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Abstract Programmed cell death (PCD) is a widespread
response of plants against abiotic stress, such as heavy
metal toxicity. Tungsten (W) is increasingly considered
toxic for plants since it irreversibly affects their growth.
Therefore, we investigated whether W could induce some
kind of PCD in plants, like other heavy metals do. The
morphology of cell and nucleus, the integrity of the cyto-
skeleton, Evans Blue absorbance and the expression of
PCD-related genes were used as indicators of PCD in
W-treated roots of Pisum sativum (pea). TEM and fluo-
rescence microscopy revealed mitotic cycle arrest, proto-
plast shrinkage, disruption of the cytoskeleton and
chromatin condensation and peripheral distribution in
the nucleus of W-affected cells. Moreover, Evans Blue
absorbance in roots increased in relation to the duration of
W treatment. These effects were suppressed by inhibitors
of the 26S proteasome, caspases and endoplasmic reticu-
lum stress. In addition, silencing of DAD-1 and induction
of HSR203J, BiP-D, bZIP28 and bZIP60 genes were also
recorded in W-treated pea roots by semi-quantitative RT-
PCR. The above observations show that W induces a kind
of PCD in pea roots, further substantiating its toxicity for
plants. Data imply that endoplasmic reticulum stress-
unfolded protein response may be involved in W-induced
PCD.
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Introduction

Several metals have been proven to be toxic for plants. One
of the responses of plants to such toxicity is the execution
of programmed cell death (PCD). For example, this was
shown for cadmium (Iakimova et al. 2008; Kuthanova et al.
2008) and aluminium (Pan et al. 2001; Tamas et al. 2005).
Tungsten (W) is a scarce heavy metal in nature, but it is
locally accumulated at high concentrations as a waste of
mines, industries, agricultural and military activities
(Wilson and Pyatt 2006; Clausen and Korte 2009 and
references therein). Over the last decade, W has attracted
the attention of scientists, since it was shown to be toxic for
living organisms (Koutsospyros et al. 2006; Steinberg et al.
2007). In particular, Koutsospyros et al. (2006) stated:
“...it appears that environmental obscurity for tungsten
and its compounds has ended and environmental scrutiny
has emerged”.

Tungsten toxicity in plants has been initially related to
the competition with its chemical relative, molybdenum
(Mo), since it binds to molybdoenzymes and inactivates
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them (for references see Adamakis et al. 2010a). Further
toxic effects of W in plants have been reported. Pea (Pisum
sativum) and cotton (Gossypium hirsutum) seedlings grown
in the presence of W showed specific defects in the root
system: primary root elongation was irreversibly arrested,
meristematic root cells were prematurely vacuolated and
the morphology of the nucleus and nucleolus was altered
(Adamakis et al. 2008). Moreover, it was recently descri-
bed that W severely affected the cortical microtubules
(Adamakis et al. 2010a, b). Interestingly, disruption of the
cytoskeleton is one of the primary features of certain types
of plant PCD (Pontier et al. 2004). For instance, microtu-
bule disorganization occurs in self-incompatibility-medi-
ated PCD of Papaver rhoeas pollen (Bosch et al. 2008;
Poulter et al. 2008). Recently, it has been reported that
exposure to W is correlated with apoptosis in human blood
lymphocytes (Osterburg et al. 2010). Taking into account
these data from pea, as well as the above report from
human cells, we examined the possibility that W toxicity to
pea roots may be associated with some type of PCD.

Plant PCD involves several structural and biochemical/
molecular features (Reape et al. 2008). In this study, the
appearance of cortical microtubules in W-treated pea roots
was used as a PCD indicator, in addition to Evans Blue
staining and protoplast shrinkage. The expression of PCD-
related genes, DAD-1 (defender against apoptotic cell
death-1, Orzaez and Granell 1997; Tanaka et al. 1997) and
HSR203J (involved in hypersensitive response, Pontier
et al. 1998; Bézier et al. 2002; Pontier et al. 2004) was also
examined. In parallel, the participation of the pathways of
the 26S proteasome and the caspase-like plant enzymes
(among others see Bosch and Franklin-Tong 2007; Bon-
neau et al. 2008) were indirectly investigated. Our findings
indicate that W toxicity seems to be associated with some
kind of PCD. The expression profiles of three relevant
genes (BiP-D, bZIP28 and bZIP60) also suggest that
endoplasmic reticulum (ER) stress-unfolded protein
response (UPR) is probably involved.

Materials and methods
Plant material, treatments with W and inhibitors

Intact 4- to 5-day-old Pisum sativum L. cv. Onmard (pea)
(Spyrou Company, Athens, Greece) seedlings, grown on
wet filter paper in the dark at 25°C, were used in all pro-
cedures. Chemicals, reagents, stains and antibodies, except
those stated, were purchased from Sigma-Aldrich (Tauf-
kirchen, Germany) and Merck (Darmstadt, Germany).
All experimental procedures were carried out at room
temperature, unless otherwise stated. Some seedlings were
treated for 12-72 h with an aqueous 200 mg/L sodium
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tungstate (Na,WOQOy) solution (1 uM), pH 5.7 (Adamakis
et al. 2008). This concentration was used taking into
account the fact that in some cases of W pollution, its
concentration was found to vary between 135 and 337 mg/
L (review by Koutsospyros et al. 2006). For control,
seedlings of the same age were treated at the same time
with a buffer pH 5.7.

