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Abstract

Hydroponic experiments were conducted to compare the effects of excess copper (Cu) on
growth and photosynthesis in young Indian mustard (Brassica juncea) and oilseed rape
(Brassica napus). We compared the effects of excess Cu on the two Brassica species at
different physiological levels from antioxidant levels to photosynthetic activity. Nine-day-old
plants were treated with Cu (10, 25 and 50 uM CuSOs) for 7 and 14 days. Both species took
up Cu from external solution to a similar degree but showed slight root-to-shoot translocation.
Furthermore, after seven days of treatment, excess Cu significantly decreased other
microelement content, such as iron (Fe) and manganese (Mn), especially in the shoots of B.
napus. As a consequence, the leaves of young Brassica napus plants showed decreased
concentrations of photosynthetic pigments and more intense growth inhibition; however,
accumulation of highly reactive oxygen species (hROS) were not detected. After 14 days of
Cu exposure the reduction of Fe and Mn contents and shoot growth proved to be comparable
in the two species. Moreover, a significant Cu-induced hROS accumulation was observed in
both Brassica species. The diminution in pigment contents and photosynthetic efficiency were
more pronounced in B. napus during prolonged Cu exposure. Based on all the parameters B.
juncea appears to be more resistant to excess Cu than B. napus, rendering it a species with

higher potential for phytoremediation.
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1. Introduction

Among heavy metals, copper in trace amounts is essential for plant life but it becomes
toxic at higher concentrations. In excess, this heavy metal seriously inhibits leaf expansion at
the early growth stage and it causes changes in physiological processes such as transpiration,
photosynthetic electron transport and biosynthesis of chlorophyll [27].

Excess Cu can affect photosynthetic electron transport on the reducing side of PSI at
the level of ferredoxin. In addition, it can alter the PSII on the oxidising side by inhibiting the
electron transport at P680 as well as by inactivating some PSII reaction centres [35]. A few
studies indicate that excess Cu can impair the PSII electron transport on its reducing side by
affecting the rate of electron transfer from tyrosine (Yz) to the oxidized primary donor P680*
[15].

At molecular level, excess Cu is able to induce the formation of reactive oxygen
species (ROS) via the Fenton- or Haber-Weiss reactions which subsequently damage proteins,
nucleic acids and lipids [13]. This effect of excess Cu was supported by the positive
correlation between Cu-treatment and the production of hydroxyl radicals in Arabidopsis [8].
Besides, excess Cu can indirectly cause oxidative stress by disrupting the balance between
ROS generation and detoxification [28]. The activities of several ROS scavenging enzymes
(such as superoxide dismutase, SOD; catalase, CAT and peroxidases, POD) are modulated by
excess Cu but the effect depends on the plant species, the concentration and the duration of
exposure [34].

Brassica species are economically important as food and oilseed plants. Indian
mustard (Brassica juncea) is primary source of the anticarcinogenic 3-butenyl glucosynolate
[18]. Qilseed rape (Brassica napus) is also known as an oilseed plant offering a high yield
potential due to chloroplast number per unit leaf area [7]. Moreover, these species were
chosen for the experiments because they possess rapid growth, high biomass, and a
remarkable capacity to take up toxic metals [17; 12].

Accumulation of heavy metals in the environment and their toxic effects through the
food chain can lead to serious ecological and health problems. Therefore, it is important to
determine and compare the susceptibility of these promising species for phytoremediation to
Cu exposure.

For that reason, the aim of the present study was to compare the effects of excess Cu at
different concentrations and treatment durations on the morphological changes of young B.

juncea and B. napus leaves and the background of this response such as changes in the
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element content and the levels of highly reactive oxygen species, furthermore the behaviour

of the antioxidant defence and photosynthetic systems.

2. Materials and methods

2.1 Plant material and growth conditions

The study was conducted on B. juncea L. Czern. and B. napus L. The seeds were
surface sterilised by 10% (v/v) sodium hypochlorite for 10 min, then rinsed and imbibed for
30 minutes in running water and germinated and grown in perlite supported hydroponically
for 9 days under controlled condition in a greenhouse (12/12 day/night period, 150 pmol/m?/s
light intensity, relative humidity of 55-60% and 25+2°C). Nine-day-old Brassica plants were
grown in full-strength Hoagland solution supplemented with 10, 25 and 50 uM CuSOa. As
controls, untreated plants were used. Shoots were sampled for experimental analysis on the
7" and 14" days of the treatment.

