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The present work was designed to select hyperaccumulator plants by in vitro breeding from transversal
thin cell layers. The thin layer explants of Brassica napus cv. Jumbo were cultivated directly in the
presence of Zn at different concentrations (0.1-1 mM). Regenerated shoots were transferred into pots,
acclimatized, and cultured in the greenhouse. After 3 weeks, the regenerants were treated with 2 mM of
Zn during 7 days. Growth parameters, guaiacol peroxidase activity (GPOX), malondialdehyde (MDA),
polyamines (PAs) and pigment contents were evaluated. Zn applied during the regeneration process
influenced significantly both physiological and biochemical characteristics of regenerated plants.
Particularly, an increase of Zn level in the tissue culture induced an increase in MDA content and GPOX
activity in the leaves and a decrease in pigment contents. Exposure to 2 mM Zn induced 112 % increase
in free polyamines in leaves and roots, while this increase was as high as 399 % for plants regenerated

in the presence of the metal.
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peroxidase, Zn stress.

INTRODUCTION

Soil contamination by heavy metals is a consequence of
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Abbreviations:

BAP: 6-benzylamino-purine; GPOX: guaiacol peroxidase; MDA:
malondialdehyde; MS: Murashige and Skoog’s medium (1962);
NAA: a-naphthaleneacetic acid; PAs: Polyamines; Put:
putrescine; ROS: reactive oxygen species; Spd: spermidine;

Spm: spermine, tTCL(s): transverse thin cell layer(s).

in vitro, polyamines, malondialdehyde, guaiacol

industrial activities and phytoremediation appears as
cheap and environmentally friendly method to restore soil
quality (Pilon-Smits, 2005). However, the efficacy of this
technique could be improved if plants were better
adapted to grow on sites rich in pollutants. A number of
research works are being carried out aiming at increasing
the ability of plants to satisfy this application, including
biotechnology and genetic engineering (Rugh et al,
1996; Pilon-Smits, 2005). In this respect, in vitro culture
and selective pressure were proposed to develop more



efficient phytoremediation system through the selection of
hyperaccumulator plants to remediate polluted soils (Ben
Ghnaya et al, 2007). In this earlier study, plants
regenerated on metal rich media were selected and their
ability to accumulate metals and some morphological and
physiological characteristics were described. However,
mechanisms by which these regenerated plants could
overcome metal excess effects were not studied.

Heavy metals such as Zn are generally essential for
plant growth and development since they are constituents
of many enzymes and other proteins. However, high
concentrations of both essential and non essential heavy
metals in soils can induce toxicity symptoms and growth
inhibition in most plants (Hall, 2002). Heavy metal excess
may stimulate the formation of free radicals and reactive
oxygen species, often resulting in oxidative stress (Ferrat
et al., 2003). The antioxidative responses of plants
exposed to metals and other stress factors have been
reviewed (Sharma and Dietz, 2009). In resistant forms,
stress conditions may enhance protective processes
such as accumulation of compatible solutes and increase
detoxifying enzymes activities. Malondialdehyde (MDA) is
a cytotoxic product of lipid peroxidation and an indicator
of free radical production and consequent tissue damage,
both in plants and animals (Ohkawa et al., 1979; Wood et
al., 2006; Zhang et al., 2008). Besides, plant antioxidative
defense response can be evaluated by analyzing the
activity of antioxidant enzymes such as guaiacol
peroxidase [GPOX, EC 1.11.1.7] or cell antioxidant
contents (lannone et al., 2010). Among substances able
to protect plant cell from oxidative attack, a specific role
has been attributed to polyamines (PAs) in preventing
photo-oxidative damages (Franchin et al., 2007). The
antioxidative effect of polyamines is due to a combination
of their anion and cation-binding properties involving a
radical scavenging function (Bors et al, 1989) and
capability to inhibit both lipid peroxidation (Kitada et al.,
1979) and metal-catalysed oxidative reactions (Tadolini,
1988). Moreover, polyamine catabolism produces
hydrogen peroxide that can enter the stress signal
transduction chain, promoting the antioxidative defense
response activation (Agazio and Zacchini, 2001).

