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1. INTRODUCTION AND AIMS OF STUDY

Giant reed displays unique physiological features whereby it readily absorbs and
concentrates toxic chemicals from contaminated soil with no appreciable harm to its
own growth and development. It is one of the mostly used plants as a trace element bio-
accumulator, especially via phytoremediation processes, due to its capacity of absorbing
contaminants such as metals that cannot be biodegraded. Giant reed can grow in
different environments with spacious ranges of pH, salinity, drought and trace metals
without any symptoms of stresses and can easily adapt to different ecological conditions
and grow in all types of soils. However, because of its great adaptability to different
ecological conditions, giant reed is considered noxious invasive weeds in riparian

habitats throughout the world.

Cu is an essential micronutrient that is found in the upper layer of soils.
Naturally, the total Cu contents in soils range between 2-109 mg kg and world-soil
average is 38.9 mg kg”. Cu is a rather immobile element in soils and shows relatively
little variation in total contents of soil profiles. The Cu content is strongly associated
with soil texture, where light sandy soils contain less Cu than loamy soils. Soils usually

restrain Cu in many forms depending upon soil pH.
The objectives of this study were:

o Assess the possible use of Cu-contaminated soil for purposes of

bioenergy production during the phytoremediation process.

e Study the growth dynamics of giant reed ecotypes under elevated Cu
concentrations in water bodies as well as in Cu-contaminated soil-like

growth medium (sand).

e Determine the threshold of Cu on growth of biomass candidate giant

reed.

e Calculate the bioconcentration and  transportation  factors,

bioaccumulation percent, and removal rate of giant reed ecotypes for Cu.

e Evaluate the Cu-tolerance capacity of different giant reed ecotypes

originated from epigenetic modifications.

e Measuring the efficiency of giant reed ecotypes to clean Cu-

contaminated water bodies.



2. MATERIALS AND METHODS
2.1. Source of plant material

Four ecotypes of giant reed were tested in the present work. All ecotypes had

almost similar morphological features.

e Blossom (BL) ecotype was brought from South Carolina, USA.
e 20SZ and STM ecotypes were brought from Ujszentmargita village, Hungary

(Pro-Team Co. Ltd.).

e ESP ecotype was brought from Spain (Biotek Co Ltd, K-12)

All plant materials used for the current study were somatic embryo-derived
plantlets of giant reed (Arundo donax L.) according to patent application of the
University of South Carolina (Marton and Czako, 2002). Embryogenic callus culture of
the BL ecotype was originally obtained from the University of South Carolina, while
other ecotypes were obtained from MOP Biotech Co. Ltd. (Nyiregyhaza, Hungary). All
ecotypes were propagated in the Otté Orsés Laboratory, Department of Plant

Biotechnology, University of Debrecen, Debrecen, Hungary.
2.2. In vitro experiment

An in vitro experiment was carried out in order to investigate the efficiency of
giant reed ecotypes (BL and 20SZ) grown on MS medium (Murashige and Skoog,
1962) to remove Cu from artificially Cu-contaminated water bodies and monitoring
impacts of Cu on growth dynamics of giant reed ecotypes. Two identical size aseptic
seedlings (5 cm height) were grown on MS medium (Murashige and Skoog, 1962)
supplemented with increasing concentrations of Cu under aseptic conditions as

described by Marton and Czakd (2004; 2007).
2.2.1. Experiment layout and growth conditions

The randomized complete block design (RCBD) was used for experiment layout
with five replications, each having two plants per tube. The treatments included control
(no Cu) and six doses of copper (II) sulfate pentahydrate (CuSO45H;0) i.e., 0, 1, 2, 3,
5, 10, and 26.8 mg L' Cu. Two giant reed plantlets of BL and 20SZ ecotypes almost
equal morphological characteristics were directly transplanted to autoclaved glass tubes
(2.5 x 25 cm) containing MS medium as described by Marton and Czako (2004; 2007)

for 6 weeks under gnotobiotic conditions. The cultivated tubes were set under white



fluorescent lamps (41 pmol m* s™' photon flux density), and 16/8 h light/dark cycle and
temperatures of 30 °C during the day and 27 °C during the night. The average relative
humidity was recorded to be 75%.

