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Programmed cell death (PCD), known as hypersensitive
response cell death, has an important role in plant defense
response. The signaling pathway of PCD remains unknown.
We employed AAL toxin and Nicotiana umbratica to analy-
sis plant PCD. AAL toxin is a pathogenicity factor of the
necrotrophic pathogen Alternaria alternata f. sp. lycoper-
sici. N. umbratica is sensitive to AAL toxin, susceptible to
pathogens, and effective in 7obacco rattle virus-based
virus-induced gene silencing (VIGS). VIGS analyses indi-
cated that AAL toxin—triggered cell death (ACD) is de-
pendent upon the mitogen-activated protein (MAP) kinase
kinase MEK2, which is upstream of both salicylic acid—
induced protein kinase (SIPK) and wound-induced protein
kinase (WIPK) responsible for ethylene (ET) synthesis. ET
treatment of MEK2-silenced N. umbratica re-established
ACD. In SIPK- and WIPK-silenced N. umbratica, ACD was
compromised and ET accumulation was not observed.
However, in contrast to the case of MEK2-silenced plants,
ET treatment did not induce cell death in SIPK- and
WIPK-silenced plants. This work showed that ET-depend-
ent pathway and MAP kinase cascades are required in ACD.
Our results suggested that MEK2-SIPK/WIPK cascades
have roles in ET biosynthesis; however, SIPK and WIPK
have other roles in ET signaling or another pathway
leading to cell death by AAL toxin.

Programmed cell death (PCD) has important roles not only
in the process of plant development but also in plant defense
response, known as hypersensitive response (HR) cell death
(Jones and Dangl 2006; Love et al. 2008). HR cell death is
often initiated by a gene-for-gene interaction between a domi-
nant plant resistance (R) gene and a pathogen avirulence (Avr)
gene, which provides race-specific resistance that is easily
overcome by pathogen mutations (Moffett 2009). Some path-
ogen-associated molecular patterns (PAMPs), such as INF1
elicitin (Kamoun et al. 2003), xylanase (Bailey et al. 1990),
and AvrXa21l (Lee et al. 2009), also induce HR cell death. The
HR cell death signaling pathway has been studied genetically
and biochemically but the perspective of plant PCD is still
unclear. Diverse biological processes are associated with a
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complicated network in the induction of HR cell death (Tsuda
et al. 2009), suggesting that investigating the pathways and
their components participating in plant PCD by the phenotype
of HR cell death is difficult. For these reasons, we need to use
a new cell death inducer to identify novel factors responsible
for PCD.

Some pathogens produce phytotoxins that are pathogenic-
ity factors and capable of inducing cell death in susceptible
host plants (Markham and Hille 2001; Walton 1996). Host-
selective toxins (HST), secreted by a range of fungal and
bacterial pathogens, are signaling molecules that trigger PCD
in plant cells, leading to host colonization and disease
(Gilchrist 1998; Greenberg and Yao 2004). During the pro-
cesses of plant PCD, morphologies sharing diagnostic mark-
ers of chromatin condensation and segregation into distinct
masses referred to as pycnotic DNA bodies are observed
(Levine et al. 1996; Sasabe et al. 2000; Wang et al. 1996).
Victorin, an HST produced by Cochliobolus victoriae, in-
duces cell death in oat cultivars carrying the dominant Vb
allele (Wolpert et al. 1985). Victorin also induces cell death
in Arabidopsis thaliana carrying LOVI encoding a coiled-
coil nucleotide-binding site leucine-rich repeat, which has
the molecular nature of many plant R genes (Lorang et al.
2007). The process of victorin-induced cell death may share
partially a common pathway with R gene-mediated cell
death. Indeed, victorin trigger plant defense responses (Tada
et al. 2001). These studies suggest that victorin is a major
pathogenicity factor in C. victoriae but functions as a defense
inducer during the fungal infection process.

AAL toxin is an HST produced by Alternaria alternata f.
sp. lycopersici that causes disease in its natural host, tomato
(Wang et al. 1996), and some Nicotiana spp. lacking the Al-
ternaria stem canker gene 1 (Asc-1) (Brandwagt et al. 2000,
2001). The Asc-1 gene is homologous to the yeast longevity
assurance gene (LAGI) and has no homology to known plant
R genes. Sensitivity to AAL toxin is associated with the dys-
functional Asc-1 gene, and insensitivity presumably functions
as a salvage pathway for ceramide-disrupted plant cells
(Brandwagt et al. 2000). The sphingolipid ceramide is a key
component of mammalian PCD (Taha et al. 2006), and also
participates in plant PCD (Liang et al. 2003). Fumonisin B1
(FB1), which is a structural analogue of AAL toxin, is pro-
duced by Fusarium moniliforme (Gilchrist 1997). AAL toxin
and FB1 are defined as sphinganine-analog mycotoxins
(SAM), mycotoxin class (Fig. 1A). SAM structurally resemble
sphinganine, an intermediate of sphingolipid biosynthesis
(Wang et al. 1996). AAL toxin is a true pathogenicity factor of
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A. alternata f. sp. lycopersici, because toxin-deficient natural
variants or laboratory mutants cannot grow on living tomato
plants (Akamatsu et al. 1997). FB1 production in F. monili-
forme, however, is not required to infect maize -ears
(Desjardins and Plattner 2000). The baculovirus p35 protein
directly binds to and inhibits caspases, which are cell death
executioners, during baculovirus replication in insect host
cells. Overexpression of p35 in transgenic tomato plants and
treatment with caspase inhibitors block AAL toxin-triggered
cell death (ACD) and confer resistance to a wide range of
pathogens, including both fungi and bacteria (Lincoln et al.
2002). These studies indicate the possibility that HR cell death
and phytotoxin-induced cell death share a common signal
pathway. That is, AAL toxin appears to hijack the plant im-
mune system to induce cell death and subsequent successful
infection. FB1 induces PCD in wild-type Arabidopsis. Lesions
formed on Arabidopsis in response to FB1 and HR by aviru-
lent pathogens show striking similarities (Stone et al. 2000),
which include accumulation of reactive oxygen species (ROS),
deposition of phenolic compounds and callose, production of
camalexin, and induction of defense-related genes. Thus, SAM
possibly could be used as chemical cell death inducers to
investigate the signaling network of plant PCD.

