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ABSTRACT

The endoplasmic reticulum quality control (ER-QC) is a
conserved mechanism in surveillance of secreted signal-
ing factors during cell-to-cell communication in eukar-
yotes. Recent data show that the ER-QC plays important
roles in diverse cell-to-cell signaling processes during
immune response, vegetative and reproductive develop-
ment in plants. Pollen tube guidance is a precisely guided
cell-cell communication process between the male and
female gametophytes during plant reproduction.
Recently, the female signal has been identified as small
secreted peptides, but how the pollen tube responds to
this signal is still unclear. In this review, we intend to
summarize the role of ER-QC in plants and discuss the
recent advances regarding our understanding of the
mechanism of pollen tube response to the female
signals.
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INTRODUCTION

Cell-cell communication in multicellular and single-celled
organisms often requires the recognition between the
secreted peptide signals and their receptors that triggers a
cascade of signaling pathways to control the cell behavior.
With the identification of receptors and ligands, such cell-to-
cell signal communication pattern has been shown exten-
sively to exist in multiple plant cell signaling processes. It is
likely that a pollen tube receptor is also present to recognize
the female signals during pollen tube guidance; such
receptors and their downstream signaling pathways have
not been revealed. Emerging evidence suggests that the

endoplasmic reticulum quality control (ER-QC) plays critical
roles in receptor maturation during cell signaling in plants.
Interestingly, two recent reports suggest that endoplasmic
reticulum (ER) most likely plays a central role in pollen tube
response to the female cues in male-female gametophytic
interactions during pollen tube guidance (Li et al, 2011; Lu et
al, 2011). This review is therefore focusing on the emerging
role of the ER-QC in pollen tube guidance and other
processes in plants.

ER QUALITY CONTROL AND CELL SIGNALING IN
PLANTS

In eukaryotic cells, a considerable fraction of proteins are
either secreted to the extracellular space or inserted in the
plasma membrane to act as ligands and receptors, respec-
tively. In plants, about 30% of total proteins enter the
secretory process via the ER during or after their synthesis,
among which 33% are trans-membrane proteins (Buck et al.,
2007). These proteins are synthesized on ER-bound ribo-
somes and translocated into the ER lumen, which serves as
the first organelle of the secretory pathway for the biogenesis
of the trans-membrane or secretory protein (Anelli and Sitia,
2008).

ER is responsible for proper assembly/folding of polypep-
tides before they are targeted to their functional sites and the
elimination of misfolded proteins through ER associated
degradation (ERAD) (Vembar and Brodsky, 2008). Therefore,
ER serves as a site of quality control for proteins, especially
those bound for secretion. The ER-QC in plants, monitoring
the folding and glycosylation state of the extracellular domain
of receptors, is composed of three systems based on studies
in animals and yeasts: BiP-mediated protein retention, thiol-
mediated retention and calnexin/calreticulin (CNX/CRT) cycle
on the glycoproteins (Buck et al., 2007; Li et al., 2009). The
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first one is dependent on BiP-ERdj3-GP96/GRP94 complex,
which resembles the cytosolic Hsp70-Hsp40-Hsp90 complex
in assisting the folding of the non-native polypeptides by
recognizing the exposed hydrophobic patches (Jin et al.,
2008). The second one is dependent on the disulfide
isomerases (PDIs) and other oxidoreductases which recog-
nize free thiol group and transfer disulfide bond to the nascent
proteins. These enzymes prevent the secretion of an
unassembled cargo protein with unpaired cysteines (Anelli
et al., 2003). The third system is specific to glycoproteins
(Ellgaard and Helenius, 2001). The client proteins are N-
linked with Glc3Man9GIcNAc2 at the Asn residue in the
sequence Asn-X-Ser/Thr (X: any amino acid except proline)
by STT3A-containing oligosaccharyltransferase (OST) com-
plex. The oligosaccharides are recognized by glucosidases |
and Il (Gl and Gll) that subsequently trim off two glucose
residues. Then Glc1Man9GIcNAc2 of the glycoprotein is
bound by ER membrane-bound CNX or luminal CRT for
folding. If the glycoprotein is folded correctly, the terminal Glc
is removed by Gll and the protein is then released from the
CNX or CRT chaperone. If the protein is not folded properly,
the terminal Glc is again added by UDP-glucose:glycoprotein
glucosyltransferase (UGGT) that distinguishes between
folded and unfolded proteins, then the glycosylated protein
again gets back to the CNX/CRT cycle until it is properly
folded in the ER. The properly folded protein now is ready for
secretion, and the misfolded protein will be retro-translocated
out of the ER to cytosol where it is degraded by the ERAD
(Fig. 1). Although the basic mechanism of the ER-QC is
conserved in different cell types and organisms, different
subsets of ER-QC components show specificity for different,
even closely related, substrates.

