
signaling pathway as well, which might account for the broad
effects of PERK during the UPR (Yoshida et al., 2001; Calfon et al.,
2002). Besides PERK, IRE1 can also suppress protein translation
via degrading mRNA (Hollien and Weissman, 2006; Hollien et al.,
2009). In fact, a pro-apoptotic factor CHOP is regulated by both
the ATF6 and PERK pathways (Schröder and Kaufman, 2005).
While three arms of the UPR have their own specific functions
in ER stress (Figures 3, 4, and 5), mutant analyses in C. elegans
have revealed that the IRE1-XBP1 and the ATF6 arms of the UPR
might activate a common set of genes involved in stress toler-
ance and worm development, indicating a functional redundancy
between these two arms (Shen et al., 2005). Furthermore, all the
three arms could induce ERAD (Schröder and Kaufman, 2005),
representing a common cellular process resulting from the three
UPR branches.

These crosstalks further add to the complexity of the UPR
induced by abiotic and biotic cues such viral infection. For exam-
ple, some viruses, such as HBV, Rotavirus, and DEN, usually
activate two or even three pathways to promote reproduction (Li
et al., 2007; Umareddy et al., 2007; Trujillo-Alonso et al., 2011).
The expression of CMV Us11 or CMV infection inhibits the ATF6
pathway but activates the IRE1 pathway as an alternative mech-
anism to upregulate the expression of chaperones. Meanwhile,
the transcriptional activation of the XBP1 target genes (e.g.,
those encoding protein degradation factors) regulated by the IRE1
pathway is inhibited, presumably in order to keep viral proteins in
the ER from being degraded (Tirosh et al., 2005). In this case, it is
puzzling how the virus activates the most favorable pathway for its
replication and deactivates the molecular signaling pathway that
is probably detrimental for its accumulation in the host cell.

So far, two UPR pathways have been identified in plants. Their
crosstalk, however, does exist and appear diverse. The expression
of AtPDI genes was found to decrease in the AtbZIP60 mutant
but not in the AtIRE1-2 mutant, indicating that the additional

UPR signaling complements AtbZIP60 in the activation of AtPDI
gene expression during ER stress (Lu and Christopher, 2008).
The structural similarity, especially in the putative transmem-
brane domain of the bZIP60, bZIP17, and bZIP28 proteins (Iwata
and Koizumi, 2012), suggests that these two pathways might col-
laborate closely in sensing ER stress. Indeed, bZIP28 proteolytic
activation and bZIP60 mRNA splicing could be induced con-
comitantly in response to heat stress (Gao et al., 2008; Deng et al.,
2011). This assumption is also in agreement with another recent
observation that bZIP28 is capable of forming a heterodimer
with bZIP60 (Iwata et al., 2009; Liu and Howell, 2010), a direct
crosstalk between these two pathways.

CONCLUSION REMARKS
In higher eukaryotes, many critical biological processes are
dependent on intercellular/intracellular communication, which
requires relevant proteins timely and adequately expressed with
high fidelity in folding. Therefore, the folding function of the
ER and the signaling of the ER stress-induced UPR pathways
have emerged as an important aspect of cell biology with broad
implications to diverse physiological and pathological processes.
Despite the recent advances made in understanding the UPR
mechanisms implicated in abiotic and biotic stress such as viral
infection, many critical questions still remain unanswered. The
molecular and structural basis for recognition of the upstream
signal by the ER stress sensors has only begun to be understood.
Although several recognition models have been proposed mainly
based on data using pharmacological chemicals and experimental
stress conditions as the inducers of the UPR (Figure 2), we cannot
empirically translate this knowledge into the case of viral infec-
tion. As discussed above, either virus replication or specific viral
proteins (peptides) directly activate the UPR transducers, and dif-
ferent viruses may induce a specific UPR pathway(s). On the other
hand, abiotic and biotic ER stress may also share some common
UPR pathways that help host cells to defend against those adverse
environmental stimuli. A good example is that virus infection can
improve plant tolerance to abiotic stress (Xu et al., 2008). A key
direction for future study in this field is to define how the ER stress
is sensed and how those branched pathways are coordinated to
function.

As a complex signal transduction network, the UPR protects
the organisms against normal and unusual levels of ER stress by
enhancing ER capacity, by reducing ER load, and by inducing
programmed cell death. Different cell types may have different
levels of sensitivity to ER stress. In response to specific viral infec-
tion and other stimuli, little is known about the regulation of
UPR signaling in distinct cells, and how the kinetics and ampli-
tude of signaling of each UPR branch is controlled. Our current
knowledge about the roles of the downstream effectors of UPR
transducers is also limited. For instance, it is unknown how
the transcriptional activity of XBP1 is blocked in virus-infected
cells (Figure 5). In plants, it is unclear whether the transcrip-
tional activity of spliced bZIP60 is also a target by the invading
virus, and whether there is an ERAD-like process responsible for
removing spliced bZIP60 mRNA. As the plant IRE1 seems not
only just to function through mediating bZIP60 mRNA splicing,
its other downstream components remain to be characterized.
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A comprehensive study on these questions will certainly shed new
lights in the UPR pathways, and assist in a better understanding
of host–virus interactions and, in the long run, developing novel
antiviral strategies.
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GLOSSARY
Molecular chaperone: A molecular chaperone is a protein that
assists the folding/unfolding of other proteins. Some molecular
chaperones reside in the lumen of the ER, such as BiP, also known
as GRP78, a member of the Hsp70 family.

