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Tenuazonic acid (TeA), a nonhost-specific phytotoxin produced by Alternaria alternata, was determined to be
a novel natural photosynthesis inhibitor owning several action sites in chloroplasts. To further elucidate the
mode of its action, studies were conducted to assess the production and involvement of reactive oxygen
species (ROS) in the toxic activity of TeA. A series of experiments indicated that TeA treatment can induce
chloroplast-derived ROS generation including not only 1O2 but also O2

U−, H2O2 and UOH in Eupatorium
adenophorum mesophyll cells, resulting from electron leakage and charge recombination in PSII as well as
thylakoid overenergization due to inhibition of the PSII electron transport beyond QA and the reduction of
end acceptors on the PSI acceptor side and chloroplast ATPase activity. The initial production of TeA-induced
ROS was restricted to chloroplasts and accompanied with a certain degree of chloroplast damage.
Subsequently, abundant ROS were quickly dispersed throughout whole cell and cellular compartments,
causing a series of irreversible cellular harm such as chlorophyll breakdown, lipid peroxidation, plasma
membrane rupture, chromatin condensation, DNA cleavage, and organelle disintegration, and finally
resulting in rapid cell destruction and leaf necrosis. These results show that TeA causing cell necrosis of host-
plants is a result of direct oxidative damage from chloroplast-mediated ROS eruption.
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1. Introduction

TeA is a nonhost-specific phytotoxin produced by several fungi
including Alternaria alternata, A. longipes and A. tenuissima [1]. It
causes symptoms of brown leaf-spot disease in a wide range of plants
from weed species to crop plants, and then quickly kills the seedlings
of mono- and dicotyledonous weeds, especially Eupatorium adeno-
phorum (Asteraceae), a noxious weed, that is found throughout the
world [2]. Therefore, TeA has a potential to be developed as a new
bioherbicide (Supplementary-1). Although it was isolated in 1957
from the culture filtrates of A. tenuis [3], so far, interest in TeA was
mainly focused on concerns with toxicity [4,5] as well as desirable
bioactivity including antitumor, antiviral and antibacterial activity
due to inhibiting protein synthesis [6,7]. Conversely, Meazza et al.
found that TeA weakly inhibits p-hydroxyphenylpyruvate dioxygen-
ase [8]. Recently, we reported that TeA is a novel photosynthesis
inhibitor with several action sites, which mainly interrupts photosys-
tem II (PSII) electron transport beyond QA (primary quinone acceptor)
by competing with QB (secondary quinone acceptor) for QB-niche of
the D1 protein. Based on studies with D1-mutants of Chlamydomonas
reinhardtii, the no. 256 amino acid plays a key role in TeA binding to
QB-niche. Moreover, TeA is the first toxin from a phytopathogen
reported as a natural PSII inhibitor [9,10]. However, it is still unknown
how TeA induces cell death and causes leaf necrosis.

Under such stresses of pathogen attack and herbicide treatment,
reactive oxygen species (ROS) are usually considered to be involved in
cell death processes as signal or toxic molecules. In plants, the ROS
burst triggered by different stresses are attributed to different
mechanisms [11,12]. A large body of investigations have pointed out
that plant pathogenic toxins could induce ROS production in
mitochondria, plastids and other organelles of the host-plant cell.
For example, victorin, a host-selective peptide toxin from Cochliobolus
victoriae, causes mitochondrial oxidative burst by inhibiting the
respiration chain [13]. Fumonisin B1 (FB1), a sphinganine analog
mycotoxins produced by Fusariummoniliforme, can elicit an apoplastic
oxidative burst in Arabidopsis by peroxidase [14]. Shinogi et al.
showed that AK-toxin I from A. alternata triggered ROS generation in
plasma membranes of sensitive Japanese pear due to its direct action
on plasma membrane [15]. Gechev et al. suggested that a biphasic
oxidative burst in Arabidopsis leaf tissue following treatment with the
host-specific toxin AAL-toxin from A. alternata resulted from toxin-
induction of genes encoding ROS-generating proteins [16]. During the
interaction of these phytotoxins and host-plants, ROS have been
shown to be involved in programmed cell death (PCD) pathway.
Additionally, there are a few reports that some toxins such as taboxin
from Pseudomonas syringae pv tabaci, naphthazarin toxin produced
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by Fusarium solani can generate 1O2 and O2
U− in chloroplasts under

light due to interruption of PSI electron transport chain [17,18]. To the
best of our knowledge, themechanism of chloroplastic oxidative burst
induced by some toxins from plant pathogens is still vague, moreover,
no report on chloroplastic oxidative burst triggered by a natural PSII
inhibitor toxin has been available.

In plant cells, chloroplasts are considered to be the major site of
ROS production, since they possess an environment rich in oxygen,
reductants, and high-energy intermediates [11,19]. A complex array
of ROS can be generated in choroplasts resulting from the accumu-
lation of 1O2 when the absorption of light energy exceeds the capacity
for CO2 assimilation or leads to inactivation of PSII reaction centers
due to overreduction of the electron transport chain [20] and O2

U− due
to the photoreduction of oxygen at PSI at high light intensities.
Photosynthesis inhibitors are good tools to investigate themechanism
and role of ROS generation in chloroplasts. A large percentage of
commercial herbicides are inhibitors of chloroplast electron transport
chain. Their primary toxic mechanism is to block the synthesis of ATP
and NADPH, being followed by ROS generation, oxidative damage and
cell death [21].

Here, we examine the mechanism of ROS generation in mesophyll
cells of E. adenophorum, oxidative damage, cell death and leaf necrosis
phenomena after TeA treatment in order to thoroughly clarify the
relationship between the molecular sites of TeA action, ROS and cell
necrosis. Through a series of sensitive and robust assays we provide
evidence to support the view that TeA-induced chloroplast-derived
oxidative burst attributed to the multiple inhibition of photosynthesis
causes oxidative damage to cells, resulting in cell death and leaf tissue
necrosis. Finally, a model of action of TeA as a natural photosynthesis
inhibitor was proposed.

2. Materials and methods

2.1. Plant materials and tenuazonic acid

Cuttings of E. adenophorumwere rooted and grown in a mixture of
soil and peat (1:1 [v/v]) at between 18 to 25 °C under approximate
300 μmol m−2 s−1 white light (day/night, 12 h/12 h) and relative
humidity (about 70%) in a greenhouse. After three months of growth,
the second and third top leaves of the plants were used in subsequent
experiments.

TeA was isolated and purified from the culture of A. alternata isolate
501 [9]. For all experiments, TeAwas dissolved in less than 1%methanol
(v/v). 5-(Diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide
(DEPMPO) was supplied by Prof. Y. Liu (Institute of Chemistry, CAS).
All other chemicals were obtained from Sigma-Aldrich.