The 26S proteasome inhibitor Z-Leu-Leu-Leu-al
(MG132) and the pan-caspase inhibitor Z-Val-Ala-
Asp(OMe)-CH,F (Z-VAD-FMK, Calbiochem, Darmstadt,
Germany) were used for inhibition of the respective pro-
tease pathways. Stock solutions of both inhibitors (100 and
50 mM, respectively) were prepared in dimethyl sulfoxide
(DMSO). Seedlings pre-treated for 24 h with 100 uM
MG132 were transferred to a 200 mg/L W + 100 uM
MG132 solution for another 24 h. Some seedlings were
treated directly with a 200 mg/L W + 100 uM MG132
solution for 24 h. For control, seedlings treated with
100 pM MG132 for 24 h were used. Some seedlings were
pre-treated for 24 h with 100 uM Z-VAD-FMK and
afterwards with a 200 mg/L W + 100 uM Z-VAD-FMK
solution for 24 h more. In some other seedlings a 200 mg/L
W + 100 pM Z-VAD-FMK solution was directly applied
for 24 h. Seedlings treated with 100 uM Z-VAD-FMK
were considered as controls.

4-Phenylbutyric acid (PBA), a chemical suppressor of
ER stress (Wiley et al. 2010 and references therein), was
used to indirectly check whether W-induced PCD is ER
stress mediated. Seedlings were treated directly with an
aqueous 200 mg/L W + 250 uM PBA solution for 24 h.
For control, seedlings treated with aqueous 250 uM PBA
were used.

Tubulin immunostaining, DNA and F-actin staining
and fluorescence microscopy

Root tips from seedlings treated as described above were
prepared for tubulin immunofluorescence, DNA and
F-actin fluorescence. For tubulin immunostaining and
DNA staining, root tips were cut and fixed for 45 min in
8% (w/v) paraformaldehyde in PEM buffer (50 mM
PIPES, 5 mM EGTA, 5 mM MgSO,, pH 6.8; Adamakis
et al. 2010a). After washing in PEM, the cell walls were
digested, then the root tips were gently squashed onto
polylysine-coated coverslips and when the separated cells
dried, they were extracted for 1 h. The cells were then
incubated overnight with rat anti-o-tubulin antibody (YOL
1/34, Serotec, Kidlington, UK) diluted 1:80 in PEM. Fol-
lowing washing with PEM, the cells were incubated
overnight with FITC-anti-rat 1:80 in the same buffer. DNA
was counterstained with 3 pg/mL propidium iodide in
PEM and the coverslips were finally mounted in an anti-
fade solution.
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F-actin staining of root tips was carried out according
to Panteris et al. (2007). In short, hand cut longitudinal
sheets of root tips were incubated with 300 uM m-male-
imidobenzoyl-N-hydroxysuccinimide ester (MBS) in PEM
buffer, pH 6.8, plus 0.1% (v/v) Triton X-100 and 2% (v/v)
DMSO, for 30 min in the dark, to stabilize F-actin. After
stabilization, fixation was performed in 4% (w/v) parafor-
maldehyde (PFA) in the same buffer for 60 min. In the
fixative solution 1% (v/v; diluted from a stock 10 uM
solution in methanol) TRITC-phalloidin was added. The
tissue sheets were then rinsed with PEM and extracted in
5% (v/v) DMSO with 1% (v/v) Triton X-100 in the same
buffer, for 1 h. Finally, actin filaments were stained with
10% (v/v; same as before) TRITC-phalloidin in PEM
overnight in the dark. All fluorescent specimens were
examined with a Nikon D-Eclipse C1 confocal laser
scanning microscope (CLSM).

Transmission electron microscopy (TEM)

For TEM, root tips (2 mm long) were excised and fixed for
5h in 2% paraformaldehyde + 3% glutaraldehyde, in
0.05 M sodium cacodylate buffer, pH 7.0 (Adamakis et al.
2008). The samples were then post-fixed in 2% osmium
tetroxide (Agar Scientific, Essex, UK) in the same buffer
for 5 h, dehydrated in an acetone series, treated with pro-
pylene oxide, embedded in Durcupan ACM resin (Fluka
Chemie AG, Buchs, Switzerland) and sectioned with a
Reichert—Jung Ultracut E ultramicrotome. Ultrathin sec-
tions (80-90 nm) were double-stained with 2% uranyl
acetate and 1% lead citrate and examined with a Zeiss 9
S-2 electron microscope.

Evans Blue and FM4-64 staining

Evans Blue staining was done following the protocol by
Chen et al. (2008). In short, ten roots were randomly
selected from seedlings subjected to various treatments.
The roots were incubated in a 0.25% aqueous Evans Blue
solution for 15 min at room temperature. The roots were
then washed twice with double-distilled water and left in
distilled water overnight. The apical 5 mm part of the root
tips was excised and the dye was extracted in an aqueous
solution of 50% methanol/1% SDS for 1 h at 50°C. Optical
density (OD) of extracts was measured at 595 nm with a
spectrophotometer (UV-2401PC, Shimadzu, Kyoto, Japan
or SmartSpec Plus, Biorad, Herts, UK). Data are presented
as mean =+ standard error (SE) of three independent
experiments. Statistical analyses (ANOVA with Dunnett’s
multiple comparison test) were performed using Graph Pad
Prism (Graph Pad Software, San Diego, CA, USA) with
significance at P < 0.05.

Whole roots of seedlings treated with W for 24 h, as
well as of untreated ones were immersed for 10 min in an
aqueous 5 pM FM4-64 solution (Invitrogen, Carlsbad, CA,
USA; diluted from a 10 mM stock solution in DMSO).
Afterwards, the roots were thoroughly washed with double-
distilled water and their tips, 2 to 3 mm long, were cut,
placed on microscope slides and observed with CLSM.

