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Plant Bax Inhibitor-1 interacts with ATG6 to regulate autophagy and programmed
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ABSTRACT
Autophagy is an evolutionarily conserved catabolic process and is involved in the regulation of
programmed cell death during the plant immune response. However, mechanisms regulating autophagy
and cell death are incompletely understood. Here, we demonstrate that plant Bax inhibitor-1 (BI-1), a
highly conserved cell death regulator, interacts with ATG6, a core autophagy-related protein. Silencing of
BI-1 reduced the autophagic activity induced by both N gene-mediated resistance to Tobacco mosaic virus
(TMV) and methyl viologen (MV), and enhanced N gene-mediated cell death. In contrast, overexpression
of plant BI-1 increased autophagic activity and surprisingly caused autophagy-dependent cell death.
These results suggest that plant BI-1 has both prosurvival and prodeath effects in different physiological
contexts and both depend on autophagic activity.
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Introduction

Autophagy is an evolutionarily conserved and tightly regulated
catabolic process that maintains cell homeostasis by recycling
unnecessary proteins and organelles to the lysosome or vacu-
ole.1-3 Dysfunction of autophagy is associated with cancer, neu-
rodegeneration, microbial infection, and aging.4 Previous
studies in yeast and mammals have revealed most of the mech-
anisms underlying this process, central to which is the induc-
tion of autophagy, the formation of autophagosomes, their
fusion with lysosomes or vacuoles.5 These sequential steps are
achieved by autophagy-related (ATG) proteins.6

Plant ATG6 is the ortholog of yeast Vps30/Atg6, and
mammalian BECN1/Beclin 1, which is also called Beclin 1 in
tobacco plants. Mammalian BECN1 is a core ATG protein
that contains a BCL2 (BCL2, apoptosis regulator)-homology-
3 (BH3) domain, a central coiled-coil domain, and an evolu-
tionarily conserved domain.7 It is part of the phosphatidyli-
nositol 3-kinase (PtdIns3K) complex and positively regulates
vesicle nucleation during autophagosome formation.8 In
plants, only class III PtdIns3K is identified, which is encoded
by a single copy gene, AT1G60490/PI3K/VPS34 in Arabidop-
sis,9 and AY701317/PI3K in tobacco.10 Recently, several
BECN1-binding proteins have been characterized and an
interactome has been shown to support BECN1s function
during autophagy.11 BECN1-binding partners include the
components of BECN1-PtdIns3K complexes, BCL2 family
members, and other receptor and adaptor proteins, such as
the ITPR (inositol 1,4,5-trisphosphate receptor).11 Very

recently, b-tubulin was shown to interact with ATG6 in
plants.12

BECN1 interacts with BCL2 family members to regulate auto-
phagy in mammals.13 BCL2 family members, including BCL2,
BCL2L1/ BCL-XL (BCL2 like 1), and viral BCL2 like proteins,
suppress autophagy by inhibiting BECN1.7, 14-16 Phosphorylation
of BCL2, BCL2L1 or BECN1 by MAPK8/JNK1 (mitogen-
activated protein kinase 8), or DAPK (death associated protein
kinase) disrupts the interaction, thus promoting autophagy.17,18

However, the antiapoptotic BCL2 family members were reported
recently to affect autophagy and cell death indirectly, by inhibit-
ing proapoptotic proteins BAX (BCL2 associated X) and BAK1
(BCL2 antagonist/killer 1).19 Recently a study in Arabidopsis sug-
gests that the BCL2-associated athanogene family (BAG) member
BAG6 functions in fungal resistance and autophagy in plants.20

Although plant autophagy has been reported to play impor-
tant roles in nutrient recycling, biotic and abiotic stress
responses, and development,21-28 little is known about the regu-
latory network underlying plant autophagy. Plant ATG6 is
required for the induction of autophagy and autophagy regu-
lates programmed cell death during the plant immune
response.10,29-33 However, no BCL2 or BCL2L1 orthologs have
been identified in plants, raising the question of how ATG6-
dependent autophagy is regulated in plants.

Bax inhibitor-1 (BI-1), first identified as an inhibitor of BAX-
induced cell death,34 is a highly evolutionarily conserved cell
death regulator with multiple transmembrane domains.
BI-1-like proteins are present in viruses, bacteria, yeast, plants,
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insects, and mammals.34-37 In mammals, TMBIM6/BI-1
(transmembrane BAX inhibitor motif containing 6) interacts
with BCL2 and BCL2L1 to suppress mammalian apoptosis,
probably by regulating endoplasmic reticulum (ER) calcium
homeostasis.34,38-40 Besides inhibiting BAX-triggered cell death,
mammalian TMBIM6 also inhibits ERN1/IRE1 (endoplasmic
reticulum to nucleus signaling 1)-dependent unfolded protein
response (UPR) by physically interacting with the ER stress sen-
sor, ERN1, which is an ER resident serine/threonine-protein
kinase/endoribonuclease, leading to increased susceptibility to
mild ER stress.41 Thus, mammalian TMBIM6 may modulate cell
death by affecting UPR or ER calcium homeostasis.42 In Arabi-
dopsis, ER stress triggers autophagy and IRE1B is required for
the ER stress-induced autophagy.24 A recent study suggests that
accumulation of unfolded protein in ER will induce autophagy.43

BI-1 has also been characterized as a cell death suppressor and a
key molecular switch downstream from a variety of biotic and
abiotic stress signals in plants.44-51 Arabidopsis BI-1 modulates
ER stress-mediated programmed cell death without affecting the
expression of UPR target genes.41,52 In addition, plant BI-1 regu-
lates cell death by altering reactive oxygen species (ROS) level,
Ca2C flux control and lipid dynamics.53-55 In this study, we
reveal that BI-1 functions not only as the well-recognized prosur-
vival factor, but also as a prodeath factor.

TMBIM6/BI-1 is described as a negative modulator of auto-
phagy in cells undergoing nutrient starvation by controlling the
ERN1-MAPK8 pathway through its inhibitory effect on
ERN1.41,56 However, TMBIM6 is recently reported to regulate

Ca2C-mediated bioenergetics to promote autophagy in an
ITPR-dependent manner, leading to the controversial roles of
BI-1 in autophagy.57 In this study, we show that plant BI-1 pos-
itively regulates autophagy by interacting with ATG6 and that
autophagy is required for both the prosurvival and prodeath
roles of BI-1.

