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ABSTRACT: Reactive oxygen species (ROS) and ethylene play an important role in determining the resistance or susceptibility
of plants to pathogen attack. A previous study of the response of tobacco cultivar (Nicotiana tabacum L. cv. Wisconsin 38) to a
compatible hemibiotroph, Phytophthora parasitica var. nicotianae (Ppn) showed that biphasic bursts of ROS and ethylene are
positively associated with disease severity. The levels of ethylene and ROS might influence the susceptibility of plants to
pathogens, with changing levels of metabolite related to disease resistance or susceptibility. In this study, to obtain more detailed
information on the interaction of ROS and ethylene signaling related to resistance and/or susceptibility of plants to pathogen,
Ppn-induced metabolic profiles from wild type (WT) and ethylene signaling-impaired transgenic plants that expressed Ein3
antisense (Ein3-AS) were compared using ultraperformance liquid chromatography−quadrupole time-of-flight mass spectrometry
(UPLC-QTOF-MS). Nonredundant mass ions (576 in ESI+ mode and 336 in ESI− mode) were selected, and 56 mass ions were
identified on the basis of their accurate mass ions and MS/MS spectra. Two-way hierarchical clustering analysis of the selected
mass ions revealed that nicotine and phenylpropanoid−polyamine conjugates, such as caffeoyl-dihydrocaffeoyl−spermidine,
dicaffeoyl−spermidine, caffeoyl-feruloyl−spermidine, and two bis(dihydrocaffeoyl)−spermine isomers, and their intermediates,
such as arginine and putrecine, were present at lower levels in Ein3-AS transgenic plants during Ppn interaction than in WT,
whereas galactolipid and oxidized free fatty acid levels were higher in Ein3-AS transgenic plants. Taken together, these results
reveal a function for ethylene signaling in tobacco defense responses during Ppn interaction.
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■ INTRODUCTION

Defense responses to pathogens in plants are initiated upon the
recognition of pathogen attack. A rapid and transient
production of reactive oxygen species (ROS), known as an
oxidative burst, is one of the initial responses that follow
successful recognition of diverse pathogens.1 ROS are produced
by (1) plasma-membrane-localized respiratory burst oxidase
homologues (Rboh), referred to as NAD(P)H oxidases, which
generate superoxide, in the plant apoplast2,3 and (2) cell wall-
localized peroxidases that generate hydrogen peroxide.4 Differ-
ent plant−pathogen interactions induce different patterns of
ROS production. First, a transient and nonspecific accumu-
lation of ROS occurs in both compatible and incompatible
plant−pathogen interactions, but a second and prolonged
oxidative burst at 4−9 h preferentially occurs in incompatible
interactions and is associated with the establishment of the
hypersensitive response (HR).3−7 ROS not only have direct
antimicrobial effects but also act as signaling molecules that
induce defense responses, including accumulation of phytoalex-
ins and expression of pathogen-related genes and HR.5,7−11

Recent studies have shown that ROS are also associated with
other signaling molecules, including ethylene.9 Mur et al.12

reported a biphasic production of ethylene in tobacco after

inoculation with HR-eliciting Pseudomonas syringae pathovars.
Similar to the biphasic ROS burst, the first increase in ethylene
occurs in all interactions with HR-eliciting, disease-forming, and
nonpathogenic strains. The second increase of ethylene relates
to the HR formation. Co-treatment of tobacco leaves with a
nitric oxide synthase inhibitor and an avirulent strain, P. syringae
pv. phaseolicola, reduces the second ethylene increase and HR
formation. Interaction between ROS and ethylene signaling was
also suggested in large-scale analyses of gene expression in
Arabidopsis and tobacco.13,14 In these studies, ethylene-
responsive elements and other genes involved in ethylene
signaling were increased upon exogenous application of H2O2,
indicating a link between ROS and ethylene responses.
Ethylene has a critical role in H2O2 release during programmed
cell death induced by camptothecin, a topoisomerase-I
inhibitor, in tomato suspension cells.15

As for HR, ROS-induced programmed cell death is an
effective defense mechanism against biotrophic pathogens that
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derive nutrients from living cells, but not against necrotrophic
pathogens that derive nutrients from dead cells. In the case of
necrotrophs, the induction of cell death in the host can be an
important stimulus for virulent proliferation.16 Preinfection of
an avirulent strain leads to HR, thus enhancing the growth of a
necrotroph, Botrytis cinerea. Moreover, inhibition of HR leads
to enhanced resistance to B. cinerea.17 Recently, our research
group reported biphasic ROS and ethylene bursts after
inoculation of a susceptible tobacco cultivar (Nicotiana tabacum
L. cv. Wisconsin 38) with a compatible hemibiotroph,
Phytophthora parasitica var. nicotianae (Ppn).3 First, transient
accumulation (phase I) of ROS and ethylene occurred at 1 and
3 h postpathogen inoculation (hpi), respectively, and a second
massive burst (phase II) occurred at 48 and 72 hpi, respectively,
followed by extensive cell death and pathogen proliferation.
The biphasic ROS production was inhibited in transgenic
plants expressing antisense to 1-aminocyclopropane-1-carbox-
ylic acid (ACC) synthase, ACC oxidase, or homologue of
ethylene insensitive3 (Ein3), as well as in transgenic plants
impaired in ROS production. All of these transgenic plants
represented increased tolerance to Ppn, too. The protective
effects against Ppn progression were related to the synergistic
inhibition of the second phase of ROS and ethylene
production, suggesting that the levels of ethylene and ROS
are correlated with compatible pathogen proliferation in
susceptible plants.
LC-MS-based profiling of metabolites was used to identify a

