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The endoplasmic reticulum (ER) is central to protein production and membrane lipid
synthesis. The unfolded protein response (UPR) supports cellular metabolism by ensuring
protein quality control in the ER. Most positive strand RNA viruses cause extensive
remodeling of membranes and require active membrane synthesis to promote infection.
How viruses interact with the cellular machinery controlling membrane metabolism is
largely unknown. Furthermore, there is mounting data pointing to the importance of
the UPR and ER associated degradation (ERAD) machineries in viral pathogenesis in
eukaryotes emerging topic. For many viruses, the UPR is an early event that is essential for
persistent infection and benefits virus replication. In addition, many viruses are reported
to commandeer ER resident chaperones to contribute to virus replication and intercellular
movement. In particular, calreticulin, the ubiquitin machinery, and the 26S proteasome are
most commonly identified components of the UPR and ERAD machinery that also regulate
virus infection. In addition, researchers have noted a link between UPR and autophagy. It
is well accepted that positive strand RNA viruses use autophagic membranes as scaffolds
to support replication and assembly. However this topic has yet to be explored using plant
viruses. The goal of research on this topic is to uncover how viruses interact with this
ER-related machinery and to use this information for designing novel strategies to boost
immune responses to virus infection.

Keywords: plant virus interactome, virus–host interactions, virus–membrane interactions, unfolded protein

response, ubiquitin proteasome system, chaperones, ERAD

INTRODUCTION
The endoplasmic reticulum (ER) and Golgi apparatus comprise
a fundamental endomembrane compartment for de novo protein
synthesis. In the last 20 years, researchers have begun to uncover
the protein quality control (QC) machineries that are housed in
the ER and that tightly regulate protein production (Brandizzi
et al., 2003; Zhao and Ackerman, 2006; Urade, 2009; Moreno and
Orellana, 2011; Parmar and Schroder, 2012; Verchot, 2012). The
ER QC machinery provides: (a) chaperone-assisted protein fold-
ing and assembly; (b) post-translational modification of proteins;
and (c) protein transport out of the ER for maturation and secre-
tion. The ER is also the major site for synthesis of membrane
related phospholipids and membrane embedded proteins (Fagone
and Jackowski, 2009). Cellular membranes are essential to com-
partmentalize functions, manage energy production, storage, and
cell-to-cell communication. Cellular membranes function to seg-
regate environments for protein synthesis, modification, secretion,
and degradation.

Proteins that do not successfully progress through these mech-
anisms are categorized as malformed proteins and are subjected to
ER associated degradation (ERAD). Typically, the toxic accumula-
tion of malformed proteins as the result of biotic or abiotic stress,
activates the unfolded protein response (UPR), which is a signal-
ing network initiated at the ER. Protein sensors that reside in the
ER (such as IRE1 and PERK) respond to ER stress by increasing
transcription of a set of genes encoding ER resident chaperones

(Parmar and Schroder, 2012) to enhance the protein folding capac-
ity of the ER. Malformed proteins that cannot be refolded are
sequestered, modified by ubiquitination, and degraded by the 26S
proteasome (Meusser et al., 2005; Muller et al., 2005). The ubiq-
uitin proteasome system (UPS) is a major regulatory system that
contributes to all aspects of cell biology, not just ERAD. Both the
ER QC and UPS machinery are widely conserved among eukary-
otes. Researchers are just beginning to understand the role of the
UPS in plant virus infection and immunity.

Serving as a model process in the field of stress biology, pos-
itive strand RNA viruses infecting mammals and plants pose
an enormous biosynthetic burden on the ER. To aid cellular
adaptation to infection, viruses trigger vigorous membrane and
protein synthesis, and/or protein transfer to the Golgi appara-
tus (Netherton et al., 2007). Host gene expression is transiently
enhanced to adapt to the immediate needs of virus gene expres-
sion, mitigate ER stress, and create a cellular environment that
tolerates virus infection. Invading viral pathogens manipulate
the ER QC machinery to: (1) support replication and protein
production; (2) accommodate the translational needs of defense
related transcripts; (3) subvert components of the system in a
manner that promotes infection (Jelitto-Van Dooren et al., 1999).
Researchers are working to determine when viruses highjack the
intact ER QC machinery to promote viral protein production and
when viruses isolate critical ER chaperones and divert them for
other processes that are essential to infection (Nagy et al., 2011;
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Verchot, 2012). One notion is researchers have considered is that
membrane expansion to accommodate virus infection is somehow
linked to UPR induction early in infection. However, recent data
with dengue virus (DEN) indicates that early induction of UPR is
correlated with membrane rearrangement and synthesis but is not
directly responsible for changes in membrane composition (Pena
and Harris, 2012). Thus, it is not clear if or how these two early
events are directly linked.

In mammalian systems, researchers have described the rela-
tionship between the UPR, autophagy and oxidative stress (Ke
and Chen, 2011b). Viruses that cause a huge burden to global
health such as hepatitis C virus (HCV) and DEN exploit the UPR
to modulate autophagy and oxidative stress pathways. This is
essential to promote virus replication and evade host immunity
(Ciccaglione et al., 2007; Urade, 2009; Costa et al., 2010; Jouan
et al., 2012; Shinohara et al., 2013). The mechanism by which these
and other viruses subvert the UPR is not resolved (Diehl et al.,
2011; Estrabaud et al., 2011). In plants, UPR and autophagy are
linked to plant immune responses (Moreno et al., 2012). The gene
expression profiles of potato virus X (PVX) infected hosts have
revealed enhanced transcription of ER QC machinery needed to
expand the protein folding capacity of the ER (Ye and Verchot,
2011; Ye et al., 2013). Nonetheless, there have been fewer studies
in plants examining the role of UPR and autophagy in immune
evasion by plant viruses.

PLANT VIRAL INTERACTIONS WITH CELLULAR MEMBRANES
ARE ESSENTIAL FOR REPLICATION AND EGRESS
In support of virus replication, positive strand RNA viruses
cause extensive reorganization of cellular membranes and cre-
ate subcellular compartments, called “viroplasms” (Castellano
and Martelli, 1984; den Boon et al., 2010; Verchot, 2011). Such
membrane bound compartments provide a protective environ-
ment and maintain the necessary viral and host proteins in
proximity to the genomic template. Plant viruses belonging
to the genera bromovirus, comovirus, dianthovirus, nepovirus,
pecluvirus, potexvirus, recruit ER membranes to create viro-
plasms (Carette et al., 2000; Dunoyer et al., 2002; Ritzenthaler
et al., 2002; Turner et al., 2004; Diaz et al., 2010; Verchot, 2011)
while potyviruses use both ER and chloroplast membranes (Wei
and Wang, 2008; Wei et al., 2010). Furthermore, many viruses
induce massive membrane synthesis or alter the lipid composition
of certain membranes needed for formation of these replica-
tion centers. In particular, brome mosaic virus (BMV), cowpea
mosaic virus (CPMV), grapevine fanleaf mosaic virus (GFLV),
and are among the well-studied examples (Carette et al., 2000;
Ritzenthaler et al., 2002; Noueiry and Ahlquist, 2003). However,
the signal transduction mechanism that controls ER membrane
proliferation and their phospholipid profiles has not yet been
elucidated.

Many plant RNA viruses encode movement proteins that inter-
act with an active ER network to move from cell to cell across
plasmodesmata (Boevink and Oparka, 2005; Tilsner et al., 2010,
2011; Genoves et al., 2011). Most known plant virus movement
proteins are categorized into one of four recognized superfamilies
(Melcher, 2000). The 30K superfamily encodes movement pro-
teins related to the tobacco mosaic virus (TMV) 30K movement

protein. Viruses belonging to the 30K superfamily are reported to
encode movement proteins that carry viral genomic RNAs across
the plasmodesmata. The TMV 30K protein, in particular, trans-
ports replication complexes across plasmodesmata in a manner
that is dependent on both the ER and microfilament networks
(Kawakami et al., 2004; Wright et al., 2007; Guenoune-Gelbart
et al., 2008; Sambade et al., 2008; Niehl et al., 2013; Zavaliev et al.,
2013). Two other key superfamilies are viruses that encode small
hydrophobic movement proteins that insert into the ER. The dou-
ble gene block (DGB) superfamily include viruses belonging to the
genera carmovirus, closterovirus, panicovirus, and sobemovirus; and
the triple gene block (TGB) superfamily includes viruses belong-
ing to the genera allexivirus, benyvirus, carlavirus, foveavirus,
hordeivirus, pecluvirus, and potexvirus (Vilar et al., 2002; Pere-
myslov et al., 2004; Sauri et al., 2005; Martinez-Gil et al., 2007,
2010; Verchot-Lubicz et al., 2010). In addition, the enveloped
tospovirus, tomato spotted wilt virus encodes glycoproteins that
localize to ER-export sites and Golgi complexes (Ribeiro et al.,
2008).

EUKARYOTIC VIRUSES INTERACT WITH THE UPR
MACHINERY TO PROMOTE PATHOGENESIS
As mentioned previously, positive strand RNA plant viruses pose
an enormous biosynthetic burden on the ER, creating a higher
than normal protein load. Therefore virus infection increases the
potential for malformed proteins to accumulate thereby contribut-
ing to ER stress (Noueiry and Ahlquist, 2003). In this regard,
the re-establishment of ER homeostasis by upregulating the ER
protein folding and degradation machineries appears to be a coor-
dinated adaptive response to virus invasion (Jelitto-Van Dooren
et al., 1999; Urade, 2009; Liu et al., 2011; Wahyu Indra Duwi et al.,
2013).