2.2. Preparation of leaf segments and treatments

The epidermis was carefully peeled from the abaxial surface of the
leaves following the procedure of Yao et al. [22]. The resulting
epidermis-less leaf segments of (0.5×1 cm) were placed in a small
Petri dish containing 10 mMMES-KCl, pH 7.2, in darkness until use. For
chemical treatment, leaf segments were transferred to fresh bufferwith
or without dimethylthiourea (DMTU, 1 mM in 0.2% DMSO), SOD
(400 U/ml) and catalase (300 U/ml), then floated on solutions with
or without TeA with the peeled surfaces in contact with the liquid and
incubated for the time indicated in each experiment under illumination
in the growth chamber (25 °C, 100 μmol m−2 s−1 white light). After
washing, samples were used for biochemical and cytological assays.

2.3. Assays of leaf tissue damage and cell viability

To assess lesion formation, detached leaves were vacuum-
infiltrated for 15 min with 1% methanol (control) or 250 µM TeA
and treated for the indicated times (25 °C, 100 μmol m−2 s−1 white
light). The samples were examined for visible lesions and recorded
with a digital camera (Nikon, COOLPIX 4500, Japan). Leaves were
stainedwith Trypan Blue D (TBD) to visualize dead cells in fresh tissue
as previously described in detail [23].

2.4. Chlorophyll fluorescence determination

Detached-intact leaves submerged in TeA solution were vacuum-
infiltrated for 15 min, continuing to incubate for 3 h at 25 °C in complete
darkness. Chlorophyll fluorescence rise kinetics was measured with a
HandyPEA fluorometer (Hansatech, UK). The OJIP fluorescence transi-
ents are inducedby1 spulses of red light (650 nm,3500 μmol m−2 s−1).
Raw data were transferred with HanyPEA V1.30 software and Bioly-
zerHP3 to a spreadsheet. The state of PSII reaction center (RC) is
characterized on the basis of several JIP-test parameters [24]. Non-QA

centers are calculated according to the amount of QA reducing centers of
the reference samples: therefore the fraction in % of non-QA reducing
centers is equal to 100% minus the fraction of the % of QA reducing
samples.

2.5. Estimation of chloroplast ATPase activity

Thylakoids were extracted using the method of Jursinic [25]. After
thylakoids were treated with TeA at various concentrations for
indicated time in ice in dark, thylakoids (40 µg Chl) was added into
1 ml a medium containing 50 mM Tricine-NaOH (pH 8.8), 2.5 mM
MgCl2, 5 mM ATP, 20 mM NaCl and 33% (v/v) CH3OH, and then
incubated for 5 min at 37 °C. Mg2+-ATPase activity was determined as
hydrolyzed Pi according to [26].

2.6. Electrolyte leakage and lipid peroxidation

To measure ion leakage [23], leaf discs of 7-mm diameter were
prepared and rinsed with distilled water, then 20 pieces of them
(about 0.1 g) were submerged in 5 ml of distilled water, 1% methanol,
250 µM TeA solution for the indicated times at 25 °C under around
100 μmol m−2 s−1 white light with occasional agitation. The conduc-
tivity of the wash solution (µS cm−1) was determined using a DDS-
12A conductivity meter. The total ion leakage was obtained by
measuring the conductivity of the same leaf discs-containing solution
after autoclaving. Ion leakage per gram of wet weight was calculated
by dividing the conductivity of the solution before autoclaving by the
conductivity of the solution after autoclaving and dividing the value by
sampleweight. Relative ion leakage is the ratio of the value obtained in
treated samples to the value obtained in samples from control (water)
samples.

The level of lipid peroxidation was monitored by spectro-
photometric determination of malondialdehyde (MDA) using thiobar-
bituric acid (TBA) according to Shimizu et al. [27]. The concentration of
MDA-reactive TBA was calculated from the extinction coefficient of
155 mM−1 cm−1.

2.7. Histochemical detection of H2O2 and O2
U−

H2O2 and O2
U− levels were determined by in vivo staining with 3,3′-

diaminobenzidine (DAB) [28] or nitroblue tetrazolium (NBT) [29] as
substrate. Briefly, plants were excised at the base stems and supplied
through the cut stems with a 0.1% (w/v) solution of DAB (pH 3.8) or
0.1% (w/v) NBT (dissolved in 25 mM HEPES-KOH) for 8 h under light
at 25 °C, and then exposed to TeA. The second leaves were cut and
rinsed by distilled water, and decolorized by immersing the leaves in
boiling ethanol (96%) for 10 min. The latter samples were stored in
ethanol (96%) and recorded with a digital camera (Nikon, COOLPIX
4500, Japan). H2O2 and O2

U− were visualized as a reddish-brown and
dark-blue coloration.
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2.8. Laser-scanning confocal microscope (LSCM) observation

Intracellular ROS were measured by monitoring DCF fluorescence,
the oxidation product of H2DCF-DA [30]. Microscopy observation was
performed using a LSCM (Leica TCS-SPII, Germany).

For epidermis-less leaf segments, after exposure to experimental
treatments, the samples were incubated with 10 µM H2DCF-DA for
25 min at 37 °C in darkness. After washing with loading buffer
(10 mM Tris–HCl, 50 mM KCl, pH 7.2), the samples were examination
using 488 nm excitation by 25% power and 510–560 nm emission.

Mesophyll protoplasts were isolated using 1% Cellulase R10 and
0.2% Macerozyme R10 (Yakult Honsha, Tokyo, Japan) according to
[31]. Protoplasts were incubated in 10 µM H2DCF-DA in W5 solution
for 15 min at 37 °C in darkness, and washed twice with W5 solution.
When TeA was added to H2DCF-DA preloaded protoplasts, LSCM
observation was immediately performed with the following settings:
Fig. 1. Detached leaves of E. adenophorum responses to TeA. (A) Photographs of detached leav
white light). Red pane indicates leaf lesions showing a brown diseased leaf-spot. (B) Cell death
BlueD. (C) Ion leakagewasassayed after leafdiscswere treatedwith250 µMTeA for1,3, 6, 9, 12
methanol or TeA-treated samples to thevalueobtained inwater-treatedsamples (control) at 1 h
means±SD (n=4). Arrow indicates the time at which cell death was visible. Insert stands for
5% power, 488 nm excitation, and 510–560 nm emission. Fluores-
cence images were captured over a 10 min period.

Chloroplast autofluorescence (488 nm excitation, 45% power) was
visualized at 725–795 nm. Analysis of quantitative images was
performed using Leica Confocal Software Lite (Leica, Germany).