Results

Identification and structural analysis of plant Bax
inhibitor-1 as an ATG6-interacting partner

ATG6 regulates programmed cell death (PCD) during the
plant innate immune response.10,29 To identify ATG6-bind-
ing proteins in plants, we performed a yeast 2-hybrid screen
using Nicotiana tabacum ATG6 as bait and an Arabidopsis
cDNA library as prey. In this screen, we identified Arabi-
dopsis thaliana Bax inhibitor-1 (AtBI-1) as an interactor of
ATG6. Next, we cloned N. benthamiana BI-1 (NbBI-1)
cDNA and the encoded protein has a predicted length of
249 amino acids (aa), with high identity to orthologs from
other organisms (43% to 97%). NbBI-1 also contains the
conserved C-terminal 14 aa fragment (Fig. S1A) which is
important for the interaction of BI-1 with other proteins in
Arabidopsis and mammals.41,53-55

Mammalian ATG6 (BECN1) has a BH3 domain, which is
defined as 4-turn amphipathic a-helices and contains the
sequence feature as Hy-X-X-X-Hy-X-X-X-Sm-D/E-X-Hy,
where Hy represents hydrophobic residues and Sm represents

Figure 1. The subcellular localization of tobacco BI-1 and ATG6. BI-1-YFP localized to the ER network and nuclear envelope region in N. benthamiana cells (first row) and
formed clusters of large vesicle-like punctate structures (arrows). YFP-ATG6 localized to the ER network, but strongly labeled punctate structures along the ER network
(second row, arrows). The ER tubular network was labeled with the ER marker, ER-cb. YFP alone localized to the nucleus and cytoplasm and its expression had no effects
on the ER morphology (third row), which was used as a control. Experiments were repeated 3 times.

1162 G. XU ET AL.



small residues.13 Similarly, tobacco (Nt) and Arabidopsis (At)
ATG6s are also predicted to have a putative BH3 domain
(Fig. S1B and C), and have an evolutionarily conserved domain
(ECD) that is found in the crystallography of human ATG6
(PDB code: 4DDP) (Fig. S1D).58

Subcellular localization of BI-1 and ATG6 in plants

Mammalian and yeast orthologs of plant BI-1s (mammalian
TMBIM6 and yeast BXI1 respectively) both exhibit an
intramembrane distribution pattern, typically localizing to
the ER and nuclear envelope.34,59 To determine the subcel-
lular localization of tobacco BI-1 in plants, we generated a
BI-1-YFP fusion construct driven by the CaMV 35S pro-
moter. BI-1-YFP or YFP alone was transiently coexpressed
with a CFP-tagged version of the ER marker, ER-cb, in N.
benthamiana. ER-cb labels the cortical ER and perinuclear
structure.60 BI-1-YFP mainly localized to the ER and peri-
nuclear regions labeled by ER-cb (Fig. 1, first row). In addi-
tion, we found that ER-cb-labeled ER tubules were
disrupted and formed clusters of large vesicle-like struc-
tures, after the expression of BI-1-YFP (Fig. 1, first row, as
arrows indicate). BI-1-YFP localized to these punctate struc-
tures in these cells (Fig. 1, first row). As a control, YFP
alone was freely distributed to the nucleus and cytoplasm
and had no punctate structure on the ER (Fig. 1, third
row).

Next, we tested whether the punctate structure of BI-1 was
localized to the Golgi body. For this purpose, BI-1-YFP or YFP

control was transiently coexpressed with the CFP-tagged Golgi
marker, G-cb.60 BI-1-YFP mainly showed typical ER network
localization and the punctate structures did not colocalize with
Golgi bodies (Fig. S2A, first and second rows). These results sug-
gest that plant BI-1 localizes to the ER and perinuclear regions.

Since BI-1 interacted with ATG6, we next examined the sub-
cellular localization of ATG6. We generated YFP-ATG6 fusion
construct driven by the CaMV 35S promoter, and then coex-
pressed this construct with ER-cb or G-cb. YFP-ATG6 weakly
labeled the ER network, but strongly labeled punctate struc-
tures. In the cells expressing YFP-ATG6, most ER tubules
maintained a network structure and some formed puncta
labeled by ER-cb along the ER network, which merged with the
YFP-ATG6 puncta (Fig. 1, second row). These puncta did not
colocalize with the Golgi apparatus either (Fig. S2A, third row).
When expressed alone, YFP-ATG6 formed punctate structures
as well (Fig. S2B). Thus, tobacco ATG6 is partially distributed
to the ER network, but mostly located in ER-associated puncta.

BI-1 interacts with ATG6 in vitro and in vivo

Since Arabidopsis BI-1 was found to interact with tobacco ATG6
in our yeast 2-hybrid screen, we tested whether tobacco BI-1
interacted with ATG6 in dual-membrane yeast 2-hybrid assay.
Tobacco ATG6 was expressed in yeast as a fusion to the NubG
domain (NubG-ATG6). BI-1 was expressed as a fusion to Cub-
LexA-VP16, (BI-1-Cub-LexA-VP16). Upon interaction, LexA-
VP16 is cleaved and translocated to the nucleus to activate 3
reporter genes, i.e., HIS3, ADE2, and lacZ. NubG-ATG6-

Figure 2. Tobacco BI-1 interacted with ATG6 in vitro and in vivo. (A) A split ubiquitin yeast 2-hybrid assay showed the interaction between BI-1 and ATG6. NubG-ATG6-
harboring yeast strains transformed with BI-1-Cub-LexA-VP16, but not Cub-LexA-VP16, turned blue on X-gal plates (SD-Leu-Trp-X-Gal) and grew on medium lacking His
and Ade (auxotrophic assay, SD-Leu-Trp-His-Ade). (B) GST affinity isolation assay showed the interaction between BI-1 and ATG6. A GST fusion with the C-terminal 14 aa
of BI-1 (GST-BI-1C-14aa) or GST immobilized on glutathione-sepharose beads were incubated with the HA-tagged N-terminal 1–192 aa domain of ATG6 (HA-ATG61–192),
which was generated in recombinant E. coli. Beads were washed and proteins were separated by SDS-PAGE. Immunoblot assays were performed with an anti-HA or anti-
GST antibody. (C) LCI assay showed the interaction between BI-1 and ATG6 in vivo. Pairs of proteins were coexpressed in different areas (circles) of the same N.
benthamiana leaf. Combinations of nLUCCBI-1-cLUC and ATG6-nLUCCcLUC were used as negative controls, while Arabidopsis SGT1A-nLUCCcLUC-RAR1 was used as the
positive control. (D) Coimmunoprecipitation of BI-1-HA and ATG6-MYC. BI-1-HA with ATG6-MYC or cLUC-MYC (control) were coexpressed in N. benthamiana respectively
and immunoprecipitated with anti-MYC beads. Extracts and precipitates were analyzed by western blot using indicated antibodies.
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containing yeast transformed with BI-1-Cub-LexA-VP16, but not
with the empty vector (EV), turned blue on plates containing 5-
bromo-4-chloro-3-indolyl-D-galactoside (X-gal) and grew on
plates lacking His and Ade (Fig. 2A), suggesting that tobacco BI-
1 interacts with tobacco ATG6 in yeast.