The best studied examples linking UPR to RNA virus infec-
tion are members of the family flaviviridae, such as DEN-2, HCV,
japanese encephalitis virus (JEV), and west nile virus (WNV; Yu
et al., 2006; Ambrose and Mackenzie, 2011; Paradkar et al., 2011).
Flaviviruses depend upon the ER/Golgi network for replication
and mature virions are released by budding through membranes
of the ER/Golgi network. Three proteins prM, E, and NS1 enter
the secretory system and are modified by glycosylation. Other
non-structural proteins NS2A, NS2B, NS4A, and NS4B remain
anchored to the ER. Each flavivirus has its own signature for
activating the IRE1/XBP1-signaling pathways with unique ben-
efits to virus infection (Iwata and Koizumi, 2012). For example,
XPB1 activates genes involved in protein folding, ER biogenesis,
and the ER degradation enhancing a-mannosidase-like protein 1
(EDEM-1; Mai and Breeden, 1997; Nekrutenko and He, 2006;
Acosta-Alvear et al., 2007; Li et al., 2009). WNV NS4A and NS4B,
as well as the HCV NS4B proteins activate XBP1 without alter-
ing EDEM-1 transcription (Zheng et al., 2005; Ambrose and
Mackenzie, 2011). Researchers speculate that both HCV and
WNV manipulate XBP1 signaling to promote the production of
ER resident chaperones and membrane proliferation needed to
support virus replication and protein production (Zheng et al.,
2005; Ambrose and Mackenzie, 2011). The HCV E1 and E2 pro-
teins are also reported to activate IRE1/XBP1 signaling events as
well as PERK related oxidative stress pathways (Chan and Egan,
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2005). For HCV, activation of these other pathways is linked
to suppressing innate immunity while promoting virus replica-
tion (Ke and Chen, 2011a). The NS1 glycoprotein of JEV and
DEN-2, as well as the NS2B/NS3 polyprotein of DEN-2 activate
the XBP1-signaling pathway. Silencing XBP1 does not interfere
with DEN-2 or JEV infection, but does exacerbate the cyto-
pathic effects of these viruses. This suggests that the UPR is
manipulated by these viruses to promote infection and counter
host innate immunity (Estrabaud et al., 2011; Pena and Harris,
2011).

There are a few recent examples of plant viruses which inter-
act with components of the UPR machinery to promote infection
(Table 1). In plants IRE1 splices the bZIP60 transcription factor
mRNA as a first step in UPR signaling (Deng et al., 2011; Iwata
and Koizumi, 2012; Moreno et al., 2012). bZIP60, like XBP1,
is reported to upregulate expression of the ER chaperone net-
work that provides QC (Wahyu Indra Duwi et al., 2013) and likely
benefits plant RNA virus infection. Importantly, it is not known
whether the bZIP60 signaling pathway or other signaling pathways
is responsible for the induced expression of membrane biosyn-
thetic genes or changes in the host protein degradation patterns
needed for virus infection. One virus example is PVX, which is a
potexvirus. The PVX TGB3 movement protein is an 8 kDa move-
ment protein that is tethered to the ER, induces expression of
bZIP60 and ER resident chaperones as BiP, protein disulfide iso-
merase (PDI), and calreticulin (CRT; Garcia-Marcos et al., 2009;
Ye and Verchot, 2011). Silencing bZIP60 gene expression in pro-
toplasts greatly inhibited PVX replication. These data argue that
although TGB3 is a movement protein, it nevertheless contributes
to the regulation of virus replication by its impact on host gene
expression (Ye and Verchot, 2011). Preliminary experiments indi-
cated that BiP plays a role in preventing cytotoxic cell death during
PVX infection which suggests that the UPR is an early event essen-
tial for persistent PVX infection and benefits virus replication
(Jelitto-Van Dooren et al., 1999; Xu et al., 2005; Slepak et al., 2007;
Urade, 2007). Two other virus examples include papaya ringspot
virus (PRSV) and TMV, which require CRT to promote virus
movement and possibly block calcium-dependent host defenses
(Table 1). Since CRT is also regulated by bZIP60, it is worth
further investigation to learn if PRSV interacts with this UPR sig-
naling pathway. It is noteworthy that in our experiments, TMV
did not appear to induce bZIP60 expression in a manner that is
similar to PVX, which suggests that TMV could usurp CRT for its
own processes without manipulating bZIP60 expression (Ye and
Verchot, 2011; Ye et al., 2013). It is not known if silencing bZIP60
alters TMV or PRSV infection and such experiments are needed to
better understand the role of UPR sensors in these virus infections.

In general, viruses have evolved to exploit the UPR machinery
as a means to create environments that are favorable to infection.
The UPR and ERAD mechanisms, by which plants and mammals
respond to ER stress, have some significant similarities. While
there is a greater body of research describing a role for XBP1-
signaling pathways in mammalian virus infection, new evidence
linking bZIP60 signaling pathways to plant virus infection suggest
that RNA viruses infecting eukaryotes may generally manipulate
the UPR to cope with ER stress, promote virus infection while
reducing cytopathic effects, and possibly alter antiviral immunity.

There are also reports that viruses can perturb the cross talk
between UPR signaling and other stress pathways including oxida-
tive stress, autophagy, type I IFN antiviral response, and innate
immune responses (Tardif et al., 2005; Sir et al., 2008; Garcia-
Marcos et al., 2009; Ambrose and Mackenzie, 2011; Estrabaud
et al., 2011; Evans et al., 2011; Yue et al., 2012). The exact mech-
anisms by which plant and mammalian RNA viruses manipulate
UPR is not yet known, but given the universality of UPR regula-
tion, the same machinery is likely to play an equally important role
in plant virus replication and should be studied in more depth.

THE CONTRASTING ROLES OF CALRETICULIN IN STRESS RESPONSE
AND VIRAL PATHOGENESIS
The expression of ER resident chaperones is transcriptionally coor-
dinated in response to ER stress and bZIP60 is one of the identified
transcription factors responsible for increased expression of a net-
work of ER resident folding enzymes and chaperones. Among
these are CRT and calnexin (CNX), which are highly conserved
proteins critical to processing nascent glycoproteins and calcium
homeostasis in the ER. In Arabidopsis there are three CRT iso-
forms (CRT1a, CRT1b, and CRT3) while in mammals there are
only two CRT isoforms. CRT1a and CRT1b are similar isoforms
that play general roles in maintaining protein folding and calcium
levels in the ER (Persson et al., 2003; Thelin et al., 2011). The tran-
scription of AtCRT1a and AtCRT1b is often coordinated, and is
much more highly induced than AtCRT3 by such ER stress induc-
ing compounds as tunicamycin (Jia et al., 2009; Christensen et al.,
2010). Overproduction of CRT in response to pathogen attack or
stress would increase the Ca2+ buffering capacity of the cell. Thus
viruses could potentially target CRT gene expression to create an
environment that is favorable to virus infection.

In contrast to mammalian systems, plant CRTs localize to sev-
eral subcellular compartments. AtCRT1a/b also associate with
plasmodesmata and research suggests that it plays a role in Ca2+
homeostasis in the plasmodesmata (Baluska et al., 1999; Chris-
tensen et al., 2010; Thelin et al., 2011). Localization of CRT to
plasmodesmata requires the N-terminal signaling sequence for
ER insertion, which implies that CRT moves through an ER-
dependent route to reach the plasmodesmata (Wyatt et al., 2002).
The AtCRT1a/1b co-localizes with the TMV movement protein
in plasmodesmata (Chen et al., 2005; Ye et al., 2013). CRT1a was
shown to bind TMV movement protein in vitro and in vivo by
affinity chromatography, yeast two hybrid analysis, and fluores-
cence resonance energy transfer microscopy. Overexpression of
CRT hinders TMV cell-to-cell movement and blocks movement
protein accumulation in the plasmodesmata (Chen et al., 2005).
GFLV also interacts with CRT to promote cell-to-cell movement.
GFLV uses a tubule guided movement mechanism for intercellular
movement (Laporte et al., 2003). Researchers proposed that CRT
binds the viral movement protein and serves as a base for tubular
assembly. The viral encoded movement protein moves through
the secretory system to the destination where they form oligomers
that build into tubules. Tubules extend across plasmodesmata and
carry virion particles between neighboring cells (Laporte et al.,
2003). Given that TMV and GFLV are not known to impact
CRT expression, these data provide further support to the notion
that TMV and GFLV are more likely to subvert CRT1a/1b from

www.frontiersin.org March 2014 | Volume 5 | Article 66 | 3

http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Cell_Biology/archive


Verchot UPR machinery aids virus pathogenesis

T
a

b
le

1
|

M
e

m
b

ra
n

e
re

la
te

d
h

o
s
t

p
ro

te
in

s
o

r
p

o
s
t-

tr
a

n
s
c
ri

p
ti

o
n

a
l

re
g

u
la

to
ry

n
e

tw
o

rk
s

fo
r

c
o

m
p

a
ti

b
le

p
la

n
t-

v
ir

u
s

in
te

ra
c
ti

o
n

s
.

V
ir

u
s

g
e

n
u

s
V

ir
u

s

s
p

e
c
ie

s
a

C
e

ll
u

la
r

p
ro

te
in

o
r

m
a

c
h

in
e

ry
b

T
y

p
e

o
f

a
s
s
o

c
ia

ti
o

n
V

ir
a

l
p

ro
te

in
p

a
rt

n
e

r
P

o
s
t-

tr
a

n
s
c
ri

p
t

re
g

u
la

to
ry

n
e

tw
o

rk
R

e
fe

re
n

c
e

s

po
te

xv
iru

s
P

V
X

bZ
IP

60
S

K
P

1
m

R
N

A
in

du
ct

io
n

TG
B

3
U

P
R

an
d

U
P

S
tu

rn
ov

er
of

TG
B

2
Ye

an
d

Ve
rc

ho
t

(2
01

1)
,Y

e
et

al
.(

20
13

)

to
ba

m
ov

iru
s

TM
V

C
R

T
D

ire
ct

pr
ot

ei
n

in
te

ra
ct

io
n

30
K

P
la

sm
od

es
m

at
a

an
d

vi
ru

s
m

ov
em

en
t

C
he

n
et

al
.(

20
05

)

To
M

V
U

P
S

Ve
rifi

ed
pr

ot
ei

n
ub

iq
ui

tin
at

io
n

30
K

Pr
ot

ei
n

m
od

ifi
ca

tio
n

an
d

tu
rn

ov
er

,

re
gu

la
te

s
vi

ru
s

m
ov

em
en

t.