2.9. Electron spin resonance (EPR) analysis

PSII membraneswere isolated according to themethod of Berthold
et al. [32]. For EPR analysis [33], PSII membranes (200 µg Chl ml−1)
were suspended in 1 mM DM, 2 mM DETAPAC (diethylenetriamine-
pentaacetic acid), 50 mM MES-NaOH (pH 6.0), 5 mM NaCl, 250 µM
TeA and 40 mM DEPMPO as spin trap of O2

U− and UOH. EPR signals of
samples were measured before and after exposure to light with a
Bruker ESP300 spectrometer (Bruker Company, Germany) operating
in the X-band at 20 °C. Samples were illuminated by a continuous He–
es incubated by 250 µM TeA for 0 and 36 h under illumination (25 °C, 100 μmol m−2 s−1

at 6, 12 and 24 h after 250 µMTeA treatment under light. Leaves were stainedwith Trypan
and24 hunder illumination. Ion leakage is reportedas the ratio of the valuemeasured in1%
; rawvalue ofwater-treated samplesat1 h is84.01±21.35 µS cm−1. Data are presented as
photography of leaves discs incubated for 12 h.



Fig. 2. (A) Chlorophyll fluorescence rise kinetics plotted on logarithmic scale of leaves of
E. adenophorum. Fluorescence transient OJIP of detached-intact leaves incubated under
dark with various concentrations of TeA for 3 h were detected using HandyPEA. The top
figures showcurvesnormalizedbyFo and FM, the bottomfigures showsdelta V (gain 1) full
symbol curves minus control. All results are the averages of about 15 independent
measurements. (B) Effect of TeA on thylakoid ATPase activity of E. adenophorum. After
thylakoids were incubatedwith 1%methanol (control) or TeA for the indicated time in ice
under dark, ATPase activity was determined in the presence of Mg2+ and ATP, as an
increase amount of hydrolyzed Pi. Each value is average of at least three independent
experiments.
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Ne laser (663 nm, 1800 µmol m−2 s−1) that produced strong irradi-
ance without heating them. The instrument setting used were as
follows: modulation amplitude, 1.5 G; time constant, 164 ms;
modulation frequency, 100 kHz; microwave power, 10 mW; and
microwave frequency, 9.76 GHz. Detection of 1O2 was carried out with
20 mM 2,2,6,6-tetramethyl-piperidine (TEMP) as spin trap under the
same conditions as described above. As described by [34], PSII
membranes were extracted into ethylacetate and aired in the
presence of catalytic amount PbO2 before EPR detection in order to
avoid artifacts resulting from the production of diamagnetic hydrox-
ylamines. Purification of TEMP was performed by a standard vacuum
distillation at 15 mbar in the presence of active carbon.

2.10. Tansmission electron microscope (TEM) procedures

H2O2 was visualized at the subcellular level using CeCl3 for
localization [35]. Electron-dense cerium deposits that formed in the
presence of H2O2 were visualized by TEM. TeA-treated epidermis-less
leaf segments were cut into small tissue pieces (1–2 mm2) and
incubated in freshly prepared 5 mMCeCl3 in 50 mM 3-(N-morpholino)
propanesulfonic acid (Mops) at pH 7.2 for 1 h. Tissue pieces were
then fixed in 1.25% (v/v) glutaradehyde/1.25% (v/v) paraformalde-
hyde in 50 mM sodium cacodylate (CAB) buffer, pH 7.2 for 1 h, and
held overnight at 4 °C. For the experiments in Fig. 9, segments were
not stained in CeCl3 but fixed directly. After fixation, tissues were
washed twice for 10 min in CAB buffer and postfixed for 45 min in
1% (v/v) osmium tetroxide, dehydrated in a graded ethanol series
(30–100%, v/v), and embedded in Eponaraldite (Agar Aids, Bishop's
UK). After 12 h in pure resin, followed by a change of fresh resin
for 4 h, samples were polymerized at 60 °C for 48 h. Blocks were
sectioned (70–90 nm) on a Power Tome XL microtome (RMC, USA),
and mounted on uncoated copper grids (300 mesh). Sections were
examined using TEM (H-7650, Hitachi, Japan) at an accelerating
voltage of 75 kV.

2.11. Nuclear chromatin condensation and DNA fragmentation analysis

Morphological changes in the nuclear chromatin were detected by
staining with 0.5 µg ml−1 Hoechst 33258, and followed by observation
using a fluorescence microscope (Zeiss Axio Imager A1, Germany) with
an excitation filter of 365 nm and a barrier filter of 450 nm.

The DNA degradation assay was performed according to the
method of Wang et al. [36]. Identical amounts of DNA sample were
run on a 2% (w/v) agarose gel at 80 V. DNA ladders were
photographed with an image Saver (Gel DOC™ XR, Bio-Rad, USA).

2.12. Statistical analysis

Relative results were analyzed with STATGRAPHICS PLUS software
Ver.2.1 (Manugistics, Rockville, MD, USA). One-way ANOVA was
carried out andmeans were separated using Duncan's least significant
ranges (LSR) at 95%. Each experiment was repeated three times with
at least three replications per treatment.

3. Results

3.1. TeA-triggered cell death is associated with photosynthesis inhibition

Generally, in the case of detached-intact leaves treated with
250 µM TeA under illumination, visible symptoms began to appear at
24 h, with the tissue turning brown and with spreading collapsed
areas, eventually progressing to dry lesions with distinct borders by
36 h (Fig. 1A). The basic timing and sequence of damage formation in
TeA-incubated leaves was also monitored by vital dye staining with
Trypan Blue or by ion leakage, an indicator of plasma membrane
damage (Fig. 1B,C). After TeA incubation for 6 h, ion leakage started to
increase but the cells were still alive. Ion leakage enhanced
significantly after 12 h, at which time, a portion of the cells began to
die. Within 24 h, almost all the cells were dead and ion leakage was
also increased to a higher level. Leaf discs edges became brown after
6 h (Supplementary-2), with browning and necrosis progressing
toward the center of leaf discs during 12 h of TeA treatment (insert of
Fig. 1C). It is clear that occurrence of damage in leaf discs is faster
relative to intact leaves. The reason is that TeA infiltrates cells in leaf
discs more easily than in intact leaves. Once mesophyll cells contact
directly with TeA spray, cell death accompanied by membrane
destruction will occur, and soon after leaf tissues will turn brown
and necrotic. This pattern seems the same as for leaf injury induced by
PSII inhibitor herbicides bentazon and bromoxynil.

The TeA site of action is similar to the classical PSII herbicides
including bentazon and bromoxynil, as well as atrazine and diuron, but
displays different binding behavior within QB-niche on D1 protein
[9,10]. To assess the effect of TeA on PSII RCs, we measured chlorophyll
fluorescence rise transients of TeA-treated intact leaves (Fig. 2A). The
biggest change of fluorescence transients OJIP is a rapid rise of the OJ
phase so as to FJ being close to FM. So, VJ corresponding to the relative
variable fluorescence at the J-step showed a distinctly increase, which
reflects the accumulation of QA

− and rate of QA
− reoxidation. Usually, an

increase in the J-level is interpreted as evidence for a slowdown of



Table 1
Analysis of Chl fluorescence induction kinetic parameters of TeA-treated leaves of E. adenophorum.