large set of resistance-related metabolites belonging to

phenylpropanoid, flavonoid, fatty acid, and terpenoid metabolic
pathways in barley subjected to Fusarium head blight.18 Our
previous study of nontargeted metabolite profiling in Ppn-
treated tobacco revealed that a large set of resistance-related
metabolites belonging to amino acids, phenylpropanoid, fatty
acid, and phospholipids were changed by the compatible
pathogen at each phase of ROS burst, reflecting the host
responses attempting to block pathogen penetration.19 The
degree of change of metabolite may be an important factor to
determine compatibility with the pathogen. The levels of
ethylene and ROS might influence the degree of change of
defense-related metabolite, influencing the susceptibility of
plant to pathogen. However, how the biphasic production of
ROS and ethylene mediates plant defense responses to Ppn is
still unknown. In this study, as an effort to elucidate the
interactive function of ROS and ethylene on the resistance and/
or susceptibility of plant to pathogen, we applied metabolic
profiling in wild type (WT) and ethylene signaling-impaired
transgenic tobacco, which is more tolerant to Ppn than WT.
Metabolite profiling using ultraperformance liquid chromatog-
raphy−quadrupole time-of-flight mass spectrometry (UPLC-
QTOF-MS) was applied at the first (1 hpi) and the second (48
hpi) bursts of ROS. Phenylpropanoid−polyamine conjugates
and their intermediates were present at lower levels in Ein3-AS
transgenic plants during Ppn interaction than in WT, whereas
galactolipid and oxidized free fatty acid levels were higher in
Ein3-AS transgenic plants. On the basis of the functions of the
identified metabolites and their quantitative change in WT and

Figure 1. RT-PCR and phenotypic analysis of transgenic plants expressing Ein3 antisense: (a) construction of the 35S::Ein3 antisense chimeric
construct; (b) basal levels of endogenous Ein3 transcripts in leaf; (c) ethylene production; (d) triple-response phenotype of 10-day-old etiolated
seedlings grown on MS medium supplemented with (+ACC) or without (−ACC) 10 μM ACC; (e, f) relative mRNA levels of Ein3 and ERF1 genes
infected with Ppn. An asterisk indicates a significant difference between wild type and transgenic plants under Ppn-treated or untreated conditions.
Data are statistically significant at *, P < 0.1; **, P < 0.05; or *** P < 0.01.
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transgenic plant at each phase of Ppn-induced ROS burst, this
paper investigated the interactive effect of ROS and ethylene
signaling on the metabolic responses associated with defense
and/or susceptible responses of tobacco to Ppn.

■ MATERIALS AND METHODS
Chemicals, Plants, and Pathogen Inoculation. Standard

compounds, such as amino acids, phenolic compounds, lipids, and
plant hormones (Olchemim Ltd.), including 1-aminocycloprophane-
1carboylic acid (ACC), indole-3-acetic acid (IAA), cis-12-oxophyto-
dienoic acid (OPDA), and (+)-cis,trans-abscisic acid (ABA), were
utilized as previously mentioned.19 Transgenic tobacco plants (N.
tabacum L. cv. Wisconsin 38) were generated using constructs that
consisted of a cauliflower mosaic virus 35S promoter and an Ein3
antisense coding sequence, which were expressed via Agrobacterium
tumefaciens-mediated gene transfer. A fragment (1616 bp) that
corresponded to nucleotides 385−2000 of Ein3 cDNA (TEIL1,
GenBank accession no. AB015855) was subcloned into the binary
vector pBI121 with an antisense orientation (Figure 1a). The
expression of transgenes in kanamycin-resistant plants was verified
by quantitative real-time PCR (Figure 1b). The triple-response
phenotype was scored in T2 seedlings originating from individual
kanamycin-resistant T1 plants. Fungal culture and inoculation were
performed as described previously.3

RNA Isolation and Quantitative Real-Time PCR. Total RNA
isolation and quantitative real-time PCR (qRT-PCR) were performed
as described previously.3 To analyze the relative abundance of
transcripts by quantitative real-time PCR, 1 mg of total RNA from
the leaf disks was reverse transcribed for 30 min at 42 °C in a 20 μL
reaction volume using a High Fidelity PrimeScript RT-PCR kit
(Takara). Real-time qRT-PCR was performed in optical 96-well plates
using a Chromo 4 continuous fluorescence detector (Bio-Rad).
Specific primers for Ein3 (FP, 5′-AAATGGACCTGCAGCCATAG-3′
and RP, 5-TGAAGCTCCTGCAAAGTGTG-3′) and ERF1 (FP, 5′-
GGCATTACAGAGGTGTTAGACG-3′ and RP, 5′-AAGCAATTG-
CAGCTTCTTCA-3′) and the qRT-PCR kit for SYBR Green I (Bio-
Rad) were used following the manufacturer’s instructions. Reactions
(20 μL) contained 10 μL of 2× SYBR Green master mix, 0.5 μM of
each primer, and 10 ng of cDNA. Fluorescence threshold data were
analyzed using MJ Opticon monitor software version 3.1 (Bio-Rad)
and then exported to Microsoft Excel for further analysis. Relative
expression levels in each cDNA sample were normalized to the
reference gene β-actin.
Metabolite Extraction. Total metabolites were extracted from

