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NADPH oxidase RBOHD contributes to autophagy and hypersensitive
cell death during the plant defense response in Arabidopsis thaliana
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Abstract

Autophagy has been implicated as a cellular protein degradation process that is used to recycle cytoplasmic components
under biotic and abiotic stresses and so restrict programmed cell death (PCD). In this study, we report a novel
regulatory mechanism by which NADPH oxidase respiratory burst oxidase homolog D (RBOHD) regulated pathogen-
induced autophagy and hypersensitive (HR) cell death. We found that the Pseudomonas syringae pv tomato bacteria
DC3000 expressing avrRps4 (Pst-avrRps4) induction of RBOHD-dependent reactive oxygen species (ROS) production
promoted the onset of autophagy, whereas a pretreatment with an NADPH oxidase RBOHD inhibitor reversed this
trend. The inhibitor significantly blocked pathogen-induced autophagosome formation and ROS increase. Moreover, we
also show that in the wild-type and atrbohF mutant, Pst-avrRps4-induced cell death was limited, whereas in the case of
the atrbohD mutant, the infection triggered a spreading-type necrosis. Our results demonstrate that the RBOHD-
dependent ROS accumulation stimulated autophagosome formation and limited HR cell death.
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Introduction

Plants have evolved multiple defense responses against
pathogen attacks. A typical response is rapid cell death in
plant leaves at the infection site, which is known as the
hypersensitive response programmed cell death (HR
PCD) (Liu et al. 2005). The HR PCD is triggered upon
infection by an avirulent pathogen to limit both the spread
of cell death and the pathogen, and it protects healthy
adjacent cells from pathogen attack (Lam 2004, Seay
et al. 2009). Autophagy is induced in the plant defense
response against pathogens, and it leads to a negative
regulation of PCD (Liu ef al. 2005, Seay et al. 2006). In
Arabidopsis plants, both the formation of autophago-
somes and the expression of some autophagy-related
(ATG) genes are induced during nutrient starvation and
pathogen infection, including ATG2, ATG7, and ATG8a

(Doelling et al. 2002, Slavikova et al. 2005, Lai et al.
2011, Wang et al. 2011). These Arabidopsis ATG genes
are involved in a constitutive autophagy in plant root tip
cells (Doelling et al. 2002, Slavikova et al. 2005, Inoue
et al. 2006, Wang ef al. 2011).

The NADPH oxidase is the major source of signaling
reactive oxygen species (ROS) under various abiotic and
biotic stresses (Wojtaszek 1997, Bolwell et al. 1998,
Jiang and Zhang 2002, Liu et al. 2012) and the autophagy
can be induced by ROS (Xiong et al. 2007). The NADPH
oxidase inhibitor diphenylene iodinium (DPI) blocks
autophagy induction upon nutrient starvation and salt
stress, but not during osmotic stress (Liu et al. 2009). DPI
also does not inhibit the constitutive autophagy in RNAi-
AtTOR lines indicating that A¢fTOR acts either
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downstream of NADPH oxidase or that it works in a
parallel pathway to NADPH oxidase (Liu and Bassham
2010). Arabidopsis homologs of the mammalian gp91°™*
respiratory burst membrane-bound NADPH oxidase
subunit are encoded by a 10-member gene family from
AtrbohA to AtrbohJ (Torres and Dangl 2005). The
AtrbohD and AtrbohF are the most highly expressed
Atrboh genes, whereas other Rboh genes are maintained
at very low levels of expression (Torres ef al. 2002).
Several studies showed that autophagy is essential for
limiting the spread of cell death during the plant defense
response (Liu et al. 2005, Patel and Dinesh-Kumar 2008,
Yoshimoto et al. 2009). Autophagy-deficient mutants,
when compared to wild type (WT), show no obvious
phenotypic differences during most of their life cycles.
However, enhanced leaf senescence is observed when
grown in carbon- and nitrogen-deprived conditions
(Hanaoka et al. 2002, Xiong et al. 2005), and the spread
of cell death enhances in autophagy-deficient mutants
after infection (Liu et al. 2005, Patel and Dinesh-Kumar