Protein disulphide isomerase (PDI): A cellular enzyme in the
lumen of the ER of eukaryotes or the periplasmic region of
prokaryotes catalyzes the formation and breakage of disulphide
bonds between cysteine residues within proteins, allowing pro-
teins to quickly find the correct arrangement of disulfide bonds
in their fully folded state.

ER stress: An organelles-initiated cell stress arises from mismatch
between the load of unfolded or misfolded proteins in the lumen
of the ER and the capacity of this cellular machinery.

Unfolded protein response (UPR): A highly conserved physiolog-
ical response is induced by accumulation of unfolded proteins
in the lumen of the ER. In mammals, the UPR is mediated by
three ER stress sensors including IRE1, PERK, and ATF6. In yeast,
the UPR is controlled by only one signaling pathway mediated by
IRE1. Thus far, two UPR pathways have been identified in plants,
one mediated by IRE1-bZIP60 and the other by bZIP17/bZIP28.

ER-assisted degradation (ERAD): ERAD is designated a cellular
pathway, which translocates the unfolded proteins from the ER in
a retrograde manner into the cytosol, where ER membrane associ-
ated ubiquitin ligases post-translationally modify the translocated
proteins thereby targeting them for degradation, usually by the
26S proteasome.

Programmed cell-death (PCD): The term PCD defines any form
of cell death resulting from an orderly cascade, mediated by

intracellular death programs, regardless of the triggers or the
hallmarks it exhibits. PCD serves fundamental functions in both
plants, and metazoans where called apoptosis.

Major histocompatibility complex (MHC): An integral mem-
brane protein complex has a characteristic groove as the binding
site for the presentation of immunogenic peptides.

Hemagglutinin-neuraminidase (HN): A single viral envelope
glycoprotein has both receptor-cleaving and receptor-binding
activity, which is in contrast to the protein found in influenza,
where both hemagglutinin and neuraminidase activities reside in
two separate glycoproteins.

Eukaryotic translation initiation factor 2 (eIF2): The eIF2 com-
plex is required in the translation initiation. It transfers Met-
tRNA to the 40S submit of the ribosome to form the 43S
pre-initiation complex in a GTP-dependent manner. eIF2 is a het-
erotrimer consisting of eIF2α, eIF2β, and eIF2γ. Phosphorylation
of eIF2α by PERK inactivates eIF2α, resulting in inhibition of
cap-dependent translation initiation.

Unconventional processing: Conventional splicing is catalyzed
by the spliceosome, which is composed of multiple proteins
and small nuclear RNAs, and the cleavage reaction proceeds
sequentially. The nucleotide sequence at the exon–intron border
complies with Chambon’s rule (GU-AG rule). In contrast, uncon-
ventional splicing is catalyzed by IRE1 and tRNA ligase, which
is independent of the spliceosome, and the order of cleavage of
the exon–intron junctions is not predetermined. A pair of char-
acteristic stem–loop structures exists at the cleavage sites, which
is recognized by IRE1, instead of a consensus sequence such as
GU-AG.
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RNA recombination is one of the driving forces of genetic variability in (+)-strand RNA
viruses. Various types of RNA–RNA crossovers were described including crosses between
the same or different viral RNAs or between viral and cellular RNAs. Likewise, a variety
of molecular mechanisms are known to support RNA recombination, such as replicative
events (based on internal or end-to-end replicase switchings) along with non-replicative
joining among RNA fragments of viral and/or cellular origin. Such mechanisms as RNA
decay or RNA interference are responsible for RNA fragmentation and trans-esterification
reactions which are likely accountable for ligation of RNA fragments. Numerous host
factors were found to affect the profiles of viral RNA recombinants and significant
differences in recombination frequency were observed among various RNA viruses.
Comparative analyses of viral sequences allowed for the development of evolutionary
models in order to explain adaptive phenotypic changes and co-evolving sites. Many
questions remain to be answered by forthcoming RNA recombination research. (1) How
various factors modulate the ability of viral replicase to switch templates, (2) What is
the intracellular location of RNA–RNA template switchings, (3) Mechanisms and factors
responsible for non-replicative RNA recombination, (4) Mechanisms of integration of RNA
viral sequences with cellular genomic DNA, and (5) What is the role of RNA splicing and
ribozyme activity. From an evolutionary stand point, it is not known how RNA viruses
parasitize new host species via recombination, nor is it obvious what the contribution of
RNA recombination is among other RNA modification pathways. We do not understand
why the frequency of RNA recombination varies so much among RNA viruses and the
status of RNA recombination as a form of sex is not well documented.

Keywords: RNA recombination, viral replicase, template switching, non-replicative RNAs, host factors, cellular

RNAs, ribonucleases, viral evolution

INTRODUCTION
Plus-stranded RNA viruses include some of the most dangerous
pathogens for animals and humans. Moreover, a vast majority of
plant viruses are (+) RNA viruses. RNA viruses demonstrate a
large level of variability in their genetic information, due to either
mutations, RNA–RNA crossovers (RNA recombination), or reas-
sortment. RNA recombination was demonstrated for many RNA
virus species, whether under natural or experimental conditions.
Similar to genetic recombination in DNA-based organisms, viral
RNA recombination is defined as the process of swapping RNA
fragments among RNA molecules. If crossovers occur amongst
the same RNA templates in a homologous fashion, the exchanges
are functionally equivalent to DNA meiotic crossing-over. In
some viruses, the frequency of homologous crossing-over is very
high and practically every replicated viral RNA molecule can be
considered as chimerical in nature, as we have demonstrated for
brome mosaic virus (BMV) RNAs (Urbanowicz et al., 2005).