Treatment

Control 250 µM TeA 500 µM TeA 1 mM TeA

VJ=(FJ−Fo)/(FM−Fo) 0.40±0.03c 0.55±0.11b 0.59±0.04b 0.75±0.13a
Ψ0=ET0/TR0=1−VJ 0.60±0.03a 0.45±0.11b 0.41±0.04b 0.25±0.13c
φEo=ET0/ABS=(1−Fo/FM)·(1−VJ) 0.47±0.03a 0.34±0.08b 0.20±0.03c 0.09±0.06d
RJ=(ΨControl−ΨTreatment)/ΨControl 1−Ψ′/Ψ0 0d 0.24±0.19c 0.32±0.06b 0.55±0.11a
N=Sm·M0/VJ 32.70±1.57a 21.75±9.23b 24.61±4.18b 3.32±1.02c
Sm/tFmax=[QA/QA(total)]av 0.06±0.01a 0.03±0.01b 0.02±0.01b 0.01±0.01c
Non-QA reducing center 0±0.23d 0.32±0.20c 0.49±0.23b 0.83±0.16a
φRo=1−FI /FM 0.14±0.01a 0.09±0.01b 0.07±0.02c 0.03±0.04d

Fluorescence parameters in table were measured using HandyPEA after detached-intact leaves were incubated for 3 h in the presence of TeA. Their values are obtained according to
the equations of the JIP-test parameters by BiolyzerHP3 program. ABS, TR0 and ET0 means absorption, trapping and electron transport flux. Minimal (at 10 µs) and maximal
fluorescence is defined as Fo and FM, respectively; fluorescence intensity at 2 ms (J-step) and 30 ms (I-step) is denoted as FJ and FI; tFmax is time to reach FM; Sm expresses normalised
total complementary area above the OJIP transient. Each data is mean values±SE of 15 repetitions. Different small letters indicate values significantly different within treatments
(pb0.05) according to the LSR test.
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electron flow beyond QA [24]. Since PSII electron flow was blocked, the
probabilityψ0 that a trapped excitonmoves anelectron into the electron
transport chain beyond QA and subsequently, φEo which expresses the
maximum quantum yield for electron transport, had a sharp decline.
Fig. 3. Histochemical detection of H2O2 with DAB staining and O2
U− with NBT staining in the

methanol (control) or 250 µM TeA for 0.5, 1, 2, 3 and 6 h under illumination (25 °C, 100 μmol
(control) or 250 µM TeA for 0.5 and 1 h under light, respectively. Experiments were repeat
When the QA
− cannot be reoxidated in time, the turnover number N

declined fast, which expresses how many times QA has been reduced
in the time interval from 0 to tFmax. The ratio Sm/tFmax offers a measure
of the average (av) redox state of QA

−/QA from time 0 to tFmax, and
detached-intact leaves of E. adenophorum. (A) The induction of H2O2 production by 1%
m−2 s−1 white light), respectively. (B) The induction of O2

U− production by 1%methanol
ed at least four times with similar results.
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expresses also the average fraction of open RCs. A significant decrease of
Sm/tFmax proposed that TeA caused the severe closure of PSII RCs, which
can be attributed to an enhancing of the RJ parameter reflecting the
numberof PSII RCswithQB-sitefilled byTeA. Previous studies suggested
that PSII inhibitors can cause an increase of non-QA reducing centers
[24]. A same change trend of non-QA reducing centers is shown in
Table 1 after TeA treatment. It is concluded that TeA resulted in
inactivation of PSII RCs by blocking electron transport from QA to QB by
occupying QB-niche [37,38]. Non-QA reducing centers, also so-called
heat sink centers or silent centers, are radiators and often are used to
protect the system from over excitation and over reduction which
would create dangerousROS. Additionally, TeA treatment had shownan
effect on the IP phase (Fig. 2A), which is related to electron transfer
through PSI and the reduction of a traffic jam of electrons caused by a
transient block at the acceptor side of PSI due to the inactivation of
ferredoxin-NADP+-reductase (FNR) [39]. A significant drop of the
values ofφR0 expressing the probability of reductions at the PSI electron
acceptor side per electron flow further than QA was found (Table 1),
indicating that TeA has a visible effect on electron flow at PSI acceptor
side.
Fig. 4. Production and intracellular localization of ROS in mesophyll cells in epidermis-less l
intensities from images of 1% methanol (control) and TeA-treated mesophyll cells illuminate
indicated times. (C) Effect of ROS scavengers on TeA-induced ROS production in mesophyll c
for 3 h, subsequently incubated with 250 µM TeA for 4 h under illumination. Data are presen
at pb0.05. (D) Mesophyll cells were treated with 250 µM TeA for 2 h. Green signals indic
localization of the green fluorescence (DCF) signals matched that of the red fluorescence
chloroplasts. Bar=50 µm.
The photosynthetic electron transport is coupled to a buildup of a
thylakoid proton gradient, which drives the synthesis of ATP from
ADP and Pi catalyzed by the chloroplast ATPase [40]. Fig. 2B shows TeA
addition inhibited prominently the activity of chloroplast ATPase in
the dark. Inhibition of ATPase activity will inevitably lead to blocking
ATP synthesis and ATP-hydrolysis. Precisely because TeA interrupts
PSII electron flow and ATP synthesis, it is regarded as an inhibitor of
redox energy conservation and therefore also is expected to increase
the energization levels in thylakoid, which can result in a large
generation of ROS. Therefore, it is concluded that TeA-triggered cell
death and leaf tissues necrosis may result from oxidative damage
due to ROS production by using electrons and the energy of excited
photosynthetic units.

3.2. TeA treatment causes oxidative burst before cell death

Tomonitor weather ROS are involved in the process of TeA-induced
cell death, DAB and NBT staining were utilized to check the in situ
accumulation of H2O2 and O2

U− in detached-intact leaves exposed to TeA
under light. H2O2 was detectable as early as 0.5 h in TeA-treated leaves,
eaf segment of E. adenophorum after TeA treatment. (A) Time course of change in pixel
d. (B) DCF fluorescence images of control or 250 µM TeA-treated mesophyll cells at the
ells. Mesophyll cells were pretreated with either DMTU (1 mM) or catalase (300 U/ml)
ted as means±SD (n=3). Means denoted by the same letter did not significantly differ
ate DCF fluorescence. Red signals indicate chloroplast autofluorescence. Note that the
(autofluorescence) signals. Green signals were not found in the outer membrane of
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with the color continuing to deepen with incubation over a 6 h period.
The color initially appeared in major veins and then spread to minor
veins throughout the leaf. However, no visible H2O2 accumulation was
observed in controls (Fig. 3A). Similar results were observed during
detection of O2

U− generation in leaves (Fig. 3B). Incubation of TeA
for 0.5 h led to slight accumulation of O2

U− in the vascular tissue. The
color was the deepest in intact leaves incubated for 1 h, and then
declining. It is presumed that development of H2O2 and O2

U− in intact
leaves is an earlier event than TeA-induced cell death and leaf necrosis.