Materials and methods

AtrbohD-3 (NASC code N9555), atrbohF-3 (NASC code
N9557), and atrbohD/F (NASC code N9558) mutants of
Arabidopsis thaliana L. (WT, ecotype Columbia) were
obtained from the European Arabidopsis Stock Centre
(NASC). AtrbohD x GFP-ATGS8a plants were generated
by crossing atrbohD mutants with GFP-ATGS8a plants.
The plants were grown in Murashige and Skoog (MS)
medium or in pots with soil in growth chambers at a
temperature of 22 °C, a relative humidity of 82 %, a 16-h
photoperiod, and an irradiance of 120 umol m™ s”. For
plate-grown plants, seeds were surface sterilized and
sown on a solid MS medium.

Infections with virulent or avirulent Pst DC3000
strains were performed as previously described (Hofius
et al. 2009). For pathogen-induced spreading HR cell
death, bacteria were hand-infiltrated via a needleless
syringe with 2.5 x 10’ CFU c¢m™, and bacterial growth in
plant leaves was measured as previously described (Patel
and Dinesh-Kumar 2008). To obtain the bacterial count,
six-week-old Arabidopsis leaves were infiltrated with
1 x 10° CFU cm™ bacterial suspension, the leaves were
harvested at 0, 2, and 4 d post-infection with pathogens
(dpi), leaf discs were surface sterilized using 70 % (v/v)
ethanol for 1 min, and dilutions to 102, 103, and 10™
were performed.

One-week-old Arabidopsis seedlings were inoculated
with a 1 x 10" CFU c¢m™ bacterial suspension in 10 mM
MgCl, for 3 h, and subsequently washed with sterile
water. The seedlings were immediately vacuum
infiltrated with 1 uM LysoTracker Red (LTR, Molecular
Probes, Eugene, OR, USA) and kept in the dark for an
additional hour before visualization with a Zeiss LSM 510
laser scanning microscope (LCSM, LSMS510/ConfoCor2,
Carl-Zeiss, Jena, Germany) using a 543 nm excitation
and a BP565-625 nm emission filters. GFP-AtATGS8a
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2008). Yoshimoto et al. (2009) found that an older
autophagy-deficient mutant atg5 shows the spread of cell
death, but this is not observed in WT after infection with
Pst-avrRpm1. Additionally, a low contant of salicylic
acid (SA) in young plants is maintained, whereas mature
plants have a higher content of SA after pathogen
infection (Yoshimoto et al. 2009). Similarly, atrbohD
mutants hyperaccumulate SA and exhibit an increased
spread of cell death compared with WT after inoculation
with Alternaria brassicicola strain CBS 125088 (Pogany
et al. 2009). This indicates that SA or RBOHD may play
an important role in regulating cell death. The SA
positively regulates cell death interplay with RBOHD,
and autophagy negatively regulates pathogen induced cell
death by SA signaling. However, a relationship among
RBOHD, autophagy, and cell death is not clear.

The aim of the paper was to elucidate molecular
mechanisms associated with autophagy, RBOHD, and
HR PCD in Arabidopsis during the plant innate immune
response.

transgenic seedlings were visualized by confocal
microscopy using a 488 nm excitation and a BP505-550
nm emission filters. Confocal images were visualized
with the Zeiss LSM 510 with 40x and 100x oil-immersion
objectives, and analyzed using the Zeiss Rel 3.2 image
processing software. For inhibitor studies, seedlings were
inoculated with Pseudomonas syringae pv. tomato
bacteria DC3000 (Pst-avrRps4) suspensions for 1 h and
then transferred to 10 mM MgCl, with or without 20 uM
DPI for 3 h. The DPI dissolved in dimethyl sulfoxide
(DMSO) and an equivalent volume of pure DMSO were
added as controls, and autophagosome structures were
quantified using methods that were previously described
(Liu et al. 2009).