We sought to confirm the interaction of BI-1 with ATG6
using a glutathione S-transferase (GST) affinity isolation assay.
However, we were unable to express the soluble full-length
BI-1 and ATG6 proteins in E. coli. Since the C-terminal 14 aa
of Arabidopsis BI-1 is the putative cytoplasmic part of BI-1 and
the N-terminal domain of ATG6, which contains a predicted
BH3 domain (Fig. S1B and C), is required for its interaction
with BCL2 family members,7,16,55,61 we tested whether there
was a direct interaction between these regions. We expressed
GST-tagged C-terminal 14 aa of BI-1 (GST-BI-1C-14aa), GST
alone and an HA-tagged fusion of the N-terminal 192 aa of
tobacco ATG6 (HA-ATG61–192) in E. coli. The GST affinity iso-
lation assay showed that GST-BI-1C-14aa, but not GST alone,
bound directly to HA-ATG61–192 (Fig. 2B), suggesting that the
C-terminal 14 aa of tobacco BI-1 interact directly with the
N-terminal 192 aa of tobacco ATG6.

Furthermore, we performed a firefly luciferase complemen-
tation imaging (LCI) assay to test the interaction of BI-1 with
ATG6 in plants.62 Tobacco BI-1 was fused to the C-terminal
domain of luciferase (cLUC), while tobacco ATG6 was fused to

the N-terminal domain of luciferase (nLUC). ATG6-nLUC was
coexpressed with BI-1-cLUC in N. benthamiana. Upon interac-
tion, luciferase is reconstituted and can be readily detected as a
chemical luminescent signal.62 Signals were detected when
ATG6 was coexpressed with BI-1 (Fig. 2C).

We also performed coimmunoprecipitation assays to test the
interaction in plants. Tobacco BI-1 with HA tag (BI-1-HA), coim-
munoprecipitated with cMYC tagged tobacco ATG6 (ATG6-
MYC) but not the negative control cLUC-MYC (Fig. 2D).

Taken together, these results, with bimolecular fluorescence
complementation (BiFC) below, suggest that plant BI-1 inter-
acts with ATG6 and that the C-terminal 14 aa of BI-1 is suffi-
cient for the interaction.

BI-1 and ATG6 interacted at the ER

The subcellular localization of the BI-1-ATG6 interaction in
plants was investigated using a Citrine YFP-based BiFC assay.63

Tobacco BI-1 was fused to the N-terminal domain of YFP
(nYFP) to generate BI-1-nYFP, and tobacco ATG6 was fused to
the C-terminal domain of YFP (cYFP) to generate cYFP-ATG6.
cYFP-ATG6 was transiently coexpressed in N. benthamiana
with BI-1-nYFP, along with the ER marker, ER-cb, or the Golgi
marker, G-cb. A positive interaction signal indicated by yellow
fluorescence was observed only when cYFP-ATG6 was

Figure 3. Tobacco BI-1 and ATG6 interacted at the ER. nYFP and cYFP are the N- and C-terminal domains of YFP, respectively. BI-1 was fused to the N-terminal end of
nYFP. ATG6 was fused to the C-terminal end of cYFP. Yellow puncta in the first column indicate interactions between ATG6 and BI-1 and colocalize with puncta (first row
and second row, arrows) labeled with the ER marker, ER-cb. No interaction was detected in the BI-1-nYFPCcYFP-nLUC negative control (third row and fourth row). Experi-
ments were repeated 3 times.
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combined with BI-1-nYFP (Fig. 3). Interestingly, the interaction
between BI-1-nYFP and cYFP-ATG6 yielded fluorescent punc-
tate structures that merged with the ER-cb signals, indicating
that these proteins interacted at the ER (Fig. 3, first row and sec-
ond row). The negative control, BI-1-nYFP plus cYFP-nLUC,
showed no interaction signal (Fig. 3, third row and fourth row).
In addition, the interaction signals of BI-1 and ATG6 did not
colocalize with the G-cb-labeled Golgi (Fig. S3). These results
suggest that plant BI-1 interacts with ATG6 at the ER.

Silencing of BI-1 compromised autophagy induced
by N gene-mediated resistance to TMV

We used Tobacco rattle virus (TRV)-based virus-induced
gene silencing (VIGS) to investigate the role of plant BI-1
in autophagy.64 Fragments of 2 NbBI-1 cDNAs (i.e., NbBI-
1.1 and NbBI-1.2) were amplified by RT-PCR. The encoded
proteins are 97% identical to each other (Fig. S4A). Because
N. benthamiana is an allotetraploid, we reasoned that
NbBI-1.1 and NbBI-1.2 were alleles of the same gene in a
distant ancestor. N. benthamiana plants infected with a
TRV vector carrying the NbBI-1.1 fragment (VIGS-BI-1)
did not show any visible developmental phenotype com-
pared with TRV alone nonsilenced control (Control). Real-
time RT-PCR indicated that silencing of BI-1 reduced the
mRNA level of BI-1 by 82%, but had no effect on mRNA
level of BI-2, which encodes a protein sharing 84% protein
identity with BI-1.1 (Fig. S4B), suggesting that silencing of
BI-1 is effective and gene-specific.

E64d is a cysteine protease inhibitor that can increase the
number of autophagic compartments by preventing their vacu-
ole degradation. Thus, hereafter, all autophagy-related experi-
ments were performed in the presence of E64d without specific
statement. Monodansylcadaverine (MDC) is an autofluorescent
substance that is commonly used to detect autophagic activity
in plants and other organisms.65 We identified a few MDC-
stained autophagic structures in nonsilenced control plants, sug-
gesting that the basal autophagic activity is low in N. benthami-
ana plants. Furthermore, we found no obvious difference in the
autophagic activity between the nonsilenced control and BI-1-
silenced plants (Fig. S5A), which may be due to low level of
basal autophagic activity.

We next evaluated the effect of silencing of BI-1 on the auto-
phagic activity induced by the N gene-mediated resistance to
TMV.10 As expected, we readily observed MDC-stained autopha-
gic structures in the leaves of nonsilenced control N gene-con-
taining N. benthamiana (NN) plants at 10 d postinfection (dpi)
with GFP-tagged TMV (TMV-GFP). However, there were fewer
MDC-stained autophagic structures in the BI-1-silenced NN
plants than in the nonsilenced control NN plants (Fig. 4A and B).

Fluorescent protein-tagged ATG8 is a useful marker to mon-
itor macroautophagy in several organisms including plants.66

Transient expression of CFP-tagged ATG8F (CFP-ATG8F) in
nonsilenced control and in BI-1-silenced NN plants revealed no
difference in autophagy (Fig. S5B). We then transiently
expressed CFP-ATG8F in TMV-infected NN leaf tissues and
found that BI-1-silenced NN plants contained fewer
CFP-ATG8F-labeled autophagic structures than the nonsilenced

control plants in either the presence (Fig. 4C and D) or the
absence of E64d (Fig. S6A and B).

We also used transmission electron microscopy (TEM) to
verify the autophagy induced by N gene-mediated resistance to
TMV. In TMV-infected nonsilenced control NN plants, we fre-
quently observed autophagic structures containing electron-
dense material in the cytoplasm and vacuole (Fig. 4E, control
panel). However, we detected far fewer autophagic structures in
BI-1-silenced NN plants (Fig. 4E and F).