Nicotiana umbratica is sensitive to AAL toxin and is sus-
ceptible to A. alternata f. sp. lycopersici (Brandwagt et al.
2001). In this study, we developed a model system using AAL
toxin and N. umbratica to investigate the PCD signaling path-
way by using virus-induced gene silencing (VIGS). By using
loss-of-functional analysis, we show that the ethylene (ET)-
mediated signaling pathway and mitogen-activated protein
kinase (MAPK) cascade are required for AAL toxin—depend-
ent PCD.
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Fig. 1. The asc/asc genotype of Nicotiana umbratica is a model plant to
investigate AAL toxin—triggered cell death. A, Structure of AAL toxin. B,
AAL toxin-induced programmed cell death 3 days after treatment. C,
Alternaria alternata f. sp. lycopersici caused necrotic symptoms 6 days
after inoculation. D, Phytoene desaturase gene knocked down by virus-
induced gene silencing.
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RESULTS

N. umbratica is a powerful tool to analyze plant PCD.

The asc/asc genotypes of tomato and N. umbratica are sen-
sitive to SAM and hosts of the AAL toxin—producing fungus
A. alternata f. sp. lycopersici (Brandwagt et al. 2001). There-
fore, we isolated the asc/asc genotype from N. umbratica
plants and confirmed that the leaves were sensitive to AAL
toxin (Fig. 1B) and susceptible to A. alternata f. sp. lycoper-
sici (Fig. 1C). The Asc/Asc genotype of N. umbratica was in-
sensitive to AAL toxin and resistant to A. alternata f. sp. lyco-
persici (Supplementary Fig. S1). N. umbratica leaves were also
transformable by Agrobacterium tumefaciens GV3101 and the
transient gene-expression system (agroinfiltration) was availa-
ble (Asai et al. 2010). We previously showed that Tobacco
rattle virus (TRV)-based VIGS vector is available for N. um-
bratica (Asai et al. 2010). Phytoene desaturase-silenced leaves
showed a photo-bleached phenotype (Fig. 1D). These results
indicate that AAL toxin—sensitive N. umbratica offers a new
model system to analyze plant PCD.

Effects of MEK2, VPE, and RBOHA/B silencing
on ACD and susceptibility
to Alternaria alternata f. sp. lycopersici.

To investigate the signaling pathways of ACD, we silenced
several components that participate in HR cell death. MEK2 is a
component of the MAPK cascade, which is a common phos-
phorylation cascade in eukaryotes. A MAPK cascade minimally
consists of a MAPK kinase kinase (MAPKKK)-MAPK kinase
(MPAKK)-MAPK module linked in various ways to upstream
receptors and downstream targets (Nakagami et al. 2005). Many
studies have extensively characterized tobacco MAPK, wound-
induced protein kinase (WIPK), and salicylic acid (SA)-induced
protein kinase (SIPK). The MEK2-SIPK/WIPK pathway, which
is a MAPKK-MAPK pathway, has a positive role in R gene—
mediated disease resistance (Ekengren et al. 2003) or PAMP-
induced basal defense (Ishihama et al. 2011; Tanaka et al.
2009). Expression of MEK2PP, a constitutively active mutant of
MEK?2, leads to HR-like cell death; defense gene expression;
and generation of nitric oxide, ET, and ROS, such as the super-
oxide anion O, and hydrogen peroxide (H,0,); all preceded by
activation of endogenous WIPK and SIPK (Asai et al. 2008; Liu
and Zhang 2004; Yang et al. 2001; Yoshioka et al. 2003). Vacu-
olar processing enzyme (VPE) participates in N gene—mediated
and FB1-induced PCD (Hatsugai et al. 2004; Kuroyanagi et al.
2005). VPE is thought of as cell death executors in plants and
has the activity of caspases, which is an animal cell death exec-
utor (Hatsugai et al. 2006). Respiratory burst oxidase homolog
(RBOH) is NADPH oxidase in plants and is associated with
ROS burst. NbRBOHA/B-silenced N. benthamiana plants show
suppression of resistance to pathogens and a reduced ROS burst
(Asai et al. 2008; Yoshioka et al. 2003). We knocked down the
genes MEK?2, VPE, and RBOHA/B by using VIGS (Fig. 2A).
The silencing effects on TRV:MEK2, TRV:VPE, and TRV:
RBOHA/B leaves were confirmed by comparing the expression
levels with TRV control leaves (Fig. 2B). In N. benthamiana,
NbVPEIla and NbVPEIDb are isolated (Hatsugai et al. 2004). We
used the overwrapped sequence of VPEIa and VPE1b genes for
a silencing construct to knock down both genes in N. umbratica
(Supplementary Fig. S2). The half leaves were infiltrated with
AAL toxin (Fig. 2A, upper). A necrotic region induced by AAL
toxin was observed in TRV control and RBOHA/B-silenced
leaves of N. umbratica at 3 days after treatment, whereas
silencing MEK2 or VPE compromised ACD. To examine the
pathogenicity of Alternaria alternata f. sp. lycopersici on each
gene-silenced N. umbratica, we inoculated the spores on to
these leaves and observed disease symptoms from 6 days after



inoculation (Fig. 2A, lower). The same was true for pathogen-
induced necrotic regions in these silenced leaves.

