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1. INTRODUCTION

In recent years much attention has been focused upon improving the grass crops
of the world. Prior to the 1955, coal was the main source of power and heat. Next to
industrial revolution, world’s economy has depended heavily on fossil fuels.
Consequently, environmental impacts, especially greenhouse gases (GHG) emissions,
are dependent mainly on burning fossil fuels, deforestation and other human activities.
Global energy demand has nearly doubled in the last 35 years causing more damage to
environment due to fossil fuel use. The EU has set itself the ambitious target to achieve
by 2020 a 20% share of renewable energy and biofuel’s usage of 10% in transport.
Bioenergy represented approximately 7.5% of energy used in the EU in 2010.
Currently, bioenergy provides roughly 10% of global supplies and accounts for roughly

80% of the energy derived from renewable sources.

First-generation biofuels "or conventional biofuels are made from sugar, starch,
or vegetable oil" can have detrimental consequences for soil carbon sequestration,
nitrous oxide emissions, nitrate pollution, biodiversity and human health. Therefore, an
alternative is to grow lignocellulosic crops (second-generation biofuels). In recent years
much attention has been focused upon improving the grass crops of the world.
Lignocellulosic feedstocks can have positive impacts on environment, and could make
up a substantial proportion of future energy portfolios. First-generation biofuels may
serve as a bridge to second-generation biofuels, which still requires intensive research

and development efforts at all levels of the production chain.

At the present, after bioenergy becomes a reality, debate is directed towards
suitable lands that can be exploited for biofuel production purposes. As a consequence,
for expected growth of the world's population over the decades ahead, agricultural
production will have to increase by some 60%. This means more pressure on
agricultural lands and water resources whose availability and productivity in agriculture

might be under threat from climate change.

Recently, biomass crops such as giant reed were proposed as phytoremediation
candidates due to their immense biomass production, fast growing rates and vigorous
root systems. Furthermore, these plants are not edible crops and able to grow in a wide
range of low nutrient, erodible or metal contaminated soils. In addition, giant reed is a

multipurpose plant of promising potential for several non-food uses, especially as an

7



energy crop for the production of bioethanol and energy. Furthermore, obtaining
products with economic value such as biomass from plants used in removal pollutants
from contaminated soils would be an additional benefit to phytoremediation, which

could indeed help sustain its long-term use.

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.

Cu, an essential metal in plants, functions as a catalyst in photosynthesis and
respiration. It is a constituent of several vital enzymes involved in building and
converting amino acids to proteins. Cu is important in carbohydrate and nitrate
metabolism. It is essential to the formation of lignin in plant cell walls which
contributes to the structural strength of the cells and the plant. It also affects water
permeability, reproduction, and disease resistance. In soil, Cu is the most immobile
micronutrient. Therefore, Cu uptake is strongly correlated with root systems, where
vigorous root systems take up more Cu. Initially, Cu is equally distributed in the plant
but is relatively immobile. Moreover, for better plant growth, adequate Cu supply is
needed. The appropriate Cu concentration in plants ranges between 8-20 mg kg
Otherwise, poor growth, delayed flowering, and plant sterility are the foremost

symptoms of insufficient Cu supply. Moreover, Cu deficiency in plant growth may



appear as wilting with leaf tips turning a bluish-green color. In cereals plants, the tips
may become brown and appear to mimic frost damage. Additionally, young tissues
show chlorosis, distortion, and necrosis. The death of the growing points often leads to
excessive tillering in cereal crops and excessive branching in dicots. Under toxic Cu
levels, plants appear stunted and are usually bluish in color, and eventually turn yellow
or brown. Also, seed germination, plant vigor and iron intake are reduced. Furthermore,
Cu-induced chlorosis and root malformation are the most common characteristic

symptoms of this toxicity.
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 C(alculate 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. LITERATURE
2.1. Bioenergy: past, present, and future

Prior to the 1955, coal was the main source of power and heat. Next to industrial
revolution, world’s economy has depended heavily on fossil fuels. Consequently,
environmental impacts, especially greenhouse gases (GHG) emissions, are dependent
mainly on burning fossil fuels, deforestation and other human activities (IEA, 2009). By
2020 the world’s population is expected to reach approximately 8 billion. When we
consider both the expected increase of worldwide population and the increasing energy
prices that are a consequence of ever greater levels of industrialization, it becomes clear
that in the decades ahead it will be a significant challenge to provide energy with
competitive prices for the world’s people, a problem that will increase with time (Popp
et al., 2014). As a consequence for expected growth of the world's population over the
decades ahead, agricultural production will have to increase by some 60% (FAO, 2011).
This means more pressure on agricultural lands and water resources whose availability
and productivity in agriculture might be under threat from climate change. Moreover,
the incredible prices, limited supply and environmental risks of fossil fuels have made
the production of biofuels an urgent and to reach expected volumes over the last decade

(Popp et al., 2014).

Global energy demand has nearly doubled in the last 35 years causing more
damage to environment due to fossil fuel use (IEA, 2009). Where, during last decade
from 2001 to 2011 the total energy consumption throughout the world increased from
77,245 to 88,034 thousand barrels per day. Almost one third of the total world energy
consumption is accounted for Asia Pacific (BP, 2012). This inevitability increase in
energy consumption leads to fast depleting of fossil fuel reserves around the world.
Moreover, many detrimental effects of burning fossil fuels on environment have been
recorded specially during last decades such as increasing emissions of GHG and its
effect on global warming and climate change. Therefore, energy security and climate
change mitigation are two main drivers that have pushed renewable energy production

to the top of the global agenda (Karp and Shield, 2008).

In the EU the transportation sector, which is currently entirely relying on fossil

fuels and will continue to experience high growth in the decades ahead, is responsible
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for around 21% of anthropogenic GHG emissions. In order to restrain a fast growing
GHG emission profile, biofuels are considered a key solution together with fuel saving
vehicle technologies. Continued dependence on fossil fuels will make it very difficult to
mitigate emissions of GHG that contribute to global warming and climate change
(Crutzen et al., 2008). The detrimental effects of climate change and the threat of
diminishing fossil fuel reserves are forcing society to search for renewable sources of
energy. Energy can be derived from the biomass of plant material by co-fire combustion
with coal or on its own for the production of electricity. Renewable energy carriers can
also be created by converting the plant biomass into ethanol, a gasoline substitute. Of
course, there is no time to loss, to deliver energy for this growing population; the world
needs to start looking for an alternative source of energy, and to do so in a sustainable
and environmentally friendly approach to avoid more damage to environment (Popp et

al., 2014).

Energy derived from plants, especially biomass species, is an alternative fuel
that is expected to play an indispensable role in future world energy portfolio.
Therefore, much attention has been paid to energy plants in recent years. Biomass plants
will have an important role in the implementation of sustainable bioeconomy.
Development of sustainable bioenergy will not only contribute to the energy security,
but also will have additional economic and environmental benefits such as GHG
emissions mitigation and increase soil carbon sequestration (Wang, 2005). Biomass
energy is the most abundant and versatile type of renewable energy in the world (Lin et
al., 2007). Developing the knowledge and skills is required for obtaining increased
quantities of biomass production that is suitable for conversion to biofuels and to other
renewable resources, at economically competitive prices, all within an environmentally
and economically sustainable agricultural system that is an essential part of a future

bioeconomy (Popp et al., 2014).