In the present study, we characterize how rapeseed
plants, obtained, as described earlier (Ben Ghnaya et al.,
2007), cope with Zn exposure. We especially analyze
oxidative stress markers in response to subsequent metal
exposure. The influence of high Zn concentration (up to 1
mM) during regeneration of Brassica napus cv Jumbo
and of subsequent Zn application (2 mM) have been
presented on accumulation of the metal and on
antioxidative defense responses such as PAs and MDA
contents, GPOX activity as well as chlorophyll and
carotenoid contents.
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MATERIALS AND METHODS

Plant material and zinc treatments

Experiments were carried out on rapeseed (Brassica napus cv.
Jumbo) provided by National Institute of Agronomic Research
(INRA), Rennes (France). This genotype was a pure, genetically
fixed line and was obtained by autofertilization.

Seeds, sterilized as previously described (Ben Ghnaya et al.,
2007), were sown in test tubes on MS medium (Murashige and
Skoog, 1962) supplemented with 2% (w/v) sucrose and 0.65% (w/v)
agar at pH 5.8. Seeds were allowed to germinate for 2 weeks under
conditions detailed earlier (Ben Ghnaya et al, 2008). Then,
transverse thin cell layers (tTCLs to 0.3—-0.5 mm) were excised from
hypocotyls and petioles and placed in petri dishes on MS medium
containing 0.3 mg L™" of 1-naphthaleneacetic acid (NAA), 3 mg L™
of 6-benzylaminopurine (BAP), sucrose (3%) and agar (0.65%),
supplemented with various concentrations of Zn (0 to 1 mM final
concentration) dissolved in MES-buffer (MES=2-
morpholinoethanesulfonic acid), pH 5.8.

The plants regenerated from tTCLs, without Zn (control) or in the
presence of Zn, were acclimatized under a 16-h photoperiod, at 22
+ 1°C. The surviving plants were transferred to 750 mL pots
containing sterile compost and cultured in a greenhouse. During
three weeks, each pot was watered twice a week, alternating water
and Hoagland’s nutrient solution (Hoagland and Arnon, 1950).
Subsequently, the three-week regenerants were treated or not
every day with 2 mM Zn supplied to the roots (150 mL per pot).
After 7 days, the plants were harvested, washed and sampled for
analysis. The chemical assays were repeated three times.

Determination of growth and zinc accumulation

Fresh weight of leaves, roots and stems of the control and treated
plants were measured after harvest and dry weight was estimated
by heating tissues at 70 °C for three days. Two hundreds milligrams
of dried plant tissues were ground up and digested by a mixture of
HNO3, HF and H»O. (4/3/1, v/v/v) using a microwave digestion as
described by Weiss et al. (1999). Zn content was measured by
electrothermal atomic absorption spectrometer (Perkin-Elmer
SIMAA 6100, USA) operated in the single-element mode. All
solutions were prepared with high-purity water from a MilliQ-system
(Millipore, Milford, MA, USA).

Pigment content

The pigment content was determined using the method of
Lichtenthaler (1987). Leaves samples (1g fresh weight) from each
plant were ground in a mortar in 100% acetone. The extracts were
centrifuged at 5000 rpm for 10 min at 4°C before reading the
absorbance at 470, 663, and 645 nm.

Lipid peroxidation (MDA)

The level of lipid peroxidation was determined using
malondialdehyde (MDA) as a marker. Its content was measured
according to Minotti and Aust (1987) and Iturbe-Ormaetxe et al.
(1998). About 1g leaf fresh tissue was homogenized with 6 mL of
metaphosphoric acid (5%, w/v) and 120 pL of 2% butyl
hydroxytoluene (in ethanol). After 30 min at 4 °C, homogenate was
centrifuged at 5000 rpm for 20 min. The chromogen was formed by
mixing 4 mL supernatant with 400 pl 2% butyl hydroxytoluene, 2 mL
of 1% (w/v) thiobarbituric acid (in 50 mM NaOH) and 2 mL of 25 %
HCI. The reaction mixture was heated for 30 min at 95 °C and then
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Table 1. Effect of ZnSO4 (2 mM) treatments on B. napus (cv. Jumbo) growth and accumulation of zinc in roots (R), stems (S)
and leaves (L) of plants regenerated in the presence of (0.1-1mM) or absence of ZnSO4 and cultivated in greenhouse.