DNA and RNA isolation and gene expression

Total DNA from roots treated with 200 mg/L W for
12-72 h and RNA from roots treated with 200 mg/L W for
12-24 h, as well as from untreated ones, was isolated using
the NucleoSpin Plant II and NucleoSpin RNA plant kits
(Macherey—Nagel, Diiren, Germany), respectively, fol-
lowing the manufacturer’s instructions. First strand cDNA
was synthesized from 2 pg total RNA in a volume of 20 puL.
with AMV-Reverse Transcriptase (Promega, Madison, WI,
USA) according to the manufacturer’s protocol. Levels of
specific mRNA transcripts were assayed by PCR in a
mixture of 50 pL, using DyNAzyme II DNA polymerase
(Finnyzymes, Espoo, Finland). Gene-specific primers for
Pisum sativum DAD-1, HSR203J homologs, the soybean
BiP-D (Cascardo et al. 2000), bZIP28 and bZIP60 homo-
logs (Liao et al. 2008) are listed in Table 1. ACTIN
expression was used as control. To verify the exponential
phase of PCR amplification, 20, 25 and 30 cycles were
tested for each gene. The PCR products as well as total
DNA were subject to 1 or 2% agarose gel electrophoresis
and visualized by ethidium bromide staining. Furthermore,
the expression profile of all the mentioned genes was also
examined in root tips of seedlings subjected to: (a) a 24 h
pre-treatment with 100 uM MG132 and afterwards a
combined 24 h treatment with a 200 mg/L W + 100 uM
MGI132 solution, (b) 24 h pre-treatment with 100 pM
Z-VAD-FMK and afterwards with a 200 mg/L W + 100
UM Z-VAD-FMK solution for 24 h more, and (c) a direct
24 h treatment with an aqueous 200 mg/L. W + 250 uM
PBA solution.

Results

Cell morphology and Evans Blue absorbance
of W-affected pea roots

After 24-72 h of W treatment, root cells died, as confirmed
by cell appearance and Evans Blue staining. Evans Blue
absorbance was enhanced, as treatment time increased
(Fig. 1). FM4-64 staining revealed that in many cells the
protoplast was shrunk, retracting completely from the cell
wall (Fig. 2b; cf. a). Because of the thickness and com-
plexity of pea root as a whole organ, this observation was
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Table 1 Primers used to amplify genes by RT-PCR

Gene Forward primer Reverse primer

HSR203 J 5-TGTCCGGTTGGCTTAGAATC-3’ 5'-GAGAAACGGGGAGACACAAA-3'

DAD-1 5'-CTATTCCACGCTATTTGGTC-3 5'-ATGATCACCAAATGAAGCAC-3’

BiP-D 5'-ATCTGGAGGAGCCCTAGGCGGTGG-3’ 5'-CTTGAAGAAGCTTCGTCGTAAAACTAAG-3’
bZIP28 5'-CATTTCCGCCACTTTTCAAT-3’ 5'-TTCTAGCAGCAAACGGAGGT-3’

bZIP60 5'-ATCCGTCTCCTCCACTCCTT-3' 5'-GTCTTCGAGCTGCTTCTGCT-3’

ACTIN 5'-GCCGTACAACTGGTATTGTT-3' 5'-TCCAACTCCTGCTCATAATC-3'

not uniform for all root cells. Besides to dying cells, others
still alive were also present, especially at treatments not
exceeding 24 h (data not shown). Although the external
cell layers, like root epidermis, seemed to be most affected,
there was no indication for tissue- or cell-specific response
to W treatment.

Subcellular effects of W in pea root cells

The cortical microtubule array is among the first subcel-
lular components affected by W (Adamakis et al. 2010a).
After 24 h of continuous W treatment, most pea root cells
contained W-affected microtubules (W-microtubules, for

Fig. 1 Estimation of cell death 0.3
rate in pea roots after W
treatment by Evans Blue 0.25
absorbance. Optical density
(OD) of extracts from untreated 0.2
roots (control) and roots treated E 3
with W for 24, 48 and 72 h, v
measured at 595 nm, increased 2 0.151
gradually as W treatment was [=]
prolonged. Values correspond to Q 0.1+
mean * SE of three a
independent experiments. 0.051
Different letters represent
statistically significant 0 :
difference at P < 0.05
control

Fig. 2 FM4-64 fluorescence of
untreated (a) and 24 h W-
treated (b) root epidermal cells
of pea. Extensive protoplast
shrinkage (arrows in b), as
expressed by plasma membrane
detachment from the cell wall,
can be observed after W
treatment, unlike the uniform
fluorescence and smooth outline
of the untreated cells (a). Bar
20 pm
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brevity). The cortical W-microtubules were fewer, shorter
and disoriented (Fig. 3b), in contrast to the uniformly
arranged, regularly oriented microtubules of untreated cells
(Fig. 3a). Besides disruption of the cortical microtubules,
almost no dividing cells could be observed after 24 h of W
treatment. Among the extremely scarce (1-2 in each root
cell population) mitotic cells, abnormal prophase cells
without perinuclear microtubules (Fig. 3d; cf. c) and cells
with atypical metaphase spindles (Fig. 3f; cf. e) were
encountered. In addition, F-actin was also affected by W.
After 24 h of W treatment, the root epidermal cells