The maturation of signaling factors has been extensively
studied in animals and yeast, and recently in plants. In human
cells, the chaperones in the ER, like CRT, ERP57 and BiP,
associate with unassembled subunits or folding intermediates
to regulate subunit stability, assembly and expression of
receptor complex (Wanamaker and Green, 2007). The ER
chaperones are involved in different biological processes with
specific substrates to control the response to extracellular
stimuli. For example, accumulating evidences suggest that
the ER chaperones are involved in cell-cell communication by
regulating the receptor maturation. In animals, the folding of
Toll receptors and the bradykinin receptor is dependenton ER
chaperones during innate immunity (Nakamura et al., 2001;
Randow and Seed, 2001). The ER-QC has also been found to
function in multiple biological processes in plants. Leucine-
rich repeat receptor-like kinases (LRR-RLKs) represent the
largest group of receptor kinases in plants and act in a wide
range of signaling processes in development, stress
response and plant-microbe interaction in plants (Diévart
and Clark, 2004; Torii, 2004). The LRR-RLKs contain a
conserved intracellular kinase domain and a variable extra-
cellular LRR domain (Saijo, 2010). Ligands of the LRR-RLKs

such as BRASSINOSTEROID-INSENSITIVE1 (BRI1), FLA-
GELLIN SENSITIVE2 (FLS2), elongation factor Tu receptor
(EFR), XA21, and CLAVATA1 (CLV1), have been identified to
be steroid hormones, microbe-derived and plant cell-derived
peptides, respectively (Torii, 2004; Boller and Felix, 2009). All
these receptors are under the ER-QC surveillance, indicating
an indispensible role of the ER-QC in cell signaling in plants.

ER QUALITY CONTROL IN POLLEN TUBE
GUIDANCE

Emerging evidence suggests that the ER-QC also plays arole
in male-female gametophytic interaction in Arabidopsis. In
higher plants, sperm cells have lost their mobility during
evolution, and thus are delivered to the ovule where the egg
cell sits by a tip growing tubular structure—the pollen tube
formed by the male gametophyte (pollen grain). The pollen
tube travels from stigma through the stylar and transmitting
tissues via unidirectional tip growth, and turns about 90° to
leave the transmitting tract toward the ovule. This redirection
of growth is guided by signals from the ovule. Genetic
evidences suggest that the female gametophyte (embryo
sac) within the ovule emits attracting signals (Hulskamp et al.,
1995). Although the attractants in Arabidopsis remain to be
determined, the female attractants in maize (ZmEA1) and
Torenia fournieri (TILURESs) have been identified (Marton et
al., 2005; Okuda et al., 2009). These signaling molecules are
cysteine-rich polypeptides secreted by the synergid cells of
the embryo sac. A concentration gradient of these signaling
molecules is likely formed to guide the pollen tube (Dressel-
haus and Marton, 2009; Marton and Dresselhaus, 2010).
However, very little is known about how pollen tubes perceive
and respond to these signals.

In a genetic screen for mutants that disrupt pollen tube
guidance, we identified a mutant, pollen defective in guidance
1 (pod1), in which the pollen tubes fail to target the micropyle
of the ovule, leading to male sterility (Li, et al., 2011). In pod1
mutant, the growth and morphology of the pollen tube appear
to have no difference from that of the wild-type. However, the
mutant pollen tubes either are unable to target the micropyle
and wandering on the funiculus, or are able to target but
unable to enter the micropyle of the ovule, and consequently
they grow on the integument surface (Fig. 2). In both cases,
the pod1 tube turns to the ovules and grows on funiculus
successfully. This indicates that mutant pollen tube loses its
ability to perceive or respond to the female attractants at the
micropyle, indicating that the pod7 tube is defective in
micropylar guidance. Often, when the mutant tube fails to
enter the ovule, a second wild-type tube is approaching and
enters the ovule successfully. This, together with its male
transmission defect, indicates that pod? mutation specifically
affects pollen response to the female cue.