ZnSQO4 treatments (mM) Plant growth Zn content
During in vitro  After Fresh weight (g) Dry weight (g) (Hg.g™" DW)
regeneration regeneration

L S R L S R L S R
0.00 0.00 7.88% 463° 1257 0.60® 021° 0.14° 268.00° 22233  171.33"
0.00 2.00 6.47° 3.91° 1.70° 0.52° 0.22° 0.22* 429.67° 693.00° 1821.33
0.10 2.00 7.95% 4.92° 1.49° 0.68° 0.30° 0.19° 519.67¢ 545.33°  751.00°
0.25 2.00 7.80° 4.73° 1.38° 0.61*® 0277 0.20* 912.67° 929.00° 2168.33°
0.50 2.00 5.03° 5.08° 0.90° 0.37° 0.29° 0.21 1069.00° 2215.33° 5368.00°
1.00 2.00 467° 219 1.90° 0.53° 0.20° 0.12° 1947.67° 4466.67° 9089.00°

Data are means from three independent experiments. In each column, the values with different letters are significantly different

according to ANOVA and Duncan'’s test at the 5% level.

rapidly cooled in ice. Chromogen was extracted by adding 1.5 mL
of 1-butanol. After 30 s vortexing, organic phase was separated by
centrifugation (5000 rpm, 5 min) and the thiobarbituric acid reactive-
substances (TBARS) determined by measuring absorbance at 532
nm. TBARS concentration was calculated using the extinction
coefficient of 155 mM™cm™.

Guaiacol peroxidase activity (GPOX, EC 1.11.1.7)

Fresh plant leaves, stems or roots (500 mg) were homogenized in 6
mL of cold 100 mM potassium phosphate buffer (pH 6.5) and
centrifuged at 5000 g for 10 min. Guaiacol peroxidase activity was
assayed in a mixture containing 2.7 mL of 0.1 M K-phosphate buffer
(pH 6.0), 100 pL of 0.18 M guaiacol and 100 pL of 0.03 M hydrogen
peroxide (MacAdam, et al., 1992). Reaction was initiated by adding
50 uL of supernatant, and increase in A 470 min™' was measured.
The amount of oxidized guaiacol was calculated from the extinction
coefficient of 26.6 mM™' cm™. Enzyme activity was expressed as
pmol of min™ g™ DW.

Polyamine Analysis

Extraction and dansylation of free polyamines were performed
using the procedure described by Flores and Galston (1982) and
slightly modified by Féray et al. (1992). Tissues were extracted in 5
% (v/v) cold HCIO,. The mixture was kept at 4°C for 1 h and then
pelleted at 5000 g for 15 min. Aliquots (200 pL) of the supernatant
were mixed with 200 pL saturated sodium carbonate and 200 pL
dansyl chloride in acetone (5 mg. mL'). The samples were
vortexed (30 s) and incubated overnight at room temperature.
Dansylated polyamines were extracted in 2 x 500 puL benzene, 200
UL were evaporated and re-dissolved in 500 pyL methanol for
analysis. Standards were treated in the same way. The HPLC
system consisted of two solvent pumps (Kontron 422) coupled to a
high performance mixer, 7125 Rheodyne injection valve fitted with
20-pL loop and stainless precolumn spheri ODS 5 mm (Brownlee)
(30 x 4.6 mm) in conjunction with stainless steel analytic column
(Ultrasphere). The mobile phase consisted of 0.01 M NaH>PO.,, pH
4.4 (A) and methanol/ acetonitrile (50/50, v/v) (B) mixed at ambient
temperature to produce a gradient flow rate of 1 mL. min™ with 5min
B, 80%; 2 min B, 80-89 %; 5 min B, 89-100 %; 3 min B, 100-80 %;
10 min B, 80 %. The gradient and data analysis were controlled by

a microcomputer data system (Kontron Inst). SFM 25
spectrofluorimeter (Kontron) was used to detect with excitation at
360 nm and emission at 510 nm.