A variety of events have been described that contribute to the
formation of RNA recombinants (Figure 1). Such events include
crossovers between viruses belonging to the same or to differ-
ent taxonomic groups, between viruses infecting different hosts,

or from adopting genetic material from the host. Numerous
questions about molecular mechanisms of RNA recombination
remain unanswered. This review attempts to summarize the most
important venues of RNA recombination research, their chal-
lenges and future directions in order to draw more accurate
models for this important RNA virus phenomenon. Since this
issue of Frontiers concerns plant pathology, most of the material
discusses RNA recombination in plant viruses. However, the less
advanced aspects of plant recombination studies have been illus-
trated with examples taken from animal/human RNA viruses in
order to show mutual possibilities for model research.

REPLICATIVE MECHANISM OF RNA RECOMBINATION
The generally accepted mechanism of RNA recombination is cur-
rently explained by a copy-choice model where the viral RNA
polymerase (RdRp) complex in mRNA viruses [reverse transcrip-
tase (RT) in retroviruses] changes templates during synthesis of
the nascent strand (Galetto et al., 2006). This swapping pro-
cess generates recombinant RNA molecules of mixed ancestry.
Although we begin to understand the nature of these pro-
cesses, many questions are waiting for an answer. One group
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FIGURE 1 | Summary of types of mechanisms of genetic RNA recombination in (+) RNA viruses and factors influencing the RNA–RNA crossovers.

of questions revolves around the features that define the sites
of crossovers. Among the factors known to promote replicase
to switch are sequence homologies between recombination sub-
strates along with secondary structures at the crossover sites,
as demonstrated with the BMV and other systems (Figlerowicz
and Bujarski, 1998; Nagy et al., 1999b). Also, the transcriptional
activity seems to promote template switching. For instance, an
efficient recombination hot spot has been mapped within the
intercistronic region of BMV RNA3, the site carrying the pro-
moter of transcription of subgenomic RNA4 (Wierzchoslawski
et al., 2004). It is unknown what exactly facilitates crossovers
at such sites. Possibilities include a snatching process of already
bound RdRp complex to the promoter site, the premature
termination of RNA synthesis and the replicase detachment–
reattachment, or the effect of other bound viral and/or host
factors (Sztuba-Solinska et al., 2011). These mechanisms may
depend upon the type of template-switching process (whether
the crosses occur internally or near the ends of the RNA
templates) and on the involvement of crossover sequences in
other processes, e.g., as a promoter of RNA replication or
transcription.

Template switching was found to occur between related but
also between unrelated RNA templates, generating legitimate
(homologous) and illegitimate (nonhomologous) recombinants,
respectively (Nagy and Simon, 1997). Since the latter involves

sequences with little similarity, other factors must be important.
Some data indicate that switches depend upon sequence compo-
sition, with the AU-rich regions promoting the RdRp detachment
(Nagy et al., 1999a) and upon secondary structures (Galetto et al.,
2006), along with protein or RNA binding activity. Switching may
also depend upon the processivity (a measure of the average num-
ber of nucleotides copied per template association–disassociation
cycle) features of the RdRp enzyme (Breyer and Matthews, 2001).
A mandatory replicase breaking site is the end of any RNA tem-
plate. End-to-end switching has been reported based upon in vitro
results with RdRp enzymes from Bovine viral diarrhea virus
(BVDV), BMV, Cucumber mosaic virus (CMV), and Cowpea
chlorotic mottle virus (CCMV) (Kim and Kao, 2001). It is, how-
ever, not known how exactly such switches occur and whether
the molecular mechanism is common among polymerases of
different RNA viruses.

The strength of binding of the RdRp complex may play a key
role during RNA template detachment–reattachment. With an
increasing number of available RNA polymerase crystal struc-
tures, more is evident about the elements involved in RNA-
replicase interactions. For instance, removal of a β-hairpin loop
from the HCV RdRp protein increased de novo RNA synthe-
sis and promoted RNA binding (Mosley et al., 2012). The RNA
copying fidelity might be a matter of a nanosecond timescale
complex dynamic in the RdRp enzyme that determines RNA
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binding, nucleotide binding or catalysis (Moustafa et al., 2011)
and thus needs to be experimentally determined. The use of
engineered replicase variants in RNA recombination assays will
shed new light onto the molecular details of template switching
mechanisms.

Another, not well answered question is how RNA template
substrates come together in order to facilitate the switch. One pos-
sibility is that secondary structure regions can hybridize in trans
bringing the two RNA templates into a local interaction. Such
data are available, for instance, based upon limited observations
in BMV (Nagy and Bujarski, 1993; Dzianott et al., 1995) or anal-
ogously, during switches between dimeric RNAs (within kissing
loops) during reverse transcription inside the Human immunod-
eficiency virus Type-1 (HIV-1) virions (Nikolaitchik et al., 2011),
an atypical (+) sense RNA virus.