Fig. 3 Tubulin immunostaining (a—f) and DNA staining (c—f) of
untreated (a, ¢, e) and W-treated (b, d, f) pea root cells. a,
b Interphase cells: typical cortical microtubules exist in the untreated
cell (a), while those of the W-treated cell are few, short and
disoriented, exhibiting V-like convergence points (b). ¢, d Prepro-
phase cells: while preprophase microtubule band (arrowheads) is
visible in both untreated (¢) and W-treated (d), perinuclear prepro-
phase microtubules like those of the untreated cell (arrows in
¢) cannot be observed in the W-treated one (d). Note that, according
to chromatin condensation, both preprophase cells are at a similar
stage. e, f Metaphase cells: the spindle of W-treated cell is distorted
(f), unlike the typical one of the untreated cell (e). Bar 10 pm

exhibited disrupted actin filaments, in comparison with
those of untreated roots (Fig. 4b; cf. a).

Following disruption of the cytoskeleton, the nuclei of
W-affected cells exhibited aberrant morphology, revealed
by both propidium iodide staining and TEM. Defects in the
nucleus were visible after 24 h of continuous W exposure.
In all cells with affected nucleus W-microtubules were
observed. While the nuclei of untreated root cells had
normal appearance with evenly distributed chromatin
(Fig. 5a, b), the nuclei of W-affected root cells exhibited
condensed chromatin, which was distributed mainly at the
periphery of the nucleus (Fig. 5c, d). In some cases, the
dense peripheral chromatin appeared enclosed in double
membranes, resembling the nuclear envelope (Fig. 6),
like intranuclear mini-nuclei (Fig. 6; see also Online
Resource, Fig. 1). Multi-lobed nuclei were frequent
(Online Resource, Fig. 1), while in nuclei with condensed
and peripherally distributed chromatin, entrapments of
cytoplasmic  components  (ribosomes, mitochondria,

Fig. 4 Images of F-actin, after TRITC-phalloidin staining, in
untreated (a) and W-treated (b) root epidermal cells. Both images
are projections of 30 CLSM sections. Note the almost total disruption
of actin filaments in W-treated cells (b), as compared with the
prominent F-actin network of untreated cells (a). Bar 20 pm

@ Springer



Planta (2011) 234:21-34

Fig. 5 TEM micrographs (a, ¢) and CLSM images after DNA
staining with propidium iodide (b, d), illustrating the nuclei of
untreated (a, b) and W-treated (¢, d) meristematic root cells. Even
distribution of chromatin can be observed in the nuclei of untreated
cells (a, b). In the nuclei of W-treated cells the chromatin is
condensed and distributed peripherally, just beneath the nuclear
envelope (arrowheads in ¢, d). Bars 5 pm for a and ¢, 10 pm for
band d

Fig. 6 TEM micrograph illustrating a nucleus with condensed
chromatin, confined in peripheral intranuclear membrane compart-
ments (inset) and an intranuclear membrane compartment of the
above nucleus (defined by rectangle in the inser) at higher magni-
fication. Double membrane surrounds a peripheral intranuclear
chromatin group. Note that pores are present on the internal double
membrane (arrow), which is coated with ribosomes. Bars 1, 5 um for
inset
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membranes, vacuoles and lipid bodies) were also encoun-
tered (Online Resource, Fig. 1).

Detection of DNA fragmentation and gene expression

In order to observe whether W induced DNA laddering, a
typical hallmark of PCD (review by Lam et al. 1999), DNA
isolated from roots either untreated or treated with W for
24, 48 and 72 h was subjected to 2% agar electrophoresis.
DNA obtained from roots treated with W for 24 and 48 h
appeared as a single high molecular weight band (data not
shown). After 72 h of treatment, no sign of DNA laddering
could be observed but slight smearing was detectable
(Fig. 7a). Even in prolonged W treatments (5 days), DNA
smearing was not increased and DNA laddering was not
observed (data not shown).

To confirm, at the molecular level, the view that W
might induce PCD, we examined the effect of W on the
expression of two specific plant genes, HSR203/J, an early
marker of hypersensitive response-PCD (Pontier et al.
1998), and the plant homolog of DAD-1 (Orziez and
Granell 1997). HSR203J was not detectably expressed in
untreated roots (Fig. 7b). Mild HSR203J expression was
found after 12 h of W treatment, which was pronounced
after 24 h of W treatment (Fig. 7b). After 12 h of W
treatment, the expression of DAD-I was enhanced, while it
was silenced after 24 h of treatment (Fig. 7b).

To further assess the possible correlation of W-effect
with ER stress and UPR, we also examined the expression
of BiP-D (Noh et al. 2003; Kamauchi et al. 2005; Urade
2009), bZIP28 (Liu et al. 2007; Tajima et al. 2008; Oono
et al. 2010) and bZIP60 (Iwata and Koizumi 2005a; Iwata
et al. 2008; Lu and Christopher 2008; Tajima et al. 2008) in
W-treated pea roots. BiP-D expression was elevated after
12 h of treatment, while it was decreased at 24 h, still
being higher than before treatment (Fig. 7c). The expres-
sion of bZIP28 and bZIP60 also increased after 12 and 24 h
of W treatment (Fig. 7d, e).

Treatment with 26S proteasome and caspase inhibitors

The participation of the 26S proteasome and caspase
pathways in the W-effect was examined indirectly by
treating pea seedlings with combinations of the relevant
inhibitors (MG132 and Z-VAD-FMK, respectively) and W.