Statistical analysis

The experiments were conducted according to randomized block
design. The values in the tables and figures were compared by
analysis of variance (ANOVA) and the differences among means (5
% level of significance) were tested by the Duncan’s Multiple Range
Test using StatGraphics Plus 5.1.

RESULTS

Plant growth and biomass

Control plants that were not exposed to Zn (neither
during nor after regeneration) showed the highest leaf
fresh and dry weight and lowest root weight (Table 1).
The 2 mM of Zn greenhouse treatment of plants
regenerated in the absence of Zn induced a significant
decrease in fresh weight of aerial parts and increase in
root fresh weight (Table 1). Dry weight was increased in
roots and not affected in leaves and stems (Table 1). The
aerial parts of plants regenerated in the presence of 0.1
or 0.25 mM of Zn and treated with 2 mM of Zn in the
greenhouse revealed significantly higher fresh and dry
weights than those regenerated without Zn (Table 1),
whereas in roots, the fresh weight was decreased and
the dry weight remained unchanged.

In contrast, the leaves of plants regenerated in the
presence of higher Zn concentrations (0.5 or 1 mM)
showed significant decrease of leaves fresh, but for dry
weight we observed the significant decrease only with 0.5
mM. The other organs were less affected (Table 1).



Zinc accumulation

The lowest content of Zn in control plants was observed
in roots (171 pg g DW) while the highest (268 g g
DW) was in the leaves (Table 1). Exposing the plants to
2mM of Zn in the greenhouse resulted in an increase in
Zn content by ten folds in roots, three folds in stems, and
only one and a half fold in leaves. The plants regenerated
in vitro in the presence of 0.1 mM of Zn resulted in an
accumulation of Zn lower than in plants that had been
regenerated in the absence of Zn. In these plants, Zn
content in roots (751 ug. g' DW) was less than half the
content of plants regenerated without Zn (1821 pg g
DW). When the thin layers were submitted in vitro to the
presence of higher Zn concentrations (0.25, 0.5 and 1
mM), the Zn content of regenerated plants was
significantly higher and proportional to Zn concentration
in regeneration medium and was most pronounced in the
roots where it reached 9089 pg. g' DW. The
concentration of Zn in stems and roots relative to the one
of the leaves of plants that had been regenerated with 0.5
or 1 mM Zn is comparable to that of plants regenerated in
the absence of the metal, the roots containing from 424
to 502 % of the amount in leaves. In contrast, when
plants were regenerated with low Zn concentration, the
relative distribution of Zn in the tissue was comparable to
that observed in control plants (Figure 1).

Chlorophyll and carotenoid contents

Exposure of plants regenerated in the absence of Zn to 2
mM Zn resulted in a decrease in chlorophyll a and
carotenoid contents (Table 2). By contrast, when plants
were regenerated in vitro in the presence of 0.1 mM and
0.25 mM of Zn. Chlorophyll a, b and carotenoid contents
were similar or higher than in plants regenerated without
the metal. Increasing Zn concentration (0.5 and 1 mM) in
the regeneration medium caused a significant decrease
in chlorophyll a and in carotenoid contents in regenerated
plants leaves (Table 2).

Lipid peroxidation (MDA)

The occurrence of oxidative stress induced by Zn
treatment was monitored by analyzing membrane
damage through measurement of MDA levels: exposure
of plants regenerated in the absence of Zn to 2 mM of Zn
in the greenhouse resulted in a significant increase of
MDA, whose content has doubled (Table 3). This
increase was even more important when the plants were
regenerated in vitro in the presence of Zn (0.1-1 mM), the
maximum (39.92 nmol.g'1 fresh weight) being for plants
regenerated with 1 mM Zn, approximately 4 times more
than the untreated control (Table 3).
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Guaiacol peroxidase activity