Yet, other data reveal that (+) RNA viruses are replicating
in membranous structures called spherules or replication facto-
ries (Laliberté and Sanfaçon, 2010). Such host membrane-derived
replication vesicles have limited loading capacity, but they may
carry up to several positive and negative strand RNA molecules
(den Boon et al., 2010). Recent advances reveal the assembly
of replicase complexes within replication factories via highly
orchestrated interactions between viral proteins, viral genomic
RNAs, and co-opted host factors (Mine and Okuno, 2012). Such
a micro-environment may secure tight packaging and thus the
closeness of internalized viral RNA molecules. From the formal
stand point then, one may consider RNA recombination switches
in (+) RNA viruses inside replication factories as analogous to
the switches that occur, e.g., during reverse transcription inside
the HIV-1 virions.

Recently, we have demonstrated the participation of coat pro-
tein (CP) during BMV RNA recombination (Sztuba-Solinska
et al., 2012). The nucleotide changes in cis-acting RNA motifs
and the amino acid replacements within the corresponding
CP binding sites—both debilitated the BMV RNA recombina-
tion. CP molecules likely mediate RNA crosses via dimeriza-
tion/oligomerization of bound CP subunits. Indeed, the presence
of BMV CP molecules has been demonstrated to be inside repli-
cation vesicles (Bamunusinghe et al., 2011). Another untested
possibility predicts that a bound CP functions as a road block
catalyzing the detachment of the replicase complex. The CP
may also affect the properties of viral replicase. For instance,
it has been shown recently that Norovirus RNA synthesis was
enhanced by co-expressed structural protein VP1 (Subba-Reddy
et al., 2012).

RECOMBINATION WITH NON-REPLICATIVE RNAs
Besides replicative copy-choice, the non-replicative mechanisms
of viral RNA recombination have been described, mainly for
animal/human RNA viruses, with almost no research focusing
plant viruses. One of the best characterized non-replicative
processes is demonstrated in the poliovirus where viable viruses
were rescued in cells co-transfected with different pairs of viral
RNA fragments (Gmyl et al., 1999). It is likely the recombinants
may have resulted from transesterification reactions with the
end structures similar to known ribozymes via intermediary
formation of 2′,3′-cyclic phosphate. Indeed, in vitro data show

that the transesterification reactions in the bacteriophage Qbeta
RNA are guided by secondary structures that direct the attack
of a 3′ hydroxyl onto the phosphodiester bonds (Chetverin
et al., 1997). Later observations revealed enormous variability
of the poliovirus genome and some variants may have been
introduced by genetic errors due to non-replicative mechanisms
(Agol, 2006). More recent results with partially-complementary
RNA-oligonucleotides demonstrated the spontaneous formation
of novel RNA molecules via 3′,5′-phosphodiester bonds (Lutay
et al., 2007). These data show that viral RNA recombina-
tion can occur without participation of the RNA polymerase
enzyme. The exact mechanisms of these non-replicative
events are not completely understood and require further
studies.

In contrast to poliovirus and other picornaviruses, bacterio-
phage Qbeta demonstrates low levels of recombination frequency.
By using a cell-free system, Chetverin et al. (2005) have shown
a high yield of primer-extension recombination with poliovirus
replicase, but a low yield with Qbeta replicase. Thus, RNA recom-
bination by poliovirus vs. Qbeta RdRps must be mechanistically
different. Although both utilize transesterification reactions, the
precise molecular bases for RNA swappings used by each of
these enzymes are likely dissimilar reflecting different biochemical
adaptations to the needs of individual viruses. It would be inter-
esting to confirm experimentally the proposed transesterification
models.

Among other examples of non-replicative recombination in
mRNA viruses, the co-transfections of replicating and nonrepli-
cating rubella virus (RUB) RNA transcripts containing nonover-
lapping deletions did restore the infectious virus (Adams et al.,
2003). Both, homologous and nonhomologous RNA recombi-
nants emerged. The mechanism seemed to involve end-to-end
replicase switching after initiation of minus-strand synthesis.
However, the details of such mechanisms have not yet been con-
firmed. Another example of that sort involves recombination
between BVDV and cellular RNAs, which can occur in the absence
of viral replicase (see section “Recombination Between Viral and
Cellular RNAs”). Analogous studies in the area of plant virology
remain to be performed.

ROLE OF HOST FACTORS DURING RNA RECOMBINATION
An important subject of RNA recombination research is the role
of host factors. While the involvement of viral RdRp proteins has
been studied extensively, knowledge of the functions host com-
ponents play is limited (Nagy and Pogany, 2011). One study was
done with a model system of tomato bushy stunt virus (TBSV)
that can recombine in yeast cells. The authors screened a yeast
knockout library to identify over thirty different host genes sup-
pressing or accelerating the TBSV RNA recombination (Serviene
et al., 2005; Nagy, 2011). An interesting example is the gene PMR1
which encodes an ion pump (Pmr1p) controlling the Mn2+ con-
centration which may consequently affect the ability of TBSV
replicase to change RNA binding/template switching events. Also
stress signals, e.g., salt stress, affect viral recombination indirectly,
by changing the concentration of recombination-essential pro-
teins. Future studies are required to understand the interrelated
network of cellular factors that define the final outcome of TBSV
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RNA recombinants, not only in model yeast cells, but also in nat-
ural TBSV plant hosts. Moreover, these studies are limited to only
one specific TBSV RNA experimental recombination system, and
it is unclear if other RNA recombination events within the TBSV
RNA follow similar mechanistic pathways.