NBR1 is an autophagy cargo receptor containing light chain
3 (LC3)- and ubiquitin (Ub)-binding domains in mammals.67

Plant NBR1, which is also called JOKA2 in tobacco,68 is identi-
fied as a selective autophagy cargo receptor recently, and itself
is degraded in the vacuole once autophagy activity
increases,69,70 enabling it as a useful tool to measure autophagy
flux. Under the condition of TMV-induced autophagy, BI-1-
silenced TMV-infected NN plants accumulated more JOKA2
than nonsilenced control plants in either the presence (Fig. 4I)
or the absence (Fig. S6G) of E64d. As it is reported that the
transcriptional level of some ATG genes along with JOKA2 are
elevated in different kinetics during the heat-stress-induced
autophagy in plants,69 the transcriptional level of JOKA2 was
tested by real-time PCR in this experiment, and the data
showed that after TMV infection, the JOKA2 mRNA level in
BI-1-silenced plants was downregulated compared with that in
control plant either with or without E64d treatment (Fig. S6E
and F). The above experiments suggest that silencing of BI-1
compromised autophagy flux and autophagy activity.

Taken together, these results suggest that plant BI-1 posi-
tively regulates the autophagy induced by N gene-mediated
resistance to TMV.

Silencing of BI-1 compromised autophagy induced by MV

Methyl viologen (MV) is a reactive oxygen species (ROS)
inducer in plants that can trigger autophagy.33,71 To test whether
BI-1’s role in autophagy is general, we used MV to trigger auto-
phagy. CFP-ATG8F was used as a marker to label autophagic
structures and transiently expressed followed by 10 mM MV
treatment of 24 h before monitoring the fluorescence by confo-
cal. BI-1-silenced plant showed decreased MV-induced auto-
phagy in either the presence or absence of E64d as indicated by
CFP-ATG8F-labeled autophagic structures (Fig. 4G, H, Fig. S6C
and D). Further, the accumulation of JOKA2 in BI-1-silenced
plant was more than that of nonsilenced plant in either the pres-
ence or absence of E64d (Fig. 4J, Fig. S6J). The mRNA level of
JOKA2 was downregulated in BI-1-silenced plant after MV
treatment in either the presence or absence of E64d (Fig. S6H
and I), which was consistent with that in the TMV-induced
autophagy experiment. These results suggest that silencing of
BI-1 compromises the autophagy induced by MV. Therefore,
plant BI-1 may have a general role in autophagy regulation.

Silencing of BI-1 enhanced N gene-mediated cell death

We previously found that ATG6 negatively regulated immu-
nity-related PCD.10 We therefore evaluated the effect of silenc-
ing of BI-1 on N-mediated hypersensitive response (HR) PCD
by TMV-GFP. BI-1-silenced plants had no developmental

AUTOPHAGY 1165



deficiency and showed no cell death (Fig. S7A). The HR was
presented in all of the infected plants by 7 dpi with TMV-GFP.
Furthermore, TMV-GFP accumulation was enhanced in
BI-1-silenced NN plants compared with that in nonsilenced
control NN plants, as observed by GFP fluorescence at the site
of infection (Fig. 5A), and real-time RT-PCR (Fig. 5B). We also
found enhanced cell death in BI-1-silenced plants (Fig. 5A,

normal light). However, cell death did not spread beyond virus
infection sites 15 dpi (Fig. S7B).

Further, we found that the N gene-mediated cell death
induced by the N gene elicitor, TMV-p50, also increased in
BI-1-silenced plants, and cell death did not spread beyond the
infiltrated regions either (Fig. 5C and D). To exclude the possibil-
ity of silencing of BI-1 on p50 expression, we test the TMV-p50

Figure 4. (For figure legend, see page 1167.)
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expression level in the BI-1-silenced nn plant and control nn
plant, on which TMV-p50 would not cause HR PCD. The result
showed that the protein level was similar (Fig. S7C), suggesting
that the enhanced cell death in BI-1-silenced plant was not due
to the different protein expression level of TMV-p50. These
results suggest that tobacco BI-1 negatively regulates cell death
during N-mediated resistance to TMV.

Overexpression of plant BI-1 induced autophagy and cell
death in a dose-dependent manner

To test the effect of overexpression of plant BI-1 on autophagy,
we expressed NbBI-1 in N. benthamiana by agroinfiltration.

Overexpression of NbBI-1 driven by the CaMV 35S promoter
with duplicated enhancers and TMV Omega leader sequence
(2 £ 35S-V:NbBI-1) caused macroscopic cell death by 3 dpi
(data not shown). This result was surprising, since BI-1s had
been reported to be the well-recognized cell death suppressors in
plants and mammals.36,37,44,53 To confirm this observation, we
expressed Arabidopsis BI-1 (AtBI-1) in N. benthamiana plants
under the control of the CaMV 35S promoter (35S:AtBI-1), and
CaMV 35S promoter with duplicated enhancers and a TMV
Omega leader sequence (2 £ 35S-V:AtBI-1). Accordingly, we
also expressed cLUC under the control of 35S or 2 £ 35S-V pro-
moter respectively as negative controls (35S:cLUC and 2 £ 35S-
V:cLUC). The 2 £ 35S version of the CaMV 35S promoter is

Figure 5. Silencing of BI-1 enhanced N-mediated cell death. (A) TMV-induced PCD was enhanced in BI-1-silenced N-containing plants. TMV-induced PCD was assessed in
nonsilenced control (Control) and BI-1-silenced (VIGS-BI-1), N gene-containing plants. Representative images of TMV-GFP-infected leaves were taken under normal light
and UV light at 7 dpi. Red represents chlorophyll autofluorescence. (B) Real-time RT-PCR showed relative RNA level of TMV-GFP in Control and VIGS-BI-1 plants. Leaves
were collected 7 d post TMV-GFP infection. Data represent the mean § SEM of 3 biological replicates with 4 technical replicates with mean value of control set to 1.0
(��P < 0.01, n D 12). Actin was used as an internal control. (C) Silencing of BI-1 enhanced TMV-p50 triggered cell death in N gene-containing plants. TMV-p50 was
expressed by agroinfiltration in Control and VIGS-BI-1 plants. Trypan blue staining was performed after 48 hpi. (D) Quantitative representation of TMV-p50-induced HR
programmed cell death. To quantify death intensity, images were converted to gray scale, and mean gray value of inoculation area was scored after subtracting the back-
ground of noninoculation area by ImageJ. Data represent means§ SEM (

�
P < 0.05, n D 64). Experiments were repeated 3 times.