2.2 Measurement of the shoot size

The plants treated with different Cu concentrations were separated carefully and
washed thoroughly. Fresh and dry weights (g) of the shoots were measured on the 7" and 14"
days of the treatments. Leaf area was also determined on the 7" and 14™ days, on at least 10
specimens from every concentration in every case by using a grid and ImageJ (National

Institute of Mental Health, Bethesda, Maryland, USA) image processing software.

2.3 Measurement of Cu concentration by ICP-MS

For determination of Cu concentrations in the plant tissues, inductively-coupled
plasma mass spectrometer (Thermo Scientific XSeries Il, Asheville, USA) was applied.
Shoots of control, 10, 25 and 50 uM Cu-treated B. juncea and B. napus plants were rinsed
with distilled water. After drying at 70°C for 72 hours, nitric acid (65%, w/v) and H20> (30%,
w/v) was added to the samples, which were destructed at 200°C and 1.600 W for 15 minutes.
Values of Cu concentrations are given in pg/g dry weight (DW) and the bioaccumulation

factor (BAF) was calculated as follows:

BAF= Cu concentration in plant tissues (pg/g)/ Initial Cu concentration in the nutrient

solution (ug/g).



2.4 In situ detection of highly reactive ROS and measurement of antioxidants

Highly reactive ROS, such as peroxynitrite (ONOQO"), hydroxyl radical (OH’) and
hypochlorite anion (OCI") were visualized by 3’-(p-aminophenyl) fluorescein (APF) [16].
Leaf discs with a diameter of 7.5 mm were cut representatively from the fully developed
leaves. They were incubated in 10 uM APF solution for 1 hour at room temperature in
darkness, and were washed twice with TRIS-HCI buffer (10 mM, pH 7.4). Experiments were
carried out using a Zeiss Axiovert 200M inverted-fluorescence microscope (Carl Zeiss, Jena,
Germany) equipped with a high resolution digital camera (Axiocam HR, HQ CCD) with filter
set 10 (excitation: 450-490 nm, emission: 515-565 nm). Fluorescence intensities (pixel
intensities) were measured on digital images within circular areas of 600 um radii using
Axiovision Rel. 4.8 software. The radii of circles were not modified during the experiments.

SOD (EC 1.15.1.1) activity was determined by measuring the ability of the enzyme to
inhibit the photochemical reduction of nitro blue tetrazolium (NBT) in the presence of
riboflavin in light [6]. The enzyme activity was expressed in terms of U/mg fresh weight; one
unit (U) of SOD corresponds to the amount of enzyme causing 50% inhibition of NBT
reduction in light.

CAT (EC 1.11.1.6) activity was determined by the decomposition of H.O, and was
measured spectrophotometrically by following the decrease in absorbance at 240 nm [38].
One U = the amount of H2O> (in umol) decomposed in 1 min. For measuring SOD and CAT
the same crude extract was used. 250 mg plant material was ground with 10 mg polyvinyl
polyvinylpyrrolidone (PVPP) and 1 ml 50 mM phosphate buffer (pH 7.0, with ImM EDTA
added).

Activity of ascorbate peroxidase (APX) (EC 1.11.1.11) was measured according to a
modified method by Nakano and Asada [29] by monitoring the decrease in ascorbate content
at 265 nm (E=14 mM cm™). For the enzyme extract, 250 mg plant material was ground with
1.5 ml extraction buffer containing 1mM EDTA, 50mM NaCl and 900 uM ascorbate. Data
are expressed as specific activity (Unit/g fresh weight).

Determination of ascorbate (ASA)/dehydroascorbate (DHA) contents was carried out
by the method of Law et al. [21]. Plant material (250 mg) was ground in 1 ml 5% (w/v)
trichloroacetic acid (TCA). The measurement is based on the reduction of Fe®* to Fe** by
ascorbate and then Fe?* forms a complex with bipyridyl resulting in pink colour with an
absorption maximum at 525 nm. The amount of total ASA was determined by the reduction
of dehydroascorbate to ascorbate by dithiothreitol (DTT). ASA/DHA contents were expressed
in pmol/g fresh weight.



2.5 Measurement of pigment composition and chlorophyll fluorescence

The amount of chlorophyll a, b and total carotenoids were determined using the
method described by Lichtenthaler [23]. The pigments were extracted with 80% acetone and
then the extract’s absorbance was measured at 663, 646 and 470 nm. The calculated amounts
of the pigments are expressed as pg pigment/g fresh weight.

