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Abstract Fusaric acid (FA) is a nonhost-selective toxin
mainly produced by Fusarium oxysporum, the causal agent of
plant wilt diseases. We demonstrate that FA can induce pro-
grammed cell death (PCD) in tobacco suspension cells and
the FA-induced PCD is modulated by nitric oxide (NO) sig-
nalling. Cells undergoing cell death induced by FA treatment
exhibited typical characteristics of PCD including cytoplas-
mic shrinkage, chromatin condensation, DNA fragmentation,
membrane plasmolysis, and formation of small cytoplasmic
vacuoles. In addition, caspase-3-like activity was activated
upon the FA treatment. The process of FA-induced PCD was
accompanied by a rapid accumulation of NO in a FA dose-
dependent manner. Pre-treatment of cells with NO scavenger
2-(4-carboxyphenyl)-4.,4,5,5-tetramethylimidazoline-1-oxyl-
3-oxide (cPTIO) or NO synthase inhibitor N°-monomethyl-
arginine monoacetate (L-NMMA) significantly reduced the
rate of FA-induced cell death. Furthermore, the caspase-
3-like activity and the expression of PAL and Hsr203J genes
were alleviated by application of cPTIO or L-NMMA to
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FA-treated tobacco cells. This indicates that NO is an impor-
tant factor involved in the FA-induced PCD. Our results also
show that pre-treatment of tobacco cells with a caspase-
3-specific inhibitor, Ac-DEVD-CHO, can reduce the rate of
FA-induced cell death. These results demonstrate that the FA-
induced cell death is a PCD and is modulated by NO signal-
ling through caspase-3-like activation.

Keywords Tobacco suspension cells - Fusaric acid -
Programmed cell death - Nitric oxide - Caspase-3-like
protease

Abbreviations
Ac-DEVD-CHO Acetyl-Asp-Glu-Val-Asp-aldehyde

cPTIO 2-(4-Carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide

DAF-2 4,5-Diaminofluorescein

DAF-FM DA 4-Amino-5-methylamino-2',7’-
difluorescein diacetate

DAPI 4’ 6-Diamidino-2-phenylindole

FA Fusaric acid

L-NMMA NS-monomethyl-arginine monoacetate

NO Nitric oxide

PBS Phosphate buffered saline

PCD Programmed cell death

RT-PCR Reverse transcription-polymerase chain
reaction

TUNEL Terminal deoxynucleotidyl transferase-
mediated dUTP nick end labelling

Introduction

Programmed cell death (PCD) is an important physi-
ological process during normal organ development and

@ Springer


http://dx.doi.org/10.1007/s00425-013-1928-7

728

Planta (2013) 238:727-737

maintenance of cellular homeostasis in both plants and
animals. PCD aims to remove damaged, wrongly produced
or misplaced cells in tissues or organs (Danon et al. 2000;
Dominguez and Cejudo 2012). It can be induced by a wide
range of biotic and abiotic stress stimuli, including vari-
ous pathogenic toxins (Yao et al. 2001; Duval et al. 2005;
Samadi and Behboodi 2006). Numerous studies have dem-
onstrated that PCD is an important plant response against
various diseases and is known as a hypersensitive response
(Heath 2000; Shirasu and Schulze-Lefert 2000; Greenberg
and Yao 2004). The typical hallmarks of plant PCD include
cytoplasmic shrinkage, chromatin condensation, DNA frag-
mentation, and an increase of caspase-like enzyme activity
(Danon et al. 2000; Kuriyama and Fukuda 2002; Hughes
and Gobe 2007; van Doorn et al. 2011). PCD in plants can
be divided into two classes: autolytic PCD and non-auto-
lytic PCD based on the features of cell morphology (van
Doorn 2011).

Fusaric acid (FA, 5-butylpicolinic acid) is a well-known
nonhost-selective toxin produced by Fusarium species
(Bacon et al. 1996), particularly the pathogenic strains of F.
oxysporum. FA was shown to have an important role in fun-
gal infection and can cause synergistic effect in plants with
other mycotoxins (Davis 1969; Bacon et al. 1996; Dong
et al. 2012). The toxic effects of FA on plant cell include
alteration of membrane permeability, decrease of mito-
chondrial activity, inhibition of ATP synthesis, and decrease
of production of plant polyphenol oxidase and peroxidase
(Marré et al. 1993; KuZniak 2001; Bouizgarne et al. 2006a,
b; Dong et al. 2012). It was documented that low levels of
FA could induce PCD, while high levels of FA (>200 uM)
promoted necrosis in saffron root-tip cells (Samadi and
Behboodi 2006). To date, the molecular mechanism under-
lying the FA-induced cell death remains unknown.