2.3. Ex vitro experiment

A greenhouse experiment was carried out, between July and October 2013,
using 1-kg plastic pots in order to assess growth effeciency of three ecotypes of biomass
candidate giant reed (BL, STM, and ESP) growing on elevated Cu concentrations. In
addition, biomass production of giant reed under high Cu levels was evaluated with aim
to determine the possible directing of Cu-contaminated soils towards renewable energy
production during the phytoremediation process as additional benefit. A randomized
complete block design (RCBD) was used for experimental design with five replications.
Two identical (5 cm height) and aseptic seedlings of giant reed ecotypes were

transplanted in 1-kg plastic pot.
2.3.1. Experiment installation and treatments

Sand (quartz, Si0;) was used as growth medium (soil-like growth medium) for
this research. Sand was bought from Hungarian market (producer Aquabau
Magyarorszag Kft., seller Buamax Company, Debrecen, Hungary). Sand was washed
with diluted HCI and then rinsed many times in distilled water. No nutriets were
detected in HCI-washed sample of sand. Each plastic pot was filled up with almost 1 kg
of air-dry sand. Copper (II) sulfate pentahydrate (CuSO45H,0) was used to prepare the
treatments of Cu. Four different levels of Cu were applied, i.e., 100, 200, 300, and 400
mg Cu kg against control (no Cu). All pots were received Cu treatments and then
irrigated by distilled water to reach its saturation percent and left to the next day to
attend equilibrium. In the morning, two plantlets of studied giant reed ecotypes were
treansplanted per each pot and then all experimental pots were kept under foliar tent in
order to acclimatize the seedlings with greenhouse conditions. During the whole
experimental period all pots were kept at its water holding capacity (WHC) (almost
75% of its saturation percent) using distilled water in order to prevent the leakage of Cu
from the pot. The following nutrients were added to experimental pots; (NH4),SO4 10
mg kg'; Na;HPO, 12H,0 10 mg kg'; K,HPO4 10 mg kg™'; CaCl-2H,0 2.6 mg kg™';
MgCl,-6H,0 2 mg kg'l; FeCl3-6H,O 0.5 mg kg'l; MnSO4H;0 0.1 mg kg'l. The

experiment started in July 2013 and was harvested by beginning of November. Number



of new buds, length of plant, and number of leaves were recorded twice, after 6 and 10

weeks from plantation, during the experiment period.
3. RESULTS AND DISCUSSION

3.1. In vitro experiment

3.1.1. Cu transport to giant reed plants

Results of Cu concentrations determined in the different parts of the plant and in
the growth medium are presented in Fig. 1. At lowest Cu concentration (1 mg L), Cu
content in root, culm, and leaves was 2.99, 1.50, and 0.84 for BL ecotype and 0.41,
0.16, and 0.19 for 20SZ ecotype. At 26.8 mg L' treatment, Cu content in root, culm,
and leaves of BL plants was 76.57, 24.28, and 23.44 ng g'1 DM, while 55.91, 69.49, and
10.18 pg g DM were measured in root, culm, and leaves of 20SZ plants, respectively.
Moreover, for Cu accumulation in different plant parts, both ecotypes BL and 20SZ
showed the same tendency where the order of Cu accumulation was: nutrient solution <
leaf blade < culm < roots. The mass balance remained maintained for both ecotypes,

which was in agreement with Wu Qi et al. (2012).
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Fig. 1: Cu content in various plant parts of BL and 20SZ ecotypes and nutrient solution
after 6 weeks experiment.
3.1.2. Bioconcentration and transportation factors of giant reed ecotypes
The bioconcentration (BCF) and transportation (TF) factors for both BL and
20SZ ecotypes showed high efficiency for concentrate and transport Cu from aqueous
solution (Fig. 2a, b). For instance, BCF of BL and 20SZ ecotypes was above 1, where
the highest estimated values for BL and 20SZ were 5.34 and 5.06, respectively, for Cu

treatment of 1 and 26.8 mg L™, respectively. On the contrary, the lowest values were
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2.93 and 0.76 at 5 and 1 mg L™ treatment, respectively, for BL and 20SZ ecotypes,
respectively (Fig. 2a). On the other hand, TF in both ecotypes was almost down 1
except for 20SZ at highest treatment (26.8 mg L") since it was 1.43. The highest
calculated values for TF were 0.95 and 1.43 at 10 and 26.8 mg L™, respectively, for BL
and 20SZ ecotypes, respectively (Fig. 2b). Similarly, same results for TF of giant reed

plants grown on Cu-contaminated soil were documented by Wu Qi et al. (2012).
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Fig. 2: a, Bioconcentration factor (BCF) of BL and 20SZ ecotypes at elevated Cu
concentrations. b, Transportation factor (TF) of BL and 20SZ ecotypes at
different Cu concentrations. Different letters on same line show significant
differences among each group of treatments according to Duncan's test at p <
0.05.