Initially, the possible effect of these inhibitors on cor-
tical microtubule organization, nucleus morphology and
cell division in root tip cells was examined by 24 h treat-
ment with the inhibitors alone. In general, the above
features in inhibitor-treated cells were indistinguishable
from those of untreated cells. The effects of these inhibitors
on cortical microtubules, the nucleus and cell cycle pro-
gression were negligible (Online Resource, Fig. 2).
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b)) c

HSR203J

12h  24h

DAD-1

ACTIN

Fig. 7 a Genomic DNA fragmentation in roots either untreated
(C) or treated for 72 h with W (72 h). Lane (M) is a standard
molecular weight marker. Slight DNA smearing can be observed after
72 h of W treatment, indicating degradation but not laddering.
b Expression profile of HSR203J and DAD-I genes in roots either
untreated (C) or treated with W for 12 h (/12 h) and 24 h (24 h).
HSR203J was not detectably expressed in untreated roots. Its
expression was mild after 12 h and pronounced after 24 h of
treatment. After 12 h of W treatment, the expression of DAD-I was
enhanced, while it was silenced after 24 h. ¢ Expression of BiP-D in

Accordingly, study with combined treatments of the
inhibitors with W was performed as follows.

In seedlings pre-treated with 100 pM MG132 for 24 h
and then treated for 24 h with 200 mg/L W + 100 uM
MG132, interphase root tip cells displayed -cortical
microtubule organization (Figs. 8a; cf. 3a) and nuclear
morphology (Figs. 8b; cf. 5b) similar to that of untreated
cells, while dividing cells were abundant (Fig. 8c, d). The
results were similar in seedlings pre-treated with 100 uM
Z-VAD-FMK for 24 h and then transferred for 24 h to
200 mg/L W + 100 uM Z-VAD-FMK (Figs. 8e, f; cf. 3a,
5b; 8g, h). In the above treatment combinations, Evans
Blue absorbance appeared reduced compared with that
detected after exposure to W alone for 24 h (Fig. 9). These
combined treatments (inhibitors — tungsten + inhibitors)
also alleviated the effect of W on the expression profile of
DAD-1, HSR203J, BiP-D, bZIP28 and bZIP60. After such
treatments, in which MG132 and Z-VAD-FMK were
combined with W, expression of DAD-1 gene was still
observable (though lower than that of untreated material),
no expression of HSR203J was noticed and the expression

12h 24h

BiP-D

ACTIN

d ¢

bZIP28

12h 24h

ACTIN

e) ¢ 12h  24h

bZIP60

ACTIN

roots either untreated (C) or treated with W for 12 h (/2 &) and 24 h
(24 h). BiP-D expression was elevated after 12 h of treatment and it
lowered at 24 h, still being higher than that of untreated roots.
d Expression of bZIP28 in roots either untreated (C) or treated with W
for 12 h (12 h) and 24 h (24 h). bZIP28 expression was elevated after
12 h and 24 h of treatment. e Expression of bZIP60 in roots either
untreated (C) or treated with W for 12 h (/2 h) and 24 h (24 h). Like
bZIP28, the expression of bZIP60 was elevated after 12 and 24 h of
treatment. ACTIN expression was used as control for cDNA amount
and quality for b—e

levels of BIP-D, bZIP28 and bZIP60 appeared reduced
compared to those in roots treated with W alone (Online
Resource, Fig. 3).

When seedlings were treated directly for 24 h with
200 mg/L W + 100 uM MG132 solution, the root cells
exhibited normal appearance (typical cortical microtubule
organization, regular nucleus morphology and abundant
dividing cells; Online Resource, Fig. 4). However, in
seedlings treated directly for 24 h with 200 mg/L
W + 100 pM Z-VAD-FMK, root cells were similar to
those treated with W alone (Online Resource, Fig. 5; cf.
Fig. 3b).

PBA treatment

To further examine whether ER stress is involved in
W-induced PCD, some pea seedlings were treated with a
PBA + W combination. The appearance of the cortical
microtubules, the nucleus and cell cycle phases of cells
treated with PBA alone, was similar to that of untreated
cells (Online Resource, Fig. 6). In seedlings treated
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Fig. 8 Tubulin immunostaining (a, c—e, g, h) and DNA staining (b—
d, f-h) in root cells treated with combinations of MG132 (a-d) or
Z-VAD-FMK (e-h) and W. Interphase cells, pretreated for 24 h with
MG132 or Z-VAD-FMK and then treated for another 24 h with the
above inhibitors + W, exhibit typical cortical microtubules (a, e),

Ccontrol @24 h W [N MG132% MG132+W E Z VAD FMK® Z VAD FMK+W

0.16 7
0.14 1
0.12 1

0.14

0.08 1

0D 595 nm

0.06 a
0.04

0.02 1
0

Fig. 9 The optical density (OD) at 595 nm of pea root extracts, after
Evans Blue staining and extraction. Extracts derived from untreated
roots (control), W-treated roots (24 h W), roots pre-treated with
MG132 for 24 h followed by treatment with MG132 4 W for another
24 h (MG132 —» MG132 + W), and roots pre-treated with Z-VAD-
FMK for 24 h followed by 24 h treatment with Z-VAD-FMK + W
(Z-VAD-FMK — Z-VAD-FMK + W). The extract OD after the last
two treatments is higher than that of the extract of untreated roots, yet
lower than that of the extract of roots treated with W alone. Values
correspond to mean £ SE of three independent experiments. Differ-
ent letters represent statistically significant difference at P < 0.05

directly with 200 mg/LL W + 250 uM PBA for 24 h, root
tip cells displayed cortical microtubule organization and
nucleus appearance similar to that of untreated cells
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similar to those of untreated cells (cf. Fig. 3a). The nuclei of cells
treated in the above way exhibit normal chromatin configuration (b,
f) comparable to that of untreated cells (cf. Fig. 5b). Typical prophase
(c, g) and metaphase (d, h) cells were present in roots treated with the
above combinations. Bar 10 pm