R
ei

ch
el

an
d

B
ea

ch
y

(2
00

0)

ne
po

vi
ru

s
G

FL
V

C
R

T
C

o-
lo

ca
liz

at
io

n
M

ov
em

en
t

pr
ot

ei
n

R
ec

ep
to

r
fo

r
vi

ra
lm

ov
em

en
t

pr
ot

ei
n

at
ce

ll

su
rf

ac
e

or
in

cy
to

so
l

La
po

rt
e

et
al

.(
20

03
)

po
ty

vi
ru

s
P

R
SV

C
R

T
D

ire
ct

pr
ot

ei
n

in
te

ra
ct

io
ns

H
C

-P
ro

In
te

rf
er

e
w

ith
pl

an
tC

a+
2

si
gn

al
in

g
to

bl
oc

k

ho
st

de
fe

ns
es

S
he

n
et

al
.(

20
10

),
S

ah
an

a
et

al
.(

20
12

)

P
R

SV
,

LM
V,

P
V

Y,

P
PA

A
,a

lp
ha

1

su
bu

ni
t

of

2p
ro

te
as

om
e

D
ire

ct
pr

ot
ei

n
in

te
ra

ct
io

ns
H

C
-P

ro
R

eg
ul

at
es

pr
ot

ei
n

tu
rn

ov
er

,H
C

-p
ro

in
te

ra
ct

io
n

B
al

lu
t

et
al

.(
20

05
),

Ji
n

et
al

.(
20

07
),

S
ah

an
a

et
al

.(
20

12
)

P
S

bM
V

Po
ly

ub
iq

ui
tin

m
R

N
A

ex
pr

es
si

on
U

n-
kn

ow
n

U
nk

no
w

n
ro

le
in

vi
ru

s
in

fe
ct

io
n

A
ra

nd
a

et
al

.(
19

96
)

po
le

ro
vi

ru
s

B
W

Y
V

S
C

F
E

3
ub

iq
ui

tin

lig
as

e

Po
te

nt
ia

li
nt

er
ac

tio
n

P
0

pr
ot

ei
n

P
0

is
an

F
bo

x
pr

ot
ei

n
th

at
in

se
rt

s
in

to
th

e

S
C

F
co

m
pl

ex
an

d
ta

rg
et

s
A

G
O

1
fo

r

de
gr

ad
at

io
n

Pa
zh

ou
ha

nd
eh

et
al

.(
20

06
),

B
au

m
be

rg
er

et
al

.(
20

07
),

B
or

to
la

m
io

le
ta

l.
(2

00
7)

en
am

ov
iru

s
P

E
M

V
S

C
F

E
3

ub
iq

ui
tin

lig
as

e

Po
te

nt
ia

lI
nt

er
ac

tio
n

P
0

pr
ot

ei
n

P
0

is
an

F
bo

x
pr

ot
ei

n
th

at
in

se
rt

s
in

to
th

e

S
C

F
co

m
pl

ex
an

d
ta

rg
et

s
A

G
O

1
fo

r

de
gr

ad
at

io
n

Fu
sa

ro
et

al
.(

20
12

)

to
m

bu
sv

iru
s

TB
SV

N
ed

d4
-t

yp
e

R
sp

5p

ub
iq

ui
tin

lig
as

e

D
ire

ct
pr

ot
ei

n
in

te
ra

ct
io

ns
P

92
re

pl
ic

as
e

Tu
rn

ov
er

of
p9

2
re

pl
ic

at
io

n
pr

ot
ei

n
B

ar
aj

as
et

al
.(

20
09

)

TB
SV

C
dc

34
p

ub
iq

ui
tin

co
nj

ug
at

in
g

en
zy

m
e

D
ire

ct
pr

ot
ei

n
in

te
ra

ct
io

ns
P

33
re

pl
ic

as
e

M
od

ify
P

33
ne

ce
ss

ar
y

fo
r

in
te

ra
ct

io
n

w
ith

ho
st

E
S

C
R

T1

Li
et

al
.(

20
08

),
B

ar
aj

as
an

d
N

ag
y

(2
01

0)

ty
m

ov
iru

s
TY

M
V

U
P

S
pa

th
w

ay
Pr

ot
ei

n
in

te
ra

ct
io

ns
66

K
re

pl
ic

as
e

69
K

m
ov

e-
m

en
t

pr
ot

ei
n

M
od

ify
an

d
tu

rn
ov

er
of

vi
ra

lR
dR

p
an

d

m
ov

em
en

t
pr

ot
ei

n

H
er

ic
ou

rt
et

al
.(

20
00

),
D

ru
ge

on
an

d
Ju

pi
n

(2
00

2)
,C

am
bo

rd
e

et
al

.(
20

10
)

a V
iru

s
na

m
es

:P
V

X
,p

ot
at

o
vi

ru
s

X
;T

M
V,

to
ba

cc
o

m
os

ai
c

vi
ru

s;
to

M
V,

to
m

at
o

m
os

ai
c

vi
ru

s;
G

FL
V,

gr
ap

ev
in

e
fa

nl
ea

f
vi

ru
s;

P
R

SV
,p

ap
ay

a
rin

gs
po

t
vi

ru
s;

LM
V,

le
ttu

c
m

os
ai

c
vi

ru
s;

P
V

Y,
po

ta
to

vi
ru

s
Y;

P
S

bM
V,

pe
a

se
ed

bo
rn

e
m

os
ai

c
vi

ru
s;

B
W

Y
V,

be
et

w
es

te
rn

ye
llo

w
vi

ru
s;

P
E

M
V,

pe
a

en
at

io
n

m
os

ai
c

vi
ru

s;
TB

SV
,t

om
at

o
bu

sh
y

st
un

t
vi

ru
s,

TY
M

V,
tu

rn
ip

ye
llo

w
m

os
ai

c
vi

ru
s.

b
In

th
is

co
lu

m
n

U
P

S
is

id
en

tifi
ed

w
he

n
it

is
kn

ow
n

th
at

th
e

vi
ru

s
pr

ot
ei

n
is

kn
ow

n
to

be
ub

iq
ui

tin
m

od
ifi

ed
an

d
tu

rn
ed

ov
er

.P
ro

te
in

in
te

ra
ct

io
ns

ar
e

ve
rifi

ed
by

th
e

ub
iq

ui
tin

m
od

ifi
ca

tio
n,

bu
t

th
e

re
la

tio
ns

hi
p

w
ith

th
e

pr
ot

ea
so

m
e

is
ty

pi
ca

lly
ev

id
en

ce
by

tu
rn

ov
er

no
t

by
di

re
ct

pr
ot

ei
n

in
te

ra
ct

io
n

as
sa

ys
.

H
ow

ev
er

,
th

er
e

ar
e

tim
es

w
he

n
th

e
ex

ac
t

ub
iq

ui
tin

re
la

te
d

en
zy

m
e

is
kn

ow
n

an
d

id
en

tifi
ed

in
th

is
co

lu
m

n.
Th

es
e

ar
e

ve
rifi

ed
by

ei
th

er
ye

as
t

tw
o

hy
br

id
or

af
fin

ity
ch

ro
m

at
og

ra
ph

y.

Frontiers in Plant Science | Plant Cell Biology March 2014 | Volume 5 | Article 66 | 4

http://www.frontiersin.org/Plant_Cell_Biology/
http://www.frontiersin.org/Plant_Cell_Biology/archive


Verchot UPR machinery aids virus pathogenesis

their normal function to promote plant virus infection through
interactions with the viral movement proteins.

All three CRT isoforms contain nuclear targeting signals in their
central domain and C-terminal HDEL ER-retention signal. The
wheat TaCRT3 was reported to translocate to the cytoplasm and
nucleus (Jia et al., 2008; An et al., 2011). In Nicotiana ssp., CRT
also localizes to the Golgi and plasma membrane (Jia et al., 2008;
Matsukawa et al., 2013). Investigations of transcriptionally co-
regulated gene networks in plants suggest that CRT1a and CRT1b
are co-expressed with many ER chaperones while CRT3 is co-
expressed with pathogen related signal transduction genes (An
et al., 2011; Thelin et al., 2011). Given that transcriptionally coor-
dinated genes typically provide related functions, the function of
CRT3 is likely diverged from these ER resident isoforms.

As mentioned previously, PRSV and PVX represent another
class of viruses that interacts with CRTs at the level of gene expres-
sion. Researchers showed that papaya CRT1a/b interacts with the
PRSV HC-Pro protein using yeast two hybrid and BiFC assays
in plant cells (Shen et al., 2010). HC-Pro is a well-studied viral
protein that is involved in multiple functions including virus
movement and suppression of post-transcriptional gene silenc-
ing (Shiboleth et al., 2007; Yap et al., 2009). As mentioned earlier,
the PVX TGB3 movement protein increases the expression of
bZIP60 and several ER resident chaperones including CRTs in
Arabidopsis and Nicotiana benthamiana leaves. Silencing bZIP60
in protoplasts hampers PVX infection which led us to reflect on
whether upregulation of ER chaperones, such as CRT1b is a neces-
sary result of TGB3 activation of bZIP60. Considering that PRSV,
like PVX, induces expression of CRT, it is reasonable to speculate
that PRSV might interact with the co-expression gene network to
enlist the ER QC machinery. However, the relationship of bZIP60
to a co-expression network involving CRT is not yet known. Fur-
ther research is needed to better understand the roles of CRT
in PRSV and PVX infection and determine if there are separate
types of interactions involving plant viruses and such compo-
nents of the ER QC machinery. Knowledge of whether bZIP60
is capable of activating CRT gene expression is also important
for understanding how viruses interact with bZIP60 related gene
networks.

To better understand the relationship of bZIP60 with ER QC
machinery, we took advantage of the GeneCat co-expression
analysis webtool (Mutwil et al., 2008; Usadel et al., 2009) to exam-
ine the whether the Arabidopsis bZIP60 (AT1G42990), CRT1b
(AT1G09210), and CRT3 (AT1G08450) provide a chaperone
framework for ER QC (Figure 1). Evidence that these genes are
transcriptionally coordinated (using an r-cutoff value < 0.7) when
induced during biotic stress, would support the hypothesis that
they are related functionally and contribute to similar processes.
Evidence of a weak relationship would suggest that bZIP60 expres-
sion is not solely tied to the expression of these genes. We also
included SKP1 (AT1G75950) in the analysis query because it is
induced alongside bZIP60 and CRT by PVX infection and is a
co-factor in the UPS machinery that does not reside in the ER.
This analysis identified genes that show strong rankings (when
no average r-cutoff value was applied), appear to form a cluster
that is connected within one or two nodes to the query genes, and
appear to be mutually co-expressed. The GeneCat analysis output

revealed that the expression of CRT1b, BIP1, PDI-like protein 2-1
and 2-3 (PDIL2-1, PDIL2-3), which are all components of the ER
QC machinery, is strongly coordinated (Figure 1). The related-
ness of these genes was also reported by Thelin et al. (2011) using
the webtool PlaNet to explore the co-expression networks involv-
ing CRT. The comparative analysis using the query genes CRT1b,
CRT3, and bZIP60, also demonstrates that CRT1b is co-expressed
with ER chaperones and folding enzymes while CRT3 is either
weakly linked or not linked to this network. Given reports linking
CRT3 to a subnetwork of genes involved in pathogen-related sig-
naling events, these data confirm that these CRTs have divergent
functions (Thelin et al., 2011). Interestingly, there is no evidence
that expression of bZIP60 is transcriptionally coordinated with the
ER QC machinery when we use strict or relaxed cutoff (r < 50) to
generate the network. CRT3 and SKP1 also lie outside the network
and their expression is not coordinated with bZIP60 expression
(Figure 1). It is possible that co-expression analysis does not reveal
the regulatory relationships linking bZIP60 and CRTs and that
these genes are linked in other ways. For example there might
be other intermediate factors that connect to bZIP60 these ER
resident chaperones.