WT and Ein3-AS transgenic tobacco plants at 1 and 48 hpi as
previously described.19 Briefly, the youngest three leaves in plants at 1
and 48 hpi and their corresponding control leaves were collected,
immediately frozen in liquid nitrogen, and then stored at −80 °C until
metabolite extraction. Frozen samples (200 mg) were ground using a
bead beater, suspended in methanol (600 μL) with a 0.125% formic
acid solution, kept at 4 °C for 30 min, sonicated at 4 °C for 20 s, and
centrifuged at 3000 rpm for 15 min at 4 °C. Finally, the supernatant
solution was centrifuged at 13000 rpm for 10 min at 4 °C, and 3 μL of
supernatant was then injected into an UPLC-QTOF-MS instrument.
Six biological replicates were performed for each experimental
condition.
UPLC-QTOF-MS Analysis. Chromatographic separation was

performed on an UPLC system (Waters, Milford, MA, USA) using
an ACQUITY UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 μm,
Waters). The mobile phases consisted of solvent A (0.1% formic acid
in deionized water) and solvent B (1% formic acid in acetonitrile). The
gradient was applied at a flow rate of 0.4 mL/min as follows: solvent B
was linearly increased from 3% at 0 min to 50% at 3 min to 70% at 4
min, increased to 100% at 10 min, and held at 100% until 10.5 min.
Finally, solvent B was decreased to 3% at 11 min and held at 3% until
12 min. Mass acquisition was performed on a QTOF-MS (Synapt
HDMS system, Waters) operating in both positive (ESI+) and
negative (ESI−) electrospray ionization modes with the following
parameters: capillary voltage of 3.0 kV for positive and negative

modes; cone voltage of 40 V; source temperature of 100 °C;
desolvation temperature of 300 °C; and desolvation gas flow of 500 L/
h. The mass data were collected in the range of m/z 60−1200 with a
scan time of 0.25 s and an interscan time of 0.02 s for 12 min. LC-MS/
MS analysis was performed using a collision energy ramp from 20 to
60 eV in the mass range of m/z 60−1200 using automated data-
dependent acquisition. To ensure accuracy of the measured mass,
leucine-enkephalin (m/z 556.2771 in positive mode and m/z 554.2615
in negative mode) was used as a reference lock-mass compound at a
concentration of 500 pg/μL and a flow rate of 5 μL/min.

Data Processing and Statistical Analysis. In total, 48 LC-MS
chromatograms in ESI+ mode (48 in ESI− mode) were obtained from
WT and Ein3-AS transgenic samples collected at two time points after
pathogen inoculation (1 and 48 ppi) and their corresponding controls.
Detection of mass peaks in the output chromatograms was performed
using MarkerLynx software (Waters) with the following parameters:
peak intensity threshold of 50 counts and automatic determination of
deisotoping, peak width, peak baseline threshold, and noise
elimination level. The alignment of mass peaks across all chromato-
grams was performed using the mass range of m/z 60−1200, mass
tolerance of 0.05 Da, retention time window of 0.25 min, and mass
window of 0.1 Da. The result was output as a data set containing 2496
and 1055 mass peaks represented as retention time and mass-to-charge
ratio (RT−m/z pair) in ESI+ and ESI− modes, respectively.

The intensities of mass peaks for each sample were sum-normalized
and Pareto-scaled using the SIMCA-P+ software package. To
discriminate between the intensities of mass peaks of the pathogen-
inoculated samples and the corresponding controls at each time point,
we performed two multivariate statistical analyses, principal
component analysis (PCA) and orthogonal partial least squares
discriminant analysis (OPLS-DA), with data from 48 samples (8 types
of samples × 6 biological replicates). The reliability correlation
[p(corr)] values of all metabolites from the S-plot of the OPLS-DA
were extracted using the first component. We selected metabolites
satisfying the following criteria as potential markers: (a) high
confidence (|p(corr)| > 0.6) in discrimination between pathogen-
inoculated samples and the corresponding controls at each time point;
(b) mean intensities in pathogen-inoculated samples significantly
different compared to their controls (p < 0.05); and (c) fold change of
two or more in pathogen-inoculated samples compared to their
controls. The p value was calculated using independent two-sample t
test. Two-way hierarchical clustering analyses were performed with all
of the metabolite mass ions selected as potential Ppn-responsive
markers, which were differentially regulated during Ppn interaction in
WT and/or Ein3-AS transgenic plants, using PermutMatix (ver. 1.9.3)
with Pearson distance and Ward’s aggregation method.

Metabolite Identification Based on MS/MS Spectra. For the
identification of mass ions selected as potential markers, the following
resources were used: (1) the molecular formula assigned by the
element composition and isotope composition of precursor ions using
MassLynx software; (2) the MS/MS spectra of standard compounds;
and (3) metabolome databases including the Human Metabolomics
Database (http://www.hmdb.ca/), METLIN (http://metlin.scripps.
edu/), LIPD MAPS (http://www.lipidmaps.org/), and Respect for
Phytochemicals (http://spectra.psc.riken.jp/). In addition, major
fragment ions in the MS/MS spectra of potential markers were
compared with literary references on similar compounds. Fragmented
or adducted mass features from parent ions were revealed by
comparison of their MS/MS spectra.

