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REVIEW

Endoplasmic Reticulum Protein Quality Control and Its
Relationship to Environmental Stress Responses in Plants
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The endoplasmic reticulum (ER) has a sophisticated quality control (QC) system to eliminate improperly folded proteins
from the secretory pathway. Given that protein folding is such a fastidious process and subject to adverse environmental
conditions, the ER QC system appears to have been usurped to serve as an environmental sensor and responder in plants.
Under stressful conditions, the ER protein folding machinery reaches a limit as the demands for protein folding exceed the
capacity of the system. Under these conditions, misfolded or unfolded proteins accumulate in the ER, triggering an unfolded
protein response (UPR). UPR mitigates ER stress by upregulating the expression of genes encoding components of the
protein folding machinery or the ER-associated degradation system. In Arabidopsis thaliana, ER stress is sensed and stress
signals are transduced by membrane-bound transcription factors, which are activated and mobilized under environmental
stress conditions. Under acute or chronic stress conditions, UPR can also lead to apoptosis or programmed cell death.
Despite recent progress in our understanding of plant protein QC, discovering how different environmental conditions are
perceived is one of the major challenges in understanding this system. Since the ER QC system is one among many stress
response systems in plants, another major challenge is determining the extent to which the ER QC system contributes to

various stress responses in plants.

INTRODUCTION

The concept of quality control (QC) was first applied over two
decades ago by Hurtley and Helenius (1989) to the mechanisms
that safeguard the correct folding and assembly of secreted
and membrane proteins in the endoplasmic reticulum (ER). In
Arabidopsis thaliana, somewhat over 17% of all proteins have
predicted signal peptides and 33% have at least one transmem-
brane domain, many of which are likely to be associated with
ER membranes or other organelles on the secretory pathway
(Arabidopsis Genome Initiative, 2000). All of the cell wall protein
components and many of the proteins that populate the plasma
membrane or that are found in vacuoles/lysosomes, protein
bodies, etc., are proteins derived from the secretory pathway
(Sanderfoot and Raikhel, 2003). In the synthesis of secreted
proteins, N-terminal signal peptides are cleaved cotranslation-
ally by signal peptidases in the ER lumen, a step that can be
critical to the protein folding process (Coleman et al., 1995; Vitale
and Denecke, 1999). Upon entering the ER lumen, chaperones
and cochaperones bind to protect growing polypeptide chains
from aggregation, giving them time to fold and to prevent them
from collapsing into non-native structures (Figure 1). Oligosac-
charide units are added onto proteins bearing glycosylation
recognition sites, and the presence and modification of these
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units serve as signals for the entry to and exit from cycles in the
calnexin/calreticulin protein folding machine. The monitoring of
protein folding and the modification of oligosaccharide side
chains is a QC process that dictates whether a protein is ex-
ported to the Golgi or targeted for degradation (Hubbard and
Ivatt, 1981). A few protein species are retained in the ER through
retention signals that interact with integral membrane or soluble
receptors (Pagny et al., 1999). A partial list of genes known to be
involved in Arabidopsis protein QC, with accession numbers and
references, is provided in Supplemental Table 1 online.

While the ER QC system plays a vital role in assuring the quality
of proteins that enter the secretory pathway, the QC system also
appears to endow plants with the capacity to adapt to stressful
environmental conditions. It is not clear how or why that hap-
pens, but it is speculated that protein folding is so finicky that
environmental conditions such as pathogen attack, drought,
heat stress, and salinity can easily upset the process, triggering
ER stress responses. Another possibility is that many genes
involved in stress responses are secreted proteins and, as a re-
sult, ER stress responses and responses to environmental con-
ditions have evolved as coregulated systems. One of the most
highly conserved ER stress response mechanisms in eukaryotic
organisms is the unfolded protein response (UPR). UPR is part
of a QC mechanism optimizing the operation of the protein fold-
ing machinery in the ER under differing conditions. The protein
folding and ER-associated degradation (ERAD) machinery has
limited capacity, and UPR is induced when the folding demands
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Figure 1. Protein Folding and Modification in the ER.

’ 26S proteasome

The signal peptide sequence directs the translocation of polypeptides through the Sec61 translocon into the ER lumen. The ADP-bound state of the
chaperone BiP binds to nascent polypeptides to prevent protein aggregation. If an N-glycosylation site is detected, a preassembled oligosaccharide
core (GIc3Man9GIcNAc2) is transferred to the nascent protein catalyzed by the OST. Subsequently, rapid deglucosylation of the two outermost glucose

residues (G) on the oligosaccharide core structures permits the entry of th

e nascent protein into the CNX/CRT protein folding machinery. PDI family

proteins accelerate the folding by catalyzing formation of intra- and intermolecular disulfide bonds on the nascent proteins. The oxidizing environment in
the ER lumen is maintained by Ero1. Removal of the innermost glucose residues by glucosidase Il releases correctly folded proteins for export from the
ER. Incorrectly folded proteins are reglucosylated by UGGT and are cycled again through the CNX/CRT apparatus. Terminal improperly folded proteins
are recognized by EDEM and targeted to the retrotranslocon for ERAD. The functions of the illustrated proteins in Arabidopsis have not, in large part,
been demonstrated experimentally but have been inferred from their homology to proteins in yeast and mammalian cells.

in the ER exceed the capacity (Malhotra and Kaufman, 2007).
This can happen when large amounts of secreted proteins are
produced or the folding environment in the ER is disturbed under
environmental stress conditions, leading to the accumulation of
unfolded and/or misfolded proteins.

The mechanisms of QC and UPR in embryophytes and their
importance in seed development have been recently reviewed
(Urade, 2007; Tajima et al., 2008a; Vitale and Boston, 2008). The
involvement of QC and UPR in environment stresses, including
biotic and abiotic stresses, has received much attention and
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has shed new light on understanding and improving environ-
mental stress tolerance in land plants. This review describes the
complexity of the protein folding and degradation process and
recent progress in identifying in plants the components of the QC
system, which have been previously described in yeast and
mammalian cells. In this review, we emphasize the importance of
QC components in environmental stress tolerance and discuss
how plants cope with the ER stress induced by adverse envi-
ronmental conditions.