(Fig. 10a, b) with abundant dividing cells (Fig. 10a, b).
Moreover, after the above treatment, Evans Blue absor-
bance appeared reduced in comparison to that detected in
treatments with W alone for 24 h (Fig. 10c). In roots
treated with PBA + W, DAD-1 was still expressed, while
expression of the HSR203J was not detected (Online
Resource, Fig. 3). The mRNA levels of BiP-D, bZIP28 and
bZIP60 genes were also reduced in roots treated with
PBA + W, as opposed to those in roots subjected to W
alone (Online Resource, Fig. 3).

Discussion
W induces PCD in Pisum sativum root

As already shown, W is fatal for the main root of Pisum
sativum (Adamakis et al. 2008). The root is a plant organ
consisting of heterogeneous tissues and cell types, from
small meristematic cells to long vacuolated ones, arranged
in several cell files and layers. These cells respond dif-
ferently to abiotic stimuli, according to their identity
(Dinneny et al. 2008). Thus, the morphological manifes-
tation of the effects of W is expected not to be uniform
among the whole cell population of even a single pea
root.
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Fig. 10 Tubulin
immunostaining (a) and DNA
staining (b) in root cells treated
with PBA + W for 24 h. a,

b Single CLSM sections
through the cortical and central
plane, respectively, of the same
cells. Interphase cells exhibit
typical cortical microtubules
(a), similar to those of untreated
cells (cf. Fig. 3a). Their nuclei
exhibit normal chromatin
configuration (b) comparable to
that of untreated cells (cf.

Fig. 5b). Typical preprophase
and metaphase cells were
present (a, b; cf. Fig. 3c, e,
respectively) in roots treated
with the above combinations.
Bar 10 pm. ¢ Diagram depicting
the optical density (OD) at

595 nm of pea root extracts,
after Evans Blue staining and

extraction. Extracts derived 0.18 - (C)

from PBA-treated roots,

W-treated roots (24 h W) and 0.16

roots treated with a PBA + W

combination for 24 h. The 0.14

extract OD after the last 0.12 -

treatment is higher than that of E

roots treated with PBA, w 0.1 1

however significantly lower a

than that of roots treated with W % 0.08 1

alone. Bars represent the 0.06

standard error. Values a

correspond to mean + SE of 0.04 - T

three independent experiments. 0.02 - L

Different letters represent

statistically significant 0 T
difference at P < 0.05 PBA 24h W PBA+W

The main features of W toxicity in pea root cells were:
(a) increase of Evans Blue absorbance, which was
enhanced in prolonged treatments (Fig. 1), (b) retraction of
the plasma membrane from the cell wall and shrinkage of
the protoplast (Fig. 2b), (c) disruption of cortical micro-
tubules (Fig. 3b; see also Adamakis et al. 2010a) and
F-actin cytoskeleton (Fig. 4b), (d) arrest of cell divisions,
chromatin condensation and peripheral distribution in the
nucleus (Fig. 5c, d). In addition, the expression levels of
DAD-1, HSR203J, BiP-D, bZIP28 and bZIP60 genes were
modified (Fig. 7b—e).

Several of the features mentioned previously, such as
chromatin condensation, protoplast shrinkage and increase
of Evans Blue absorbance are typical of plant PCD (Danon
et al. 2004; review by Reape et al. 2008). Moreover, the
data concerning DADI and HSR203J expression profiles
strongly support that W induces PCD in Pisum sativum root
(see “Introduction”). Disruption of the -cytoskeleton
appears to be a general trait of heavy metal toxicity (Pfibyl
et al. 2008; Dho et al. 2010 and references therein). In

particular, the cortical microtubules are shown to be a
widespread target of W among land plants (Adamakis et al.
2010b). Accordingly, in this study, we considered cortical
microtubule appearance as a reliable indicator of W
toxicity.

The fact that inhibition of the 26S proteasome and
caspase pathways in W-treated roots rescues cortical
microtubules, diminishes Evans Blue absorbance, restores
expression of DAD-1 and abolishes HSR203J expression,
as compared with roots treated with W alone, provides
further evidence that some kind of PCD occurs in root cells
as a response to W treatment (Suarez et al. 2004; Zuppini
et al. 2004; Vacca et al. 2007). PCD in the main root may
be a necessary “sacrifice”, some kind of “amputation”, in
order to protect the rest of the plant from being contami-
nated with W. Indeed, it has been shown that while the
main root is affected by W, as assessed by microtubule
disruption, the leaves do not exhibit any visible disturbance
(Adamakis et al. 2010b). Besides, in response to W toxicity
lateral roots emerge (Adamakis et al. 2008; see also Xiong
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et al. 2009). As the main root dies, effort is probably put on
penetrating into W-free soil by lateral roots. The charac-
teristics and peculiarities of W-induced PCD (W-PCD for
brevity) are discussed below.