POD1 encodes a novel protein with unknown function.
Subcellular localization and functional studies showed that
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The ER-QC of membrane receptors in plants. The ER is the organelle of synthesis and maturation of nascent

polypeptides entering the secretory pathway, including plasma membrane receptors. The newly synthesized polypeptide receptors
on the ribosome enter the ER by the translocon complex. The ER contains multiple chaperones, co-chaperones and enzymes that
assist the folding/assembly of receptors and retain the misfolded/unassembled proteins in the ER for degradation. This is a quality
control (QC) process. Similar to that in animals and yeast, the ER-QC in plants is also composed of three systems: BiP, CNX/CRT and
thiol-mediated systems. BiPs recognize the hydrophobic motifs of the nascent polypeptides; CNX/CRT is in charge of the folding of
the polypeptides undergoing glycosylation processing; the protein disulfide isomerases (PDI) transfer disulfide bond to the nascent
proteins. These three pathways work coordinately to ensure the high folding fidelity of receptors and other signaling factors. The
mature receptors are transported into Golgi by COP Il complex. The misfolded proteins are finally transported into the cytosol for
degradation by the ERAD mechanism. After further glycan modification in Golgi, the functional receptors are transferred to the

plasma membrane where they perceive the extracellular signals. ERAD, ER associated degradation.

POD1 is an ER-resident co-chaperone that is not identified
previously. Yeast two hybrid screen and bimolecular fluores-
cence complementation analysis showed that POD1 physi-
cally associates with the calcium-binding ER protein
calriticulin 3 (CRT3), not with CRT1 or CRT2 (Li et al,
2011). Further analysis also showed that POD1 likely plays a
role in ER protein retention. Expression of dominant-negative
version of POD1, PODRRR>AAA or pPOD12NES causes the mis-
localization of the ER marker protein. Consistently, pollen
tubes expressing the two mutant versions of POD17 are not

12

only defective in micropylar pollen tube guidance but also in
morphology. This data suggest that POD1 is likely a novel ER
chaperone which acts via its interaction with CRT3 in pollen
tube guidance. How does an ER protein control pollen tube
guidance? Two possible scenarios may exist: (1) POD1 may
control the maturation or folding of pollen factors (e.g.
receptors) involved in the perception or transduction of
female guidance cues in the ER; (2) POD1 might modulate
Ca?* dynamics in the ER to control the cytosolic Ca®* gradient
by interfering with the calcium-binding capacity of CRT3. Ca®*
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Figure 2. Schematic representation of micropylar response of pod17 pollen tube in Arabidopsis. The embryo sac embedded
in the ovule is composed of two synergid cells, an egg cell, a central cell and three antipodal cells. In the wild-type pistil, the wild-type
and the pod1 pollen tube containing two sperm cells and one vegetative nucleus grow in the transmitting tissue and further on the
integument. The wild-type pollen tube enters the micropyle opening directly and releases the sperm cells into the embryo sac. One
sperm fertilizes the egg cell to develop into the embryo; and another sperm fertilizes the central cell to develop into the endosperm.
This is called double fertilization process. The pod1 pollen tube travels on the funiculus and further on the integument, but fails to
enter the micropyle, leading to male sterility. a, antipodal cell; ¢, central cell; e, egg cell; es, embryo sac (female gametophyte); f,
funiculus; in, integument; mp, micropyle; s, synergid cell; sc, sperm cell; v, vegetative nucleus.

is a well-known signal molecule indispensible for the
directional polar growth of the pollen tube (Malhé and
Trewavas, 1996). In general, oscillatory Ca?* gradient is
common for growing tips (Cole and Fowler, 2006). This
suggests that calcium alone is not sufficient to initiate a
change in growth direction, but rather it is required for polar
growth.

Indeed, loss-of-function mutations in cyclic nucleotide-
gated channel CNGC18, whose expression in bacteria results
in a time- and concentration-dependent accumulation of
cellular Ca2*, impair pollen tube growth (Frietsch et al., 2007).
It was also reported that glutamate receptor-like proteins
(GLRs) function as Ca®" channels to regulate the cytosolic
[Ca2+]cyl in pollen tubes (Michard et al., 2011). More recently it
was shown that the ER-localized K transporters, cation/
proton exchangers (CHX), are essential for the pollen tube
growth out of the transmitting tract. Pollen tubes lacking both
CHX21 and CHX23 genes grow normally within the transmit-
ting tissues, but fail to turn and leave the transmitting tract (Lu
et al, 2011). Interestingly, the chx271chx23 double mutant
pollen tube also fails to target to the micropyle in the semi-in
vitro assay. This indicates that both the funicular and
micropylar guidance responses are impaired in chx2chx23

pollen tubes. Together, it suggests that ion homeostasis is
important for polen tube growth. It remains to be elucidated
how such changes in cellular ion dynamics would lead to
changes in growth direction of the pollen tube. It is not known
whether POD1 plays a role in CHX21 and CHX23 folding in
the ER. Nevertheless, it is plausible to speculate that POD1
might also play a role in the ER-QC of ER-localized ion
transporter via modulating CRT3 activity during the pollen
tube response to the female cue. Currently, such possibility is
being investigated.