In order to ensure the continuity and sustainability of renewable energy
production, many countries have made it embodied legislation (e.g. the EU, Directive
2009/28/EU EU, 2009) to decrease dependence on fossil fuels and diminish greenhouse
gas emissions (Goldemberg, 2007). The extraordinary political support has quickly
pushed the first-generation biofuels "or conventional biofuels are made from sugar,

starch, or vegetable oil" to gain public interesting all over the world (Boucher, 2012).
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However, this attention has fall down soon because many detrimental consequences of
first-generation biofuels quickly surfaced (Fargione et al., 2008). These concerns
included food security and energy production debating (Boucher, 2012; Rathmann et
al., 2010), detrimental consequences for soil carbon sequestration, nitrous oxide
emissions (Crutzen et al., 2008), nitrate pollution (Donner and Kucharik, 2008),

biodiversity (Landis et al., 2008) and human health (Hill et al., 2009).

Therefore, interest turned into second generation biofuels that include using of
food wastes, agricultural residues, woody plants, and grasses. Nowadays,
lignocellulosic crops are the main source of second generation biofuels, where growing
biomass plants, which are non-food plants, is the best alternative to avoid present food
versus energy argument (Lovett et al., 2014). Recently, much attention has been paid to
develope the grass crops of the world. In addition, lignocellulosic feedstocks can have
positive impacts on environment (Robertson et al., 2011), and could make up a
substantial proportion of future energy portfolios (Perlack et al., 2011). First-generation
biofuels may serve as a bridge to second-generation biofuels (Fischer-Boel, 2008),
which still requires intensive research and development efforts at all levels of the

production chain.
2.1.1. Importance of bioenergy plants

Energy production from second-generation biomass candidates is growing fast
in both developed and developing countries to meet mandated increase of biofules that
have been legislated (USC, 2007). This requires novel feedstocks - particularly
perennial grasses - which are fast growing, high yield, and can grow on marginal land
(not suited for food crops). Bioenergy plants include several types: (1) energy plants for
bio-ethanol, mainly including plants with high content of saccharide, starch and fiber;
(2) energy plants for biodiesel, especially non-food oil plants, etc. China has 1554
species of oil plants, including 154 species with oil content greater than 40% in seeds,
and 30 species of shrubs or arbor plants with rich bio-fuel components (Shao and Chu,

2008).

Perennial grasses, which once established can be harvested and re-grow annually
for many years, have a number of other beneficial characteristics which suit them as

biomass crops. These include high resource use efficiency, high productivity, good
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environmental qualities and a wide range of end uses. Environmental benefits include
high rates of soil carbon sequestration, diminish greenhouse gas emissions from fossil
fuels and enhanced biodiversity and soil stabilization. Economical benifits include
reducing fossil fuel prices and minimize or avoid any negative impact on the global

food supply where it is able to grow on marginal areas of land (Jingying et al., 2014).

Hill et al. (2006) reported that burning liquid biofules reduces GHG emissions
by 12 — 41% compared to fossil fuels. Combustion of bioethanol decreased GHG by
12%, while using biodiesel recorded 41% decrease in GHG emissions. Moreover,
approximately 40% less of GHG emissions were determined by Adler et al. (2007)
when ethanol and biodiesel extracted from corn were used as alternative to traditional
fossil fuel (Jingying et al., 2014). This reduction of GHG emissions was enhanced when
reed canary grass was used as origin of bioethanol and biodiesel recording 85%
reduction in GHG emissions. However, using ethanol and biodiesel extracted from

hybrid switch grass and poplar decreased GHG emissions by 115% (Adler et al., 2007).

In the UK, Stephenson et al. (Jingying et al., 2014) measured the global
warming potential (GWP, in kg CO,-equivalent) for biodiesel. He reported that
biodiesel saved 26 — 32% of GWP when large and small scale production of biodiesel,
respectively, were applied compared to ultralow sulfur diesel (Stephenson et al., 2008).
The current world biomass demand for mandated energy is estimated to be 53
quintillion joules (REN, 2012). Generally, world energy demand is expected to grow by
35% even with enhancing energy use effeciency. In developing countries enegry
demand is expected to grow by 65% by 2040 compared to 2010 as direct consequence
for developing economies and growing populations. According to the new public
energy outlook, 75% of the world’s population will reside in Asia Pacific and Africa by
2040. India will have the largest population after 2030 (ExxonMobil, 2013). A wide
range of indicators suggest that dramatic developments are taking place in Asian energy
markets (Mochizuki et al., 2004) and large-scale bioenergy development is extremely
urgent. Schroder et al. (2008) considered bioenergy development as an effective way to

save the world from an energy crisis.
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2.1.2. Bioenergy production throughout the world

Recently, bioenergy has proven efficiency and possibility to partially offset
relying on dwindling fossil fuels and controls the inflated prices of traditional fuels.
Consequently, the EU and China have set an ambitious target to achieve by 2020 a 20%
share of renewable energy in the total energy usage (EC, 2008; Tang et al., 2010). The
EU plans to share 10% of fuels used in transport from biofuels. In 2010 bioenergy
represented 7.5% of total energy usage in the EU, and European Environment Agency
(EEA) wishes to raise it to almost 10% by 2020. Currently, bioenergy provides roughly
10% of global supplies and accounts for roughly 80% of the energy derived from
renewable sources (IEA, 2009). China produced 1.82 million tones of biofuels in 2008
including 1.46 million tons of bioethanol and 0.36 million tons of biodiesel (Tang et al.,
2010). By 2020 China expects to produce 12 million tons of biofuels from non-food
crops, including 10 million tons of bio-ethanol and 2 million tons of biodiesel (Wang,
2005). The US plans to achieve production of 79 billion liters bioethanol by 2022. To
meet the 2022 US biofuel target mandate, Qianlai et al. (2013) reported that many
actions must be taken such as intensification and expanding of maize cultivation,

establishment of biomass crops such switchgrass and Miscanthus.

Depending on data released from model simulations to evaluate bioenthanol
production from maize, Miscanthus, and switchgrass. Qianlai et al. (2013) estimated
that 3.0-5.4 thousand liters of bioethanol can be extracted from maize plants per hectare,
while extracted bioethanol from Miscanthus was more than twice compared to maize.
But switchgrass recorded the lowest production of bioethanol relative to maize and
Miscanthus. To achieve the target of biofuel production using maize, about 26.5 million
hectares of land and around 90 km® of water are needed. But substitution of maize by
Miscanthus would save 50% of land and 30% of the water. Developing biofuel
conversion technology from Miscanthus would save more land and water, where 9
million hectares of land and 45 km® of water would be enough to meet the mandated
target of biofuel production. Therefore, Miscanthus could be recommended as
alternative biomass crop to maize. Since 2009, annual bioethanol production in the US
exceeded 40 billion liters (bl) and in 2011 reached 52.6 billion liters (RFA, 2012). By
2022, the US will produce around 136 billion liters of bioethanol fromrenewable

sources including 79 billion liters from biomass candidates (USA, 2007). However,
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there are two major limitations for cellulosic feedstocks production. Firstly, the
available land that can employ for cultivation of biomass plants, anyhow, marginal
lands can play a key role to solve this problem. Secondly, the productivity of cellulosic
crops grown on marginal lands that already are poor soils will be expected to be low

especially without adding fertilizers.
2.1.3. Why marginal land?