Chlorophyll fluorescence parameters were measured using a Pulse Amplitude-
Modulated Fluorometer (Program “Run 8”, PAM 200 Chlorophyll Fluorometer, Heinz Walz
GmbH, Effeltrich, Germany). Leaves of treated and control plants were first dark adapted for
30 minutes and Fm, Fm’, Ft and Fo’ parameters were measured in the function of increasing
light intensity (PAR = Photosynthetic Active Radiation) from 60 to 850 umol photons/m/s.
From these parameters the effective quantum yield of PSII (Yield = (Fm’-Ft)/Fm’), electron
transport rate (ETR = Yield x PAR x 0.5 x 0.84), photochemical quenching (gP = (Fm -
Ft)/(Fm’-Fo’)) and non-photochemical quenching (NPQ = (Fm-Fm’)/Fm’) were calculated
and recorded. All measurements were carried out on leaves from five different plants in three

parallel experiments.

2.6 Statistical analysis

The results are expressed as mean = SE. Multiple comparison analyses were
performed with SigmaStat 12 software using analysis of variance (ANOVA, P<0.05) and
Duncan’s test. In some cases, Microsoft Excel 2010 and Student’s t-test were used (*P<0.05,
**¥P<0.01, ***P<0.001). All experiments were carried out at least two times. In each

treatment at least 10 samples were measured.

3. Results and discussion

3.1 Morphological changes, Cu accumulation capability and tolerance

Regarding all the three examined shoot growth parameters, a remarkable and
concentration-dependent reduction was found in the Brassica plants. In the short-term
treatments (up to 7 days) both fresh and dry weight was reduced more significantly in B.
napus. However, by the 14" day of the treatment this difference disappeared and both species
exhibited a significant reduction in the shoot growth. The highest doses of Cu treatment

resulted in 80% decrease in both fresh and dry mass (Figure 1ab). On the contrary, the biggest
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reduction in leaf area was observed in B. juncea and this was caused by 25 and 50 uM Cu at
both short- and long-term treatments (Figure 1c; Fig 2). According to Maksimyec [27], the
serious shoot growth inhibition induced by copper is characteristic in the early developmental
stage of the plants. Despite the growth inhibition, no visible symptoms of cell death (e.g.
necrotic spots, lesions) were observed on the leaves during the treatment period.

Both Brassica species possessed similar basal Cu contents (~12-18 pug/g DW) in their
shoots, which is in agreement with the results published by Russo et al. [32], where the Cu
content in the control leaves of B. napus was determined as 18 pg/g DW. Both species
showed similar Cu accumulation rates and the enhancement of Cu contents in the shoots
depends on the metal concentration in the nutrient solution. A notable increment in Cu content
was measured already in Brassica shoots treated with the lowest Cu concentration. However,
in cases of 25 and 50 uM Cu treatments the enhancement of Cu content in the shoot tissues is
lower, compared to the lowest external Cu concentration (Table 1). The root-to-shoot Cu

transport can be conceived by the movement of nicotiamine complexes via the xylem vessels

[5].

7t day

Control 10 uM Cu 25 pM Cu 50 pM Cu
Cu 1293 + 0.66 4535 + 152 *** 6522 + 1.28 *** 162.2 + 4.15 ***
B. juncea CuBAF 39181 = 7.25 68,50 + 256 *** 4083 + 1.97 *** 4046 + 1.88 ***
Fe 90.99 £ 0.75 61.95 + 1.45 *** 37.04 £ 0.42 *** 73.03 + 1.22 ***
Mn 48.66 £ 0.36 25.86 + 1.33 *** 17.79 £ 0.20 *** 19.85 + 0.33 ***
Cu 1852 + 0.33 4050 + 1.75 *** 66.60 + 1.01 *** 8534 + 2.32 ***
CuBAF 561.21 + 958 61.17 + 2.33 *** 41.70 + 2.01 *** 21.29 + 0.32 ***
B.napus 10420 + 1.03 37.02 + 1.50 *** 8569 + 0.50 *** 48.63 + 1.12 ***
Mn 8252 + 042 2186 + 0.17 *** 20.08 + 0.13 *** 19.88 + 0.05 ***

14t day

Control 10 uM Cu 25 pM Cu 50 puM Cu
Cu 1241 + 042 49.79 + 1.33 *** 7956 + 3.30 *** 88.29 + 2.87 ***
B. juncea Cu BAF 376.1 £ 8.11 75.21 + 3.02 *** 49.81 + 2.18 *** 2228 + 0.56 ***
Fe 83.66 £+ 0.99 3043 + 0.71 *** 32.73 £ 0.88 *** 48.44 + 0.44 ***
Mn 60.25 + 041 27.78 =+ 1.02 *** 1540 + 0.14 *** 13.81 + 0.08 ***
Cu 1247 + 0.15 57.66 £ 0.36 *** 7474 + 4,66 *** 82.01 + 515 ***
B. napus CuBAF 377.87 + 798 87.09 + 3.35 *** 46.80 =+ 2.04 *** 20.46 + 0.78 ***
7426 £ 0.75 43.03 = 0.84 *** 37.62 + 1.35 *** 3044 + (.79 ***
Mn 60.01 £ 0.16 3536 + 0.10 *** 15.77 £ 0.33 *** 1596 + 0.04 ***



