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Jie Zhou®?t, Zhe WangP+, Xiaoting Wang®<t, Xifeng Li?, Zhenchao Zhang®*, Baofang Fan®, Cheng Zhu®
and Zhixiang Chen (2P

Department of Horticulture, Zijingang Campus, Zhejiang University, Hangzhou, China; ®Department of Botany and Plant Pathology and Purdue Center
for Plant Biology, Purdue University, West Lafayette, IN, USA; “National Center for Soybean Improvement, College of Agriculture, Nanjing Agricultural
University, Nanjing, China; “Zhenjiang Agricultural Research Institute, Jurong City, Jiangsu, China; College of Life Sciences, China Jiliang University,
Hangzhou, China

ABSTRACT

Selective macroautophagy/autophagy targets specific cargo by autophagy receptors through interaction
with ATG8 (autophagy-related protein 8)/MAP1LC3 (microtubule associated protein 1 light chain 3) for
degradation in the vacuole. Here, we report the identification and characterization of 3 related ATGS8-
interacting proteins (AT1G17780/ATI3A, AT2G16575/ATI3B and AT1G73130/ATI3C) from Arabidopsis. ATI3
proteins contain a WxxL LC3-interacting region (LIR) motif at the C terminus required for interaction with
ATG8. ATI3 homologs are found only in dicots but not in other organisms including monocots. Disruption
of ATI3A does not alter plant growth or development but compromises both plant heat tolerance and
resistance to the necrotrophic fungal pathogen Botrytis cinerea. The critical role of ATI3A in plant stress
tolerance and disease resistance is dependent on its interaction with ATGS8. Disruption of ATI3B and ATI3C
also significantly compromises plant heat tolerance. ATI3A interacts with AT3G56740/UBAC2A and
AT2G41160/UBAC2B (Ubiquitin-associated [UBA] protein 2a/b), 2 conserved proteins implicated in
endoplasmic reticulum (ER)-associated degradation. Disruption of UBAC2A and UBAC2B also compromised
heat tolerance and resistance to B. cinerea. Overexpression of UBAC2 induces formation of ATG8- and
ATI3-labeled punctate structures under normal conditions, likely reflecting increased formation of
phagophores or autophagosomes. The ati3 and ubac2 mutants are significantly compromised in
sensitivity to tunicamycin, an ER stress-inducing agent, but are fully competent in autophagy-dependent
ER degradation under conditions of ER stress when using an ER lumenal marker for detection. We propose
that ATI3 and UBAC2 play an important role in plant stress responses by mediating selective autophagy of
specific unknown ER components.
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Introduction autophagy, phagophore nucleation, elongation, maturation of
the autophagosome and fusion with the vacuole [1]. Most of
these ATG proteins have also been identified and analyzed in
other eukaryotes including plants, indicating the conserved
nature of the core autophagy process.

Autophagy in plants has also been extensively analyzed.
Genes encoding most of the conserved ATG proteins have
been identified in Arabidopsis and other plants and subjected
to functional analysis through genetic and molecular
approaches [5-10]. These studies have shown that autophagy is
involved in almost all aspects of plant life. Autophagy plays an
important role in nutrient recycling and utilization in plants.
Under nitrogen- or carbon-limiting conditions, both the for-
mation of the autophagosome and expression of ATG genes are

Macroautophagy/autophagy is an evolutionarily conserved
pathway for degradation of cytoplasmic components in eukar-
yotes [1]. Unlike the ubiquitin-proteasome system, which usu-
ally targets short-lived proteins, autophagy has the capacity to
degrade both short- and long-lived proteins and organelles
[1,2]. Autophagic degradation is required to maintain cell
homeostasis in a wide range of physiological processes ranging
from stress adaptation, cell differentiation and development to
host immunity, cell survival and death [2-4]. The molecular
components of autophagy were initially discovered in the bud-
ding vyeast, Saccharomyces cerevisiae, where more than 40
autophagy-related (ATG) proteins have been identified [1].
These ATG proteins are involved in the induction of
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induced [11,12]. Furthermore, Arabidopsis autophagy mutants
are hypersensitive to nitrogen- or carbon-limiting conditions
[11-13]. Autophagy also plays a role in the regulation of plant
senescence, and plant mutants defective in autophagy undergo
early senescence [13-15]. Autophagy is induced by abiotic
stresses such as oxidative, high salt and osmotic stress condi-
tions and autophagy mutants are hypersensitive to these abiotic
stresses [16-18]. We have also reported that autophagy is
induced under high temperature and Arabidopsis autophagy
mutants are highly sensitive to heat stress [19-21]. Therefore,
autophagy plays a critical role in plant responses to a wide
range of abiotic stresses.

Autophagy also affects plant responses to microbial patho-
gens. In Tobacco mosaic virus-inoculated Nicotinana benthami-
ana expressing the N resistance gene, virus-induced silencing of
tobacco ATG6 and ATG?7 genes results in expansion of N gene-
mediated hypersensitive cell death to uninfected tissue in inocu-
lated leaves and uninfected distant leaves [7]. When infected by
the avirulent Pseudomonas syringae strain expressing the aviru-
lent gene AvrRpml, transgenic ATG6 antisense Arabidopsis
plants containing the AT3G07040/RPM] resistance gene develop
expanded hypersensitive cell death beyond the infiltrated areas
[22]. Thus, autophagy limits the spread of hypersensitive cell
death beyond infected cells. Intriguingly, others have found that
autophagy promotes defense-associated hypersensitive cell death
induced by avirulent or related pathogens [23]. The discrepancy
in the effect of autophagy on pathogen-induced hypersensitive
cell death could be related to such factors as the ages of plants
and the time of cell death monitoring [24,25]. Unlike the con-
flicting results with biotrophic pathogens, there is consistent and
compelling evidence that autophagy plays a critical and positive
role in plant resistance to necrotrophic pathogens, which kill
plant cells very early during infection. Autophagy is induced by
infection of the necrotrophic fungal pathogen Botrytis cinerea
and Arabidopsis autophagy mutants exhibit enhanced suscepti-
bility to the necrotrophic pathogens B. cinerea and Alternaria
brassicicola [26,27]. The positive role of autophagy in plant resis-
tance to necrotrophic pathogens is associated with the activity of
autophagy in promoting plant cell survival and positively modu-
lating jasmonic acid signaling [26], which is required for plant
defense response to necrotrophic pathogens. There is also a role
of autophagy in virus-induced RNA silencing, either as an anti-
viral collaborator for targeted degradation of viral RNA silencing
suppressors or an accomplice of viral RNA silencing suppressors
for targeted degradation of key components of plant cellular
RNA silencing machinery [28,29].

The broad roles of autophagy are mediated not simply by
nonselective bulk degradation of intracellular contents but by
selective clearance of specific cellular structures or proteins tar-
geted by autophagy receptors [30,31]. Autophagy receptors rec-
ognize specific autophagy substrates, on the one hand, and
interact with the autophagosomal marker protein ATGS, on the
other hand, thereby facilitating delivery of captured autophagy
cargoes to phagophores (the precursors to autophagosomes) for
degradation [30,31]. A substantial number of autophagy recep-
tors from nonplant organisms have been identified that mediate
the selective autophagosomal degradation of a variety of cargoes
including protein aggregates, signaling complexes, mitochondria
and bacterial pathogens [30,31]. In plants, autophagy receptors

have also been identified and characterized. Arabidopsis protein
AT2G47770/TSPO (outer membrane tryptophan-rich sensory
protein) is an ATGS8-interacting heme-binding protein that tar-
gets the degradation of porphyrins through autophagy [32].
TSPO also interacts with the aquaporin AT4G35100/PIP2;7
and mediates its delivery from the plasma membrane to the
vacuole for degradation, thereby reducing the levels of the aqua-
porin to regulate water permeability under conditions of heat
and drought stress [33]. Plant NBRI is a functional hybrid of
the human NBR1 and SQSTM1/p62 selective autophagy recep-
tors that act in aggrephagy [34]. Arabidopsis nbrl mutants are
highly compromised in tolerance to a range of abiotic stresses
including heat, drought and salt stresses but are normal in resis-
tance to necrotrophic pathogens and in age- and starvation-
induced senescence [19]. The compromised heat tolerance of
Arabidopsis atg5, atg7 and nbrl mutants is associated with
increased accumulation of insoluble, highly ubiquitinated pro-
tein aggregates [19]. Arabidopsis AT4G24690/NBR1, which
contains a ubiquitin-binding domain, is also increasingly accu-
mulated along with insoluble proteins in the autophagy mutants
under heat stress [19]. These results indicate that NBRI is a
selective autophagy receptor that targets degradation of ubiqui-
tinated protein aggregates generated under stress conditions.
AT2G45980/ATI1 and AT4G00355/ATI2 are 2 closely related,
plant-specific ATG8-interacting proteins partially associated
with the endoplasmic reticulum (ER) under normal conditions
but become mainly associated with a new type of spherical
compartments under carbon starvation [35]. ATIl is also
located on bodies associated with plastids under carbon starva-
tion and is involved in autophagy-dependent trafficking of plas-
tid proteins to the vacuole [36]. Selective autophagy also targets
degradation of the 26S proteasome when the proteasome is
inhibited chemically. This chemically induced proteaphagy is
dependent on the proteasome subunit AT4G38630/RPN10
[37]. RPN10 interacts with ATG8 and is increasingly associated
with the proteasome when it is ubiquitinated, supporting its
role as a selective autophagy receptor mediating the delivery of
the proteasome to the vacuole [37].