GPOX activity was significantly higher in all plant parts
after a 2 mM Zn treatment in the greenhouse than in
those of untreated plants (Table 3). This activity was
further increased in the leaves of plants regenerated in
the presence of 0.1 or 0.25 mM Zn (reaching 202 % of
untreated control activity for 0.25 mM) and recovered the
levels of normal untreated plants with 0.5 and 1 mM Zn.
In the shoots, the GPOX activity was reduced
proportionally to the Zn level and with 1 mM, the activity
was similar to the one of unstressed plants. The highest
activity was observed in roots and the selection in vitro
(0.1 to 0.5 mM Zn) produced plants with normal activity
(similar to unstressed plants), but it was strongly reduced
with 1 mm Zn during regeneration. This stimulation was
less important in stems and roots of plants regenerated in
vitro in the presence of Zn. In these plant organs, the
higher the Zn concentration the lower the GPOX activity
was for 1 mM Zn the activity was down to untreated
control activity in stems and 56 % less than untreated
control activity in roots. In the case of leaves, activity of
GPOX in response to 2 mM Zn was further stimulated
when the plants had been regenerated with 0.1 and 0.25
mM Zn reaching 202 % of untreated control activity for
0.25 mM. Beyond that, GPOX activity in plants
regenerated in the presence of 0.5 and 1 mM of Zn was
no longer stimulated by a treatment with 2 mM of Zn in
the greenhouse (Table 3).

Free polyamines

Non metal treated plants (neither during nor after
regeneration) presented a gradation in the distribution of
free polyamines, concentration increasing from leaves to
roots.The richest organs contained 163.82 nmol. g DW
PAs (Table 4). In all organs, spermidine (Spd) was the
predominant polyamine whereas spermidine (Spm) was
the less abundant (Figure 2).

Watering the control plants in the greenhouse with Zn (2
mM) induced a significant increase in the levels of the 3
PAs in leaves and roots (respectively + 115 and + 100 %)
but not in stem fraction (Table 4, Figure 2).

When the plants were regenerated in vitro in the
presence of Zn, the total concentration of PAs in the
leaves was significantly increased (Table 4). This
increase was observed for all the plants treated in vitro,
with the maximum for those exposed to 0.1 mM during
regeneration (+ 402 % vs. treated control). This increase
of global PAs levels resulted from higher levels of Put,
Spd and Spm (Figure 2A).

The analyses of stems showed that greenhouse
exposure to the metal induced no significant change in
the level of total (Table 4) and individual PAs (Figure 2B).
Nevertheless, the addition of 0.25 mM and 1 mM of Zn, in
the regeneration medium induced an increase in the total
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Figure 1. Effect of ZnSO. (2 mM) treatments on zinc content in roots (R) and stems (% of leaf
content) of plants regenerated in the presence of (0.1-1mM) or absence of (0 mM) ZnSO4 and
cultivated in greenhouse. Control plants were neither treated with ZnSO,4 nor regenerated with the
metal.

Table 2. Effect of ZnSO4 (2 mM) treatments on leaf pigment contents (Chlorophyll and Carotenoid) of B. napus (cv. Jumbo)
regenerated in the presence (0.1-1 mM) or absence of ZnSO,.

ZnS0O, treatments (mM) Leaf pigments (ug g FW)
During in vitro After regeneration Chlorophyll Carotenoid
regeneration

Ca* Cb Ca+b Cx+c
0.00 0.00 196.227 59.16° 255.39° 56.31°
0.00 2.00 163.57° 62.33° 225.90° 50.87°
0.10 2.00 207.13° 75.87% 282.99° 62.89%
0.25 2.00 195.50% 78.20° 273.67° 60.83°
0.50 2.00 114.25° 51.28° 165.53¢ 40.79°
1.00 2.00 93.07¢ 68.42° 161.49° 35.67°

*Ca= Chlorophyll a, Cp = Chlorophyll b, Ca.» = Total chlorophyll and Cy,; = Carotenoids. Data are means of 3 independent
experiments. In each column, the values with different letters are significantly different according to ANOVA and Duncan’s test
at the 5% level.
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Table 3. Effect of ZnSO4treatments (2 mM) on GPOX activity of leaves (L), stems (S), and roots (R) and on MDA content of
B. napus cv Jumbo regenerated in the presence (0.1-1 mM) or in the absence of ZnSO..