Table 1 Concentrations (ng/g DW) of Cu, Fe, Mn and bioaccumulation factor for Cu in the
shoots of B. juncea and B. napus after 7 and 14 days of Cu treatment. Significant differences

according to Student’ s t-test (n = 10, ***P < 0.001) are indicated.

Similarly to the results of Ebbs and Kochian [10], excess Cu induced deficiency in
other microelements such as Fe and Mn in the shoots. In the short term, Fe and Mn contents
were lower in Cu-treated B. napus than in B. juncea. As the effect of 14 days of Cu exposure,
the difference between Fe and Mn contents between the species disappeared. Iron depletion in
the shoot derives from the competition between Fe and Cu during the uptake [22]. Intervenial
chlorosis as the major symptom of iron deficiency [37] was very conspicuous and visible on
the leaves of both Brassica species treated with Cu (see Fig 2). According to Lidon and
Henriques [24], excess Cu changes the uptake rate of manganese, which can explain the Cu-
induced reduction in its content.

The bioaccumulation factor (BAF) gives information about the metal accumulation
potential, as well as the phytoremediation ability of plants [40]. The BAF values of the shoot
system significantly decreased in both species, since the rate of Cu accumulation was lower in
the shoot system than the enhancement in Cu content in the external solution (Table 1). On
the contrary, BAF of the root enhanced in the function of increasing external Cu
concentrations [11]. These suggest the strong ability of these plants to extract Cu from the
medium and to effectively accumulate it in their root system; however, they possess a slighter
root-to-shoot translocation of Cu. Similarly, Cd was shown to accumulate preferentially in the
roots and part of it was translocated to the shoot of B. juncea [33]. Therefore, the application
of these Brassica species in rhizofiltration purposes can be suggestible [9;11].

3.2 Oxidative damage and activation of the antioxidant defence system

Oxidative processes taking place in the leaves can be inferred by measuring the levels of
highly reactive ROS (hydroxyl radical, peroxynitrite and hypochlorite radical) and the
activities of antioxidants. In B. juncea 7-day exposure to excess Cu caused a significant
accumulation of ROS, but not in B. napus. In the long term (14 days) both species exhibited
significant ROS production which was elicited by 25 and 50 uM Cu in B. juncea, whereas in
B. napus 10 uM was effective, too (Fig 3a).

Being a transition metal, Cu in excess induces the formation of reactive oxygen
species (ROS) based on the Fenton- or Haber—Weiss reactions [13] and it changes the

activities or transcription levels of antioxidants [26; 19; 25]. In the short term, the activity of
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the H20, decomposing enzyme CAT decreased by ~40% as the effect of excess Cu in B.
juncea shoots. In contrast, a significant and concentration-dependent increase in CAT activity
was observed in B. napus. In long term, no significant alteration of CAT activity was
observed (Fig 3b). In the case of APX enzyme, the 7-day-long Cu exposure did not lead to
activity changes, while in long term the activity of this antioxidant enzyme decreased in both
species (Fig 3c). Similarly, in the work of Luna et al. [26] reduced APX activity was detected
in Cu-exposed oat plants, which can contribute to ROS accumulation. However, in our
previous work a significant Cu-induced induction of SOD activity was observed in the root
system of Brassica [11], in the shoot the activity of this enzyme did not show any significant
change during the experimental period (Fig 3d). Similarly, Singh et al. [36] observed an
enhancement of SOD activities in Brassica shoots only caused by 50 uM or higher Cu
concentration. The amount of ascorbate and dehydroascorbate (Fig 4) and their ratios
(ASA/DHA, Table 2) were also determined in the shoot system. The concentration of the
reduced ascorbate form (ASA) did not show significant changes in none of the examined
species during the experimental period. On the 7" day, Cu treatments caused a concentration-
and time-dependent accumulation of oxidized ascorbate (DHA) in both species; however this
effect of excess Cu proved to be slighter in the shoot system of B. juncea. In case of long Cu
exposure, the enhancement of DHA content was significant only in B. juncea treated with 50
uM Cu. Under control conditions, B. napus showed more reduced ascorbate pool (lower
ASA/DHA ratios) in the shoot system on both sampling days than B. juncea. As the effect of
the increasing applied Cu concentrations, the reduced ASA ratio remarkably decreased in both
species after 7-day-long exposure. In long term, the diminution of the ASA/DHA ratio was
more pronounced in B. napus, which can be explained by the higher APX activity. Based on
these observations we can conclude that highly reactive ROS (e.g. hydroxyl radical,
peroxynitrite) are formed in both Brassica species in the long-term treatment and furthermore
in B. juncea after seven days as well. Parallel with the accumulation of ROS the activity of
antioxidants decreased, which can contribute to the increased efficiency of toxic oxygen
radicals [26].