THE PRO-VIRAL ROLE OF UPR AND AUTOPHAGY
Chaperone mediated autophagy is extensively studied in yeast and
mammals and is recently identified to play an important role
in infection and immunity in plants. In mammals, accumula-
tion of malformed proteins in the ER activates UPR via PERK,
IRE1, and ATF6 and all three sensors are required for induction
of autophagy. Autophagy is a well-known degradation pathway
for organelles and cytoplasmic components. Initially, the cellu-
lar autophagy protein LC3 associates with membranes forming
crescent-shaped double membrane structures that sequester mis-
folded proteins and damaged organelles. These structures mature
to form double membrane vesicles known as mature autophago-
somes. These autophagosomes can fuse with endosomes to form
amphisomes which then become acidified due to the presence
of vacuolar ATPases and then fuse with the lysosomes to form
autolysosomes that degrade their cargo.

Polivovirus (PV), HCV, DEN, and JEV are a few examples of the
many positive strand RNA viruses that induce autophagic signal-
ing and subvert autophagosomes or amphisomes to use as scaffolds
supporting replication and assembly (Taylor and Jackson, 2009;
Shi and Luo, 2012; Richards and Jackson, 2013). Since autophagy
is also a pathway to degradation, viruses have developed strategies
to block lysome fusion. Shi and Luo (2012) describe autophagic
flux as the balance between the rate autophagosome formation
and degradation. This concept is interesting with respect to virus
infection, because viruses can act at different steps in the process
to increase autophagosome formation, alter the rate of amphi-
some conversion, and reduce degradation, thereby triggering an
incomplete autophagic response. DEN, for example localizes with
immature autophagosomes. DEN and JEV are both enveloped
viruses that rely on receptor-mediated endocytosis for cellular
uptake. One possibility is that autophagosome-endosome fusion
is a factor in virus entry and uncoating. HCV relies on autophago-
some formation to support virion assembly and autolysosome for
suppressing host immune responses. PV uses autophagosomes
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FIGURE 1 | Visualization of the genes associated with UPR in plants

as determined by GeneCAT analysis. This is a simple subnetwork
example (Mutwil et al., 2008). The nodes represent genes and the lines
represent the relationships between the genes. The genes identified in
blue are the query genes. The nearest co-expressed genes are highlighted
in green and form a cluster of co-expressed genes based on an analysis
of mutual co-expression ranks between the top 50 genes from the list.
The bold lines, in this subnetwork, identify those genes that have low

mutual ranks according to GeneCAT webtool analysis (Mutwil et al., 2008;
Usadel et al., 2009). Query genes including bZIP60, SKP1, and CRT3 do
have lines connecting them to the co-expressed gene network arguing
that they are not connected in a manner that is statistically relevant. Thus
the evidence that these genes are upregulated early in virus infection
could suggest that the virus may be interacting with more than one
signaling pathway. Each blue and green labeled node, has a gray box with
the name of the gene and its accession highlighted in larger print.
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as a scaffold for virus replication and the acidic amphisomes to
promote virus assembly (Richards and Jackson, 2012, 2013).

With regard to plant viruses, there is no information yet that
indicates a pro-viral role for autophagy in the infection pro-
cess. Researchers have linked autophagy to plant innate immunity
involving TMV infection. N-gene mediated immune response to
TMV includes a form of programmed cell death known as a hyper-
sensitive response (HR). In this regard, autophagy limits the extent
of cell death to a local area on a leaf, preventing uncontrolled
spread of HR throughout healthy tissues. This serves to contain
the immune response to a localized region (Liu et al., 2005; Li et al.,
2012).

MANIPULATING THE UBIQUITIN PROTEASOME SYSTEM FOR
VIRUS INFECTION
The ubiquitin-26S proteasome system is the prevailing route
for protein removal and is widely conserved among eukaryotes
(Smalle and Vierstra, 2004; Vierstra, 2009). The ubiquitin conju-
gating pathway depends on the host E1, E2, and E3 ligases to link
ubiquitin moieties to a protein substrate (Miura and Hasegawa,
2010). Certain types of ubiquitin modifications predestine a pro-
tein for degradation by the proteasome while others determine
alternative subcellular locations or activations. Thus the ubiquitin
ligase machinery, which includes the F-box protein that harnesses
the substrate, modifies intact as well as malformed proteins. Ubiq-
uitination can also be reversed by the action of de-ubiquitinating
enzymes (DUBs) which can either trim a polyubiquitin chain or
remove it from the substrate (Chenon et al., 2012).

There is a growing body of evidence that plant and mam-
malian viruses interact with both ubiquitin ligases and DUBs.
There are many cases where eukaryotic viruses manipulate the UPS
machinery to avoid immune clearance. For example the human
immunodeficiency virus (HIV) Vpu protein is a low molecular mass
protein with a single transmembrane domains that inserts into the
ER. Vpu binds to the cellular CD4 protein in the ER and recruits
the human F-box protein bTrCP targeting CD4 for degradation via
the ubiquitin-proteasome pathway. CD4 is a cell surface receptor
required for HIV uptake into cells, and the process of dislocation
and degradation of CD4 in the ER reduces the number of available
receptors at the cell surface and is important to free HIV gp160
in the ER for virus maturation and trafficking (Bour et al., 1995;
Belaidouni et al., 2007; Malim and Emerman, 2008; Nomaguchi
et al., 2008).

Among plant viruses, the UPS machinery can be manipulated to
degrade components of the cell’s gene silencing machinery, thereby
promoting virus infection. Poleroviruses and enamoviruses encode
the P0 protein which contains an F box protein motif (Baumberger
et al., 2007; Fusaro et al., 2012). It is reported that the P0 inserts
into the SCF complex and enables degradation of ARGONAUTE1
(AGO1) which is a core component of the RISC complexes and is
an essential component of the RNA-silencing machinery. P0 acts
as a silencing suppressor that enables AGO1 degradation, compro-
mising RNA silencing, as well as the degradation of targeted viral
RNAs. Furthermore, interactions between the beet western yel-
low virus (BWYV) P0 protein and SKP1 modulates programmed
cell death during virus infection. Mutations that interrupt the
ability of P0 to interact with SKP1 result in systemic necrosis,

suggesting that the P0–SKP1 complex P0 is a silencing suppressor
protein which might target components of the silencing machinery
for proteasomal degradation through its interactions with SKP1
(Pazhouhandeh et al., 2006).

PVX is also known to interact with SKP1 but the role of this
cofactor in virus infection is not yet clarified (Ye et al., 2013).
As mentioned earlier the PVX TGB3 movement protein asso-
ciates with the ER and upregulates expression of the bZIP60
transcription factor and several ER resident chaperones early in
virus infection. TGB3 also induces SKP1 expression alongside sev-
eral other genes suggesting that both the UPR and UPS systems
are upregulated to handle the increased protein load in the cell.
Another possibility is that TGB3 enhances the capacity of the UPS
to degrade key host proteins that are either related to or inde-
pendent of the RISC complex. The PVX TGB1 protein acts as a
silencing suppressor protein that targets AGO1 for proteasomal
degradation (Bayne et al., 2005; Chiu et al., 2010). It is worth to
consider that TGB3 acts in concert with TGB1 to promote the
degradation of AGO1.

Replication of turnip yellow mosaic virus (TYMV; a tymovirus)
is broadly affected by the UPS and is a prime model for compar-
ison with other positive strand RNA viruses. The TYMV genome
encodes two non-structural proteins of 69 kDa and 206 kDa in size.
The viral coat protein is expressed from a subgenomic RNA. The
TYMV 69K protein is a viral movement protein that can be polyu-
biquitinated. Reports indicate that the 69K protein is turned over
by the proteasome (Drugeon and Jupin, 2002). Protein turnover
is suggested to either regulate virus movement or reduce cytotoxic
accumulation of viral proteins. There are other viral movement
proteins that are also regulated by proteasomal turnover including
the TMV 30K movement protein and coat protein, the polerovirus
17 kDa movement protein, and the PV TGB3 (Mas and Beachy,
1999; Jockusch and Wiegand, 2003; Pazhouhandeh et al., 2006; Ju
et al., 2008). These combined reports suggest that plant viruses
may generally target the UPS to regulate the stability of virus
movement proteins.

The TYMV 206 kDa polyprotein contains domains which pro-
vide methyltransferase, proteinase, helicase, and RNA-dependent
RNA polymerase (RdRp) activities (Martelli et al., 2007). The
proteinase domain autocatalytically cleaves the 206 kDa polypro-
tein to generate a 66K RdRp and a 140K protein which are both
present in the active replicase complex. The 66K RdRp is modi-
fied by ubiquitin during infection and is a target for UPS turnover
(Hericourt et al., 2000). Thus the UPS regulates TYMV replication
(Camborde et al., 2010). The 140K protein is a precursor product
that is further cleaved to produce the mature 98K proteinase and
42K helicase. The proteinase domain within the 140K or 98K
protein also possesses deubiquitylating (DUB) enzyme activity
(Chenon et al., 2012). Research suggests that 66K RdRp is the sub-
strate for the deubiquitylating activity of these proteins. TYMV
replication occurs along chloroplast membranes and the 66K pro-
tein is transported to this location by the driving interactions with
the 140K protein. It is reported that the 140K or the 98K pro-
teins monitor the ubiquitin moieties attached to the 66K RdRp
to stabilize the replicase complex and promote virus replication
early in infection. Then later in virus infection, ubiquitin mod-
ification of the 66K leads to proteasomal degradation and shuts
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down replication. Thus, DUB activity also plays a role in directing
viral RNA replication (Chenon et al., 2012).