To quantify cell death, we measured ion leakage of AAL
toxin—treated leaves (Fig. 2C). AAL toxin—induced ion leakage
was significantly suppressed in MEK2- and VPE-silenced
leaves.

To further confirm the participation of MEK2 in ACD, we
knocked down MEK?2 by using another fragment of MEK2,
named TRV:MEK?2-2 (Supplementary Fig. S3A). To check the
effects of MEK?2 silencing, we examined the expression levels
of other MAPKK, MEKI, MKKI, and SIPKK in TRV, TRV:
MEK?2, and TRV:MEK2-2 plants (Asai et al 2008; Gomi et al.
2005; Takahashi et al. 2007). The mRNA levels of MAPK
showed no noteworthy differences between TRV control leaves
and MEK?2-silenced leaves, suggesting that silencing of MEK2
did not affect the expression of at least three related MAPKK.
To examine the efficiency of MEK?2 silencing, MEK2PP was
overexpressed in MEK2-silenced and MEK?2-2-silenced leaves
by agroinfiltration. Cell death and ion leakage were suppressed
in TRV:MEK?2 and TRV:MEK2-2 plants, suggesting that the
function of MEK2 was suppressed in these MEK2-silenced
leaves. ACD and AAL toxin—induced ion leakage were also
suppressed in TRV:MEK?2-2 plants. These results indicate that
MEK?2 participates in ACD.

Although differences in cell death phenotype between the
TRV control and TRV:RBOHA/B were not observed (Fig. 2A),
conductivity was slightly reduced in the RBOHA/B-silenced
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leaves, suggesting that ROS participate in ACD. To further
evaluate the participation of RBOH-mediated ROS in ACD,
we used diphenylene iodonium (DPI), an inhibitor of NADPH
oxidase (Asai and Yoshioka 2009). ACD was induced in the
presence or absence of DPI (Supplementary Fig. S4), indicat-
ing that RBOH-mediated ROS do not have an important role in
ACD in N. umbratica.

ET-dependent signal pathway is especially required
for ACD.

SA-dependent and jasmonic acid (JA)- or ET-dependent sig-
naling pathways are responsible for defense responses to bio-
trophic pathogens and necrotrophic pathogens, respectively
(Glazebrook 2005). However, SA, JA, and ET signaling path-
ways appear to participate in FB1-induced cell death in Arabi-
dopsis (Asai et al. 2000). AAL toxin induces PCD in tomato
leaflets and protoplasts, and cell death in the leaflets induced by
AAL toxin is suppressed by inhibitors of ET biosynthesis or
perception (Moore et al. 1999; Moussatos et al. 1994; Wang et
al. 1996). Exogenous SA or methyl jasmonate application does
not influence disease symptoms of A. alternata f. sp. lycopersici
on tomato (Egusa et al. 2009). To evaluate whether SA-, JA- or
ET-dependent signaling pathways participate in ACD in N. um-
bratica, we silenced isochorismate synthase 1 (ICSI), corona-
tine insensitive 1 (COII), and ethylene insensitive 2 (EIN2) by
using VIGS (Fig. 3A). ISC1 is a key enzyme of SA biosynthesis
(Wildermuth et al. 2001), COII is a signal component of JA
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Fig. 2. Effects of silencing MEK2, VPE, and RBOHA/B on AAL toxin—triggered cell death (ACD) and susceptibility to Alternaria alternata f. sp. lycopersici.
A, Silencing MEK?2 and VPE compromised ACD and disease symptoms caused by A. alternata f. sp. lycopersici. B, Silencing of target genes was confirmed
by using quantitative reverse-transcriptase polymerase chain reaction. EF-1 ¢ was used as an internal standard. Data are means * standard deviations (SD)
from three experiments. C, ACD was quantified by ion leakage from AAL toxin—treated leaves. Data are means = SD from at least three independent
experiments. Data underwent a Student’s ¢ test: ** or * indicate P < 0.01 or 0.05, respectively, versus Tobacco rattle virus (TRV) control plants.
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(Xie et al. 1998), and EIN2 is an important component in ET
signaling (Alonso et al. 1999). We knocked down EIN2, ICS1,
and COI1 by using VIGS and confirmed the silencing effects by
using quantitative reverse-transcriptase polymerase chain reac-
tion (QRT-PCR) (Fig. 3B). ACD was compromised in EIN2-
silenced leaves but not in COII- or ICSI-silenced leaves (Fig.
3A, upper). Disease symptoms caused by A. alternata f. sp.
Iycopersici were markedly reduced only in EIN2-silenced leaves
(Fig. 3A, lower). We measured ion leakage of leaves treated
with AAL toxin (Fig. 3C). The toxin-induced ion leakage was
also reduced only in EIN2-silenced leaves. These results suggest
that the ET-dependent signaling pathway is required for both
ACD and pathogenicity of A. alternata f. sp. lycopersici.

MEK?2 participates in ET production (Liu and Zhang 2004),
and EIN2 is an important component in ET signaling (Alonso
et al. 1999). ACD was suppressed in MEK2- and EIN2-silenced
plants, indicating that ET is a key regulator in ACD in N. um-
bratica. To confirm this possibility, we examined the effect of
1-methylcyclopropene (MCP) on ACD. MCP is thought to
interact with ET receptors and, thereby, prevent ET-dependent
responses (Watkins 2006). N. umbratica leaves were treated
with AAL toxin in the presence or absence of MCP at 2 pg/ml.
At 3 days after treatment, cell death and marked ion leakage
were observed only in MCP-untreated leaves (Fig. 3D and E),
indicating that ET reception is an important process in ACD in
N. umbratica. Thus, pharmacological studies and the results of
VIGS indicated that ET has a pivotal role in ACD.

MEK? has a pivotal role in ET production in ACD.

