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UPR signaling at the nexus of plant viral, bacterial, and

fungal defenses
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In recent years there have been significant advances in our
understanding of the ER stress responses in plants that are
associated with virus infection, as well as bacterial and fungal
diseases. In plants, ER stress induced by virus infection
includes several signaling pathways that include the unfolded
protein response (UPR) to promote the expression of
chaperone proteins for proper protein folding. Understanding
how facets of ER stress signaling broadly engage in pathogen
responses, as well as those that are specific to virus infection is
important to distinguishing features essential for broad cellular
defenses and processes that may be specifically linked to viral
infectivity and disease.
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Introduction

Positive strand RNA viruses are among the largest
group of viruses infecting plants and animals and
contribute to some of the most critical issues in agricul-
ture. These viruses typically create membrane-bound
environments to protect replication and assembly com-
plexes from cellular defenses. Especially for viruses that
assemble complexes along the endoplasmic reticulum
(ER), cellular membrane and protein synthesis become
enhanced to expand the capacity of the ER to meet the
needs of virus gene expression, replication, and cell-to-cell
movement. Therefore, protein sensors along the ER rec-
ognize such profound changes in the functioning of the ER
and activate stress responses, including the unfolded pro-
tein response (UPR) [1]. ER-resident chaperones and
transmembrane transcription factors are crucial to sensing

changesinthe ER and contribute to adaptive changesin the
cell that allows for invading pathogens [2-4].

The UPR consists of three ER stress sensors regulating
separate but intertwined signaling cascades leading to the
expression of ER-resident chaperones (Figure 1). In
mammals, these proximal sensors include the activating
transcription factor 6 (AT'F6) which is a membrane-bound
bZIP transcription factor; the inositol requiring enzyme 1
(IRE1, a and B isoform) which is a type 1 transmembrane
protein kinase/endoribonuclease; and a group of four
kinases that mediate phosphorylation of eukaryotic trans-
lation initiation factor 2a (elF2a), namely GCN2 (Gen-
eral Control Non-repressible 2); PERK (RNA dependent
Protein Kinase like ER kinase, also known as EIF2AK4);
HRI (Heme Regulated Inhibitor); and PKR (Protein
Kinase R). The ER-resident sensors in plants include
two transcription factors bZIP17 and bZIP28 that func-
tionally resemble the mammalian ATF6 and three IRE1
homologs, IRE1la, IRE1b, and IRElc [5,6,7,8°°]. In
plants, only one orthologue of the elF2a kinase-led
branch has been identified, which is a single copy of
GCNZ kinase [9]. In addition to regulating the capacity of
the ER to restore misfolded proteins, the UPR associates
with major cellular activities involved in innate immunity,
cell death, and autophagy [5,7].

Biotrophic bacterial and fungal pathogens also induce
changes in the plant ER and Golgi networks resulting in
increased synthesis of host proteins and lipids acting at
the plant-biotroph interface to accommodate as well as
restrict microbial proliferation [10,11]. There are addi-
tional ER-resident factors that are known to be involved
in cell death regulation, autophagy, and calcium signals,
such as Bax inhibitor-1 (BI-1), B-cell lymphoma-2 (Bcl-
2) associated athanogene 7 (BAG7), NAC089, NAC103,
GAAP1, and GAAP3. Their activities appear to coordi-
nate with UPR responses creating a complex network of
molecular interactions that can either benefit viruses or
certain bacterial and fungal infections to achieve com-
patibility, or support plant defense responses and innate
immunity [5,12,13°%,14,15]. Studies involving potato
virus X (PVX), potato virus Y (PVY), plantago asiatica
mosaic virus (PIAMV), and turnip mosaic virus (TuMV)
have uncovered how the ER and UPR machinery
creates an environment that is restrictive to infection
but also suppresses oxidative stress and cell death
[14,16]. Similarly, studies in plants involving Pseudomo-
nas syringae, Piriformospora indica, Alternaria alternata,
and Phytophthora sojae demonstrate the UPR machinery
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Figure 1
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(a) Model depiction of the IRE1, bZIP28/bZIP17, and GCN2 led branches of the UPR. BiP is a molecular chaperone required for folding proteins
and also binds IRE1 or bZIP28 monomers in the ER lumen. Phosphorylation controls the activation of IRE1 and GCN2.