Nitric oxide (NO), a free radical gas, is known as an
important signalling molecule in both plants and animals.
It has been shown that NO is involved in plant growth,
cell proliferation and maturation, leaf senescence, stomata
closure, and regulation of responses to abiotic and biotic
stresses (Arasimowicz and Floryszak-Wieczorek 2007,
Balestrazzi et al. 2011; Arasimowicz-Jelonek et al. 2012;
Zhang et al. 2012). NO can react with other signalling mol-
ecules such as superoxide and hydrogen peroxide (H,0O,)
during plant—pathogen interactions (Delledonne et al. 1998;
Wendehenne et al. 2004; Arasimowicz and Floryszak-
Wieczorek 2007). NO can also react with a protein cysteine
thiol to form an S-nitrosothiol, which emerges as the redox-
based post-translational modification (Arasimowicz and
Floryszak-Wieczorek 2007; Yu et al. 2012).

The PCD signal transduction pathway requires activa-
tion of a cascade of specific cysteine proteases called cas-
pases. Among the known caspases, caspase-3 protease is
a crucial executioner of PCD in animals (Kumar 2007).
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Recently, many studies reported that caspase-3-like activ-
ity is involved in PCD and development processes in plants
(Wang et al. 2010; Han et al. 2012; Takimova et al. 2013;
Ye et al. 2013). To date, the role of NO signalling in cas-
pase-3-like pathway and its relationship with FA is largely
unknown. We provide morphological, biochemical, and
molecular evidence to demonstrate that FA can induce PCD
in tobacco suspension cells and NO signalling can modu-
late PCD through caspase-3-like activity.

Materials and methods
Chemicals

FA, cPTIO [2-(4-carboxyphenyl)-4,4,5,5-tetramethylim-
idazoline-1-oxyl-3-oxide], DAPI (4’,6-diamidino-2-phe-
nylindole), and Ac-DEVD-CHO (acetyl-Asp-Glu-Val-Asp-
aldehyde) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). L-NMMA (N°-monomethyl-arginine monoac-
etate) and DAF-2 (4,5-diaminofluorescein) were purchased
from Enzo Life Sciences (Farmingdale, NY, USA). Evans
blue was from Aladdin (Shanghai, China). Reagents for
reverse transcription-polymerase chain reaction (RT-PCR)
were from TaKaRa (Dalian, China). FA was dissolved in
phosphate buffered saline (PBS) to produce a 100-mM
stock solution. Ac-DEVD-CHO was dissolved in dime-
thyl sulfoxide (DMSO) to make a 100-mM stock solution.
cPTIO and L-NMMA were all dissolved in sterile water to
produce 100 mM stock solutions. All stock solutions were
stored at —20 °C.

Growth and treatment of tobacco suspension cells

All experiments were conducted using tobacco (Nico-
tiana tabacum cv. NC89) suspension cells grown in a
liquid Murashige-Skoog medium, supplemented with
30 g L7! sucrose, 2 mg L™! a-naphthalene acetic acid,
and 0.2 mg L' 6-benzyladenine as described (Liu et al.
2010). The suspension cells were sub-cultured once every
7 days by transferring the cultured cells into (1:10, v/v)
fresh media. All the experiments were performed using
4-day-old cultures based on the exponential growth phase.
The control groups were treated with sterile PBS only. Ac-
DEVD-CHO, cPTIO, and L-NMMA, when required, were
added them individually into cultured cells at 10 min, 1 h,
and 1 h before FA treatment, respectively.

Assay of cell death
Cell death was determined through Evans blue staining

as described (Baker and Mock 1994). An aliquot of sus-
pension cells was transferred into a centrifuge tube and
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pelleted by centrifugation at 10,000x g for 30 s. After three
washes with PBS (pH 7.4), the cells were incubated in
I mL of 0.05 % Evans blue solution for 15 min. After incu-
bation, the cells were washed again with PBS, mounted on
microscope slides and examined for cell death under a light
microscope (C-35AD-2, Olympus). Cells that accumulated
Evans blue dye were considered as dead cells. The experi-
ments were repeated at least three times and each time
more than 500 cells were counted per treatment.