3.1.3. Bioaccumulation percent and removal rate of Cu

Data clearly illustrated Cu was concentrated predominantly in roots (51.4—65.1

%) and culm (17.9-28.2 %) followed by leaves (15.7-24.4 %) for BL ecotype. While

20SZ ecotype was not so far from BL ecotype, where Cu was accumulated in roots

(41.2-73.8 %) and culm (18.4-51.3 %) followed by leaves (7.5-19.7 %) (Table 1). In

general, by looking at the average values for Cu bioaccumulation percent (BAP) in

different plant parts of both ecotypes under different Cu treatment, it can be concluded
that almost 59.3 % of Cu uptake by BL ecotype retained in its roots and 28.2 % in culm
followed by 12.5 % in leaf blades. Whereas the accumulated Cu in plants of 20SZ
ecotype was distributed as follow: 58.6 % in roots, 22.6 % in culm, and 18.9 % in leaf
blades. Table 1 showed that the removal rate was the same for both ecotypes and ranged
between 96.6 and 98.8 % at 2 and 26.8 mg L™ treatments for BL ecotype. Total removal
100 % was observed with 20SZ ecotype at 1, 2, 3, and 5 mg L™ treatments then slightly



decreased with increase Cu concentration in culture medium achieving 97.0 and 98.0 %

at 10 and 26.8 mg L™ treatments, respectively.

Table 1: Effect of different Cu concentrations on removal rate (RR) and
bioaccumulation percent (BAP) of BL and 20SZ ecotypes

Bioaccumulation percent (BAP), % Removal rate (RR), %
Cu
(mg L) BL ecotype 20SZ ecotype BL 20S7
Root  Culm Leaf | Root Culm Leaf ecotype ecotype
0 0.0g 0.0f 0.0f |00g 0.0f 0.0f 0.0g 0.0d
1 56.1d 28.2a 15.7¢ | 54.8d 20.5de 24.8a | 98.5b 100.0a
2 53.1e  22.5¢ 24.4a | 68.0b 21.4d 10.6¢c | 96.6f 100.0a
3 64.0b 179e 18.0d | 73.8a 18.4e  7.8d 97.5d 100.0a
5 65.1a 19.6d 15.3e | 65.6c 30.1b 4.4ec 97.2¢ 100.0a
10 51.4f 27.6b 21.0b | 52.7¢ 27.6¢ 19.70 | 98.2¢ 97.0c
26.8 | 6l.6c 19.5d 189c |41.2f 513a 7.5d 98.8a 98.0b

In the columns are different letters showing significant differences among each group of
treatments according to Duncan’s test at p < 0.05
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Fig. 3: Effect of Cu concentrations on shoot biomass and culm length of BL and 20SZ
ecotypes of giant reed. Growth is expressed as a percentage of the no Cu control.

3.1.4. Cu sensitivity and plant growth

Results obtained showed increasing Cu concentration in the nutrient solution
slightly decreased the growth of both ecotypes (Fig. 3). However, BL ecotype was more
sensitive for increasing Cu concentration in culture medium than 20SZ ecotype. Where,

gradually decreasing in shoot biomass percent compared to control plants was found. At
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26.8 mg L™ treatment for BL ecotype, 30 % reduction in shoot biomass was recorded
compared to control plant. Otherwise, 20SZ ecotype plants showed more tolerant
characters, where 45.7 % increasing in shoot biomass was found at 5 mg L' treatment,
but more than 63 % reduction in shoot biomass was noticed at the highest treatment.

The performance of culm length was similar to shoot biomass.
3.2. Ex vitro experiment at greenhouse
3.2.1. Dry mass of giant reed ecotypes

BL plant showed negative response towards increasing Cu doses, where with
increase added Cu the dry mass of root system gradually reduced till treatment of 300
mg kg but increased again at 400 mg Cu kg (Fig. 4). Dry mass of BL ecotype
decreased from 3.29 to 1.29 g plant” when Cu concentration changed from 0 to 300 mg
kg". Moreover, in all treatments up to 400 mg kg BL root system had the highest
values among all treatments. Unlike BL ecotype, STM and ESP ecotypes had hesitated
values for dry mass of root system with elevated Cu doses. For STM ecotype, treatment
of 100 mg kg of Cu enhanced dry mass of root system, while other treatments had
lower values of dry mass compared to control plant. ESP plants recorded the highest dry
mass values at treatment of 200 mg kg, and lowest measured dry mass of its root

system was found at treatment of 400 mg kg™ (Fig. 4).
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Fig. 4: Dry mass of root system of giant reed ecotypes (STM, BL, and ESP) at harvest
after grown on elevated Cu concentrations. Different letters over columns show
significant differences among groups of treatments according to Duncan's test at

p <0.05.