(b) Model demonstrates the UPR signaling pathways are involved that respond to viral proteins, abiotic stress, SA binding proteins, and several
other bacterial and fungal pathogens. The major branches are regulated by AGB1 and BAG7 that are known to activate cellular defenses involved

in broad-spectrum resistance to pathogen infection. GCN2 regulates elF2a phosphorylation associated with broad-spectrum resistance to
bacterial and fungal pathogens. Its role in viral pathogenesis is not known. The IRE1 leads two divergent pathways that control the bulk
degradation of cellular mMRNAs (RIDD) or activate the bZIP60 transcription factor. The bZIP60, bZIP28, and bZIP17 separately respond to ER

stress but coordinate in the nucleus to activate the expression of cellular chaperones and cell fate-determining genes. BAG7 transfers into the
nucleus to function as a cofactor of the WRKY29 transcription factor. The GCN2 pathway activates TBF1. Both WRKY29 and TBF1 regulate the

expression of defense genes.

is vital for host defenses and the establishment of
mutualistic interactions [11,17,18,19°°,21]. Here, we will
discuss the current understanding of the mechanisms
underlying molecular plant-pathogen interactions

involving ER stress and UPR. We will explore how
plant viruses engage with the UPR machinery in ways
that are similar or different from bacterial and fungal
pathogens.
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IRE1-bZIP60 pathway modulates plant virus
infection

Mammals and plants have two or three IRE1 isoforms,
respectively, whereas yeast has a single gene. In mam-
mals and yeast, the ER-resident chaperone immunoglob-
ulin binding protein BiP (also known as GRP78) binds to
the N-terminal ER lumen domain (NLD) and interferes
with their dimerization. During ER stress, BiP releases
and IRE1s dimerize, resulting in the activation of the
cytosolic IRE1 kinase domain and endoribonuclease
activity for UPR (Figure 1a, see below for details).
Regarding the Arabidopsis isoforms IRE1a and IRE1b,
no binding partner has been identified experimentally for
the NLD region. The IRE1c isoform lacks the ER lumen
domain but cooperates with IRE1b in ER stress sensing
for growth and development [8°°]. Its role in pathogen
responses is unknown at this time. In Arabidopsis, the
endoribonuclease activity catalyzes the splicing of a 23-nt
segment of the 4ZIP60 mRNA to produce a functional
transcription factor. The IRE1-bZIP60 pathway activates
the expression of genes involved in managing ER stress,
UPR essential chaperones for protein folding, cell fate
determination, and innate immunity (Figure 1).