We examined whether treatment of leaves with AAL toxin
actually increases ET production in N. umbratica leaves. AAL
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toxin greatly increased ET production in TRV control leaves
but not in MEK2-silenced leaves (Fig. 4A, left). These results
suggest that suppression of ACD by VIGS of MEK2 results
from inhibition of ET production. Moreover, the amount of ET
accumulation did not increase in the Asc/Asc genotype of N.
umbratica by AAL toxin (Fig. 4A, right), suggesting that ET
production depends on sensitivity to AAL toxin.

To further examine whether MEK?2 has a role in ET produc-
tion in the process of ACD, we treated MEK2-silenced plants
with AAL toxin and ET at 10 ug/ml. ACD was compromised
in MEK2-silenced plants but recovered in the presence of ET
with AAL toxin (Fig. 4B). We confirmed the conductivity of
MEK2-silenced leaves treated with AAL toxin or AAL toxin
plus ET (Fig. 4C). Silencing MEK2 compromised toxin-
induced ion leakage but adding ET increased conductivity.
These results indicate that MEK2 has a pivotal role in ET pro-
duction in ACD.

SIPK and WIPK have multiple functions in ACD.

In this study, we showed that MEK? participates in ET pro-
duction induced by AAL toxin. Two crucial steps in the control
of ET production are i) rate-limiting conversion of S-adenosyl-
L-methionine to 1-aminocyclopropane-1-carboxylic acid
(ACC) by ACC synthase (ACS) (Kende 1993), and ii) oxida-
tive cleavage of ACC by ACC oxidase (ACO) to form ET,
CO,, and cyanide (Adams and Yang 1979). SIPK is a down-
stream component of MEK2 (Yang et al. 2001) and partici-
pates in stabilization of ACS2/6 by direct phosphorylation (Liu
and Zhang 2004). WIPK is a downstream component of
MEK?2 and its ortholog Arabidopsis MPK3 also participates in
stabilizing ACS2/6 by phosphorylation of the same residues as

TRV:EIN2 B:
S IC81 |4 o con
g10F
% 0.5
o 05k ‘
2
o
€ o
TRV TRVICS1 TRV TRV:COl1
[ =4
g 1.0 EIN2
o
o
>
o 0.5
2
o
2
TRV TRV:EIN2
200
AAL + MCP
E
o
%}
2
2 100
=
S
2 *%
S
o

AAL  AAL +MCP

Fig. 3. Ethylene signaling is essential for AAL toxin—triggered cell death (ACD) and susceptibility to Alternaria alternata f. sp. lycopersici. A, Effects of silencing
ICS1, COIl, and EIN2 on ACD and infection with A. alternata f. sp. lycopersici. B, Silencing of target genes was confirmed by using quantitative reverse-tran-
scriptase polymerase chain reaction. EF-1« was used as an internal standard. Data are means * standard deviations (SD) from three experiments. C, ACD was
quantified by ion leakage from AAL toxin treated leaves. Data are means £ SD from at least three independent experiments. Data underwent a Student’s ¢
test: ** indicates P < 0.01 versus Tobacco rattle virus (TRV) control plants. D, Effects of 1-methylcyclopropene (MCP) on ACD 3 days after treatments. Leaves
were treated with AAL toxin in the presence or absence of MCP at 2 ug/ml. E, ACD was quantified by ion leakage from AAL toxin—treated leaves. Data are
means * SD from three experiments. Data underwent a Student’s ¢ test: ** indicates P < 0.01 versus AAL toxin treatment.
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MPKG6 (Han et al. 2010; Kamiyoshihara et al. 2010). First, we
examined whether SIPK and WIPK are activated by AAL
toxin in N. umbratica by using immunocomplex (IC) kinase
assay (Fig. 5A, upper). Activation of SIPK and WIPK was
detected at 24 and 48 h after AAL toxin treatment but not wa-
ter treatment, suggesting that MEK2-SIPK/WIPK cascade is
activated by AAL toxin. In the Asc/Asc genotype of N. umbra-
tica, SIPK and WIPK were not activated by AAL toxin (Fig.
5A, lower), suggesting that activation of SIPK and WIPK is
dependent on the sensitivity of AAL toxin.

To confirm the silencing efficiency of SIPK and WIPK, we
used agroinfiltration to overexpress MEK2PPin silenced leaves.
Cell death and ion leakage were significantly suppressed by
SIPK- and WIPK-silenced leaves (Supplementary Fig. S5A
and B), suggesting that SIPK and WIPK were effectively si-
lenced. We also confirmed the knockdown of SIPK and WIPK
by using qRT-PCR. We examined whether SIPK and WIPK
participate in ET production during ACD. ET increased in
TRV control leaves by AAL toxin but not in SIPK- and WIPK-
silenced leaves (Fig. 5C), indicating that SIPK and WIPK ac-
tually participate in ET production. Silenced leaves were
treated with AAL toxin in the presence or absence of ET at 10
pg/ml (Fig. 5C and D). ACD was not observed and ion leakage
was significantly suppressed 3 days after treatments regardless
of the ET presence, indicating that SIPK and WIPK have a role
in signaling pathways in addition to ET production during
ACD.

Tobacco EIN3-like genes also participate in ACD.