AsSA/DHA ratios

B.juncea 7" day B.napus 7" day B.juncea 14" day B. napus 14™ day

Control 3.55 5.42 1.39 4.09
10 uM Cu 151 2.71 1.22 1.35
25 pM Cu 1.57 2.29 1.09 1.41
50 pM Cu 1.58 1.76 1.13 1.32



Table 2 Ratios of ASA and DHA in the shoots of control and Cu-treated B. juncea and B.

napus.

3.3 Pigment composition and photosynthetic capacity

Copper treatment decreased both chlorophyll and carotenoid contents significantly in
these two Brassica species, more or less in a dose-dependent manner, but in B. juncea the
effects were less pronounced (Table 3). Namely, excess Cu inhibits chlorophyll and
carotenoid biosynthesis and retards the incorporation of these pigments in photosystems [3;

4]. In addition, the substitution of the central magnesium ion in the porphyrin ring of

chlorophyll by excess Cu may also damage the chlorophyll synthesizing system [20].

Chla Chlb Chl a/b Total chl Carotenoids
B. Control 11,1907 + 0,0046 3,1180 + 0,0049 3,589 14,3081 + 0,0093 3,0664 + 0,0045
juncea 10 yM Cu 5,8517 + 0,0048 1,3959 + 0,0072 4,192 7,2484 + 0,0119 1,9772 + 0,0013
7th 25 uM Cu 4,3665 + 0,0050 *** 1,0617 + 0,0054 *** 4,113 54274 + 0,0104 *** 15175 + 0,0004 ***
day 50 uM Cu 3,0658 + 0,1221 0,0886 + 0,8970 34,588 13,2384 + 0,7748 1,3802 + 0,3867
B. Control 10,3395 + 0,0027 41937 + 0,0056 2,465 14,5343 + 0,0083 3,3623 + 0,0047
juncea 10 uM Cu 5,0749 + 0,0029 1,8118 + 0,0080 2,801 6,8857 + 0,0107 1,6174 + 0,0010
14th 25 puM Cu 29784 + 0,0128 *** 0,9924 + 0,0067 *** 3,001 3,9753 + 0,0099 *** 10397 + 0,0126 ***
day 50 uM Cu  2,4494 + 0,0040 0,4693 + 0,0093 5,219 2,9180 + 0,0132 1,0900 + 0,0030
B. Control 10,8251 + 0,0028 3,1109 + 0,0080 3,480 13,9370 + 0,0107 3,2593 + 0,0014
napus 10 uM Cu 8,8388 + 0,0051 2,6375 + 0,0047 3,351 11,4774 + 0,0096 2,7681 + 0,0006
7th 25 uM Cu 4,3885 + 0,0528 *** 1,2287 + 0,0175 *** 3,572 5,6215 £+ 0,0361 *** 1,4429 + 0,0084 ***
day 50 uM Cu 5,4949 + 0,0028 1,6088 + 0,0080 3,416  7,1030 + 0,0108 1,8564 + 0,0010
B. Control 14,0376 + 0,0057 4,0549 + 0,0036 3,462 18,0916 + 0,0093 42415 + 0,0015
napus 10 uM Cu 7,4806 + 0,0021 1,6289 + 0,0100 4,592 9,1086 + 0,0121 25135 + 0,0031
14t 25 puM Cu 35589 + 0,0058 *** 0,6393 + 0,0031 *** 5567 4,1974 + 0,0087 *** 12139 + 0,0016 ***
day 50uM Cu 7,1903 + 0,0029 1,8830 + 0,0106 3,819 9,0732 + 0,0135 2,3191 + 0,0030

Table 3 Concentration of photosynthetic pigments (ug/g FW) and ratios of Chl/ and b in the
leaves of control and Cu-treated B. juncea and B. napus after 7 and 14 days. Significant

differences according to Student’ s t-test (n = 10, ***P < 0.001) are indicated.