PROTEIN QC IN EMBRYOPHYTES

Protein Folding and Misfolding in the ER

Understanding protein folding has been one of the grand chal-
lenges of biology. Misfolding of proteins occurs even though the
native state of a protein generally represents a low free energy
form. In the process of folding, large proteins (in particular) pass
through folding intermediates in which elementary folding units,
so called foldons (Englander et al., 2007; Lindberg and Oliveberg,
2007), collapse into non-native forms. The energy landscape for
protein folding can have many hills and valleys, and proteins en
route to a native state may pass through or get stuck in one of
many kinetically stable misfolded forms (Hartl and Hayer-Hartl,
2009). The smoothness or roughness of the energy landscape
may dictate the stability of intermediate, misfolded, and native
forms (Bryngelson et al., 1995).

Protein folding in the ER, in particular, is aided by chaperones
and cochaperones. Chaperones are proteins that interact tran-
siently with other non-native proteins to help them acquire a
native state. Chaperones do not direct the outcome of the fold-
ing process; instead, they enhance the efficiency of the process
(Hartl and Hayer-Hartl, 2009). A major role of chaperones is to
prevent protein aggregation. Protein folding in the ER occurs in a
crowded environment in which the concentration of proteins
may be 100 g L= (Schroder and Kaufman, 2005). In such an
environment, protein folding intermediates can interact through
nonspecific hydrophobic interactions leading to the formation of
protein aggregates. Chaperones are also thought to delay the
folding of proteins during synthesis. Protein synthesis is relatively
slow, proceeding at a rate of ~4 amino acids s~', while the
hydrophobic collapse of a protein can occur in nanoseconds
(Stevens and Argon, 1999). Rapid collapse could prevent the
intervention of other slower processes required for successful
protein modification folding such as Pro isomerization. Further-
more, during the synthesis and translocation into the ER lumen of
alarge protein, if the N-terminal portion were to collapse, it might
prevent the C-terminal portion of the protein from contributing to
the global pattern of folding.

Binding protein (BiP), a member of the HSP70 family, is the
most abundant chaperone protein in the ER. It is associated with
the Sec61 translocon complex and interacts cotranslationally
with nascent proteins (Figure 1; Kleizen and Braakman, 2004).
BiP has the ability to bind folding intermediates of a large number
of the proteins because of its capacity to bind hydrophobic
peptides that in the folded state form B-strands buried in the
interior of a protein in its native state (Flynn et al., 1991).

BiP has a nucleotide binding site in its N-terminal domain and
has ATPase activity. In the ADP-bound state, BiP has high affinity
for binding proteins in its C-terminal substrate binding domain
(Flynn et al., 1989). The binding of BiP to proteins is released
by ATP binding through nucleotide exchange (Wei et al., 1995);
therefore, cycles of nucleotide hydrolysis and exchange drive
the binding and release BiP from unfolded or misfolded protein
substrates, a process that terminates when the hydrophobic
sequences in the protein substrate are buried (Gething, 1999).
One of the best examples of the role of BiP in the biogenesis of
a secreted protein is the binding of BiP to sites in monomers of
the trimeric bean protein Phaseolin that are buried in the mature
protein (Vitale et al., 1995; Foresti et al., 2003). The binding and
release cycles are regulated by cofactors, such as DNAJ proteins
that promote ATP hydrolysis or ATP:ADP exchange (Cheetham
and Caplan, 1998).

Arabidopsis has three BiP genes: BiP1, BiP2, and BiP3. At-
BiP1 and At-BiP2 are nearly identical in protein sequence. Both
are expressed at fairly high levels throughout the plant and
are induced by ER stress agents, such as tunicamycin and DTT
(Liu et al., 2007a; Iwata et al., 2008), and by heat (Gao et al.,
2008). At-BiP3 is normally expressed at much lower levels and
because of that is highly induced (in terms of fold change in
expression) by ER stress agents in seedlings (Martinez and
Chrispeels, 2003; Liu et al., 2007a; lwata et al., 2008). Plant BiP
expression has also been shown to be upregulated by other
environmental stresses, such as drought (Figueiredo et al.,
1997), cold (Anderson et al., 1994), and insect and pathogen
attack (Jelitto-Van Dooren et al., 1999). Also, overexpression of
plant BiP has been reported to confer drought tolerance in
soybean (Glycine max; Valente et al., 2009) and tobacco (Nico-
tiana tabacum) plants (Alvim et al., 2001). Mutation of At-BiP2
makes the plant more sensitive to pathogen attack resulting from
the impaired induction of PR1, linking the secretory pathway to
the systemic acquired resistance pathway (Wang et al., 2005). In
addition, BiP gene expression has been shown to be induced in
specific cell types at developmental stages associated with high
secretory activity (Boston et al., 1996) or in plants that have ex-
pressed assembly-defective proteins (Boston et al., 1991), fur-
ther implicating the role of BiP in protein folding. Arabidopsis
also has homologs of the yeast DNAJ protein Scj1p (Schlenstedt
et al., 1995), named At-J1, At-J2, and At-J3. However, the roles
of these DNAJ proteins in plants are less well studied. Yang et al.
(2009) reported that the protein THERMOSENSTITIVE MALE
STERILE1, which contains DNAJ domain and ERdj5C domain,
functions in thermotolerance of pollen tubes in Arabidopsis.

Similar to BiP, endoplasmin/GRP94 is also an abundant ER
molecular chaperone and one of the glucose-regulated proteins.
SHEPHERD (SHD) appears to encode the only ortholog of
GRP94 in Arabidopsis, which is highly induced by tunicamycin
and DTT (Martinez and Chrispeels, 2003; Liu and Howell, 2010).
Biochemical and cell biology studies indicated that At-SHD has
in vivo chaperone activity (Klein et al., 2006). Interestingly, the
substrates/targets of At-SHD seem to be very specific. Null
mutants of At-SHD have defects in meristem size control, re-
sembling the phenotypes of clavata mutants. Genetic analysis
showed that At-SHD is essential for the synthesis of CLV pro-
teins, especially at high temperature (Ishiguro et al., 2002).



Protein N-Glycosylation

Most proteins targeted to the secretory pathway are glycopro-
teins modified by the addition of N-linked oligosaccharides.
Glycosylation is an important posttranslational modification be-
cause it stabilizes some proteins against denaturation and pro-
teolysis, enhances their solubility, and serves as a recognition
signal for QC in the ER (Hammond et al., 1994; Ceriotti et al.,
1998; Helenius and Aebi, 2004). It is clear from the action of
tunicamycin, an inhibitor of N-glycosylation and a potent in-
ducer of UPR, that failure to N-glycosylate rapidly generates ER
stress.