Protoplast isolation from Arabidopsis plants (6-week-
old) was performed according to a modified procedure
(Mackey et al. 2003, Bi et al. 2009). Briefly, well-
expanded leaves were sliced into strips (0.5 - 1 mm) with
a razor blade, and vacuum-infiltrated with an enzyme
solution (0.4 %, m/v) macerozyme R10 (Yakult Honsha,
Tokyo, Japan), 1.5 % (m/v) cellulase R10 (Yakult
Honsha), 20 mM MES buffer; pH 5.7, 0.4 mM mannitol,
10 mM CaCl,, and 20 mM KCI for 15 - 20 min. The
digestion was continued in the dark without shaking for
3 h at room temperature. The enzyme/protoplast solution
was filtered through a 75-uM pore nylon mesh, and then
centrifuged at 100 g and 25°C for 3 min to pellet
protoplasts in a round-bottomed tube. The protoplast
pellet was resuspended using a W5 solution containing
125 mM CaCl,, 154 mM glucose, 5SmM KCI, and
1.5 mM MES/potassium acetate (pH 5.6).

Cellular and extracellular ROS accumulation was
visualized using 3,3'-diaminobenzidine (DAB) and
2'7"-dichlorofluorescein diacetate (DCF) staining as
previously described (Pogany et al. 2009). For DAB
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staining, leaves were collected 24 h after inoculation with
the bacteria at 2.5 x 10" CFU cm™. For DCF staining,
protoplasts were inoculated with 1 x 10’ CFU cm™
avirulent bacteria for 0.5 h, and then washed with a W5
solution. The protoplasts were incubated with DCF at a
final concentration of 5 mM, and the production of ROS
was visualized under the Zeiss LSM510 laser scanning
microscope using an excitation at 488 nm and the BP505-
550 nm emission filter. Chlorophyll-derived red fluo-
rescence (488 nm excitation) was visualized at 650 nm
with a long-pass filter (Gao et al. 2013). The fluorescence
of DCF was determined using an LS55 luminescence
spectrophotometer (Perkin Elmer, Bucks, UK) as
previously described (Mackey et al. 2003). For inhibitor
studies, protoplasts were inoculated with 1 x 10’ CFU-cm™
avirulent bacteria + 20 uM DPI for 0.5 h.

Table 1. The list of gene-specific primers.

Detection of cell death by lactophenol-trypan blue
staining was performed as previously described (Pogany
et al. 2009). The number of dead cells was statistically
analyzed using methods described in Hofius et al. (2009).
Leaves were collected 24 h after inoculation with bacteria
at 2.5 x 10’ CFU-cm™.

Leaves of 6-week-old plants were inoculated with
1 x 10* CFU cm™ bacteria, and total RNA was extracted
using TRIzol reagent (Invitrogen, Guangzhou, China).
For reverse transcription, cDNA was generated from 1 pg
of total RNA wusing reverse transcriptase M-MLV
(TaKaRa, Dalian, China). Primers used for RT-PCR are
shown in Table 1.

Experimental data are expressed as means £ SE or
SD. Statistical data were analyzed using ANOVA and the
Student’s #-test (a = 0.05).

Gene Forward primer sequence ( 5'-3") Reverse primer sequence ( 5'-3") Acc. No. Length Tm  Number
[bp] [°C] ofcycles

ATG2 ATGGTGTTTCCGTGGCATT AGGATAGTGTAGCTGGAGGCGT AT3G19190 1090 55 30
ATG7 GACGAAGGTTTCTGGCATAG TCATTACAAGCAGCGGATAC AT5G45900 512 55 30
ATG8a  ATGATCTTTGCTTGCTTGA AGCAACGGTAAGAGATCCA ATA4G21980 414 52 28