The IRE1-bZIP60 pathway is known to be supportive and
restrictive of virus infection [14]. For example, the TRV
vector was used to deliver 6ZIP60 transcript fragments for
bZIP60-silencing in N. benthamiana plants, and these
silenced plants were then inoculated with an infectious
clone of PVX containing the green fluorescent protein
(GFP). There were fewer PVX-GFP infection foci on the
inoculated leaves and the virus spread more slowly to the
upper leaves compared to wild-type plants. It was not clear
from these studiesifreduced 4Z1P60 expression specifically
compromised virus replication, genome expression, or cell-
to-cell movement. We were also concerned that possible
interactions between PVX and TRV, or TRV and host
cellular interactions could have obscured the results that
would be achieved by PVX alone in a 4ZIP60-knockout
background. Therefore, to better understand the role of the
IRE1-bZIP60 pathway we used Arabidopsis knockout
mutations disrupting /RE1 and 6ZIP60 genes [14,16,22]
to inoculate with a related potexvirus, PIAMV, and the
potyvirus, TuMV, for which Arabidopsis serves as a host
[14,16,22]. Experiments showed that 5ZIP60 mRNA splic-
ing occurs within three days following inoculation with
PIAMYV or TuMYV, or following expression of the potexvirus
"TGB3and potyvirus 6K2 proteins in wild-type Arabidopsis.
In the study by Zhang ez a/., T-DNA mutant lines of
Arabidopsis known as bzip60-1 and bzip60-2 which produce
5 or 3’ terminal truncated 4ZIP60 transcripts had different
effectson TuMVinfection [22]. At 18 days post-inoculation
(dpi), TuMV RNA levels were lower in systemically
infected tissues of bzip60-2 plants than bzip60-1 plants.
TuMYV infection also resulted in fewer and shorter stems
above the rosette of basal leaves in the bzip60-1 plants than
in bzip60-2 inoculated with TuMV and in buffer treated

plants, suggesting that szip60-2 had less severe disease [22].
While these studies linked A75Z1P60 to virus pathogenesis,
theydid notprovide anin-depth analysis of the effects of the
IRE1-bZIP60 pathway on virus accumulation in the inocu-
lated and systemic leaves. Also, the Arabidopsis plants were
flowering at 18 dpi that is often associated with a decline
virustiter. T'o follow up on these investigations, Gaguancela
et al. used GFP-tagged TuMV and PIAMV to track the
patternof virusmovementinirela-2,irel b-4, irel a-2/irel b-4,
and bzip60-2 mutant plants using a time-course study [16].
In this study TuMV-GFP accumulation was higher in the
inoculated leaves of irela-2, irelb-4, irela-2firelb-4, and
bzip60-2 mutant plants than in wild-type inoculated leaves.
We used GFP to track the systemic spread, and TuMV-
GFP reached higher levels in the upper leaves of irela-2/
irelb-4 mutant plants than in irela-2 or irelb-4 suggesting
there is some functional redundancy in how they regulate
phloem transport of TuMV-GFP. In parallel experiments,
PIAMV-GFP reached higherlevelsin the irela-2 or irel a-2/
1rel b-4 knockout lines than in 77¢/5-4 and wild-type Arabi-
dopsis plants. Immunoblot analysis also reported higher
levels of PIAMYV coat protein in irela-2 and irela-2firel -4
knockoutlines than in 77¢//-4 and wild-type Arabidopsis. In
this case, IRE1a and IRE1b were not functionally over-
lapping in how they regulated the PIAMV-GFP movement
through the phloem. These separate observations suggest
thatthe IRE1-bZIP60 signaling network includes activities
that promote or suppress infection [16,22]. The IRE1a-led
and IRE1b-led pathways seem to differently recognize
these unrelated viral proteins, which may have different
outcomes affecting virus replication, cell-to-cell move-
ment, or systemic movement through the phloem.

The expression of another ancient and evolutionarily
conserved UPR player, AzBI-1 (Arabidopsis BCL2-Asso-
ciated X (BAX) Inhibitor-1; see details below), was ele-
vated and dependent upon IRE1a/IRE1b in leaves
expressing the TuMV 6K2 or PVY 6K2 proteins; however,
AzBI-1 expression was independent of IRE1 in leaves
expressing PIAMV TGB3 or PVX TGB3 [11]. These viral
TGB3 and 6K2 proteins induced 4ZIP60 mRNA splicing
suggesting that regulation of AsBI-1 expression may
depend upon additional factors that combine with
bOZIP60. In arbi-1 Arabidopsis plants, or 6ZIP60-silenced
and BI-1-silenced N. benthamiana, potyvirus and potex-
virus accumulation were higher in locally inoculated and
systemic leaves. The effects of AtBI-1 were far greater
than bZIP60 suggesting that bZIP60 may be acting in
concert with other transcription factors to regulate infec-
tion [16]. This explanation could also account for the
seemingly contrasting effects of bZIP60 silencing and
genetic mutations on various virus infections [16].

