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In this article, we show that the endoplasmic reticulum (ER) in Arabidopsis thaliana undergoes morphological changes in

structure during ER stress that can be attributed to autophagy. ER stress agents trigger autophagy as demonstrated by

increased production of autophagosomes. In response to ER stress, a soluble ER marker localizes to autophagosomes and

accumulates in the vacuole upon inhibition of vacuolar proteases. Membrane lamellae decorated with ribosomes were

observed inside autophagic bodies, demonstrating that portions of the ER are delivered to the vacuole by autophagy during

ER stress. In addition, an ER stress sensor, INOSITOL-REQUIRING ENZYME-1b (IRE1b), was found to be required for ER

stress–induced autophagy. However, the IRE1b splicing target, bZIP60, did not seem to be involved, suggesting the existence

of an undiscovered signaling pathway to regulate ER stress–induced autophagy in plants. Together, these results suggest

that autophagy serves as a pathway for the turnover of ER membrane and its contents in response to ER stress in plants.

INTRODUCTION

In eukaryotic cells, the endoplasmic reticulum (ER) is a central

organelle for protein folding and maturation. To ensure correct

protein function, polypeptide chains that enter the ER need to be

successfully folded and exported to their destination. However,

under severe environmental stress conditions, the load of un-

folded or misfolded proteins in the ER can exceed the capacity

of the cellular folding machinery, resulting in the accumulation of

unfolded or misfolded proteins, which causes ER stress (Ron

and Walter, 2007). To overcome this problem, the cell transmits

a signal from ER to nucleus to activate the unfolded protein re-

sponse (UPR) (Ron and Walter, 2007). The UPR usually involves

the transcriptional upregulation of some ER-resident proteins,

such as the binding protein (BiP) family of molecular chaperones,

to assist in proper folding of the misfolded proteins, and the

attenuation of protein translation to reduce the load of nascent

proteins entering the ER. The UPR-targeted genes can also acti-

vate the ER-associated degradation (ERAD) machinery to eliminate

the misfolded proteins by delivery to the cytoplasm for proteasomal

degradation (Mori, 2000; Ron and Walter, 2007). If ER homeostasis

cannot be reestablished, cell death is triggered (Ron and Walter,

2007).

The first example of an ER-to-nucleus signaling pathway trig-

gering the UPR was discovered in yeast, where the ER-resident

transmembrane protein inositol-requiring enzyme-1 (IRE1) binds

to unfolded proteins (Gardner and Walter, 2011), thus sensing

the ER stress, and splices the basic domain/leucine zipper

(bZIP) transcription factor homologous to Atf/Creb1 (HAC1)

mRNA (Cox et al., 1993; Mori et al., 1993, 1996; Cox and Walter,

1996). The translation product from the spliced HAC1 mRNA

regulates the transcription of targeted genes that possess UPR

cis-activating regulatory elements in their promoter regions (Mori

et al., 1992; Kohno et al., 1993). Subsequently, three different

classes of ER stress transducers were identified in mammalian

systems, all of which are ER transmembrane proteins that sense

ER stress through their lumenal domain and transduce the signal

to the nucleus (Ron and Walter, 2007). These include (1) the

mammalian homolog of IRE1, which splices the mRNA of the

bZIP-like transcription factor X-box binding protein 1 (XBP1)

(Tirasophon et al., 1998; Yoshida et al., 2001; Calfon et al., 2002); (2)

the activating transcription factor-6 (ATF6), which is transported

to the Golgi to be processed by site 1 and site 2 proteases (S1P

and S2P), followed by movement to the nucleus to activate

targeted genes (Haze et al., 1999; Ye et al., 2000; Yoshida et al.,

2000); and (3) the RNA-activated protein kinase–like ER kinase

(PERK), which regulates translation initiation factor-2a, thus at-

tenuating translation (Harding et al., 2000). In plants, IRE1 ho-

mologs and two other ER stress sensors, bZIP28 and bZIP60,

have been identified and/or characterized (Koizumi et al., 2001;

Noh et al., 2002; Okushima et al., 2002; Iwata and Koizumi, 2005;

Liu et al., 2007; Iwata et al., 2008, 2009; Tajima et al., 2008; Deng

et al., 2011; Nagashima et al., 2011; Chen and Brandizzi, 2012).

In Arabidopsis thaliana, the IRE1 gene family has two members,

IRE1a and IRE1b; both are located in the perinuclear ER (Koizumi

et al., 2001). IRE1b is widely expressed throughout the plant,

whereas IRE1a is restricted to embryos and seeds (Koizumi et al.,

2001; Noh et al., 2002). Like their yeast and animal counterparts,

the plant IRE1s also possess kinase and endoribonuclease

1Address correspondence to bassham@iastate.edu.

The author responsible for distribution of materials integral to the findings

presented in this article in accordance with the policy described in the

Instructions for Authors (www.plantcell.org) is: Diane C. Bassham

(bassham@iastate.edu).
C Some figures in this article are displayed in color online but in black and

white in the print edition.
W Online version contains Web-only data.

www.plantcell.org/cgi/doi/10.1105/tpc.112.101535

The Plant Cell, Vol. 24: 4635–4651, November 2012, www.plantcell.org ã 2012 American Society of Plant Biologists. All rights reserved.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lc

e
ll/a

rtic
le

/2
4
/1

1
/4

6
3
5
/6

0
9
8
1
2
7
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2

mailto:bassham@iastate.edu
http://www.plantcell.org
mailto:bassham@iastate.edu
http://www.plantcell.org/cgi/doi/10.1105/tpc.112.101535
http://www.plantcell.org


domains (Koizumi et al., 2001). In response to ER stress, IRE1

splices the mRNA encoding bZIP60, which is a bZIP transcription

factor (Deng et al., 2011; Nagashima et al., 2011; Chen and

Brandizzi, 2012), in a manner similar to that of Hac1 in yeast or

XBP1 in animals. The spliced bZIP60 mRNA is translated and

activates the BINDING PROTEIN3 gene (Deng et al., 2011). bZIP17

and -28 are additional transcription factors that localize to the ER

membrane in unstressed conditions. In response to stress, they

are cleaved and translocated to the nucleus, thus allowing ac-

tivation of transcriptional responses (Liu et al., 2007); whether

these proteins directly sense ER stress is not known.

While some aspects of the UPR signaling pathways have been

elucidated in plants, morphological changes to the ER resulting

from the UPR remain unclear (Urade, 2007, 2009; Moreno and

Orellana, 2011). Previous research suggests that unfolded pro-

teins can be degraded by both cytoplasmic ubiquitin-proteasome

system (UPS)-dependent pathways and UPS-independent path-

ways (Urade, 2007). However, the molecular mechanisms of UPS-

independent ERAD-like pathways in plants are still unknown.

Autophagy functions as a degradation process in the recycling

of cellular cytoplasmic contents and the removal of damaged

proteins or organelles under unfavorable growth conditions. Upon

induction of autophagy, a double-membrane structure termed

an autophagosome forms around cytoplasmic components. The

autophagosome then delivers this cargo to the vacuole for deg-

radation by hydrolases (Yang and Klionsky, 2009). After fusion

of the outer membrane of the autophagosome with the vacuolar

membrane, autophagic bodies, consisting of the inner membrane

enclosing the cargo, are released into the vacuole, degraded, and

the degradation products recycled. The autophagy pathway is

largely conserved from yeast to animals and plants. Studies in

yeast cells demonstrated that autophagy is triggered by ER stress,

and the IRE1-HAC1 signaling pathway is required for ER stress–

induced autophagy (Yorimitsu et al., 2006). Electron microscopy

analyses have shown that autophagosomes contain ER lamellar

membrane structures during ER stress (Bernales et al., 2006).