ZnSQO4 treatments (mM) GPOX MDA
(umol min™ g'DW) (nmol g FW)

During in vitro After regeneration L S R L
regeneration

0.00 0.0 3.12° 6.89° 34.30° 9.77°

0.00 2.00 5.02° 10.28% 40.88° 18.16°

0.10 2.00 5.69° 9.11° 34.63° 25.27°

0.25 2.00 6.29° 8.71°¢ 29.51° 32.70°

0.50 2.00 3.85° 7.50° 30.37° 34.79°

1.00 2.00 2.92° 5.95¢ 15.17° 39.92°

The data are means from three independent experiments. In each column, the values with different letters are significantly
different according to ANOVA and Duncan’s test at the 5% level.

Table 4. Effect of ZnSO4 greenhouse treatments (2 mM) on total polyamine content (PAs) of leaves (L), stem
(S), and roots (R) of B. napus cv Jumbo regenerated in the presence (0.1-1 mM) or in the absence of ZnSO,.

ZnSQO4 treatments (mM)

PAs (nmoles g° DW)

During in
regeneration

vitro After regeneration

L S

R

0.00
0.00
0.10
0.25
0.50
1.00

0.0

2.00
2.00
2.00
2.00
2.00

84.55' 101.64°
181.57° 105.52°
424.35% 104.29°
339.44° 130.22°
274.44° 104.66°
365.82° 170.21°?

163.82"
328.31°
390.77°
511.79°
209.98°
243,25

The data are means from three independent experiments. In each column, the values with different letters are
significantly different according to ANOVA and Duncan’s test at the 5% level.
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Figure 2. Effect of ZnSO,4 greenhouse treatment (2 mM) on free polyamine (nmoles. g'1 DW) of B. napus cv
Jumbo plants regenerated in the presence (0.1-1 mM) or in the absence of ZnSQO.. (A) leaves, (B) stems, (C)
roots. Put: putrescine, Spd: spermidine, Spm: spermine. The data are means from three independent
experiments. In each column, the values with different letters are significantly different according to ANOVA
and Duncan’s test at the 5% level.

PAs due to a shift in Spd content (+ 28 and 49 %, In the roots of plants regenerated in the presence of 0.1
respectively) (Figure 2B). or 0.25 mM Zn a further increase in the level of total and



individual Pas was observed (Table 4). This stimulating
effect of the in vitro selection was maximum for 0.25 mM
of Zn , but inversely the PAs content was diminished for
0.5 and 1 mM Zn (+ 28 and + 48 %, respectively).
Furthermore, for high concentrations of 0.5 and 1 mM of
Zn in the regeneration medium, the increase of PAs
contents in response to the subsequent Zn treatment was
lower than observed for control plants treated in the
greenhouse with the metal (-36 and 26 %, Table 4). This
was mainly due to a reduction in Put and Spd (Figure 2C

DISCUSSION

In this study, some effects of Zn treatment on plants
regenerated in vitro from tTCLs with or without the metal
were investigated. The results indicate that rapeseed
metabolism was strongly perturbed when the plants were
exposed to Zn treatment during regeneration and the
responses were dependent on the Zn concentration.

Toxic effect of Zn was evident from curtailed growth
and reduced biomass. When Zn (2 mM) was applied to
plants regenerated in the absence of Zn and cultivated in
the greenhouse, reduction in biomass was drastic in
leaves (Table 1). Growth inhibition was consistent with
data reported for Zn in Brassicacae and other species
(Alia and Saradhi, 1995; Gisbert et al, 2006, Ben
Ghnaya et al., 2009). Biomass distribution between roots
and leaves may be a plant strategy to tolerate high soil
metal contents (Audet and Charest, 2008). However, the
treatment was applied to plants regenerated in vitro in the
presence of 0.1 or 0.25 mM of Zn, the growth reduction
was totally alleviated. This alleviation could not be
explained by reduced Zn accumulation in plant organs
except for roots of plants regenerated with 0.1 mM Zn.