Dry mass of culm was positively affected with increasing Cu doses (Fig. 5). All
ecotypes had higher values of culm dry mass compared to control plants. With
increasing Cu levels in soil-like growth medium dry mass of culm of STM, BL, and
ESP increased signficantely. The highest dry mass of BL culm was 5.45 g plant” and
was achieved at treatment of 100 mg kg™, while highest value of STM culm was 4.81 g
plant”’ when Cu concentration in soil-like growth medium was 300 mg kg'. But ESP
plants had highest dry mass of culm at treatment of 200 mg Cu kg™ and it recorded 5.20
g plant” (Fig. 5).
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Fig. 5: Dry mass of culm of giant reed ecotypes (STM, BL, and ESP) at harvest after
grown on elevated Cu concentrations. Different letters over columns showg
significant differences among groups of treatments according to Duncan's test

at p < 0.05.

Dry masses of leaf blade of STM, BL, and ESP ecotypes are presented in Fig. 6.
Whilst, STM plants had lowest dry mass of leaf blade among all giant reed ecotypes, in
higher Cu treatments above 200 mg kg™ it had the highest dry mass compared to BL
and ESP ecotypes. However, all ecotypes showed significant effects towards increasing
Cu, where they measured higher values of leaf blade dry mass compared to control. In
lower Cu concentrations than 300 mg kg, BL and ESP plants had higher dry masses
than STM plant, but BL ecotype was the highest ecotype in dry mass of leaf blade in Cu
treatments up to 200 mg kg™

3.2.2. Cu content in different plant parts of giant reed ecotypes

Total Cu content in shoot part of mother plant was measured (because separation

of root system of mother plant from new tillers was impossible) and is depicted in Fig.



7. Significant differences (p < 0.05) of Cu contents of mother plant of all three studied
ecotypes (STM, BL, and ESP) were found with increasing Cu in soil-like growth
medium. Mother plant of STM ecotype had the highest content of Cu in its shoot parts
compared to other two ecotypes under treatments of 100 and 300 mg Cu kg,

respectively (Fig. 7).
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Fig. 6: Dry mass of leaf blade of giant reed ecotypes (STM, BL, and ESP) at harvest
after grown on elevated Cu concentrations. Different letters over columns show
significant differences among groups of treatments according to Duncan's test

at p <0.05.
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Fig. 7: Cu content of mother plant shoots of giant reed ecotypes (STM, BL, and ESP)
grown on elevated Cu concentrations. Different letters over columns show
significant differences among groups of treatments according to Duncan's test

at p <0.05.
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Cu content in root system of investigated STM, BL, and ESP ecotypes of giant
reed significantly increased with increasing Cu concentrations in experimental pots as
shown in Fig. 8. However, all ecotypes accumulated increasing amounts of Cu within
their root systems with increasing Cu level in treatments, where Cu content in root
system at treatment of 400 mg Cu kg was 3 folds more than Cu content in root system
of studied ecotypes at treatment of 100 mg Cu kg™'. Plants of ESP ecotype showed
higher ability to uptake Cu from contaminated soil, where it had the highest content of
Cu in root system compared to other ecotypes at treatments of 100, 300, and 400 mg kg
! achieving 549, 1631, and 1829 pg g DM. In order to ensure complete cleaning for
Cu contaminated soil, giant reed ecotypes have to be taken off with its root system from
soil after phytoremediation (however, it is difficult and uneconomic to remove the total
root system of giant reed planst, since it has extended network system of rhizomes)
because the highest accumulated amount of Cu will be in root system. This also could
explain why no foliar symptoms of Cu toxicity had been noticed on shoot system of

giant reed ecotypes which used in this current study.
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Fig. 8: Cu content of root system of giant reed ecotypes (STM, BL, and ESP) grown on
different Cu concentrations. Different letters over columns show significant

differences among groups of treatments according to Duncan's test at p < 0.05.