Mammalian cells also showed the induction of autophagy under

ER stress, and IRE1 is required for this process (Ogata et al.,

2006). However, XBP1 mRNA splicing by the IRE1 endoribo-

nuclease activity is not involved in autophagy (Ogata et al., 2006).

Instead, the IRE1 kinase activity-mediated c-Jun N-terminal ki-

nase pathway seems to be required for autophagy induction

(Urano et al., 2000; Ogata et al., 2006). In addition, the ER was

found to be one of the membrane sources for autophagosome

formation (Hayashi-Nishino et al., 2009; Ylä-Anttila et al., 2009). In

plants, autophagy is involved in responses to nutrient deprivation

conditions, oxidative stress, salt and drought stresses, pathogen

infection, and senescence (Hanaoka et al., 2002; Liu et al., 2005,

2009; Xiong et al., 2005, 2007b; Liu and Bassham, 2012). Recent

studies also suggest that autophagy can selectively degrade

certain plant organelles, such as ribosomes (Hillwig et al., 2011)

and chloroplasts (Ishida et al., 2008; Wada et al., 2009). How-

ever, whether autophagy contributes to ER membrane turnover

and homeostasis in plants has not been addressed.

In this study, the potential involvement of autophagy and the

morphological changes in ER structure during ER stress in plants

were investigated. Tunicamycin (TM) and DTT were found to trig-

ger autophagy in Arabidopsis. Confocal and electron microscopy

showed that portions of the ER are engulfed by autophagosomes

and delivered to the vacuole, most likely for degradation. Moreover,

one of the ER stress sensors, IRE1b, but not its homolog IRE1a,

was found to be required for autophagy induction by ER stress,

although its bZIP60 mRNA splicing activity does not seem to be

involved. Our results suggest that autophagy is involved in miti-

gating ER stress in plants and that an alternative signaling pathway

involving IRE1 activates autophagy in response to ER stress.

RESULTS

ER Stress Induces Autophagy in Arabidopsis

The effect of ER stress on autophagy in Arabidopsis was tested

by treating wild-type seedlings or transgenic seedlings expressing

green fluorescent protein (GFP)-AUTOPHAGY-RELATED 8e (ATG8e)

with TM or DTT for 8 h. ATG8e is an autophagosome membrane-

associated protein that is conjugated to phosphatidylethanol-

amine and is used as an autophagosome marker (Yoshimoto

et al., 2004; Contento et al., 2005; Thompson et al., 2005). The

markers used herein label both autophagosomes (in the cyto-

plasm) and autophagic bodies (in the vacuole); the term auto-

phagosome is used to denote both types of structure unless

further specified. Autophagosomes and autophagic bodies

were detected in transgenic plants by visualization of GFP-

ATG8e (Figure 1A) or in wild-type plants by staining with the

autophagosome-selective dye monodansylcadaverine (MDC)

(Figure 1B) (Contento et al., 2005; Xiong et al., 2007b). In control

conditions, autophagosomes were rarely seen, whereas numer-

ous autophagosomes were visualized after TM or DTT treatment.

To quantify the extent of autophagy activation, autophagosome

numbers per root section were analyzed (Figure 1C). Compared

with control conditions, significantly more autophagosomes were

detected upon TM and DTT treatments. These data suggest that

autophagy is induced by both TM and DTT treatment and, there-

fore, most likely by ER stress.

Previously, ATG18a was identified as an essential gene for

autophagy induction under several abiotic stresses. Thus, RNA in-

terference (RNAi)-ATG18a transgenic plants showed an autophagy-

defective phenotype (Xiong et al., 2005, 2007b; Liu et al., 2009). To

investigate whether ATG18a is required for ER stress–induced

autophagy, 7-d-old RNAi-ATG18a seedlings were subjected

to ER stress as described above (Figure 1B). No autophago-

somes were detected under control conditions or upon TM or

DTT treatment; this indicates that ER stress–induced autophagy

is dependent on the function of ATG18a and, therefore, most

likely occurs via the classical autophagy pathway.

There are two possibilities to explain the increased number

of autophagosomes seen under ER stress; either the ER stress

leads to an increased rate of formation of autophagosomes, or

the ER stress inhibits the delivery to or degradation of autopha-

gosomes in the vacuole. To distinguish between these possibilities,

the vacuolar H+-ATPase inhibitor concanamycin A (concA)

was used to inhibit the degradation of autophagic bodies in the

vacuole (Dröse et al., 1993; Yoshimoto et al., 2004). ConcA raises

the vacuolar pH and inhibits trafficking of vacuolar proteins,

preventing vacuolar protein degradation (Matsuoka et al., 1997;
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Figure 1. Autophagy Is Activated in Response to ER Stress in Arabidopsis Roots.

(A) Seven-day-old GFP-ATG8e transgenic plants were transferred to MS liquid medium supplemented with 5 µg/mL TM, 2 mM DTT, or DMSO (Cont) for

8 h. GFP-ATG8e–labeled autophagosomes in root epidermal cells were visualized by confocal microscopy. Arrows indicate GFP-labeled autopha-

gosomes or autophagic bodies. Bar = 10 mm.
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Yoshimoto et al., 2004). Autophagic bodies therefore accumulate

in vacuoles after treatment with concA instead of being degraded

(Yoshimoto et al., 2004). Seven-day-old GFP-ATG8e seedlings

grown on Murashige and Skoog (MS) plates were transferred to

liquid MS medium containing 1 µM concA or DMSO as a solvent

control, 5 µg/mL TM, or 5 µg/mL TM + 1 µM concA for 12 h, then

observed by both fluorescence microscopy using a fluorescein

isothiocyanate filter to visualize the GFP signal and differential

interference contrast (DIC) microscopy to image autophagic

bodies directly (Figure 1D). In control conditions, the GFP signal

was diffuse and the vacuole rarely contained any spherical

structures in the DIC images. In the control+concA condition,

GFP-ATG8e–labeled puncta and spherical structures were

sometimes detected in the vacuole in certain cells since plants

usually have a basal level of housekeeping autophagy (Inoue et al.,

2006; Xiong et al., 2007a). After adding TM, several GFP-ATG8e–

labeled puncta and spherical structures were observed, indicating

the formation of autophagosomes. Compared with the control

+concA sample, the majority of cells treated with both TM and

concA showed a large number of GFP-ATG8e–labeled puncta

and spherical structures in the vacuole, which have been shown

previously to be autophagic bodies (Yoshimoto et al., 2004). This

indicates that after adding TM and concA, autophagic bodies

accumulate inside the vacuole instead of being degraded. Identical

results were obtained using DTT instead of TM (see Supplemental

Figure 1 online). Together, these results demonstrate that the in-

creased number of autophagosomes present upon TM treatment

is due to the increased formation of autophagosomes, rather than

decreased degradation because of a deficiency in delivery to or

fusion between autophagosomes and vacuoles.

ER Stress–Induced Autophagy Is Regulated by an NADPH

Oxidase-Independent Pathway

Autophagy is regulated by either NADPH oxidase–dependent

or –independent pathways, depending on the stress conditions

(Liu et al., 2009). To determine whether ER stress–induced au-

tophagy is dependent on NADPH oxidase, the NADPH oxidase

inhibitors diphenyleneiodonium (DPI) and imidazole were used.