In the copy choice mechanism, recombinant RNAs are formed
due to switching of viral replicase among RNA templates. The
switching properties likely depend on the co-recruited host fac-
tors. In BMV, a variety of host factors were found to be employed
by the replicase complex (Noueiry and Ahlquist, 2003). Many
of these factors facilitate the complex assembly, but some regu-
late viral gene expression or recruitment of BMV RNAs to the
membrane replication factories. Yet, other factors modify lipid
composition of the endoplasmic reticulum membrane which acti-
vates the replication complex. Many of these factors can poten-
tially affect the co-recruitment of RNA recombination substrates
and/or BMV replicase switching properties during recombina-
tion. BMV RNA recombination was reported to occur in yeast
cells (Garcia-Ruiz and Ahlquist, 2006), but a systematic identifi-
cation of host factors participating in BMV RNA recombination
remains to be done. It will be interesting to find out whether
these factors parallel those in the above tombusvirus recombi-
nation system. This data will broaden our knowledge about host
pathways enabling RNA viruses to recombine their genetic infor-
mation. As such, it will contribute to predictions made on the
stability of the RNA viral genome in various hosts.

The functions of recruited host proteins and host membranes
in different (+) RNA virus systems are now being progressively
elucidated. Comparison among three plant RNA virus replication
systems (TBSV, BMV, and dianthoviruses) reveals general pat-
terns within the stepwise process of viral replicase complex assem-
bly which requires concerted involvement of protein–protein,
RNA–protein, and protein–lipid interactions (Mine and Okuno,
2012). However, each of these three plant virus systems recruits
its own array of specific host factors. This suggests that each RNA
virus has significantly unique ways of adapting to the cellular
environment in order to assemble a functional RNA replication
complex. This further suggests specific requirements are needed
for RNA recombination in each individual RNA virus and there-
fore the recombination characteristics may significantly differ
with each other among RNA viruses. Crystal structure studies
help to reveal the complex and individual nature of viral repli-
cases. Examples being the structure of Q{beta} phage polymerase,
determined by Takeshita and Tomita (2010), or the analysis of the
crystal structure of tomato mosaic virus helicase as a component
of the viral replicase complex (Nishikiori et al., 2012).

RECOMBINATION BETWEEN VIRAL AND CELLULAR RNAs
RNA recombination events between viral and cellular RNAs have
been observed for both plant and animal RNA viruses. One exam-
ple is RNA recombination between the BVDV, a member of the
pestivirus genus, and cellular RNA sequences. It occurs at the
presence yet also in the absence of an active viral RdRp enzyme,
implying that the mechanisms must be different from replica-
tive template switching events (Becher and Tautz, 2011). The case
of BVDV recombination has practical implications because the
recombinant virus is lethal to its host. Normally, the virus is

persistent, limiting the efficiency of RNA replication due to the
dependency of a viral protease on limiting amounts of a cellular
cofactor. In general, the uptake of a variety of cellular protein cod-
ing sequences at various positions in the pestiviral genomes has
been reported, demonstrating that pestiviruses can gain access to
the RNA pool of their hosts via RNA recombination. The exam-
ple of BVDV shows us not only that recombination events with
cellular RNAs cannot be excluded for other viruses, but also that
the recombinant RNAs can be retro-transcribed and occasionally
integrated into the host genome. The exact molecular mecha-
nisms of the crossover events with cellular RNAs remain to be
elucidated, as well as what factors target the crossover sites both
to viral and to cellular RNAs.

Besides BVDV, HIV-1 is known to recombine effectively with
host RNAs, e.g., with host tRNAs after introducing its strong
secondary structure elements into the HIV RNA (Konstantinova
et al., 2007). HIV-1 is capable of acquiring new genetic material,
especially to the RT-encoding ORF (van der Hoek et al., 2005;
Berkhout, 2011). Information about similar recombinant crosses
with host RNAs in plant RNA viruses remains very limited, and
their mechanisms are waiting to be elucidated.

One recombination process that was addressed with plant
viruses has been the events between an invading virus and the
transgene mRNAs in transgenic plants (Aaziz and Tepfer, 1999).
One such example being recombination between two strains of
CMV where one strain was expressed as a transgene while the
other strain infected the transgenic plant (Turturo et al., 2008).
This research group has also described recombination between
related viruses (CMV and tomato aspermy virus TAV), with the
population of recombinants being similar to each other in trans-
genic and in nontransgenic plants, suggesting similar molecular
mechanisms of recombination (Jacquemond, 2012). In general,
this demonstrates that transgene viral mRNAs enter the same
pathway as do natural viral RNAs, most likely operating in the
cytoplasm.

RNA recombination between viral and micro (mi)RNAs has
not yet been reported. However, given the fact that this would be
a useful source of already adapted elements to be acquired by the
virus in order to secure the in-trans host-gene regulation, the lack
of commonality of such an acquisition is surprising. Since (+)
RNA viruses operate in the cytoplasm, as the miRNAs do, there
are likely either structural and/or functional constrains against
such snatching events. Future studies will certainly bring further
insight to this question.