DAPI staining

DAPI staining was performed to visualise the changes of
nuclear morphology and chromatin condensation after FA
treatment. The suspension cells were prepared as described
above and treated with 100 wM FA for 24 h. The treated
cells were harvested, washed with PBS and then stained
with a DAPI (5 g mL™!) solution for 5 min at room tem-
perature in dark. The stained cells were washed three times
with PBS and examined under a fluorescent microscope
(Eclipse 90i, Nikon).

DNA extraction and electrophoresis

Cells were harvested and ground in liquid nitrogen. Total
genomic DNA was extracted from the cells using the
DNeasy Plant Mini Kit as instructed (Qiagen). To visualise
the genomic DNA fragments, DNA samples (20 ng DNA
per sample) were separated in a 2 % agarose gel at a con-
stant 50 V for 3 h. After electrophoresis, the gel was stained
with ethidium bromide followed by visualisation with a gel
imaging analysis system (Bio-Best 140E, SIM). DNA lad-
ders (DL5000 DNA marker; TaKaRa, Dalian, China) were
used to show the size of DNA.

TUNEL assay

Nuclear DNA fragmentation was analysed using the In Situ
Cell Death Detection Kit as instructed (Roche Molecular
Chemicals, Switzerland). Briefly, the cell samples were
firstly fixed in a 4 % paraformaldehyde solution for 1 h at
15-25 °C followed by three washes in PBS. The cell sam-
ples were then resuspended in a solution with 0.1 % Tri-
ton X-100 and 0.1 % sodium citrate for 2 min before treat-
ment with RNase (30 pg mL~'; TaKaRa, Dalian, China)
and Proteinase K (20 jug mL™'; Sigma-Aldrich, USA) for
30 min. The terminal deoxynucleotidyl transferase-medi-
ated dUTP nick end labelling (TUNEL) assay was done by
applying a 50-pwL TUNEL kit solution to each sample and
the sample was incubated at 37 °C for 1 h in dark. The cells
were washed with PBS, mounted on microscope slides and
examined under a fluorescent microscope (Eclipse 90i,
Nikon).

Electron microscopy

To investigate the ultrastructural changes after FA treat-
ment, the suspension cells were treated with 100 pM FA
for 12 h. The cells were harvested by centrifugation at
10,000x g for 30 s and then fixed in a 3.5 % glutaraldehyde
solution for 24 h at 4 °C. The cells were then post-fixed in
0.1 M cacodylate buffer containing 1 % osmium tetroxide.
The post-fixed cells were dehydrated in a series of ethanol
and embedded in Epon812 araldite resin. Ultrathin sections
were cut with an LKB ultramicrotome and stained with 2 %
uranyl acetate in 50 % methanol for 10 min, followed by
lead citrate for 7 min. The sections were examined under
a transmission electron microscope (JEM-1200EX, JEOL)
at 80 kV.

Assays of nitric oxide (NO) accumulation

Extra- and intra-cellular accumulation of NO was deter-
mined using a specific fluorophore DAF-2 and a fluorescent
dye 4-amino-5-methylamino-2’,7’-difluorescein diacetate
(DAF-FM DA; Beyotime, Haimen, China), respectively. To
determine the intracellular NO accumulation, 1 mL suspen-
sion cells was mixed with 0.5 @M DAF-FM DA and incu-
bated on a slow shaker for 30 min at 25 °C in dark. The
cells were then treated with 100 uM FA for 30 min fol-
lowed by three washes in PBS. Fluorescence intensity of
each sample was determined under a fluorescent micro-
scope (Eclipse 90i, Nikon).

For the extracellular accumulation of NO, the specific
fluorophore DAF-2 was used by fluorimetric assay through
its binding to NO as described (Nakatsubo et al. 1998). We
followed the procedure of Carimi et al. (2005). After cells
were treated with FA for 0-90 min, fluorescence measure-
ments were performed using a luminescence spectrometer
(LS-55, Perkin Elmer) with an excitation wavelength of
495 nm and an emission wavelength of 515 nm. NO was
quantified as fold number compared with control cells (rel-
ative fluorescence).