Figure 4. (see previous page) Silencing of BI-1 compromised autophagy induced by N gene-mediated resistance to TMV or MV. (A) Representative images of MDC-stained
autophagic structures in TMV-infected leaf tissues of nonsilenced control (Control) and BI-1-silenced (VIGS-BI-1) N gene-containing plants at 10 dpi. The green fluorescent
puncta were autophagic structures inside the vacuole and chloroplast autofluorescence was in red. Scale bars: 10 mm. (B) The relative TMV-induced autophagic activity in
MDC-stained tissue. The number of MDC-stained autophagic structures per leaf section was counted and normalized to that of the Control. Data are the means§SEM of
relative autophagic activity, with the mean value of the Control set to 1.0 (���P < 0.001, n D 10). (C) Representative images of CFP-ATG8F-labeled autophagic structures
in TMV-infected leaf tissues of Control and VIGS-BI-1 N gene-containing plants at 8 dpi. The images were taken 2 d after agroinfiltration with CFP-ATG8F. The green fluo-
rescent puncta were autophagic structures and chloroplast autofluorescence was in red. Scale bars: 10 mm. (D) The relative TMV-induced autophagic activity in CFP-
ATG8F-labeled tissue. The number of CFP-ATG8F-labeled autophagic structures per leaf section was counted and normalized to that of Control. Data are the means §
SEM of the relative autophagic activity, with the mean value of the Control set to 1.0 (���P < 0.001, n D 10). (E) Representative transmission electron microscopy (TEM)
images of TMV-infected leaf tissues from Control and VIGS-BI-1 N gene-containing plants at 10 dpi. Lower panel was TEM images of autophagosome shown at higher
magnification. Scale bars are in mm. (F) The relative TMV-induced autophagic activity as determined in TEM assays. The number of autophagic structures per 100 mm2

was counted and normalized to that of Control. Data are the means § SEM of relative autophagic activity, with the mean value of the Control set to 1.0 (��P < 0.01, n D
10). (G) Representative images of CFP-ATG8F-labeled autophagic structures in the MV-treated leaf tissues of Control and VIGS-BI-1 plants. The images were taken 2 d after
agroinfiltration with CFP-ATG8F. The green fluorescent puncta were autophagic structures inside the vacuole and chloroplast autofluorescence was in red. (H) The relative
MV-induced autophagic activity in CFP-ATG8F-labeled tissue. The number of CFP-ATG8F-labeled autophagic structures per leaf section was counted and normalized to
that of Control. Data are the means§SEM of the relative autophagic activity, with the mean value of the Control set to 1.0 (���P < 0.001, n D 10). (I) BI-1-silenced plant
accumulated more JOKA2 than control plant under the condition of TMV-induced autophagy. Ponceau S staining was used as loading control. (J) BI-1-silenced plants
accumulated more JOKA2 than control plant under the condition of MV-induced autophagy. Ponceau S staining was used as loading control. Experiments were repeated
at least 2 times. All autophagy-related experiments were performed with E64d treatment.
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reported to result in a tenfold higher transcriptional level than the
natural CaMV 35S promoter (35S), while the inclusion of a TMV
Omega leader sequence (V) also enhances the translational activ-
ity.72,73 Trypan blue staining indicated that regions agroinfiltrated
with 35S:AtBI-1, 35S:cLUC or 2 £ 35S-V:cLUC did not show any
visible cell death by 3 dpi, whereas the areas agroinfiltrated with
2 £ 35S-V:AtBI-1 displayed macroscopic cell death (Fig. 6A).
These results suggest that plant BI-1 can have a prodeath role.

Whereas no signs of cell death were observed in the leaves of
N. benthamiana plants agroinfiltrated with 2 £ 35S:AtBI-1 or
2 £ 35S-V:AtBI-1 at 48 h postinfiltration, we monitored the
autophagic activity at this time point. We found much more
MDC-stained autophagic structures in areas agroinfiltrated
with 35S:AtBI-1 or 2 £ 35S-V:AtBI-1 than in those agroinfil-
trated with 35S:cLUC or 2 £ 35S-V:cLUC (Fig. 6B and D) in
the presence of E64d. Furthermore, MDC-stained structures

Figure 6. Overexpression of plant BI-1 trigged cell death and increased autophagic activity. (A) Trypan blue staining of cell death. Agrobacteria containing 35S:cLUC, 2 £
35S-V:cLUC, 35S:AtBI-1, and 2 £ 35S-V:AtBI-1 were infiltrated into N. benthamiana. At 3 dpi, leaves were detached for trypan blue staining. (B) Representative images of
MDC-stained autophagic structures from leaf tissues agroinfiltrated with 35S:cLUC, 2 £ 35S-V:cLUC, 35S:AtBI-1, and 2 £ 35S-V:AtBI-1 at 48 h postinfiltration (hpi), when
no macroscopic cell death was apparent. (C) Representative images of CFP-ATG8F-labeled autophagic structures from leaf tissues agroinfiltrated with 35S:cLUC, 2 £ 35S-
V:cLUC, 35S:AtBI-1, and 2 £ 35S-V:AtBI-1 at 48 hpi. The puncta in the mesophyll cells were autophagic structures. Scale bars ((B)and C): 5mm. (D) The relative autophagic
activity in MDC-stained tissue. The number of MDC-stained autophagic structures per leaf section was counted and normalized to that of 35S:cLUC or 2 £ 35S-V:cLUC
control, respectively. Data are the means§ SEM of relative autophagic activity, with the mean value of control set to 1.0 (nD 10). Different letters (a to c) above bars rep-
resent significantly different groups. (E) The relative autophagic activity in CFP-ATG8F-labeled tissue. The number of CFP-ATG8F-labeled autophagic structures per leaf
section was counted and normalized to control respectively. Data are the means § SEM of relative autophagic activity, with the mean value of control set to 1.0 (n D 10).
Different letters (a to c) above bars represent significantly different groups. (F) Overexpression of AtBI-1 decreased the accumulation of JOKA2. Ponceau S staining was
used as loading control. Experiments were repeated at least 2 times. All autophagy-related experiments were performed with E64d treatment.
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were more in plants agroinfiltrated with 2£ 35S-V:AtBI-1 than
those agroinfiltrated with 35S:AtBI-1 (Fig. 6B and D). No dif-
ference was found between 2 controls 35S:cLUC and 2 £ 35S-
V:cLUC (Fig. 6B and D). Consistent with MDC staining data,
the number of CFP-ATG8F-labeled autophagic structures was
greater in plants agroinfiltrated with 2 £ 35S-V:AtBI-1 than
those with 35S:AtBI-1 (Fig. 6C and E) in the presence of E64d.
Further, we tested the autophagy activity by CFP-ATG8F assay
in the absence of E64d, similar results were obtained (Fig. S8A
and B). Also, accumulation of JOKA2 was decreased by overex-
pression of BI-1 in either the presence or absence of E64d
(Fig. 6F, Fig. S8E). However, overexpression of BI-1 had no sig-
nificant effect on JOKA2 mRNA level in either the presence or
absence of E64d (Fig. S8C and D). Since overexpression of 2 £
35S-V:AtBI-1 caused cell death, which may affect general pro-
tein degradation process, the JOKA2 level was not tested in this

condition. These results further suggest that plant BI-1 posi-
tively regulates autophagy.