Seven-day-old wild-type plants grown on MS plates were

transferred to liquid MS medium plus DTT or TM, plus or minus

imidazole or DPI, for 8 h (Figure 1E). As demonstrated pre-

viously, autophagy could be induced by nitrogen starvation (2N

treatment), and imidazole or DPI inhibited this induction (–N +

imidazole/DPI treatment) (Figure 1E) (Liu et al., 2009). Compared

with control conditions, wild-type plants had substantially more

autophagosomes when treated with DTT or TM as shown above.

The addition of imidazole or DPI together with DTT/TM did not

block autophagy induction, in contrast with the inhibition seen during

nitrogen starvation. This result implies that ER stress–induced au-

tophagy is regulated by an NADPH oxidase–independent pathway.

ER Is Delivered to the Vacuole during ER Stress

One role of autophagy during ER stress might be to degrade

regions of the ER, thereby turning over some of the ER mem-

brane and contents. To investigate the physical relationship

between the autophagy pathway and the ER, the subcellular

localization of both ER and autophagosome markers was ana-

lyzed in response to ER stress. GFP fused with the ER retention

signal HDEL was used to label the ER (Batoko et al., 2000). To

prevent vacuolar degradation, 1 µM concA or DMSO as carrier

control was added to the corresponding stress-inducing liquid

MS medium, followed by incubation for 12 h in the dark. Seedlings

were imaged by confocal microscopy, with two focal planes

shown for each sample: one through the cortical cytoplasm and

one through the vacuole. In the control, confocal microscopy

showed typical ER networks in the cytoplasm, and the vacuole

was relatively devoid of any GFP signal (Figure 2, left panels).

Likewise, few spherical structures were observed in DIC images

of the vacuole in the controls (Figure 2, right panels). The concA-

treated sample also showed typical ER patterns in the cyto-

plasm and no GFP signal in the vacuole, although in some cells

small numbers of spherical structures were observed in the DIC

images.

To induce ER stress, 7-d-old GFP-HDEL transgenic Arabi-

dopsis seedlings were treated with TM or DTT for 8 h. With either

treatment, the typical ER structure was still observed in the

cytoplasm, although some punctate structures were occasion-

ally seen. Vacuoles were still largely devoid of any GFP signal,

and spherical structures were rarely seen in vacuoles by DIC

imaging, similar to the control. However, upon TM+concA or

DTT+concA treatment, some of the signal from GFP-HDEL

appeared as numerous dots, and GFP punctate structures and

spherical structures in the DIC images, which morphologically

resemble autophagic bodies, greatly increased in number. For

comparison, 7-d-old GFP-HDEL plants grown on MS plates were

transferred to MS plates lacking Suc (2Suc) or nitrogen (2N) for

Figure 1. (continued).

(B) Seven-day-old wild-type (WT) or RNAi-ATG18a seedlings were transferred to MS liquid medium supplemented with 5 µg/mL TM or 2 mM DTT, or an

equivalent amount of DMSO, for 8 h, followed by MDC staining, and roots were observed using confocal microscopy. Arrows indicate MDC-stained

autophagosomes/autophagic bodies. Bar = 10 mm.

(C) The number of MDC-stained autophagosomes per root section was counted in control conditions or after DTT and TM treatment as above and the

average number determined for 20 seedlings per treatment. Error bars represent SE.

(D) Seven-day-old GFP-ATG8e seedlings were transferred to liquid MS medium plus DMSO (Cont), plus 1 µM concA (+concA), plus 5 µg/mL TM, or plus

5 µg/mL TM with 1 µM concA (TM+concA) for 12 h, followed by both fluorescence and DIC microscopy. Insets show enlargement of indicated boxes.

Bars = 50 µm for main figure and 5 µm for insets.

(E) Seven-day-old seedlings were transferred to liquid MS medium plus 2 mM DTT plus or minus 20 mM imidazole/20 µM DPI for 8 h, plus 5 µg/mL TM

plus or minus 20 mM imidazole/20 µM DPI for 8 h, or transferred to plates lacking nitrogen (2N) for 4 d and then to liquid MS medium plus or minus

20 mM imidazole/20 µM DPI for 8 h. Arrows indicate autophagosomes/autophagic bodies. Bar = 25 µm.
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4 d to cause starvation stress, a well-characterized autophagy-

activating condition. In the –Suc and –N conditions, the GFP

signal also appeared as an ER network in the cytoplasm and the

spherical structures were rarely seen in the vacuole. Interestingly,

in –Suc+concA and –N+concA conditions, increased numbers of

spherical structures were observed in the DIC images because

autophagy is induced under starvation conditions (Contento et al.,

2005), whereas the GFP signal mainly showed an ER pattern in

the cytoplasm and only a few GFP punctate structures were

observed in the vacuole. These observations suggest that ER is

transported to the vacuole via an autophagy-like pathway during

ER stress but not largely transported to the vacuole during nu-

trient starvation conditions.

ER Is a Substrate of the Autophagy Pathway during

ER Stress

To test whether the spherical structures that deliver ER to the

vacuole are autophagosomes, leaf protoplasts obtained from

4-week-old GFP-HDEL plants were transformed with a cerulean-

ATG8e fusion construct, then incubated in the dark for 12 h

to allow gene expression. Confocal microscopy was performed

to visualize the subcellular localization of both GFP-HDEL and

cerulean-ATG8e (Figure 3A). (Note: The plant protoplasts ex-

pressing only GFP-HDEL or cerulean-ATG8e displayed little

fluorescence contamination between these two individual signals.)

In the controls, GFP-HDEL showed a typical cytoplasmic ER pat-

tern, and the cerulean-ATG8e gave a diffuse cytosolic signal. In the

control+concA condition, most cells also showed the GFP-labeled

ER network and a cytosolic cerulean signal, although a few cells

had GFP and cerulean puncta in the vacuole likely due to a basal

level of autophagy. In the presence of TM, both the cerulean- and

the GFP-labeled puncta appeared in most of the cells, and some of

the cerulean puncta and GFP puncta colocalized with each other.

After incubation with both TM and ConcA, in most of the cells,

numerous GFP puncta appeared as shown previously in planta,

and the cerulean-ATG8e was also found in multiple puncta. Many

of the structures labeled with these two markers colocalized, and

Figure 2. The Localization of GFP-HDEL Changes during ER Stress in Arabidopsis Roots.

Seven-day-old GFP-HDEL transgenic plants were transferred to liquid MS medium with or without 1 µM concA for 12 h (control conditions). To induce ER

stress, 7-d-old GFP-HDEL seedlings were transferred to liquid MS medium plus 2 mM DTT or 5 µg/mL TM with or without 1 µM concA for 12 h. To induce

starvation stress, seedlings were first transferred to MS plates lacking Suc or nitrogen for 4 d, then transferred to MS liquid medium lacking Suc (2Suc) or

nitrogen (2N), with or without 1 µM concA for 12 h. DMSOwas used as a solvent control for all experiments. The plants were then observed with both confocal

microscopy (left panels) and DIC microscopy (right panels). Far-right panels show enlarged boxes. Bars = 50 µm for main figures and 10 µm for insets.

[See online article for color version of this figure.]
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Figure 3. Autophagy Delivers ER to the Vacuole during ER Stress in Arabidopsis Leaf Protoplasts.