Measurement of caspase-3-like activity

Caspase-3-like activity was determined using the “Cas-
pase-3 Activity Assay Kit” (Beyotime, Haimen, China)
as instructed. During the assay, hydrolysis of the pep-
tide substrate [acetyl-Asp-Glu-Val-Asp p-nitroanilide
(Ac-DEVD-pNA)] by caspase-3 results in a release of
p-nitroaniline (pNA) moiety. The absorbance at 405 nm
was measured using a microplate reader (Molecular
Devices, SpectraMax M2) as instructed. Protein concen-
tration in each sample was determined using the Bradford
(1976) assay as described. The experiment was repeated
three times.
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RNA isolation and RT-PCR analysis

Suspension cells were treated with 100 uM FA for 12 h,
in the presence or absence of cPTIO or L-NMMA. Total
RNA was extracted from these cells using the Trizol rea-
gent as instructed (Invitrogen). Concentration and quality
of each RNA sample were determined using an Ultraspec
2100 spectrophotometer (Amersham Biosciences) and
electrophoresis in 1 % agarose gels. For reverse tran-
scription, 1 pg RNA/sample was incubated with M-MLV
reverse transcriptase and an oligo (dT) primer as
instructed by the manufacturer. The primers used to
determine the expression level of PAL gene (GenBank
accession no. D17467) were PALF (5'-GTCACACATTA
CCACAATCAG-3’) and PALR (5-GTGTTCCATAATA
GCAGCAGCCT-3’). The primers used to determine the
expression level of Hsr203J gene (GenBank accession no.
X77136) were Hsr203JF (5-TGTACTACACTGTCTAC
ACGC-3’) and Hsr203JR (5-GATAAAAGCTATGTCCC
ACTCC-3'). The primers for EFla (GenBank accession
no. AJ223969) were EF1oF (5-AGACCACCAAGTACT
ACTGCAC-3’) and EFlaR (5-CCACCAATCTTGTAC
ACATCC-3’). The tobacco EFla gene was used as an
internal control. The PCR products were separated by
electrophoresis on a 1 % agarose gel, stained with eth-
idium bromide and observed with a gel imaging analysis
system (Bio-Best 140E, SIM).

Statistical analysis

Data were presented as the mean + standard deviations,
and the statistical significance was determined by 7 test
with p values <0.05.

Results
Effect of FA on viability of cultured tobacco cells

Evans blue staining was used to determine cell viabil-
ity after FA treatment. Results in Fig. 1a indicate that the
cell death rate increased gradually as the concentration of
FA was increased from 10 to 200 wM. For example, cells
treated with 100 WM FA showed an approximately 48 %
cell death, while the cells treated with 200 M FA showed
more than 70 % cell death. To determine the effect of FA
treatment duration on cell viability, the cells were treated
with 100 wM FA for up to 24 h. Results of the study show
that the cell death rate was increased from about 10 %
at 0 h to about 50 % by 24 h (Fig. 1b). Consequently
all the following viability experiments were conducted
with 100 pwM FA and 24 h incubation unless otherwise
indicated.
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Fig. 1 FA treatment induces cell death. a Effect of FA concentration
on cell death at 24 h post-FA treatment. b Time course of cell death
induced by 100 uM FA. Data represent means of three independent
experiments =+ standard deviation. All the cells were stained with
Evans blue dye (0.05 %) before observation

Cell morphological changes induced by FA treatment

Change of cell morphology is one of the most important
features of PCD and is well documented in plants (van
Doorn 2011; van Doorn et al. 2011). To investigate the
morphological changes during cell death induced by FA,
Evans blue staining was examined under a light micro-
scope. Compared with control cells, cytoplasmic shrinkage
was obvious in the FA-treated cells (Fig. 2a).

To investigate nuclear changes in the FA-treated cells,
the cells were stained with DAPI and examined under a
fluorescent microscope. Control cells showed round, uni-
formly stained nuclei with a large central nucleolus. In con-
trast, cells treated with 100 wM FA for 24 h showed elon-
gated nuclei with irregular staining patterns (Fig. 2b).