Nascent plant proteins entering the ER lumen via the Sec61
translocon complex are scanned by oligosaccharyltransferase
(OST) for the presence of sequons or glycosylation site recog-
nition motifs (Asn-X-Ser/Thr; Figure 1). If sequons are detected,
then presynthesized oligosaccharides linked to lipid carriers
(dolichol-pyrophosphate) are transferred en bloc by OST to the
y-amido group of Asn residues in the sequon (Kornfeld and
Kornfeld, 1985). OST is a heteromeric, multisubunit protein
associated with the translocon complex and consists of eight
subunits in yeast, five of which are essential.

Arabidopsis has homologs to the five essential OST subunits
(homologous yeast proteins are in parentheses): DAD1 and
DAD2 (yeast Ost1 and Ost2, respectively), STT3A and STT3B
(yeast Stt3), DGL1 (yeast Wbp1), and HAP6 (yeast Swp1).
Mammalian cells have two OST isoforms with different catalytic
subunits (STT3A and STT3B) (Ruiz-Canada et al., 2009). This also
appears to be the case for Arabidopsis, since it has homologs of
both forms (Koiwa et al., 2003). The mammalian OST isoform
STT3A is primarily responsible for cotranslational glycosylation
of nascent polypeptides as they enter the ER lumen, while the
STT3B isoform is capable of posttranslational glycosylation
of skipped sequons (Ruiz-Canada et al., 2009). In Arabidopsis,
a T-DNA insertion in STT3A results in an osmotically sensitive
root phenotype and induction of UPR due to protein hypoglyco-
sylation. The single mutants stt3a-1 and stt3b-1 are both viable,
but the double mutant is a gametophytic lethal, suggesting that
the plant OST isoforms have partially overlapping roles (Koiwa
et al., 2003). At-DAD1 and At-DAD2 are thought to be involved in
OST anchoring (Gallois et al., 1997), and overexpression of these
genes suppressed the onset of DNA fragmentation under UV-C
exposure in Arabidopsis (Danon et al., 2004). DGL1-1 (for De-
fective Glycosylation 1-1) is an essential OST subunit in that
mutations in this gene impair glycosylation and affect cell differ-
entiation and growth in Arabidopsis (Lerouxel et al., 2005).

In most eukaryotes, the oligosaccharide units attached to N-gly-
cosylated proteins are branched structures (Figure 2) composed of
three glucoses, nine mannoses, and two N-acetyl-glucosamines
(Glc3Man9GIcNAc2) (Helenius and Aebi, 2004). The oligosac-
charide units are formed on the cytoplasmic side of the ER
membrane by the attachment of two N-acetyl-glucosamines
and five mannoses to lipid dolichol (Dol), which is a polyiso-
prenoid lipid comprised of ~20 isoprene units (Swiezewska and
Danikiewicz, 2005). This sugar precursor is flipped over to the
ER lumen where four mannose and three glucose residues
are added subsequently to produce the core oligosaccharide
(Helenius and Aebi, 2004). Leaf Wilting 1 protein is responsible
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Figure 2. The Structure of Lipid-Linked Oligosaccharide Unit
Glc3Man9GIcNAc2.

Two N-acetylglucosamine (N1 and N2, gray squares) and five mannose
residues (M3 to M7, gray, pink, and blue circles) are added subsequently
to the polyisoprenoid lipid dolichol (Dol) on the cytoplasmic side of the
ER. The above lipid-linked oligosaccharide (LLO) unit Man5GIcNAc2 is
then flipped over to face the ER lumen, where four additional mannose
(M8 to M11, pink circles) and three glucose residues (G12 to G14, blue
and gray triangles) are added to form the LLO unit Glc3Man9GIcNAc2.
The moieties containing 14 monosaccharide units are then transferred
from the lipid Dol to proteins and then subjected to further glucose and/
or mannose trimming at bond sites indicated by arrows. The enzymes
that catalyze the respective hydrolysis reactions are indicated. The
folding status of the protein is recognized either by the CNX/CRT through
residues indicated in blue or EDEM through residues indicated in pink.
The properly folded proteins are secreted out or the unfolded/misfolded
proteins are retrieved for degradation through ERAD.

for the Dol biosynthesis in Arabidopsis, and mutations in this
gene result in leaf wilting, lower leaf turgor, and drought resis-
tance (Zhang et al., 2008).

The core oligosaccharide structure is subject to glucose
trimming and further modification as the glycoprotein passes
through the secretory pathway (Figures 1 and 2). The modifica-
tions that occur on the core structure in the ER are important
because they serve as recognition tags for ER QC and reflect the
folding status of proteins (Helenius and Aebi, 2004). In particular,
protein glycans are recognition signals for the entry to and exit
from the ER protein folding apparatus involving calnexin (CNX)
and calreticulin (CRT). Many reviews have been written on the
subject, including Helenius and Aebi (2004), Moremen and
Molinari (2006), Caramelo and Parodi (2008), and a recent article
about CRT in plants (Jia et al., 2009).
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CNX-CRT Protein Folding Cycle

The principal protein folding machine in the ER is the CNX/CRT
protein folding apparatus (Figure 1). CNX and CRT are lectins, and
the oligosaccharide side chains on glycoproteins are the tickets for
the entry and exit from the protein folding machinery. Under stress
conditions, in particular, glycoproteins repeatedly fold and refold
constituting a CNX/CRT folding cycle (Hammond and Helenius,
1994). Entry of a glycoprotein into the cycle begins with the
successive removal of the outermost and the next glucose residue
(G14 and G13) from the core glycan by glucosidase | and Il (Figure
2). Glucosidase | is a type Il membrane glycoprotein closely as-
sociated with OST and the translocon complex (Caramelo and
Parodi, 2008). Glucosidase | is capable of hydrolyzing «-1,2
glycosidic bonds, cleaving off glucose 14 (G14) from the core
oligosaccharide structure. Removal of the terminal glucose resi-
dues from N-linked oligosaccharide chains can be critical to protein
folding. When the removal was blocked in bean (Phaseolus vulgaris)
by glucosidase inhibitors castanospermine and N-methyldeoxy-
nojirimycin, phaseolin polypeptides with partially trimmed glycans
were unable to form mature trimeric proteins (Lupattelli et al., 1997).