In the present study, we report identification and characteri-
zation of 3 related ATG8-interacting proteins (ATI3A, ATI3B
and ATI3C) from Arabidopsis. Close homologs of ATI3 pro-
teins are found only in dicot plants. Disruption of ATI3 does
not alter plant growth or development but compromises both
heat tolerance and resistance to the necrotrophic fungal patho-
gen B. cinerea. ATI3 interacts with UBAC2A (UBA domain
containing 2A) and UBAC2B, a group of conserved ER pro-
teins implicated in ER-associated degradation (ERAD) in
human. Like ati3 mutants, ubac2 mutants are compromised in
both heat tolerance and resistance to B. cinerea. Furthermore,
increased levels of UBAC2 induced the formation of ATGS8-
and ATI3-labeled autophagosomes. The ati3 and ubac2
mutants were significantly compromised in sensitivity to the
ER stress-inducing agent tunicamycin (TM) but were normal
in autophagy-dependent ER degradation under ER stress when
using an ER lumenal GFP marker for detection. Based on these
findings, we propose that ATI3 and UBAC2 mediate a selective
autophagy pathway with an important role in plant stress
responses in part through selective autophagy of specific
unknown ER components.



Results

Identification of a new family of plant-specific ATGS-
interacting proteins

We previously reported the identification of more than 20 posi-
tive clones in yeast 2-hybrid screens using Arabidopsis
AT4G21980/ATG8A and AT4G16520/ATGS8F as baits [19].
The proteins encoded by these positive clones include
AT2G44140/ATG4, ATI1, ATI2 and NBRI. These ATGS-
interacting proteins have been characterized for their roles in
autophagosome formation and selective autophagy. Among the
remaining positive clones, 4 match the Arabidopsis loci
AT1G17780. Due to its interaction with ATG8 proteins, the
corresponding protein product of AT1G17780 was named
ATI3A (ATGS8-interacting protein 3A). Based on both the pro-
totrophy for His3 and LacZ reporter gene expression (Figure 1),
ATI3A is a strong interactor of ATGS proteins. In fact, quanti-
tative assays of B-galactosidase activity for LacZ reporter gene
expression revealed that the interaction of ATG8A and ATG8F
with ATI3A was substantially stronger than their interaction
with NBR1 (Figure 1(B)).

ATI3A is a protein of 263 amino acids (aa) with 2 homologs
in  Arabidopsis:  ATI3B  (AT2G16575) and ATI3C
(AT1G73130). The protein sequence of ATI3B (170 aa) is
highly similar to that of ATI3A but 2 segments of 42 and 51 aa
at the N-terminal and middle regions of ATI3A, respectively,
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Figure 1. Interaction of Arabidopsis ATI3 and ATG8 proteins in yeast cells. The acti-
vation domain (AD) fusions of ATI3 genes were cotransformed with the empty Gal4
DNA binding domain vector (pBD) and fusions of ATG8 genes into yeast cells and
grown in the absence of leucine, tryptophan and histidine (A). Proteins were iso-
lated from the yeast cells and assayed for S-galactosidase activity using o-nitro-
phenyl-8-p-galactopyranose (ONPG) as substrate (B). Data represent means and
standard errors (n = 5).
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are absent in ATI3B (Figure 2A). ATI3C is a longer protein of
646 aa and its sequence similarity to ATI3A and ATI3B is lim-
ited to the C-terminal region whereas its N-terminal region is
highly divergent from those of ATI3A and ATI3B (Figure 2B).
The 3 proteins contain no known functional domain but all
have a WxxL LIR motif at the C terminus (Figure 2). Blast
search of annotated genomes including those green plants on
Phytozome 11 (www.phytozome.jgi.doe.gov) revealed that
homologs of Arabidopsis ATI3 proteins are found only in
dicots, but not in other organisms including monocots such as
rice and maize. Most dicots contain one to 3 ATI3 gene homo-
logs. These ATI3 homologs are divergent in their amino acid
sequences at the N-terminal region but share high sequence
homology in the C-terminal region of approximately 100
amino acids (Figure S1). At the C-terminal region, one stretch
of about 30 amino acids contains a large proportion of charged
residues and is highly conserved among the ATI3 homologs
from different plants (Figure S1). Most importantly, all these
ATI3 homologs from different dicots contain a putative WxxL
LIR motif at their C terminus (Figure S1).

To determine whether other ATI3 proteins are also ATG8-
interacting proteins, we tested interaction of Arabidopsis
ATI3B and ATI3C with ATG8A and ATGSF in yeast cells
(Figure 1). Coding sequences for Arabidopsis ATI3B and
ATI3C were cloned into the pAD-Gal4 prey vector and
cotransformed with the pBD-ATG8A and pBD-ATGSF bait
vectors into yeast cells. Both the prototrophy for His and LacZ
reporter gene expression confirmed that ATI3B and ATI3C
also interacted strongly with ATG8A and ATGS8F (Figure 1).
To determine whether the WxxL LIR motif at the C terminus
of ATI3 proteins is required for interaction with ATGS, we
changed the tryptophan residue at amino acid position 260 of
ATI3A in the canonical WxxL LIR motif into an alanine resi-
due (ATI3AY?%°"). The gene encoding the ATI3A"**°" mutant
was cloned into the prey vector and cotransformed into yeast
cells with the ATG8 bait vectors. Unlike wild-type ATI3A, the
ATI3AY?%°4 mutant protein failed to interact with ATG8A or
ATGSEF in yeast cells based on both the prototrophy for His
and the LacZ reporter gene expression (Figure 1). Thus, the
WxxL LIR motif at the C terminus of the ATI3 proteins is
essential for interaction with ATGS.

To determine whether ATG8 and ATI3 interact in plant
cells, we performed bimolecular fluorescence complementa-
tion (BiFC) in Agrobacterium tumefaciens-infiltrated tobacco
(N. benthamiana). We fused Arabidopsis ATG8A to the N-
terminal yellow fluorescent protein (YFP) fragment (ATG8A-
N-YFP) and ATI3A to the C-terminal YFP fragment (ATI3A-
C-YFP). When fused ATG8A-N-YFP was co-expressed with
ATI3A-C-YFP in tobacco leaves, BiFC signals were detected
in transformed cells (Figure 3). Control experiments in which
ATG8A-N-YFP was co-expressed with unfused C-YFP or
unfused N-YFP was co-expressed with ATI3A-C-YFP did not
show fluorescence (Figure 3). Furthermore, when we fused
the ATI3AW?*°* mutant protein to the C-terminal YFP frag-
ment (ATI3AY?*A.C-YFP) and co-expressed with ATG8A-
N-YEP, we observed no fluorescence (Figure 3). These results
indicated that ATI3A interacts with ATG8A in plant cells and
this interaction is dependent on the WxxL LIR motif of
ATI3A.
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Figure 2. Protein sequences and motifs of Arabidopsis ATI3A, ATI3B and ATI3C. Sequence comparisons are between ATI3A and ATI3B (A) and between ATI3A and ATI3C
(B). Amino acid residues identical between the 2 compared proteins are in black background and the conserved W and L residues in the putative WxxL LIR motifs at their

C termini are indicated with asterisks.