Regulated IRE1-dependent decay of mRNA
(RIDD) in plant immunity

IRE1 catalyzes the endonucleolytic cleavage and bulk
degradation of specific mRNASs in a negative-regulation
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process called Regulated IRE1-Dependent Decay
(RIDD; Figure 1b) [23]. The mammalian XBP1 is the
orthologue of plant bZIP60, and RIDD cleavage occurs at
an XBP1-like consensus site but with an activity diver-
gent from RIDD-based XBP1 mRNA splicing [24]. While
the exact nature and roles of the RIDD-cleaved mRNAs
are not completely understood, research shows that
RIDD is integral to the molecular signaling during
IRE1-mediated cellular transitions between pro-survival
and pro-death programs [25].

While the cell is in the pro-survival state, IRE1 degrades
mRNAs encoding ER-resident proteins leading to a
decrease in the protein folding load in the ER. The
RIDD targets predominantly exhibit ER-membrane
associated localization and transitory functions. Research-
ers have speculated that in mammals, viral RNAs may be
RIDD targets as a host defense strategy. As a counter-
defense, the viruses may evolve cleavage resistance
[26,27]. In addition, Japanese encephalitis virus (JEV)
infection hijacks and triggers the RIDD pathway which
exerts a pro-viral outcome by enabling higher viral protein
production and higher virus titers [28°°]. Regardless of the
final infection outcomes, all of these scenarios require
further investigation. XBP1 is a strong inhibitor of the
RIDD mechanism and consequently, some immune
cells, such as cross-presenting lung DCs and NK cells,
spontancously turn on IRE1 to inhibit viral-induced
RIDD [29]. Whether an analogous mechanism involving
bZIP60 exists in plants remains to be explored. In sum,
modulating the host ER stress response to decrease viral
replication could constitute a promising strategy to com-
bat infection.

The RIDD pathway is a profoundly understudied area in
plant UPR with only two reports documented to date. A
recent study in Arabidopsis shed light on plant RIDD
mechanisms in response to two ER stress-inducing
agents, tunicamycin (T'm) and dithiothreitol (DT'T), as
well as an abiotic stress factor heat [30°]. Interestingly,
49 immune-associated transcripts were identified as
potential direct RIDD targets. Such targets include
well-characterized immune-responsive genes against bac-
terial and fungal infections, such as peroxidase PRX34,
EDS1, WRKY33, WRKY53, WRKY70, MLO4, several
heat shock proteins, and heat shock factors, chitinases
(including pathogenesis-related protein PR-4), and other
PR proteins from the B-glucosidase and defensin families
[30°]. In the second study, IRE1b RNase activity was
required for tunicamycin-induced autophagy in Arabi-
dopsis through RIDD-mediated degradation of mRNAs
[31°°,32]. This is particularly interesting considering a
recent study showing that TuMV activates autophagy in a
manner that depends upon the IRE1/bZIP60 pathway
and promotes virus infection. While this study reports
that bZIP60 is responsible for the upregulation of NBR1,
which an autophagy cargo adaptor protein, TuMYV co-opts

the NBR1 and ATGSf to help direct the viral replication
complex to the tonoplast membrane to create a protective
environment for the viral replication machinery [33].
Given the evidence that IRE1b can also induce autop-
hagy independent of bZIP60 through RIDD mediated
degradation, TuMV may rely on both IRE1-mediated
pathways to stimulate autophagy in a manner that ben-
efits virus infection and reduces cell death.