■ RESULTS
Impaired Ethylene Signaling Responses in Ein3-AS

Transgenic Tobacco. At first, we generated independent
transgenic tobacco lines constitutively expressing a 35S::Eins3-
AS construct. An antisense BamHI−XbaI Ein3 cDNA fragment
(1616 bp) under the constitutive promoter CaMV 35S (Figure
1a) was introduced into tobacco (N. tabacum L. cv. Wisconsin
38) using Agrobacterium-mediated transformation. We got three
independent transgenic lines after monitoring with southern
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and northern blot analyses. When transgene expression was
monitored at the mRNA level by real-time RT-PCR, effective
suppression of Ein3 was detected in all of the transgenic lines,
indicating suppression of Ein3 transcription had constitutively
occurred in all three lines (Figure 1b). Redundancy within the
Ein3 family is reported in many plants including tobacco.20 Five
tobacco family members are isolated and then named NtEIL1
(N. tabacum Ein3-Like1) to NtEIL5. The sequence identity
between the NtEIL1 cDNA ranges from 48 to 90%, with
NtEIL1/2 and NtEIL3/4 being highly homologous pairs.20

Therefore, Ein3 transcription was not completely blocked in all
three transgenic lines, in which we used NtEIL1 (previously
TEIL1) for antisense construct of 35S::Eins3-AS.
EIL1/2 from carnation, which is expressed during develop-

ment and pollination in the flower, shows a positive correlation
with ethylene production.21 Therefore, we next measured
ethylene production in transgenic lines to determine whether
or not suppression of Ein3 expression affects stress-induced
ethylene production after treatment with H2O2 (Figure 1c).
Levels of ethylene production were significantly reduced in
three transgenic tobacco lines. In addition to stress-induced
ethylene production, basal levels of ethylene production
without oxidative stress were also suppressed in all three
untreated transgenic lines, indicating Ein3 transcription was
constitutively suppressed.
We chose one transgenic line (#3-1), in which the expression

of Ein3 was strongly suppressed by 36%, compared with WT
(Figure 1b), for further experiments. The phenotypic triple-
ethylene responses of the seedlings were examined in the
presence or absence of ACC, a precursor of ethylene, showing
that Ein3-AS-3 is partially insensitive to ethylene (Figure 1c).

Ein3, a transcription factor, has been shown to regulate the
transcription of the ethylene response factor 1 (ERF1) gene
directly in ethylene signaling. The transcript levels of Ein3 and
ERF1 were significantly suppressed at 48 hpi (phase II of the
ROS burst) after Ppn infection in Ein3-AS transgenic plants
(Figure 1d,e), indicating an effective suppression of pathogen-
induced Ein3 and ERF1 expression had occurred. However, the
suppression of Ein3 transcription was shown to be less effective
at uninfected and 1 hpi after Ppn infection in transgenic Ein3-
AS #3-1, compared to suppression at 48 hpi. Although we did
not get any statistical significances (P < 0.05) of Ein3 and ERF1
suppression in either uninfected control or infected transgenic
plants at 1 hpi (Figure 1e,f), the levels of Ein3 transcription
reduced by 30.3 and 25.6% at 0 and 1 hpi, respectively, in the
transgenic line. However, these results were statistically
significant at P < 0.1. Although ERF1 transcription was
suppressed by 81% at 48 hpi, ERF1 transcription was
suppressed by 41 and 50%, respectively, at uninfected and 1
hpi after Ppn infection as compared with WT plants, which
results were also statistically significant at P < 0.1 (Figure 1f).

Multivariate Statistical Analysis of Metabolites Pro-
filed in Ein3-AS Transgenic Plants after Ppn Inoculation.
Methanol extracts prepared from leaves collected at 1 and 48
hpi in WT and Ein3-AS transgenic plants, and their
corresponding control leaves were injected for UPLC-QTOF-
MS and output 2469 and 1055 variables (represented by
retention time and mass-to-charge ratio (RT−m/z pair)) in ESI
+ and ESI− modes, respectively. To discriminate among the
four sample groups at each time point, the 2469 (1055)
variables found in ESI+ (ESI−) mode were subjected to (PCA,
showing that four sample groups were clearly separated in the

Figure 2. Principal component analysis (PCA) of metabolite ions. PCA of total metabolites at 1 (a, c) and 48 hpi (b, d) extracted from ESI+ (a, b)
and ESI− (c, d) modes of UPLC-QTOF-MS. The labels are as follows: WT_P1(48)h and WT_C1(48)h, samples collected at 1 (48) hpi in WT
plants and the corresponding control samples, respectively; Ein3-AS_P1(48)h and Ein3-AS_C1(48)h, samples collected at 1 (48) hpi in Ein3-AS
transgenic plants and the corresponding control samples. Six biological replicates were performed for each condition (n = 6).
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PC1 × PC2 score plots (Figure 2). Of all of the variables,
32.3% in ESI+ (46.2 in ESI−) mode with the first component
at 1 hpi and 19.8% in ESI+ (24.2 in ESI−) mode with the
second component at 48 hpi distinguished between WT and
Ein3-AS transgenic plants. The discrimination between
pathogen-inoculated plants and their corresponding controls
was detected by 17.4% variables in ESI+ (14.5 in ESI−) mode
with the second component at 1 hpi and 31.9% in ESI+ (27.9 in
ESI−) mode with the first component at 48 hpi (Figure 2).
OPLS-DA score plots showed obvious discrimination between
pathogen-inoculated samples and their controls. The selection
of Ppn-responsive mass ions was performed on the basis of
statistical analysis as previously described. In ESI+ mode, 142
and 140 mass ions at 1 hpi and 306 and 123 mass ions at 48 hpi
were selected in WT and Ein3-AS transgenic plants,
respectively. In ESI− mode, 91 and 85 mass ions at 1 hpi
and 153 and 86 mass ions at 48 hpi were selected in WT and
Ein3-AS transgenic plants, respectively. In total, 576 and 336
nonredundant mass ions were selected as potential markers in
ESI+ and ESI− modes, respectively (Figure 3); lists are shown
in the Supporting Information, Supplementary Table 1.