A number of studies using GFP-ATGS fusion proteins have
shown that stress conditions induce formation of ATG8-labeled
punctate fluorescent signals in plant cells likely representing
phagophores or autophagosomes [19,26,38,39]. We have previ-
ously shown that when fused ATG8A-N-YFP is co-expressed
with NBR1-C-YFP in tobacco leaves, BiFC signals are detected
in transformed cells, including punctate phagophores or auto-
phagosome structures [19]. Interestingly, the detected BiFC sig-
nals from the interaction of ATG8A-N-YFP and ATI3A-C-YFP
were largely dispersed with few punctate fluorescent structures
(Figure 3). To determine whether formation of puncta labeled

by the ATG8A-ATI3A complexes is responsive to stress, we
treated infiltrated tobacco plants at 42°C for 3 h and then
placed them at room temperature for 0.5 h. The heat treatment
increased the number of ATGS8- and ATI3-labeled punctate
structures in tobacco cells by almost 10-fold (Figure 4). As
expected, when ATI3AY>*°*.C-YFP was co-expressed with
ATGS8A-N-YFP, no BIFC signals or punctate structures were
observed after heat treatment in the infiltrated tobacco leaves
(Figure 4). Thus, interaction of ATG8 and ATI3 proteins
occurred under normal conditions but heat stress induced for-
mation of ATG8- and ATI3-labeled punctate structures, likely
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Figure 3. BiFC analysis of ATI3A interaction with ATG8A in planta. Fluorescence was observed in the transformed N. benthamiana leaf epidermal cells from complementa-
tion of the N-terminal half of YFP fused with ATG8A (ATG8A-N-YFP) by the C-terminal half of YFP fused with ATI3A (ATI3A-C-YFP). No fluorescence was observed when
ATG8A-N-YFP was co-expressed with unfused C-YFP or with ATI3AW?%°A-C-YFP, or when unfused N-YFP was co-expressed with ATI3A-C-YFP. YFP epifluorescence, bright-

field and emerged images of the same cells are shown. Bar: 20 pm.

reflecting increased formation of ATG8-labeled phagophores or
autophagosomes under heat stress in plant cells.

Functional analysis of ATI3 genes

To determine the biological functions of the ATI3 proteins, we
first isolated T-DNA insertion mutants for ATI3A. The ati3a-1
mutant (Salk_202281) contains a T-DNA insertion in the first
exon of the gene (Figure S2A). Quantitative real-time PCR
(qQRT-PCR) analysis detected little transcript for ATI3A in the
mutant, indicating that it is a knockout mutant (Figure S2B).
The mutant is normal in growth and development and dis-
played no detectable changes in morphological phenotypes. We
subsequently analyzed the phenotypes of the ati3a-1 mutant in
the biological processes in which autophagy is involved. We
first compared wild-type (WT) and ati3a mutants for differen-
ces in age- and dark-induced senescence and salt tolerance but
found no significant alteration in the ati3a mutant when com-
pared with WT plants. Thus, ATI3A does not appear to play a
critical role in some of the important processes affected by
autophagy.

Additional analysis, however, revealed that the heat toler-
ance of the ati3a-1 mutant was substantially reduced. For test-
ing heat tolerance, we placed 2-wk-old seedlings of WT and
ati3a-1 mutant seedlings in a 45°C growth chamber for 10 h
and scored for survival rates after recovery for 5 d at room tem-
perature. Approximately 70% of WT seedlings but less than
20% of the ati3a-1 mutant seedlings survived after the heat
stress (Figure 5). To determine whether reduced heat tolerance
of the ati3a-1 mutant is caused by disruption of ATI3A, we
transformed the wild-type ATI3A coding sequence under the
CaMV 35S promoter into the mutant. The ati3a-1 mutant
expressing the ATI3A gene was restored in heat tolerance to
the WT level (Figure 5). By contrast, transformation of the
ATI3A™?%* mutant gene into the ati3a-I1 mutant failed to
restore the heat tolerance (Figure 5). These results indicated
that ATI3A plays a critical role in plant heat tolerance and this
role is dependent on its interaction with ATGS.

A number of plant ATG8-interacting proteins have been
previously identified and mutants for some of the putative
selective autophagy receptors have altered phenotypes in abi-
otic stress tolerance [19,21,36]. However, there have been no
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Figure 4. Heat-induced punctate structures of ATI3-ATG8 complexes. Agrobacterium cells containing the complementing ATG8A-N-YFP and ATI3A-C-YFP BiFC constructs
were infiltrated into N. benthamiana leaves for co-expression. One d after the infiltration, tobacco plants were treated at 42°C for 3 h and complemented BiFC signals
were observed by confocal fluorescence microscopy. Increased punctate structures of complemented ATG8A-N-YFP-ATI3A-C-YFP BIFC signals were observed after treat-
ment at 42°C. No BiFC signals were observed from co-expression of ATG8A-N-YFP and ATI3A"25°A-C-YFP at either 24°C or 42°C. Bar: 20 p.m.

reported studies demonstrating critical roles of selective
autophagy receptors in plant disease resistance. To assess the
involvement of ATI3A in plant disease resistance, we compared
the ati3a-1 with WT for resistance to the necrotrophic fungal
pathogen B. cinerea. In WT plants, the majority of leaves
remained green with only a limited amount of necrosis and
chlorosis at 4 d post inoculation (dpi). In the ati3a mutant
plants, the necrotic spots and chlorosis were more extensive
with a substantial portion being macerated by 4 dpi
(Figure 6A). qRT-PCR analysis indicated that the B. cinerea
actA gene transcript levels in ati3a-1 were about 6-fold higher
than those in WT at 5 dpi (Figure 6B). Thus, both disease
symptoms and fungal growth indicated that the ati3a mutant
was compromised in resistance to the necrotrophic pathogen.
Transformation of the WT ATI3A, ATI3A-GFP or ATI3A-C-
YFP gene, but not the mutant gene encoding ATI3A"?*°4, into
the ati3a-1 mutant restored the disease resistance to the wild-

type levels (Figure 6; Figure S3(A)). These results supported the
idea that ATI3A plays a critical role in plant resistance to the
necrotrophic fungal pathogen and this role is also dependent
on its interaction with ATG8.

We have also isolated T-DNA insertion mutants for the 2
Arabidopsis  ATI3A  homologs. The ati3b-1 mutant
(Salk_056098) contains a T-DNA insertion in the gene pro-
moter whereas the ati3c-1 mutant (Sail_754_D05) contains a
T-DNA insertion in the third exon of the gene (Figure S2(A)).
qRT-PCR analysis indicated that the transcript levels of ATI3B
were reduced to less than 10% of WT levels in ati3b-1 and the
transcript levels for ATI3C were reduced to less than 5% of WT
levels in ati3c-1 (Figure S2(B)). Like ati3a-1, the T-DNA inser-
tion mutants for ATI3B and ATI3C were normal in growth and
development. They were also indistinguishable from WT in
dark- and age-induced senescence and in salt tolerance. On the
other hand, the survival rates of the ati3b-1 and ati3c-1 mutant



WT atida

ati3c atida/3b ati3a/3b/3c
B
100
a
80 2
3
2 60 |
© b
2
i 405 bc
= |
0
20 - & c c c

NI \ﬁ\%P P@““ & &
.2 \D
& _q},{)\ié
&

Figure 5. Functional analysis of ATI3 genes in heat tolerance. Two-wk-old seed-
lings of Col-0 WT, ati3 single, double and triple mutants and ati3a mutant comple-
mented with WT ATI3A and the mutant gene encoding ATI3AY2** were placed in
a 45°C growth chamber for 10 h. The heat-treated plants were then moved to a
22°C growth chamber for recovery. The picture was taken after 3 d of recovery at
22°C (A). The survival rates were determined after 5 d of recovery at 22°C follow-
ing heat treatment at 45°C for 10 h (B). Data represent means and standard errors
calculated from 5 replicates (each with approximately 100 seedlings for each geno-
type). According to Duncan’s multiple range test (P = 0.05), means of survival rates
do not differ significantly if they are indicated with the same letter.

seedlings were substantially lower than those of WT seedlings
but significantly higher than the ati3a-1 mutant seedlings after
heat stress at 45°C (Figure 5). Reduced heat tolerance of the
ati3b-1 and ati3c-1 mutants could be restored by transforma-
tion of the mutants with the WT ATI3B and ATI3C genes,
respectively (Figure S3B). Thus, ATI3B and ATI3C also play a
significant role in plant heat tolerance. Unlike ati3a, the ati3b
and ati3c mutants were as resistant as WT plants to B. cinerea
(Figure 6). To determine possible functional redundancy
among the 3 ATI3 genes, we have generated ati3a ati3b double
and ati3a ati3b ati3c triple mutants. These double and triple
mutants were again unchanged in growth and development
under normal conditions but displayed the phenotypes of com-
promised heat tolerance and disease resistance largely similar
to those of the ati3a-1 single mutant (Figures 5 and 6).