Recently, a reverse scenario was observed. Nonretroviral RNA
sequences of Bornaviruses and other (−) strand RNA viruses were
integrated into the host genome, including the human genome
(Belyi et al., 2010; Horie et al., 2010). Also, mRNA viruses were
described to leave their sequences in the cellular DNA of infected
hosts (Crochu et al., 2004; Anne and Sela, 2005; Maori et al., 2007;
Zemer et al., 2008; Geuking et al., 2009). These results demon-
strate that RNA viruses can serve as a source of genetic innovation
for their hosts. The RT activity encoded by retrotransposons is
most likely responsible for reverse transcription and integration,
yet further molecular studies are needed.

The above examples illustrate that the cytoplasmic RNA pro-
cessing mechanisms are able to cross paths with viral replication
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pathways inside the cell. Despite diverse examples of viral RNAs
recombining with host RNA sequences (and vice versa), many
unanswered questions remain to be addressed. They include,
but are not limited to, the sub-cellular location of recombina-
tion events, the role and availability of host RNA degradome for
recombination, or the link between the elements of RNA degra-
dation pathways and viral RNA recombination. The molecular
mechanisms of such crossover events are not well understood,
especially whether template-switching or re-ligation processes are
involved. More data, especially from plant RNA virus systems are
required to assess the general nature of these processes in plant vs.
animal/human tissues.

ROLE OF RIBONUCLEASES AND RNA INTERFERENCE
PATHWAYS
Host RNAs undergo extensive degradation and turnover, as do
viral RNAs (Lloyd, 2012). The participation of RNA decay path-
ways in viral RNA recombination has been studied in TBSV by the
Nagy group (Jiang et al., 2010; Jaag et al., 2011). By testing eight
known endoribonucleases, the authors have shown that muta-
tions in the components of RNase MRP debilitated the produc-
tion of endoribonucleolytically cleaved TBSV RNA in yeast. Also,
by knocking down the RNase NME1 or silencing the Xrn4p exori-
bonuclease in Nicotiana benthamiana, the production of cleaved
TBSV RNAs was debilitated, but recombination increased, sug-
gesting the role of RNA intermediates in recombination (Jaag
and Nagy, 2009). Similar effects promoting RNA recombination
were observed in yeast for Xrn1p exoribonuclease (Serviene et al.,
2005). It is noteworthy that deletions of the host Met22p/Hal2p
bisphosphate-3′-nucleotidase (a known inhibitor of the Xmn1p
ribonuclease) or the inhibition of this nucleotidase with LiCl or
NaCl, also increased the frequency of TBSV RNA recombina-
tion in yeast (Jaag and Nagy, 2010). This shows that besides host
factors, the salt stress can also affect viral RNA recombination.
Whether other environmental conditions can influence viral RNA
recombination needs further studies.

In contrary to RNA decay enzymes, we observed debilitat-
ing effects of the host RNA interference gene knockouts on
BMV RNA recombination in Arabidopsis thaliana, and that
BMV RNA fragments have recombined with BMV RNA progeny
(Dzianott et al., 2012). It appeared that RNA silencing (RNAi)
pathways participated in the rearrangement of genomic BMV
RNAs. Therefore, BMV RNAs can recombine via several mech-
anisms including template-switching events along with RNAi-
based sequence swapping. Similarly, the promoting role of RNAi
in viral RNA recombination was reported for mycovirus infec-
tion in chestnut blight fungus cells (Sun et al., 2009; Nuss, 2011).
These two examples show that the RNAi mechanisms can func-
tion as antiviral tools, but also that RNA silencing can promote
additional variability to the viral RNA genome. Further studies
are needed to determine the formation of viral RNA recombi-
nants from RNAi-induced degradation products.

THE PHYLOGENETIC AND EVOLUTIONARY ROLE OF RNA
RECOMBINATION
The biological diversity within both plant and animal RNA
viruses is one of the largest found in all other forms of nature.

RNA recombination is a main contributor to the ever evolving
RNA viral genome. Comparative analyses of RNA viral sequences
allow for the development of evolutionary models that demon-
strate the associated adaptive phenotypic changes along with
detecting the co-evolving sites within viral genomes (Pond et al.,
2012).

The wide imprints of RNA recombination were found within
natural populations of plant viruses. RNA recombination seems
to be particularly frequent among members of the family
Potyviridae, the largest family of plant RNA viruses. Frequent
recombinational footprints were detected within the ORFs of
both their structural and nonstructural proteins (Bousalem
et al., 2000; Visser and Bellstedt, 2009; Yamasaki et al., 2010).
Phylogenetic surveys indicate not only intraspecies and intra-
genus, but also intergenous recombination crossover’s footprints
in Potyviridae (Desbiez and Lecoq, 2004; Valli et al., 2007), sup-
porting their apparent modular evolution. Recombination with
host RNA was also detected, likely via retrotransposable elements
(Tanne and Sela, 2005) demonstrating that, like animal viruses,
plant viruses can expand their coding capacity via recombination
with the host’s messenger RNA pool (Chare and Holmes, 2006).