Metabolite Characterization and Identification. To
identify the selected mass ions, we performed an integrative
analysis of the following information: (1) molecular formulas
assigned by element composition analysis and isotope modeling
of a precursor ion in MassLynx software; (2) accurate masses
(m/z), retention times, and MS/MS spectra of standard
compounds; (3) MS and MS/MS spectra analysis using
metabolome databases and literary references; and (4) mass
differences of identical compounds between ESI+ and ESI−
modes. The identification information is presented in
Supplementary Table 2 in the Supporting Information.
Amino acids such as arginine, serine, threonine, tyrosine,
isoleucine/leucine, phenylalanine, and tryptophan were tenta-
tively identified by integrative interpretation of MS-based
metabolome database analysis and accuracy of retention time
and mass of their standards. Moreover, through MS/MS
spectra analysis of the selected mass ions in a metabolome
database (http://spectra.psc.riken.jp/), fragmentation patterns
of metabolite ions at m/z 132.0801 (0.74RT), 120.0798
(1.34RT), 188.0707 (1.60RT), and 193.0491 (1.75RT) in ESI+
mode were observed to be similar to those of nicotine,
phenylalanine [M + H − CH2O2]

+, tryptophan [M + H −
NH3]

+, and scopoletin [M + H]+, respectively. Moreover, an
ion at m/z 203.0804 (1.60RT) in ESI− mode was identified as
tryptophan [M − H]− (Supporting Information, Supplemen-
tary Table 2).

In ESI+ mode, the MS/MS spectra of mass ions at m/z
470.2283 (1.83RT) and 484.2432 (2.02RT) were observed to be
matched to those of dicaffeoyl−spermidine [M + H]+ and
caffeoyl-feruloyl−spermidine [M + H]+ detected by HPLC-
qTOF-MS in tobacco, respectively.22 In ESI− mode, a mass ion
[M − H]− at m/z 470.2263 (1.80RT) was shown to be
fragmented to m/z 334.1838 (neutral loss of 136.0491 Da;
C8H8O2, caffeoyl group), 332.1601 (neutral loss of 138.0728
Da; C8H10O2, dihydrocaffeoyl group), 291.1829 (neutral loss of
179.0500 Da; C9H9NO3, dihydroxycinnamamide), and
135.0519 (C8H7O2

−, caffeoyl group). Together with the
fragment pattern analysis, the molecular ion was identified as
caffeoyl-dihydrocaffeoyl−spermidine using MS-based metabo-
lome databases (Supporting Information, Supplementary
Figure 1a). Moreover, a metabolite ion [M − H]− at m/z
482.2281 (2.02RT) was fragmented to m/z 346.1945 (neutral
loss of 136.0472 Da; C8H8O2, caffeoyl group), 332.1802
(neutral loss of 150.0615 Da; C9H10O2, feruloyl group),
289.1625 (neutral loss of 193.0792 Da; C10H11NO3, hydrox-
yl-methoxycinnamide), and 135.0476 (C8H7O2

−, caffeoyl
group), indicating that the precursor ion is caffeoyl-feruloyl−
spermidine (Supporting Information, Supplementary Figure
1b). In addition, through integrative interpretation of molecular
formulas ranked from element composition analysis and
isotope modeling in MassLynx software and candidates released
from accurate mass-based metabolite databases, putrescine [M
+ H]+ at m/z 89.1073 (1.35RT), feruloyl−putrescine [M + H]+

at 265.1551 (1.60RT) in ESI+ mode and two bis-
(dihydrocaffeoyl)−spermidine isomers [M − H]− at m/z
529.2998 (2.99RT) and 529.3011 (3.37RT) in ESI− mode were
tentatively identified, as presented in Supplementary Table 2.
We also observed secondary metabolites detected in our
previous study,19 including ferulic acid, tyramine, feruloyl−
tyramine, grossamide, hexose-conjugated compounds and a
malonylhexose-conjugated compound.
In ESI− mode, galactolipids generate carboxylate anions

[RCOO−] of sn-1- and/or sn-2-positioned fatty acids and
fragment ions derived by neutral loss of fatty acids [RCOOH]
or [RCOOH − H2O]. When formic acid is adducted, neutral
loss (NL) of 46 Da is generated in their MS/MS spectra.
Indeed, molecular ions at m/z 699.3778 (5.14RT) are
fragmented to m/z 653.4073 [M − H − 46]−, 415.1451 [M
− H − (16:0 − H2O)]

−, 397.1358 [M − H − (16:0)]−, and
255.2223 [16:0 − H], indicating that the molecule is a FA-
adducted form and contains palmitic acid (16:0). Furthermore,
a metabolite satisfying this requirement was tentatively
concluded to be FA-adducted DGMG (16:0) after consid-
eration of the element composition, isotope pattern, and mass
accuracy of the precursor ion based on metabolome databases
and literary references. According to the analysis procedure,
MGMG (16:3) [M + FA − H]− at m/z 531.2819 (4.48RT),
DGMG (16:0) [M − H]− at m/z 653.3739 (5.15RT), MGDG
(16:0/18:3) [M + FA − H]− at m/z 797.5352 (9.36RT),
MGDG (16:3/17:3) [M + FA − H]− at m/z 777.4781
(9.52RT), DGDG (16:2/18:3) [M + FA − H]− at m/z
955.5599 (9.76RT), MGDG (16:1/18:3) [M + FA − H]− at m/
z 767.4920 (10.39RT), and MGDG (16:2/18:3) [M + FA −
H]− at m/z 793.4987 (10.46RT) were identified (Supporting
Information, Supplementary Table 2). In addition, in the case
of glycerophospholipids in ESI− mode, their MS/MS spectra
generate specific daughter ions, including carboxylate anion
[RCOO−] of sn-1- and/or sn-2-positioned fatty acids, fragment
ions derived from neutral loss of fatty acids [RCOOH] or