Identification of UBAC2 as ATI3A-interacting proteins

Based on their interaction with ATG8 proteins and the critical
roles in plant heat tolerance and disease resistance, plant ATI3
proteins probably act as selective autophagy receptors that target
specific cellular components during the plant stress response.
However, apart from the WxxL LIR motif required for interac-
tion with ATGS8, ATI3 proteins contain no known functional
domains and, therefore, the potential cellular components
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Figure 6. Functional analysis of ATI3 genes in plant resistance to B. cinerea. Six-wk-
old Col-0 WT, ati3 single, double and triple mutants and ati3a mutant comple-
mented with WT ATI3A and the mutant gene encoding ATI3AY?¢°* were inoculated
by spraying spore suspension at a density of 2.5 x 10° spores/mL and kept at high
humidity. Photographs of representative plants were taken 4 d after inoculation
(A). Total RNA was isolated from the plants 4 d after inoculation and the transcript
levels of the B. cinerea actA gene were determined using qRT-PCR with the Arabi-
dopsis AT3G18780/ACT2 gene as an internal control (B). Data represent means and
standard errors (n = 5). According to Duncan’s multiple range test (P = 0.05),
means of B. cinerea actA gene transcript levels do not differ significantly if they are
indicated with the same letter.

targeted by ATI3-mediated autophagy are unclear. To gain
insights into the action of ATI3, we tried to identify ATI3-inter-
acting proteins using yeast 2-hybrid screens. We initially tried
the Gal4 system but found strong transcription-activating activ-
ity of ATI3A in yeast cells. Therefore, we used the split-ubiquitin
yeast 2-hybrid system using ATI3AW?** as bait to identify pro-
teins other than ATGS8 that interact with ATI3A. After screening
7 x 10° independent transformants of an Arabidopsis cDNA
prey library, we isolated 15 clones but subsequent tests using the
empty bait vector confirmed that 14 of them were false positive.
The single positive clone was sequenced and found to match the
sequence of the loci AT3G56740. Blast search revealed that the
ATI3A-interacting protein is closely related to UBAC2 (Ubiqui-
tin-associated [UBA] protein 2) found in other eukaryotic
organisms (Figure S4) and therefore is named Arabidopsis
UBAC2A because it has a close homolog (AT2G41160/
UBAC2B) with ~80% identical residues (Figure 7A). Arabidop-
sis UBAC2 proteins contain an N-terminal transmembrane
domain and a C-terminal domain of ~200 residues with a ubig-
uitin-association (UBA) domain at the C terminus (Figure 7B).
This domain structure is also conserved in UBAC2 proteins
from other organisms (Figure S4).
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Figure 7. Protein sequences and structures of UBAC2. The amino acid sequence of UBAC2A was compared with that of UBAC2B (A). Amino acid residues identical
between the 2 compared proteins are in black background. The transmembrane helices and orientation in the UBAC2A protein were predicted using the TMHMM method
based on a hidden Markov model (http://www.cbs.dtu.dk/services/TMHMM-2.0/) (B). A ubiquitin-association domain (UBA) at the C-terminal region of UBAC2A is also
indicated. The size of the protein is indicated by the number of amino acid residues shown at the bottom.

To determine whether ATI3A and UBAC2 interact in plant
cells, we performed BiFC in Agrobacterium-infiltrated tobacco.
We fused Arabidopsis UBAC2A to the N-terminal yellow fluo-
rescent protein (YFP) fragment (UBAC2A-N-YFP) and co-
expressed it with ATI3A-C-YFP in tobacco leaves. BiFC signals
were detected in transformed cells (Figure 8). Control experi-
ments in which UBAC2A-N-YFP was co-expressed with
unfused C-YFP, or unfused N-YFP was co-expressed with
ATI3A-C-YFP did not show fluorescence (Figure 8). Similar
results with UBAC2B were also obtained for interaction with
ATI3A in plant cells (data not shown). Interestingly, BiFC
showed that while in vivo interaction between ATI3A and
ATGS8A produced largely dispersed signals under normal
growth conditions, in vivo interaction between ATI3A and
UBAC2 generated a substantial number of punctate fluorescent
signals (Figure 8).

UBAC2 proteins are targeted to the ER

UBAC2 has been implicated in ERAD [40], a cellular process
that targets misfolded ER proteins for ubiquitination, retro-
translocation into the cytosol and degradation by the protea-
some. As a component of ERAD, UBAC?2 is localized to the ER
membrane in mammalian cells and may be involved in

recognition of ubiquitinated nonnative ER proteins through its
cytosolic UBA domain at the C terminus [40]. Like UBAC2
from other organisms, both Arabidopsis UBAC2A and
UBAC2B contain a large N-terminal rhomboid-like transmem-
brane domain and a UBA domain at their C terminus
(Figure 7). To determine the subcellular localization of Arabi-
dopsis UBAC2, we generated a UBAC2-GFP fusion construct
and co-expressed it with the AT5G42020/BIP-mCherry-KDEL
ER marker in N. benthamiana. As expected, the red fluorescent
signals of BIP-mCherry-KDEL were present as numerous net-
works with blobs throughout the cells (Figure 9). The green
fluorescent signals of UBAC2-GFP were also present as typical
ER networks with extensive overlapping with those of BIP-
mCherry-KDEL (Figure 9). This result indicates that Arabidop-
sis UBAC2 proteins are localized in the ER.

Functional analysis of UBAC2 in plant heat tolerance and
disease resistance

To determine the biological functions of UBAC2 proteins, we
isolated 2 T-DNA insertion mutants for UBAC2A and 1 T-
DNA insertion mutant for UBAC2B. The ubac2a-1 (WiscD-
sLoxHs094_04C) and ubac2a-2 (WiscDsLox495E11) mutants
contained a T-DNA insertion in the third exon and the second
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Figure 8. BiFC analysis of ATI3-UBAC2 interactions. BiFC fluorescence was observed in the transformed N. benthamiana leaf epidermal cells from complementation of the
N-terminal half of the YFP fused with UBAC2A (UBAC2A-N-YFP) by the C-terminal half of the YFP fused with ATI3A (ATI3A-C-YFP). No fluorescence was observed when
UBAC2A-N-YFP was co-expressed with unfused C-YFP or when unfused N-YFP was co-expressed with ATI3A-C-YFP. YFP epifluorescence, bright-field and emerged images
of the same cells are shown. BiFC fluorescence from complemented ATG8A-N-YFP and ATI3A-C-YFP is also shown for comparison of punctate fluorescent structures.

Bar: 20 wm.

UBAC2-GFP BIP-mCherry-KDEL Bright merged

Figure 9. Subcellular localization of UBAC2 proteins. The UBAC2-GFP fusion genes were co-expressed with the BIP-mCherry-KDEL ER marker in

N. benthamiana. The GFP,

mCherry, bright field, and merged images are shown. Co-expressed BIP-mCherry-KDEL ER marker and UBAC2-GFP generated networks of fluorescent signals with blobs

typical of ER structures throughout the cells and the BIP-mCherry-KDEL signals extensively overlapped those of UBAC2-GFP signals. Bar: 10 um.
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Figure 10. Functional analysis of UBAC2 in heat tolerance. Two-wk-old seedlings
of Col-0 WT, ubac2a and ubac2b single and double mutants were placed in a 45°C
growth chamber for 10 h. The heat-treated plants were then moved to a 22°C
growth chamber for recovery. The picture was taken after 3 d of recovery at
22°C (A). The survival rates were determined after 5 d of recovery at 22°C follow-
ing heat treatment at 45°C for 10 h (B). Data represent means and standard errors
calculated from 5 replicates (each with approximately 100 seedlings for each geno-
type). According to Duncan’s multiple range test (P = 0.05), means of survival rates
do not differ significantly if they are indicated with the same letter.

intron of UBAC2A, respectively (Figure S5A). The ubac2b-1
mutant (Salk_021788C) contained a T-DNA insertion in the
fourth intron of UBAC2B (Figure S5A). qRT-PCR analysis
revealed that these mutants contained less than 5% of the tran-
scripts for the disrupted gene when compared to those in WT
and, therefore, are likely to be knockout mutants (Figure S5B).
To overcome possible functional redundancy, we also gener-
ated ubac2a ubac2b double mutants. The ubac2 single and dou-
ble mutants for the 2 genes were unchanged in growth and
development under normal conditions. Because of the critical
role of ERAD and autophagy in plant heat tolerance, we first
examined the responses of the ubac2 mutant seedlings to heat
stress. After treatment at 45°C for 10 h and recovery at room
temperature for 5 d, almost 80% of WT seedlings survived but
less than 20% of the 2 wubac2a single mutants survived
(Figure 10). However, the ubac2b-1 mutant was normal in sur-
vival rate after heat stress but the ubac2a-1 ubac2b-1 double
mutant had an even lower survival rate (~10%) than those of
the ubac2a single mutants (Figure 10). These results indicate
that UBAC2A and UBAC2B are partially redundant with
UBC2A playing a relatively more important role in plant heat
tolerance.