Also, the populations of plant viruses with genomes produc-
ing sgRNAs, e.g., Closteroviridae, Luteoviridae, or viruses with
multipartite genomes, e.g., Bromoviridae, seem to accumulate
recombinants readily. Evolutionary pathways were proposed for
the emergence of members of Luteoviridae (Domier et al., 2002
and Moreno et al., 2004). Luteoviruses have mastered the process
of modular swap (Pagán and Holmes, 2010) and the recon-
structed phylogeny reveals their sequence evolution by intrafamil-
ial as well as extrafamilial RNA recombination (Moonan et al.,
2000). The most frequent swaps map to the junction between
the CP and RdRp ORFs (Silva et al., 2008). In addition, some
luteoviruses were found to recombine with host (chloroplast)
sequences (Mayo and Jolly, 1991).

One extreme example of interspecies recombination is in
circoviruses that arose by recombinants between plant DNA
nanoviruses and mammalian RNA caliciviruses. In this case, the
likely mediator has been a retrovirus that retro-transcribed the
RNA into DNA (Davidson and Silva, 2008). Although likely,
such events have not been experimentally confirmed and further
research is required.

Among animal viruses, coronaviruses are highly recombino-
genic (Woo et al., 2009) and natural RNA recombinant vari-
ants were described for flaviviruses (González-Candelas et al.,
2011). By having one of the highest recombination rates among
all viruses, retroviruses generate polymorphic sequences that
increase their chances for survival under changing selection pres-
sures (Delviks-Frankenberry et al., 2011). Besides retroviruses,
picornaviruses are naturally highly recombinogenic (Lukashev,
2010). In fact, RNA recombination is their key genetic fea-
ture maintaining the global pool of variants from which the
recombination snapshots generate new recombinant forms of
picornaviruses. For instance, a model describing recombination
between poliovirus and coxsackie virus was presented to illus-
trate the effects on viral emergence and evolution (Combelas
et al., 2011). This and other studies reveal multiple mechanisms
leading to genetic variability of polioviruses (Savolainen-Kopra
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and Blomqvist, 2010), with significant contribution of homol-
ogous recombination events that fix advantageous mutations or
remove deleterious ones. However, further research is required to
understand the detailed evolution mechanisms of polioviruses.

The evolutionary genetics of emerging plant RNA viruses was
studied by Elena et al. (2011). Apparently, devastating virus epi-
demics can spread from new plant virus variants that acquired
new virulence factors. This study shows a multifaceted picture of
virus emergence. Changes in ecological conditions bring together
the reservoir viruses and their crop hosts, often as a result of inter-
play among the environment, genetic plasticity, and the required
host factors. The stochastic processes contribute to the begin-
ning of viral emergence in a new host species, followed by the
adaptation phase. Also, vectors impose strong bottlenecks during
host-to-host transmissions. The reservoir population seems to be
the most important determinant of viral emergence, but little is
known about viruses of wild plant species that work as reservoirs.

For all the mentioned RNA virus systems, of either plants
or animals, detailed roles during virus evolution of RNA sec-
ondary structures, the function of sequence similarity or the
impact of RNA co-packaging during RNA recombination, are all
not well understood. Inaccuracies of viral RNA replication, dam-
age from environmental factors, and attacks by RNA-modifying
enzymes, all can contribute to RNA genome corruption and thus
generate a question of how RNA viruses maintain their genetic
integrity (Barr and Fearns, 2010). It seems that viral RdRps are
sufficiently flexible to accommodate alternative initiation mech-
anisms, enabling terminal repair, terminal transferase activity,
and recombinational crosses in the case of damaged key ter-
minal sequences. Among a variety of mechanisms to protect
RNA viral genome integrity, recombination allows for exchange
of sequences between RNA templates, protecting not only their
entire genome, but also their vulnerable termini. A typical exam-
ple of efficient terminal crossover exchanges is seen within the 3′
noncoding region of BMV RNAs (Bujarski and Kaesberg, 1986).
The differences in replicase architecture might affect the predilec-
tion of a particular virus for RNA recombination. The molecular
aspects of the theory on “adaptable” viral RdRps have not been
elucidated and structural studies will contribute to the answers.

METHODS FOR THE DETECTION OF RNA RECOMBINANTS
RNA recombination research concerns both virus evolution
(where the most important subject is the detection of recom-
bination imprints among natural viral RNA sequences) and
the mechanism of recombination (by using the experimen-
tal systems of enhanced recombination frequency). As regards
to the evolutionary studies, various computer programs are
used for massive comparisons of viral sequences in order to
reveal the recombination footprints. The examples of such soft-
ware include, but are not limited to, Topali, RECCO, GARD,
RDP, GENECONV, Chimaera, MaxChi, BOOTSCAN, SISCAN,
PHYLPRO, DIPLOMO, SImPlot, Lard, and 3SEQ. These pro-
grams can identify the recombination sites among different viral
strains, different viral species, and even between the virus and the
host (Chare and Holmes, 2006). With advent of next-generation
massive sequencing, the genetic diversity of viral RNA genomes
can be characterized through the mapping of polymorphisms and

measurement of mutation frequencies as well as by detection of
recombination events to a single-nucleotide resolution (Routh
et al., 2012). Such approach is very sensitive and unbiased, and
it can identify hundreds of thousands of recombination events,
allowing for a detailed description of RNA crossover profiles.