PRI CTCAAGATAGCCCACAAGATT  GCGTAGTTGTAGTTAGCCTTCT  AT2Gl14610 250 52 28

PR2 ATGTCTGAATCAAGGAGCTTAGC GTTGAAATTAACTTCATACTTAGA AT3G57260 1020 58 28

CTCACCACC CTGTCGATCTGG

RPS4 TTCGGCTGAAGCAATGAG GTCGCGGTCTAAGCTCGT AT5G45250 286 55 30
RBOHD ATGAAAATGAGACGAGGCAATTC GATGCGTGAGGAGGTGCTT AT5G47910 408 55 30
ACTIN  ATGGTGAAGGCTGGATTTGC CATCACCAGAATCCAGCACAA 427 55 28
Results

To investigate the process of autophagy in plants, we
used WT and atrboh mutant Arabidopsis plant seedlings
that were challenged with virulent or avirulent pathogens.
Autophagosomes formation was followed by confocal
microscopy after staining the seedlings with the
autophagosome-specific dye LTR (Liu et al. 2005). The
control seedlings and those inoculated with avirulent Ps¢
DC3000 did not accumulate autophagosomes (Fig. 14,B);
this indicates that neither Pst DC3000 nor MgCl, induced
autophagy. In contrast, we found that the Pst-avrRps4-
infected cells analyzed at 3 h post infection (hpi)
accumulated abundant autolysosomal-like structures in
WT indicating that autophagy can be activated by this
avirulent bacterium (Fig. 1C).

When the mutant line atrbohF was infected with
Pst-avrRps4, the formation of numerous autophagosomes
was observed. In contrast, in the case of atrbohD and
atrbohD/F double mutant, autophagosomes were rarely
observed (Fig. 1D,E,F). The number of LTR-stained
autophagosomes per root section was also analyzed
(Fig. 1G). Compared to the control conditions and
atrbohD mutant, significantly more autophagosomes
were detected upon Pst-avrRps4 inoculation in the WT
and atrbohF plants. These data indicate that RBOHD was
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possibly required for autophagy that was induced by
avirulent Pst-avrRps4. To determine if autophagy was
induced by an avirulent pathogen, we also monitored
autophagy activity in seedlings that stably expressed
GFP-ATGS8a. Autophagosomes were detected by
confocal microscopy via direct visualization of the
GFP-ATGS8a marker (Fig. 2) (Thompson et al. 2005).
Compared to Pst DC3000 and the control conditions,
significantly more autophagosomes were detected after
the Pst-avrRps4 inoculation (Fig. 24,B,C). The results are
consistent with LTR labeling autophagosomes in WT
(Fig. 14,B,C), which indicates that Pst-avrRps4 could
induce autophagy.

The burst of extracellular ROS mainly originates from
plasma membrane-bound NADPH oxidase RBOHD, and
DPI can efficiently inhibit the activity of RBOHD when
Arabidopsis plants are under stress (Torres et al. 2002,
Ogasawara et al. 2008, Yun and Chen 2011). To study
the potential role of RBOHD and ROS in autophagy, we
monitored autophagy activity via the green fluorescent
protein (GFP) label in the GFP-ATG8a transgenic plants
in combination with the DPI treatment (Fig. 2).
Autophagosomes were rarely observed under the control
conditions, which indicates that neither DPI nor DMSO