Arabidopsis has two glucosidase | genes that are close ho-
mologs of the enzymes in yeast (Matsushima et al., 2003). Glu-
cosidase |l is a soluble luminal enzyme that hydrolyzes «-1,3
linkages and cleaves off glucose 13 (G13) from the core oligo-
saccharide. Glucosidase |l is composed of two glycoprotein
subunits, a catalytic subunit «, and a B-subunit. The B-subunit
appears to have a subcellular localization and/or regulatory role
(Caramelo and Parodi, 2008). Arabidopsis has a close homolog
of the yeast a-subunit, but the two annotated B-subunit genes in
Arabidopsis (Burn et al., 2002) are more distantly related to their
yeast and mammalian counterparts.

The monoglucosylated core glycan (containing G12) so gener-
ated binds to CNX and/or CRT, which are folding cages protect-
ing nascent proteins from forming homo- or hetero-oligomeric
aggregates (Figure 1; Ruddock and Molinari, 2006). CRT is a
soluble protein in the ER lumen, and CNX is a type | membrane
protein. In Arabidopsis, there are three isoforms of CRT and two
of CNX. Both CNXs ectodomain and CRT have similar structures
with globular N-domains, an extended Pro-rich hairpin structure
called the P domain, and a C domain. The principal difference
between CRT and CNX is that CNX has a transmembrane
domain interposed between the P and C domains.

The N-terminal regions of the two lectins are globular
B-sandwich domains that interact with glucose moieties on the
monoglucosylated oligosaccharides of nascent glycoproteins.
The N domain is highly conserved in plants and has two signature
motifs, KHEQKLDCGGGYVLL and IMFGPDICG. A unique fea-
ture of CRTs in various plants is that they are glycosylated
with high mannose-containing oligosaccharides (Nardi et al.,
1998; Pagny et al., 2000; Navazio et al., 2002). This has not yet
been demonstrated for Arabidopsis CRTs, although the N do-
main sequences have potential N-glycosylation sites (Jia et al.,
2009). The P domain contains two triplet repeats that confer
an extended hairpin structure maintained by the binding of
Ca?*. A wheat (Triticum aestivum) CRT (Ta-CRT) is induced by
drought, and overexpression of Ta-CRT in tobacco plants en-
hances drought resistance (Jia et al., 2008).

Glycoproteins are released from CNX or CRT by the further
action of glucosidase Il, which cleaves off G12 by hydrolyzing
the «-1,3 glycosidic bond leaving a nonglucosylated oligosac-
charide (Figures 1 and 2). Released proteins that are not yet
properly folded are reglucosylated by UDP-glucose:glycoprotein
glucosyltransferase (UGGT) so that they can reenter the CNX/
CRT cycle. Thus, UGGT plays a key role in sensing protein
misfolding and sending proteins back for additional rounds
of folding. UGGT is a large soluble protein in the ER lumen with
a C-terminal catalytic segment and large N-terminal domain
that is thought to recognize the folding state of proteins.

A UGGT homolog is found in Arabidopsis, and mutations in the
gene have been picked up in genetic screens. Li and colleagues
(Jin et al., 2007, 2009) reported that BRI1-9, a structurally im-
perfect but functionally competent brassinosteroid receptor, is
retained and then disposed of by the ER QC system in wild-type
plants. However, in an ebs1-1 suppressor with a defect in UGGT,
BRI1-9 apparently is not reglucosylated and fails to be retained
in the CNX/CRT cycle, allowing it to escape QC and emerge to
the cell surface as a functional receptor (Jin et al., 2007). Another
suppressor, ebs2, with a mutation in At-CRT3, also restores
considerable BR sensitivity of the bri7-9 mutant. The authors
demonstrated in a pull-down assay that only At-CRT3 among the
CRTs coimmunoprecipitated with the mutant BRI1-9 receptor.
As for the interaction with CNXs, they found that neither single or
double CNX mutations suppressed the bri7-9 mutations and
suggested that the CNX interaction might be involved in BRI1
receptor folding but was not responsible for retaining the mutant
BRI1-9 receptor in the ER (Jin et al., 2009).

A different genetic screen conducted by Li et al. (2009) picked
up mutations in these and other ER QC genes. This screen was
set up to detect Arabidopsis innate immunity mutants with
defects in the perception of pathogen-associated molecular
patterns (PAMPs). PAMPs are recognized by pattern recognition
receptors (PRRs), leucine-rich receptor kinases that activate
PAMP-triggered immunity (Zipfel, 2008). Three PRRs have been
identified in Arabidopsis: FLS2, which recognizes bacterial fla-
gellin; EFR, which perceives the bacterial elongation factor-Tu;
and CERK1, which recognizes fungal chitin. One of the mutations
showing a defect in PAMPs mapped to a member of the CRT
family, At-CRT3, the same gene affected by the ebs2 suppressor
in the studies described above by Jin et al. (2007). Nine crt alleles
were found and most blocked the accumulation of the CRT3
protein. Unexpectedly, the crt mutants were still sensitive to the
surrogates for bacterial flagellin or fungal chitin, indicating that
At-CRTS is required for EFR, but not for FLS2 or CERK1.
Recently, Christensen et al. (2010). reported that At-CRT3 has
plant-specific properties. While other Arabidopsis CRTs (At-
CRT1a and b) fully complemented defective functions in CRT-
deficient mouse fibroblasts, At-CRT3 did not restore all mutant
defects, such as cell adhesiveness. Thus, At-CRT3 appears to be
an unusual, plant-specific CRT that plays a role in the QC of cell
surface hormone receptors and in the biogenesis of PAMPs.

Other EFR mutations mapped to Arabidopsis UGGT and to the
H/KDEL ER retention receptor ERD2 (Li et al., 2009). Like the crt
mutants, all five erd2 mutations were insensitive to the surrogate
peptide elf18 but were sensitive to surrogates for bacterial
flagellin or fungal chitin. The erd2 mutations were unexpected;



why would a function that retains proteins in the ER be required
for the operation of a PRR? It was found that the At-CRT3 protein
failed to accumulate in the erd2 mutations and, as described
above, CRT3 is required for EFR accumulation. Still other EFR
mutations mapped to stromal-derived factor-2 (SDF2) (Nekrasov
et al., 2009). In mammalian cells, SDF2 is in a complex with other
chaperones and cochaperones, including ERdj3B and BiP
(Meunier et al., 2002). In Arabidopsis, SDF2 and ERdj3B are
required for the function of the membrane glycoprotein EFR.
Loss of At-SDF2 resulted in ER retention and degradation of EFR
(Nekrasov et al., 2009). At-SDF2 transcription is activated upon
UPR induction by DTT and tunicamycin treatment, and consis-
tently At-SDF2 protein increases. Mutations in At-SDF2 did not
affect ER stress sensing and perception but resulted in pro-
nounced plant growth impairment upon DTT treatment, indicat-
ing that SDF2 not only interacts with EFR but also with other
proteins. The three-dimensional structure of At-SDF2 suggests
that it may act as the adaptor for the interaction with different
partners or ligands (Schott et al., 2010).