Intriguingly, several RIDD targets are genes contribute
to antiviral defenses such as Hsp70A, NDR1/HIN1-like
protein 3 (NHL3), Argonaute 2 (AGO2), plasmodesmata-
located protein 1 (PDLP1), and PR-4 [5,34]. The pres-
ence of immune-related mRNAs among the RIDD tar-
gets implies that plant IRE1 plays a role in altering
infection outcomes by rewiring the immune signaling
cascades and modifying the cellular abundance of PR
proteins, an area of future investigation. Moreover, it
would be useful to understand the crosstalk between
IRE1-dependent splicing (RIDS) and RIDD during
the pro-survival to pro-death transition and elucidate
how diverse viruses and other pathogens interfere with
this nexus for their benefit. Conversely, additional viral-
host interaction RIDD studies will allow us to understand
whether the plant hosts have evolved to degrade viral

RNAs through RIDD.

bZIP60 along with bZIP28 and bZIP17 respond
differently to potexvirus and potyvirus
infection

Two ER transmembrane transcription factors, bZIP28
and bZIP17, represent an alternative branch of the
UPR (Figure 1). The bZIP28 occurs as a complex in
the ER with the Bcl-2 associated athanogene 7 (BAG7)
and BiP. During heat, drought, or salt stress, these bZIP
factors shuttle from the ER to the Golgi where the SITE-
1 protease (S1P) and S2P remove their transmembrane
domains to enable nuclear migration. Studies revealed
that bZIP60, bZIP28, and bZIP17 form homodimers and
heterodimers in the nucleus. BAG7 has a transmembrane
domain that is also proteolytically removed before its
transfer into the nucleus where it interacts with WRKY29
to induce transcription of cytoprotective stress-responsive
genes. Gayral ¢z a/. [14] showed that the potexvirus TGB3
and potyvirus 6K2 induce expression of bZIP60, bZIP28,
and bZIP17. The Arabidopsis bzipl7, bzip28, bzip60,
bzipl7b2ip60, and bzip28b%ip60 knockout lines were inoc-
ulated with PIAMV-GFP or TuMV-GFP. PIAMV-GFP
infection was elevated in the inoculated and systemic
leaves of bzipl7, bzip60, and bzipl7bzip60 plants com-
pared to bzip28, bzip28bzip60, or wild-type plants. These
data suggest that virus infection was downregulated by
bZIP17 and bZIP60. On the other hand, TuMV-GFP
accumulated to higher levels in the inoculated and sys-
temic leaves of bzip28, bzip60, bzip28/bzip60, and bzipl7/
bzip60 knockout plants compared to bzipl7 and wild-type
Arabidopsis plants [14]. Gayral er a/. [14] proposed a
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model suggesting that bZIP60 and bZIP28 overlap in
their ability to activate genes that support PIAMV while
bZIP17 and bZIP60 work in concert to suppress infection.
Conversely, the bZIP28 and bZIP60 appear to restrict
TuMV while bZIP17 does not seem to impact TuMV
infection. Surprisingly, PIAMV-GFP, but not TuMV-
GFP, is restricted in the inoculated leaves in a manner
that requires BAG7. These data are interesting since
BAG?7 is a co-factor with WRKY29 engaged in pattern-
triggered immunity, suggesting that T'GB3-activation of
UPR may contribute to the maintenance of antiviral
immunity [13°°,14].

The 6ZIP17, bZIP28, and bZIP60 genes are attributed to
activating expression of ER-resident protein chaperones
and foldases that are central for UPR activity. Butitis also
reasonable to consider that there may be other genes that
contribute to cell defenses whose expression is also
impacted by these transcription factors and important for
regulating virus infection. T'o understand if ER-resident
protein chaperones and foldases are implicated in virus
infection, leaves were treated with chemical UPR modu-
lators D'T'T or tauroursodeoxycholicacid (TUDCA). D'TT
causes ER stress by reducing protein disulfide bonds and
decreases the protein folding capacity of the cell whereas
TUDCA alleviates ER stress by mitigating protein aggre-
gation and stabilizes protein conformation. When plants
were inoculated with PIAMV-GFP, we noted higher viral
loads in the DTT-treated leaves but lower levels in
TUDCA-treated leaves compared to untreated controls
[14]. Although the ways that bZIP17, bZIP28, and bZIP60
cooperate to regulate potyvirus and potexvirus infection are
not yet understood, they do serve to reinforce the levels of
ER-resident chaperones contributing to cellular defenses
that limit virus accumulation [14].