To assess the involvement of UBAC2 in plant disease resis-
tance, we compared the ubac2 mutants with WT plants for
resistance to B. cinerea. We observed no significant alteration
of the ubac2a and ubac2b single mutants in disease symptom
development when compared to that of WT (Figure 11A).

w

BcactA transcript levels (relative)
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Figure 11. Functional analysis of UBAC2 genes in plant resistance to B. cinerea. Six-
wk-old Col-0 wild-type (WT), ubac2a and ubac2b single and double mutants were
inoculated by spraying spore suspension at a density of 2.5 x 10° spores/mL and
kept at high humidity. Photographs of representative plants were taken 4 d after
inoculation (A). Total RNA was isolated from the plants 4 d after inoculation and
the transcript levels of the B. cinerea actA gene were determined using qRT-PCR
with the Arabidopsis ACT2 gene as an internal control (B). Data represent means
and standard errors (n = 5). According to Duncan’s multiple range test (P = 0.05),
means of the B. cinerea actA gene transcript levels do not differ significantly if they
are indicated with the same letter.

qRT-PCR also indicated levels of fungal growth in the 2 ubac2
single mutants to be similar to those in the WT plants
(Figure 11B). Conversely, the ubac2a ubac2b double mutant
developed increased disease symptoms, which were correlated
with increased fungal growth when compared to those in WT
plants (Figure 11). Reduced resistance of the ubac2a ubac2b
double mutants to B. cinerea could be restored by transforma-
tion of the mutant with the UBAC2A-GFP and UBAC2B-GFP
genes (Figure S6). Thus, like ATI3, UBAC2 proteins have an
important role not only in plant heat tolerance but also in plant
resistance to the necrotrophic fungal pathogen.

Since UBAC2 has been implicated in ERAD, we compared
the phenotypes of the ubac2a ubac2b double mutants with
a T-DNA knockout mutant for Arabidopsis AT1G18260/
HRD3A, an ERAD-associated E3 ubiquitin ligase component.
First, we compared the ubac2a ubac2b and hrd3a mutants for
heat tolerance. As shown in Figure S7A and S7B, the hrd3a
mutant was more heat sensitive than the ubac2a ubac2b dou-
ble mutant based on the lower seedling survival rates after
treatment for 10 h at 45°C. However, unlike the ubacZa
ubac2b mutant with compromised resistance to B. cinerea,
the hrd3a mutant responded normally to the necrotrophic
fungal pathogen (Figure S7C and S7D). Thus, the phenotypes
of the ubac2a ubac2b and hrd3a mutants did not completely
overlap.



Effect of heat and UBAC2 on ATI3- and ATG8-labeled
punctate structures

Under stress conditions, misfolded proteins in the ER increase,
causing ER stress. To overcome the problem, the unfolded pro-
tein response is activated for increased production of specific
ER-resident proteins including the BIP (binding protein) family
of molecular chaperones, which assist in protein folding and
refolding [41,42]. As part of the unfolded protein response,
ERAD is activated to remove misfolded proteins by delivery to
the cytoplasm for proteasomal degradation [40]. Previous stud-
ies have shown that ER stress induces autophagy and portions
of the ER are also delivered to the vacuole by autophagy during
ER stress in plant cells as evident from the localization of a sol-
uble ER marker in autophgosomes, and accumulation in the
vacuole upon inhibition of vacuolar proteases due to neutrali-
zation of acidic pH in the vacuole by concanamycin A (concA),
an inhibitor of the vacuolar-type H'-translocating ATPase
[39,43-45]. Given their physical interaction and the similar
mutant phenotypes in compromised heat tolerance and resis-
tance to B. cinerea, UBAC2 proteins could potentially function
as receptors that recognize ubiquitinated ER proteins through
its C-terminal UBA domain and target their degradation by
ATI3- and ATGS8-mediated selective autophagy during plant
stress responses. To examine these possibilities, we analyzed
the colocalization of ATI3A and UBAC2A with ATG8A before
and after heat treatment. Using Agrobacterium infiltration, we
co-expressed ATI3A-mCherry with GFP-ATG8A fusion genes
in tobacco leaves. At 24°C, we observed a low number of cyto-
plasmic punctate structures from co-expressed tobacco leaf
cells (Figure S8A). After treatment at 42°C for 3 h, the number
of punctate fluorescent signals of ATI3A-mCherry increased
substantially and a majority of these puncta were also labeled
by GFP-ATGS8A (Figure S8A). Similarly, we co-expressed
ATG8-mCherry with UBAC2A-GFP (Figure S8(B)) or
UBAC2B-GFP (Figure S8B) and found that the numbers of
punctate fluorescent signals of UBAC2A- and UBAC2B-GFP
also increased after heat treatment. Again, a majority of heat-
induced punctate fluorescent signals of UBAC2A- and
UBAC2B-GFP were labeled by ATG8A-mCherry (Figure S8B
and S8C). Thus, heat stress induced the formation of ATGS8-
labeled ATI3 and UBAC2 punctate structures, which are likely
to be phagophores or autophagosomes that contain ATI3 and
UBAC2.

From the BiFC experiments for testing protein interactions
in plant cells, we found that while the ATI3A-ATG8 BIFC sig-
nals in transformed tobacco leaf cells were largely dispersed
(Figure 4), the UBAC2-ATI3A BiFC signals were enriched in
punctate structures even under normal growth conditions
(Figure 8). The increased punctate structures of the UBAC2-
ATI3A BiFC signals could represent increased formation of
ATI3A-labeled autophagosomes because of elevated levels of
UBAC2 in the transformed tobacco cells. To test this possibil-
ity, we analyzed the effect of UBAC2A overexpression on the
patterns of the ATI3A-ATG8A BiFC signals. Without UBAC2A
overexpression, co-expression of ATG8A-N-YFP and ATI3A-
C-YFP constructs in tobacco plants resulted in largely dispersed
BiFC signals with few puncta under normal growth conditions
(24°C) (Figures 4, 8 and 12). Conversely, co-overexpression of
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Figure 12. Overexpression of UBAC2 promoted formation of ATI3- and ATG8-
labeled punctate structures. BiFC fluorescence was observed in transformed N.
benthamiana leaf epidermal cells from complementation of the N-terminal half of
the YFP fused with UBAC2A (UBAC2A-N-YFP) by the C-terminal half of the YFP
fused with ATI3A (ATI3A-C-YFP) (A). No fluorescence was observed when UBAC2A-
N-YFP was co-expressed with unfused C-YFP or when unfused N-YFP was co-
expressed with ATI3A-C-YFP (A). YFP epifluorescence images, bright-field images
and merged images of the same cells are shown. BiFC fluorescence from comple-
mented ATG8A-N-YFP and ATI3A-C-YFP is also shown for comparison of punctate
fluorescent structures. The numbers of formed ATG8A- and ATI3A-labeled puncta
per microscopy section were determined in response to heat treatment or overex-
pression of UBAC2A (B). Data represent means and standard errors calculated from
10 microscopy sections. According to Duncan’s multiple range test (P = 0.05),
means do not differ significantly if they are indicated with the same letter. Bar:
20 pm.

UBAC2A with the ATG8 and ATI3A BiFC constructs
increased the number of punctate ATG8-ATI3A BIFC signals
by more than 5 fold at 24°C (Figure 12). Heat treatment at
42°C could further increase the number of punctate ATGS-
ATI3 BIFC signals by another 2 fold (Figure 12). No dispersed
or punctate BiFC signals were observed from the co-expression
of ATG8A-N-YFP and ATI3AY?*°A-C-YFP with or without
UBAC2A overexpression (Figure 12). Thus, delivery of the
ATG8-ATI3 complexes to phagophores, as indicated from
the punctate BiFC signals, was promoted by UBAC2
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overexpression. These observations suggest UBAC2 proteins
may act as both cargo receptors and inducers of an ATI3-medi-
ated selective autophagy pathway.