To rule out the possibility that the increased cell death
and autophagic activity were due to the overload of ER
membrane protein, Arabidopsis RTNLB13 was used as a
control. Arabidopsis RTNLB13, a member of the reticulon
family, is an ER membrane protein and its overexpression
remodels ER morphology, which was similar to the overex-
pression pattern of tobacco BI-1.74 The trypan blue staining
result showed that expression of AtRTNLB13 driven by the
2 £ 35S-V promoter could not cause cell death (Fig. S9B).
Further, the level of CFP-ATG8F-labeled autophagic
structures was similar in plants agroinfiltrated with 2 £
35S-V:cLUC and 2 £ 35S-V:AtRTNLB13 (Fig. S9A). Taken
together, these results suggest that BI-1 is able to specifically
activate autophagy and induce cell death.

Figure 7. The prodeath role of plant BI-1 required the autophagy pathway. (A) Silencing of ATG6, PI3K or ATG7 suppressed the cell death induced by overexpression of
AtBI-1. 2 £ 35S-V:AtBI-1 was transiently expressed in the silenced leaves (VIGS-ATG6, VIGS-PI3K and VIGS-ATG7) or the nonsilenced control leaves (Control). At 3 dpi,
leaves were detached for trypan blue staining. The experiment was repeated at least 3 times, using 5 or more plants per experiment. (B) Overexpression of C-terminal 14
aa of BI-1 decreases AtBI-1 triggered cell death. 2 £ 35S-V:AtBI-1 was coexpressed with 35S:cLUC-3xHA (Control) or 35S:cLUC-NbBI-1C-14aa-HA (BI-1C-14aa) by agroinfiltra-
tion. Trypan blue staining was performed after 48 hpi. (C) Quantitative representation of AtBI-1-induced cell death. To quantify death intensity, images were converted to
gray scale, and mean gray value of inoculation area was scored after subtracting the background of noninoculation area by ImageJ. Data represent means § SEM
(��P < 0.01, n D 6). The experiments were repeated 2 times. (D) Representative images of CFP-ATG8F-labeled autophagic structures from leaf tissues agroinfiltrated with
2 £ 35S-V:AtBI-1, 35S:cLUC-3xHA (Control) or 35S:cLUC-NbBI-1C-14aa-HA (BI-1C-14aa) at 42 hpi. The puncta in the mesophyll cells were autophagic structures. (E) The relative
autophagic activity in CFP-ATG8F-labeled tissue. The number of CFP-ATG8F-labeled autophagic structures per leaf section was counted and normalized to control. Data
are the means§SEM of relative autophagic activity, with the mean value of the control set to 1.0 (�P< 0.05, nD 30). Experiments were repeated at least 2 times. All auto-
phagy-related experiments were performed with E64d treatment.
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Autophagy was required for BI-1-mediated cell death

We also tested whether autophagy was required for BI-1-
mediated cell death. To this end, we silenced ATG6, PI3K and
ATG7, which are core autophagy genes.10 2 £ 35S-V:AtBI-1
was transiently expressed in the silenced or nonsilenced control
leaves. As expected, overexpression of AtBI-1 caused serious
cell death in nonsilenced control plants (Fig. 7A). However, the
cell death triggered by AtBI-1 was markedly suppressed in
ATG6-, PI3K- or ATG7-silenced leaves (Fig. 7A). To address
whether the protein level of AtBI-1 was comparable in nonsi-
lenced and silenced plants, AtBI-1-YFP was generated under
the control of the 2 £ 35S-V promoter since the antibody
against Arabidopsis BI-1 was unavailable. 2 £ 35S-V:AtBI-1-
YFP also caused cell death as 2 £ 35S-V:AtBI-1, suggesting
that YFP fused AtBI-1 was functional (Fig. S10A). The expres-
sion level of AtBI-1 was similar between ATG6-, PI3K- and
ATG7-silenced plants and control plants 2 dpi, and the protein
level was even lower in the control plant, which may be due to
the potential cell death effect (Fig. S10B). Taken together these
results suggest that autophagy is required for BI-1-mediated
cell death.

The C-terminal 14 amino acids of BI-1 had effects on both
BI-1-induced cell death and autophagy

Since the C-terminal 14 aa of BI-1 are conserved among species
(Fig. S1), and are sufficient for the interaction between BI-1
and ATG6, we tested the function of the C-terminal 14 aa. C-
terminal 14 aa of NbBI-1was tagged to cLUC along with a
1xHA on its C-terminal (cLUC-BI-1C-14aa-HA) for overexpres-
sion. When cLUC-BI-1C-14aa-HA (BI-1C-14aa) was expressed
alone, no cell death was observed, and autophagy activity was
not affected either. However, cell death induced by 2 £ 35S-V:
AtBI-1 decreased when coexpressed with BI-1C-14aa compared
with that when coexpressed with control (cLUC-3xHA), as
indicated by trypan blue staining (Fig. 7B and C). Western
blot assay showed that when coexpressed with 2 £ 35S-V:
AtBI-1, the protein level of cLUC-3xHA were less than
cLUC-BI-1C-14aa-HA (Fig. S10C), which may be due to the
severe cell death in control cLUC-3xHA leaves.

Autophagy activity were measured using CFP-ATG8F assay.
BI-1 induced autophagy were decreased when coexpressed with
BI-1C-14aa compared with that when coexpressed with control
in either the presence (Fig. 7D and E) or the absence (Fig. S10D
and E) of E64d.

Taken together, the C-terminal 14 aa of BI-1 may interfere
with the BI-1 induced cell death and autophagy.

Discussion

In this study, we found that plant BI-1, a novel ATG6-binding
protein, positively regulates autophagy. Intriguingly, in addi-
tion to its well-recognized prosurvival role,44 plant BI-1 also
has a prodeath role, and both of these activities are dependent
on autophagy.

Roles of ATG6 in autophagy and cell death

ATG6/BECN1 is a phylogenetically conserved protein and is
essential for the initiation of autophagy. Human BECN1 con-
tains a BH3 domain, which is involved in the interaction with
BCL2 or BCL2L1. Our study demonstrated the interaction of
tobacco ATG6 with BI-1 in plants, and N-terminal domain of
ATG6, which contains the putative BH3 domain, is sufficient
for the interaction (Fig. 2). In mammals, the disruption of
interaction between BECN1 and BCL2 or BCL2L increases the
autophagic activity of BECN1.75 Further study to reveal the
mechanism of BI-1’s in autophagic activity could be focus on
the ATG6’s side. It will be interesting to test whether animal
BI-1 interacts with ATG6 to competitively disrupt the interac-
tion between ATG6 and BCL2 or BCL2L1 to regulate cell death
since BCL2 or BCL2L1 orthologs have never been identified in
plants. Unlike other known BH3-only proteins, ATG6 does not
act as proapoptotic proteins in mammal. There exists crosstalk
between cell death and autophagy by ATG6.76 It needs to be
further investigated whether the interaction of plant ATG6 and
BI-1 will have effect on BI-1 mediated cell death.