Results of electron microscopy further confirmed the
ultrastructural changes in the FA-treated tobacco suspen-
sion cells. In control cells, the cell organelles remained
intact and the heterochromatin was evenly distributed
inside the nucleus (Fig. 3a, b). In contrast, cells treated with
100 uM FA for 12 h showed dilated endoplasmic reticulum
cisternae (Fig. 3c). Mitochondria in the FA-treated cells
also exhibited abnormalities with ruptures of membranes
and obscured cristae (Fig. 3d). The plasma membrane in
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Control FA

Fig. 2 Cytoplasmic shrinkage and chromatin condensation in FA-
treated tobacco cells. a Light microscopic images of cells stained
with Evans blue dye (0.05 %). b Fluorescence microscopic images
of cells stained with DAPI (5 g mL™"). Cells were examined at 24 h
post-treatment with 100 uM FA. Bar 20 pm

the FA-treated cells was separated from the cell wall and
numerous small vacuoles were formed in the cytoplasm
of the FA-treated cells when compared with control cells
(Fig. 3e). Heterochromatin was aggregated into large
masses and located at the periphery of the nucleus (Fig. 3f).

DNA fragmentation in FA-treated tobacco cells

One of the hallmarks of PCD is nuclear DNA fragmenta-
tion. This fragmentation can be detected through electro-
phoresis of nuclear DNA in agarose gel or by the TUNEL
assay. As shown in Fig. 4a, the genomic DNA extracted
from the PBS-treated (control) cells appeared intact. The
nuclear DNA extracted from the 100 uM FA-treated cells
showed, however, fragmented DNA ladders. DNA frag-
mentation in the FA-treated cells was further confirmed
in situ by the TUNEL assay. Compared with control cells,
the FA-treated cells contained nuclei with stronger green
fluorescence (Fig. 4b). Approximately 31 % of the FA-
treated cells contained TUNEL-positive nuclei, whereas
<1 % of control cells had TUNEL-positive nuclei (Fig. 4c).
These results indicate that FA treatment can cause DNA
fragmentation.

Quantitative and qualitative analyses of NO and its effect
on the FA-induced cell death

It is well documented that NO produced during various
stress responses participates in signalling events leading
to cell death (Delledonne et al. 1998; Arasimowicz and

Floryszak-Wieczorek 2007). To investigate the role of NO
in FA-induced PCD in tobacco cells, we analysed NO pro-
duction in FA-treated cells using NO-specific fluorescent
probes. Tobacco cells were harvested at 30 min post-FA
treatment and probed with a NO-specific probe (DAF-FM
DA). Under the florescent microscope, stronger green fluo-
rescence was observed in the FA-treated cells when com-
pared with control cells. This indicates that FA treatment
induced the production of NO in cells (Fig. 5a). Extracel-
lular NO release was subsequently measured using the spe-
cific fluorophore DAF-2. It was evident that the production
of extracellular NO was increased significantly when the
concentrations of FA increased, when compared with con-
trol cells. The production of extracellular NO was rapid and
sustained over at least 90 min. This observation indicates
that NO production is FA dosage dependent (Fig. 5b).

The effects of NO scavenger cPTIO and NO synthase
inhibitor L-NMMA on cell death were also investigated
with Evans blue staining. Pre-treatment of cells with
cPTIO and L-NMMA reduced the FA-induced cell death
by approximately 73 and 59 %, respectively. Cells treated
with either cPTIO or L-NMMA alone did not affect the
cell death rate (Fig. 5¢). These results suggest that the FA-
induced cell death is modulated by the release of NO.

Effect of caspase-3-like protease on cell death

To better understand the role of caspase-3-like protease on
cell death, cells were treated with FA followed by analy-
sis of activation of caspase-3-like activity using a fluores-
cent substrate. The activity of caspase-3-like protease was
increased gradually and reached its maximum after 12 h
treatment with 100 WM FA. After 12 h, the activity of
caspase-3-like protease decreased quickly and maintained
steady till 48 h after the treatment. At 12 h post-FA treat-
ment, the activity of caspase-3-like protease was almost
fourfold higher than that in control cells (Fig. 6a). To deter-
mine whether NO can regulate the activity of caspase-3-like
protease in tobacco cells, we treated the cells with cPTIO
or L-NMMA prior to the FA treatment. Results shown in
Fig. 6b indicate that the presence of cPTIO or L-NMMA
can significantly decrease the FA-induced caspase-3-like
protease activity. Cells treated with cPTIO or L-NMMA
alone showed similar caspase-3-like protease activities to
control cells.