induced autophagy (Fig. 2G,H). After the inoculation
with Pst-avrRps4, numerous autophagosomes were
observed in the absence of DPI (Fig. 2F), but no
autophagosomes were observed after adding DPI
(Fig. 2F). Autophagosomes were also rarely seen in the
atrbohD x GFP-ATGS8a plants (Fig. 2D). To quantify the
effects of DPI or RBOHD on autophagosome formation,
we analyzed the number of autophagosomes per root
section (Fig. 2/). This confirmed that after the
Pst-avrRps4 infection, the number of autophagosomes
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dramatically decreased in the atrbohD x GFP-ATG8a
plants or after incubation with DPI. We then analyzed the
expression of RBOHD in roots of seedlings after the
infection with avirulent Pst-avrRps4. As expected,
RBOHD expression levels increased after the pathogen
induction (Fig. 1 Suppl.). These results suggest that
autophagy was regulated by an RBOHD-dependent
pathway during the Pst-avrRps4 infection, which might
involve ROS as signal.
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Fig. 1. Autophagy is induced by an avirulent pathogen infection. One-week-old WT seedlings (4 - C) were inoculated with MgCl, or
Pst DC3000 or Pst-avrRps4 for 3 h followed by LTR staining. One-week-old atrbohF (D), atrbohD (E) and atrbohD/F (F) mutant
seedlings were inoculated with avirulent Pst-avrRps4 for 3 h followed by LTR staining. Bars = 20 um. The number of LTR-stained
autophagosome-related structures per root section was counted 3 h after inoculation (G). Means and SE were calculated from three
seedlings per treatment. Results were reproduced in three independent experiments. Asterisks indicate a significant difference from

WT treated with avrRps4 (P < 0.05; Student’s ¢ test).

In addition to the macroscopic evaluation of
Pst-avrRps4-induced disease symptoms, microscopic
studies were performed on the atrboh mutants to observe
extracellular ROS and cell death responses that were
dependent on functional RBOHD. The ROS were
detected by DAB and DCF, and cell death was detected
by trypan blue staining (Fig. 4). We show that after the
Pst-avrRps4 inoculation, ROS accumulated in the WT
and atrbohF mutants, whereas no ROS production was
found 24 hpi in the atrbohD mutant (Fig. 44). This
indicates that RBOHD was required for ROS production
in the plant defense response. To visualize the location
and production of ROS in cells during the process of
pathogen invasion, protoplasts were inoculated with
Pst-avrRps4. We found that DCF fluorescence increased
after 1 h, and ROS were mainly located in the plasma
membrane (Fig. 54,C). In contrast, no detectable DCF

signal was found in protoplasts pretreated with DPI or
MgCl, (Fig. 54,C). In protoplasts of the atrbohD mutant,
no increase in DCF signal was found (Fig. 5B,C). These
data demonstrate that ROS mainly originated from
plasma membrane-bound NADPH oxidase RBOHD
during the early immune response. Further, we investi-
gated whether the spread of cell death was also exhibited
in the atrboh mutants. We found that in the WT and
atrbohF mutant plants infected with Pst-avrRps4, cell
death was confined to the pathogen infection site after
4 dpi, and it did not expand at 8 dpi (Fig. 3). However, in
the atrbohD plants, cell death extended beyond the site of
pathogen infection into healthy, uninfected tissue (Fig. 3).
At 8 dpi, the cell death in the atrbohD plants expanded to
the most of leaf, which resulted in the death of the
infected leaf (Fig. 3). This phenotype was especially
prominent in older leaves of the 6-week-old plants as
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compared to young leaves of the three- or four-week-old
plants. In contrast, the infection with Pst DC3000
resulted in unlimited cell death in the WT and atrboh
mutants (Fig. 3). These results suggest that RBOHD was
also required to limit Pst-avrRps4-induced cell death to
the infection site.

Using the trypan-blue staining assay, we monitored
cell death areas after mock (MgCly) and Pst-avrRps4
inoculation. There were no differences between the WT
and atrboh mutants after the mock treatment, in all of
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them cell death was rarely observed. However, after the
Pst-avrRps4 infection, cell death occurred, and both WT
and atrbohF displayed less trypan blue staining than
atrbohD (Fig. 4B). The number of dead cells per infection
site was analyzed (Fig. 4C). Compared to WT and
atrbohF, significantly more dead cells were detected
upon Pst-avrRps4 inoculation in atrbohD. These results
indicate that RBOHD negatively regulated cell death in
plant-pathogen interactions.