Chlorophyll fluorescence parameters are recognized as powerful tools to study
physiological responses of plants to metal-induced stress and offer a reliable method for
assessing photosynthetic activity [30]. Exposure to excess Cu induced inhibition of
photosynthesis in both species after 14 days, but the pattern of inhibition was different.

Interestingly, the Yield, ETR and gP parameters of B. juncea were not effected by 25 uM Cu
10



treatment significantly, but they were equally inhibited by 10 and 50 uM Cu (Fig 5a). On the
other hand, in B. napus clear dose-response relationships were seen in all these three
parameters (Yield, ETR, qP; Fig 5b), indicating that excess Cu is an effective blocker of PSII
function. Indeed, through binding to both donor and acceptor sides of PSII, excess Cu inhibits
electron transfer processes of PSII in vitro [14; 39]. Moreover, Cu in excess is more efficient
at inactivating the ferredoxin-dependent reactions of the photosynthetic electron transport
(such as NADP* photoreduction) than the light reactions in isolated chloroplasts of spinach
[35]. No significant alteration in NPQ was seen in either species (Fig 5ab), indicating that Cu
treatment did not increase the probability of dissipating the excess excitation energy via this
alternative route. Based on these, the photosynthesis of B. juncea was more sensitive to low
applied Cu concentration, while B. napus showed susceptibility to more serious excess Cu (25
and 50 uM Cu). Considering the remarkable ROS accumulation detected in the leaves we can
assume that chloroplast membranes may suffer Cu-induced peroxidation, which can partially
explain the diminution of photosynthetic efficiency [2]. Furthermore, free radicals can
damage the photosynthetic apparatus [1] and may also catalyse protein degradation through
oxidative modification and increased proteolytic activity [31], which may also lead to the

decrease in photosynthesis.

4. Conclusions

Cu in excess became toxic and notably inhibited the growth of young Brassica shoots.
This hindrance was more pronounced in B. napus in short treatment period. Excess Cu
reduced the iron and manganese contents of B. napus shoots to a larger extent than those of B.
juncea to levels associated with Fe and Mn deficiencies, which definitely contributed to
growth inhibition. Highly reactive ROS (e.g. hydroxyl radical, peroxynitrite) were formed in
both species with a parallel decrease in the activity of antioxidants, which is indicative of
oxidative stress induced by Cu excess. Summarizing, the extent of Cu-induced oxidative
stress was greater in B. napus compared to B. juncea. In addition, decreases in the amounts of
photosynthetic pigments along with a decrease in photosynthetic activity were more
pronounced in B. napus. The decrease in pigment concentrations (or increase in their
degradation), the consequent negative effect on photosynthetic electron transport and the
oxidative damage to photosynthetic membranes could lead to a decrease in the photosynthetic
activity of young Brassica leaves during Cu toxicity. Taken the parameters together, the

growth and the photosynthesis of B. juncea plants were comparatively less affected by excess
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Cu compared to B. napus, indicating the species-specific nature of Cu tolerance in the early

growth stage.

5. Acknowledgements

The experiments were conducted at the Department of Plant Biology, Faculty of Science and
Informatics, University of Szeged, Szeged, Hungary, during a partial Ph.D. programme for
D.K. (C2 type Hungarian Balassi Fellowship). This work was financially supported by the
Hungarian  Scientific Research Fund (grant  no. OTKA  PD100504).

12



6. References

10.

11.

12

Asada K. (2006) Production and scavenging of reactive oxygen species in chloroplasts
and their functions. Plant Physiol 141:391-396.

Babu, T.S., Marder, J.B., Tripuranthakam, S. et al. (2001) Synergistic effects of a
photooxidized polycyclic aromatic hydrocarbon and copper on photosynthesis and
plant growth: evidence that in vivo formation of reactive oxygen species is a
mechanism of copper toxicity. Environ Toxicol Chem 20:1351-1358.

Boswell, C., Sharma, N.C., Sahi, S.V. (2002) Copper tolerance and accumulation
potential of Chlamidomonas reinhardtii. Bull Environ Contam Toxicol 69:546-553.
Boddi, B., Oravecz, A.R., Lehoczki, E. (1995) Effect of cadmium on organization and
photoreduction of protochlorophyllide in dark-grown leaves and etioplast inner
membrane preparations of wheat. Photosynth 31:411-420.

Burkhead, J.L., Reynolds, K.A.G., Abdel-Ghany, S.E. (2009) Copper homeostasis.
New Phytol 182:799-816.