Cu content of culm of ESP plant was directly proportional to Cu doses in soil-
like growth medium as seen in Fig. 9. As Cu increased in the treatments, culm of ESP
plant concentrated more Cu in its tissues ranging from 43 to 101 pg g' DM at
treatments of 100 to 400 mg Cu kg, respectively. However, the highest content of Cu
(130 pg g DM) among all ecotypes was recorded for culm of BL ecotype at treatment
of 200 mg kg'. STM plant had highest Cu content (113 pg g’ DM) in its culm at
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treatment of 100 mg kg”'. Generally, both STM and BL ecotypes did not show obvious

trend towards increasing Cu in treatments, where hesitated tendency was noticed.
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Fig. 9: Cu content of culm of giant reed ecotypes (STM, BL, and ESP) grown on
different Cu concentrations. Different letters over columns show significant

differences among groups of treatments according to Duncan's test at p < 0.05.
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Fig. 10: Cu content of leaf blade of giant reed ecotypes (STM, BL, and ESP) grown on
elevated Cu concentrations. Different letters over columns show significant

differences among groups of treatments according to Duncan's test at p < 0.05.

Basically, increasing Cu levels did not substantially increase the contents of Cu
in leaf blade of all investigated ecotypes, except ESP plant which had the highest
recorded Cu content (84 pug g' DM) at highest Cu treatment, i.c., 400 mg kg'.
However, at treatment of 300 mg Cu kg leaf blade of ESP ecotype had the lowest
measured value of Cu content (2 pg g DM) among all ecotypes, but this could be due

do mistake in sample preparation for measurements (Fig. 10). Broadly, significant
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differences were noticed between ecotypes within treatments, but no clear trend for
increasing Cu on content of Cu in leaf blade. At treatments of 200 and 300 mg kg’ BL
ecotype recorded the highest Cu content in tissues of its leaf blade; likewise ESP
ecotype had the highest Cu content at treatments of 100 and 400 mg kg'l.

3.2.3. Cu uptake and phytoremediation indices

Basically, calculated values of transportation factor (TF) significantly affected
with increasing Cu concentrations in soil-like growth medium. All TF values for STM,
BL, and ESP ecotypes were less than one, which means that giant reed ecotypes poorly
transported Cu from root system (underground part) to shoot system (aboveground
part). This could point out that for complete and efficient phytoremediation process,
removing the whole plant including its root system is mandatory. However, estimated
TF values for all investigated ecotypes increased firstly then declined significantly with
increasing Cu concentration above 200 mg kg™ supposing transport channels of roots of

giant reed plants were damaged above 200 mg Cu kg™
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Fig. 11: Transportation factor (TF) for Cu uptake of giant reed ecotypes (STM, BL, and
ESP) grown on elevated Cu concentrations. Different letters over columns
show significant differences among groups of treatments according to

Duncan's test at p < 0.05.

Conversely to TF values, estimated values of bioconcentration factor (BCF)
were higher than one for all giant reed ecotype used in current study at all treatments of
Cu. Increasing Cu concentration resulted in significant differences (p < 0.05) for BCF
values among investigated ecotypes. The lowest measured BCF value was 2.6 recorded

for BL plant when Cu concentration was 400 mg kg™ (Fig. 12). However, calculated

13



BCF values for STM and BL ecotype firstly increased then significantly reduced with
increasing Cu concentrations above 200 mg kg™'. On the other hand, ESP plants were
less affected negatively with increasing Cu levels in growth medium, where it recorded
BCF values of 6.2, 3.4, 5.7 and 5.0 when Cu concentrations ranged from 100 to 400 mg
kg™, respectively.
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Fig. 12: Bioconcentration factor (BCF) for Cu uptake of giant reed ecotypes (STM, BL,
and ESP) grown on elevated Cu concentrations. Different letters over columns
show significant differences among groups of treatments according to

Duncan's test at p < 0.05.

Substantially, all studied ecotypes had same efficiency towards removing Cu
from soil-like growth medium. Values of removal rate (RR) ranged from minimum 0.81
to maximum 0.89 regarding STM, BL, and ESP ecotypes (Fig. 13). However, with
increasing Cu concentrations from 100 to 400 mg kg' no big differences were
determined for RR under investigated giant reed ecotypes. Capacity of STM plant for
removing declined when Cu increased in soil from 100 to 400 mg kg, where RR
values were 0.88, 0.82, 0.81, and 0.83, respectively. While, ESP plant possessed
gradually reduced values for RR with increasing Cu levels in experimental pots, BL had
no clear trend for its RR value where it had RR of 0.89 when Cu concentration was 100
mg kg™ then decreased to reach 0.85 at treatment of 300 mg kg™ but increased again to
be 0.89 at highest Cu treatment (400 mg kg'). These results encourage the
recommendation of giant reed ecotypes for Cu phytoremediation purposes, where they
proved high efficiency and ability for theoretical removing Cu from Cu-contaminated

site with some of 89%.
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Fig. 13: Removal rate (RR) of Cu by giant reed ecotypes (STM, BL, and ESP) grown
on elevated Cu concentrations. Different letters over columns show significant

differences among groups of treatments according to Duncan's test at p < 0.05.
3.2.4. Malondialdehyde content of giant reed ecotypes