ER QUALITY CONTROL IN PLANT IMMUNE
RESPONSE

In host-pathogen interaction, formation and maturation of
several receptors have been identified to be dependent on the
ER chaperones. The innate immune response is dependent
on recognition of pathogen-associated molecular pattern
(PAMP) by a series of receptors known as pattern recognition
receptors (PRRs). EFR, FLS2 and XA21 are well studied
PRRs. How PRRs are processed in the ER and how the
mature proteins are transported to plasma membrane are
under intensive studies.
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In Arabidopsis, FLS2 and EFR share high structural
similarity as the LRR XII family members. They work as the
receptor of pathogens flagellin and EF-Tu, or their derived
peptides flg22 and elf18 in host immune response, respec-
tively (Gomez-Gémez and Boller, 2000; Zipfel et al., 2006;
Jeworutzki et al., 2010). FLS2 and EFR activate the down-
stream defense signaling pathway to enhance plant resis-
tance against pathogens. The maturation of pathogen-
recognition receptor EFR, but not FLS2, has been shown to
be dependent on the ER quality control components CRT3,
UGGT, Glla, GIIB, STT3A and stromal-derived factor 2
(SDF2). Genetic screens have identified a series of mutants
that show impaired EFR accumulation and loss of sensitivity
to elf18 peptide. Surprisingly, FLS2 accumulation is not
affected, nor its mediated microbe response or affected to a
less extent. These mutants are loss-of-function mutants of
CRT3, UGGT, Glla, GlIB and STT3A that actin the CNX/CRT
cycle (Li et al., 2009; Lu et al., 2009; Nekrasov et al., 2009;
Saijo et al, 2009). The HDEL receptor family member
(ERD2b) is also required for EFR accumulation through
regulating the ER retention of CRT3 (Li et al., 2009). ERD2b is
localized on Golgi and binds the K/HDEL motif of ER-escaped
resident proteins and retrieves them back to the ER. Among
three CRT members in plant, CRT1 and CRT2 are shown to
be involved in general ER chaperone network, but CRT3 is
associated with immune response to bacterial PAMP elf18
(Christensen et al., 2010). In tobacco, CRT2 and CRT3 are
required for the formation of induced receptor-like kinase
(IRK), a plasma membrane localized LRR receptor-like
kinase functioning in immune response to tobacco mosaic
virus. In the CRT-silenced plants the accumulation of IRK is
reduced, but the PM receptor RING4-Citrine is not affected
(Caplan et al., 2009). This indicates that CRTs are necessary
for the folding or accumulation of IRK by a substrate-specific
mechanism. The STT3A and STT3B are subunit isoforms of
the Arabidopsis oligosaccharyltransferase involved in protein
glycosylation. Loss of both STT3A and STT3A resulted in
gametophyte developmental defect (Koiwa et al., 2003),
suggesting they are important for gametophyte development.
The N-glycosylation of EFR by STT3A in the ER plays a key
role for its accumulation and ligand recognition during plant-
pathogen interaction at the plasma membrane. Proper
accumulation of EFR also requires chaperone SDF2-
ERdj3B-BiP complex in the ER (Nekrasov et al., 2009).
Arabidopsis SDF2, an ER-QC component, is required for EFR
accumulation as well. In sdf2 mutant, EFR is retained in the
ER and finally degraded (Schott et al., 2010). This complex is
also required for the formation of FLS2 but to a less extent
(Nekrasov et al., 2009). Interestingly, salicylic acid-induced,
but EFR-independent immune response requires UGGT and
STT3A, but not CRT3, suggesting the existence of another
ER-QC component that substitutes the role of CRT3 in this
process (Saijo et al., 2009). The stability and processing of
the pathogen Xoo recognizing receptor XA21 in rice is

dependent on the physical interaction with BiP3 (Park et al.,
2010). BiP3 overexpression decreases the XA21 stability and
compromises the XA21-mediated immunity but not the
general defense response or brassinolide-induced response.
These studies indicate that different chaperones of the ER-
QC system recognize specific substrates, consistent with the
specific mutant phenotype in these chaperone genes.