Diverse arms of UPR converge with innate
immunity networks

Salicylic acid (SA) mediates antiviral defenses including
systemic acquired resistance (SAR) [35-37]. Treating
leaves with synthetic SA restricts systemic virus move-
ment through the phloem [38]. There are approximately
30 SA-binding proteins in Arabidopsis, including the non-
expresser of pathogenesis-related protein 1 (NPR1),
which is a transcriptional co-factor activating the expres-
sion of PR genes essential for SAR [35]. SA signaling
overlaps with several antiviral mechanisms including,
RNA silencing, and influences the activation of RNA-
dependent RNA polymerase 1 (RDR1) and AGO [38-40].
Moreover, while RDR1-mediated and AGO-mediated
defenses can reduce infection by PVX, PVY, turnip
crinkle virus ('I'CV), and tobacco mosaic virus (TMV),
SA induces viral resistance mechanisms that are indepen-
dent of the antiviral silencing pathways [38]. For exam-
ple, alternative oxidase (AOX) is a mitochondrial enzyme
that regulates SA-induced resistance to plant viruses such
as cucumber mosaic virus (CMV), PVX, TCV, TMV, and

tomato spotted wilt virus (TSWV), in an NPR1-indepen-
dent manner [38].

SA treatment activates the IRE1/bZIP60 and bZIP28
arms of the UPR (Figure 1) in an NPR1-independent
manner [41]. SA treatment leads to transcriptional acti-
vation of bZIP60 [41]. It is not known if any SA-binding
proteins mediate the activation of the IRE1-bZIP60 and
bZIP28 pathways or if IRE1 and bZIP28 directly bind SA.
Some researchers speculated that SA elicits changes in
the phospholipid composition of the ER membrane and
that activates both pathways [42,43].

CPRS is a crucial inhibitor of effector-triggered immunity
that anchors to the nuclear pore complex (Figure 1) and
modulates SA-dependent UPR signaling [44,45°°,46].
CPR5 associates with recessive ryml resistance to rice
yellow mottle virus (RYMV) and Arabidopsis cpr5 mutants
show enhanced resistance to cauliflower mosaic virus,
pepper mild mottle virus, and tobacco mild green mosaic
virus [47,48]. Overexpression of CPRS5 limits the nuclear
entry of stress and defense-related proteins such as
NPRI1, JAZ1, ABI5 and, compromises effector-triggered
resistance to bacterial pathogens. Double mutants ¢pr5
bzip28 and ¢pr5 bzip60, as well as triple mutants ¢pr5
bzip28 bzip60, showed reduced transcript levels for BiP3
and the spliced 4ZIP60 products indicating CPRS5, is
linked to UPR regulation through the IRE1-bZIP60
and bZIP28 arms [45°°,49]. Experiments also showed
that CPRS interacts with bZIP60 and bZIP28, although
it is not evident that CPR5 restricts nuclear entry of these
bZIP factors [44]. Further research is needed to under-
stand if CPRS5 alters host susceptibility to infection
through modulating effector-triggered immunity, SA-
mediated defense, UPR signaling, or combinations of
these pathways.