Food security and efficiency of agricultural production mainly determine land
use for food and feed. In addition to competition with food and feed, biomass
production for energy purposes also will add more pressure on land use (Popp et al.,
2014). At the present, after bioenergy becomes a reality, debate is directed towards
suitable lands that can be exploited for biofuel production purposes. Converting fertile
lands to biofuels production faces huge arguments. Where, directing cultivated lands
towards biomass production would have possible consequences on environment;
therefore, a thorough analysis is needed in order to maximize the biomass production
(Fischer et al., 2010). Therefore, in order to circumvent the recent food versus biofuel
debate, it would be practical to use marginal lands that can serve as prime real estate for

meeting the nation’s alternative energy production goals.

Although, nowadays the main portion of biomass energy used for heat and
electricity is derived from forests, the dedicated agricultural land to the production of
biofuels is growing (Fischer et al., 2010). In Europe land use efficiency of the presently
dominating first-generation feedstocks is low compared to estimated potentials for
second-generation feedstocks (Fischer et al., 2008). Although much of the land need
could be satisfied by growing high-productivity feedstocks on fertile land now used for
grain production (Somerville et al., 2010), this strategy fails to consider the long-term
need for fertile land to meet future food demands and the need to abate the indirect
GHG impacts created when land now in grain ethanol production was originally
diverted to biofuel use (Searchinger et al., 2008). Because fertile lands, which are
suitable for food production, are fairly limited, bioenergy production may depend on
marginal land (Jingying et al., 2014). Therefore, growing cellulosic crops on marginal
lands could be a substantial alternative in order to circumvent the recent food versus

biofuel debate. Furthermore, obtaining products with economic value from plants grown
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on low quality lands, not suitable for food crops, would be a great benefit and help

sustain its long-term use (Bafiuelos, 2006).

However, development of growing bioenergy plants on marginal land should not
affect ecology of regional environment, so natural forests, pasturing areas, and other
reserves have to stay away from exploiting it for bioenergy purposes. The availability of
land to grow energy plants is the key factor for the development of bioenergy

production (Dafang et al., 2011).
2.1.4. Definition of marginal land

Although, the term “marginal land” is used in research reports from long time
ago, it has not been clearly defined. Recently, marginal land introduced itself as
possible alternative for bioenergy production in order to avoid food versus bioenergy
debate. However, many studies have introduced definition for marginal land in a
subjective sense for non-optimal land for crop production without sufficient reasons

(Brian et al., 2014).

Here we display some literatures that defined marginal land. Gelfand et al.
(2013) said marginal lands are frequently defined as “those poorly suited to field crops
because of low crop productivity due to inherent edaphic or climatic limitations or
because they are located in areas that are vulnerable to erosion or other environmental
risks when cultivated”. In the same way, Dafang et al. (2011) gave definition for
marginal land as “land that has relatively poor natural condition but is able to grow
energy plants, or land that currently is not used for agricultural production but can grow
certain plants”. FAO, (1997) cited that “land that is unsuitable for traditional row crops,
generally referred to as “marginal” land, may be appropriate for grazing or other uses,
including biomass crop production”. “Marginal lands are often described as degraded
lands that are unfit for food production and/or of some ambiguously poor quality and
are often termed unproductive” (Shortall, 2013). Milbrandt and Overend, (2009); Blake
et al. (2012) reported that “unproductive soils are characterized by unfavorable chemical
and/or physical properties that limit plant growth and yield, including low water and

nutrient storage capacity, high salinity, toxic elements, and poor texture”.

However, contaminated soils with potential toxic metals such as copper (Cu) are

considered marginal lands because these soils will produce metal-laden plants causing a
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serious threat to human health and food chain. Since metals are non-biodegradable
contaminants, it is obligatory to remove these metal ions from soils in order to restore
these soils again for food crop production. Many technologies were proposed to
decontaminate the metal-contaminated soils, but still phytoremediation, the "plant-based
green technology" is the most appropriate, cost-effective and environmentally-friendly

technology (Elhawat et al., 2014).

However, from all of the mentioned above we can give a short and simple
definition for marginal land as land that does not fulfill the requirements for safe,

sustained, and economical agricultural crop production.

Marginal lands could meet the requirements of second-generation biofuels such
grasses and perennial plants which possess vigorous root systems that already are
adapted to low nutrient, erodible or droughty soils. Using such lands for biofuels
production will have many environmental benefits because cellulosic crops are able to
remove significant amounts of CO, from atmosphere during its growth season
compared to pre-existing vegetation avoiding local carbon debt (Searchinger et al.,
2008). Consequently, substantial reduction of GHG emissions will be recorded without
any risks of indirect carbon costs due to displace food and feed production (Searchinger
et al., 2008). However, the availability of marginal lands for biomass production and the
resulting implications for GHG emissions is still uncertain (Fargione et al., 2008).
Establishment of biomass mega-farms on marginal lands will restore the ecosystems of
these soils and improve its productivity thus it will contribute even more to bioenergy
and GHG mitigation goals in addition to providing greater conservation benefits
(Gelfand et al., 2013). Biofuels are widely considered to be a major renewable energy
source that has the advantage of mitigating global warming (Tilman et al., 2009,

Fargione et al., 2010, Beringer et al., 2011).
2.1.5. Total area of marginal lands around the world

In Europe, the total available area for cellulosic production would be almost 44-
53 million hectares of fertile agricultural land by 2030. Additionally, 19 million
hectares of pasture land are expected to be converted into biomass production.
However, most of these lands are located in Eastern Europe, where directing the

cultivated lands towards biomass production is possible (Fischer et al., 2010). Lu et al.
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(2012) reported that around 9.48 million hectares of lands are available as marginal land
in Canada for bioenergy production. He added that if this land directed towards biofuel
production it would supply 33 million tons (using switch grass) or 380 million tons
(using hybrid poplar). In Japan, Hattori and Morita (2010) investigated the availability
of lands for bioenergy production and evaluated different energy plants. The results

showed that rice can be grown as an energy crop in unused low-land paddy fields.