Pea roots under W-PCD: monitoring of dying cells

Arrest of cell division is common in cells that execute PCD
(review by Lam et al. 1999). In the meristematic cells of
Pisum sativum root, this may explain the multi-lobed
appearance of several nuclei and the presence of cytoplasm
and organelles entrapped inside the nucleoplasm. As is the
case for cells treated with anti-mitotic drugs (among others
see Karagiannidou et al. 1995), because of microtubule
disruption due to W, new nuclear envelopes surround
unsegregated chromosome groups, resulting in polyploid
multi-lobed nuclei. During this process, accidental entrap-
ment of cytoplasmic components inside the nucleus may
also occur.

The distribution and condensation of chromatin in
W-affected cells is typical of PCD, while DNA laddering is
a hallmark of the majority but not of all the cases of cells
that execute PCD (review by Reape et al. 2008). According
to our observations, it seems that W-PCD might not com-
prise the latter feature. Instead, DNA smearing was
detected in roots treated with W for 72 h (Fig. 7a). Neither
DNA laddering nor an increase in DNA smearing was
observed even in W treatments up to 5 days (data not
shown). Similar observations were made in several other
cases of PCD, e.g. during lace plant leaf development
(Gunawardena et al. 2004; Lord and Gunawardena 2011)
and water stress in Arabidopsis thaliana (Duan et al. 2010).
The fact that DNA smearing in our study was not extensive
can be attributed to the complexity of the root. As previ-
ously mentioned, cells were not uniformly affected by W
and, as a result, cells with PCD features may reside in the
vicinity of cells still alive even in the same root.

Although typical caspases have not been found in plants,
proteases with similar activity, named caspase-like prote-
ases or metacaspases, participate in plant PCD (review by
Bonneau et al. 2008). Recently, a common substrate of
caspases and metacaspases has been identified (Sundstrom
et al. 2009). Caspase inhibitors have been successfully used
to prevent the action of the above enzymes (reviews by
Rotari et al. 2005; Bonneau et al. 2008). In particular,
Z-VAD-FMK, a pan-caspase inhibitor, has been applied to
prevent various kinds of PCD in plant cells (Elbaz et al.
2002; Mlejnek and Prochazka 2002). In the present study,
Z-VAD-FMK rescued the cortical microtubules, dimin-
ished Evans Blue intake, restored expression of DAD-1 and
abolished the expression of HSR203J, in comparison with
roots treated with W alone. It can therefore be assumed that
caspase-like proteases might participate in W-PCD.
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The role of the 26S proteasome in PCD is undoubtedly a
matter of controversy. In contrast to the “mainstream”
opinion that inhibition of 26S proteasome activity accel-
erates PCD (among others see Grimm and Osborne 1999;
Kim et al. 2003), several authors have claimed that 26S
proteasome inhibition prevents or delays PCD (Vacca et al.
2007; Valenti et al. 2008; He and Kermode 2010; this
study).

As previously shown in animal and yeast cells (Kisselev
et al. 2003), apart from ubiquitin-related protein degrada-
tion, 26S proteasome also exhibits some caspase-like
activity. Recently, this was shown also for the 26S pro-
teasome in plants. In particular, Hatsugai et al. (2009)
found that 26S proteasome might exert a caspase3 function
and it can be inhibited by both a 26S proteasome inhibitor
and a caspase3 inhibitor. It could therefore be concluded
that treatment with MG132 results also in inhibition of any
caspase-like activity of the 26S proteasome. This may well
explain our observation that inhibition of the 26S protea-
some prevents W-PCD, as manifested by microtubule
organization, progression of cell division, Evans Blue
intake and DAD-1 and HSR203J expression profiles.

According to our results, MG132 can inhibit the effect
of W by both pre-treatment and simultaneous combined
treatment with W. On the contrary, Z-VAD-FMK inhibited
the effect of W only with pre-treatment. It can be therefore
assumed that 26S proteasome activity participates at a
rather late stage of PCD cascade, while the caspase-like
proteases that are inhibited by Z-VAD-FMK are activated
earlier than the 26S proteasome.

W-PCD seems to be induced by ER stress-UPR

The question that emerges is how W-PCD is triggered. As
discussed below, several data of this study support that ER
stress may be implicated in the induction of W-PCD. ER
stress was found to be associated with apoptosis in animal
cells (Boyce and Yuan 2006). In plants, ER stress as a
PCD-triggering pathway is also currently under consider-
ation (Cacas 2010; Duan et al. 2010). Several of the find-
ings of this study, such as modification of DAD-I
expression, imply that W-PCD may occur through the
above pathway. DAD-I is involved in the avoidance of
PCD (Tanaka et al. 1997, Danon et al. 2004) and its
expression is reduced or totally silenced during various
PCD programs (van der Kop et al. 2003; Yamada et al.
2004).

In Pisum sativum roots treated with W for 12 h, DAD-1
is overexpressed denoting some “self-defense” effort; after
24 h of continuous W treatment, attenuation and complete
silencing of DAD-I implies that root cells ultimately
“surrender” and undergo W-PCD (Fig. 7b). DAD-I
encodes a subunit of oligosaccharyltransferase, which
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participates in N-linked protein glycosylation in the ER, a
post-transcriptional modification fundamental for proper
protein folding (Lindholm et al. 2000; review by Schroder
and Kaufman 2005). Inhibition of N-linked protein glyco-
sylation results in accumulation of unfolded proteins in the
ER lumen, initiating the UPR, which, in turn, triggers PCD
(reviews by Urade 2009; Cacas 2010). As DAD-I is
silenced in W-treated pea root, oligosaccharyltransferase
activity may be compromised, resulting in a failure of
N-linked protein glycosylation. This may initiate UPR and,
by domino effect, activate caspase-like proteases that
prompt W-PCD.