Tomato bushy stunt virus (TBSV) is a member of the genus
tombusvirus and provides another example whose replicase is
impacted by the UPS machinery. Ubiquitination of the TBSV
p33 controls interactions with the host ESCRT protein which is
important for subcellular targeting of the viral replicase. The UPS
system also monitors the accumulation of the TBSV p92 protein
which is essential for virus replication (Li et al., 2008; Barajas et al.,
2009; Barajas and Nagy, 2010). These combined examples suggest
that there might be a common viral strategy to manipulate or alter
the ubiquitin-mediated degradation machinery to promote plant
virus infection.

CONCLUSION
Positive strand RNA viruses depend heavily on the ER for genome
synthesis, protein production, and cell-to-cell movement. Given
the biosynthetic burden that viruses pose on the cell, sustain-
ing ER homeostasis and creating a membrane rich environment
is an essential adaptation for infection to succeed. One question
that remains to be answered is whether the extensive membrane
expansion and remodeling is a means to compensate for the trans-
lational burden on the ER caused by virus infection, or is the direct
outcome of UPR and/or autophagy. Given that virus translation
causes a burden on the ER QC machinery, it is not known for cer-
tain whether this is the proximal cause of ER stress and activation
of the UPR. It is arguable that the impact of translation on the ER
causes cells to adapt and survive and that UPR activation is a com-
ponent of cellular adaptation. However, there is a growing body of
evidence to that indicates UPR is not just a cell survival response
in the face of a toxic infection, but that many positive strand RNA
viruses act in a targeted manner to upregulate UPR and bene-
fits critical steps in virus infection. The examples provided here
suggest that positive strand RNA viruses encode effector proteins
that activate specific branches of the UPR in a targeted manner.
For example, the HCV E1 and E2 trigger the IRE1/XBP1 path-
way; the WSN NS4A also triggers the XBP1 pathway but does not
activate EDEM-1; the JEV and DEN-2 NS1 proteins also activate
XBP1 pathway; and in plants the PVX TGB3 activates the bZIP60
pathway.

One of the benefits of UPR activation is the increased availabil-
ity of cellular chaperones which typically drive substrate protein
folding and complex assembly in various cellular compartments.
It seems obvious that viruses require the cell to have a greater
protein folding capacity to accommodate the translational burden
caused by infection, but viruses have an additional need to sub-
vert certain chaperones from their normal function to help drive
events during the infection process. As summarized in Table 1, we
presented examples of potyviruses, nepoviruses, and tobamoviruses
that pirate CRT to promote intercellular transport. However, the
literature does not show whether many of these viruses activate
signaling mechanisms to stimulate CRT expression. Furthermore,
it is not known if other components of the ER QC machinery are
diverted from their cellular roles to viral protein complexes. In
general, virologists are currently working to uncover the param-
eters that determine which ER resident chaperones engage with
viral proteins to promote viral pathogenesis and whether this

benefits infection at the expense of cellular homeostasis or host
immunity.

The relationship of the UPR to membrane biosynthesis or re-
organization is not established but it is reasonable to predict that
researchers are likely to be able to explain the mechanisms behind
virus induced membrane synthesis as we explore the need for
autophagic membranes. For example, membrane synthesis might
be stimulated, not directly by the UPR machinery but by viruses
interactions with the autophagic machinery. Perhaps viruses act
on a parallel pathway to stimulate membrane synthesis needed for
autophagosome and amphisome production. Given that viruses
require changes in gene expression relating to both membrane syn-
thesis and cellular chaperones, it would be intriguing to learn how
the signal transduction events that relate the UPR and autophagy
are connected.

The role of ubiquitin and DUBs in virus infection is an intrigu-
ing new topic with great potential to provide new insights into
the host machinery involved in regulating virus infection. We pre-
sented examples of viruses belonging to a broad number of virus
genera interact with the UPS machinery to either regulate its own
replication cycle, modulate intercellular movement, or evade host
defenses. As an aggregate, this work shows that viruses can manip-
ulate the UPS machinery to suppress host defenses, modulate virus
replication, and regulate viral protein turnover. The breadth of
examples clearly shows that the UPS machinery plays a critical
role in virus infection for a wide range of plant viruses.

ACKNOWLEDGMENTS
Research is funded by USDA Award No. 2014-67014-21715.
Thanks to Rita Miller, Associate Professor, Department of Bio-
chemistry and Molecular Biology at OSU for critical review of this
manuscript. Thank you to Dr. John Hammond, Research Scientist
at USDA-ARS for discussion of gene networks.

REFERENCES
Acosta-Alvear, D., Zhou, Y., Blais, A., Tsikitis, M., Lents, N. H., Arias, C., et al. (2007).

XBP1 controls diverse cell type- and condition-specific transcriptional regulatory
networks. Mol. Cell. 27, 53–66. doi: 10.1016/j.molcel.2007.06.011

Ambrose, R. L., and Mackenzie, J. M. (2011). West nile virus differentially modu-
lates the unfolded protein response to facilitate replication and immune evasion.
J. Virol. 85, 2723–2732. doi: 10.1128/JVI.02050-10

An, Y. Q., Lin, R. M., Wang, F. T., Feng, J., Xu, Y. F., and Xu, S. C. (2011). Molecular
cloning of a new wheat calreticulin gene TaCRT1 and expression analysis in plant
defense responses and abiotic stress resistance. Genet. Mol. Res. 10, 3576–3585.
doi: 10.4238/2011.November.10.1

Aranda, M. A., Escaler, M., Wang, D., and Maule, A. J. (1996). Induction of HSP70
and polyubiquitin expression associated with plant virus replication. Proc. Natl.
Acad. Sci. U.S.A. 93, 15289–15293. doi: 10.1073/pnas.93.26.15289

Ballut, L., Drucker, M., Pugniere, M., Cambon, F., Blanc, S., Roquet, F., et al. (2005).
HcPro, a multifunctional protein encoded by a plant RNA virus, targets the 20S
proteasome and affects its enzymic activities. J. Gen. Virol. 86, 2595–2603. doi:
10.1099/vir.0.81107-0

Baluska, F., Samaj, J., Napier, R., and Volkmann, D. (1999). Maize calreticulin
localizes preferentially to plasmodesmata in root apex. Plant J. 19, 481–488. doi:
10.1046/j.1365-313X.1999.00530.x

Barajas, D., Li, Z., and Nagy, P. D. (2009). The Nedd4-type Rsp5p ubiquitin ligase
inhibits tombusvirus replication by regulating degradation of the p92 replication
protein and decreasing the activity of the tombusvirus replicase. J. Virol. 83, 11751–
11764. doi: 10.1128/JVI.00789-09

Barajas, D., and Nagy, P. D. (2010). Ubiquitination of tombusvirus p33 replication
protein plays a role in virus replication and binding to the host Vps23p ESCRT
protein. Virology 397, 358–368. doi: 10.1016/j.virol.2009.11.010

Frontiers in Plant Science | Plant Cell Biology March 2014 | Volume 5 | Article 66 | 8

http://www.frontiersin.org/Plant_Cell_Biology/
http://www.frontiersin.org/Plant_Cell_Biology/archive


Verchot UPR machinery aids virus pathogenesis

Baumberger, N., Tsai, C. H., Lie, M., Havecker, E., and Baulcombe, D. C.
(2007). The polerovirus silencing suppressor P0 targets ARGONAUTE proteins
for degradation. Curr. Biol. 17, 1609–1614. doi: 10.1016/j.cub.2007.08.039

Bayne, E. H., Rakitina, D. V., Morozov, S. Y., and Baulcombe, D. C. (2005). Cell-
to-cell movement of potato potexvirus X is dependent on suppression of RNA
silencing. Plant J. 44, 471–482. doi: 10.1111/j.1365-313X.2005.02539.x

Belaidouni, N., Marchal, C., Benarous, R., and Besnard-Guerin, C. (2007). Involve-
ment of the betaTrCP in the ubiquitination and stability of the HIV-1Vpu protein.
Biochem. Biophys. Res. Commun. 357, 688–693. doi: 10.1016/j.bbrc.2007.03.195

Boevink, P., and Oparka, K. J. (2005). Virus-host interactions during movement
processes. Plant Physiol. 138, 1815–1821. doi: 10.1104/pp.105.066761

Bortolamiol, D., Pazhouhandeh, M., Marrocco, K., Genschik, P., and Ziegler-Graff,
V. (2007). The polerovirus F box protein P0 targets ARGONAUTE1 to suppress
RNA silencing. Curr. Biol. 17, 1615–1621. doi: 10.1016/j.cub.2007.07.061

Bour, S., Geleziunas, R., and Wainberg, M. A. (1995). The human immunodeficiency
virus type 1 (HIV-1) CD4 receptor and its central role in promotion of HIV-1
infection. Microbiol. Rev. 59, 63–93.

Brandizzi, F., Hanton, S., Dasilva, L. L., Boevink, P., Evans, D., Oparka, K.,
et al. (2003). ER quality control can lead to retrograde transport from the ER
lumen to the cytosol and the nucleoplasm in plants. Plant J. 34, 269–281. doi:
10.1046/j.1365-313X.2003.01728.x

Camborde, L., Planchais, S., Tournier, V., Jakubiec, A., Drugeon, G., Lacassagne,
E., et al. (2010). The ubiquitin-proteasome system regulates the accumulation
of turnip yellow mosaic virus RNA-dependent RNA polymerase during viral
infection. Plant Cell 22, 3142–3152. doi: 10.1105/tpc.109.072090

Carette, J. E., Stuiver, M., Van Lent, J., Wellink, J., and Van Kammen, A. (2000).
Cowpea mosaic virus infection induces a massive proliferation of endoplasmic
reticulum but not Golgi membranes and is dependent on de novo membrane
synthesis. J. Virol. 74, 6556–6563. doi: 10.1128/JVI.74.14.6556-6563.2000

Castellano, M., and Martelli, G. (1984). Ultrastructure and nature of vesiculated
bodies associated with isometric virus-like particles in diseased grapevines. J.
Ultrastruct. Res. 89, 56–64. doi: 10.1016/S0022-5320(84)80023-4

Chan, S. W., and Egan, P. A. (2005). Hepatitis C virus envelope proteins regulate
CHOP via induction of the unfolded protein response. FASEB J. 19, 1510–1512.