We showed that MAPK cascade and EIN2 participate in
ACD (Figs. 2 to 5). Ethylene insensitive 3 (EIN3) and ethylene
insensitive-likel (EILI), two closely related transcription fac-

tors that act downstream of EIN2 (Chao et al. 1997), were
isolated as components of ET signaling in Arabidopsis. We
further investigated whether the EIN3 ortholog participates in
ACD in N. umbratica. In tobacco, tobacco EIN3-like (TEIL)
and its related genes have been implicated in ET signaling
(Hibi et al. 2007; Kosugi and Ohashi 2000; Rieu et al. 2003).
In TEIL knockdown tobacco, wound-, JA- and ACC-induced
accumulation of basic PR gene transcripts is significantly sup-
pressed (Hibi et al. 2007), suggesting that TEIL are also in-
volved in ET signaling in tobacco. We used the conserved
region of TEIL and NtEILI-4 for VIGS, because nucleotide
acid sequences of TEIL and NtEILI-4 are highly homologous
(Supplementary Fig. S6). We constructed an EIL5-silencing
vector, because NtEILS5 nucleotide acid sequences have low
homology with TEIL and other NtEIL genes. We confirmed the
silencing effects by using qRT-PCR (Fig. 6B). ACD was com-
promised in TEIL-silenced leaves (Fig. 6A, upper). TEIL-si-
lenced leaves showed reduced disease symptoms caused by A.
alternata f. sp. lycopersici (Fig. 6A, lower). Toxin-induced ion
leakage was reduced in TEIL-silenced leaves (Fig. 6C). These
results suggest that TEIL also participate in ACD.

DISCUSSION

Factors participating in HR cell death have roles in ACD.
In this study, we silenced several genes to access the signal-
ing pathway for ACD. ACD was compromised in VPE-silenced
leaves (Fig. 2). Arabidopsis contains VPE genes o.VPE, BVPE,
YVPE, and 8VPE in the genome (Gruis et al. 2002; Kinoshita
et al. 1999). Arabidopsis VPE-null (quadruple) mutant, which
lacks all four VPE genes of the genome, abolishes FB1-induced
cell death (Kuroyanagi et al. 2005). N gene-mediated HR cell
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Fig. 4. Participation of MEK2 in ethylene production during AAL toxin-triggered cell death (ACD). A, Measurement of ethylene (ET) production dur-
ing ACD in MEK2-silenced plants and the Asc/Asc genotype of Nicotiana umbratica. Data are means * standard deviations (SD) from at least three
independent experiments. Data underwent a Student’s ¢ test: ** indicates P < 0.01. B, MEK2-silenced leaves were treated with AAL toxin in the pres-
ence or absence of ET at 10 pg/ml 3 days after treatment. C, ACD was quantified by ion leakage from AAL toxin—treated leaves. Data are means = SD
from at least three independent experiments. Data underwent a Student’s ¢ test: ** indicates P < 0.01 versus AAL toxin treatment in Tobacco rattle virus
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death is suppressed in VPEIa- and VPEIb-silenced leaves in
N. benthamiana (Hatsugai et al. 2004). Whether VPE contrib-
ute to PAMP bacterial harpin, fungal Nepland oomycete
boehmerin in inducing HR cell death was examined by Zhang
and associates (2010). HR was absent in NbVPEla- and
NbVPE]la/lb-silenced plants treated with harpin alone in N.
benthamiana. However, VPE-silenced plants developed a nor-
mal HR after boehmerin and Nepl treatments. Thus, plant
VPE-mediated PCD appears to be dependent on the inducer of
cell death.

Earlier studies suggested a link between H,O, and sphin-
golipids, two signals that can interplay and regulate plant cell
death. Treatment of AAL toxin with Arabidopsis LAG one
homologue 2 (loh2) mutant, which is sensitive to AAL toxin,
generates H,O, (Gechev et al. 2004). Genetic screening of
mutagenized loh2 seeds result in isolation of the AAL toxin—
resistant mutant AAL toxin-resistant 1 (atrl) (Gechev et al.
2008). The atrl mutant shows increased tolerance to ROS-
generating herbicides aminotriazole and paraquat. These stud-
ies led us to investigate whether H,O, participates in ACD.

However, cell death symptoms showed no differences between
TRV control leaves and RBOHA/B-silenced leaves at the mac-
roscopic level, even though the conductivity was slightly re-
duced in RBOHA/B-silenced leaves (Fig. 2). One of the most
abundant free sphingoid long-chain bases in plants, dihydro-
sphingosine-induced PCD is not suppressed by DPI in tobacco
BY-2 cells (Lachaud et al. 2011). Here, we also showed that
DPI treatment did not suppress ACD in N. umbratica leaves.
These results suggest that ROS do not participate in perturba-
tions of ceramide metabolism-induced cell death. SIPK induces
the expression of the RBOH gene (Asai et al. 2008; Yoshioka
et al. 2003), suggesting that AAL toxin—induced MAPK activity
is accompanied by ROS production in apoplastic space, because
RBOH proteins localize on the plasma membrane (Kobayashi
et al. 2006). On the other hand, ROS generation and PCD in-
duction response to FB1 are not observed in Arabidopsis FB1-
insensitive mutant FBI resistant 11-1 (fbrl11-1) (Shi et al.
2007). FBR11-1 encodes long-chain base 1 subunits of serine
palmitoyltransferase, which catalyzes the first rate-limiting
step of de novo sphingolipid synthesis. Treatments of sphin-
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Fig. 5. Ethylene (ET) does not cancel suppression of AAL toxin—triggered cell death (ACD) in SIPK- and WIPK-silenced Nicotiana umbratica leaves. A,
Activation of SIPK and WIPK by AAL toxin in the asc/asc or the Asc/Asc genotypes of N. umbratica. Kinase activities of extracts were detected by immuno-
complex (IC) kinase assay using SIPK- or WIPK-specific antiserum and myelin basic protein (MBP) as a substrate. Immunoblot analyses were done using
anti-SIPK antibody. Protein loads were monitored by staining ribulose-1,5-bisphosphate carboxylase large subunit (RBCL) with Coomassie Brilliant Blue
(CBB). B, Measurement of ET production during ACD in SIPK- and WIPK (S/W)-silenced plants. Data are means * standard deviations (SD) from at least
three independent experiments. Data underwent a Student’s ¢ test: ** indicates P < 0.01 versus Tobacco rattle virus (TRV) control plants. C, Effects of
silencing S/W on ACD 3 days after treatments. Leaves were treated with AAL toxin in the presence or absence of ET at 10 pg/ml. D, ACD was quantified by
ion leakage from AAL toxin—treated leaves. Data are means = SD from at least three independent experiments. Data underwent a Student’s 7 test: **

indicates P < 0.01 versus TRV control in each treatment.
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goid bases attenuated in the frbI1-1 mutant efficiently induce
O, generation followed by cell death (Shi et al. 2007). We
cannot rule out the possibility that other subcellular ROS gen-
erators are participated in perturbations of ceramide metabo-
lism-induced cell death.