To further confirm the role of caspase-3-like protease
in FA-induced PCD, we analysed cells treated with a spe-
cific caspase-3 inhibitor, Ac-DEVD-CHO. As shown in
Fig. 7, treatment of cells with Ac-DEVD-CHO prior to the
FA treatment showed a reduced cell death rate by approxi-
mately 56 %. In contrast, cells treated with Ac-DEVD-
CHO alone showed a cell death rate similar to that observed
for control cells. These results indicate that caspase-3-like
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Fig. 3 Ultrastructural changes
in 100 pM FA-treated tobacco
cells. a, b PBS-treated (control)
cells showing normal endoplas-
mic reticulum (ER), nucleus and
mitochondria. ¢ Dilation of ER
cisternae in a FA-treated cell. d
Mitochondria (M) with ruptured
membrane and obscured cristae
in a FA-treated cell. e Separa-
tion of plasma membrane (PM)
from cell wall and increase

of vacuole (V) number in a
FA-treated cell. f Condensed
chromatin in a FA-treated cell.
The black arrow indicates the
dilated ER cisternae, the white
arrow points to a ruptured
mitochondrial membrane. CW
cell wall, Nu nucleolus. Bar a,
¢ 100 nm; bar b, d 200 nm; bar
e 1 pwm; bar £ 500 nm

protease is indeed involved in the FA-induced PCD and
the activity of caspase-3-like protease is regulated by NO
signalling.

Effects of cPTIO and L-NMMA on gene expression

To evaluate the molecular mechanism underlying the effect
of NO on FA-induced cell death, we assayed the expres-
sion of PAL and Hsr203J genes, in the presence of cPTIO
or L-NMMA, through semi-quantitative RT-PCR. PAL
gene encodes phenylalanine ammonia lyase, a key enzyme
functioning in the phenylpropanoid biosynthetic pathway.
Hsr203J gene was proposed as a PCD marker gene in
plants (Pontier et al. 1998). As shown in Fig. 8, the expres-
sion of PAL and Hsr203J was significantly increased after
FA treatment when compared with control cells. Further-
more, treatment of cells with cPTIO or L-NMMA prior to
the FA treatment clearly reduced the expression of both
genes. As controls, cells treated with cPTIO or L-NMMA

@ Springer

alone did not affect the expression of these two genes. This
finding supports the above conclusion that the NO signal-
ling pathway is involved in the expression of defence- and
PCD-related genes in tobacco suspension cells.

Discussion

In the present study, we investigated morphological, bio-
chemical, and molecular changes in tobacco suspension
cells treated with FA. Our results indicate that the changes
observed in the FA-treated cells resemble the PCD hall-
marks reported previously for plant cells. In a previous
work published by Samadi and Behboodi (2006), FA treat-
ment of saffron root-tip cells was shown to cause chromatin
condensation, DNA fragmentation, cytochrome c release,
and H,0, accumulation. Taken together, our study results
and the results published by Samadi and Behboodi (2006)
strongly indicate that the changes in cells treated with FA
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Fig. 4 DNA fragmentation visualised by DNA laddering and
TUNEL assay. a DNA laddering was determined in 2 % agarose
gel through electrophoresis. Genomic DNA was extracted from FA-
treated tobacco cells at 24 h post-treatment. M, DL5000 DNA marker.
b TUNEL assay in FA-treated tobacco cells at 24 h post-FA treat-
ment. Bar 20 pm. ¢ Percentage of TUNEL-positive cells and dead
cells determined by TUNEL assay or Evans blue staining. The cells
analysed were all treated with 100 uM FA for 24 h before micro-
scopic examination

are typical hallmarks of PCD. In this paper, we also pre-
sented molecular evidence of PCD by demonstrating the
activation of caspase-3-like activity modulated through NO
signalling in FA-treated tobacco cells.