Chen, M. H., Tian, G. W., Gafni, Y., and Citovsky, V. (2005). Effects of cal-
reticulin on viral cell-to-cell movement. Plant Physiol. 138, 1866–1876. doi:
10.1104/pp.105.064386

Chenon, M., Camborde, L., Cheminant, S., and Jupin, I. (2012). A viral deubiqui-
tylating enzyme targets viral RNA-dependent RNA polymerase and affects viral
infectivity. EMBO J. 31, 741–753. doi: 10.1038/emboj.2011.424

Chiu, M. H., Chen, I. H., Baulcombe, D. C., and Tsai, C. H. (2010). The silencing
suppressor P25 of potato virus X interacts with Argonaute1 and mediates its
degradation through the proteasome pathway. Mol. Plant Pathol. 11, 641–649.
doi: 10.1111/j.1364-3703.2010.00634.x

Christensen, A., Svensson, K., Thelin, L., Zhang, W., Tintor, N., Prins, D.,
et al. (2010). Higher plant calreticulins have acquired specialized functions in
Arabidopsis. PLoS ONE 5:e11342. doi: 10.1371/journal.pone.0011342

Ciccaglione, A. R., Marcantonio, C., Tritarelli, E., Equestre, M., Vendittelli, F.,
Costantino, A., et al. (2007). Activation of the ER stress gene gadd153 by hep-
atitis C virus sensitizes cells to oxidant injury. Virus Res. 126, 128–138. doi:
10.1016/j.virusres.2007.02.006

Costa, R. O., Ferreiro, E., Cardoso, S. M., Oliveira, C. R., and Pereira, C. M. (2010).
ER stress-mediated apoptotic pathway induced by amyloid-beta peptide requires
the presence of functional mitochondria. J. Alzheimers Dis. 20, 625–636. doi:
10.3233/JAD-2010-091369

den Boon, J. A., Diaz, A., and Ahlquist, P. (2010). Cytoplasmic viral replication
complexes. Cell Host Microbe 8, 77–85. doi: 10.1016/j.chom.2010.06.010

Deng, Y., Humbert, S., Liu, J. X., Srivastava, R., Rothstein, S. J., and Howell, S. H.
(2011). Heat induces the splicing by IRE1 of a mRNA encoding a transcription
factor involved in the unfolded protein response in Arabidopsis. Proc. Natl. Acad.
Sci. U.S.A. 108, 7247–7252. doi: 10.1073/pnas.1102117108

Diaz, A., Wang, X., and Ahlquist, P. (2010). Membrane-shaping host retic-
ulon proteins play crucial roles in viral RNA replication compartment for-
mation and function. Proc. Natl. Acad. Sci. U.S.A. 107, 16291–16296. doi:
10.1073/pnas.1011105107

Diehl, J. A., Fuchs, S. Y., and Koumenis, C. (2011). The cell biol-
ogy of the unfolded protein response. Gastroenterology 141, 38–41. doi:
10.1053/j.gastro.2011.05.018S0016

Drugeon, G., and Jupin, I. (2002). Stability in vitro of the 69K movement protein
of turnip yellow mosaic virus is regulated by the ubiquitin-mediated proteasome
pathway. J. Gen. Virol. 83, 3187–3197.

Dunoyer, P., Ritzenthaler, C., Hemmer, O., Michler, P., and Fritsch, C. (2002). Intra-
cellular localization of the peanut clump virus replication complex in tobacco
BY-2 protoplasts containing green fluorescent protein-labeled endoplasmic retic-
ulum or Golgi apparatus. J. Virol. 76, 865–874. doi: 10.1128/JVI.76.2.865-
874.2002

Estrabaud, E., De Muynck, S., and Asselah, T. (2011). Activation of unfolded pro-
tein response and autophagy during HCV infection modulates innate immune
response. J. Hepatol. 55, 1150–1153. doi: 10.1016/j.jhep.2011.04.025

Evans, J. D., Crown, R. A., Sohn, J. A., and Seeger, C. (2011). West nile virus infection
induces depletion of IFNAR1 protein levels. Viral Immunol. 24, 253–263. doi:
10.1089/vim.2010.0126

Fagone, P., and Jackowski, S. (2009). Membrane phospholipid synthesis and endo-
plasmic reticulum function. J. Lipid Res. 50, S311–S316. doi: 10.1194/jlr.R800049-
JLR200

Fusaro, A. F., Correa, R. L., Nakasugi, K., Jackson, C., Kawchuk, L., Vaslin, M. F., et al.
(2012). The enamovirus P0 protein is a silencing suppressor which inhibits local
and systemic RNA silencing through AGO1 degradation. Virology 426, 178–187.
doi: 10.1016/j.virol.2012.01.026

Garcia-Marcos, A., Pacheco, R., Martianez, J., Gonzalez-Jara, P., Diaz-Ruiz, J. R.,
and Tenllado, F. (2009). Transcriptional changes and oxidative stress associated
with the synergistic interaction between potato virus X and potato virus Y and
their relationship with symptom expression. Mol. Plant Microbe Interact. 22,
1431–1444. doi: 10.1094/MPMI-22-11-1431

Genoves, A., Pallas, V., and Navarro, J. A. (2011). Contribution of topology
determinants of a viral movement protein to its membrane association, intra-
cellular traffic, and viral cell-to-cell movement. J. Virol. 85, 7797–7809. doi:
10.1128/JVI.02465-10

Guenoune-Gelbart, D., Elbaum, M., Sagi, G., Levy, A., and Epel, B. L. (2008).
Tobacco mosaic virus (TMV) replicase and movement protein function syner-
gistically in facilitating TMV spread by lateral diffusion in the plasmodesmal
desmotubule of Nicotiana benthamiana. Mol. Plant Microbe Interact. 21, 335–345.
doi: 10.1094/MPMI-21-3-0335

Hericourt, F., Blanc, S., Redeker, V., and Jupin, I. (2000). Evidence for phosphoryla-
tion and ubiquitinylation of the turnip yellow mosaic virus RNA-dependent RNA
polymerase domain expressed in a baculovirus-insect cell system. Biochem. J. 349,
417–425. doi: 10.1042/0264-6021:3490417

Iwata, Y., and Koizumi, N. (2012). Plant transducers of the endoplasmic
reticulum unfolded protein response. Trends Plant Sci. 17, 720–727. doi:
10.1016/j.tplants.2012.06.014

Jelitto-Van Dooren, E. P., Vidal, S., and Denecke, J. (1999). Anticipating endoplas-
mic reticulum stress. A novel early response before pathogenesis-related gene
induction. Plant Cell 11, 1935–1944. doi: 10.1105/tpc.11.10.1935

Jia, X. Y., He, L. H., Jing, R. L., and Li, R. Z. (2009). Calreticulin: conserved protein
and diverse functions in plants. Physiol. Plant. 136, 127–138. doi: 10.1111/j.1399-
3054.2009.01223.x

Jia, X. Y., Xu, C. Y., Jing, R. L., Li, R. Z., Mao, X. G., Wang, J. P., et al.
(2008). Molecular cloning and characterization of wheat calreticulin (CRT) gene
involved in drought-stressed responses. J. Exp. Bot. 59, 739–751. doi: 10.1093/jxb/
erm369

Jin, Y., Ma, D., Dong, J., Jin, J., Li, D., Deng, C., et al. (2007). HC-Pro protein of
potato virus Y can interact with three Arabidopsis 20S proteasome subunits in
planta. J. Virol. 81, 12881–12888. doi: 10.1128/JVI.00913-917

Jockusch, H., and Wiegand, C. (2003). Misfolded plant virus proteins: elicitors
and targets of ubiquitylation. FEBS Lett. 545, 229–232. doi: 10.1016/S0014-
5793(03)00549-0

Jouan, L., Chatel-Chaix, L., Melancon, P., Rodrigue-Gervais, I. G., Raymond, V.
A., Selliah, S., et al. (2012). Targeted impairment of innate antiviral responses
in the liver of chronic hepatitis C patients. J. Hepatol. 56, 70–77. doi:
10.1016/j.jhep.2011.07.017

Ju, H. J., Ye, C. M., and Verchot-Lubicz, J. (2008). Mutational analysis of PVX TGBp3
links subcellular accumulation and protein turnover. Virology 375, 103–117. doi:
10.1016/j.virol.2008.01.030.

Kawakami, S., Watanabe, Y., and Beachy, R. N. (2004). Tobacco mosaic virus infection
spreads cell to cell as intact replication complexes. Proc. Natl. Acad. Sci. U.S.A.
101, 6291–6296. doi: 10.1073/pnas.0401221101

www.frontiersin.org March 2014 | Volume 5 | Article 66 | 9

http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Cell_Biology/archive


Verchot UPR machinery aids virus pathogenesis

Ke, P. Y., and Chen, S. S. (2011a). Activation of the unfolded protein response and
autophagy after hepatitis C virus infection suppresses innate antiviral immunity
in vitro. J. Clin. Invest. 121, 37–56. doi: 10.1172/JCI41474

Ke, P. Y., and Chen, S. S. (2011b). Autophagy: a novel guardian of HCV against
innate immune response. Autophagy 7, 533–535. doi: 10.4161/auto.7.5.14732

Laporte, C., Vetter, G., Loudes, A. M., Robinson, D. G., Hillmer, S., Stussi-Garaud,
C., et al. (2003). Involvement of the secretory pathway and the cytoskeleton in
intracellular targeting and tubule assembly of grapevine fanleaf virus movement
protein in tobacco BY-2 cells. Plant Cell 15, 2058–2075. doi: 10.1105/tpc.013896

Li, L., Wang, L., Xiao, R., Zhu, G., Li, Y., Liu, C., et al. (2012). The invasion of tobacco
mosaic virus RNA induces endoplasmic reticulum stress-related autophagy in
HeLa cells. Biosci. Rep. 32, 171–186. doi: 10.1042/BSR20110069

Li, S., Ye, L., Yu, X., Xu, B., Li, K., Zhu, X., et al. (2009). Hepatitis C virus
NS4B induces unfolded protein response and endoplasmic reticulum over-
load response-dependent NF-kappaB activation. Virology 391, 257–264. doi:
10.1016/j.virol.2009.06.039

Li, Z., Barajas, D., Panavas, T., Herbst, D. A., and Nagy, P. D. (2008). Cdc34p
ubiquitin-conjugating enzyme is a component of the tombusvirus replicase com-
plex and ubiquitinates p33 replication protein. J. Virol. 82, 6911–6926. doi:
10.1128/JVI.00702-08

Liu, L., Cui, F., Li, Q., Yin, B., Zhang, H., Lin, B., et al. (2011). The endoplasmic
reticulum-associated degradation is necessary for plant salt tolerance. Cell Res.
21, 957–969. doi: 10.1038/cr.2010.181

Liu, Y., Schiff, M., Czymmek, K., Talloczy, Z., Levine, B., and Dinesh-Kumar, S.
P. (2005). Autophagy regulates programmed cell death during the plant innate
immune response. Cell 121, 567–577. doi: 10.1016/j.cell.2005.03.007

Mai, B., and Breeden, L. (1997). Xbp1, a stress-induced transcriptional repressor of
the Saccharomyces cerevisiae Swi4/Mbp1 family. Mol. Cell. Biol. 17, 6491–6501.