Protein Oxidation

In the CNX/CRT cages, proteins in the act of folding are thought
to form and reform disulfide bonds through repeated oxidation
and reduction catalyzed by protein disulfide isomerase (PDI) and
other thiodisulfide oxidoreductases (Figure 1). In yeast, ERp57, a
thioredoxin like protein, is bound to CNX-CRT folding cages and
specifically interacts with glycoproteins (Holst et al., 1997). It is
not known in Arabidopsis whether one or more PDIs function as
ERp57. ERp57 homologs in Arabidopsis are members of the PDI
family (Lu and Christopher, 2008).

The formation of protein disulfide bonds in the ER requires
oxidizing equivalents, which are supplied in yeast by ER oxido-
reductase 1 (Ero1p). Arabidopsis has two ERo1p homologs,
AERO1 and AERO2 (Dixon et al., 20083). Ero1p in yeast is a flavin-
containing ER membrane-associated protein that transfers elec-
trons directly to molecular oxygen in the cytoplasm during
disulfide bond formation in the ER. It is thought that oxidizing
equivalents flow from O, to the flavin cofactor in Ero1, then
through an intercysteine relay to dithiol/disulphide sites on the
surface of Ero1p (Sevier and Kaiser, 2006). ER oxidoreductin
1 (Ero1), in turn, oxidizes members of the family of ER oxidore-
ductases (Frand and Kaiser, 1999; Gross et al., 2006). The
oxidizing character of the ER compartment is buffered by a high
ratio of oxidized to reduced glutathione (GSSG/GSH), much of
which is found in mixed disulfides with proteins (Hwang et al.,
1992; Bass et al., 2004).

ERAD

The protein folding machinery attempts to fold proteins properly.
However, proteins that do not achieve native forms can accu-
mulate in the ER as aggregates or are eliminated by the ERAD
system, which recognizes, targets, retrotranslocates, ubiquitin-
ates, and degrades misfolded proteins (Figure 1). Aggregates of
the seed storage proteins irreversibly associated with BiP accu-
mulate in the ER of lima beans (Phaseolus lunatus) when glyco-
sylation is blocked by the action of tunicamycin (Sparvoli et al.,
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2000). The ability of the cell to discriminate between native and
misfolded proteins is of great importance in order to send
properly folded proteins along their way through the secretory
pathway, but to eliminate potentially toxic, misfolded forms.

No single feature, including time spent in folding and refold-
ing proteins, determines whether proteins will be eliminated or
exported from the ER down the secretory pathway (Wiseman
et al., 2007). This is because the cell needs to protect inherently
slow-folding proteins but eliminate misfolded forms of other
proteins (Quan et al., 2008). The efficiency of the ERAD system is
relevant to ER stress because ER stress occurs if and when the
system is overloaded with misfolded proteins.

The recognition of folded and misfolded forms is challenging
given the different types of protein substrates with which the
ER QC system must contend; nonetheless, it has been possible
in yeast to classify substrates into categories based on the
subcellular location of their misfolded domains (Brodsky and
Wojcikiewicz, 2009). Proteins with misfolded domains in the
different subcellular locations are inspected by different com-
ponents of the QC surveillance system (Huyer et al., 2004).
Misfolded soluble proteins in the ER lumen and membrane
proteins with misfolded domains projecting into the ER lumen are
ERAD-L substrates and membrane proteins with misfolded
domains within the membrane are ERAD-M substrates, while
membrane proteins with misfolded domains projecting into the
cytoplasm are ERAD-C substrates (Vashist and Ng, 2004).

In yeast, the ERAD-L pathway uses a bipartite recognition
mechanism that monitors both the folding and the glycosylation
states of protein substrates (Knop et al., 1996; Spear and Ng,
2005; Denic et al., 2006; Gauss et al., 2006a). The system in-
cludes a large membrane complex involved in the retrotranslo-
cation of the proteins and Hrd1/Hrd3/Yos9 components of an
ubiquitin ligase complex that recognizes both misfolded proteins
and glycans (Denic et al., 2006; Gauss et al., 2006b). Hrd3 is an
E3 ubiquitin ligase that recognizes misfolded proteins, and Yos9
is a lectin that recognizes a terminal a-1,6-linked mannose (M10)
(Quan et al., 2008). The terminal «-1,6-linked mannose (M10) on
N-linked oligosaccharide chains are exposed in yeast by the
action of Htm1, an a-1,2-specific exomannosidase that removes
M11 (Clerc et al., 2009). It is thought that Htm1 then marks the
oligosaccharide component of misfolded glycoproteins for de-
struction by the ERAD-L system (Quan et al., 2008). Arabidopsis
lacks homologs of the critical recognition components of this
system, Hrd3 and Yos9.

ER degradation-enhancing a-mannosidase-like lectins
(EDEMSs) in mammalian cells play a similar role to Htm1 in
yeast. EDEM1 is thought to interrupt futile folding cycles, extract
the unfolded or misfolded proteins, shield them from reglucosyl-
ation by UGGT, and divert them to the ERAD pathway (Kanehara
etal., 2007). EDEM1 is also thought to be an «-1,2-mannosidase,
but that assertion is somewhat controversial because the protein
lacks a critical Cys at the active site. Nonetheless, overexpres-
sion of EDEM1 accelerates demannosylation of misfolded sub-
strates by means that may be either direct or indirect (Olivari
et al., 2006). In addition, EDEM1 is a lectin that binds oligosac-
carharides with terminal a-1,6-linked mannose, and binding of
EDEM1 to demannoyslated glycoproteins prevents their aggre-
gation with other proteins prior to retrotranslocaion. Mammalian
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cells have two EDEMs, EDEM1 and 2. EDEM1 is thought to
escort proteins destined for degradation to the retrotranslocon
apparatus because EDEM1 coprecipitates with Derlin-2 and -3
(Oda et al., 2006), proteins considered to be part of the ret-
rotranslocon channel. Arabidopsis has homologs to EDEM1 and
EDEM2 and likely uses these proteins in extracting escorting
proteins to a retrotranslocon (Figure 1). In addition, maize (Zea
mays) has four Derlin-like genes that encode homologs of yeast
Der1p protein implicated in ERAD (Kirst et al., 2005), and
Arabidopsis has three yeast Der1p homologs.