3.3. Photosynthetic apparatus of chloroplast is the primary source of
TeA-induced oxidative burst

In order to visualize intracellular oxidative processes, the chemical
probe H2DCF-DA combined LSCM was used to monitor ROS
generation in epidermis-less leaf segments and protoplasts under
light. After segments were treated with 250 or 500 µM TeA (Fig. 4A,B),
it appeared that the higher TeA concentration led to an earlier ROS
production peak inmesophyll cells. Relative to control, cells incubated
with 250 µM TeA have higher DCF fluorescence intensity up to 3 h,
and then show a gradual disappearance during 3 to 6 h. It is noticeable
that DCF signal appeared mainly to be localized in cellular compart-
ments from 0.5 to 2 h. However, DCF signals dramatically increased
and were dispersed throughout the cell when mesophyll cells were
Fig. 5. Production and intracellular localization of ROS in TeA-treated protoplasts of E. adenop
or TeA-treated protoplasts. Each data point represents the mean±SD of three independent
fluorescence images of control (a, 10 min) or TeA-treated protoplasts (b–h) at different time
after treatment with 250 µM TeA for 10 min. Green signals indicate GFP of DCF. Red signals in
(DCF) signals matched that of the red fluorescence (autofluorescence) signals. Green signa
incubated with TeA for 3 (not shown) or 4 h (Fig. 4B). At this time,
intracellular ROS levels appeared to be much higher than that
detected with the DCF signals because of a concomitant enhancement
in cellular dysfunction leading to leakage of intracellular ROS into
extracellular spaces. ROS scavenger DMTU and catalase could partially
reduce DCF signals (Fig. 4C). In an attempt to identify the source of
ROS at these time points, the chloroplast autofluorescence (red) of
mesophyll cells treated with 250 µM TeA for 2 h was synchronized
with DCF fluorescence (green). The green DCF signals exactlymatched
that of the red chloroplast autofluorescence signals, showing a single
yellow image when the red chloroplast fluorescence was overlaid
with the green DCF signals (Fig. 4D). A similar result also is found in
TeA-treated epidermal peels (Supplementary-3). In the early stage of
TeA treatment, DCF signals were not observed in the basic epidermal
cells (which do not possess chloroplasts) unless those cells were
guard cells of stomata, which makes us deduce that TeA-induced ROS
was generated only in chloroplast because only the guard cells contain
well-developed chloroplasts in normal leaf epidermis [41].

To confirm next that ROS were initially produced in chloroplasts,
the process of ROS production in protoplasts incubated by TeA was
monitored. Within 30 seconds, protoplasts exhibited distinct DCF
signals, which intensified over a period of 10 min. At this juncture, we
also found that the intracellular localization of DCF signals accurately
matched that of chloroplasts autofluorescence (Fig. 5). This result
horum. (A) Time course of changes in pixel intensity determined from images of control
experiments in which one value is the means of 7 to 10 individual protoplasts. (B) DCF
0.5 (b), 1 (c), 2 (d), 4 (e), 6 (f), 8 (g) and 10 (h) min. (C) Intracellular localization of ROS
dicate chloroplast autofluorescence. Note that the localization of the green fluorescence
ls were not found in the outer membrane of chloroplasts.
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demonstrates again that the sites of ROS-producing organelles are
chloroplasts in TeA-treated cells.

For amoreprecise localization ofH2O2production inmesophyll cells,
we did an unltrastructural analysis using a cytochemical assay based on
CeCl3 staining [35]. At 1 h of illuminated TeA-treated leaf segments,
abundant deposits of cerium was found in chloroplast grana lamellae
and stroma, and along chloroplast membranes (Fig. 6B). Similar results
were obtained when segments were treated with 10 µM paraquat for
2 h (Supplementary-4). By 4 h (Fig. 6C), the large accumulation of H2O2

was also observed in the cell walls facing intercellular spaces. At this
moment, H2O2 accumulation in chloroplasts increased to a maximum,
decreasing thereafter (Supplementary-5). The decline of H2O2 in
chloroplast grana lamellae, stroma and membranes at this stage
coincided with chloroplast grana lamellae disorganization. The H2O2

accumulation in cell walls reached its highest level at 6 h (Fig. 6D).
However, control cells were completely free of cerium deposits
(Fig. 6A). This result provides strong evidence that the original site of
TeA-induced H2O2 generation is in chloroplasts, which is in agreement
with LSCM experimental results. So, we propose that chloroplast-
derived oxidative burst is a result of inhibited photosynthesis because
TeA inhibits PSII and PSI electron flow and chloroplast ATPase activity.
3.4. TeA-induced not only 1O2 but also O2
U− and UOH generation in PSII

To verify the kinds of ROS generation in chloroplasts, EPR com-
bined spin trap TEMP was used to trap 1O2 formation during PSII
membranes incubated with 250 µM TeA. Fig. 7A shows the charac-
teristic EPR signal of nitroxyl radical TEMPO formed by the reaction of
TEMP with 1O2. 1O2 was generated by PSII membranes exposed for
15 min to high light illumination. When TeA was added prior to the
illumination, the TEMPO signal was around four times the size of that
obtained under no light in the presence of TeA or under illumination
Fig. 6. Cytochemical localization of TeA-inducible H2O2 accumulation in mesophyll cells of E
for 6 h or 250 µM TeA for the indicated times under illumination. Experiments were repe
(B) After 1 h, cerium perhydroxide deposits in the chloroplast membrane (arrows) of mesop
cells. (D) In mecophyll cells treated with TeA for 6 h, H2O2 accumulation in cell wall. Note t
mitochondrion; S, starch; IS, intercellular space. (A) Bar=1 µm; (B–C) bar=500 nm; (D) b
in the absence of TeA (Fig. 7A). Prolonged illumination resulted in a
linear increase of TEMPO signal size in TeA-incubated PSII (Fig. 7B),
indicating that TeA caused fast 1O2 generation. Previous studies
showed that ROS formation is dominated by 1O2 during PSII acceptor
side photoinhibition [34,42]. Some commercial herbicides, such as
urea and the phenolics, are known to bind to QB-site of PSII. This
blocks electron transport and leads to PSII acceptor side photoinhibi-
tion, resulting in chlorophyll-mediated 1O2 generation and the
oxidative damage to photosynthetic organelles [43]. On this point,
TeA is similar as the classical photosynthesis herbicides.