Malim, M. H., and Emerman, M. (2008). HIV-1 accessory proteins–ensuring
viral survival in a hostile environment. Cell Host Microbe 3, 388–398. doi:
10.1016/j.chom.2008.04.008

Martelli, G. P., Adams, M. J., Kreuze, J. F., and Dolja, V. V. (2007). Family flexiviridae:
a case study in virion and genome plasticity. Annu. Rev. Phytopathol. 45, 73–100.
doi: 10.1146/annurev.phyto.45.062806.094401

Martinez-Gil, L., Johnson, A. E., and Mingarro, I. (2010). Membrane insertion and
biogenesis of the turnip crinkle virus p9 movement protein. J. Virol. 84, 5520–5527.
doi: 10.1128/JVI.00125-10

Martinez-Gil, L., Sauri, A., Vilar, M., Pallas, V., and Mingarro, I. (2007). Membrane
insertion and topology of the p7B movement protein of melon necrotic spot virus
(MNSV). Virology 367, 348–357. doi: 10.1016/j.virol.2007.06.006

Mas, P., and Beachy, R. N. (1999). Replication of tobacco mosaic virus on endoplasmic
reticulum and role of the cytoskeleton and virus movement protein in intracellular
distribution of viral RNA. J. Cell Biol. 147, 945–958. doi: 10.1083/jcb.147.5.945

Matsukawa, M., Shibata, Y., Ohtsu, M., Mizutani, A., Mori, H., Wang, P., et al.
(2013). Nicotiana benthamiana calreticulin 3a is required for the ethylene-
mediated production of phytoalexins and disease resistance against oomycete
pathogen Phytophthora infestans. Mol. Plant Microbe Interact. 26, 880–892. doi:
10.1094/MPMI-12-12-0301-R

Melcher, U. (2000). The ‘30K’ superfamily of viral movement proteins. J. Gen. Virol.
81, 257–266.

Meusser, B., Hirsch, C., Jarosch, E., and Sommer, T. (2005). ERAD: the long road to
destruction. Nat. Cell Biol. 7, 766–772. doi: 10.1038/ncb0805-766

Miura, K., and Hasegawa, P. M. (2010). Sumoylation and other ubiquitin-like
post-translational modifications in plants. Trends Cell Biol. 20, 223–232. doi:
10.1016/j.tcb.2010.01.007

Moreno, A. A., Mukhtar, M. S., Blanco, F., Boatwright, J. L., Moreno, I., Jordan, M.
R., et al. (2012). IRE1/bZIP60-mediated unfolded protein response plays distinct
roles in plant immunity and abiotic stress responses. PLoS ONE 7:e31944. doi:
10.1371/journal.pone.0031944

Moreno, A. A., and Orellana, A. (2011). The physiological role of the unfolded
protein response in plants. Biol. Res. 44, 75–80. doi: 10.4067/S0716-
97602011000100010

Muller, J., Piffanelli, P., Devoto, A., Miklis, M., Elliott, C., Ortmann, B., et al. (2005).
Conserved ERAD-like quality control of a plant polytopic membrane protein.
Plant Cell 17, 149–163. doi: 10.1105/tpc.104.026625

Mutwil, M., Obro, J., Willats, W. G., and Persson, S. (2008). GeneCAT–novel
webtools that combine BLAST and co-expression analyses. Nucleic Acids Res.
36, W320–W326. doi: 10.1093/nar/gkn292

Nagy, P. D., Wang, R. Y., Pogany, J., Hafren, A., and Makinen, K. (2011). Emerging
picture of host chaperone and cyclophilin roles in RNA virus replication. Virology
411, 374–382. doi: 10.1016/j.virol.2010.12.061

Nekrutenko, A., and He, J. (2006). Functionality of unspliced XBP1 is required to
explain evolution of overlapping reading frames. Trends Genet. 22, 645–648. doi:
10.1016/j.tig.2006.09.012

Netherton, C., Moffat, K., Brooks, E., and Wileman, T. (2007). A guide to viral
inclusions, membrane rearrangements, factories, and viroplasm produced dur-
ing virus replication. Adv. Virus Res. 70, 101–182. doi: 10.1016/S0065-3527(07)
70004-0

Niehl, A., Pena, E. J., Amari, K., and Heinlein, M. (2013). Microtubules in viral
replication and transport. Plant J. 75, 290–308. doi: 10.1111/tpj.12134

Nomaguchi, M., Fujita, M., and Adachi, A. (2008). Role of HIV-1 Vpu pro-
tein for virus spread and pathogenesis. Microbes Infect. 10, 960–967. doi:
10.1016/j.micinf.2008.07.006

Noueiry, A. O., and Ahlquist, P. (2003). Brome mosaic virus RNA replication: reveal-
ing the role of the host in RNA virus replication. Annu. Rev. Phytopathol. 41,
77–98. doi: 10.1146/annurev.phyto.41.052002.095717

Paradkar, P. N., Ooi, E. E., Hanson, B. J., Gubler, D. J., and Vasudevan, S. G. (2011).
Unfolded protein response (UPR) gene expression during antibody-dependent
enhanced infection of cultured monocytes correlates with dengue disease severity.
Biosci. Rep. 31, 221–230. doi: 10.1042/BSR20100078BSR20100078

Parmar, V. M., and Schroder, M. (2012). Sensing endoplasmic reticulum stress. Adv.
Exp. Med. Biol. 738, 153–168. doi: 10.1007/978-1-4614-1680-7_10

Pazhouhandeh, M., Dieterle, M., Marrocco, K., Lechner, E., Berry, B., Brault, V.,
et al. (2006). F-box-like domain in the polerovirus protein P0 is required for
silencing suppressor function. Proc. Natl. Acad. Sci. U.S.A. 103, 1994–1999. doi:
10.1073/pnas.0510784103

Pena, J., and Harris, E. (2011). Dengue virus modulates the unfolded protein
response in a time-dependent manner. J. Biol. Chem. 286, 14226–14236. doi:
10.1074/jbc.M111.222703

Pena, J., and Harris, E. (2012). Early dengue virus protein synthesis induces
extensive rearrangement of the endoplasmic reticulum independent of the
UPR and SREBP-2 pathway. PLoS ONE 7:e38202. doi: 10.1371/journal.pone.00
38202

Peremyslov, V. V., Pan, Y. W., and Dolja, V. V. (2004). Movement protein of a clos-
terovirus is a type III integral transmembrane protein localized to the endoplasmic
reticulum. J. Virol. 78, 3704–3709. doi: 10.1128/JVI.78.7.3704-3709.2004

Persson, S., Rosenquist, M., Svensson, K., Galvao, R., Boss, W. F., and Sommarin, M.
(2003). Phylogenetic analyses and expression studies reveal two distinct groups
of calreticulin isoforms in higher plants. Plant Physiol. 133, 1385–1396. doi:
10.1104/pp.103.024943

Reichel, C., and Beachy, R. N. (2000). Degradation of tobacco mosaic virus
movement protein by the 26S proteasome. J. Virol. 74, 3330–3337. doi:
10.1128/JVI.74.7.3330-3337.2000

Ribeiro, D., Foresti, O., Denecke, J., Wellink, J., Goldbach, R., and Kormelink,
R. J. (2008). Tomato spotted wilt virus glycoproteins induce the formation
of endoplasmic reticulum- and Golgi-derived pleomorphic membrane struc-
tures in plant cells. J. Gen. Virol. 89, 1811–1818. doi: 10.1099/vir.0.2008/0011
64-1160

Richards, A. L., and Jackson, W. T. (2012). Intracellular vesicle acidification pro-
motes maturation of infectious poliovirus particles. PLoS Pathog. 8:e1003046.
doi: 10.1371/journal.ppat.1003046

Richards, A. L., and Jackson, W. T. (2013). How positive-strand RNA viruses
benefit from autophagosome maturation. J. Virol. 87, 9966–9972. doi:
10.1128/JVI.00460-13

Ritzenthaler, C., Laporte, C., Gaire, F., Dunoyer, P., Schmitt, C., Duval, S., et al.
(2002). Grapevine fanleaf virus replication occurs on endoplasmic reticulum-
derived membranes. J. Virol. 76, 8808–8819. doi: 10.1128/JVI.76.17.8808-
8819.2002

Sahana, N., Kaur, H., Basavaraj, Tena, F., Jain, R. K., Palukaitis, P., et al. (2012).
Inhibition of the host proteasome facilitates papaya ringspot virus accumulation
and proteosomal catalytic activity is modulated by viral factor HcPro. PLoS ONE
7:e52546. doi: 10.1371/journal.pone.0052546

Sambade, A., Brandner, K., Hofmann, C., Seemanpillai, M., Mutterer, J., and
Heinlein, M. (2008). Transport of TMV movement protein particles associ-
ated with the targeting of RNA to plasmodesmata. Traffic 9, 2073–2088. doi:
10.1111/j.1600-0854.2008.00824.x

Frontiers in Plant Science | Plant Cell Biology March 2014 | Volume 5 | Article 66 | 10

http://www.frontiersin.org/Plant_Cell_Biology/
http://www.frontiersin.org/Plant_Cell_Biology/archive


Verchot UPR machinery aids virus pathogenesis

Sauri, A., Saksena, S., Salgado, J., Johnson, A.E., and Mingarro, I. (2005). Double-
spanning plant viral movement protein integration into the endoplasmic retic-
ulum membrane is signal recognition particle-dependent, translocon-mediated,
and concerted. J. Biol. Chem. 280, 25907–25912. doi: 10.1074/jbc.M412476200

Shen, W., Yan, P., Gao, L., Pan, X., Wu, J., and Zhou, P. (2010). Helper
component-proteinase (HC-Pro) protein of papaya ringspot virus interacts
with papaya calreticulin. Mol. Plant Pathol. 11, 335–346. doi: 10.1111/j.1364-
3703.2009.00606.x

Shi, J., and Luo, H. (2012). Interplay between the cellular autophagy machinery
and positive-stranded RNA viruses. Acta Biochim. Biophys. Sin. (Shanghai) 44,
375–384. doi: 10.1093/abbs/gms010

Shiboleth, Y. M., Haronsky, E., Leibman, D., Arazi, T., Wassenegger, M., Whitham,
S. A., et al. (2007). The conserved FRNK box in HC-Pro, a plant viral suppressor
of gene silencing, is required for small RNA binding and mediates symptom
development. J. Virol. 81, 13135–13148. doi: 10.1128/JVI.01031-07

Shinohara, Y., Imajo, K., Yoneda, M., Tomeno, W., Ogawa, Y., Kirikoshi, H., et al.
(2013). Unfolded protein response pathways regulate hepatitis C virus replication
via modulation of autophagy. Biochem. Biophys. Res. Commun. 432, 326–332.
doi: 10.1016/j.bbrc.2013.01.103

Sir, D., Liang, C., Chen, W. L., Jung, J. U., and Ou, J. H. (2008). Perturbation of
autophagic pathway by hepatitis C virus. Autophagy 4, 830–831.