Dhindsa, R.S., Plumb-Dhindsa, P., Thorpe, T.A. (1981) Leaf senescence: correlated
with increased levels of membrane permeability and lipid peroxidation, and decreased
levels of superoxide dismutase and catalase. J Exp Bot 32:93-101.

Dixon, G.R. (2007) Vegetables Brassicas and related Crucifers. Crop production
science in horticulture series:14. Bibbles Ltd, King’s Lynn.

Drazkiewicz, M., Skorzynska-Polit, E., Krupa, Z. (2004) Copper-induced oxidative
stress and antioxidant defence in Arabidopsis thaliana. Biometals, 17:379-387.
Dushenkov, V., Nanda Kumar, P.B.A., Motto, H., Raskin, 1. (1995) Rhizofiltration:
The use of plants to remove heavy metals from aqueous streams. Environ Sci Technol
29:1239-1245.

Ebbs, S.D., Kochian, L.V. (1997) Toxicity of zinc and copper to Brassica species:
implications for phytoremediation. J Environ Qual, 26:776-781.

Feigl, G., Kumar, D., Lehotai, N. et al. (2013) Physiological and morphological
responses of the root system of Indian mustard (Brassica juncea L. Czern.) and

rapeseed (Brassica napus L.) to copper stress. Ecotox Environ Safety 94:179-189.

.Fellet, G., Marchiol, L., Zerbi, G. (2013) Potential for metal phytoextraction of

Brassica oilseed species. In: Naser A. Anjum et al. (ed) Phytotechologies:
Remediation of environmental contaminants. CRC Press, Taylor & Francis, Boca
Raton, pp 180-201

13



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Halliwell, B., Gutteridge, J.M.C. (1984) Oxygen toxicity, oxygen radical, transition
metals and disease. Biochem J 219:1-14.

Jegerschold, C., Arellano, J.B., Schroder, W.P. et al. (1995) Copper(ll) inhibition of
electrontransfer through photosystem Il studied by EPR spectroscopy. Biochem
34:12747-12754.

Jegerschold, C., MacMillan, F., Lubitz, W., Rutherford, A.W. (1999) Effects of copper
and zinc ions on photosystem Il studied by EPR spectroscopy. Biochem 38:12439—
12445,

Kolbert, Zs., Pet6, A., Lehotai, N., Feigl, G. et al. (2012) In vivo and in vitro studies
on fluorophore-specificity. Acta Biol Szeged, 56:37-41.

Kumar, P.B.A.N., Dushenkov, V., Motto, H., Raskin, I. (1995) Phytoextraction: the
use of plants to remove heavy metals from soils. Environ Sci Tech 29:1232-1238.
Kumar, S., Andy, A. (2012) Health promoting bioactive phytochemicals from
Brassica. Int Food Res J 19:59-66.

Kurepa, J., Hérouart, D., van Montagu, M., Inz¢, D. (1997) Differential expression of
CuZn- and Fe-superoxide dismutase genes of tobacco during development, oxidative
stress, and hormonal treatments. Plant Cell Physiol 38:463-470.

Kiipper, H., Setlik, 1., Spiller, M. et al. (2002) Heavy metal-induced inhibition of
photosynthesis: targets of in vivo heavy metal chlorophyll formation. J Phycol 38:429-
441.

Law, M.Y., Charles, S.A., Halliwell, B. (1983) Glutathione and ascorbic acid in
spinach (Spinacia oleracea) chloroplasts. Biochem J 210:899-903.

Lequeux, H., Hermans, C., Lutts, S., Verbruggen, N. (2010) Response to copper
excess in Arabidopsis thaliana: Impact on the root system architecture, hormone
distribution, lignin accumulation and mineral profile. Plant Physiol Biochem, 48:673-
682.

Lichtenthaler, H.K. (1987) Chlorophylls and carotenoids: pigments of photosynthetic
biomembranes. Meth Enzymol 148:350-382.

Lidon, F.C., Henriques, F.S. (1993) Effects of copper toxicity on growth and the
uptake and translocation of metals in rice plants. J Plant Nutr 16:1449-1464.
Lombardi, L., Sebastiani, L. (2005) Copper toxicity in Prunus cerasifera: growth and
antioxidant enzymes responses of in vitro-grown plants. Plant Sci 168:797-802.

Luna, C.M., Gonzalez, C.A., Trippi, V.S. (1994) Oxidative damage caused by excess
of copper in oat leaves. Plant Cell Physiol 35:11-15.

14



217.