Despite the arguments for 1O2 as amain sourceof PSII, other ROS also
can be produced [44]. We simultaneously estimated the production of
O2
U− and UOH by spin trap DEPMPO. As shown by EPR signal curves in

Fig. 7C, a distinct O2
U− adduct DEPMPO-OOHwas yielded in TeA-treated

PSII under strong light. The EPR signal size of O2
U− was further increased

with increasing illumination time (Fig. 7D). An approximately 67%
increase of the amount of UOHadduct DEPMPO-OHwas also observed in
the presence of TeA under high illumination for 5 min compared with
controls without TeA (Fig. 7C,D). This results show that TeA can induce
the formation of O2

U− and UOH in illuminated tissues.
3.5. Chloroplast-derived oxidative burst plays a main role in TeA-caused
cellular damage

Experimental results from chloroplast autofluorescence (Supple-
mentary-6) and cell viability (Supplementary-7) showed that
chloroplast damage has already begun in early stages of TeA-induced
cellular ROS burst, which is an earlier event than the loss of cell
viability. Based on the observation that ROS scavengers DMTU, SOD
and catalase could suppress the damage to chloroplasts and cell
viability, it is proposed that chloroplast-generated ROS plays an
important role in chloroplast damage and cell membrane destruction
. adenophorum. Epidermis-less leaf segments were induced with 1% methanol (control)
ated three times with similar results. (A) Control sample had no H2O2 accumulation.
hyll cells. (C) At 4 h, H2O2 production in chloroplast and cell wall (arrows) of mesophyll
hat chloroplast grana lamellae turned to be distorted. CW, cell wall; Ch, chloroplast; M,
ar=2 µm.



Fig. 7. EPR detection of singlet oxygen (1O2) trapped by TEMP and free radicals trapped by DEPMPO. (A) Typical EPR spectra of TEMPO as adduct of the reaction of TEMP with 1O2

after a 15 min treatment. (B) Relative intensity of 1O2 EPR signal. (C) Typical EPR spectra of trapped superoxide radicals (O2
U−) and hydroxyl radicals (UOH) after a 5 min treatment.

(D) Relative intensity of O2
U− and UOH signal size. PSII membranes of E. adenophorumwere illuminated with red light (1800 µmol m−2 s−1) in the presence of 20 mM TEMP or 40 mM

DEPMPO. Circles (°) and asterisks (*) show the characteristic lines corresponding to the O2
U− and UOH adducts.
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during TeA-induced cell death pathway. The loss of cell viability
means that TeA treatment destroyed the lipid rich plasma mem-
brane. Furthermore, chloroplasts contain large quantities of lipids in
addition to proteins and pigments. These lipids are particularly
sensitive to ROS [45]. Pretreatment with DMTU, SOD and catalase
could significantly prevent TeA-induced ion leakage and lipid
peroxidation in tissues (Fig. 8), revealing chloroplast-derived
oxidative burst caused damage to lipids and membrane integrity.

As shown in Fig. 9, ultrastructural changes of TeA-treated
illuminated mesophyll cells were monitored. At 4 h, all organelles
remained structurally intact, even though cellular ROS have already
increased to the highest level before this time point (at 3 h) (Fig. 4).
By 5 h, plasmolysis of cells was evident. Up to 6 h, cells exhibited
disorganized grana lamellae and distorted shape of chloroplasts.
By 9 h, chloroplast grana lamellae showed significant disintegration
with envelopes completely disrupted. Also at this time point, some
distortion of mitochondria was observed. After 12 h, there was sig-
nificant degradation to organelles, particularly to chloroplasts which
had formed vesicles and distorted and ruptured cytoderm. It is
proposed that chloroplasts are the first andmost dramatically affected
organelles in the process of TeA-induced mesophyll cell death.

3.6. TeA-induced cell death is not PCD

There is compelling evidence that ROS can activate a PCD pathway
during plant response to pathogens [46,47]. Typical biochemical
hallmarks of PCD in plants include chromatin condensation, DNA
ladders, phosphatidylserine exposure, activation of specific proteases,
Ca2+ influx and cytochrome c release [48]. As shown in Fig. 10A–B, a
marked increase of the amount of condensed nuclei with high blue
fluorescence intensity was seen by an addition of TeA-treatment time.
In TeA-incubated samples (250 µM), chromatin condensation had
begun by 6 h. However, the event of chromatin condensation does not
always mean PCD since a high level of ROS causes direct damage to
nucleic acids [49]. Therefore, DNA ladders were analyzed to further
test this hypothesis. Electrophoretic analysis revealed that TeA
treatment caused varying degrees of DNA fragmentation. However,
no visible 180 bp DNA ladders were detected on agarose gels, and only
the degradation of some high molecular weight DNA could be
observed even after 24 h (Fig. 10D). Interestingly, the addition of
DMTU, SOD and catalase can effectively suppress this chromatin
condensation (Fig. 10C) and DNA cleavage (Fig. 10D). These results
showed that chloroplast-originated oxidative burst indeed led to
serious nuclear damage, but did not trigger obvious PCD response
during TeA-induced cell death of leaf tissue.

4. Discussion

Our data reveal that TeA treatment resulted in the significant
accumulation of H2O2 and O2

U− within leaves during leaf necrosis
(Figs. 1 and 3). From the analysis of the time of ROS generation and
cell death, TeA-induced ROS burst (Fig. 3) is prior to membrane



Fig. 8. Effect of ROS scavengers on ion leakage and lipid peroxidation induced by TeA.
(A) Effect of ROS scavengers on ion leakage of leaf discs. Leaf discs of E. adenophorumwere
pretreated with DMTU (1 mM) or SOD (400 U/ml) or catalase (300 U/ml) for 3 h, and
then exposed to 250 µM TeA for 12 h under illumination. Ion leakage was determined as
described in Materials and methods, reported as the ratio of TeA-treated/control value,
raw value of control is 177.25±56.44 µS cm−1. (B) Effect of ROS scavengers on lipid
peroxidation of mesophyll cells. Epidermis-less leaf segments of E. adenophorum were
pretreated with DMTU, SOD, catalase for 3 h, and then incubated in 250 µM TeA for 6 h
under illumination. Datawere calculated as the ratio value of the control sample. The value
of control is 2.20 µmol g−1 FW.Data are presented asmeans±SD (n=4).Means denoted
by the same letter did not significantly differ at pb0.05.
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damage which is earlier compared with appearance of evident
physiological damage attributed to turgor loss and tissue collapse
(Fig. 1). It is undoubted that ROS burst plays an important role in the
process of TeA-triggered cell death and leaf tissues necrosis.
4.1. Chloroplast-derived oxidative burst is a consequence of inhibition of
photosynthesis

Our evidence shows that TeA elicited a fast burst of ROS from
chloroplasts, which diffused to outer membrane, cytoplasm, and even
intercellular spaces (Figs. 4–6).