The Arabidopsis heterotrimeric G protein 3 subunit,
AGBI1, was also shown to trigger UPR-related cell death
[50]. G proteins are eukaryotic GTP hydrolases that
transduce signaling in response to biotic and abiotic
stresses as well as developmental cues. Arabidopsis plants
lacking functional AGB1 support higher loads of CMV
and TuMV, which was further corroborated by the dimin-
ished spread of necrosis and reduced ion leakage [50]. In a
study by Lee e a/., Arabidopsis agbl-2 plants displayed
enhanced disease susceptibility towards Pseudomonas syr-
ingae pv. maculicola, as well as defects in stomatal immu-
nity in response to a non-host bacterial pathogen [51].
Although the underlying molecular mechanisms of
AGB1’s involvement in disease resistance are not yet
fully understood, it was proposed that AGB1 operates
in concert with other subunits in a heterotrimeric com-
plex, where individual subunits might have more special-
ized roles in plant immunity [51]. Consistent with AGB1’s
broader role in immunity to diverse pathogens, two
independent studies confirmed its positive contribution
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towards defense against necrotrophic fungi including
Plecrosphaerella  cucumerina, Alternaria brassicicola, and
Fusarium oxysporum [11,20]. Intriguingly, genetic interac-
tion studies determined an antagonistic relationship
between IRE1 and AGB1 [52]. Future mechanistic stud-
ies will shed more light on the importance of AGB1 and its
connection with UPR and plant immunity.

Although, as described above, the bona fide PERK ortho-
log is absent in plants and regulatory mechanisms of
GCNZ2 activation are largely unknown, plant GCN2
can phosphorylate eIF2a under a wide range of abiotic,
chemical, and pathogen treatments. This includes amino
acid starvation, herbicide glyphosate [53], UV and cold
stress, wounding, and salicylic acid (SA), as well as bacte-
rial infection [54,55] indicative of the functional conser-
vation of GCN2’s role in UPR (Figure 1). AtGCN2-
mediated phosphorylation of elF2a leads to the transla-
tional derepression of TBF1 [56°°,57], a transcription
factor activating the expression of 7171 cs-regulatory
motif-containing secretory genes including BiP2, CNX1,
CNX2, PDI, DADI, CRTI, CRT3, etc. [57], similar to
translational regulatory mechanisms of mammalian
A'TF4 and yeast GCN4.

Akin to AGB1, AtGCN2 has also been implicated in
broad-spectrum disease resistance against bacteria P.
syringae and Pectobacterium carotovorum, fungi Golovino-
myces cichoracearum and Botrytis cinerea, and oomycete
Hyaloperonospora arabidopsidis [58]. Recently, opposing
roles of AtGCNZ in pre-and post-invasive immunity
against P. syringae were uncovered that involve abscisic
acid homeostasis and stomatal immunity [56°°]. Although
preliminary work indicated that @zgen2 did not exhibit any
phenotypic difference to turnip yellow mosaic virus and
TCV [9], the plant virus-GCN2 nexus remains wide open.
Given the importance of host translational machinery in
viral replication [59], and the involvement of mammalian
GCNZ2 in host responses to a variety of viruses, it is
plausible that plant GCN2 homologs play crucial roles
in viral immunity, an area of future study.

Viral-triggered or bacterial-triggered UPR
modulates host cell death responses through
BiP and AtBI-1

Few studies point to a dual role for BiP and AtBI-1 in
modulating cell death responses across a variety of patho-
logical conditions. Besides interacting with IRE1, BiP
exhibits molecular chaperone activities, is involved in pro-
tein folding and maturation in the ER lumen, and is recog-
nized as a cytoprotective factor required for normal cell
physiology and support of host immunity [5,14,60,61°°].
T'he Arabidopsis genome encodes three members of the
BiP family, of which BiP1/2 are ubiquitously expressed
proteins sharing 99% identity, whereas BiP3 exclusively
expresses during ER stress conditions. The loss of function
of BiP2 combined with another secretory pathway