(A) Leaf protoplasts obtained from 4-week-old GFP-HDEL plants were transformed with a cerulean-ATG8e fusion construct. For control conditions, the

protoplasts were incubated in W5 solution with or without 1 µM concA for 12 h. DMSO was used as a solvent control for all experiments. To induce ER

stress, protoplasts were incubated in W5 solution plus 5 µg/mL TM with or without 1 µM concA for 12 h. Confocal microscopy was used to visualize the

GFP and cerulean fluorescence. GFP-HDEL protoplasts lacking the cerulean-ATG8e construct were used as a GFP fluorescence control; wild-type

protoplasts transformed with the cerulean-ATG8e construct were used as a cerulean fluorescence control. Arrows indicate autophagic bodies labeled

with both GFP-HDEL and cerulean-ATG8e. Bar = 10µm.

(B) A line fluorescence tracing from images +TM and +TM+concA treatment in (A).

(C) Leaf protoplasts obtained from 4-week-old wild-type (WT) or RNAi-ATG18a plants were transformed with a CFP-HDEL fusion construct. For the

control, the protoplasts were incubated in W5 solution with or without 1 µM concA for 12 h. To induce ER stress, the protoplasts were incubated in W5

4640 The Plant Cell
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in the bright-field images, these puncta corresponded to small

vesicles in the vacuole.

To analyze further and quantify the colocalization between the

cerulean-ATG8e and the GFP-HDEL signals, the fluorescence

patterns of the two signals were analyzed using the ImageJ

software (Abramoff et al., 2004) (Figure 3B). The patterns obtained

from both TM and TM+concA treatment showed significant over-

lap, and the Pearson coefficient relating the patterns (Figure

3D) also suggested that these two patterns positively correlate

with each other. Together, these data suggest that during ER

stress, ER is delivered to the vacuole through an ATG8e-containing

vesicle, presumably an autophagosome.

Delivery of ER to the Vacuole Requires the

Autophagy-Related Gene ATG18a

To test further the role of the autophagy pathway in delivering

ER to the vacuole, similar experiments as described above were

performed comparing wild-type and RNAi-ATG18a leaf proto-

plasts transiently expressing a cyan fluorescent protein (CFP)-

HDEL fusion construct as an ER marker (Liu et al., 2007) (Figure

3C). Autophagosome formation is defective in RNAi-ATG18a

plants, which thus can be used to test whether the loss of the

autophagy pathway blocks ER transport to the vacuole during

ER stress. In both wild-type and RNAi-ATG18a protoplasts, the

CFP signal labeled an ER membrane network in control con-

ditions. After addition of concA, most of the wild-type proto-

plasts showed an ER pattern and a few showed some CFP

puncta, but almost all RNAi-ATG18a protoplasts observed dis-

played an ER pattern without CFP puncta. After adding TM, CFP

puncta were observed in a majority of wild-type protoplasts, but

not in RNAi-ATG18a protoplasts. After adding both TM and

concA to the medium, most of the wild-type protoplasts ob-

served accumulated numerous CFP puncta inside the vacuole;

however, RNAi-ATG18a protoplasts still displayed the ER pat-

tern, suggesting that delivery of ER to the vacuole is blocked

when autophagy is defective. These results indicate that the

delivery of ER to the vacuole is dependent on the autophagy-

related gene ATG18a and this, when taken together with the

colocalization between the ER marker and the autophagosome

marker, suggests that the ER is delivered in autophagosomes.

ER Marker Does Not Colocalize with Other Endomembrane

Markers during ER Stress

Two major vacuolar trafficking routes have been identified in

plants: the autophagy pathway and the biosynthetic pathway, which

involves the Golgi, the trans-Golgi network (TGN), and the pre-

vacuolar compartment (PVC) (Sanderfoot et al., 1998; Törmäkangas

et al., 2001). To investigate whether the ER structures identified in

the vacuole can also be transported through the biosynthetic

pathway, the subcellular colocalization between the ER marker and

the Golgi marker ST-GFP (Boevink et al., 1998) (see Supplemental

Figure 2 online), the TGN marker GFP-VHA1 (Dettmer et al., 2006)

(see Supplemental Figure 3 online), and the PVC marker YFP-

RHA1 (Preuss et al., 2004) (see Supplemental Figure 4 online)

were also analyzed using Arabidopsis leaf protoplasts as de-

scribed above. Both the confocal images and the Pearson co-

efficient (Figure 3D) suggested that the punctate ER fluorescence

signal does not colocalize with the Golgi, the TGN, and the PVC

structures. The TM+concA condition was not analyzed for co-

localization with ST-GFP or GFP-VHA1 because concA disrupts

Golgi and TGN structures (Dettmer et al., 2006). These results

indicate that the ER structures identified in the vacuole during

ER stress are not transported via the Golgi, TGN, and the PVC

pathway.

Structure of ER Stress–Induced Autophagosomes

Although it can be interpreted that the colocalization of ER

puncta with an autophagosome marker indicates that ER is

transported to the vacuole by autophagosomes, previous

studies in animals showed that the autophagosome membrane

can be derived from ER membrane (Hayashi-Nishino et al.,

2009; Ylä-Anttila et al., 2009) in which case one might observe

a similar pattern of colocalization. To clarify whether ER is de-

livered by autophagosomes or is a component of the autopha-

gosome membrane during ER stress, electron microscopy was

performed to examine the detailed structures of ER stress–

induced autophagosomes (Figure 4). In the controls, a few small

vesicles were observed in both the vacuoles and the cytoplasm

(Figure 4A). In the control+concA condition, there were greater

numbers of vesicles observed in the vacuole due to the in-

hibition of vacuolar degradation (Figure 4B). In response to TM

treatment, numerous vesicles appeared in the cytoplasm, but

the contents of the vesicles were difficult to identify (Figure 4C).

This might be due to the fusion of autophagosomes with a

smaller lysosome-like or endosome-like organelle, leading to the

degradation of the contents in the autophagosomes before fu-

sion with the vacuole (Rose et al., 2006; Toyooka et al., 2006;

Bassham, 2007). Following treatment with TM+concA, a multi-

tude of small vesicles were observed in both the cytoplasm and

the vacuole (Figure 4D). Since concA was used to inhibit vacu-

olar degradation, the contents inside the autophagic bodies

could be identified. These small vesicles contained a variety of

cargos, some with unidentified cytoplasmic contents (Figure 4H),

whereas many had membrane structures decorated with electron-

dense ribosomes (Figures 4E to 4G), typical of ER. Not all auto-

phagosomes or autophagic bodies contained ER, consistent with

the partial colocalization seen by confocal microscopy. From this

Figure 3. (continued).

solution plus 5 µg/mL TM with or without 1 µM concA for 12 h. Confocal microscopy was used to visualize CFP fluorescence. Arrows indicate CFP-

HDEL–labeled structures inside the vacuole. Bars = 10µm.

(D) Pearson’s colocalization coefficient for GFP-HDEL and cerulean-ATG8e (autophagosomes), CFP-HDEL and ST-GFP (Golgi), CFP-HDEL and GFP-

VHA1 (TGN), and CFP-HDEL and YFP-RHA1 (PVC). Pearson’s coefficient was derived from three independent experiments. Error bars represent SE.
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we conclude that ER membranes had been engulfed by auto-

phagosomes. Together, these results imply that ER is transported

to the vacuole for degradation via the autophagy pathway during

ER stress.

IRE1b Is Required for ER Stress–Induced Autophagy

In Arabidopsis, IRE1 has been identified as an ER stress sensor.