Roles of BI-1 in autophagy

Two recent reports describe the contrasting roles of animal
BI-1 in autophagy. One report suggests that BI-1 arrests auto-
phagy by inhibiting ERN1-mediated MAPK8 activation. When
active, MAPK8 phosphorylates BCL2 to release ATG6 and pro-
mote autophagy.56 The second report suggests that BI-1 pro-
motes autophagy in an ITPR-dependent manner. BI-1 could
promote the ITPR-mediated release of ER Ca2C into the cyto-
sol, thus decreasing the transportation of Ca2C from stores in
the ER to mitochondria, which is necessary for the biosynthesis
of ATP in mitochondria. The reduction in cellular ATP levels
would in turn activate autophagy.57 The authors of the latter
study proposes that the net outcome of these 2 distinct func-
tions of BI-1 varies with the context.57 Here, we provide direct
evidence that plant BI-1 interacts with the core autophagy com-
ponent, ATG6, to promote autophagy. Silencing of BI-1
reduced autophagic activity induced by plant immune response
and MV (Fig. 4). However, overexpression of Arabidopsis BI-1
increased autophagic activity (Fig. 6). In mammals, BECN1
interacts with ITPR to regulate autophagy.77 Recently, mamma-
lian TMBIM6 has been reported to be a novel ITPR-interacting
and -sensitizing protein.78 Our results demonstrate that ATG6
interacts directly with BI-1 in plant. It needs to be further inves-
tigated whether plant ITPR homologs can interact with both
ATG6 and BI-1 to participate in autophagy. We assume that
ER-localized BI-1 can interact with ATG6 to recruit the auto-
phagy machinery components to initiate ER-associated
autophagy.

Role of BI-1 and autophagy in cell death

BI-1 has been recognized as a key molecular switch down-
stream from a variety of biotic and abiotic stress signals in
plants.44,45 Numerous studies show that BI-1s are the conserved
suppressors of cell death in different PCD pathways in both
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plants and animals. However, the underlying molecular mecha-
nism was hitherto unclear. Like animal BI-1, plant BI-1s have
been implicated in ER stress-induced PCD,46,52 and regulate
cellular Ca2C homeostasis by interacting with Arabidopsis
AtCaM7 (Calmodulin 7).54,55 Furthermore, studies in plants
suggest that BI-1 also modulates the sphingolipid-associated
PCD pathway.79,80 In this study, we revealed that plant BI-1
interacts with ATG6 to promote autophagy and negatively reg-
ulates N gene-mediated PCD. We found that silencing of BI-1
decreased autophagic activity induced by N gene-mediated
resistance to TMV and accelerated N-mediated cell death trig-
gered by TMV elicitor p50, suggesting that the conserved pro-
survival roles of BI-1 may rely on autophagy.

We demonstrated that plant BI-1 can function as a posi-
tive or negative regulator of cell death. Previous reports sug-
gest that overexpression of Arabidopsis BI-1 in a human
fibrosarcoma HT1080 cell line induces cell death.81,82 Our
results showed that overaccumulation of BI-1 also led to
HR-like cell death in plants. These observations suggest that
plant BI-1 may also have a prodeath role in nature. Further,
silencing of either ATG6, PI3K or ATG7 compromised BI-1-
mediated cell death (Fig. 7A), suggesting that cell death trig-
gered by overexpression of BI-1 requires autophagy. Simi-
larly, immunity-associated cell death requires autophagy in
Arabidopsis plants overexpressing a constitutively active
form of RABG3B.32 Either silencing or knockout of GAPDHs
in plants induces autophagy and enhances R-mediated cell
death.33,83 Furthermore, Arabidopsis atg mutants exhibit a
delay in HR cell death during the early stages of pathogen
infection.30 Importantly, oxalic acid-deficient mutants of the
necrotrophic phytopathogen Sclerotinia sclerotiorum trigger
a restricted HR-like autophagic cell death.31 Additionally,
autophagy has been suggested to promote death in tracheary
element differentiation.84 These data suggest that excess
autophagy is able to cause cell death and autophagy has a
prodeath role in addition to its prosurvival role in plants.

It is reported that silencing or knockout of NbATG6 or
other ATG genes causes the spreading of immunity-related
cell death beyond the site of pathogen infection, describing
the gradual spread of cell death to uninfected tissues in auto-
phagy-deficient plants.10,29,85 However, N-mediated cell
death did not spread to uninfected tissue in NbBI-1 silenced
plants, although NbBI-1 is also required for autophagy
induced by N-mediated resistance. Additionally, HR cell
death mediated by the resistance protein, RPM1, does not
spread beyond the infection site in younger atg mutants,30,85

but does in older atg mutants.85 Taken together, these obser-
vations suggest that HR cell death in autophagy-deficient
mutants is uncoupled from spreading cell death. Given that
the effect of autophagy on HR cell death at the primary infec-
tion site is controversial,23 it is possible that the effect of
autophagy on HR PCD may promote either survival or death
at the pathogen infection sites, depending on the host-patho-
gen system. However, autophagy normally antagonizes
immunity-related cell death or enhanced senescence beyond
the site of pathogen infection by alleviating ER stress and
maintaining cellular homeostasis during aging.86 As the C-
terminal 14 aa of BI-1 lowered BI-1-mediated cell death and
autophagy (Fig. 7B to E), the overexpressed BI-1C-14aa could

bind to endogenous ATG6 to weak the function of AtBI-1.
Thus, the interaction between BI-1 and ATG6 is important
for BI-1 induced autophagy and cell death.

Materials and methods

Yeast 2-hybrid assay and GST affinity isolation assay

Plasmids and yeast strains in yeast 2-hybrid assay were
described and were used by following the instruction in the
protocols (Dualmembrane system, P01501). GST affinity isola-
tion assay was performed by following the kit’s instructions
(Thermo Fisher Scientific, 21516).

Luciferase complementation imaging (LCI) assay

LCI assays were performed as described.62 Generally, the plas-
mids were transformed into Agrobacterium GV3101 respec-
tively. The agrobacterium cultures containing the pairs of
plasmids used to test for interactions were cultured, harvested
and resuspended in buffer with 10 mM MgCl2 [Sinopharm
Chemical Reagent, 10012818], 10 mM MES [AMRESCO,
E169], and 200 mM acetosyringone [Sigma-Aldrich, D134406].
Bacterial suspensions were infiltrated into N. benthamiana
leaves by needleless syringe. 1 mM luciferin (Gold Biotechnol-
ogy, LUCK-1G) was sprayed on to leaves after 48 h infiltration
before relative LUC activity test. Luminescence was captured
with a low-light cooled Andor iXon CCD camera (Andor
Technology, South Windsor, CT, USA) after a 5 min exposure.