Proteins misfolded in the ER are disposed of by the 26S
proteosome in the cytoplasm (Figure 1). That means that ERAD-L
substrates need to be transported across the ER membrane for
ubiquitination and disposal in the cytoplasm. The structure of
retrotranslocon is unsettled, particularly the role of sec61, the
major component of the ER translocon. It is thought that sec61
also serves as the retrotranslocon channel or is a component of
the channel (Nakatsukasa and Brodsky, 2008). Evidence sup-
porting the role of sec61 as a retrotranslocon includes the fact
that sec61 coimmunoprecipitates with certain protein substrates
destined for ERAD elimination (Wiertz et al., 1996; Pilon et al.,
1997). On the other hand, complexes containing the major E3
ubiquitin ligases associated with ERAD, Hrd1 and Doa10, do not
include sec61 (Carvalho et al., 2006; Denic et al., 2006; Gauss
et al., 2006a). Instead, in yeast, Hrd1p and Doa10p appear to
act both as E3 ubiquitin ligases and membrane channels. The
catalytic RING domains of both E3 ligases are located on the
cytoplasmic side of the ER membrane and both have multiple
membrane-spanning domains (Nakatsukasa and Brodsky,
2008). Hrd1p also interacts with Hrd3p, Der1p, and Usalp,
which are all thought to make up the retrotranslocon complex for
ERAD-L substrates in yeast. However, Arabidopsis does not
have convincing homologs for these factors. Arabidopsis has
several sec61 homologs that may function as translocons or
retrotranlocon channels. The evidence for reverse translocation
in plants comes from studies on the toxin ricin, a ribosome-
inactivating protein from castor beans (Frigerio and Roberts,
1998; Frigerio et al., 1998). The mature ricin comprises a catalytic
A chain and lectin B chain linked by a disulfide bridge. Both
chains are derived from a single precursor polypeptide and
matured in seed storage vacuoles. When engineered ricin,
dispossessed of its B chain sequences, is overexpressed, the
orphan A chain is recognized as the defective protein and
transported to the cytosol for ERAD (Di Cola et al.,, 2001).
Ubiquitination does not appear to be required for retrotranslo-
cation of ricin A chains in tobacco protoplasts because depletion
of Lys residues (polyubiquitin sites) in the A chains does not
affect their recognition in the ER or retrotranslocation but does
affect their degradation following retrotranslocation (Di Cola
et al., 2005).

The ERAD-C pathway degrades proteins with misfolded cy-
toplasmic domains. In yeast, a pathway much less complex than
ERAD-L mediates ERAD-C degradation of substrates such as
Ste6-166p (Huyer et al., 2004). The pathway involves Doa10p, a
membrane multispanning ubiquitin ligase, interacting proteins,
Ubc7p, an ubiquitin conjugating enzyme, and its membrane
anchor, Cuelp (Carvalho et al., 2006). Both the ERAD-C and -L
pathways converge on Cdc48p, a protein extracting AAA-

ATPase, and its cofactor Npl4 and Ubx2p, a membrane-recruit-
ing factor (Carvalho et al., 2006). Cdc48 associates with the 26S
proteasome cap (Verma et al., 2000) and in doing so delivers the
polyubiquitinated protein to the proteosome. In the ricin expres-
sion system described above, retrotranslocation of the ricin A
chain also requires CDC48 as demonstrated by the action of a
dominant negative CDC48 (Marshall et al., 2008).

There is no evidence yet for an ERAD-C pathway in plants;
however, Arabidopsis has three very close homologs with Cdc48
(Rancour et al., 2002), but not for other components, which either
may be more specialized or may not exist in plants. Much less is
known about the ERAD-M pathway, but its substrates also seem
to be ubiquitinated by the Hrd1 complex. Barley (Hordeum
vulgare) powdery mildew resistance o (MLO) is the founder of a
sequence-diversified protein family with seven-transmembrane
helices. Using a series of single amino acid substitution mutants
of the MLO protein, Muller et al. (2005) demonstrated that ERAD-
M-like QC mechanisms are conserved across yeast, plant, and
mammals. Degradation of the mutant MLOs in Arabidopsis was
dependent on the function of At-CDC48 and the 26S protea-
some.

UPR

UPR, which is conserved from yeast to mammalian cells, brings
protein folding and degradation capacity in line with demands
either by enhancing the protein folding or degradation machinery
or by slowing protein production. UPR signaling in mammalian
cells has three pathway branches, each involving different
classes of ER stress transducers. One branch is mediated by
membrane-associated transcription factors, such as activating
transcription factor 6 (ATF6), which targets stress response
genes. Another branch involves an RNA splicing factor, inosi-
tol-requiring protein 1 (IRE1), which splices an mRNA encoding
another transcription factor that also targets stress response
genes. The third branch involves a protein kinase-like ER kinase
(PERK) that regulates translation. In each pathway, a membrane-
associated protein, either on its own or through its association
with other factors, senses misfolded protein accumulation and
transmits the signal from the ER lumen to the cytosol (Ron and
Walter, 2007).

The molecular signature for UPR in plants is the transcriptional
upregulation of genes related to protein folding and degrada-
tion (Martinez and Chrispeels, 2003; Kamauchi et al., 2005). Al-
though UPR in plants was reported nearly two decades ago
(Boston et al., 1991; Denecke et al., 1991; D’Amico et al., 1992),
the membrane-associated transcription factor branch of the
UPR signaling pathway in plants was discovered only recently
(Figure 3; Liu et al., 2007a). A key component of UPR is bZIP28,
an ER-localized membrane-associated bZIP transcription factor
in Arabidopsis, which transduces stress signals from the ER to
the nucleus during UPR (Liu et al., 2007a; Tajima et al., 2008b).
Although At-bZIP28 has very little sequence similarity to ATF6,
both proteins are structurally conserved. Like ATF6, At-bZIP28
is a type Il membrane protein, with its N-terminal bZIP domain
facing the cytosol and its C-terminal regulatory domain facing
the ER lumen. Under normal conditions, At-bZIP28 is localized in
the ER, but when misfolded proteins accumulate following
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Figure 3. ER Stress Response Pathways in Plants.