Figure 3. Numbers of metabolite ions selected as potential Ppn-
responsive markers at 1 and 48 hpi in WT and Ein3-AS transgenic
plants.
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[RCOOH − H2O], m/z 171 [GP − H]−, 153 [GP − H2O −
H]−, and 79 [PO3]

−. A molecular ion at m/z 452.2790 (5.36RT)
was shown to be fragmented to 255.2279 [16:0 − H]− and
78.9585 [PO3]

−, indicating that the molecule is a glycer-
ophospholipid with palmitic acid (16:0). Together with these
results, accurate mass-based metabolite analysis in metabolome
databases revealed that the molecular ion is lysoPE (16:0). In
ESI+ mode, one (m/z 86 [C5H12N]

+) specific daughter ion of
phosphatidylcholine (PC) and lysoPC was observed in MS/MS

spectra of molecular ions at m/z 769.4849 (9.97RT), 783.5003
(10.20RT), and 766.5428 (10.44RT), indicating that the
molecules were PCs or lysoPCs (Supporting Information,
Supplementary Table 2).
Furthermore, on the basis of the molecular formulas assigned

by isotope pattern analysis of a precursor ion using MassLynx,
literary reference, and accurate mass-based metabolome
database analysis, sphingosine [M + H]+ at m/z 300.2939
(4.27RT), phytosphingosine [M + H]+ at m/z 318.3015

Figure 4. Two-way hierarchical clustering analysis. A heat map was generated with all of the metabolite mass ions that were differentially regulated
during Ppn interaction in WT and/or Ein3-AS transgenic plants. Each colored cell represents the normalized intensity of each mass ion according to
the color scale. Rows: total 912 metabolite ions (576 positive and 336 negative ions). Columns: Ppn-inoculated WT and Ein3-AS plants and their
corresponding controls (6 biological replicates × 8 conditions, n = 48).
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(4.28RT), lysoPE (16:0) [M + H]+ at m/z 454.2965 (5.35RT),
lysoPC (16:0) [M + H]+ at m/z 496.3413 (5.37RT), and PC
(38:7) [M + H]+ at m/z 804.5532 (8.92RT) and in ESI− mode
keto-octadecatrienoic acid [M − H]− at m/z 291.1983
(5.04RT), hydroxyoctadecadienoic acid [M − H]− at m/z
295.2289 (5.17RT), hydroxyoctadecenoic acid [M − H]− at m/z
297.2451 (5.39RT), keto-octadecatrienoic acid [M − H]− at m/
z 291.1977 (5.98RT), and octadecatrienoic acid [M − H]− at
m/z 277.2181 (6.74RT) were identified.
Two-Way Hierarchical Clustering Analysis. To compare

accumulation patterns of Ppn-induced mass ions in WT and
Ein3-AS transgenic plants, we performed two-way hierarchical
clustering analysis using Pearson correlation as a distance
metric. The analysis showed that Ppn-inoculated samples are
divided into three groups, and the mass ions selected as
potential markers are divided into four main groups (Figure 4).
The clustering analysis of the Ppn-inoculated samples revealed
the following three groups: WT and Ein3-AS at 1 h control and
Ein3-AS at 1 hpi; WT and Ein3-AS at 48 h control and WT at 1
hpi; and WT and Ein3-AS at 48 hpi. This result indicates that
the majority of the selected mass ions differ between WT and
Ein3-AS at 1 hpi.
The normalized signal intensities of the G1-grouped mass

ions were highest at 1 hpi in Ein3-AS transgenic plants (Figure

4). G1a, one subgroup of G1, includes mass ions MGMG
(16:3), DGMG (16:0), and octadecatrienoic acid (18:3) (Table
1), which are strongly increased at 1 hpi in Ein3-AS transgenic
plants compared to the corresponding control plants. The other
subgroup (G1b) includes mass ions increased at 1 hpi in Ein3-
AS transgenic plants and decreased at 48 hpi in WT plants,
containing MGDG (16:1/16:3), MGDG (16:2/18:3), MGDG
(16:3/17:3), DGDG (16:2/18:3), and three PCs (Table 1).
G2, whose most mass ions showed the strongest expression in
Ein3-AS transgenic plant at control 1 h (Figure 4), includes
serine, threonine, phenylalanine, hydroxyocatadecenoic acid,
and MGDG (16:0/18:3) (Table 1 and Supplementary Figure 2
in the Supporting Information). The mass ions in G3 showed
complicated accumulation patterns at each time point and were
divided into four subgroups (G3a−G3d). Mass ions grouped in
G3a (Figure 4), including two bis(dihydrocaffeoyl)−spermine
isomers (Table 1), seemed to be increased and decreased at 1
and 48 hpi, respectively, in WT but decreased at 1 and 48 hpi in
Ein3-AS transgenic plants compared to their corresponding
controls. The G3b-grouped mass ions showed the highest
signal intensities in WT plants at control 48 h. The majority of
the G3c-grouped mass ions, including nicotine (Table 1),
showed lower signal intensities at 1 h in untreated Ein3-AS
transgenic plants compared to WT plants. G3d mass ions