Significant increase in sensitivity of ati3 and ubac2
to ER stress

Extensive evidence has indicated that misfolded ER proteins are
targeted for degradation not only by the proteasome but also by
autophagy [39,43-45]. Therefore, it is possible that ATI3 and
UBAC2 mediate a selective autophagy pathway in plants that
targets ER degradation under ER stress. To test this possibility,
we compared ati3a ati3b ati3c triple and ubac2a ubac2b double
mutants with WT for tolerance to ER stress by testing the seed-
ling growth and survival in the presence of the ER stress agent
TM, an inhibitor of N-linked glycosylation that disturbs the
protein-folding machinery and causes accumulation of
unfolded proteins in the ER [43,45]. As a positive control, we
included the autophagy deficient atg5-1 mutant [26] and the
irela-2 irelb-1 double mutant in the assays [46]. In the absence
of TM, WT and all these mutants grew similarly well
(Figure 13). In the presence of 0.1 mg/L TM, about 75% of WT
seedlings survived but only about 20% of atg5-1 mutant seed-
lings survived after 2 wk (Figure 13). Conversely, none of the
irela-2 irelb-1 double-mutant seedlings survived in the pres-
ence of 0.1 mg/L TM after 2 wk (Figure 13). Thus, the atg5 and
irela irelb mutants displayed increased sensitivity to the ER
stress agent as previously reported [45,46]. The survival percen-
tages of the ati3a ati3b ati3c triple and ubac2a ubac2b double-
mutant seedlings were 55 and 58%, respectively, after 2 wk in
the presence of TM (Figure 13). These survival percentages
were substantially higher than those of the atg5 and irel
mutants but were significantly lower than that of WT. Thus,
disruption of ATI3 and UBAC2 genes led to significantly
increased sensitivity to ER stress agent TM.

Competence of ati3 and ubac2 in autophagy-dependent
ER degradation

To further analyze whether ATI3 proteins act as selective
autophagy receptors that target ER through UBAC2 receptors
for degradation in the vacuole during ER stress, we examined
the delivery and accumulation of punctate autophagosome-like
structures labeled by a fluorescent lumenal ER marker in the
vacuole of leaf protoplasts. In control WT leaf protoplasts
transfected with a BIP-GFP-KDEL lumenal ER marker-encod-
ing gene, we observed a typical cytoplasmic ER pattern
(Figure 14). A similar cytoplasmic ER pattern was observed in
WT leaf protoplasts after treatment with the vacuolar-type H'-
translocating ATPase inhibitor concA, which blocks acid-
dependent vacuolar protein turnover (Figure 14). To induce ER
stress, we treated the leaf protoplasts with TM and again
observed largely cytoplasmic ER patterns of the fluorescent ER
marker with relatively few puncta (Figure 14). However, in the
presence of both TM and concA, we observed that the number
of the ER GFP punctate structures greatly increased in WT leaf
protoplasts (Figure 14). In the leaf protoplasts of the ati3a ati3b
ati3c triple mutant and the ubac2a ubac2b double mutant, we
observed the typical cytoplasmic ER pattern of the GFP-KDEL
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Figure 13. Response of ati3 and ubac2 mutants to ER stress agents. Arabidopsis
seeds of WT and mutant seeds were surface sterilized and sown on '/, strength MS
media supplemented without (-TM) or with 0.1 mg/L TM (+TM). Pictures were
taken 2 wk post germination (A). Seedling surviving rates were determined 2 wk
post germination (B). Means and standard errors were calculated from 5 replicates
(each with approximately 80 seedlings for each genotype). According to Duncan’s
multiple range test (P = 0.05), means do not differ significantly if they are indicated
with the same letter.

ER marker with or without incubation with TM or concA
(Figure 14). In the presence of both TM and concA, we
observed a great increase in the ER GFP punctate structures in
the leaf protoplasts of the mutants, similar to those in WT pro-
toplasts (Figure 14). By contrast, incubation of both TM and
concA did not trigger a significant increase in the ER GFP
punctate structures in the leaf protoplasts of mutants for ATG5
and IREI proteins required for ER stress-induced autophagy
(Figure 14). Thus, ati3 and ubac2 mutants were fully competent
in autophagy- and IRE1-dependent ER degradation under ER
stress when the BIP-GFP-KDEL lumenal protein was used as
an ER marker for detection.

Autophagy-dependent delivery of ATI3 and UBAC2
to the vacuole

If ATI3 and UBAC2 proteins mediate a selective autophagy
pathway that targets specific cargo for degradation, the ATI3
and UBAC2 proteins would likely be delivered as part of



TM+concA

Control “I concA

ati3a/3b/3c

ubac2a/2b

atgb

Ire1a/1b

B 120
ocontrol
100 aT™
T “' =ConcA
80 ®TM/ConcA

60

40

20

BIP-GFP-KDEL puncta/protoplast

ireta/1b

wr ati3a/3b/3c ubac2a/2b

atg5

Figure 14. Role of ATI3 and UBAC2 in ER stress-induced autophagy-dependent ER
degradation. Leaf protoplasts obtained from 4-wk-old plants were transformed
with a BIP-GFP-KDEL construct. The final concentrations of TM and concA used in
the experiments were 5 pug/mL and 1 uM, respectively. DMSO was used as a sol-
vent control. Protoplasts were incubated at room temperature in darkness for
12 h, with 40 rpm orbital shaking. Confocal microscopy was used to visualize the
GFP fluorescence (A). Bar: 10 wm. The numbers of BIP-GFP-KDEL puncta per leaf
protoplast in response to TM-induced ER stress were determined (B). Data repre-
sent means and standard errors calculated from 3 replicates (each with about 10
protoplasts for each genotype).

autophagosomes to the vacuole for degradation. To test this,
we examined the delivery and accumulation of punctate auto-
phagosome-like structures labeled by the ATI3A-GFP or
UBAC2A-GFP maker in the vacuole of leaf protoplasts under
ER stress. In untreated protoplasts or protoplasts treated with
TM or concA alone, we observed largely cytoplasmic ER pat-
terns of the ATI3A-GFP or UBAC2A-GFP signals (Figure 15).
In the presence of both TM and concA, we observed substantial
increases in the ATI3- and UBAC2A-GFP punctate structures
in the leaf protoplasts (Figure 15). The average numbers of the
ATI3- and UBAC2A-GFP punctate structures per leaf proto-
plast were approximately 40-50% of those of the punctate
structures from the BIP-GFP-KDEL marker in the presence of
both TM and concA (Figure 15B). In the autophagy-deficient
atg5 leaf protoplasts, we observed largely cytoplasmic patterns
with few punctate structures for all 3 GFP makers even in the
presence of both TM and concA (Figure 15). Thus, ATI3 and
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Figure 15. Delivery of ATI3A and UBAC2A into the vacuole under ER stress. Leaf
protoplasts obtained from 4-wk-old Col-0 and atg5 plants were transformed with a
ATI3A-GFP or UBAC2A-GFP construct. The final concentrations of TM (5 pg/mL)
and concA used in the experiments were 5 ug/mL and 1 uM, respectively. DMSO
was used as a solvent control for all treatments. Protoplasts were incubated at
room temperature in darkness for 12 h, with 40 rpm orbital shaking. Confocal
microscopy was used to visualize the GFP fluorescence (A). Bar: 10 wm. The num-
bers of ATI3A-GFP and UBAC2A-GFP puncta per leaf protoplast in response to TM-
induced ER stress were determined (B). Data represent means and standard errors
calculated from 3 replicates (each with about 10 protoplasts for each genotype).

UBAC?2 proteins are delivered to the vacuole under ER stress in
an autophagy-dependent manner.