In chloroplasts, 1O2 is continuously produced by PSII when
photosynthetic electron transport chain was over reduced [11].
Generally, there are three mechanisms for photosynthesis herbicides
to produce 1O2 in chloroplasts [18]. Firstly, for herbicides inhibiting
carotenoid biosynthesis, they lead to 1O2 production because that excess
excited chlorophyll triplet state (3Chl) canno longer be quenchedby the
production of triplet state β-carotene [50]. Secondly, protoporphyrin IX
as a photosensitizer is accumulated and reacts with 3O2 to produce 1O2

when the chlorophyll biosynthetic enzymePPO is inhibited [51]. For PSII
inhibitor herbicides, charge recombination occurring in herbicide-
treated PSII can lead to formation of 3Chl and this 3Chl can react with
3O2 to form 1O2 [43,52]. As PSII inhibitor, TeA inhibits electron flow
beyond QA by binding to QB-niche ([9], Table 1), causing a fast
accumulation of QA

− and ensuing closure of PSII RCs (Fig. 2A, Table 1).
Once the forward electron transport cannot proceed, electron back
reaction will occur, leading to the leakage of electrons to O2 and
subsequent significant 1O2 formation in PSII illuminated ([43], Fig. 7A,B).
For various classes of herbicides with different binding behavior in QB-
niche, it is different that the charge recombination pathway within PSII
RCswhere forward electron flow to QB is energetically disfavoured. This
finally results in a big difference on the yield of 1O2 [43,51,53]. Fufezan
et al. demonstrated that the amount of 1O2 in PSII with bromoxynil was
twice that than with diuron [42]. This is explained by different
charge recombination pathways in the presence of phenolic PSII in-
hibitors versus urea- or triazine-type PSII inhibitors [53]. Since TeAhas a
different bindingbehaviorwithinQB-niche fromatrazineanddiuron [9],
themechanismof TeA-induced 1O2 production in PSIImight bedifferent
from that of other known PSII inhibitors.

PSII photoinhibitory damage can result in the formation of a complex
array of ROS beside 1O2 in chloroplasts [20,42,54]. All results from
histochemical (Fig. 3), DCF (Figs. 4 and 5) and cytochemical staining
(Fig. 6) showed that TeA treatment caused the generation of large
amount of H2O2 and O2

U− in chloroplasts because these dyes including
DAB, NBT, H2DCF-DA and CeCl3 are specific molecules used to indicate
H2O2 and O2

U−. EPR evidence also indicated that a clear increase of O2
U−

and UOH is observed in TeA-treated PSII in the light (Fig. 7C–D). It is
suggested that the reduction of O2 is the starting point for a series of
reactions leading to ROS generation on the PSII electron acceptor side
[55]. O2

U− are generated by PSII via electron transport to O2 under
reducing conditions. Evidence has been provided that Pheo− and QA

−

and Cyt b559 [42,44,55,56] and QB [57] can serve as the reductant of O2.
Further reduction of O2

U−within PSII will produce other two ROS such as
H2O2 and UOH [19]. It has been proposed that H2O2 is formed by a
dismutationofO2

U− known tooccur either spontaneously or catalyzed by
endogenous superoxide dismutase and the interaction of O2

U−with a PSII
metal center [55]. UOH is formed in illuminated PSIImembranes through
the reduction of H2O2 via the Fenton reaction [55]. Recently, the
production of UOH has been demonstrated in the presence of either
phenolic- or urea-type herbicides [42].

However, the major mechanism of O2
U− production in chloroplasts

is that O2 is reduced by ferredoxin and the electron acceptor of PSI
[18,21]. In addition, highly reduced photosynthetic electron carriers
would enhance reduction of O2 by PSI, resulting in subsequent
formation of O2

U−, H2O2 and UOH [20,54,58]. Based on fast Chl
fluorescence (Fig. 1A and Table 1), it is showed that TeA inhibits the
reduction of end acceptors on the PSI acceptor side which is the action
target of paraquat. As a result, it deviates electrons from the PSI
acceptor side to reduce O2 generating O2

U− and its decomposition
product H2O2 [18]. Taking into consideration the fact that the
concentration of 250 µM TeA used is about the concentration required
to block PSII electron transport activity by 50% [9] and does not block
the forward electron flow completely (Fig. 2A, Table 1), hence it is
proposed that the production of TeA-induced O2

U− on the level of PSII
should be small compared to that at PSI.

Tentoxin from A. alternata inhibits chloroplast ATPase activity,
causing blockage of the dissipation of the electrochemical proton
gradient and thylakoid overenergization, resulting in O2

U− and H2O2

generation in chloroplasts [59]. So, this might be another important
source of ROS production in chloroplasts since TeA significantly
inhibited the activity of chloroplast ATPase (Fig. 2B). The liner electron
flow storing redox free energy through PSII, PSI, ferredoxin, and finally
NADPH is coupled to the transthylakoid proton gradient, which is
maintained by ATP-hydrolysis in the dark [53,60]. Thus, overreduction



Fig. 9. Ultrastructural changes in mesophyll cells of E. adenophorum during TeA-induced cell death. Epidermis-less leaf segments were induced in 1% methanol (control) for 12 h or
250 µM TeA for 4, 5, 6, 9 and 12 h under illumination. Experiments were repeated three times with similar results. (A) No change in ultrastructure was observed in control sample
cells. (B) Chloroplast and mitochondrion and other organelles remained normal structurally intact after 4 h of TeA treatment. (C) Evident plasmolysis shown in TeA-treated
mesophyll cells at 5 h. Note that chloroplast remained structurally intact. (D) Disorganized grana lamellae and distorted shape of chloroplast and plasmolysis shown in mesophyll
cells at 6 h. Note that mitochondrion kept intact (E). (F) Grana lamellae disintegration and chloroplast envelope disruption and mitochondrion distortion change (G) observed in
mesophyll cells after 9 h of TeA treatment. Note that cell wall kept normal. (H) By 12 h, TeA-treated mesophyll cells showed significant organelle degradation. Note that chloroplast
formed vesicles and cytoderm turned to be distorted or ruptured. CW, cell wall; Ch, chloroplast; M, mitochondrion; S, starch. (A–C) Bar=1 µm; (D, F, H) bar=2 µm; (E, G)
bar=200 nm.
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of QA in PSII and a distinct decrease of ATP-hydrolysis would lead to
thylakoid overenergization, allowing the formation of 3Chl, which in
turn can react with O2 to form 1O2 and generate other toxic ROS [40].

Taken together, TeA-induced the generation not only of 1O2 but
also of O2

U− as well as H2O2 and UOH in chloroplasts. This is a corporate
result of multiple effect on PSII electron transport, chloroplast ATPase
activity, the energization level in thylakoids, and even PSI electron
acceptor side.