MAPK activation and ET production resulting
from ceramide metabolism imbalance by AAL toxin.
Several studies have shown that ceramide metabolism par-
ticipates in plant PCD. Mutation in accelerated cell death 5
(ACD?5) causes a spontaneous cell death phenotype (Greenberg
et al. 2000). ACD5 encodes a ceramide kinase, and recombi-
nant ACDS proteins have high specificity for ceramides but not
for other sphingolipids (Liang et al. 2003). ERH encodes ino-
sitolphosphorylceramide synthase, which converts ceramide to
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Fig. 6. Silencing robacco ethylene insensitive 3-like genes (TEIL) compro-
mised AAL toxin-triggered cell death (ACD) and conferred resistance to
Alternaria alternata f. sp. lycopersici. A, TEIL-silenced Nicotiana umbra-
tica leaves were treated with AAL toxin or were inoculated with A. alter-
nata f. sp. lycopersici. B, Silencing of target genes was confirmed by using
quantitative reverse-transcriptase polymerase chain reaction. EF-/o was
used as an internal standard. Data are means * standard deviations (SD)
from three experiments. Silencing TEIL included silenced TEIL and EILI,
EIL2, EIL3, EIL4, and EIL5. C, ACD was quantified by ion leakage from
AAL toxin-treated leaves. Data are means = SD from three experiments.
Data underwent a Student’s ¢ test: ** indicates P < 0.01 versus Tobacco
rattle virus (TRV) control plants.

inositolphosphorylceramide, and loss of function of this gene
results in increased transcription of RPW8 and RPW8-medi-
ated HR-like cell death (Wang et al. 2008). Ceramide accumu-
lates in acd5 and erhl mutants (Liang et al. 2003; Wang et al.
2008), suggesting that ceramide participates in plant PCD.
Arabidopsis ACDI11 encodes a sphingosine transfer protein; a
mutation in this gene causes a lesion mimic phenotype charac-
teristic of PCD (Brodersen et al. 2002). However, despite many
reports on the participation of ceramide in PCD, how imbal-
ance of ceramide metabolism induces PCD is unknown.

In this study, activation of SIPK and WIPK was detected at
24 and 48 h after AAL toxin treatment in the asc/asc genotype
but not in the Asc/Asc genotype of N. umbratica (Fig. 5A).
These results suggest that imbalance of ceramide metabolism
activates MAPK (Fig. 7). In mammals, C, ceramide induces
cell death and activates or inhibits MAPK activity in neuronal
cells (Arboleda et al. 2010). In rice culture, OsMAPKG® is acti-
vated by a sphingolipid elicitor (Lieberherr et al. 2005). MPK6
is activated by FB1 or long-chain base treatment in Arabidop-
sis thaliana (Saucedo-Garcia et al. 2011). However, little is
known about the participation of ceramide in regulation of
MAPK in plants. In this study, we showed that imbalance of
ceramide metabolism by AAL toxin induces activation of
SIPK and WIPK (Fig. 5A). Therefore, we think these findings
provide new insights into regulation of plant PCD.

ET was produced markedly during ACD (Fig. 4A, left). In
contrast, ET was not produced in MEK2-, SIPK-, and WIPK-
silenced leaves (Figs. 4A, right, and 5B), suggesting that
MEK?2, SIPK, and WIPK are responsible for ET production
during ACD (Fig. 7). In contrast, ET was not produced in the
Asc/Asc genotype of N. umbratica by AAL toxin treatment

AAL toxin

MEK2
SIPK WIPK

\

D+

¥

Ethylene
receptor

SIPK WIPK —»

EIN3

¥

ERFs

Fig. 7. Scheme of a proposed model for signaling leading to AAL toxin—
triggered cell death (ACD). AAL toxin inhibits ceramide biosynthesis. The
disruption of ceramide biosynthesis may trigger the MEK2-SIPK/WIPK
cascade and cell death cascades. Simultaneously, ethylene (ET) production
is induced by MEK2-SIPK/WIPK cascade. After perception of ET by its
receptor, ethylene insensitive 3 (EIN3) induces ethylene response factors
(ERFs), and finally ET responses are initiated. SIPK and WIPK have roles
not only in ET production but also in ET signaling or another pathway
leading to cell death by AAL toxin. Although ET itself does not induce
cell death, ET signaling is required for full induction of ACD.

Vol. 25, No. 8, 2012/ 1021



(Fig. 4A, right). These results suggest that MAPK activation
by imbalance of ceramide metabolism is required for ET pro-
duction during ACD (Fig. 7).

MEK?2, SIPK, and WIPK have distinct roles in ACD.

ET production is thought to be regulated by activation of the
MAPK cascade, because NtMEK2PP overexpression induces
ET production (Kim et al. 2003). In this study, ET did not in-
crease by AAL toxin treatment in MEK2-silenced plants (Fig.
4A, left). In MEK2-silenced plants, ACD was delayed (Fig. 2)
and was recovered by ET treatment (Fig. 4B and C), indicating
that MEK? is responsible for ACD by contributing to ET pro-
duction (Fig. 7). ACD was compromised in SIPK- and WIPK-
silenced leaves (Fig. 5C). Both SIPK and WIPK were activated
at 24 and 48 h after AAL toxin treatment (Fig. 5A, upper), in
agreement with ET accumulation (Fig. 4A, left). MEK2, SIPK,
and WIPK silencing resulted in reduced ET accumulation in-
duced by AAL toxin (Figs. 4A and 5B), indicating that the
MEK?2-SIPK/WIPK cascade participates in ET production in
N. umbratica. Surprisingly, ACD did not recover in SIPK- and
WIPK-silenced plants in the presence of ET (Fig. 5C), suggest-
ing that SIPK and WIPK may also be responsible for down-
stream signaling after ET perception by its receptors, as de-
scribed below.