Development of biofuel production in China is maily restricted by limited land
sources; therefore exploitation of marginal land for bioenergy purposes is the solution.
(Dafang et al., 2011) mentioned that total area of marginal land suitable for growing
bioenergy plants on a large scale was about 43.75 million hectares. They also estimated
that if 10% of this marginal land was fully utilized for growing the energy plants, the
production of bio-fuel would be 13.39 million tons. The available areas in Asia with
marginal land suitable for Cassava, Pardanthus chinensis, and Jatropha curcas L. were
established to be 1.12 million, 2.41 million, and 0.237 million kmz, respectively,
(Jingying et al., 2014). According to The Asia-Pacific Economic Cooperation (APEC),
the estimated marginal lands make up approximately 400 million hectares across Asia,
the Pacific Islands, Australia, and North America (Milbrandt and Overend, 2009). Other
estimates put the global marginal land area anywhere from 1100 (Cai et al., 2011) to
6650 million hectares (FAO, 1997), depending on the parameters used to describe
marginal (e.g, “nonfavored agricultural land,” “abandoned or degraded cropland,” or
arid, forested, grassland, shrubland, or savanna habitats). The potential area available in
the USA for cellulosic and perennial biomass crops ranges from 43 to 123 million
hectares (Cai et al., 2011; Campbell et al., 2008). The differences in these estimates
reflect the inconsistencies in the usage of the term “marginal land,” despite its common
use in the bioenergy industry and literature (Cai et al., 2011; Shortall, 2013; Richards et
al., 2014).

2.1.6. Climate change and marginal land

According to Lauren et al. (2015) climate change will exacerbate the issue of
land marginalization and degradation (Hatfield, 2014). It has been predicted that
negative impacts of climate change will increase over the next 25 years, with longer
growing seasons (frost-free periods), increasing extreme precipitation events (both

flooding and drought), fewer chilling hours, and a greater number of hot nights
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projected for most growing regions of the country (Hatfield, 2014). Because these
changes are projected to occur to a greater extent in certain regions of the country
(Hatfield, 2014), crop production — potentially including biomass crops on marginal
lands — may shift to novel regions where different stressors are present or growers may
shift to different production systems. For example, to escape the predicted hot nights in
the southeast, growers may shift to more northern regions where precipitation may be
less frequent (Hatfield, 2014). These changes will — and already do — directly affect
the physiology and reproductive development of many crop plants, including first
generation biomass crops (Schlenker and Roberts, 2009 ; Lobell et al., 2011). Therefore,
it will be important to select the most tolerant crops suitable for future climate scenarios

(Oliver et al., 2009).
2.2. Giant reed
2.2.1. Morphology of giant reed

Giant reed (Arundo donax L.) is a vigorous erect perennial grass species
(Poaceae family), native to the freshwater regions of Eastern Asia, but nowadays
considered as a sub-cosmopolitan species given its worldwide distribution (Bell, 1997;
Alshaal et al., 2013). It is a hydrophyte, growing along lakes, streams, drains and other
wet sites. Under ideal growth circumstances giant reed can reach up to 14 m height
(Bacher et al., 2001) and is among the fastest-growing terrestrial plants. It can produce
more than 50 t ha™ aboveground dry biomass with average 20-35 t ha™ (Tucker, 1990;
Sharma et al., 1998; Giines and Saygin, 1996). Individual tough and hollow stems, 3-5
cm in thickness, have a cane-like appearance similar to bamboo with alternate leaves,
3060 cm long and 2—6 cm broad, tapered tips and hairy tuft, at the base. Stems
produced during the first growing season are unbranched and photosynthetic (Bell,

1997).

Giant reed possesses vigorous root system of rhizomes that spreads widely under
the soil surface from 5 to 30 cm in depth. The rhizomes (3—8 cm wide and 10-25 cm in
length) produce fibrous roots that can reach 5 m in depth under perfect growth
conditions (Bell, 1997; Frandsen, 1997; Sharma et al., 1998). The giant reed stem is a
hollow, segmented culm that measures from 1 to 4 cm in diameter and is able to branch.

The culms’ walls range from 2 to 7 mm in thickness, and the internodes can reach 30
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cm in length. This stem structure is able to support the erect position of such a tall plant,
as its mechanical stability is not dependent on turgor pressure (Spatz et al., 1997).
Several stems grow from the rhizome buds during all the vegetative season, forming
dense clumps. Under optimal conditions stems can grow 10 cm per day, placing it
among the fastest growing plants (Perdue, 1958; Bell, 1997). The culms carry alternate
leaves that originate from the nodes and are very hard and brittle with a smooth glossy
green surface that turns golden yellow at the end of the growing season (Perdue, 1958;
Frandsen, 1997; Spatz et al., 1997). Giant reed spreads from horizontal rhizomes below
the soil and forms dense stands on disturbed sites, sand dunes, wetlands, and riparian
habitats. As a consequence of its high and fast biological productivity, giant reed is
widely cultivated to yield non-food crop that can meet requirements for energy, paper
pulp production, bio-fuels and construction of build materials, but it has other different
uses such as music tools with stem, medicine with roots and soil erosion control through

re-vegetation (Alshaal et al., 2015).
2.2.2. Growth conditions of giant reed

Giant reed showed capability to survive under extreme growth conditions, where
it can grow on different types of soil with wide ranges of pH, electrical conductivity,
and nutrient levels. It can grow in heavy clays to loose sands and gravelly soils. After
the first year of growth, giant reed showed more ability to grow on lands with high
water and salinity contents; also it can still alive on marshes (Perdue, 1995). Under
Mediterranean climate conditions, giant reed can grow year-round but optimal growth
occurs between February and October. It grows well when the water table is close or at
the soil surface but will be retarded if there is lack of moisture in the first year of
growth. Droughts have little effect on the established stands that are in the second or
third year of growth. Giant reed can survive extended droughts because of the drought-
resistant rhizomes and roots that can reach water supplies. It also can survive very low
temperatures in the dormant winter season but is subjected to possible damage with
frost events after the start of the spring growth. Its vigor makes giant reed an effective
potential competitor for other plant species. Once established, giant reed tends to cover
large areas with dense clumps, compromising the presence of native vegetation not able

to compete (Bell, 1997; Coffman et al., 2010).
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2.2.3. Biomass production of giant reed

From the energy point of view, giant reed can be used to produce energy by
direct combustion or to produce second generation bio-fuels, such as bio-ethanol,
generated by alcoholic fermentation of lignocellulosic biomass pre-treated to facilitate
sugar release (Scordia et al., 2012). Of course, the pre-treatment processes used to
increase carbohydrate degradability (e.g. steam explosion, acid and heat treatment) con-
sume energy. Giant reed is one of the tallest herbaceous plants, its lignin content is
similar to that of other grass species, with an average value equal to 21%, while it
equals to 19% in switchgrass, 20% in sugarcane, and 23% in miscanthus. The latter
values are however still higher than in maize, with lignin content close to 11%. Lignins
of A. donax are composed of guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) units
with an S/G ratio of 1.13 - 1.32, which is a little lower value than in maize (Méchin et
al., 2000). In fact, Jeon et al. (2010) showed that little differences were noticed, for
example, between sorghum straw and giant reed capabilities to produce ethanol after
acid pre-treatment and enzyme hydrolysis using Zymomonas mobilis. In another work,
giant reed, elephantgrass (Pennisetum purpureum), Miscanthus and Sugarcane were
compared for their capacity to produce bio-ethanol using cellulose solvent-based
lignocellulose fractionation (CSLF) pre-treatment and enzymatic (cellulase) hydrolysis
(Ge et al., 2011). The results obtained showed no significant differences among these
energy crops, consequently indicating that one of the most important parameters to be
considered to optimize the EROEI value (Energy return on energy invested) is the
biomass production per hectare. Another promising way to use these energy crops is
through the direct anaerobic digestion of chopped biomass to produce biogas without
any pre-treatment. However, for both bio-ethanol and biogas production, a higher
susceptibility of the biomass to pre-treatments will allow the use of more

environmentally friendly processes, lowering pollution and energy costs.
2.2.4. Phytoremediation capacity of giant reed