Maksymiec, W. (1997) Effect of copper on cellular processes in higher plants.
Photosynth 34:321-342.

28. Moller, I.M., Jensen, P.E., Hansson, A. (2007) Oxidative modifications to cellular

29.

components in plants. Annu Rev Plant Biol 58:459-481.
Nakano, Y., Asada, K. (1981) Hydrogen peroxide is scavenged by ascorbate specific
peroxidase in spinach chloroplasts. Plant Cell Physiol 22:867-880.

30. Rohacek, K., Soukupova, J., Bartak, M. (2008) Chlorophyll fluorescence: A wonderful

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

tool to study plant physiology and plant stress. In: Benoit Schoefs (ed) Plant Cell
Compartments - Selected Topics, Research Signpost, Fort P.O., Trivandrum-695 023,
Kerala, pp 41-104.

Romero-Puertas, M.C., Palma, J.M., Gémez, M. et al. (2002) Cadmium causes the
oxidative modification of proteins in pea plants. Plant Cell Environ 25:677-686.
Russo, M., Sgherri, C., 1zzo, R., Navari-lzzo, F. (2008) Brassica napus subjected to
copper excess: Phospholipases C and D and glutathione system in signalling. Environ
Exp Bot 62:238-246.

Salt, D.E., Prince, R.C., Pickering, 1.J., Raskin, 1. (1995) Mechanisms of cadmium
mobility and accumulation in Indian mustard. Plant Physiol 109:1427-1433.

Sharma, S.S., Dietz, K.J. (2008) The relationship between metal toxicity and cellular
redox imbalance. Trends Plant Sci 14:43-50.

Shioi, Y., Tamai, H., Sasa, T. (1978) Effects of copper on photosynthetic electron
transport systems in spinach chloroplasts. Plant Cell Physiol 19:203-2009.

Singh, S., Singh, S., Ramachandran, V., Eapen, S. (2010) Copper tolerance and
response of antioxidative enzymes in axenically grown Brassica juncea (L.) plants.
Ecotoxicol Environ Safety 73:1975-81.

Taylor, G.J., Foy, C.D. (1985) Differential uptake and toxicity of ionic and chelated
copper in Triticum aestivum. Can J Bot 63:1271-1275.

Upadhyaya, A., Sankhla, D., Davis, T.D. et al. (1985) Effect of paclobutrazol on the
activities of some enzymes of activated oxygen metabolism and lipid peroxidation in
senescing soybean leaves. J Plant Physiol 121:453-461.

Yruela, 1. (2005) Copper in plants. Braz J Plant Physiol 17:145-156.

Zhao, F.J., Lombi, E., McGrath, S.P. (2003) Assessing the potential for zinc and
cadmium phytoremediation with the hyperaccumulator Thlaspi caerulescens. Plant
Soil 249:37-43.

15



List of figure captions

Fig 1 Shoot fresh weight (in control %, a), shoot dry weight (in control % , b) and leaf area (c)
of untreated and Cu-treated B. juncea and B. napus on the 7" and the 14" day. Significant
differences according to Student’s t-test (n = 10, *P<0.05, **P<0.01, ***P < 0.001) are

indicated.

Fig 2 Representative photographs of Brassica shoots in case of control and 10, 25 and 50 uM

Cu treatment.

Fig 3 Intensity of hROS-dependent fluorescence (a), activity of CAT (b), APX (c) and SOD
(d) in the leaves of B. juncea and B. napus. Different letters indicate significant differences
according to Duncan-test (n = 10, P<0.05).

Fig 4 Ascorbate contents in the shoot system of B. juncea and B. napus. Significant

differences according to Student’s t-test (n = 10, ¥*P<0.05, ***P < 0.001) are indicated.

Fig 5 Chlorophyll fluorescence parameters (Yield, ETR, qP, NPQ) of B. juncea (a) and B.

napus (b) leaves after 14-days-long Cu exposure.

Table 1 Concentrations (ug/g DW) of Cu, Fe, Mn and bioaccumulation factor for Cu in the
shoots of B. juncea and B. napus after 7 and 14 days of Cu treatment. Significant differences

according to Student’s t-test (n = 10, ***P < (0.001) are indicated.

Table 2 Ratios of ASA and DHA in the shoots of control and Cu-treated B. juncea and B.

napus.
Table 3 Concentration of photosynthetic pigments (ug/g FW) and ratios of Chl/ and b in the

leaves of control and Cu-treated B. juncea and B. napus after 7 and 14 days. Significant

differences according to Student’s t-test (n = 10, ***P < 0.001) are indicated.
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Fig 5.
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