Figure 5. Box-and-whisker plots for accumulation changes of polyamine conjugates and their intermediates in Ppn-inoculated WT and Ein3-AS
transgenic plants: (a) caffeoyl-dihydrocaffeoyl−spermidine [M − H]−; (b) dicaffeoyl−spermidine [M + H]+; (c) caffeoyl-feruloyl−spermidine [M +
H]+; (d) bis(dihydrocaffeoyl)−spermine (1) [M − H]−; (e) bis(dihydrocaffeoyl)−spermine (2) [M − H]−; (f) putrescine [M + H]−; (g) arginine
[M − H]−; (h) feruloyltyramine [M − H]−; (i) grossamide [M − H]−. Maximum and minimum values of a metabolite among six biological
replicates are represented at upper and lower ends of whisker, respectively, and their 75th and 25th percentiles are represented at upper and lower
ends of box, respectively.
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showed a strong increase at 1 h after Ppn inoculation in WT
plants. We failed to identify any of the mass ions in this group.
In addition, the normalized signal intensities of mass ions in G4
were strongly increased at 48 hpi in WT and Ein3-AS transgenic
plants (Figure 4). Hydrocinnamic acid, scopoletin, two hexose
conjugates, feruloyltyramine, grossamide, sphingosine, phytos-
phingosine, two keto-octadecatrienoic acid isomers, hydrox-
yoctadecadienoic acid lysoPE (16:0), and lysoPC (16:0) were
grouped into G4a (Table 1). Their increased signal intensities
at 48 hpi were higher in Ein3-AS transgenic plants than in WT
plants. The majority of mass ions in G4b showed the highest
signal intensities at 48 hpi in WT plants; these species included
tyrosine, isoleucine/leucine, tryptophan, tryptamine, putrescine,
ferulic acid, feruloyl−puterscine, caffeoyl-dihydrocaffeoyl−
spermidine, dicaffeoyl−spermidine, caffeoyl-feruloyl−spermi-
dine, one hexose conjugate, and one malnoylhexose conjugate
(Table 1).

■ DISCUSSION

Previously, our research group reported a biphasic ROS burst
after inoculation of a WT tobacco cultivar, N. tabacum L. cv.
Wisconsin 38, with a hemibiotrophic fungal pathogen, P.
parasitica var. nicotianae (Ppn).3 Unlike the ROS burst that
occurs during incompatible interactions accompanied by
enhanced resistance to biotrophic pathogens, the ROS burst
caused by interaction between Ppn and this susceptible tobacco
induced necrotic cell death. Interestingly, ethylene production
also showed a biphasic pattern after Ppn inoculation. The
production of ethylene and ROS is significantly reduced in
ROS or ethylene biosynthesis/signaling-impaired transgenic
plants, which alleviates necrotic cell death caused by Ppn.3 This
result indicates a link between ethylene and ROS accumulation
in Ppn-induced necrotic cell death. We reported metabolic
changes, occurring at each phase of the ROS burst, that may be
related to defense and/or susceptibility responses to Ppn.19

However, how the biphasic production of ROS and ethylene
mediates plant defense responses to Ppn is still unknown. To
obtain more detailed information, we focused on metabolic
changes related to the ROS and ethylene burst after Ppn
inoculation. For this analysis, we performed metabolic profiling
in ethylene signaling-impaired transgenic plants, Ein3-AS, which
showed a more tolerant phenotype to Ppn than WT plants.3

The phenotypic ethylene triple response of these seedlings and
suppression of Ein3 and ERF1 transcripts (Figure 1) showed
that the Ein3-mediated pathway is impaired in Ein3-AS
transgenic plants, causing partial insensitivity to ethylene.
We performed nontargeted total metabolite profiling at 1

(first phase of ROS burst) and 48 h (second phase) after Ppn
inoculation in WT and Ein3-AS transgenic tobacco plants using
UPLC-QTOF-MS.19 UPLC-QTOF-MS analysis of methanol
extracts at 1 and 48 hpi in WT and Ein3-AS transgenic plants
separated several thousand mass ions. The output mass ions
were subjected to statistical analysis to select Ppn-responsive
mass ions, revealing 576 and 336 nonredundant mass ions in
ESI+ and ESI− modes, respectively (Figure 3). Through
integrative interpretation of information from (1) molecular
formulas assigned by isotope pattern analysis of a precursor ion
using MassLynx software, (2) analysis of standards such as
amino acids, and (3) accurate MS and MS/MS spectra analysis
using metabolome databases and literary references, a total of
56 mass ions were identified (Supporting Information,
Supplementary Table 2).

The majority of the identified mass ions were related to
hydroxycinnamic acid amides (HCAAs), which are involved in
a wide range of fundamental processes in plants, including cell
division, flowering, membrane stabilization, and defense
responses to abiotic and biotic stresses.23 Hierarchical
clustering analysis showed that HCAAs are differentially
accumulated after Ppn inoculation of WT and Ein3-AS
transgenic plants. Three polyamine-derived HCAAs (caffeoyl-
dihydrocaffeoyl−spermidine, dicaffeoyl−spermidine, and caf-
feoyl-feruloyl−spermidine) (Figure 5a−c) showed strong
reductions in their basal and Ppn-stimulated levels in Ein3-AS
transgenic plants, in which the resistance to Ppn is enhanced
and the second burst of ROS and ethylene is abrogated,3

compared to WT plants. The levels of two bis-
(dihydrocaffeoyl)−spermine isomers (Figure 5d,e) were
shown to be significantly reduced at 1 hpi in Ein3-AS transgenic
plants, but not in WT. The biosynthesis of polyamines
(putrecine, spermidine, and spermine) in plants is initiated by
decarboxylation of arginine or ornithine to putrecine.23 During
HR to tobacco mosaic virus (TMV) infection and incompatible
plant−pathogen (herbivore) interactions, the accumulation of
free polyamines and polyamine conjugates and the activation of
arginine decarboxylase (ADC) and ornithine decarboxylase
(ODC) are increased in tobacco and pepper plants.24−28 The
HR-specific expression of ODC1 in pepper has been reported
to be regulated in an SA-independent and JA- and/or ET-
dependent manner.24 Furthermore, enzymes involved in the
conjugation of hydroxycinnamic acid and polyamines are
reported to be controlled by the JA-dependent transcription
factor NaMYB8 in the tobacco N. attenuate.28,29 Together with
the results, the reduction of the basal and Ppn-induced levels of
the polyamine-derived HCAAs, putrecine, and arginine in Ein3-
AS transgenic plants (Figure 5a−g) proposes that the
production of the compounds is most likely ethylene signaling
(Ein3) dependent.
In addition, the tyramine-derived HCAAs such as feruloyl−

tyramine (FT) and grossimide grouped into G4a were
identified as potential markers of Ppn infection. FT and
grossimide contribute to plant defense against pathogens via
their peroxidative incorporation into the cell wall to form
covalent cross-linked polymers and their antibiotic activity.30,31