4.2. Oxidative damage produced by chloroplastic oxidative burst results
in cell death

ROS is one of the main causes for injury, and death in plants under
environmental stress [61]. Especially UOH and 1O2, are highly reactive
and can produce irreversible oxidative injury to cells [11,62]. The
highest toxic radicals UOH directly attack most biomolecules in living
cells. This can cause the damage of the site-specific points on account
of the very short life of UOH, so that cells and organelles “leak”, leading
to irreparable metabolic dysfunction and cell death, and eventually to
rapid leaf wilting and desiccation [21,63,64]. H2O2 is thought to be an
important signaling molecule leading to changes in gene expres-
sion [65]. Nevertheless, for a cell, the main risk produced by H2O2 and
O2
U− comes from the generation of UOH radicals [66]. 1O2 is more

reactive than H2O2 and O2
U−, which can even diffuse out of the

chloroplast into cytosol [67]. It can also react directly with proteins,
pigments, lipids and many biomolecules. It can disrupt cell mem-
branes, subsequently causing chloroplast swelling and membrane
leakage, and ultimately cellular destruction and plant necrosis. As a
result, the formation of other ROS could be stimulated, which would
cause further severe damaging effects on cells [68]. In addition,
several reports have pronounced that 1O2 as a signal can activate
several stress-response pathways [69], and induce cryptochrome-
dependent cell death in Arabidopsis thaliana [70].

During TeA treatment, chloroplast-derived ROS involved not only
highly active UOHand 1O2 but alsoH2O2 andO2

U−. These ROS reactedwith
a variety of cellular components and caused in mesophyll cells severe
injury through chlorophyll breakdown, membrane integrity destruc-
tion, lipid peroxidation and organelle degradation (Figs. 8 and 9).
Furthermore, these oxidative damages take place very quickly, within
several hours following the beginning of the challenge, which can be
suppressed by ROS scavengers because ROS generation is an earlier
event than the injury of mesophyll cells.

According to prior reports, PSII herbicides cause cell and tissue
necrosis through oxidative damage caused by herbicide-induced
chloroplastic 1O2 generation. One route is that chlorosis is a result of
photo-oxidation, caused by chlorophyll and carotenoids destruction,
due to excess energy. Another route for necrosis, is through inhibition
of electron transport, converts excess energy to oxygen and forms 1O2

which destroys membrane lipids, causing leakage of cell contents,
finally resulting in desiccation of the plant tissue [21,67]. Obviously,
TeA-triggered leaf tissue necrosis is the latter, where the action sites
of TeA are not chlorophylls and carotenes [71]. It is clear as shown that
TeA treatment induced O2

U− and highly active UOH in mesophyll cells.
Bipyridinium herbicides (e.g. paraquat and diquat) cause cell necrosis
and kill plants with extremely high rate constants attributed to the
production of O2

U− and highly active UOH [21,58]. Hence, the
mechanism of TeA-caused oxidative burst and damage also exhibits
similarities to that caused by bipyridinium herbicides, even though
TeA proved to be a PSII inhibitor.

As a fungal toxin, TeA might also share some characteristics of
other phytotoxins during toxin-plant interaction. Many pathogenic
toxins e.g. victorin [13,72–75], AAL-toxin [16,36], FB1 [76,77] etc. can



Fig. 10. Effect of TeA-treated mesophyll cells on nuclear chromatin and DNA. Epidermis-less leaf segments of E. adenophorum were treated with 1% methanol (control), 250 or
500 µM TeA for the indicated times under illumination. For prevention of TeA-induced chromatin condensation and DNA fragments, leaf segments were co-incubated with 250 µM
TeA and ROS scavengers DMTU (1 mM) or SOD (400 U/ml) or catalase (300 U/ml) for 12 h. (A) Frequency of chromatin condensation of mesophyll cells after TeA treatment.
(B) Nuclear chromatin condensation of 250 µM TeA-treated mesophyll cells at the indicated time points. (C) Effect of ROS scavengers on nuclear chromatin condensation. At least
three hundred mesophyll cell nuclei were counted. Red arrows indicate condensed nuclei. The criteria for chromatin condensation based on the size of nuclei were founded
to quantify TeA-induced condensed nuclei, which was less than the half size of normal nucleus and higher intensity of blue fluorescence. Bar=10 µm. Data are presented asmeans±
SD (n=5). Means denoted by the same letter did not significantly differ at pb0.05. (D) TeA-induced DNA fragments and effect of ROS scavengers on the TeA-induced DNA fragments.
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induce ROS burst and trigger PCD in host-plants [78]. Recent studies
indicated that chloroplast-mediated ROS also play significant roles in
the processes of plant PCD systems [41,79–83]. However, our
experiments suggested that a visible apoptosis-like cell death does
not occur in the process of TeA-induced cell death and leaf necrosis
(Fig. 10). In fact, the chloroplastic oxidative burst (Figs. 4–6) occurred
prior to cell destruction (Fig. 9), which precedes the chromatin
condensation and DNA breakage (Fig. 10) in TeA-treated mesophyll
cells. This can be explained that TeA-induced ROS react directly with
nuclei and result in chromatin condensation and DNA cleavage.
Another possible explanation is that necrotic type cell death may be
involved in this damage. This type of cell death is characterized by
cytoplasmic swelling, loss of plasma membrane integrity, dilation of
cytoplasmic organelles, moderate chromatin condensation and
without DNA ladders [84,85]. Investigations with diuron indicated
that photo-oxidative damage can result in a necrosis type cell death
[86]. At lower diuron concentration, ion leakage and membrane
damage seem to result from the activation of the EXECUTER1-
dependent necrotic death. At higher concentration, a high 1O2 level is
responsible for necrotic death controlled by EXECUTER1 gene.

In conclusion, as a photosynthetic inhibitor that is a fungal
phytotoxin, TeA-induced cell destruction and leaf necrosis within a
very short time. This is a direct result of oxidative damage through a
chloroplast-originated ROS burst. Here, a specific mode of action of
TeA is described as follows (Fig. 11): when leaves were treated with
TeA, with that PSII electron transport beyond QA and the reduction of
end acceptors on the PSI acceptor side and chloroplast ATPase activity
are inhibited, followed occurrence of charge recombination, electron



Fig. 11. Suggested model scheme of action of TeA. PSI, photosystem I; PSII, photosystem II; P680, PSII reaction center pigments; P700, PSI reaction center pigments; QA, primary
quinone acceptors of PSII; PQ, plastoquinone; Cyt f, cytochrome f; PC, plastocyanin; Fd, ferredoxin; e, electron; H2O2, hydrogen peroxide; O2

U−, superoxide radicals; 1O2, singlet
oxygen; UOH, hydroxyl radical; L, light.
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leakage to O2 and thylakoid overenergization, resulting in the
chloroplast-derived ROS eruption. An excess of ROS attacks directly
pigments, lipids, proteins and DNA, and then causes chlorophyll
breakdown, electrolyte leakage, lipid peroxidation, cell membrane
disruption, nucleus damage and, subsequently, leads to cell destruc-
tion and leaf tissue necrosis and ultimately kills the plants.
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