IRE1 senses ER stress and splices the mRNA encoding bZIP60,

which is a bZIP-containing transcription factor implicated in the

UPR in plants (Deng et al., 2011). There are two members of the

IRE1 gene family in Arabidopsis, IRE1a and IRE1b (Koizumi et al.,

2001), and IRE1b is most highly expressed in seedlings (http://

bbc.botany.utoronto.ca/efp/cgi-bin/efpWeb.cgi?dataSource=

Developmental_Map) and is primarily responsible for bZIP60

splicing in seedlings (Deng et al., 2011). To investigate whether

ER stress–induced autophagy is activated via IRE1 genes, the

induction of autophagy was examined in ire1a or ire1b null

mutants (Humbert et al., 2012) compared with wild-type plants.

Seven-day-old ire1a, ire1b, and wild-type plants grown on MS

plates were transferred to MS liquid medium plus DMSO for 8 h

as a control, MS liquid medium supplemented with 5 µg/mL TM,

or 1 mM DTT for 8 h to induce ER stress, or MS plates lacking

Suc (2Suc) or nitrogen (2N) for 4 d to induce starvation stresses,

followed by MDC staining (Figure 5A). In control conditions, all

three genotypes showed very few autophagosomes. Both wild-

type and ire1a plants showed elevated autophagy during TM or

DTT treatment and starvation conditions (–Suc and 2N). Au-

tophagy was also induced in ire1b during starvation conditions

(2Suc and 2N), but autophagy induction was not observed in

response to DTT or TM treatment.

To quantify these observations, autophagosome numbers

were analyzed per root section for both ire1a and ire1b mutants

(Figure 5B). The ire1a mutant responded to both ER stress (DTT

or TM) treatment and the starvation stress, whereas the ire1b

mutant responded to the starvation stress but showed signifi-

cantly lower autophagosome numbers during ER stress treat-

ment. To confirm further the MDC staining result, concA was

used to prevent vacuolar degradation of autophagic bodies,

which were visualized by DIC microscopy. Seven-day-old ire1a,

ire1b, and wild-type plants were transferred to ER stress (+TM

and +DTT) or starvation (2Suc and 2N) conditions as described

above, plus concA or an equal volume of DMSO as a solvent

control, followed by DIC image analysis (see Supplemental

Figure 5 online). In the absence of concA, ire1a, ire1b, and wild-

type plants all displayed few spherical structures in the vacuole

in almost all conditions tested. In the control+concA condition,

all three types of plants showed a small number of spherical

structures, predominantly corresponding to autophagic bodies,

in the vacuole in some cells as described above. In the TM+concA

or DTT+concA conditions, a substantial increase in spherical

structures was observed in both wild-type and ire1a plants, but

Figure 4. ER Membranes Are Engulfed by Autophagosomes during ER Stress.

Seven-day-old wild-type seedlings were transferred to MS liquid medium without (A) or with (B) 1 µM concA or MS liquid medium supplemented with

5 µg/ml TM without (C) or with ([D] to [H]) 1 µM concA for 12 h, followed by electron microscopy analysis of root cells. AB, autophagic bodies.

(E) and (F) Autophagic bodies with ribosome-decorated membranes inside.

(G) Enlargement of a section indicted in (F).

(H) Autophagic bodies with unidentified content inside.

4642 The Plant Cell

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lc

e
ll/a

rtic
le

/2
4
/1

1
/4

6
3
5
/6

0
9
8
1
2
7
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2

http://bbc.botany.utoronto.ca/efp/cgi-bin/efpWeb.cgi?dataSource=Developmental_Map
http://bbc.botany.utoronto.ca/efp/cgi-bin/efpWeb.cgi?dataSource=Developmental_Map
http://bbc.botany.utoronto.ca/efp/cgi-bin/efpWeb.cgi?dataSource=Developmental_Map
http://www.plantcell.org/cgi/content/full/tpc.112.101535/DC1
http://www.plantcell.org/cgi/content/full/tpc.112.101535/DC1


not in ire1b plants, which had a similar number as in control

+concA conditions. In2Suc+concA or –N+concA conditions, all

three types of plants showed an increased level of spherical

structure accumulation compared with the control+concA con-

dition. The DIC image analysis together with the MDC staining

results indicate that IRE1b, and not IRE1a, is required for ER

stress–induced autophagy but not for starvation-induced auto-

phagy in roots.

To confirm further the MDC and DIC results obtained in

seedling roots, 4-week-old leaf protoplasts from wild-type,

ire1a, and ire1b plants were transformed with a GFP-ATG8e

fusion construct to visualize the induction of autophagy under

ER stress by confocal microscopy (Figure 6A). In the control, the

fluorescence from GFP-ATG8e was diffuse in all three types of

plant protoplasts. In the control+concA condition, most of the

cells observed displayed a diffuse signal and occasionally GFP

puncta were detected. In response to TM treatment, most of

the wild-type and ire1a plants contained GFP-ATG8e labeled

puncta, indicating the induction of autophagy, whereas the GFP

signal was diffuse in ire1b, indicating no autophagosome for-

mation. In the TM+concA condition, most of the wild-type and

ire1a protoplasts observed showed substantial accumulation of

GFP puncta, but ire1b plants behaved similarly as in the control

+concA condition. These results again suggest that the ER stress–

induced autophagy is dependent on IRE1b.

IRE1b Is Required for Transport of ER to the Vacuole

Next, the role of IRE1b in delivery of ER to the vacuole upon ER

stress was analyzed using wild-type, ire1a, and ire1b leaf pro-

toplasts transiently expressing a CFP-HDEL fusion construct

(Figure 6B). In control conditions, the ER pattern was typical in

all three types of plant protoplasts. In the control+concA treat-

ment, most of the cells displayed an ER pattern and occasionally

CFP-labeled puncta were detected. In the presence of TM, most

of the wild-type and ire1a plants contained CFP-labeled puncta,

whereas ire1b plants mainly showed a typical ER labeling pat-

tern. In the TM+concA samples, most of the wild-type and ire1a

plants observed showed substantial accumulation of CFP-HDEL

puncta, but ire1b plants did not, behaving similarly as in control

+concA conditions. These results imply that the delivery of ER to

the vacuole is dependent on IRE1b but not on IRE1a. Together,

the findings both in planta and in protoplasts suggest that IRE1b

is required for ER stress–induced autophagy.

To confirm that the loss of autophagy induction during ER

stress in the ire1b mutant was actually due to the lack of IRE1b

Figure 5. ER Stress–Induced Autophagy Is Dependent on IRE1b Function in Arabidopsis Roots.

(A) Seven-day-old wild-type (WT), ire1a, and ire1b plants were transferred to MS liquid medium plus DMSO for 8 h as a control, MS liquid medium

supplemented with 5 µg/mL TM or 2 mM DTT for 8 h to induce ER stress, or MS plates lacking Suc (2Suc) or nitrogen (2N) for 4 d to induce starvation

stress, followed by MDC staining and confocal microscopy. Bar = 50µm.

(B) The number of MDC-stained autophagosomes per root section was counted after DTT and TM treatment as above and the average number

determined for 20 seedlings per treatment. Error bars represent SE.
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gene function, autophagy induction was tested in both ire1b

leaf protoplasts transiently expressing a FLAG-tagged IRE1b

construct (Figure 7A) and transgenic lines expressing the

IRE1b cDNA (IRE1b-FLAG) in the ire1b mutant background

(Figure 7B; see Supplemental Figure 6 online). Wild-type leaf

protoplasts transiently expressing GFP-ATG8e displayed a dif-

fuse GFP signal in control conditions, and GFP puncta were

observed in the presence of TM as expected (Figure 7A). ire1b

leaf protoplasts transiently expressing GFP-ATG8e showed a

diffuse GFP signal in both the control and after TM treatment.