MDA content of root systems of STM, BL, and ESP ecotypes significantly
increased with adding Cu to soil-like growth medium compared to control plant. While,
STM and ESP control plants had almost same content of MDA in their root systems,
content of MDA of BL ecotype was nearly half of that found for STM and ESP
ecotypes (Fig. 14). With applying Cu treatments, MDA content of root system in all
ecotypes was closely same; this indicates that Cu treatments had stronger effect on root
system of BL plant than STM and ESP plants. However, MDA content of STM root
regularly increased with increasing Cu concentrations.Likewise, MDA content of root
of ESP plant positively increased with elevating Cu levels. Response of BL ecotype for
elevated Cu doses was slightly different from STM and ESP ecotypes. MDA content
was 7.1 nmol g”' DM for control plant and increased gradually recording 22.6 nmol g
DM when Cu concentration was 300 mg kg then a small decreasing was measured

when Cu concentration was 400 mg kg™

MDA content in the culms of STM, BL, and ESP ecotypes grown under
different concentrations of Cu was significantly enhanced versus the control (Fig. 15).
At control treatment ESP culm had the highest MDA content compared to STM and BL,
it measured almost 2 folds than STM and less than 2 folds for BL. However, when Cu
doses increased in soil-like growth medium, MDA content of culm was gradually

increased for all studied ecotypes.
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Fig. 14: Malondialdehyde (MDA) content in root system of giant reed ecotypes (STM,
BL, and ESP) grown on elevated Cu concentrations. Different letters over
same columns show significant differences among each group of treatments

according to Duncan's test at p < 0.05.
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Fig. 15: Malondialdehyde (MDA) content in culm of giant reed ecotypes (STM, BL,
and ESP) grown on elevated Cu concentrations. Different letters over same
columns show significant differences among each group of treatments

according to Duncan's test at p < 0.05.

Similarly, MDA content in the leaf blades of STM, BL, and ESP was
significantly increased with increasing Cu levels. Leaf blade of control plants of all
ecotypes had the lowest MDA content compared to Cu treatments. However, 9.8 nmol
¢! DM of MDA were measured in leaf blades of STM control plant but 19.5 nmol g
DM of MDA was found at the highest Cu treatment. On the other hand, leaf blades of
BL had 11.9 and 18.2 nmol g'1 DM of MDA at treatments of 0 and 400 mg Cu kg'l,
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respectively. Leaf blades of STM recorded the highest content of MDA at no Cu
treatment achieving 18.7 nmol g increased to 24.3 nmol g”' DM when Cu was 400 mg

kg! (Fig. 16).

STM mBL W ESP
50 -
45 -
40 -
35 -
30 -
25 -

c b a a
20 - d b ¢ ° d ° b ° 2
15 4 . ¢©
10 -
5 .
0 T T T T
] 100 200 300 400

Cu doses (mg kg?)

MDA content (hmol g1 DM)

Fig. 16: Malondialdehyde (MDA) content in leaf blade of giant reed ecotypes (STM,
BL, and ESP) grown on elevated Cu concentrations. Different letters over
same columns show significant differences among each group of treatments

according to Duncan's test at p < 0.05.

3.2.5. Chlorophylls a and b and carotenoids contents of giant reed ecotypes

Figure 17 displays chl a content in leaves of STM, BL, and ESP ecotypes.
Clearly, increasing Cu doses had significant effect on chl a content in all ecotypes.
Leaves of BL plant had the highest content of chl a at all Cu treatments compared to
STM and ESP plants. However, chl a content in leaves of BL plant changed from 32 to
46 mg cm™ when Cu concentration increased from 0 to 400 mg kg™ in soil-like growth
medium. Regular increase in chl a content was measured in leaves of STM plant when
Cu concentration increased in soil-like growth medium up to 400 mg kg'. These
findings illustrated that all giant reed ecotypes under investigation are tolerant to high
Cu concentrations, therefore they could act as phytoremediation candidates for Cu-
contaminated sites.