mutation, such as sec6/a or dadl, in Arabidopsis diminishes
the secretion of pathogenesis-related-1 (PR-1) protein and
establishment of SAR. Initial studies in N. benthamiana
plants showed that the PVX TGB3, the garlic virus X
(GarVX) P11, the P34 of lettuce infectious yellows virus
(LIYV), and the P6 of citrus tristeza virus (C'TV) are ER-
resident proteins that cause visible necrosis on V. benthami-
ana leaves when they are overexpressed and activate
NbbZIP60 leading to the upregulation of ER-resident
foldases including BiP [60,62]. Aguilar ¢z a/. reported that
PCD seen as the result of PVX and PVY synergism or in
tissues co-expressing the PVX TGB1 and PVY HC-Pro
proteins is likely due to collapse of the ER [63]. For each of
theseexamples where viral proteininteractions withthe ER
caused cell death, transient overexpression of BiP in the
same tissues protects against PCD [64]. We hypothesize
that overexpression of BiP attenuates the viral-induced
UPR, and in turn, abrogates the induction of cell death-
like symptoms indirectly. Indeed, soybean and tobacco
transgenics plants overexpressing BzP genes exhibited
downregulation of PCD-related transcriptome as well as
marked delay in the onset of leaf senescence under normal
physiological conditions. This negative regulation of PCD
was attributed, at least in part, to the inhibition of UPR and
cell death signaling pathways [65]. Consistent with its
protein folding and negative cell death functions, over-
expression of rice BiP3 significantly decreased the accumu-
lationofaricereceptor-like kinase, XA21,and consequently
compromised plant immunity triggered against a bacterial
pathogen Xanthomonas oryzae pv. oryzae. In contrast, over-
expression of BiP exhibited accelerated hypersensitive
response (HR; a hallmark of PCD) triggered by P. syringae
pv. fomato in soybean and tobacco suggesting the positive
contribution of BiP in promoting cell death [65,66]. Simi-
larly, BiP expressionis necessary for HR'T-mediated hyper-
sensitive response to Turnip crinkle virus infection [67].

The ecukaryotic BI-1 also exhibits both pro-and anti-
apoptotic properties under diverse ER-stress inducing
conditions [66,68]. In animals, the dual roles of BI-1 were
attributed to intensity and duration of UPR signaling, that
is, under adaptive and prolonged/severe ER stress con-
ditions, respectively (Figure 1). Plant BI-1 shares struc-
tural and functional similarity to the mammalian BI-1,
although plant genomes lack the counterparts of BI-1
interacting proteins such as the BAX and Bcl2-related
proteins [69], AtBI-1 was shown to be implicated in PCD
in response to viral, bacterial, and fungal pathogens
[16,66]. Consistently, asbi-1 mutant and N. benthamiana
plants silenced for BI-/ differentially contributed to
potyvirus-induced and potexvirus-induced necrosis, that
was possibly linked to their modes for local and system-
atic spread [16]. In another instance, BI-1 was dual-
function in TMV-N. benthamiana interactions [68]. While
the underlying molecular mechanisms are unknown, both
the Bl-1-silenced and overexpressing N. benthamiana
plants exhibited enhanced HR-like cell death
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phenotypes in response to TMV infection. Similarly,
ectopic overexpression of barley BI-1 resulted in both
disease susceptibility and resistance to diverse fungal
pathogens. While the frequency of HR-like cell death
not reduced upon infection with Blumeria graminis, a
biotrophic fungal pathogen, young seedlings overexpres-
sing BI-1 were significantly more resistant to Fusarium
graminearum [66,69,70]. These findings point to the fact
that BI-1 operates as both a negative and positive regula-
tor of cell death in response to pathogens with diverse
lifestyles and at different plant developmental stages.
Likewise, bacteria-induced cell death via P. syringae pv.
tomato DC3000-AvrRpt2 strain was enhanced in azbi-1
knockdown plants [71]. It is important to note that AtB-1
overexpression did not result in any differential cell death
phenotype to this bacterial strain presumably due to
AtBI-1-dependent activation of different arms as well
as intensity or duration of UPR under viral or bacterial
infection.
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