Elevated BiP-D, bZIP28, and bZIP60 expression, as
well as induction of HSR203J expression, further support
the above view. BiP-D expression remains low during
normal conditions but it can increase under UPR. It
encodes the luminal binding protein which is ER-located
and specifically binds to the unfolded proteins (among
others see Noh et al. 2003; Kamauchi et al. 2005; Urade
2009). As a consequence, its expression increase is used as
marker of UPR in eukaryotic cells. bZIP28 is a membrane-
tethered transcription factor, implicated in the regulation
of UPR-stress-related genes (Liu et al. 2007). In short
tunicamycin treatments (up to 4 h) the expression of bZIP28
was not upregulated (Liu et al. 2007). However, a mild
induction of bZIP28 transcripts was shown in Arabidopsis
thaliana seedlings treated with tunicamycin for 5 and 10 h
and in rice endosperm cells accumulating f-amyloid peptide
(Tajima et al. 2008; Oono et al. 2010). In the present study,
W treatment was applied for 24 h. Therefore, it seems that
elevated bZIP28 expression might be necessary for the
execution of W-induced UPR during such a long treatment.
What is more, bZIP60 expression was elevated during W
treatment, which has generally been found to occur during
treatments with ER stress-inducing factors (see Iwata et al.
2008; Lu and Christopher 2008; Tajima et al. 2008; Oono
et al. 2010). bZIP60 is a membrane-associated transcription
factor and its expression was found to be specific for ER
stress, since it has been found to be specifically induced in
treatments with another ER-inducing agent, DTT (Oono
et al. 2010). Hence, elevated bZIP60 expression, in combi-
nation with the elevated expression of bZIP28 and BiP-D,
could indicate the execution of W-induced ER stress-UPR
response. HSR203J was originally isolated from tobacco as a
hypersensitive response-PCD-associated gene (Pontier et al.
1998). HSR203J homologs have also been found in other
plant species (see Pontier et al. 2004), and its expression is
generally considered as a marker for PCD. In addition,
HSR203J and BiP-D expression has been shown to be
stimulated after experimental inhibition of N-linked protein
glycosylation by tunicamycin (Iwata and Koizumi 2005b),
correlating UPR with PCD. Importantly, in the latter
experiments as well as the present study, HSR203J

expression peaks at 24 h of treatment. Taking into account
all the above, it could be assumed that W-PCD may occur as
a result of UPR, due to silencing of DAD-1 after treatment
with W.

Indirect evidence derived from PBA + W treatment
further supports the above view. PBA is commonly used as
a therapeutic agent against pathologic ER stress-resulting
neurological diseases (see Wiley et al. 2010 and references
therein). Apart from this, it has been used to rescue plants
from ER stress-derived PCD. It has been shown that
sodium 4-phenylbutyrate (an other aromatic derivative of
butyric acid), chemically supporting ER protein folding,
alleviated PCD features of Arabidopsis thaliana cells
treated with an inducer of ER stress (Watanabe and Lam
2008). Roots of Pisum sativum seedlings subjected to
PBA + W treatment exhibited low levels of BiP-D,
bZIP28 and bZIP60 expression (Online Resource, Fig. 3),
reduced Evans Blue intake, microtubule integrity and cell
cycle progression (Fig. 10), unlike those treated with
W alone (cf. Fig. 3b, d, f). Accordingly, it seems that
PBA “rescued” Pisum sativum root cells from the toxic
effect of W.

The fact that combined treatments with W and the 26S
proteasome inhibitor reduced the expression of BiP-D,
bZIP28 and bZIP60 deserves further attention. In yeast and
animal cells, ER-associated degradation (ERAD) of
misfolded proteins is accomplished by the ubiquitin/26S
proteasome system and, therefore, inhibition of the latter
results in an enhancement of UPR (see review by Urade
2007 and references therein). In plants, however, ERAD is
also accomplished by an ubiquitin/26S proteasome-inde-
pendent pathway, the molecular mechanism of which
remains unknown, as discussed by Urade (2007). In
accordance, inhibition of the 26S proteasome by MG132
may not prevent ERAD in plant cells, which seems to be
the case for W-affected Pisum sativum root cells. Instead of
hindering ERAD, MG132 seems to be mainly responsible
for the inhibition of the already mentioned caspase3-like
activity of the 26S proteasome (Hatsugai et al. 2009), thus
preventing PCD. The reduced expression of BiP-D, bZIP28
and bZIP60, obtained by combined treatments with W and
the pan-caspase inhibitor, are also in accordance with the
above view. Taken together, these data indicate that as W
toxicity is exerted the expression of these UPR-related
genes is associated with the activity of caspase-like
proteases.

Concluding remarks and perspectives
In conclusion, PCD in W-affected Pisum sativum roots
seems to occur by ER stress-UPR. Cacas (2010) has raised

the questions: “...which abiotic/biotic stresses and devel-
opmental signals can induce ER stress? Is ER stress
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encountered in specific PCD forms?” Water stress has been
recently shown to induce PCD by the ER stress pathway
(Duan et al. 2010). According to our study, W toxicity
seems to be another abiotic factor that induces PCD by the
ER stress-UPR pathway. The fact that W may induce PCD
further supports the toxic character of W for plants as a
pollutant. More questions arise however. How does W
affect DAD-1 expression to induce UPR? It has been pro-
posed that W enters plant cells by binding to Cnx1 protein
(Adamakis et al. 2010a). What may be the relation of this
binding to PCD induction? Further experimentation is
needed to provide the appropriate answers.
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