FA induced cytoplasmic shrinkage, chromatin conden-
sation, and DNA fragmentation, which are morphologi-
cal characteristics of plant PCD. The FA-induced PCD
in tobacco cells is shown to be dosage-dependent and is
similar to that observed in the saffron root-tip cells. For
example, after 24 h treatment with 100 uM FA, approxi-
mately 31 % of the tobacco cells showed TUNEL-pos-
itive nuclei and 17 % cells showed necrosis (Fig. 3c).
However, after 24 h treatment with 200 wM FA, the num-
bers of TUNEL-positive cells decreased to 23 % while

the necrotic cell number increased up to 46 % (Fig. S1),
a trend similar to that reported previously by Samadi and
Behboodi (2006). On the other hand, the FA-induced
PCD was further evidenced by DNA laddering in the FA-
treated cells.

Ultrastructural analysis of FA-treated cells showed sig-
nificant changes in cell morphology. For example, by 12 h
post-FA treatment, the plasma membrane in FA-treated
cells was separated from cell walls known as plasmoly-
sis (Fig. 3e). Similar changes were also observed in Thel-
lungiella halophila or tobacco cells under the salt or alu-
minium stresses (Panda et al. 2008; Wang et al. 2010). In
addition, mitochondria in the FA-treated tobacco cells
showed ruptured membrane and obscured cristae (Fig. 3d).
Mitochondria are known to regulate PCD in plants and the
integrity of mitochondrial membrane is crucial for main-
taining this function (Lam et al. 2001; Li and Xing 2010,
2011; Godbole et al. 2012). Under an electron micro-
scope, the FA-treated tobacco cells showed heterochroma-
tin aggregation, similar to that observed in tobacco cells
treated with H,O, and in oat cells treated with victorin
(Houot et al. 2001; Yao et al. 2001; Reape and McCabe
2010). In the FA-treated tobacco cells, numerous vacu-
oles similar to that reported in the tobacco cells under the
aluminium stress (Panda et al. 2008) were also observed.
This increase of vacuole number and later clearance of
cytoplasm lead ultimately to cell death and the process is
termed as autolytic PCD (van Doorn 2011). Based on the
observed cell morphological changes, we propose that the
FA-induced PCD is autolytic.

NO is an important signalling molecule produced dur-
ing PCD. Many reports have demonstrated that NO plays
a critical role in biotic and abiotic stress-induced PCD in
plants (Arasimowicz and Floryszak-Wieczorek 2007; De
Michele et al. 2009; Ma et al. 2010; Arasimowicz-Jelonek
et al. 2012; Ye et al. 2013). In this work, we determined
that the increase of intra- and extra-cellular NO levels
correlated with the increase of FA concentration (Fig. 5a,
b). To further verify the role of NO in PCD, we applied
L-NMMA and cPTIO to FA-treated cells followed by
observation of cell death. L-NMMA is a NO synthase
inhibitor that proved to be effective in plants (Foiss-
ner et al. 2000; Garcés et al. 2001; Carimi et al. 2005;
De Michele et al. 2009). cPTIO (NO scavenger) was
also used to investigate the role of NO in plant PCD and
growth of pollen tubes (Laxalt et al. 2007; De Michele
et al. 2009; Wang et al. 2009). Our results show that pres-
ence of cPTIO or L-NMMA alone did not cause PCD in
tobacco suspension cells. In the FA-treated cells, however,
the presence of cPTIO or L-NMMA indeed reduced cell
death rate to significant levels (Fig. 5c). Interestingly in
the presence of both FA and cPTIO or FA and L-NMMA,
the cell death rate was much higher than that observed
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Fig.5 Accumulation of NO and effect of inhibitors on cell death. a
Accumulation of intercellular NO was detected using a NO-specific
fluorescent probe, DAF-FM DA. Cells were treated with 100 puM FA
for 30 min and then photographed under a fluorescence microscope.
Bar 20 pm. b Dose-and time-response curves of extracellular NO
production were detected using a NO-specific fluorophore, DAF-
2. Fluorescence was shown as relative fluorescence units (RFU).

in control cells. This finding indicates that NO is indeed
involved in the FA-induced cell death. The contribu-
tion of other signalling molecules, particularly H,O, to
cell death, has to be studied. H,O, production was pre-
viously observed in FA-treated saffron cells (Samadi and
Behboodi 2006); therefore, we propose that H,O, and NO
may synergistically be involved in the activation of FA-
induced PCD.