However, upon transformation of ire1b leaf protoplasts with

both IRE1b-FLAG and GFP-ATG8e constructs, the GFP signal

was diffuse in the control conditions, but GFP puncta were

seen in the presence of TM, similar to wild-type protoplasts. To

confirm these results in planta, 7-d-old wild-type, ire1b, and

ire1b/IRE1b-FLAG complementation lines (see Supplemental

Figure 6 online) were transferred to liquid MS medium supple-

mented with TM or DMSO, followed by MDC staining (Figure 7B).

With TM treatment, both the wild type and IRE1b complemented

plants contained significantly more MDC-labeled autophago-

somes compared with control conditions, whereas in the ire1b

mutant, few autophagosomes were detected in both control and

in +TM conditions. Together, these results indicate that the

defect for autophagy induction in ire1b in response to ER stress

can be attributed to the loss of IRE1b gene function, rather than

other defects in the autophagy pathway. This again suggests

that ER stress–induced autophagy is dependent on the IRE1b

gene.

Figure 6. ER Stress–Induced Autophagy Is Dependent on IRE1b Function in Arabidopsis Leaf Protoplasts.

Leaf protoplasts obtained from 4-week-old wild-type (WT), ire1a, and ire1b plants were transformed with GFP-ATG8e (A) or CFP-HDEL (B) fusion

constructs. As a control, protoplasts were incubated in W5 solution with or without 1 µM concA for 12 h. To induce ER stress, the protoplasts were

incubated in W5 solution plus 5 µg/mL TM with or without 1 µM concA for 12 h. DMSO was used as a solvent control. Confocal microscopy was used to

visualize the GFP and CFP fluorescence. Arrows indicate autophagic bodies containing GFP-ATG8e or CFP-HDEL. Bars = 10 µm.
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bZIP60 Is Not Involved in Regulating ER

Stress–Induced Autophagy

As discussed above, IRE1b splices bZIP60mRNA to produce an

active transcription factor, thus upregulating the UPR genes in

plants (Deng et al., 2011). To test whether regulation of ER

stress–induced autophagy by IRE1b occurs via IRE1b splicing of

bZIP60, the induction of autophagy was examined in a bzip60

T-DNA insertion mutant (Deng et al., 2011). Seven-day-old wild-

type and bzip60 plants grown on MS plates were transferred to MS

liquid medium supplemented with TM or DSMO as a solvent con-

trol, followed by MDC staining (Figure 8). Unexpectedly, the bzip60

mutant showed constitutive autophagy even under control con-

ditions. One explanation for the constitutive autophagy in the bzip60

mutant is that the loss of bZIP60 function causes constitutive

ER stress, thus inducing autophagy. Alternatively, the loss in

bZIP60 function may lead to general cellular stress, causing an

increased level of basal autophagy. This complicated the testing

of whether ER stress induces autophagy in bzip60, as autoph-

agy seen upon TM treatment in bzip60 could either be increased

basal autophagy or a mixture of the basal autophagy and TM

induced autophagy.

To distinguish between these two possibilities, the NADPH

oxidase inhibitor DPI was used to inhibit the general starvation

and salt stress–induced autophagy pathway (Liu et al., 2009). As

shown in Figure 1, the addition of an NADPH oxidase inhibitor

does not block ER stress–induced autophagy. In the presence

of DPI, no autophagy was seen in bzip60 (Figure 8), indicating

that the constitutive autophagy observed in bzip60 is inhibited

by DPI and is therefore most likely a general stress response and

unrelated to ER stress. After adding both DPI and TM to the me-

dium, wild-type plants still showed autophagy induction. Auto-

phagosomes were also present in the bzip60 mutant in the

presence of DPI and TM, which suggests that after DPI inhibition

of the enhanced basal autophagy, an alternative pathway for

activation of ER stress–induced autophagy was still active.

These data indicate that autophagy can still be induced by ER

stress in the bzip60 mutant and, therefore, that bZIP60 is not

required for ER stress–induced autophagy. Thus, ER stress–

induced autophagy is regulated by IRE1b but is not dependent

on the downstream factor bZIP60.

bZIP28 Is Not Involved in Regulating ER

Stress–Induced Autophagy

Animal cells contain another two ER stress sensors, ATF6 and

PERK, in addition to IRE1. Cells lacking ATF6 or PERK are ca-

pable of autophagy induction in response to ER stress (Ogata

et al., 2006). In plants, bZIP28 may be functionally equivalent to

ATF6, whereas PERK signaling has not been demonstrated in

plants (Liu et al., 2007; Tajima et al., 2008). To investigate whether

bZIP28 is involved in ER stress–induced autophagy, a bzip28-2

Figure 7. Defects in Autophagy Induction in ire1b during ER Stress Can

Be Attributed to the Loss of IRE1b Gene Function.

(A) Leaf protoplasts obtained from 4-week-old wild-type (WT) or ire1b

plants were transformed with the GFP-ATG8e fusion construct, or ire1b leaf

protoplasts were transformed with both GFP-ATG8e and IRE1b-FLAG fu-

sion constructs. For controls, the protoplasts were incubated in W5 solu-

tion. To induce ER stress, protoplasts were incubated in W5 solution plus

5 µg/mL TM. Arrows indicate GFP-ATG8e–labeled autophagic bodies.

(B) Seven-day-old wild-type, ire1b, and ire1b/IRE1b-FLAG seedlings

were transferred to MS liquid medium supplemented with 5 µg/mL TM or

DMSO as a solvent control for 8 h, followed by MDC staining and fluo-

rescence microscopy. Arrows indicate MDC-stained autophagosomes

and autophagic bodies.

Figure 8. bZIP60 and bZIP28 Are Not Involved in Regulating ER Stress–Induced Autophagy.

Seven-day-old wild-type (WT), bzip60, and bzip28 plants grown on MS plates were transferred to MS liquid medium supplemented with 5 µg/mL TM,

20 µM DPI, or 5 µg/mL TM together with 20 µM DPI, with DMSO used as a solvent control. MDC staining of roots was performed to visualize

autophagosomes. Bar = 50 µm.
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knockout mutant (Liu et al., 2007; Che et al., 2010) was tested

for autophagy induction during ER stress. Similar experiments as

described above for bzip60 were performed with 7-d-old bzip28-2

plants (Figure 8). The bzip28-2 plants displayed constitutive

autophagy even in control conditions. This constitutive au-

tophagy was inhibited by the addition of the NADPH oxidase

inhibitor DPI, indicating that the constitutive autophagy seen in

the bzip28-2 mutant was most likely a general stress response

and unrelated to ER stress. After adding both DPI and TM to the

medium, autophagosomes were present in bzip28-2, indicating

that after the inhibition of general stress-induced autophagy,

autophagy can still be induced by ER stress in the bzip28-2

mutant. These data imply that, like bZIP60, bZIP28 is not re-

quired for ER stress–induced autophagy.

DISCUSSION

Although a number of studies have focused on UPR signaling

pathways in plants, little is understood about ER morphology

changes in response to ER stress or as mediated by the UPS-

independent ERAD pathway (Urade, 2007, 2009; Moreno and

Orellana, 2011). Previously, plant autophagy had been shown to

be involved in senescence, nutrient deprivation, oxidative stress,

salt and drought stresses, and pathogen infection (Doelling

et al., 2002; Hanaoka et al., 2002; Liu et al., 2005, 2009; Xiong

et al., 2005, 2007b). In this article, we demonstrate that au-

tophagy is activated in the response to ER stress in plants. MDC

staining and GFP-ATG8e transgenic plants showed autophagy

induction after TM or DTT treatment. In addition, portions of the

ER are engulfed by autophagosomes and delivered to the vac-

uole for degradation. Together, this evidence implicates au-

tophagy in ER turnover in response to ER stress. To investigate

the upstream signaling pathway that activates ER stress–

induced autophagy, a mutant lacking one of the ER stress

sensors, IRE1b, was tested for autophagy induction upon ER

stress. Leaf protoplasts transiently expressing CFP-HDEL or GFP-

ATG8e indicated that IRE1b is required for ER stress–induced au-

tophagy. To characterize further the IRE1b-dependent autophagy

pathway, a mutant lacking the splicing target of IRE1b, bZIP60,

was also analyzed. The bzip60 mutant was capable of inducing

autophagy in response to ER stress, suggesting that ER stress–

induced autophagy does not rely on the splicing activity of IRE1b.