Three bZIP membrane-bound transcription factors (MTFs) are localized
on the ER membrane under normal conditions. Under environmental
stress conditions as indicated, the MTFs are transported to the Golgi
apparatus and proteolytically processed by Golgi-localized proteases,
site-1 protease (S1P; cleavage site indicated by red x) and site-2
protease (S2P; cleavage site indicated by black x). The processed forms
of MTFs are imported into the nucleus to activate stress response genes.
The activation mechanism for At-bZIP60 is not known.

treatment by ER stress agents, such as tunicamycin, it is trans-
located to the Golgi where At-S1P (a Ser protease) is localized.
At-bZIP28 has a predicted S1P cleavage site and likely is
processed by At-S1P and apparently also by the metallopro-
tease At-S2P (our unpublished data; Che et al., 2010).

The released N-terminal component of At-bZIP28 (At-
bZIP28n), bearing the transcriptional activation domain and
DNA binding domain, relocates to the nucleus (Figure 3) where
it interacts with CCAAT box proteins, which are trimeric proteins
composed of nuclear factors At-NF-YA4/At-NF-YB3/At-NF-YC2
(Liu and Howell, 2010). Interestingly, the At-NF-Y factors are also
regulated by stress. The At-NF-YC2 gene is upregulated by ER
stress, and the At-NF-YB3 protein relocates from the cytoplasm
to the nucleus in response to stress (Liu and Howell, 2010). It was
shown in a yeast two-hybrid system that At-bZIP28 homodimer-
izes and forms heterodimers with At-bZIP60, another UPR
signaling component in plants (Liu and Howell, 2010). At-
bZIP60 is also predicted to be an ER membrane protein and
reported to be proteolytically activated (lwata and Koizumi, 2005;
Iwata et al., 2008). The C-terminal region of At-bZIP60 is much
shorter than that of At-bZIP28, which is assumed to be important
for sensing the stress in the ER lumen. Also unlike At-bZIP28,
the C-terminal region of At-bZIP60 does not contain a canonical
At-S1P cleavage site. Although the activation mechanism of
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At-bZIP60 is unresolved, the N-terminal component of At-
bZIP60 has transcriptional activity in protoplast reporter assays
(Iwata and Koizumi, 2005).

At-bZIP28 was originally identified as a factor activated by
UPR stress agents, such as tunicamycin and DTT, but it was later
reported to respond also to heat stress (Gao et al., 2008). Since
UPR stress agents are thought to promote the accumulation of
unfolded proteins and since these stress agents are surrogates
for heat stress, it could be argued that heat triggers UPR by also
promoting the accumulation of unfolded proteins. That idea is
speculative and needs to be tested because it is also possible
that heat and ER stress agents activate UPR by different mech-
anisms. Koizumi et al. (1999) demonstrated that tunicamycin
does, indeed, elicit UPR by blocking protein glycosylation, not
by some undescribed cytotoxic mechanism. They found that
overexpression of UDP-N-acetylglucosamine:dolichol phos-
phate N-acetylglucosamine-1-P transferase, the enzyme that
transfers the core oligosaccharide onto glycoproteins, counter-
acts the activation of UPR by tunicamycin.

Salt stress was found to activate bZIP17 in Arabidopsis. At-
bZIP17 is similar in structure to At-bZIP28 (i.e., both are type Il
membrane proteins and have the same domain distribution and
canonical At-S1P site). At-bZIP17 relocates from the ER to the
nucleus under salt stress through At-S1P-dependent proteolysis
(Liu et al., 2007b). The null mutants of At-S7P and At-bZIP17 are
both salt sensitive. ER stress-related salt stress genes differ
from those reported for UPR (Martinez and Chrispeels, 2003;
Kamauchi et al., 2005). Upregulation of BiP and ER-associated
calcium-dependent folding proteins are characteristic of UPR,
but these genes are not upregulated soon after the imposition
of salt stress (Liu et al., 2007b). The genes upregulated by
At-bZIP17 appear to be capable of mitigating the effects of salt
stress because overexpression of the N-terminal component of
At-bZIP17 driven by a stress-inducible promoter modestly en-
hances tolerance to salt stress in Arabidopsis (Liu et al., 2008).
Fujita et al. (2007) found that overexpression of the full length
of At-bZIP60 also enhanced salt tolerance in Arabidopsis. The
expression of At-bZIP60 is also upregulated by salt stress, which
further suggests that At-bZIP60 is activated during salt stress
response. Recently, At-bZIP17 was shown also to be activated
by heat stress and UPR stress agent tunicamycin (Che et al.,
2010). However, At-bZIP17 does play the same role as At-
bZIP28 in upregulating target genes in response to heat and UPR
agents in that unlike At-bZIP28, overexpression of the N-terminal
component of At-bZIP17 in protoplasts does not activate the
BiP3 promoter (Tajima et al., 2008b).

As yet, there is no clear understanding as to how environmen-
tal stresses induce UPR in plants and how the membrane-
associated transcription factor system discriminates different
environmental stresses. ER stress agents that affect N-glycosyl-
ation, cellular redox changes, or Ca2* homeostatic balance are
surrogates for environmental stresses, and all of these agents
induce UPR. However, the agents have somewhat different
effects. For example, Martinez and Chrispeels (2003) showed
that the set of genes induced by tunicamycin and DTT in
Arabidopsis are different (i.e., the sets only partially overlap).
Therefore, it is possible that closer analysis of the effects of the
different stress agents on UPR signaling in plants might provide
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greater insight into the mechanisms by which different environ-
mental stresses activate UPR.

Less attention has been paid to other branches of the UPR
signaling pathway in plants, although IRE1 homologs have been
reported in plants (Koizumi et al., 2001). IRE1 is a transmembrane
protein kinase/ribonuclease that plays a critical role as an ER
stress sensor/transducer in yeast and mammalian cells. IRE1
acts by splicing an mRNA encoding a transcription factor (Hac1
and XBP1 in yeast and mammals, respectively), which then in
turn, activates the expression of stress response genes (for
recent reviews, see Schroder and Kaufman, 2005; Bernales
et al., 2006; Ron and Walter, 2007). IRE1-mediated mRNA
splicing is unconventional because it occurs in the cytoplasm,
not in the nucleus where other mRNAs are normally spliced.
Arabidopsis has at least two genes with IRE1-related sequences:
IRE1a (formerly At-IRE1-2) and IRE1b (formerly At-IRE1-1),
which were first described by Koizumi et al. (2001). They found
that IRE1a and b green fluorescent protein fusions were located
in the perinuclear ER. They also demonstrated functional com-
plementation of the Arabidopsis IRE1a luminal domain (sensor
domain) in yeast and that the plant IRE1a has autophosphor-
ylation activity in vitro, but they were unable to demonstrate
endonuclease activity. Noh et al. (2002) confirmed several
observations made by Koizumi et al. (2001), but they also
attempted to show unsuccessfully whether IRE1a could splice
yeast Hac1 RNA in tunicamycin-treated Arabidopsis proto-
plasts. Similar results were also reported in rice (Oryza sativa;
Okushima et al., 2002). However, the target of plant IRE remains
elusive to date. It is of considerable interest to know whether
IRE1a and/or b play a role in ER stress responses and what
that role might be.