Phytoremediation is the exploitation of plants to successfully treat pollutants in
soil, water, and air, encompassing a number of methods for the degradation (phyto- and
rhizodegradation), removal (phytoextraction, rhizofiltration, and phytovolatilization), or
immobilization (hydraulic control and phytostabilization) of contaminants. It is a

resurgent field of ecological research because of the advantages of its being
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environmentally friendly, safe, and cost-effective (Mirza et al., 2010; Malik, 2007).
Hyperaccumulation as a tool for cleaning up metal contaminated environments has been
widely suggested (Chaney, 1983). However, hyperaccumulator plants are often linked
with slow growth rate and low biomass production, so that net removal of metals via
phytoextraction is quite limited. Therefore, a rapidly growing nonaccumulator could be

engineered to achieve some of the properties of hyperaccumulators (Shu et al., 2002).

Recently, biomass crops such as giant reed were proposed as phytoremediation
candidates due to their immense biomass production, fast growing rates and vigorous
root systems (Alshaal et al., 2014). Furthermore, these plants are not edible crops and
able to grow in a wide range of low nutrient, erodible or metal contaminated soils. In
addition, giant reed is a multipurpose plant of promising potential for several non-food
uses, especially as an energy crop for the production of bioethanol and energy (Nassi et
al., 2010). Furthermore, obtaining products with economic value such as biomass from
plants used in removal pollutants from contaminated soils would be an additional
benefit to phytoremediation, which could indeed help sustain its long-term use

(Banuelos, 2006).

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 (Perdue, 1958; Alshaal et al., 2013; Nsanganwimana et
al., 2014; Simon et al., 2009). 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 (Coffman et al., 2010). The capacity of giant reed as
phytoremediation plant exists in many literature (Shabana et al., 2012; Bonanno, 2012;
Miao et al., 2012; Sagehashi et al., 2011; Mirza et al., 2011). Howeve, there is limited

data on the capacity of giant reed to recover Cu-contaminated environments.
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2.3. Copper
2.3.1. Discovery and history of copper

Copper (Cu) is one of the first metals used by humans along with gold, with a
history of at least 10,000 years. Cu derives from the Latin cuprum, derived from the
word cyprium, because Cyprus was the main source of Egyptian and Roman Cu
(Schroeder et al., 1966). It is well documented that Cu has been part of the human
civilizations since ancient times up to present days. It estimates that Cu was discovered
at 9000 BC in the Middle East; a Cu-pendant was found in northern Iraq that dates to
8700 BC. Cu fabricated in Mesopotamia was quickly introduced to the the Egyptian
Empire where its use flourished thousands of years. These peoples used Cu for the
fabrication of different jewels, ornaments, but also in the fields of armament and tools.
They soon realized that pure Cu, because of its softness, is not suitable for shaping tools
used in agriculture. Later, in the era of the Romans other metals, especially iron and
bronze as the main metals in weaponry, gained an importance. In that time Cu was first
used also for architectural intentions, what can be witnessed on the roof sheathing of the

Pantheon (Rusjan, 2012).
2.3.2. Cu concentrations in soils

Cu is a redox-active transition metal 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 (Kabata-
Pendias, 2011). The concentration of Cu in a soil can be increased by applying
fertilizers or organic wastes containing Cu. Piggery wastes and digested urban sewage
may contain relatively large concentrations of Cu. The soils in horticultural areas may
also contain elevated concentrations of Cu as a result of using Cu compounds to control
plant pests and diseases (Cornforth et al., 2003). The regularity in large-scale Cu
occurrence in soils indicates that two main factors, parent material and soil formation
processes, govern the initial Cu status of soils. Also, the clay fraction contributes
significantly to the Cu content of soils. Other soil properties, such as Fe and Mn oxides,

and base saturation, explain about 15-25% of all impact factors (Kabata-Pendias, 2011).
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Concentrations of Cu in soil solution range from 0.5 to 135 pg L™, depending on
techniques used and on soil types. Gaw (2002) showed that Cu concentrations varied
from 7 to 490 mg kg'1 in a survey of 43 horticultural soils in the Auckland area, New
Zealand. Sites currently being used for orchards had an average concentration of 209
mg kg ' Cu whereas vineyard soils had an average of 105 mg kg '. Background Cu
concentrations in the soils of forest remnants were 10 mg kg™ as reviewed by Cornforth
et al. (2003). In the same way, vineyard soils in France, Greece, Portugal, Slovenia and
the Czech Republic have been found to contain concentrations in excess of 100 mg
kg ', above which the biological quality of the soils is substantially degraded through a
strong effect on microbial action. Excessive concentrations of Cu can hinder topsoil
rooting in young vines. Also, there is the risk of Cu accumulating in river water or even
river sediments by effect of erosion-induced mass movements in Cu-contaminated soils,

resulting in potential environmental problems (Fernandez-Calvino et al., 2009a).
2.3.3. Forms and mobility of Cu in soils

Soils usually restrain Cu in many forms depending upon soil pH. In soil solution
it may occur as cations: Cu®", CuOH", Cu,(OH),*" adsorbed on clay minerals, and as
anions: Cu(OH)*", Cu(OH),*", and Cu(COs),”>" (Kabata-Pendias and Sadurski, 2004).
However, Cu hydroxides and carbonates are likely to predominate. Generally, Cu is
accumulated in the upper few centimeters of soils; however, due to its tendency to be
adsorbed by soil organic matter, carbonates, clay minerals, and oxyhydroxides of Mn
and Fe, it may be also accumulated in deeper soil layers. Humic acids are reported to
reveal a large binding capacity for this metal (Logan et al., 1997). Cu is a rather
immobile element in soils and shows relatively little variation in total contents of soil
profiles. The common characteristic of Cu distribution in soil profiles is its
accumulation in the top horizons. This phenomenon is an effect of various factors, but
above all, Cu concentration in surface soils reflects its bioaccumulation as well as its
anthropogenic sources (Kabata-Pendias, 2011). It is reported that, the main variables
affecting the Cu mobility in soils include soil organic matter, dissolved organic matter,
pH, and Cu soil content. Overall solubility of both cationic and anionic forms of Cu
decreases at about pH 7-8 (Ponizovsky et al., 2006). It was estimated also that
hydrolysis products of Cu(CuOH)" and Cu*" + 2(OH), are the most significant species

below pH 7, while above pH 8, anionic hydroxy complexes of Cu become important.

24



The precipitation of CuCOs in calcareous soils is a main process affecting the Cu
activity in soil solution (Ponizovsky et al., 2007) as reviewed by (Kabata-Pendias,

2011).