Our data identified IRE1b as an upstream component of

ER stress–induced autophagy in Arabidopsis seedlings. How-

ever, we cannot exclude the possibility that IRE1a could also

be involved in autophagy. According to the eFP Browser (http://

bbc.botany.utoronto.ca/efp/cgi-bin/efpWeb.cgi?dataSource=

Developmental_Map), the expression of IRE1a is quite limited in

vegetative tissues. Thus, by analyzing root tissues and proto-

plasts, we may not have been able to assess the contribution by

IRE1a simply because it is not highly expressed in roots. IRE1a

plays newly recognized roles in plant defense responses, so it will

be interesting to determine whether those responses also involve

autophagy (Moreno et al., 2012). There is some discrepancy in the

literature about the extent to which the roles of IRE1a and IRE1b

overlap, which may be due to allelic differences in the mutants

used in the different studies (Deng et al., 2011; Nagashima et al.,

2011; Chen and Brandizzi, 2012).

The detailed molecular mechanism of regulation of ER stress–

induced autophagy is yet to be determined. In yeast, ER stress–

induced autophagy is regulated through the IRE1 endoribonuclease

activity toward HAC1 mRNA (Yorimitsu et al., 2006). In animals,

IRE1 is also required for autophagy induction; however, the IRE1

kinase activity-mediated c-Jun N-terminal kinase pathway,

which is absent in plants, rather than the splicing activity toward

XBP1 seems to control autophagy induction (Urano et al., 2000;

Ogata et al., 2006). Our results showed that in plants, ER stress–

induced autophagy is dependent on IRE1b, suggesting a con-

served role for the IRE1 gene during autophagy induction from

yeast to animals and plants. Similar to animals, autophagy does

not depend on the IRE1b downstream splicing target, which in

the case of Arabidopsis is bZIP60 (Deng et al., 2011). As bZIP60

is the only known target of IRE1b ribonuclease activity, this

suggests that either (1) IRE1b has additional splicing targets that

have yet to be discovered that regulate autophagy activation or

(2) other activities associated with IRE1b may be responsible for

the autophagy induction in response to ER stress, rather than its

splicing activity. However, other functions of IRE1b in addition to

the splicing of bZIP60 mRNA have not been discovered to date

(Deng et al., 2011). This suggests that a distinct, previously

undiscovered, signaling pathway functions in activation of au-

tophagy during ER stress in Arabidopsis. To elucidate further

the role of IRE1 in autophagy induction, more experiments are

needed to identify its substrates and downstream signals. In-

triguingly, the loss of XBP1 in Drosophila melanogaster causes

constitutive autophagy (Arsham and Neufeld, 2009), similar to

that of the bzip60 and bzip28 mutants observed here. The authors

suggest that the absence of XBP1 activity may lead to accu-

mulation of unfolded proteins, triggering XBP1-independent

UPR signaling. Whether this happens in plant cells still needs to

be determined.

Target of rapamycin (TOR) has been shown to be a negative

regulator of autophagy from yeast to animals and plants (Díaz-

Troya et al., 2008; Liu and Bassham, 2010). TOR regulates the

downstream ATG1 kinase complex, recently characterized in

Arabidopsis (Suttangkakul et al., 2011), which in turn regulates

the initiation of autophagy (Díaz-Troya et al., 2008). Several

studies have shown an interplay between ER stress and mTOR

signaling in animals; for example, constitutive activation of

mTOR leads to ER stress (Ozcan et al., 2008) and chaperone

availability controls mTOR signaling (Qian et al., 2010). It was

also suggested that ER stress induces autophagy through the

inactivation of mTOR (Qin et al., 2010). However, whether TOR is

associated with the control of autophagy during ER stress in

plants is still unknown. A recent study in Chlamydomonas rein-

hardtii reported that the phosphorylation state of the BiP chaperone

is regulated by TOR (Díaz-Troya et al., 2011). The authors showed

that under ER stress when increased chaperone levels are needed,

BiP protein is dephosphorylated, resulting in its activation. When

protein synthesis was inhibited by downregulating TOR activity, BiP

was phosphorylated to its inactive form (Díaz-Troya et al., 2011).

These results indicate a potential TOR function in its interaction

with the ER stress signal, thereby regulating both protein synthesis

and the autophagy degradation pathway. However, how exactly

TOR senses ER stress, and whether IRE1 fits into this pathway,

still needs to be determined.
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Generally, autophagy is a nonselective process; however,

organelle-specific autophagy has been identified in both yeast

and animals (Reumann et al., 2010). For example, the selective

degradation of peroxisomes (pexophagy) (Hutchins et al., 1999),

mitochondria (mitophagy) (Kim et al., 2007), ribosomes (ribo-

phagy) (Kraft et al., 2008), and ER (ER-phagy) (Bernales et al.,

2006) have been reported. In plants, organelle-specific autoph-

agy has not been studied extensively. Nevertheless, increasing

evidence is emerging for organelle-specific autophagy in plants,

such as the degradation of ribosomes (Hillwig et al., 2011)

and bodies containing ribulose-1,5-bisphosphate carboxylase/

oxygenase (Ishida et al., 2008; Wada et al., 2009). However,

whether the engulfment of ER by autophagosomes is a selective

process is unknown. One possibility is that during ER stress, the

ER begins to fragment, allowing it to be incorporated into au-

tophagosomes nonselectively. Another possibility is that the

autophagosome can recognize ER fragments containing mis-

folded proteins (Yorimitsu and Klionsky, 2007), therefore se-

questering both the misfolded proteins and the ER membranes.

Recent studies in animals suggest that p62/SEQUESTOSOME1

and NBR1 (for neighbor of BRCA1 gene) function as selective

autophagy cargo receptors (Pankiv et al., 2007; Ichimura et al.,

2008; Kirkin et al., 2009). Both p62 and NBR1 harbor an Atg8-

interacting motif (AIM domain), a WXXL amino acid sequence

that can be recognized by Atg8/LC3, and a UBA (for Ub asso-

ciate) domain, which can interact with ubiquitinated proteins

(Noda et al., 2010; Johansen and Lamark, 2011). It was proposed

that upon ubiquitination of protein aggregates, the UBA domains

of p62 and NBR1 recognize and bind to the ubiquitinated protein

aggregates, then the AIM domains of p62 and NBR1 recruit Atg8/

LC3, followed by the formation of autophagosomes (Johansen

and Lamark, 2011). Similar mechanisms have been reported

in plants. NBR1 homologs in both Arabidopsis and tobacco

(Nicotiana tabacum) have been identified, and they both interact

with ATG8 (Svenning et al., 2011; Zientara-Rytter et al., 2011).

Therefore, it is possible that the autophagosome sequesters ER

through identifying ER fragments containing protein aggregates

or containing surface proteins tagged by ubiquitylation, as has

been seen in the case of mitophagy (Ashrafi and Schwarz, 2012);

however, more evidence is required before this conclusion can

be drawn.