Chl b content in leaves of STM, BL, and ESP ecotypes was significantly
increased with increasing Cu concentrations in soil-like growth medium. When Cu
doses increased in soil-like growth medium up to 300 mg kg™, linear increase in chl b
content in leaves of STM plant was measured. But an exponential increase was found
for chl b content in leaves of STM when Cu concentration increased up to 400 mg kg™

(Fig. 18). BL and ESP plants responded to elevated Cu concentrations positively.
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Content of chl b in leaves of BL and ESP plants firstly increased with increasing Cu

concentrations up to 300 mg kg™, and then slightly decreased with increasing Cu to 400

mg kg™
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Fig. 17: Content of chlorophyll a in leaves of giant reed ecotypes (STM, BL, and ESP)

grown on elevated Cu concentrations. Different letters over same columns

show significant differences among each group of treatments according to

Duncan's test at p < 0.05.
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Fig. 18: Content of chlorophyll 4 in leaves of giant reed ecotypes (STM, BL, and ESP)

grown on elevated Cu concentrations. Different letters over same columns

show significant differences among each group of treatments according to

Duncan's test at p < 0.05.

Carotenoids contents (ug cm™) in leaves of growing giant reed ecotypes on

elevated Cu concentrations are depicted in Fig. 19. Positively increasing Cu levels

enhanced carotenoid contents in leaves of studied giant reed ecotype. Significant

differences were measured for carotenoid contents with elevating Cu doses. Content of
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carotenoid in leaves of both BL and ESP plants steadily induced with increasing Cu
concentrations up to 300 mg kg then decreased when Cu concentration was 400 mg
kg'. In leaves of STM plant carotenoid content linearly increased with increasing Cu
concentrations, where highest content of carotenoid was 19 pg cm? when Cu
concentration was 400 mg kg'. However, treatments of 100 and 200 mg Cu kg™ did not

resulted in siginificant differences of carotenoid content.
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Fig. 19: Content of carotenoids in leaves of giant reed ecotypes (STM, BL, and ESP)
grown on elevated Cu concentrations. Different letters over same columns
show significant differences among each group of treatments according to

Duncan's test at p < 0.05.
3.2.6. Efficiency of photosynthesis under elevated Cu exposures

At the physiological level, the measurement of photosynthetic efficiency
(Fv/Fm) is useful and effective parameters to assess the photosynthetic status of plants
under heavy metals stress conditions. Table 2 showed values of Fv/Fm measured in
leaves of STM, BL, and ESP ecotypes after growing on elevated Cu concentrations.
Greenhouse experiment has been started in mid of July 2013 and one and half months
later (September) Fv/Fm was measured and after one month (October) it was measured
again. However, with respect to control plants no significant differences were measured
at Cu treatments for all investigated ecotypes of giant reed. In September, the highest
values of Fv/Fm of STM, BL, and ESP ecotypes were found at the highest Cu treatment
(400 mg kg™"). Values of Fv/Fm of STM plant ranged from 0.80 to 0.83 at treatments of
0 to 400 mg Cu kg'l. While, BL plants had values changed from 0.81 to 0.84, ESP

plants recorded values of 0.81 to 0.81 when Cu concentrations changed from 0 to 400
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mg kg'. In general, values of Fv/Fm that measured in October were higher than that
measured in September within all ecotypes, but this increase was not significant. As a
consequence for non-siginificant values of Fv/Fm that measured under different Cu
treatments with respect to control, it could be concluded that giant reed ecotypes did not
negatively affected with high Cu concentrations, but have been enhanced therefore they

showed tolerant characteristics for elevated Cu levels.

Table 2: Maximum quantum efficiency of PSII (Fv/Fm) of dark adapted leaves of

giant reed ecotypes treated with elevated Cu concentrations.

Cu doses September October

(mgkg') | STM BL ESP STM BL ESP

0 0.80cde 0.8labcd  0.81bcde | 0.83ab 0.83ab 0.83ab
100 0.83ab 0.83a 0.80de 0.82abc 0.83ab 0.79d
200 0.82abcd 0.82abcd 0.81bcde 0.83ab 0.83ab 0.81bcd
300 0.83ab 0.82abcd  0.79¢ 0.83ab 0.84a 0.80cd
400 0.83abc 0.84a 0.81bcde | 0.83a 0.84a 0.82ab

In columns different letters showing significant differences among each group of treatments according

to Duncan's test at p < 0.05

4. CONCLUSIONS AND RECOMMENDATIONS
4.1. In vitro experiment

- Giant reed ecotypes (BL and 20SZ) which are used in the present study showed
great tolerance to elevated Cu concentrations up to 26.8 mg L™ in artificially

Cu-contaminated water.