Solubility of Cu in soil solution greatly dependents on soil pH and will be most
readily available at pH values below 6 (Adriano, 2001). In acidic soils, for example
developed on granitic rocks, Cu can migrate throughout soil profiles more easily and
thus cause groundwater pollution (Novoa-Muiioz et al., 2007). Cu mobility in soils can
increase at pH values above ~7.5 due to the solubilization of soil organic matter (SOM)
and formation of Cu-SOM complexes (Fernandez-Calvifio et al., 2009a). In general, Cu
in soils is mostly associated with SOM, Fe-, Mn-(hydr)oxides and to a lesser extent with
clay minerals through specific and non-specific adsorption (Fernandez-Calvifio et al.,
2009b). However, SOM can influence the mobility of Cu by two different means: while
particulate SOM will act as a sorbent for Cu, soluble SOM will actually complex Cu,
increasing thus its solubility, especially at alkaline pH (above ~7.5) (Martinez-Villegas
and Martinez, 2008). When Cu enters the soil, as a result of the wash-off from plant
leaves (Paradelo et al., 2008) and accidental spills of the fungicides, its speciation
rapidly changes and Cu is sorbed and co-precipitated in the soil (Komarek et al., 2010).
This redistribution of Cu into less available chemical fractions of soils which decreases
its mobility and bioavailability is referred to as aging (Sayen et al., 2009) as reviewed

by Komarek et al. (2010).

The phytotoxicity of Cu is the highest in acidic soils with a low cation exchange
capacity. Cu phytotoxicity to agricultural plants grown on calcareous soils from former
vineyards has been observed as well (Michaud et al., 2007). Although Cu
concentrations in roots are a good indicator of Cu bioavailability in soils (Chopin et al.,
2008), this time consuming approach is not suitable for routine analyses (Komarek et
al., 2010). So, it is needed to point out that Cu uptake by roots is species-dependent and
influenced by root type and size (i.e., fine vs. coarse roots) (Chopin et al., 2008). Total
Cu concentrations alone do not provide adequate information about the bioavailability
of the metal in soils as well (Wightwick et al., 2008). On the other hand, water-soluble
Cu concentrations alone do not give sufficient information either, because a portion of
exchangeable Cu (not extractable by water) in soils can be easily taken up by roots

(Komarek et al., 2010).
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It is well documented that, Cu reveals a strong affinity for S, hence its principal
minerals are chalcopyrite, CuFeS,; bornite, CusFeS,; chalcocite, Cu,S; and covellite,
CuS. During the weathering of Cu sulfides, Cu is incorporated in oxide and carbonate
minerals of which cuprite, Cu,O; tenarite, CuO; malachite, Cu,CO3(OH),; and azurite,
Cu,(CO3)2(OH), are the most common. Cu is often associated with sphalerite, ZnS;
pyrite, FeS; and galena, PbS. Its ores are commonly found in acid igneous rocks and
various sedimentary deposits (Kabata-Pendias, 2011). Cu has a high affinity for peptide
and sulphhydryl groups, and thus to cysteine-rich proteins, as well as also for carboxylic
and phenolic groups. Therefore, more than 98% of the Cu in plants is present in
complexed forms and the concentrations of free Cu*" and Cu" is extremely low in the

cytoplasm (Broadley et al., 2012).

Cu is mainly transported into streams and water bodies as runoff either due to
natural weathering or to soil disturbances (68 % of the total release of Cu to water). Cu
sulfate used in agriculture represented 13 % of the Cu released to water, and urban
runoff contributed with 2 % (Perwak et al., 1980). In the absence of specific industrial
sources, runoff can be the major factor contributing to Cu pollution in rivers (Nolte,
1988). Input of Cu into aquatic ecosystems mainly through waste discharges into saline
waters, industrial discharges into freshwater, and a wood preservative (Nriagu, 1979a)
increased sharply during the past century and is two to five times higher than natural

loadings (Nriagu, 1979b).
2.3.4. Cu as micronutrient

It is an essential micronutrient, a constituent of the plastocyanin chloroplast
protein, and a component of the electron transport system linking photosystems I and II
in the photosynthetic process. Cu participates in protein and carbohydrate metabolism
and N, fixation. It is a component of some enzymes that reduce atoms of molecular
oxygen such cytochrome oxidase, ascorbic acid oxidase, and polyphenol oxidase
(Broadley et al., 2012; Jones, 2005). Cu is a transition element with roles in
photosynthesis, respiration, C and N metabolism, and protection against oxidative
stress. It forms highly stable complexes and participates in electron transfer reactions
like Fe. Divalent Cu is reduced readily to monovalent Cu which is unstable (Broadley et
al., 2012). It is an essential micronutrient, a constituent of the plastocyanin chloroplast

protein, and a component of the electron transport system linking photosystems I and II
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in the photosynthetic process. Cu participates in protein and carbohydrate metabolism
and N, fixation. It is a component of enzymes that reduce atoms of molecular oxygen
(cytochrome oxidase, ascorbic acid oxidase, and polyphenol oxidase) and is involved in
the desaturation and hydroxylation of fatty acids (Jones, 2003). That means most of the
functions of Cu as a plant nutrient are based on enzymatically bound Cu which
catalyses redox reactions. In redox reactions of the terminal oxidases, Cu enzymes react
directly with molecular oxygen. Terminal oxidation in living cells is therefore catalysed
by Cu and not by Fe (Broadley et al., 2012). Due to versatile properties, Cu has a wide
range of applications. It is used for the production of various conductor materials such
as fertilizers and pesticides. Due to its bacteriostatic properties, it is added to animal
fodder (Kabata-Pendias, 2011). The use of Cu-based fungicides in vineyard soils is

widely documented worldwide.

Cu is an essential micronutrient and at the same time it is an extremely toxic
element in high levels as a consequence of its redox properties (Yruela, 2005), adequate
Cu concentrations are needed for better plant growth and development. Cu deficiency
symptoms appear if the Cu level in growth medium in below range of 10™* — 107'° M,
where Cu content in plant tissues is 10 pg g’ (Baker and Senef, 1995). Cu
concentration in soil solution ranges between 10° — 10® M (Kabata-Pendias, 2011),
thus plants have to maintain a suitable concentration of the metal in case of low or high
levels of the metal in soil solution. Cu alters photosynthetic electron transport both at
too high or too low levels, and consequently plants must carefully control the uptake of
Cu from the soil, the transport, the distributed and the compartmentalization within their
various tissues. Accordingly, plants have homeostatic mechanisms to maintain the
appropriate Cu concentration (Yruela, 2005). Elevated Cu levels in plants can cause
increased antioxidant responses, especially in leaves and roots being both Cu-
dependent, as a consequence for increasing oxidative stress in plant due to increased
production of highly toxic oxygen free radicals (Halliwell and Gutteridge, 1984).
Macnair et al. (2000) defined the tolerance of plants to potential toxic metals as ability

of plant to survive in soils that are toxic to other plants.