EIN3 and EIL1 are plant-specific transcription factors that
initiate downstream genes for ET responses in Arabidopsis
(Alonso et al. 2003; Solano et al. 1998; Yanagisawa et al.
2003). EIN3 interacts with two F-box proteins, EIN3 binding
F-box 1 and 2 (EBF1 and EBF2), and is degraded by the 26S
proteasome in the absence of ET (Guo and Ecker 2003;
Potuschak et al. 2003). EIN2 is required for degradation of
EBF1 and EBF2 to accumulate EIN3 and EIL1 (An et al.
2010). The regulation of EIN3 stabilization is recently reported
to be under the control of bifurcating and antagonistic MAPK
cascades (Yoo et al. 2008). MKK9-MPK3/6 phosphorylates
EIN3 at its threonine (T) 174 residue, conferring resistance to
degradation from the 26S proteasome. By contrast, MKK9-
MPK3/6 independent phosphorylation of the T592 residue
promotes degradation of EIN3. We confirmed that conserved
docking sites for MAPK and amino acid—corresponding T174
are conserved in TEIL, whereas the amino acid—corresponding
T592 was replaced with serine (S) in TEIL (Supplementary
Fig. S7). S or T followed by proline (P) (SP or TP) is a mini-
mal consensus motif for MAPK phosphorylation (Sharrocks et
al. 2000). The SP motif is conserved in the C-terminal of
TEIL. We did not examine whether TEIL are stabilized by the
phosphorylation; it is possible that the TEIL are regulated by
MAPK, as shown by Arabidopsis EIN3. However, other
groups reported that the MKK9-MPK3/6 cascade mainly par-
ticipates in ET production (Xu et al. 2008). Moreover, MKK9
is not required for ET signal transduction (An et al. 2010).
Although how MKKO9 acts in ET signaling is arguable, con-
flicting studies found that MPK3 and MPK6 function either
upstream or downstream of ET perception. Orthologs of
MEK?2, WIPK, and SIPK are MKK4/5, MPK3, and MPK®6,
respectively (Nakagami et al. 2005) but the MKK9 ortholog of
tobacco has not been identified. Our results support the possi-
bility that SIPK and WIPK could have a function not only in
ET production but also in ET signaling or another pathway in
ACD (Fig. 7).

ET signaling pathway participates in plant PCD.

We also showed that ACD is compromised in plants treated
with MCP, which is an ET receptor blocker, and TEIL-silenced
leaves (Figs. 3D and E and 6). The never ripe mutant of to-
mato, which affects ET perception, shows less cell death
symptom response to AAL toxin than wild-type tomato
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(Moore et al. 1999). Co-treatment of asc/asc leaflets with AAL
toxin and ET inhibitors markedly reduced cell death symptom
(Moussatos et al. 1994). Likewise, ET inhibitors also con-
ferred marked protection against victorin-induced cell death
(Navarre and Wolpert 1999). Thus, previous studies support
our results that the ET-dependent pathway is required for
ACD.

The ET signaling pathway also has roles in HR cell death.
ET production increases when tobacco BY-2 cells are treated
with INF1 proteins produced by Phytophthora infestans or
Pseudomonas syringae attack (Schenke et al. 2005), indicating
the possibility that ET has a role in inducing INF1-induced
cell death. Various results show that ET biosynthesis, ET sig-
naling, or both participate in regulating HR cell death. For
instance, onset of HR-like cell death in tobacco infected with
Tobacco mosaic virus (TMV) (Kim et al. 2003), tomato in-
fected with Cladosporium fulvum (Hammond-Kosack et al.
1996), and rice infected with Magnaporthe grisea (Iwai et al.
2006) are accompanied by a large burst of ET production.
Tobacco treated with inhibitors of ET biosynthesis or ET per-
ception antagonists show markedly suppressed TMV-induced
HR-like cell death and expansion of the virus (Ohtsubo et al.
1999). ET-dependent signaling pathways are required for ac-
celerating HR-like cell death induced by AtMKKS, an
ortholog of MEK?2, in Arabidopsis (Liu et al. 2008). These
data show that ET also participates in HR or HR-like cell
death. Investigation of AAL toxin signaling pathways will
provide new knowledge about components of plant PCD.

MATERIALS AND METHODS

Plant growth condition.

N. umbratica plants were grown in environmentally con-
trolled growth cabinets under a 16-h photoperiod and an 8-h
dark period at 23°C. The asc/asc and Asc/Asc genotype of N.
umbratica were used for bioassays.

Fungal materials.

Strain EGS39-128 of Alternaria alternata f. sp. lycopersici
was used. The strain was routinely maintained on potato dex-
trose agar (50% potato stock, 2% sucrose, and 2% agar). The
A. alternata f. sp. lycopersici isolates were grown for 7 days
on oatmeal plates (5% oatmeal, 2% sucrose, and 2% agar) at
25°C. The aerial mycelium was removed, and then the plates
were incubated under continuous black light for profuse sporu-
lation. EGS39-128 was used for a pathogenicity assay by
spray inoculation of conidial suspension (5 x 10° spores/ml) to
N. umbratica leaves. Plants were incubated at 23°C in temper-
ate light and maximum humidity. Lesion formation was ob-
served 6 days after inoculation.