In this study, we provide another link between organelle deg-

radation and autophagy by showing that the ER is a target of

autophagy during ER stress in plants. Activities other than the

splicing of bZIP60 by IRE1b may function as upstream events to

regulate ER stress–induced autophagy. However, future experi-

ments are needed to determine the downstream targets of IRE1b

and the detailed regulation mechanisms in the ER stress–induced

autophagy pathway.

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana Columbia ecotype seeds were surface sterilized with

0.1% (v/v) Triton X-100 and 33% (v/v) bleach solution for 20 min, followed

by cold treatment for at least 2 d.Arabidopsis seedlings were grown under

long-day conditions (16 h light) at 22°C on nutrient solid MS medium

(Murashige-Skoog vitamin and salt mixture [Caisson, MSPA0910], 1%

[w/v] Suc, 2.4 mMMES, pH 5.7, and 0.8% [w/v] phytagar). T-DNA insertion

mutants used in this study were ire1a (salk_018112), ire1b (sail_238_F07),

bzip60-1 (salk_050203), and bzip28-2 (salk_132285). Transgenic plants

used in this study have beendescribed previously as follows: RNAi-ATG18a

(Xiong et al., 2005), GFP-ATG8e (Xiong et al., 2007b), GFP-HDEL (Batoko

et al., 2000), CFP-HDEL (Liu et al., 2007), GFP-VHA1 (Dettmer et al., 2006),

YFP-RHA1 (Preuss et al., 2004), and ST-GFP (Boevink et al., 1998).

For TM andDTT treatment, 7-d-old seedlings grown on solidMSplates

were transferred to liquid MS medium supplemented with 5 µg/mL TM or

2 mMDTT (Liu et al., 2007), or DMSO as a solvent control for the indicated

times in the dark.

For starvation treatment, 7-d-old seedlings grown on solid MS plates

were transferred to MS plates lacking Suc or nitrogen for an additional 4 d.

Plants grown on Suc starvation plates were incubated in the dark. If concA

treatment (see below)was also required, the seedlingswere then transferred

to liquidMSmedium lacking Suc or nitrogen plus concA for 12 h in the dark.

For imidazole and DPI treatment, seedlings grown on solid MS plates

were transferred to MS liquid medium plus or minus 20 mM imidazole or

20 µM DPI for the indicated times. The solvent for DPI was DMSO; an

equivalent volume of DMSO was added to controls.

For concA treatment, seedlings grown on MS plates were transferred

toMS liquid medium containing 1 µMconcA or DMSO as a solvent control

for 12 h in the dark. The roots were mounted in water and then observed

by confocal, fluorescence, and DIC microscopy.

MDC Staining and Microscopy

Arabidopsis seedlings were stained with MDC as previously described

(Contento et al., 2005). Seedlings were incubated with 0.05 mMMDC for

10 min, washed three times with PBS, and observed using a Zeiss

Axioplan II compound microscope equipped with Axio Cam HRC digital

imaging system (Carl Zeiss). MDC fluorescence was visualized using

a 49,6-diamidino-2-phenylindole–specific filter, and GFP fluorescence was

visualized using a fluorescein isothiocyanate–specific filter. Confocal

microscopy was performed with a Leica confocal microscope using a

363 Leica oil immersion objective.

Generation of Cerulean-ATG8e Construct

The ATG8e cDNA was synthesized by RT-PCR from total RNA from

7-d-old seedlings grown on MS plates, using gene-specific primers (see

Supplemental Table 1 online). The cDNA was sequenced for verification

and ligated into the pAN578 vector using BglII and NotI restriction sites

(Rizzo et al., 2004). Protoplasts transformed with the Cerulean-ATG8e

construct were observed with a CFP-optimized filter.

Transient Transformation of Leaf Protoplasts

Arabidopsis leaf protoplasts were prepared and transformed according to

Sheen (2002). Twenty micrograms of plasmid DNA was used for each

transformation. Protoplastswere incubated at room temperature in darkness

for 12 h, with 40 rpm orbital shaking. Confocal microscopy was performed

with a Leica confocal microscope using a363 Leica oil immersion objective.

Pearson’s colocalization coefficients were derived using ImageJ software

(Abramoff et al., 2004) with the “sync windows” plugin and the “plot profile”

function. All Pearson’s coefficients were derived from three completely in-

dependent experiments.

Generation of IRE1b-FLAG Construct and Complementation of

Transgenic Plants

IRE1b coding sequence was amplified from Columbia-0 cDNA using

gene-specific primers. A 3XFLAG tagwas added after the transmembrane
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domain of IRE1b by overlapping PCR. Primers used are listed in

Supplemental Table 1 online. IRE1b-N primers were used to amplify the first

half of the IRE1b gene up to and including the transmembrane domain,

IRE1b-C primers were used to amplify the second half of the IRE1b gene

after the transmembrane domain, and FLAG primers were used for the

3XFLAG tag. The IRE1b-3XFLAG DNA fragments were then ligated into the

pSKM36 vector using AscI-SpeI restriction sites (Ikeda et al., 2006). This

construct was introduced into Agrobacterium tumefaciens by electroporation

(Mersereau et al., 1990) and then into ire1bplants byAgrobacterium-mediated

transformation using the floral dipping method (Clough and Bent, 1998).

Transgenic plants were identified by kanamycin resistance. Individuals from

the T2 generation were used for further studies.

Electron Microscopy Analysis

Electron microscopy was performed at the Iowa State University Mi-

croscopy and NanoImaging Facility. For transmission electron micros-

copy, samples were collected and fixed with 2% glutaraldehyde (w/v) and

2% paraformaldehyde (w/v) in 0.1 M cacodylate buffer, pH 7.2, for 48 h at

4°C. Samples were rinsed three times in 0.1 M cacodylate buffer and then

postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h (room

temperature). The samples were rinsed in deionized distilled water and

enbloc stained with 2% aqueous uranyl acetate for 30 min, dehydrated in

a graded ethanol series, cleared with ultra-pure acetone, infiltrated, and

embedded using Spurr’s epoxy resin (Electron Microscopy Sciences).

Resin blocks were polymerized for 48 h at 65°C. Ultrathin sections were

made using a Reichert UC6 ultramicrotome (Leeds Precision Instru-

ments), followed by collection onto copper grids and counterstaining with

2% uranyl acetate in deionized distilled water for 30 min. Images were

captured using a JEOL 2100 scanning and transmission electron mi-

croscope (Japan Electron Optic Laboratories).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome

Initiative database under the following accession numbers: At2g17520

(IRE1a), At5g24360 (IRE1b), At3g10800 (bZIP28), At1g42990 (bZIP60),

and At3g62770 (ATG18a).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Autophagy Is Activated in the Presence of DTT.

Supplemental Figure 2. CFP-HDEL Does Not Colocalize with Golgi

Structures during ER Stress.

Supplemental Figure 3. CFP-HDEL Does Not Colocalize with a TGN

Marker during ER Stress.

Supplemental Figure 4. CFP-HDEL Does Not Colocalize with a PVC

Marker during ER Stress.

Supplemental Figure 5. Autophagosomes Do Not Accumulate in

ire1b Roots in Response to ER Stress.

Supplemental Figure 6. 35S-IRE1b-Flag Partially Complements an

ire1b Mutant.

Supplemental Table 1. Primers Used for Generation of the Cerulean-

ATG8e and IRE1b-FLAG Constructs and for PCR.
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