There are different possible mechanisms that plants can have at the cellular level
in order to tolerate high metal concentrations in growth medium. These mechanisms are

represented primarily by avoidance of uptake and accumulation of toxic metals within
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sensitive parts of the plant. The potential cellular mechanisms involved in tolerance
include those involving I) reduction of metal uptake; II) stimulation of the efflux
pumping of the metal at the plasma membrane; III) chelating of metals by
phytochelatins; IV) compartmentation of metals in the vacuole (Hall, 2002). Moreover,
adding excess iron in growth medium might mitigate toxicity symptoms of Cu as a

result of the competition between Cu and Fe at the root level (Bernal et al., 2004).
2.3.5. Cu in plants

Cu is essential for the normal growth and metabolism of all living organisms
(Schroeder et al., 1966). It functions as a catalyst in photosynthesis and respiration. It is
a constituent of several vital enzymes involved in building and converting amino acids
to proteins. Cu is important in carbohydrate and nitrate metabolism. It is essential to the
formation of lignin in plant cell walls which contributes to the structural strength of the
cells and the plant. It also affects water permeability, reproduction, and disease
resistance (Kabata-Pendias, 2011). In soil, Cu is the most immobile micronutrient.
Therefore, Cu uptake is strongly correlated with root systems, where vigorous root
systems take up more Cu. Initially, Cu is equally distributed in the plant but is relatively
immobile. Moreover, for better plant growth, adequate Cu supply is needed. Only trace
amounts of Cu are required for plant nutrition; however, at high concentrations, Cu can
be potentially toxic. Critical deficiency levels of Cu are in the range of 1-5 mg kg™’
plant dry mass, and the threshold for toxicity is above 20-30 mg kg dry mass
(Marschner, 1995). The amount of Cu contained in healthy plants varies considerably
within this range and depends both on the species and the Cu-feeding status. Typically,
symptoms of deficiency start when Cu decreases below 5 pg g ' DW in vegetative
tissues, while toxicity levels are observed above 20-30 pg g ' DW or higher in the same
tissue (Marschner, 2002). However, it may be generally stated that total Cu contents
below 10 mg kg in different soils may indicate deficiency as reviewed by Kabata-
Pendias (2011). Otherwise, poor growth, delayed flowering, and plant sterility are the
foremost symptoms of insufficient Cu supply. Moreover, Cu deficiency in plant growth
may appear as wilting with leaf tips turning a bluish-green color. In cereals plants, the
tips may become brown and appear to mimic frost damage. Additionally, young tissues
show chlorosis, distortion, and necrosis. The death of the growing points often leads to

excessive tillering in cereal crops and excessive branching in dicots (Yruela, 2005).
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Although soil contains low Cu concentrations, especially soluble forms for plants, Cu
toxicity can occur as a consequence for increased use of fungicides and agrochemicals
in agricultural production (Elhawat et al., 2013). Under toxic Cu levels, plants appear
stunted and are usually bluish in color, and eventually turn yellow or brown. Also, seed
germination, plant vigor and iron intake are reduced. Furthermore, Cu-induced chlorosis
and root malformation are the most common characteristic symptoms of this toxicity

(Maksymiec and Krupa, 2007).

Toxic levels of Cu occur naturally in some soils whereas others may contain
high levels of Cu as a result of the anthropogenic activities such as mining, smelting,
manufacturing, agriculture, and waste disposal techniques which release trace elements
into the environment. Cu fungicide inputs have been reported as the main cause of high
concentrations of Cu in soils. Applied Cu from different agrochemical sources such Cu-
fungicides to agro-environment may be adsorbed and are transported to the groundwater

and pollute it besides polluting the soils (Elhawat et al., 2013).
2.3.6. Forms and accumulation of Cu in plants

It is well know that the difference between optimum and toxic concentrations of
Cu in many economically important crops is very small. Normal and phytotoxic
concentrations of Cu in plant leaves are 5-20 and 20-300 mg kg™, respectively although
there are some species variations (Alloway, 1995). Despite this, examples of Cu toxicity
in plants are rare (Cornforth et al., 2003). The proportion of total soil Cu which is
available to plants depends on soil composition and pH. Cu is held strongly in soils
containing relatively large concentrations of organic material, clay, or oxides of Fe, Al,
and Mn. These forms are largely unavailable to plants in the short term but may become
slowly available if the more plant-available fractions are depleted (Cornforth et al.,
2003). Availability is also greater in acid conditions although the link between pH and
Cu availability is less marked than for other heavy metals. Liming an acid soil increases
the amount of Cu adsorbed but does not necessarily decrease the amount of plant
available Cu proportionally. This is because lime may increase the amount of Cu
released by mineralisation of organic Cu (James and Barrow, 1981) as reviewed by

Cornforth et al. (2003).
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It is well documented that the bioavailability of soluble forms of Cu depends
most probably on both the molecular weight of Cu complexes and on the amounts
present. Compounds of a low molecular weight liberated during decay of plant and
animal residues as well as those applied with sewage sludge may greatly increase the
availability of Cu to plants (Kabata-Pendias, 2011). It should be also emphasized,
however, that concentrations of Cu in soil solutions are principally controlled by both
the reactions of Cu with active groups at the surface of the solid phase and by reactions
of Cu with specific substances. The behavior, phytobioavailability and toxicity of Cu
are influenced by its species, and are not a function of its total concentration (Allen,
1993). Several soil variables control the Cu solubility and thus bioavailability; these
include: pH, oxidation and reduction potential, soil organic matter, soil texture, mineral
composition, temperature, and water regime. The mobility of Cu is especially reduced at
the presence of large mineral colloids with Fe—Al-oxyhydroxide coatings, by
oxyhydroxide particles of Al, Mn, Fe, and by organic matter (Kabata-Pendias and
Sadurski, 2004).

The affinity of Cu to separate soil fractions decreases in the following order:
Mn-(hydr) oxides > SOM > Fe-(hydr)oxides > clay minerals (Bradl, 2004). Dissolved
organic matter has a great affinity to fix Cu and thus to inhibit its sorption in soils.
These phenomena are attributed to the formation of soluble Cu-organic complexes
(Zhou and Wong, 2003). In mineral soils, natural attenuation of Cu occurs as an effect
of Cu substituting for Ca in calcites present in calcareous soils and as precipitation of
Cu(OH); and/or Cuy(OH),COs in other soils (Ma et al., 2006). It was observed that the
long-term application of Cu fertilizers resulted in a great Cu accumulation in surface
soil (0—15 cm) due to its low mobility, since a great proportion of added Cu was bound
to mineral soil fractions (Wei et al., 2007). The more readily plant available forms
include Cu ions in solution, soluble organic-Cu complexes, and Cu on the soil’s
exchange complex (Alloway, 1995). However, Bolan et al., (2003) distinguish between
Cu adsorbed on soluble organic matter and free Cu”" ions in the soil solution: the former
may increase the mobility of Cu in the soil while the latter represents the plant available

fraction (Cornforth et al., 2003).