The detection of recombination events in the laboratory is
challenging because RNA–RNA crossovers apparently are rare
events and thus the main effort is to elaborate on experimental
systems of engineered RNA templates of increased recombina-
tion activity. The efficient recovery of recombinants in mixed
infections could be achieved by using temperature sensitive
mutants, a long-term method used for animal RNA viruses (Hirst,
1962; Pringle, 1970). In whole plants, an important problem is
that most recombinants are not competitive with the parental
types and therefore disappear. One way to increase recombina-
tion rate is by using viral mutants bearing sequence modifica-
tions at their UTRs, which decreases the replication abilities of
parental molecules, as was used to detect the BMV recombinants
(Bujarski and Kaesberg, 1986). Another approach utilizes viral
RNAs bearing silent markers or via mixed infections with two
low-competing viral strains (e.g., as the used by us mixed infec-
tion with both type and Fescue strains of BMV). Other plant
virus recombination systems employ mixtures of two parental
RNAs with one component carrying a deleterious mutation, e.g.,
satellite and genomic RNAs of TCV (Zhang et al., 1991), or defec-
tive interfering and genomic RNAs of TBSV, Cucumber necrosis
virus (CNV) (White and Morris, 1995), and Potato virus X (PVX)
(Draghici and Varrelmann, 2010). All these types of recombina-
tion systems can be used in cell-free extracts (utilizing viral RdRp
preparations), in single-cell (protoplast) hosts, in whole plant
hosts, and even in yeast. Some of the systems make use of tran-
sient expression vectors by agro-infiltrating plant leaves (Kwon
and Rao, 2012).

With these systems in hand, virologists can address such
aspects of the RNA recombination process as the essential role
of RNA sequence and structure, especially the role of RNA
motifs, the function of viral replicase (RdRp) and other viral-
and/or host-encoded proteins, or the mutual host–virus effects
in short-term virus evolution. The main analytical effort in the
recombination experiments is to identify RNA recombination
products and to map the location of cross sites. Usually, viral
RNAs are extracted and amplified by RT-PCR and the result-
ing cDNA products are cloned followed by sequencing and/or
restriction digestion of a large number of clones. This way the
crossovers are detected and mapped within the sequence mark-
ers, providing information about both frequency and distribution
of recombination events. Proper controls are required to guard
against RT-PCR generated recombinants.

FINAL REMARKS: UNANSWERED QUESTIONS AND
PERSPECTIVES
Genetic RNA recombination is a major driving force for RNA
virus diversity. By understanding the factors and the mechanisms
that affect recombination, one can ultimately develop better
means for controlling RNA virus infections. In this review I have
described the current status of RNA virus recombination research
and its future directions. I have also noted its progress over the
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last several years emphasizing on some future research venues.
Evidently, there is still much to be learned about the mecha-
nistic details of RNA recombination. For example, it is not yet
clear how various factors modulate the ability of viral replicase
to switch templates, such as the role of RNA template structures,
the molecular and structural features of replicase proteins, or the
functions of other viral and host factors during cross-over events.
Also, the intracellular location of the RNA–RNA template switch-
ing has not been confirmed. Besides copy-choice, RNA viruses
can recombine with non-replicative RNAs. It is not exactly known
what mechanism is responsible for ligation of viral RNA frag-
ments, or where inside the cell this process occurs. RNA viruses
were found to recombine with cellular RNAs, but again where in
the cell and what factors enable such events, is not well known.
And the opposite, the exact steps and the molecular mechanisms
of the RNA viral sequence integration with the cellular DNA
have not been untangled. Amongst other questions, not much is
known about how splicing or active ribozymes can contribute to
the RNA virus recombination (Edgell et al., 2011).

From the evolutionary stand point, RNA recombination seems
to play a key function during virus speciation and emergence,
but its shared contribution that parallels other RNA modification
pathways has not yet been assessed. We do not fully understand
how RNA viruses achieve their high potential of parasitizing
new host species via recombination (Domingo, 2010). The entire
population of RNA variants that are present in reservoir hosts can
now be determined with the tools of next-generation sequencing
so that the role of recombinants can be more precisely evaluated
(Beerenwinkel et al., 2012).

The frequency of RNA crossing-over varies among RNA
virus species and there is little evidence that recombination was

favored by natural selection. Because of this and since recom-
bination rates follow the patterns of RNA genome organiza-
tion, Simon-Loriere and Holmes (2011) postulate that RNA
recombination is a by-product of viral genome arrangement
acting on selected aspects of the virus life cycle. Thus, accord-
ing to the authors, RNA recombination does not seem to
function as an obligatory form of sex in RNA viruses. Yet
further studies are required, especially since Muller’s ratchet
effects were observed in RNA viruses (Turner, 2003) and the
chimeric nature of viral RNAs due to frequent homologous
RNA swaps was determined, e.g., in BMV (Urbanowicz et al.,
2005).

Despite the above deficiencies, the so far accumulated knowl-
edge about viral RNA recombination has already found some
practical applications. For example, measures could be taken to
reduce recombination while designing the antiviral resistance
in transgenic plants with artificial micro RNAs (Fahim and
Larkin, 2013) or with double stranded RNA-expressing trans-
genes (Zhang et al., 2011). Also, the potential instability and
recovery of the wild-type virus via recombination can be reduced
during construction of plant RNA viral vectors (Nagyová and
Subr, 2007).
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