Slepak, T. I., Tang, M., Slepak, V. Z., and Lai, K. (2007). Involvement of endoplasmic
reticulum stress in a novel classic galactosemia model. Mol. Genet. Metab. 92,
78–87. doi: 10.1016/j.ymgme.2007.06.005

Smalle, J., and Vierstra, R. D. (2004). The ubiquitin 26S protea-
some proteolytic pathway. Annu. Rev. Plant Biol. 55, 555–590. doi:
10.1146/annurev.arplant.55.031903.141801

Tardif, K. D., Waris, G., and Siddiqui, A. (2005). Hepatitis C virus, ER stress, and
oxidative stress. Trends Microbiol 13, 159–163. doi: 10.1016/j.tim.2005.02.004

Taylor, M. P., and Jackson, W. T. (2009). Viruses and arrested autophagosome
development. Autophagy 5, 870–871.

Thelin, L., Mutwil, M., Sommarin, M., and Persson, S. (2011). Diverging functions
among calreticulin isoforms in higher plants. Plant Signal. Behav. 6, 905–910. doi:
10.4161/psb.6.6.15339

Tilsner, J., Amari, K., and Torrance, L. (2011). Plasmodesmata viewed as specialised
membrane adhesion sites. Protoplasma 248, 39–60. doi: 10.1007/s00709-010-
0217-6

Tilsner, J., Cowan, G. H., Roberts, A. G., Chapman, S. N., Ziegler, A., Savenkov,
E., et al. (2010). Plasmodesmal targeting and intercellular movement of potato
mop-top pomovirus is mediated by a membrane anchored tyrosine-based motif
on the lumenal side of the endoplasmic reticulum and the C-terminal trans-
membrane domain in the TGB3 movement protein. Virology 402, 41–51. doi:
10.1016/j.virol.2010.03.008

Turner, K. A., Sit, T. L., Callaway, A. S., Allen, N. S., and Lommel, S. A. (2004). Red
clover necrotic mosaic virus replication proteins accumulate at the endoplasmic
reticulum. Virology 320, 276–290. doi: 10.1016/j.virol.2003.12.006

Urade, R. (2007). Cellular response to unfolded proteins in the endoplasmic reticu-
lum of plants. FEBS J. 274, 1152–1171. doi: 10.1111/j.1742-4658.2007.05664.x

Urade, R. (2009). The endoplasmic reticulum stress signaling pathways in plants.
Biofactors 35, 326–331. doi: 10.1002/biof.45

Usadel, B., Obayashi, T., Mutwil, M., Giorgi, F. M., Bassel, G. W., Tanimoto, M.,
et al. (2009). Co-expression tools for plant biology: opportunities for hypothesis
generation and caveats. Plant Cell Environ. 32, 1633–1651. doi: 10.1111/j.1365-
3040.2009.02040.x

Verchot-Lubicz, J., Torrance, L., Solovyev, A. G., Morozov, S. Y., Jackson, A.
O., and Gilmer, D. (2010). Varied movement strategies employed by triple
gene block-encoding viruses. Mol. Plant Microbe Interact. 23, 1231–1247. doi:
10.1094/MPMI-04-10-0086

Verchot, J. (2011). Wrapping membranes around plant virus infection. Curr. Opin.
Virol. 1, 388–395. doi: 10.1016/j.coviro.2011.09.009

Verchot, J. (2012). Cellular chaperones and folding enzymes are vital contributors to
membrane bound replication and movement complexes during plant RNA virus
infection. Front. Plant Sci. 3:275. doi: 10.3389/fpls.2012.00275

Vierstra, R. D. (2009). The ubiquitin-26S proteasome system at the nexus of plant
biology. Nat. Rev. Mol. Cell Biol. 10, 385–397. doi: 10.1038/nrm2688

Vilar, M., Sauri, A., Monne, M., Marcos, J. F., Von Heijne, G., Perez-Paya, E.,
et al. (2002). Insertion and topology of a plant viral movement protein in

the endoplasmic reticulum membrane. J. Biol. Chem. 277, 23447–23452. doi:
10.1074/jbc.M202935200

Wahyu Indra Duwi, F., Lee, S. Y., and Lee, K. O. (2013). The unfolded pro-
tein response in plants: a fundamental adaptive cellular response to internal
and external stresses. J. Proteomics 93, 356–368. doi: 10.1016/j.jprot.2013.
04.023

Wei, T., Huang, T. S., Mcneil, J., Laliberte, J. F., Hong, J., Nelson, R. S.,
et al. (2010). Sequential recruitment of the endoplasmic reticulum and chloro-
plasts for plant potyvirus replication. J. Virol. 84, 799–809. doi: 10.1128/JVI.
01824-09

Wei, T., and Wang, A. (2008). Biogenesis of cytoplasmic membranous vesi-
cles for plant potyvirus replication occurs at endoplasmic reticulum exit sites
in a COPI- and COPII-dependent manner. J. Virol. 82, 12252–12264. doi:
10.1128/JVI.01329-08

Wright, K. M., Wood, N. T., Roberts, A. G., Chapman, S., Boevink, P., Mackenzie, K.
M., et al. (2007). Targeting of TMV movement protein to plasmodesmata requires
the actin/ER network: evidence from FRAP. Traffic 8, 21–31. doi: 10.1111/j.1600-
0854.2006.00510.x

Wyatt, S. E., Tsou, P. L., and Robertson, D. (2002). Expression of the high capacity
calcium-binding domain of calreticulin increases bioavailable calcium stores in
plants. Transgenic Res. 11, 1–10. doi: 10.1023/A:1013917701701

Xu, C., Bailly-Maitre, B., and Reed, J. C. (2005). Endoplasmic reticulum stress: cell
life and death decisions. J. Clin. Invest. 115, 2656–2664. doi: 10.1172/JCI26373

Yap, Y. K., Duangjit, J., and Panyim, S. (2009). N-terminal of papaya ringspot virus
type-W (PRSV-W) helper component proteinase (HC-Pro) is essential for PRSV
systemic infection in zucchini. Virus Genes 38, 461–467. doi: 10.1007/s11262-
009-0348-z

Ye, C., and Verchot, J. (2011). Role of unfolded protein response in plant virus
infection. Plant Signal. Behav. 6, 1212–1215. doi: 10.4161/psb.6.8.16048

Ye, C. M., Chen, S., Payton, M., Dickman, M. B., and Verchot, J. (2013).
TGBp3 triggers the unfolded protein response and SKP1-dependent pro-
grammed cell death. Mol. Plant Pathol. 14, 241–255. doi:10.1111/mpp.
12000

Yu, C. Y., Hsu, Y. W., Liao, C. L., and Lin, Y. L. (2006). Flavivirus infection
activates the XBP1 pathway of the unfolded protein response to cope with
endoplasmic reticulum stress. J. Virol. 80, 11868–11880. doi: 10.1128/JVI.0
0879-06

Yue, X., Wang, H., Zhao, F., Liu, S., Wu, J., Ren, W., et al. (2012). Hepatitis B
virus-induced calreticulin protein is involved in IFN resistance. J. Immunol. 189,
279–286. doi:10.4049/jimmunol.1103405

Zavaliev, R., Levy, A., Gera, A., and Epel, B. L. (2013). Subcellular dynamics and role
of Arabidopsis beta-1,3-glucanases in cell-to-cell movement of tobamoviruses.
Mol. Plant Microbe Interact. 26, 1016–1030. doi: 10.1094/MPMI-03-13-
0062-R

Zhao, L., and Ackerman, S. L. (2006). Endoplasmic reticulum stress in health and
disease. Curr. Opin. Cell Biol. 18, 444–452. doi: 10.1016/j.ceb.2006.06.005

Zheng, Y., Gao, B., Ye, L., Kong, L., Jing, W., Yang, X., et al. (2005). Hepatitis C
virus non-structural protein NS4B can modulate an unfolded protein response.
J. Microbiol. 43, 529–536.

Conflict of Interest Statement: The author declares that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 11 December 2013; paper pending published: 03 January 2014; accepted: 07
February 2014; published online: 11 March 2014.
Citation: Verchot J (2014) The ER quality control and ER associated degrada-
tion machineries are vital for viral pathogenesis. Front. Plant Sci. 5:66. doi:
10.3389/fpls.2014.00066
This article was submitted to Plant Cell Biology, a section of the journal Frontiers in
Plant Science.
Copyright © 2014 Verchot. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or repro-
duction in other forums is permitted, provided the original author(s) or licensor are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

www.frontiersin.org March 2014 | Volume 5 | Article 66 | 11

http://dx.doi.org/10.3389/fpls.2014.00066
http://dx.doi.org/10.3389/fpls.2014.00066
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Cell_Biology/archive

	The er quality control and er associated degradation machineries are vital for viral pathogenesis
	Introduction
	Plant viral interactions with cellular membranes are essential for replication and egress
	Eukaryotic viruses interact with the upr machinery to promote pathogenesis
	The contrasting roles of calreticulin in stress response and viral pathogenesis

	The pro-viral role of upr and autophagy
	Manipulating the ubiquitin proteasome system for virus infection
	Conclusion
	Acknowledgments
	References