When Zn was applied to plants regenerated in the
absence of Zn, a significant increase in the Zn content in
the whole plant was observed. Accumulation of the metal
was maximal in roots (+ 963 %). Below this value, stems
(+ 212 %) accumulated more Zn than leaves (+ 60 %).
Such metal-partition in plants is generally observed and
is considered a way to avoid the metal toxicity (Audet and
Charest, 2008). Although it is not possible to exclude that
Zn has mainly accumulated in root apoplasm, it should be
noted that this high Zn concentration in the roots (1821
ng.g”' DW) was associated with a negligible , indicating a
relative tolerance of this cultivar (cv. Jumbo) to Zn
treatment.

When ZnSO, was applied to plants regenerated in vitro
in the presence of 0.1 mM of Zn, a significant decrease of
Zn accumulation was observed, mainly in roots and also
in stems, but not in leaves.

Nevertheless, for plants regenerated in presence of
0.25 mM of Zn and more, accumulation of Zn increased
with the increase of the Zn concentration in the
regeneration medium. A considerable elevation of Zn
content was observed in the different organs but
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particularly in roots. An exclusion mechanism may have
been positively regulated as a consequence of the
presence of low Zn concentrations during regeneration. It
could also be proposed that plants habituation to low Zn
during regeneration resulted in a partition of biomass and
metal different from that observed without Zn habituation
and modelized by Audet and Charest (2008) in case of
high soil contamination. At higher concentration in vitro,
the further accumulation of Zn is no more alleviated but
clearly enhanced.

The treatment of plants with 2 mM of Zn in the
greenhouse diminished significantly chlorophyll and
carotenoid contents as reported in other plant systems for
Zn (Monnet et al., 2001; Singh and Sinha, 2005) and
other metals (Chatterjee and Chatterjee, 2000; Zengin
and Munzuroglu, 2005; Groppa et al., 2007). Chlorophyll
content’s reduction may be attributed to inhibition of their
synthetic enzymes (Stobart et al,, 1985). As discussed
below, since Zn induced an oxidative stress in plants, it is
also very likely that this stress was in turn responsible for
pigment destruction (Singh and Sinha, 2005).

The regeneration in vitro in the presence of 0.1 mM and
0.25 mM of Zn induced a significant increase in
chlorophyll and carotenoid contents. This finding is
consistent with previous studies (Ferrat et al., 2003; Ben
Ghnaya et al., 2007) showing higher carotenoid content
in plants subjected to Zn and various stresses.
Carotenoid, as non enzymatic antioxidant, would play a
vital role in the protection of plants from the adverse
impact of reactive oxygen species (Halliwell, 1987).
Similarly, stress of low intensity were already found to
result in higher chlorophyll content (Teisseire et al., 1999)
and formation of shade type chloroplasts (Lichtenthaler,
1984). That this increase was observed in case of
substances inhibiting non-cyclic electron transport during
photosynthesis would confirm an effect of Zn on this
process as observed for Lolium perene (Monnet et al.,
2001).

However, increasing Zn concentration (0.5 and 1 mM)
in the regeneration medium was responsible of significant
inhibition in chlorophyll and carotenoid contents in leaves
from regenerated plants (Table 2). This strong reduction
of pigments may be the result of partial destruction due to
a strong production of ROS as suggested by GPOX
activity and MDA contents.