Discussion

Selective autophagy has been increasingly recognized as a criti-
cal process with a role in intracellular homeostasis by degrading
specific cargo materials such as aggregated proteins, damaged
or excess organelles and invading pathogens. In plants, several
ATGS-interacting proteins including AT2G47770/TSPO,
AT4G24690/NBR1, AT2G45980/ATI1, AT4G00355/ATI2 and
AT4G38630/RPN10 have been identified and found to mediate
selective autophagy of specific cellular components during



500 J.ZHOU ET AL.

plant responses to different environmental stresses. In this
study, we identified a new ATGS8-interacting protein, ATI3A,
from Arabidopsis from yeast 2-hybrid screens and confirmed
by BiFC the interaction of ATI3A with ATG8 through its C-
terminal WxxL LIR motif (Figures 1 and 3). ATI3A has 2
homologs (ATI3B and ATI3C) that also contain a C-terminal
WxxL LIR motif and interact with ATG8 (Figures 1 and 2).
Further characterization of the ATGS8-interacting ATI3 pro-
teins revealed novel characteristics that are not found in previ-
ously identified ATG8-interacting proteins from plants. First,
an extensive database search revealed that homologs of ATI3
with the conserved C-terminal WxxL LIR motif are present
only in dicot plants but not in monocots or other organisms.
The absence of the ATI3 homologs in monocots is intriguing
and could be because these genes either have been lost or never
developed in monocots. If lost in monocots, ATI3 homologs
might still be present in ancestral species including green alga,
mosses, ferns, gymnosperms or basal angiosperms. However,
database searches of a range of sequenced ancestral species
including Chlamydomonas reinhardtii (green algae), Physcomi-
trella patens (moss), Selaginella moellendorffii (fern), as well as
species of gymnosperms and basal angiosperms failed to iden-
tify close ATI3 homologs with the conserved C-terminal WxxL
LIR motif. Thus, it appears that ATG8-interacting ATI3 pro-
teins may have been developed only in dicots, although further
analysis with additional plant species is necessary to conclu-
sively establish their dicot-specific nature.

Second, Arabidopsis ATI3 genes have novel biological func-
tions not observed with other reported ATG8-interacting pro-
teins from plants. Previously characterized plant selective
autophagy receptors including TSPO, NBR1, ATI1, ATI2 and
RPN10 play a critical role in plant tolerance to abiotic stresses
including heat, drought and salinity. Autophagy also plays a
critical role in plant immune responses to microbial pathogens
based on the compromised disease resistance of mutants for
the genes required for the core processes of autophagy [26,27].
However, no such compromised disease resistance has been
reported from mutants of previously reported plant genes for
the selective autophagy receptors. Arabidopsis ATI3 proteins
interact strongly with ATG8 and increasingly form punctate
structures with ATGS8 at high temperature (Figure 4; Figure
S8), most likely representing stress-induced autophagosomes.
Importantly, ati3a was compromised not only in heat tolerance
but also in resistance to the necrotrophic fungal pathogen B.
cinerea (Figures 5 and 6). The critical role of ATI3 proteins in
plant heat tolerance and disease resistance is dependent on
interaction with ATG8 (Figures 5 and 6). Therefore, ATI3 pro-
teins could potentially mediate a novel selective autophagy
pathway important for plant responses to both biotic and abi-
otic stresses. The role of the ATGS8-interacting ATI3A in plant
resistance to B. cinerea makes it particularly valuable for the
analysis of the role and action of autophagy in plant immune
responses.

Apart from the WxxL LIR motif at the C terminus required
for interaction with ATG8, ATI3 proteins have no other known
functional domain. Both Y2H and BiFC assays confirmed that
ATI3 interacted with ER-localized UBAC2 (Figure 8), which
belong to a conserved family of proteins implicated in ERAD
in human [40]. Like ati3 mutants, ubac2 mutants had

compromised phenotypes in both heat tolerance and in disease
resistance (Figures 5, 6, 10 and 11). Conversely, even though
the ERAD-defective hrd3a mutant was also severely compro-
mised in heat tolerance as expected, it was largely normal in
response to B. cinerea (Figure S7). Thus, the phenotypes of the
ubac2 mutants were more similar to those of the ati3 mutants
than to those of hrd3a mutant plants. These findings raised the
possibility that ATI3 proteins mediate a selective autophagy
that targets ER proteins through UBAC2 acting as a receptor
for recognition of ubiquitinated ER cargo and subsequent deg-
radation in the vacuole. Consistent with this possibility, both
UBAC2A-GFP and ATI3A-GFP were delivered to the vacuole
in punctate forms under ER stress in an autophagy-dependent
manner (Figure 15). This is also consistent with the finding
that the sensitivity of both ati3 and ubac2 mutants to the ER
stress agent TM was significantly increased when compared
with that of WT (Figure 13). Furthermore, overexpression of
UBAC?2 in plant cells induced formation of ATGS- and ATI3-
labeled punctate structures likely representing increased forma-
tion of phagophores or autophagosomes (Figure 12). Thus,
UBAC2 may function both as receptors for recognition of ER
cargo but also as inducers of the ATI3-mediated selective
autophagy pathway. Intriguingly, the sensitivity of the ati3 and
ubac2 mutants to the ER stress agent TM, although signifi-
cantly higher than that of WT, were substantially lower than
that of the autophagy-deficient atg5-1 mutant (Figure 13).
In addition, ati3 and ubac2 mutants were largely competent
in autophagy-mediated ER degradation under TM-induced
ER stress when using a lumenal ER marker for detection
(Figure 14). These seemingly inconsistent or even conflicting
results suggest a complex relationship between the role of ATI3
and UBAC2 in plant stress responses and their involvement in
ERAD and autophagy-dependent ER degradation, which merits
further consideration.

The significant increase in the sensitivity of both ati3 and
ubac2 mutants to TM and the association of ATI3 proteins
with ATGS8 through the C-terminal WxxL LIR motif support
the proposed role of the interacting ATI3 and UBAC2 proteins
in mitigating ER stress through a selective autophagy pathway.
The smaller increase in the sensitivity to ER stress in the ati3
and wbac2 mutants than in the autophagy-deficient atg5
mutant could be explained by the existence of additional
autophagy pathways that target ER components and protect
cells against ER stress in plants. Proteins destined for the
plasma membrane, the extracellular space and other secretory
compartments all undergo folding and maturation within the
ER. Studies from different organisms including plants have
shown that there are multiple ER protein quality control and
ERAD pathways for different ER proteins. Studies in both yeast
and mammalian cells have identified multiple ubiquitin E3
ligases that mediate distinct ERAD pathways through targeting
different types of ER proteins [47,48]. In yeast, 2 ubiquitin E3
ligases (Hrdl and Ssm4/Doal0) play functional and organiza-
tional roles in degradation of ERAD substrates. In mammalian
cells, 3 wubiquitin E3 ligases (AMFR/gp78, HRDI1 and
MARCH6/TEB4 share similar domain and topological organi-
zation with yeast Hrdl (ortholog of AMFR and HRD1) and
Ssm4 (ortholog of MARCHS). Yeast proteins with misfolded
ER-lumenal domains are degraded by the ERAD-L pathway



mediated by the Hrd1-Hrd3 E3 ligase, which forms a mem-
brane core complex with Derl through the linker protein Usal
[49,50]. Degradation of proteins with misfolded intramem-
brane domains is dependent on an ERAD-M pathway that is
independent of Usal and Derl [49,50]. Membrane proteins
with misfolded cytosolic domains require the ERAD-C pathway
mediated by the Ssm4 ubiquitin ligase [49,50]. In Arabidopsis,
mutants for specific ER protein quality control components
are defective in the biogenesis of some but not all pattern recog-
nition receptors [51-54]. If ATI3- and UBAC2-mediated
autophagy targets a specific group or type of ER proteins for
degradation by autophagy, its role in mitigating ER stress
would be more limited than the entire autophagy process, and
consequently the phenotype of the ati3 and ubac2 mutants in
sensitivity to a general ER stress inducer would not be as strong
as an autophagy-deficient mutant such as atg5-1. In this case,
detection of ATI3- and UBAC2-depednent ER degradation
would also rely on the use of correct ER markers that are tar-
geted by the ATI3-UBAC2-mediated autophagy pathway.
Therefore, the failure to detect a phenotype in TM-induced ER
degradation in the ati3 and ubac2 mutants (Figure 14, Figure
S6), despite their increased sensitivity to the ER stress agent,
could be due to the use of a BIP-GFP-KDEL lumenal ER
marker, which may not necessarily be a target of the ATI3- and
UBAC2-mediated autophagy pathway.