Accumulation of FT and activation of tyramine hydroxycinna-
moyltransferase (THT), which catalyzes the conjugation of
ferulic acid and tyramine, were observed in wounded leaf
segments of maize,32 HR-stimulated pepper,33 and scab lesion-
wounded potato.34 In this study, FT and grossimide were
dramatically increased in both WT and Ein3-AS transgenic
plants at 48 hpi (the second burst of ROS) (Figure 5h,i). The
increased levels were significantly higher in Ein3-AS transgenic
plants compared to WT. The basal and Ppn-induced levels of
ferulic acid and tyrosine, a substrate for tyramine biosynthesis,
were similar in WT and Ein3-AS transgenic plants during Ppn
interaction. The results indicate that there is an ethylene
signaling (Ein3)-independent pathway for the accumulation of
tyramine-derived HCAAs during Ppn interaction in N. tabacum
L. cv. Wisconsin 38. Indeed, FT and THT activation has been
reported to be increased in pepper during HR-induced
incompatible interaction.35 However, pretreatment with lip-
opolysaccharide, a ubiquitous component of Gram-negative
bacteria, induced suppression of HR derived from incompatible
interaction, enhanced proliferation of incompatible pathogens,
and accelerated FT synthesis and THT activation, suggesting
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that FT synthesis is independent of HR linked with ethylene
signaling.33,35

The quantitative Ppn-induced changes of galactolipids, which
are the major lipids present in the plastid membrane in plants,
were observed to differ between Ein3-AS transgenic plants and
WT (Figure 6). MGMG (16:3) and DGMG (16:0), which are
produced by hydrolysis of a fatty acid at the sn-1 or -2 position
of diacylglycerol lipids, and octadecatrienoic acid (18:3), a
major substrate of oxylipins, showed dramatic increases at 1 hpi
in Ein3-AS transgenic plants (Figure 6a−c). Furthermore,
galactosyl-diacylglycerol lipids such as MGDG (16:3/17:3),
DGDG (16:2/18:3), and MGDG (16:1/16:3) also showed to
be strongly increased at 1 hpi in Ein3-AS transgenic plants.
However, they were significantly decreased at 48 hpi in WT but
not changed in Ein3-AS transgenic plants (figure 6d−f). The
compositional changes of galactolipids in WT and Ein3-AS
transgenic plants may reflect metabolic rearrangements
occurring in plastid membrane to acclimate or overcome cell
damage derived from Ppn attack.
Levels of oxidized free fatty acids such as two keto-

octadecatrienoic acid isomers and hydroxyoctadecadienoic
acid were strongly increased in Ein3-AS transgenic plants at
48 hpi but weakly increased in WT (Figure 6g−i). Oxidation of
membrane lipids in plants is believed to mediate defense
responses to stresses and to prevent oxidative damage.36,37 In

particular, trienoic fatty acids have been suggested to act as
ROS sinks, reducing ROS levels and protecting against adverse
ROS effects during fungal infection and chronic oxidative stress
responses.38,39 The oxidized products of unsaturated fatty acids,
oxylipins, act as signaling molecules that activate defense
systems against wounding and pathogen attack.38,40 The
hemibiotrophic oomycete pathogen Phytophthora infestans41

and fungal elicitors such as cryptogein42 activate the HR-linked
9-lipoxygenase pathway, which leads to peroxidation at the C-9
position of octadecatrienoic acid (18:3) and octadecadienoic
acid (18:2). HR is initiated by recognition of the Avr protein by
a host R protein (incompatible interaction). On the other hand,
in the absence of an R protein in the host, the Avr protein
promotes virulence in plant (compatible interaction). The
expression of AvirRpm1, a bacterial avirulence protein, in planta
(incompatible interaction) induces dramatic accumulation of
oxylipins, such as keto-octadecadi(tri)enoic acid, hydro(pero)-
xyoctadecadi(tri)enoic acid, 12-oxophytodienoic acid, jasmonic
acid, and their substrates, such as octadecatrienoic acid (18:3)
and octadecadienoic acid (18:2). However, during compatible
interaction, there is little to no accumulation of these species.43

The results suggest that the accumulation of the oxidized fatty
acids in Ein3-AS transgenic plants are most likely involved in
defense response to Ppn and may be negatively associated with
an ethylene signaling pathway.

Figure 6. Box-and-whisker plots for accumulation changes of galactolipids and oxidized fatty acids in Ppn-inoculated WT and Ein-AS transgenic
plants: (a) MGMG (16:3) [M + FA − H]−; (b) DGMG (16:0) [M + FA − H]−; (c) octadecatrienoic acid (18:3) [M − H]−; (d) MGDG (16:3/
17:3) [M + FA − H]−; (e) DGDG (16:2/18:3) [M + FA − H]−; (f) MGDG (16:1/16:3) [M + FA − H]−; (g) keto-octadecatrienoic acid (1) [M −
H]−; (h) hydroxyoctadecadienoic acid [M − H]−; (i) keto-octadecatrienoic acid (2) [M − H]−.
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