Indeed, MDA accumulated in response to Zn treatment
and was further accumulated in a concentration
dependent manner when Zn was present during
regeneration. MDA is a major cytotoxic product of lipid
peroxidation and as such it is an indicator of free radical
production (Ohkawa et al., 1979; Ferrat et al., 2003). In
the regenerated plants, the higher production of MDA,
that increased with Zn concentration applied in vitro
during regeneration, indicate an enhanced level of lipid
peroxidation and a higher ROS production, which are
also in accordance with the metal accumulation observed
in the leaves.
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Antioxidants and antioxidative enzymes are considered to
play an important role in detoxification of oxygen species
generated in the presence of metal ions. Among
enzymes allowing the destruction of these ROS are
peroxidases, particularly guaiacol peroxydase (GPOX). A
significant increase of GPOX activity in aerial parts of
plants in response to watering with Zn was observed.
This increase was even higher in plants regenerated in
the presence of 0.1-0.25 mM of Zn. Increase in GPOX
activity may be attributed to its role in the elimination of
H-O, which is produced in excess, the increase in H.O»
leading to a higher GPOX activity. Many studies
suggested the implication of GPOX in the oxidative stress
could be correlated with the amount of the accumulated
metal (Cuypers et al., 2002; Sharma and Dubey, 2007).
However, at higher concentrations of Zn applied in vitro
(1 mM) Zn concentration in the leaves increased (Table
1), and a decrease of GPOX activity was observed. The
decrease in GPOX activity suggests a stress too severe
for the defense capacity of these plants (Siedlecka and
Krupa, 2002). Zn treatment did not induce any change in
roots GPOX activity despite a strong Zn accumulation in
this organ. It then could be that the main effects of Zn are
ROS production in green tissues upon illumination
leaving roots unaffected by the 9089 pg g' DW of metal
accumulated.

The importance of oxidative stress in plants upon
heavy metal exposure has been repeatedly shown
(Cuypers et al., 1999; 2001; 2002). Zn is one of the
metals that stimulate reactive oxygen species (ROS)
production and antioxidative defense system (Cakmak,
2000). Our study revealed the importance of oxidative
stress effects and antioxidative defense mechanisms
after application of an environmentally realistic toxic Zn
concentration (2 mM), i.e. the concentration similar to
what is measured in Zn highly polluted soils.

As far as polyamines were concerned, Zn treatment in
greenhouse caused an important increase in Put, Spd
and Spm contents in leaves and roots. When plants were
regenerated in vitro in the presence of 0.1 or 0.25 mM of
Zn, the further increase of the PAs contents observed
was significant in leaves and roots but (Table 4).

Accumulation of PAs in plants exposed to oxidative
stress caused by heavy metals such as Cu, Cd, and Zn
has been previously reported by several authors
(Wettlaufer et al., 1991; Groppa et al., 2003; Franchin et
al., 2007). Particularly, a protective role for polyamines in
plant cells exposed to this stress has been described by
many authors who showed that these substances may
act as radical scavengers (Bors et al., 1989; Sharma and
Dietz, 2006) and as inhibitor of lipid peroxidation
(Velikova et al, 2000; Groppa et al, 2001). This
protective role for polyamines was recently confirmed by
the increase of tolerance to copper and cadmium created
by an exogenous supply of polyamines (Groppa et al.,
2001; Rhee et al., 2007; Wang et al., 2007). When Zn
treatment was applied to plants regenerated in vitro in the

presence of 0.5 or 1 mM of ZnSQO,, total PAs contents in
leaves was significantly higher than in untreated plants,
but clearly diminished in roots (Table 4). The relationship
between Zn increase of oxidative stress that would in turn
lead to a PAs contents increase was observed in most
cases, however, this does not explain the increase of
PAs contents in the roots despite no increase of GPOX
activity, further investigations are required to clarified this
point.

In this study, it was clearly demonstrated that deep
changes occurred in the stress response (antioxidant
system and metal accumulation) of plants regenerated
from cells submitted in vitro to Zn, in a dose-dependent
manner.

Plants regenerated in the presence of Zn showed a
higher capacity of Zn accumulation in roots and aerials
parts. This accumulation increased with Zn concentration
during the regeneration phase and this selective pressure
applied during the regeneration process may have
induced a physiological adaptation (Hall, 2002). Although
it is unlikely, mutation which affected major genes
responsible for Zn absorption or accumulation cannot be
excluded. The present investigation showed that
application of selective pressure during regeneration of
rapessed from tTCLs can improve Zn tolerance capacity
and accumulation in aerial parts (x 5) for more efficient
phytoextraction and this strategy may complement plant
genetic engineering that is being developed for enhanced
phytoremediation.
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