PERK is another ER membrane-bound sensor/transducer
mediating the third branch of the ER stress response in mam-
malian cells. Unlike IRE1 and ATF6, which act at the transcrip-
tional level, PERK alleviates ER stress by attenuating bulk protein
synthesis through the phosphorylation of eukaryotic translation
initiation factor 2 a-subunit (Rutkowski and Kaufman, 2004). This
type of UPR control has not been found in Arabidopsis. First, a
PERK ortholog has not been identified in Arabidopsis. Second,
the promoter element AARE (amino acid response element),
which in mammals is characteristic of genes regulated through
the PERK-ATF4 pathway, is not found in Arabidopsis genes
upregulated by UPR (Martinez and Chrispeels, 2003).

UPR and Programmed Cell Death

Plants have signaling pathways leading from UPR to pro-
grammed cell death (PCD; Figure 4). The Arabidopsis hetero-
trimeric G protein plays a role in stress signaling leading to
PCD as well as in plant development (Wang et al., 2007). GB
forms a stable heterodimer with the Ga subunit, involved in the
signaling events that trigger UPR-associated cell death. A null
mutation in the GB subunit, but not Ga subunit, is more resistant
to tunicamycin and has an alleviated UPR response, with atten-
uated induction of BiP and apoptosis (Wang et al., 2007). In
mammals, apoptosis is prominently controlled through function-
ally conserved proteins, such as CED9/BCL-2 (anti-apoptotic
protein) and BAX (pro-apoptotic protein). Although core regula-
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Figure 4. ER Stress—Induced Cell Death (Apoptosis) in Plants.
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ER stress activates the expression of NRPs, which induces the caspase-
3-like activity to trigger cell death. ER stress promotes the formation of
Gap heterodimer to induce PCD, presumably by activating PLC or IP3
receptor pathways. Negative regulators, such as BAGs and BI-1, repress
PCD in plants. Note that the counterparts of mammalian BAX or BCL-2
have not been identified in plants so far.

tors of PCD are conserved in mammals (e.g., the Bcl-2 family and
caspases), they have not been identified in plants.

The Bcl-2-associated athanogene (BAG) family is a multifunc-
tional group of cytoprotective proteins that behave as molecular
cochaperones (Briknarova et al., 2001) during UPR. The ER-
localized BAG7 was shown to specifically interact with chaperone
BiP2 in Arabidopsis and considered as an essential component
of the UPR during heat and cold tolerance to delay the ER stress—
induced cell death (Williams et al., 2010). Overexpression of
At-BAG4 in tobacco plants confers tolerance to a wide range
of abiotic stresses, such as UV light, cold, oxidants, and salt
treatments (Doukhanina et al., 2006). BAX inhibitor-1 (BI-1) was
first identified as a suppressor of cell death activated by BAX in
yeast or mammalian cells (Xu and Reed, 1998). In mammalian
cells, BI-1 was shown to interact with BCL-2 but not BAX or
BAK. The ER-localized Arabidopsis Bl-1 (At-Bl-1) appears to
play a similar role as a survival factor under multiple stress
conditions that could trigger PCD, including cell death induced
by fungal toxins, Pseudomonas infection, heat shock, or tunica-
mycin (Watanabe and Lam, 2008; Kawai-Yamada et al., 2009).

It is now clear that the regulation of cell death pathways is
relevant to both abiotic and biotic stress responses in plants
(Lam et al., 2001). Recently, N-rich proteins (NRPs) were iden-
tified as targets of a novel adaptive pathway that integrates ER
and osmotic stress signals in soybean based on coordinate
regulation and synergistic upregulation by tunicamycin (UPR
inducer) and polyethylene glycol (osmotic stress inducer) treat-
ments. The cell death domains containing NRPs were demon-
strated to induce caspase activity and to be the critical mediators
of osmotic- and ER stress-induced cell death in plants (Costa
et al.,, 2008). Metacaspases are believed to be the functional
homologs of animal caspases in plants, although metacaspases



do not have caspase-like activities. Arabidopsis has nine meta-
caspases, and one of them, MCS8, is strongly upregulated by
oxidative stress induced by UVC and H,O, treatment and
mediates the activation of subsequent cell death (He et al., 2008).

What conditions induce cytoprotective activities and what con-
ditions trigger PCD? This question was addressed in human cells
in a study by Lin et al. (2007) wherein they examined the time
course for the onset of PCD with continued application of stress.
They found that signaling on the three branches of the UPR
pathway showed differing degrees of persistence in the face of
continued stress. All three branches were activated upon intro-
duction of stress, but IRE1 signaling was attenuated first followed
by ATF6 and lastly by PERK. The onset of apoptosis largely
corresponded to the fall in IRE1 signaling. The authors attributed
this to cytoprotective effects of IRE1 signaling and found when
IRE1 was put under the control of a drug-inducible promoter, al-
lowing for its signals to be sustained, cell survival was enhanced.

Similar time course studies need to be conducted in plants.
What stress responses are short-term responses and what re-
sponses derive from chronic stress? Are some of the short-term
responses to stress cytoprotective but lead to PCD when the
stress persists? What might be the adaptive function in plants if
short-term cytoprotection fails and long-term stress elicits PCD?
Perhaps the collapse of cells overburdened with misfolded and
potentially noxious proteins might spare others from the same fate.

Plant stress responses may confer tolerance and spare plants
growing in the wild, but such responses may be counterproduc-
tive for crop plants. Plant stress responses generally slow plant
growth and delay development. Constitutive expression of an
activated bZIP17 construct in Arabidopsis results in dwarfed
plants delayed in development (Liu et al., 2008). Only when the
transgene is regulated by a stress-activated promoter does it
confer any added measure of salt tolerance. In any case, it needs
to be tested whether plants with disabled or altered stress
responses are more productive under ideal growth conditions
and when faced with environmental stress.

Supplemental Data

The following material is available in the online version of this article.

Supplemental Table 1. A Partial List of Genes Involved in Arabidopsis
Protein QC.
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