VIGS.

We amplified cDNA fragments of each gene from the N.
benthamiana cDNA library as template (Yoshioka et al. 2003).
We used N. benthamiana cDNAs for VIGS in N. umbratica.
The cDNA fragments of the genes were amplified with the
primers listed in Supplementary Table S1 and were ligated into
pTRV2 vector described by Liu and associates (2002) or
pTVO00 vector described by Ratcliff and associates (2001). The
constructs contained these inserts and were designated pTRV2:
PDS (TRV:PDS), pTRV2:MEK?2 (TRV:MEK?2), pTRV2:VPE1b
(TRV:VPE), pTVO0:EIN2 (TRV:EIN2), pTV00:COIl (TRV:
COIl), pTVO0:ICS1 (TRV:ICS1), pTVOO:EIL (TRV:EIL), and
pTVOO:EIL5 (TRV:EILS). pTV0O0:RBOHA/RBOHB (TRV:
RBOHA/B) was described by Kobayashi and associates
(2007). pTVO00:SIPK/WIPK (TRV:SIPK/WIPK) was described
by Tanaka and associates (2009). pTRV2 or pTVO0O that con-



tained no inserts were used as a control. For VIGS assay,
pTRV1, pTRV2, pTVO00, or pBINTRAG6 and its derivatives were
introduced into Agrobacterium GV3101 by electroporation
(Bio-Rad, Hercules, CA, U.S.A.). A mixture of equal parts of
Agrobacterium suspensions of pTRV1 or pBINTRA6 and
pTRV2 or pTV00 was inoculated into 3-week-old N. umbratica
seedling. The inoculated plants were grown under a 16-h pho-
toperiod and an 8-h dark period at 23°C. After an additional 3
to 4 weeks, plants were analyzed by treatment with AAL toxin
and inoculation with A. alternata f. sp. lycopersici and were
used for Agrobacterium-mediated transient expression.

RT-PCR.

Total RNA from N. umbratica leaves was prepared using
TRIzol reagent (Invitrogen, Carlsbad, CA, U.S.A.) according
to the manufacturer’s procedure. Reverse transcription was
done by using ReverTra Ace -a-, and qRT-PCR analysis was
done by using the StepOnePlus Real-Time PCR system (Ap-
plied Biosystems, Foster City, CA, U.S.A.) with Power SYBR
Green PCR Master Mix (Applied Biosystems). EF-la was
used as a control. The gene-specific primers of each sequence
are listed in Supplementary Table S2.

AAL toxin treatment and agroinfiltration of MEK2PP,

For AAL toxin treatment, AAL toxin (1 uM) was infiltrated
into leaves by using a needleless 1-ml syringe. For agroinfiltra-
tion of MEK2PP, transient expression of NtMEK2PP was done
by agroinfiltration, as described by Takabatake and associates
(2006).

Inhibition of ET signal transduction.

To inhibit ET signal transduction, AAL toxin was simultane-
ously treated with MCP, an ET receptor inhibitor, at 2 pg/ml in
a closed clear acrylic box.

ET treatment.

Plants were treated with ET 10 ul/liter in a closed box. The
volume of boxes was 7 liters and the material of the boxes was
clear acrylic.

IC kinase assay.
The IC kinase assay was done using SIPK-specific antise-
rum, as described by Asai and associates (2008).

Immunoblotting.

For immunoblotting, the protein extracts (20 pg) were sepa-
rated on a 12% sodium dodecyl sulfide polyacrylamide gel and
were transferred to a nitrocellulose membrane (Schleicher and
Schuell, Keene, NH, U.S.A.). After blocking in Tris-buffered
saline with Tween (TBS-T) (50 mM Tris-HCI [pH 7.5], 150
mM NaCl, and 0.05% Tween 20) with 5% nonfat dry milk
overnight at 4°C, the membranes were incubated with mono-
clonal anti-SIPK antibody diluted with TBS-T at room temper-
ature for 1 h. After washing with TBS-T, the membranes were
incubated with horseradish peroxidase-conjugated anti-mouse
immunoglobulin antibody (Amersham) diluted with TBS-T for
1 h at room temperature. The antibody-antigen complex was
detected using the SuperSignal West Dura Extended Duration
Substrate (Thermo Fisher Scientific, Waltham, MA, U.S.A.)
and the Light-Capture system (ATTO, Tokyo) and then quanti-
fied using the CS analyzer program (ATTO).

Quantitation of ET biosynthesis rates.

ET production rates were determined by using gas chroma-
tography (GC). Leaves were detached from plants after treat-
ment with AAL toxin and were placed in a 50-ml flask. The
flask was sealed with a rubber plunger. After 24 h of incuba-

tion and an additional 24 h of incubation, a 1-ml gas sample of
the air in the flask was collected by using a syringe and was
injected into the column. ET was quantified by using a gas
chromatograph equipped with a flame thermionic detector (GL
Sciences, Tokyo) and NEUTRA BOND-1 (GL Sciences) col-
umn. GC was done at 50°C oven temperature, 120°C injection,
and at detector temperatures using N as the carrier gas.

Measurements of cell death.

Cell death was quantified by measuring ion leakage 3 days
after AAL-toxin treatment as describe by Asai and associates
(2010). For a conductivity test, five leaf discs (5 or 8§ mm in
diameter) were obtained from treated leaves and were immersed
in 10 ml of ultrapure water for 4 h at room temperature with
gentle shaking. The conductivity of the solution was measured
by using a pH/COND METER D-54 (Horiba, Kyoto, Japan).

Data and statistical analysis.

At least three repetitions with individual biological sample
sets were used for the statistical treatment of the data. The data
are expressed as mean values; error bars indicate the standard
error. To evaluate the significance of differences of data, data
underwent a Student’s ¢ test
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