The WT showed a restricted PCD, but an excessive
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Fig. 2. Autophagy is regulated by the NADPH oxidase RBOHD pathway during avirulent pathogen infection. One-week-old
GFP-ATG8a (4 to C; E to H) and atrbohD x GFP-ATGS8a (D) seedlings were inoculated with MgCl, or Pst DC3000 or Pst-avrRps4
for 3 h (the upper row), or 1 h with additional 3 h mock (MgCl,) or DPI treatments (the middle and lower rows). Bars = 20 pm. The
number of autophagosome-related structures per root section was counted 3 h after inoculation (/). Mean and SE were calculated
from three seedlings per treatment. Results were reproduced in three independent experiments. Asterisks indicate a significant
difference from atrbohD x GFP-ATG&8a treated by avrRps4 (P < 0.05; Student’s ¢ test).

cell death was observed in atrbohD after infection with
Pst-avrRps4 (Fig. 3 and 4B). To determine if increased
pathogen numbers caused the misregulation of cell death
in the atrbohD mutant plants, we quantified the number
of Pst-avrRps4 cells in plant leaves. The number of
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Pst-avrRps4 pathogens was not significantly different
between atrbohD and WT at 2 or 4 dpi (Fig. 6), but cell
death was unlimited in the atrbohD mutant indicating that
uncontrolled cell death was not caused by a number of
pathogens. The results suggest that RBOHD played a role



in limiting cell death, at least during the early phase of
the plant defense response.

To analyze the function of autophagy genes during
the immune response, plants were infected with
Pst-avrRps4, and the transcription of autophagy genes
were determined by semi-quantitative RT-PCR. To
confirm that the expression of autophagy genes was
caused by these conditions, SA-responsive pathogenesis
resistant genes PR/ and PR2 as well as plant-pathogen
interaction resistance gene RPS4 were selected as
pathogen defense markers (Hofius et al. 2009, Y oshimoto
et al. 2009). Samples from the Pst-avrRps4 inoculated
WT and atrbohD mutant plants were collected at 0, 3, 6,

MgCl,

avrRps4
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12, and 24 hpi. ATG2, ATG7, and ATG8a transcriptions
were higher in WT than atrbohD after infection with
Pst-avrRps4 (Fig. 7). This suggests that autophagy might
activate in WT, but not in the afrbohD mutant upon
infection with avirulent pathogens. As expected, the
transcription of RPS4 increased in WT during
Pst-avrRps4 infection (Fig. 7). The transcription of PR/
and PR2 in the atrbohD mutant also increased, but the
transcript accumulation of PR/ in WT was clearly higher
than in the atrbohD mutant. These results indicate that
autophagy and disease resistance genes were activated by
avrRps4 in WT but not in the atrbohD mutants.

In conclusion, we present an example of the HR PCD

DC3000

4 dpi 8 dpi 4 dpi

atrbohD

atrbohF

8 dpi

4 dpi

8 dpi

Fig. 3. RBOHD is required to limit the spread of Pst-avrRps4-induced cell death. WT, atrbohD, and atrbohF mutant plants were
sprayed with MgCl, or infected with Pst DC3000 or Pst-avrRps4. Photographs were taken 4 or 8 dpi. These experiments were

repeated three times with similar results.

pathway involving RBOHD and autophagy. The
autophagy induction after avirulent pathogen infection in
WT and the atrbohF mutant plants was accompanied by
ROS burst and HR cell death. In contrast, autophagy
could not be induced in the atrbohD mutants following

infection with the avirulent pathogens, and excessive cell
death occurred. These results suggest that avirulent
pathogen-induced autophagy was activated by an
RBOHD-dependent  pathway, and that RBOHD
contributed to autophagy and HR PCD.
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Fig. 4. Pst-avrRps4-induced ROS production (4) and cell death (B) in WT and atrboh mutants. WT, atrbohD, and atrbohF plants
were infected with Pst-avrRps4. Photographs were taken 24 hpi. Bars = 200 um. We acquired the similar results in three independent
experiments. The number of dead cells (dc) per infection site was counted (C). Mean and SE were calculated from 10 independent
areas of infection. Asterisk indicates a significant difference from WT treated with avrRps4 (P < 0.05; Student’s ¢ test).