- No Cu toxicity symptoms were reported on shoot and root parts of both ecotypes
up to 10 mg Cu L', but some reduction in root systems were noticed at

treatment of 26.8 mg Cu L.

- Both giant reed ecotypes showed capacity to uptake Cu from artificially
contaminated water bodies, where the removal rates ranged between 96.6 to

100%.

- Almost 50% from total uptake Cu content was found in root system of both

ecotypes.
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Transportation and bioconcentration factors had values higher than 1 especially

whec Cu concentration was higher than 5 mg L™.

Both ecotypes showed considerable and significant efficiency to clean Cu-
contaminated water bodies up to 26.8 mg L. So, it is a positive indicator of
their potential capacity to serve as a phytoremediation plant together with the
existence of nontoxic symptoms on the plants. These results emphasized that
both ecotypes being nonfood crop, might act as good phytoremediation

candidates for Cu-contaminated water bodies.

4.2. Ex vitro experiment

STM, BL, and ESP ecotypes of giant reed which derived by somatic
embryogenesis were normally grown on elevated Cu concentrations up to 400
mg kg™

No foliar symptoms for Cu toxicity were seen on aboveground part (shoot) of
any ecotype.

Root system of all ecotypes was significantly reduced at the highest Cu
concentration (400 mg kg™).

Shoot length of all ecotypes was significantly enhanced with increasing Cu
levels in soil-like growth medium.

Dry mass of root system of giant reed ecotypes was slightly decreased with
inceasing Cu doses with respect to control plant, while dry mass of culm and
leaf blade was significantly enhanced when Cu concentrations increased in soil-
like growth medium. All three ecotypes showed same efficiencies for uptake Cu,

where they removed 82.8 to 88.0 % from total Cu under different Cu treatments.
Most of removed Cu was accumulated in root system of giant reed ecotypes.

At higher Cu concentrations above 100 mg kg', BL plant had higher
transportation factor (TF) than STM and ESP, but all values of TF were less than
1.

Bioconcentration factor (BCF) values were higher than reference value of 1, and

ESP recorded the higher values with respect to STM and BL plants.

Photosynthesis pigments such as chlorophylls @ and b as well as carotenoids

content were significantly enchanced with increasing Cu levels.
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- Total protein contents in different plant parts of all ecotypes were induced

significantly when Cu levels increased in soil-like growth medium.

- Increasing Cu concentrations negatively affected malondialdehyde (MDA)
content in all plant parts of STM, BL, and ESP ecotypes, where higher MDA

contents were measured under Cu treatments versus control plants.

From all the metioned data above, it could be concluded that giant reed ecotypes
showed considerable ability and capacity to grow on elevated Cu concentrations. Also
they have great potential for removing Cu from Cu-contaminated soil-like growth
medium. Therefore, it could be recommended that giant reed ecotypes can be employed
as phytoremediation candidate as well as producing significane biomass production

during remediation process.
5. NEW SCIENTIFIC RESULTS

- Using giant reed ecotypes for decontaminating Cu-contaminated water bodies

due to its ability to translocate the Cu from roots to shoots.

- Industerial wastewater polluted with Cu can be restored by giant reed ecotypes,
where they showed significant ability to remove Cu from wastewater reached

some of 92 to 99%.

- In soil-like environemnts which are contaminated with high Cu levels up to 400
mg kg, giant reed ecotypes can remediate it with efficiencies ranged between

82.6 to 88.0%.

- Photosynthesis pigments positively enhanced by elevated Cu concentrations; this
indicates that studied giant reed ecotypes are tolerant to high Cu levels up to 400

mg kg

- High Cu exposures did not negatively affect the biomass production of giant
reed plants; therefore considerable biomass production is expected for giant reed

ecotypes during the phytoremediation process as an additional benefit.
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6. SCIENTIFIC RESULTS UTILIZABLE IN THE PRACTICE

e (@Giant reed plants showed considerable effects to remediate the Cu-contaminated

streams

e The possibility of using giant reed plants in Cu-contaminated soil-like growth

medium, since it showed high tolerance for growing on increasing Cu levels.

e Giant reed is considered as good candiate for restoring and remediating Cu-
contaminated environments, where it showed great capacity and efficiency for

uptake Cu from contaminated soil-like growth medium.

e Using giant reed as bioenergy crop during the phytoremediation process, where
it can produce significant biomass production especially on Cu-contaminated

sites.
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