Caspases are conserved cysteine proteases and play
central roles in the progression of PCD in animal cells
(del Pozo and Lam 1998; Earnshaw et al. 1999; Kumar
2007). Several studies have indicated that the progression
of plant PCD may also require activation of caspase-like
activities (De Jong et al. 2000; Lam and del Pozo 2000;
Mlejnek and Prochdzka 2002; Danon et al. 2004; Vacca
et al. 2006; Reape and McCabe 2010). To determine if
caspase-3-like activity also has a role in the FA-induced
PCD, we applied Ac-DEVD-CHO, a specific caspase-3
inhibitor, to the FA-treated cells. Results of this study
indicate that a caspase-3-like protease was activated in
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cPTIO, 100 uM FA + 1 mM L-NMMA, 1 mM cPTIO alone or
1 mM L-NMMA alone. Data are shown as means of three independ-
ent experiments =+ standard deviation

the FA-treated cells (Fig. 6a). In addition, the activation
of caspase-3-like protease was also significantly reduced
after the addition of cPTIO or L-NMMA to FA-treated
cells (Fig. 6b). This result is consistent with a previous
report in Arabidopsis thaliana cells induced by cadmium
(Ye et al. 2013). This finding demonstrates that NO plays
a key role in regulating the activity of caspase-3-like pro-
tease. Moreover, application of Ac-DEVD-CHO to FA-
treated cells significantly reduced cell death rate (Fig. 7),
further indicating that the caspase-3-like protease par-
ticipated in the FA-induced PCD. However, the cell death
induced by FA in the presence of Ac-DEVD-CHO did not
reduce to the control level, which is similar as that of the
tomato cells treated with camptothecin, fumonisin B1 or
CdSO, (Iakimova et al. 2013), suggesting that caspase-
3-independent mechanisms may be involved in the FA-
induced PCD.

It is well documented that PCD occurs not only dur-
ing plant growth, but also development and differentia-
tion; it is also involved in plant defence responses. In
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Fig. 6 Activation and inhibition of caspase-3-like activity in tobacco
cells. a Time course of caspase-3-like activity in 100 pM FA-treated
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Fig. 7 Effect of caspase-3 inhibitor (Ac-DEVD-CHO) on FA-
induced cell death. Cells were treated with 100 uM Ac-DEVD-CHO
at 10 min prior to the 100 uM FA treatment. The number of dead
cells was counted at 24 h post-FA treatment
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Fig. 8 Effects of cPTIO and L-NMMA on the expression of PAL
and Hsr203J genes in FA-treated tobacco cells. Cells were treated
with cPTIO (NO scavenger) or L-NMMA (NO synthase inhibitor) at
1 h prior to the 100 wM FA treatment. Total RNA was isolated from
tobacco cells at 12 h post-FA treatment and the RNA transcripts were
measured by RT-PCR. The expression level of EF/«a was used as a
positive internal control

previous studies, low concentrations of FA were used as
an elicitor to induce plant defence responses. Application
of low concentrations of FA to cells resulted in produc-
tion of H,0,, increase of cytosolic calcium, and synthesis
of phytoalexin (KuZniak 2001; Bouizgarne et al. 2000a,
b). Considering PCD can alter gene expression in plants,
we opted to investigate the effect of NO on the expres-
sion of PAL and Hsr203J genes during the FA-induced
PCD. PAL gene was used previously as a molecular
marker for the activation of plant defence responses,
and Hsr203J gene was used as a marker of PCD (Pon-
tier et al. 1998). As previously reported by Arasimowicz
and Floryszak-Wieczorek (2007), the expression of PAL
gene was increased after the treatment of tobacco and
soybean suspension cells with NO donors. In the present
study, the expression of tobacco PAL and Hsr203J genes
were both increased after the cells were treated with FA.
Furthermore, the expression of these two genes was sig-
nificantly inhibited by cPTIO or L-NMMA in FA-treated
cells (Fig. 8). Based on these results, we propose that
NO is involved in regulating gene expression during FA-
induced PCD.

Taken together, we conclude that FA treatment can
induce production of hallmarks of PCD including chroma-
tin condensation, DNA fragmentation, appearance of small
vacuoles, and activation of caspase-3-like protease. We
also present evidence showing that the FA-induced PCD
is modulated by the NO signalling pathway and caspase-
3-like protease activity. Our results shed more lights on
the mechanisms underlying the FA-induced PCD. We also
indicate that additional factor(s) may participate in this
PCD and require further studies.
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