Discussion

Early production of ROS is the main signaling and
defense response during pathogen invasion in plants
(Levine et al. 1994, Hammond-Kosack and Jones 1996,
Alvarez et al. 1998, Rose et al. 2006, Torres et al. 2006).
We found that ROS were located at the cell membrane
and accumulated 1 h after inoculation with Pst-avrRps4,
and that their production was inhibited by DPI or in the
atrbohD mutant (Fig. 5). In addition, ROS accumulation
24 hpi with Pst-avrRps4 in the atrbohD mutant leaves
was reduced when compared to WT and the atrbohF
mutant (Fig. 44). This suggests that ROS production
acted as resistance defense response to Pst-avrRps4
pathogen infection and was attributable to NADPH
oxidase RBOHD in the plasma membrane.

What could be the physiological roles of RBOHD or
ROS during plant immune response? The ROS can
induce autophagy (Xiong ef al. 2007) and further defense
responses (Alvarez et al. 1998). Autophagy has been
implicated as a protein degradation process induced under
biotic or abiotic stresses including pathogen infection,
nutrient starvation, and unfavorable growth conditions
(Liu et al. 2005, 2009, Slavikova et al. 2005). Autophagy
also occurs constitutively in roots of plants (Liu et al.
2009, 2010). Autophagy can be induced by SA analog
benzothiadiazole (BTH) as well as by avirulent strains of
Pst DC3000 that harbor avirulence genes avrRpml or
avrRps4 (Fig. 2 Suppl.) The infection of a plant can lead
to an immune response in the root as part of systemic
acquired resistance, and similar immune response
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mechanisms have been identified in various plant species
(Van Loon et al. 1998, lavicoli et al. 2003, Millet et al.
2010). Therefore, the role played by the root in protecting
the plant against pathogen invasion makes it an
appropriate target for the study of plant-pathogen innate
immunity. We demonstrated the induction of autophagy
in the WT plants after infection with Pst-avrRps4
(Fig. 1), and we further monitored autophagy by using
GFP-ATGS8a (Fig. 2). The induction of autophagy by
Pst-avrRps4 was consistent with previous findings that
GFP-ATGSa is transiently expressed in the WT plants
infected with avirulent pathogens but not virulent
Pst DC3000 (Hofius et al. 2009). Further, we found that
autophagy was blocked by DPI after inoculation with
Pst-avrRps4 in the GFP-ATGS8a seedlings (Fig. 2). The
atrbohD mutant and atrbohD x GFP-ATGS8a seedlings
also did not show any autophagosomes, whereas the
GFP-ATGS8a, WT, and atrbohF mutant background
accumulated auto-phagosomes abundantly after infection
with Pst-avrRps4 (Figs. 1 and 2). These results coincide
with the upregulation of autophagy-related genes A7G2,
ATG7, and ATG8a in WT (Figs. 1 and 7). The AtrbohD
knock-out mutation reduced ROS accumulation and
blocked the autophagy pathway (Figs. 1 and 44). These
results indicate that both RBOHD and ROS are potential
signaling molecules that mediate autophagy. This is
consistent with the results of studies demonstrating that
autophagy can be induced by avirulent pathogens (Hofius
et al. 2009) or H,O, (Xiong et al. 2007).