It has been previously shown that accumulation of unfolded
ER proteins is a trigger for induction of autophagy in an
AT5G24360/IRE1B-dependent manner under ER stress [45].
The chemical chaperones sodium 4-phenylbutyrate and taur-
oursodeoxycholic acid reduce tunicamycin- or dithiothreitol-
induced autophagy. 4-Phenylbutyrate also inhibits heat-
induced autophagy [45]. Similarly, overexpression of an ER
heat shock protein, AT3G12580/HSP70, reduces autophagy
[45]. Conversely, expression in Arabidopsis of the misfolded
protein mimics zeolin or a mutated form of AT3G10410/car-
boxypeptidase Y induces autophagy [45]. How unfolded ER
proteins trigger autophagy in plant cells is unclear. Interest-
ingly, we found that overexpression of UBAC2A increased
punctate structures of ATG8-ATI3A BiFC fluorescent signals,
likely reflecting increased formation of autophagosomes
(Figure 8; Figure S2). The UBAC2 proteins are ER membrane
proteins but contain an extended cytosolic C-terminal region
with a conserved UBA domain at the C terminus (Figure 7).
The cytosolic UBA domain of UBAC2 could function in the
recognition of ubiquitinated unfolded ER proteins that are ret-
rotranslocated from the ER lumen or from membrane proteins
with misfolded cytosolic domains. In addition, we observed
that UBAC2A-GFP was delivered to the vacuole under condi-
tions of ER stress in an autophagy-dependent manner, sug-
gesting that UBAC2 proteins might themselves be potential
cargo proteins of selective autophagy (Figure 15). Therefore,
increased formation of ATG8-labeled autophagosome-like
structures in UBAC2A-overexpressing cells could be due to
increased levels of misfolded UBAC2 proteins or UBAC2 pro-
teins complexed with other ubiquitinated ER proteins that act
as autophagy inducers.

In summary, we have identified a new group of ATG8-inter-
acting proteins that are unique to dicots. We have further dis-
covered that ATI3 interacts with UBAC2, an evolutionarily
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conserved protein implicated in ERAD. Genetic analysis
revealed that both the ATI3 and UBAC2 genes play important
roles in plant heat tolerance and resistance to Botrytis. ATI3
and UBAC2 proteins could mediate a new selective autophagy
pathway with an important role in plant stress responses in
part through selective autophagy of specific ER components.
Significantly increased sensitivity of the ati3 and ubac2 mutant
to the ER stress agent TM is consistent with the proposed role
of ATI3 and UBAC2 proteins in plant stress responses and
stress-induced autophagy. However, future experiments are
needed to identify the specific targets of the ATI3- and
UBAC2-mediated autophagy pathway in the ER compartment,
and to understand the regulation of the autophagy pathway
during plant stress responses.

Materials and methods
Arabidopsis genotypes and growth conditions

The Arabidopsis mutants and WT plants are all in the Co-0
background. The atg5-1 single and irela-2 irelb-1 double
mutants have been previously described [26,46]. Homozygous
ati3a-1 (Salk_202281C), ati3b-1 (Salk_074382), ati3c-1
(Salk_056098C), ubac2a-1 (WiscDsLoxHs094_04C), ubac2a-2
(WiscDsLox495E11), ubac2b-1 (Salk_021788C) and hrd3a
(Salk_109430) mutants were identified by PCR using gene-spe-
cific primers flanking the T-DNA/transposon insertions (Table
S1). The transcripts of Arabidopsis ATI3 and UBAC2 genes in
the corresponding mutants were determined by qRT-PCR
using gene-specific primers (Table S1). The Arabidopsis ACT2
gene was used as internal control as previously described [55].
Arabidopsis plants were grown in growth chambers at 22°C,
120 «E m~? light on a photoperiod of 12-h light and 12-h dark.

Yeast 2-hybrid screen and assays

Arabidopsis ATI3A was identified as an ATG8-interacting pro-
tein from the Gal4-based yeast 2-hybrid screens as previously
described [19]. For assays of ATI3B- and ATI3C-ATGS inter-
action in yeast cells, full-length ATI3B and ATI3C coding
sequences were PCR-amplified using gene-specific primers
(ATI3B:  5’-agcgaattcatggagggggatggttttaa-3’/5’-gctctcgagtta-
caaaagctcccattcaga-3’; ATI3C: 5’-agcgaattcatggagggggatggttttaa-
3’/5’-gctctcgagttacaaaagctcccattcagaatcttctg-3’) and cloned into
a pAD-Gal4 vector (Agilent Technologies, 978000). The
mutant gene encoding ATI3AY?*** was generated by overlap-
ping PCR and cloned into pAD-Gal4. Various combinations of
bait and prey constructs were cotransformed into yeast cells
and interactions were analyzed by plating onto selection
medium lacking Trp, Leu and His or by B-galactosidase activity
assays using o-nitrophenyl-B-D-galactopyranose (Sigma-
Aldrich, N1127) as substrate.

ATI3A-interacting proteins were identified using the split-
ubiquitin complementation screens from a normalized Arabi-
dopsis cDNA library purchased from Dualsystems Biotech.
Full-length ATI3A coding sequence was amplified by PCR
using gene-specific primers (5’-cgcggccattacggccatgaatagaaattc-
caaaggaaga-3’/ 5’-catggccgaggeggcecaacgcaatctccgectcagaatcttet-
gatacaa-3") and cloned into the bait vector. The bait plasmid
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and the cDNA library were used to transform yeast cells. Yeast
transformants were plated onto selection medium and con-
firmed by B-galactosidase activity assays.

BiFC assay

The BiFC vectors pFGC-N-YFP and pFGC-C-YFP have been
previously described [56]. The full-length ATI3A and UBAC2A
sequences were PCR-amplified using gene-specific primers
(ATI3A: 5’-agcgagctcatgaatagaaattccaaaggaagag-3° and 5-
agctctagacaaaatctcccactcagaatctt-3’; UBAC2A: 5’-agcgagctcat-
gaacggcggtceectec-3°  and  5’-agctctagagtgggactgtgcttcgaga-37)
and cloned into pFGC-C-YFP or pFGC-N-YFP, as appropriate.
The plasmids were introduced into A. tumefaciens (strain
GV3101) and infiltration into N. benthamiana was performed
as described previously [57]. BiFC fluorescent signals in
infected tissues were analyzed at ~24 h after infiltration by a
Zeiss LSM710 confocal microscope with appropriate filter sets
(excitation 514 nm, emission 525-555 nm). The images were
superimposed with Zeiss LSM710 software.

Analysis of tolerance to heat, salt and the ER stress
agent TM

Testing of heat and salt tolerance of Arabidopsis seedlings was
performed as previously described [19,58]. For assays of sensi-
tivity to TM, WT and mutant seeds were sterilized and germi-
nated on solid half-strength MS medium supplemented with or
without 0.1 mg/L TM (Cayman Chemical, 11445). Survival
rates were determined after 2 wk.

Botrytis infection

Culture and inoculation of B. cinerea were performed as previ-
ously described [26,59]. Biomass of the fungal pathogen was
quantified by qRT-PCR of total RNA isolated from inoculated
plants for the B. cinerea actA gene transcript levels as described
previously [59].

Subcellular localization

Full-length UBAC2 and ATI3 genes were fused to the GFP and
mCherry genes, respectively, behind the CaMV 35S promoter
in a pFGC5941-based plant transformation vector [60]. The
UBAC2-GFP fusion gene was co-expressed with a BIP-
mCherry-KDEL ER marker gene [60]. or ATG8A-mCherry
autophagosome marker [19,21]. in N. benthamiana. The
ATI3A-mCherry fusion gene was co-expressed with an ATG8A-
GFP marker gene in N. benthamiana. Imaging of co-expressed
GFP and mCherry signals was performed with standard confo-
cal laser microscopy with appropriate filter sets: GFP (excita-
tion 488 nm, emission 500-550 nm) and mCherry (excitation
561 nm, emission 570-620 nm).

Preparation and transfection of leaf protoplasts

Arabidopsis leaf protoplasts were prepared using the Tape-Ara-
bidopsis-Sandwich procedure [61]. Approximately 5 x 10*
protoplasts were used in transfection using 20 ug BIP-GFP-

KDEL, ATI3A-GFP or UBAC2A-GFP plasmid DNA as previ-
ously described [62]. TM (5 wg/mL) and concA (Cayman
Chemical, 11050) were added to transformed protoplasts at the
final concentrations of 5 pg/mL and 1 uM, respectively.
DMSO was used as a solvent control for all treatments. Proto-
plasts were incubated at room temperature in darkness for
12 h, with 40 rpm orbital shaking. Confocal microscopy was
performed with a Leica confocal microscope using a x 63 Leica
oil immersion objective.
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