Coimmunoprecipitation (CoIP) and western blot assays

Total proteins from leaves were extracted with a ratio of 1:1 of
native extraction buffer (NB buffer) (50 mM TRIS-MES [TRIS
AMRESCO, 0497; MES AMRESCO, E169], pH 8.0, 0.5 M
sucrose [Beijing Chemical Works, K0800043], 1 mM MgCl2
[Sinopharm Chemical Reagent, 10012818], 10 mM EDTA
[Sinopharm Chemical Reagent, 10009717], 10 mM DTT [Sigma-
Aldrich, D0632], protease inhibitor cocktail CompleteMini
tablets [Roche, 04693124001], phosphatase inhibitor [Roche,
PHOSS-RO]).87 Protein extracts were incubated with the Anti-
MYC-Tag mAb beads (Abmart, M20012) for 2 h at 4�C, and the
beads were washed 3 times with ice-cold NB buffer at 4�C. IP
samples were analyzed by SDS-PAGE, immunoblotted using
anti-HA (Cell Signaling Technology, 2999) and anti-MYC anti-
bodies (Abmart, 19C2) and detected using Pierce ECL western
blotting substrate (Thermo Fisher Scientific, 32209).

In NBR1/JOKA2 western blot assay, plant leaves were har-
vested and grinded by liquid nitrogen and added 5% 2-Mercap-
toethanol (Sigma-Aldrich, M3148–100ML) 2 £ loading buffer
(100 mg: 200 mL). Anti-NBR1 (Agrisera, AS14 2805) antibody
was used to test the endogenous Joka2 of tobacco.

Confocal microscopy and transmission electron
microscopy

In BiFC assay, the plasmids were transformed into Agrobacte-
rium GV3101. The agrobacterium cultures containing the pairs
of plasmids used to test for interactions between proteins and
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the ER marker or Golgi marker G-cb were mixed at a ratio of
1:1:1 and were used to coinoculate N. benthamiana plants.60

After 48 h of expression, the injected area was punched out
using a 0.6-cm diameter cork borer and was observed using an
inverted Zeiss LSM 710 laser scanning microscope (Carl Zeiss,
Jena, Germany) (www.zeiss.com) and a Plan-Apochromat 40x/
0.95 Korr M27 water immersion objective (Carl Zeiss, Jena,
Germany). For CFP and YFP imaging, the emission wave-
lengths were excited using the LD laser line at 405 nm (CFP)
and the Multi Ar laser lines at 514 nm (YFP) respectively. The
frame-scanning mode was applied for the acquisition of CFP
and YFP signals.

The MDC staining assay was performed as described;28 the
leaves were infiltrated with 100 mM E64d (Sigma-Aldrich,
E8640) and treated in the dark for 10 to 12 h. After the dark
treatment, the E64d-infiltrated parts of the leaves were excised
and immediately vacuum infiltrated with 50 mM MDC (Sigma-
Aldrich, 30432) for 10 min, followed by 2 washes with phos-
phate-buffered saline buffer pH 7.4 (137 mM NaCl [Sinopharm
Chemical Reagent, 10019308], 2.7 mM KCl [Sinopharm Chem-
ical Reagent, 10016308], 10 mM Na2HPO4 [Sinopharm Chem-
ical Reagent, 20040618], 1.8 mM KH2PO4 [Sinopharm
Chemical Reagent, 10017608]). MDC-incorporated structures
were excited by a wavelength of 405 nm and detected at 400 to
580 nm. Chloroplast autofluorescence was excited at 543 nm
and detected at 580 to 695 nm.

When using the autophagy marker CFP-ATG8F,33 Agrobac-
terium with CFP-ATG8F plasmid was infiltrated into
N. benthamiana leaves. Two d after agroinfiltration, the sam-
ples underwent additional infiltration with 100 mM E64d for
10–12 h. Leaves were then excised and incubated in phosphate-
buffered saline buffer, then autophagosomes were monitored
using a Zeiss LSM 710 at 405 nm. The localization of BI-1-YFP
was monitored by a 514-nm excitation laser. Experiments were
performed as described previously.

MV (10 mM; Sigma-Aldrich, STBB4829) was inoculated on
leaves 24 h before monitoring the fluorescence by confocal.

VIGS assay, virus infection, and GFP imaging

Experiments were performed as described previously.10 Agro-
bacteria mixture containing pTRV1 and pTRV2 or pTRV2
derivative plasmids was grown overnight at 28�C respectively.
Bacteria were resuspended and mixed at 1:1 ratio. After 4 h
incubation at room temperature, the mixed Agrobacterium cul-
tures were infiltrated into the leaves of 6-leaf stage N. benthami-
ana plants. Silenced phenotypes appeared in the upper leaves
»10 d postinfiltration. NN plants were used for TMV-GFP and
TMV-p50 helicase assays. The upper leaves of the VIGS-BI-1
plants were infected with TMV-GFP. GFP imaging was per-
formed using UV illumination and photographs were taken by
digital camera.

Statistical analysis

The data were expressed as mean § SEM if there is no specific
statement otherwise. Statistical analysis was performed using
the Student t test with P D >0.05 not significant (NS),
�P D <0.05, ��P D <0.01, ���P D <0.001. The Levene test of

homogeneity of variance was applied before ANOVA. One-
way ANOVA followed by the LSD-t test was used for statistical
analysis when equal variances were assumed (P value of the
Levene test was greater than or equal to 0.05), and one-way
ANOVA followed by the Tamhane T2 test was used for statisti-
cal analysis when equal variances were not assumed (P value of
the Levene test was less than 0.05). Different letters (a to c)
above bars represent significantly different groups.

Abbreviations

At Arabidopsis thaliana
ATG autophagy related
BAX BCL2 associated X, apoptosis regulator
BCL2, BCL2 apoptosis regulator
BCL2L1/BCL-XL BCL2 like 1
BI-1 Bax inhibitor-1
BiFC bimolecular fluorescence complementation
cLUC C-terminal of luciferase
DPI days postinfiltration
ER endoplasmic reticulum
ERN1/IRE1 endoplasmic reticulum to nucleus

signaling 1
GST glutathione S-transferase
HPI hours postinfiltration
HR hypersensitive response
ITPR inositol 1,4,5-trisphosphate receptor
LUC luciferase
MAPK8/JNK1 mitogen-activated protein kinase 8
MDC monodansylcadaverine
MV methyl viologen
Nb Nicotiana benthamiana
Nt Nicotiana tabacum
nLUC N-terminal of luciferase
PCD programmed cell death
PtdIns3K phosphatidylinositol 3-kinase
TEM transmission electron microscopy
TMBIM6 transmembrane BAX inhibitor motif con-

taining 6
TMV Tobacco mosaic virus
TRV Tobacco rattle virus
VIGS virus-induced gene silencing.
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