During plant-pathogen interactions, autophagy is
required to restrict HR PCD initiated during the innate
immune response caused by avirulent pathogens (Patel
and Dinesh-Kumar 2008). The most striking characteristics
of HR are rapid cell death at the infection site and the
activation of a series of defense responses (McDowell
and Dangl 2000). For instance, studies have shown that
HR PCD is the most important and obvious response to
pathogen invasions because it limits pathogens at the
infection site by killing cells in the susceptible regions in
order to protect the plant (Liu et al. 2005, Seay et al.
2009). Autophagy-deficient mutant plants fail to limit the
spread of cell death and lose the ability to resist infection

(Patel and  Dinesh-Kumar 2008,  Yoshimoto
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et al. 2009). The AtrbohD mutants showed an enhanced
cell death compared to WT and atrbohF after being
infected with Pst-avrRps4 (Figs. 3 and 4). Moreover, the
number of Pst-avrRps4 pathogens was not significantly
different in the atrbohD mutant plant compared to WT at
2 and 4 dpi (Fig. 6B) thus indicating that the cell death
phenotype was not due to the growth of pathogens. We
also found that the atrbohD mutants exhibited the spread
of the Pst-avrRps4-induced cell death phenotype in the
case of older rather than younger plants (Fig. 3), and this
apparent discrepancy was likely due to dependency of SA
content on the plant age. It was shown that SA content
increases and the spread of cell death progresses after
infection with A. brassicicola strain CBS 125088 in an

B atrbohD
chloroplast overlay
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Fig. 5. Localization and accumulation of Pst-avrRps4-induced ROS. The protoplasts of 6-week-old WT (4) or atrbohD (B) mutant
leaves were inoculated with Pst-avrRps4 for 30 min and subsequently stained with DCF and observed during the time course of
60 min. Bars = 10 um. The DCF fluorescence intensity (C). Means * SE of three independent replicates.
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Fig. 6. Growth of avirulent Pst-avrRps4 in WT or atrbohD.
Bacterial growth quantification of Pst-avrRps4 on WT and
atrbohD at 0, 2, and 4 dpi. Error bars represent the standard
deviation of three samples per experiment; the experiment is
representative of three independent replicates. Significant
differences from WT treated by avrRps4 at * - P < 0.05;
*¥*_P<0.0l.
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Fig. 7. Expression patterns of autophagy and pathogen-related
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atrbohD mutant (Pogany et al. 2009). The SA analog
BTH accelerates pathogen-induced cell death in both WT
and atrbohD plants, but the atrbohD plants exhibit an
increased spread of cell death compared to WT (Pogany
et al. 2009). This is similar to what Yoshimoto et al.
(2009) observed in the spread of cell death phenotypes of
autophagy-deficient mutants leaves of older plants. The
phenotype age dependency is likely due to increased
levels of SA in older autophagy-deficient mutants as well
as the role of SA in cell death (Yoshimoto et al. 2009).
These results suggest that cell death was caused by SA,
and that the hyperaccumulation of SA was caused by
autophagy-deficiency. Similar phenotypes of atrbohD
and autophagy-deficient mutants when infected with
avirulent pathogens are due to an autophagy defect. This
would mean that autophagy is activated by an NADPH
oxidase RBOHD-dependent pathway during avirulent
pathogen infection.

ATG2 B|ATG7 C
O WT
B atrbohD
rATG8a D|PR1 E
12
1
0
PR2 F|RPS4 G
13
12
41

0 3 6 12 24 0 3 6 12 24
[hpi]

genes in WT and atrbohD mutant plants. WT and atrbohD mutant

leaves were inoculated with Pst-avrRps4. Total RNA was extracted from leaves which were collected at indicated time points and
detection by RT-PCR followed. ACTIN was used as internal control. B to G - the values on the y-axis are relative fluorescence
intensities; control intensity was set as 1. Means and SE were calculated from three independent experiments.

In conclusion, our results suggest that RBOHD-
dependent production of ROS plays an ambiguous role in
a pathogen-induced autophagy and HR cell death (Fig. 8).
On one hand, RBOHD-derived ROS can serve as
secondary messengers to activate autophagy. However,
ROS can trigger not only cell death due to damage after
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infection, but they also inhibit the spread of cell death to
neighbouring cells. The results obtained in this study
provide a further insight into the regulatory mechanisms
of pathogen-triggered RBOHD-dependent autophagy and
HR cell death.
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