ER QUALITY CONTROL OF DEVELOPMENTAL
REGULATORS

In cell-cell communication during plant meristem develop-
ment, the maturation of receptors is also ER chaperone
dependent. Glucose-regulated protein 94 (GRP94) is an ER
resident protein as a counterpart of the cytoplasmic heat
shock protein 90 (Hsp90). SHEPHERD (SHD) in Arabidopsis
is an ER resident GRP94 chaperone and shd mutant shows
pleiotropic phenotypes including meristem differentiation and
pollen tube elongation (Ishiguro et al., 2002). CLV3 is a
secreted peptide protein in the extracellular space controlling
the meristem signaling pathway through the CLV1-CLV2
receptor complex. In the shd mutant, the effect of CLV3
overexpression was abolished. And further phenotypic and
genetic analysis also shows that SHD is required for the
function of CLV complex during meristem maintenance. In
addition, shd pollen tubes fail to elongate in the styles which
indicates shd also affects the formation of another protein,
receptor or complex required for pollen tube growth in the
style. Although the molecular mechanism of STT3A and
STT3B s still unclear, it is conceivable that the maturation of a
receptor or secretory signal factor essential for the gameto-
phyte development is dependent on these two chaperones
(Koiwa et al., 2003). The disulfide isomerase PDIL2-1 has
been shown to be involved in embryo sac development
(Wang et al., 2008). In addition to the role of pollen tube
response, it is also shown that POD1 functions in the early
embryo development (Li et al., 2011). These indicate that ER-
QC also plays key roles in multiple development processes in
plant.

ER QUALITY CONTROL OF MUTANT AND
UNASSEMBLED RECEPTORS

The mutant, immature receptors and unassembled receptor
complex are retained in the ER by the ER-QC system for
further processing or delivered to ERAD for degradation. The
Arabidopsis BRI1 is a well-studied brassinosteroid receptor at
plasma membrane (Li and Chory, 1997). Two signal-
competent mutant variants bri1-9 and bri1-5 are retained in
the ER by CRT3, CNX, UGGT, thiol-mediated system, a-1, 6-
mannosyltransferase and BiPs (Jin et al., 2007; Hong et al.,
2008, 2009; Jin et al.,, 2009). Mutations in these ER
components either restore or enhance the bri7-9 phenotype
in Arabidopsis, suggesting that the ER-QC is critical for the
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folding of the BRI1 receptor. This indicates the ER-QC is a
very stringent surveillance system and the imperfectly folded,
even functional proteins, are retained in the ER. Consistently,
glutamate is an excitatory neurotransmitter in the mammalian
nervous system. The level of glutamate receptor (GIuR) ion
channel on the cell surface is dependent on the ER-QC. Only
a small fraction of GIuR exists on the plasma membrane and
most are retained in the ER (Fleck, 2006). This is a
mechanism to retain the immature, unassembled or impro-
perly assembled subunits. The nicotinic Ach receptor (AchR)
is an ion channel gated by nicotinic acetylcholine (nAch) and
mediates neurotransmission. It is composed of 2a,B,y and &
subunits. Evidence has shown that BiP, ERp57 and CNX
associate with newly synthesized AchR subunits by stabiliz-
ing and sequestering them to regulate the level of assembled
AchR in the ER (Wanamaker and Green, 2007). A conserved
motif in the transmembrane domain of the subunits functions
in the ER retention of the receptor. The motif is hided in the
assembled receptor, but exposed in the unassembled
subunits. Through this mechanism, the cells transfer the
assembled receptor to the cell surface and retain the un-
assembled subunits in the ER (Wang et al., 2002; Mei and
Xiong, 2003).

PERSPECTIVES

The ER-QC is a conserved mechanism during the maturation
of receptors in multiple intercellular communication pro-
cesses in eukaryotes. As discussed above, the role of the
ER-QC system in plants is expanding. A key question is to
identify novel proteins that modulate the ER-QC chaperone
specificity in a particular process, such as male-female
gametophytic cell interaction—a process essential for sexual
reproduction. Our understanding on the mechanism of pollen
tube guidance has been focused on the female side and the
response of the male gametophyte is to be clarified. The
emerging role of the ER-QC in pollen tube guidance requires
more investigation into the ER-QC components and new
players that modulate the ER-QC specificity. Undoubtedly,
these will help us to identify the male receptors and proteins
involved in pollen tube response and expand our under-
standing of the ER-QC in general in plant systems.
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