It is reported that soil carbonates proved to be another important factor

controlling Cu mobility (and thus bioavailability) in soils. It is also found that, the
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activity of Cu in calcareous soils is to a great extent controlled by the surface
precipitation of CuCO; (Ponizovsky et al., 2007). This is especially important in
alkaline soils containing high concentrations of carbonates, which is the case for many
vineyards. The retention of Cu in calcareous soils through co-precipitation with
carbonates is associated with the release of Ca2+, Mg2+, Na' and H' into the soil solution
at equimolar ratios (Ponizovsky et al., 2007). The precipitation of newly formed Cu
phases in the soil presents thus an important retention mechanism of Cu retention in
soils. The solubility of Cu minerals in soils decreases in the following order: CuCO; >
Cu3(OH),(COs); (azurite) > Cu(OH), > Cuy(OH),COs (malachite) > CuO (tenorite) >
CuFe,04 (cupric ferrite). Copper sulfates, such as CuSO, (chalcocyanite) and
CuSO4-5H,0 (chalcanthite), are highly soluble and require very high Cu concentrations
to form in soils (Lindsay, 1979) as reviwed by Komarek et al. (2010).

In excessive quantities Cu becomes toxic as it interferes with photosynthetic and
respiratory processes, protein synthesis and development of plant organelles (Upadhyay
and Panda, 2009). Specifically excess Cu can cause chlorosis, inhibition of root growth
and damage to plasma membrane permeability, leading to ion leakage (Bouazizi et al.,
2010). Reports are also available on induced deficiency of various minerals content
under Cu toxicity (Lequeux et al., 2010). Apart from this, the information on plant
metabolism is sporadic. Hence, efforts have been made to establish the toxic level of Cu
on mung bean plants. It is found that, low Cu concentration (50 mg kg™) had
stimulatory effect on growth, dry matter yield and mineral nutrient content of mung
bean. Whereas, Cu application beyond these levels (100-250 mg kg') adversely
affected the growth, dry matter yield and nutrient content (Manivasagaperumal et al.,

2011).

Cu can be present in several insoluble forms; (1) adsorbed on surface of metal
oxides, clay minerals, humic substances and organo-mineral complexes, (2) in structure
of secondary minerals or in amorphous iron and manganese oxides; (3) or associated
with antigenic sulfides. Gunkel et al. (2003) found that applied Cu was mostly
concentrated in the MnOy, FeOx and organic soil fractions. Although the total Cu levels
were quite low on Cu-enriched plots, ranging from 68135 mg kg ', anthropogenic Cu
in soil influenced the maize crop yield. The recommended method for determine the

real bioavailability nowadays is the sequential extraction method and the plant bioassay.
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Most of the cases of hyperaccumulation of Cu and Co have been reported from
the metalliferous soils of the Democratic Republic of Congo (formerly Zaire), where the
two metals occur together at elevated levels in the soils, but in widely varying
proportions (Reeves, 2006). A few other records of plants with > 1000 mg kg™ Cu from
Cu-mineralized areas (Dykeman and De Sousa, 1966) should be reinvestigated in detail.
Normal concentrations of Co and Cu in plants are in the ranges 0.03-2 and 5-25 mg kg
! respectively. The tupelo or black gum of the southeastern United States (Nyssa
sylvatica) is remarkable in being able to accumulate as much as 845 mg kg”' Cu from
normal soils (Brooks, 1977). Plant Cu concentrations are controlled within a remarkably
narrow range, and Cu concentrations above 100 mg kg™ are rarely found in carefully
washed plant leaves, even in the presence of high soil Cu. The Cu hyperaccumulators
have been found in more than a dozen plant families (Reeves and Baker, 2000). It
should also be noted that most of the Cu accumulators are not restricted to metalliferous
soils. Therefore, great care needs to be taken in selecting seed of any of these species
for studies connected with metal-accumulation experiments or with studies of their

potential for phytoremediation (Reeves, 2006).
2.3.7. Impacts of Cu-agrochemicals on Cu levels in soils

Contamination of agricultural lands with Cu has been accelerated due to its wide
and repeated use in agriculture as fertilizers or fungicides to protect vines, citrus trees,
and other crops against fungus diseases (He et al., 2005). Due to a long history of citrus
or vineyard production, Cu has accumulated in the soils. A large proportion of soils
under citrus production contains total Cu content above 85 mg kg™, the critical level for
ecosystem health (Schuler and Hoang, 2008). Soil contamination with Cu causes soil
degradation, Cu phytotoxicity, and increased transport of Cu to surface and ground

waters (He et al., 2010).

As mentioned before due to its versatile properties, Cu has a wide range of
applications. Cu is widely used in agriculture as fertilizers, pesticides etc. Also, due to
its bacteriostatic properties, it is also used as a feed additive in livestock and poultry
nutrition (Kabata-Pendias, 2011). Soil contamination by Cu compounds has been the
subject of detailed studies for several decades and a large database has been already
collected and presented in a number of monographs and papers. Several significant

sources such as fertilizers, sewage sludge, manures, agrochemicals, industrial by-
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product wastes and the quality of irrigation waters have contributed to increased Cu

levels to agricultural soils (Kabata-Pendias and Mukherjee, 2007).

It is well documented that the most important sources of Cu contamination
include old mining area, deactivated Cu ore plant, nonferric metal mining, metal-
processing industry, urban gardens, orchards, and parks, sludged, irrigated, or fertilized
farmland, application of fungicides, vineyard soils, and military shooting range (Kabata-
Pendias, 2011). Dry and wet deposition around mining and smelting sites, wastewater
irrigation, compost application, including municipal waste, sewage sludge or their
combination, and spraying of heavy metal-containing pesticides or herbicides have been
reported to contribute to the input of anthropogenic Cu and other heavy metals into

agricultural soils (Yu et al., 2004).

It is well known that Cu-based fungicides (such as the Bordeaux mixture, CuSO4
+ Ca(OH),) have been intensively used in Europe since the end of the 19t century to
control vine (Vitis vinifera L.) fungal diseases, such as downy mildew caused by
Plasmopara viticola. Besides vineyards, Cu-based fungicides have also been
extensively used such as in hop fields (Komarek et al., 2009), coffee (Loland and Singh,
2004), apple (Li et al., 2005), avocado orchards (Van Zwieten et al., 2004) and during
the cultivation of several vegetables such as tomatoes and potatoes (Adriano, 2001) as
reviewed by Komarek et al. (2010). However, intensive and long term use of these
fungicides in agricultural production has increased soil Cu concentrations and this is
likely most pronounced in vineyards (Komarek et al., 2010). Currently, EC regulation
473/2002 (EC, 2002) restricts the annual dose of applied Cu to 6 kg Cu ha ', which
corresponds to an annual accumulation of about 5 mg Cu kg ' soil in the top 10 cm
assuming no losses (Ruyters et al., 2013). Such a sustained application for more than
150 years would have increased soil Cu concentrations to 750 mg Cu kg ' in unplowed
vineyard soils, whereas plowing the first 30 cm after removing old vines (every 30-50
years) would yield a topsoil Cu concentrations of about 250 mg Cu kg™'. Measured Cu
concentrations in vineyard soils range from 77 up to 3200 mg Cu kg’ (Komérek et al.,
2010) and are above legislative limits affecting the sustainability and potentially the
productivity of these agroecosystems (Komarek et al., 2010) as reviewed by Ruyters et

al. (2013).
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2.3.8. Effects of Cu on soil organisms

It is found there were a number of basic criteria that a microbiological property
might be expected to fulfill as an indicator in monitoring soil pollution by metals or
other pollutants (Brookes, 1995). Soil microbial biomass is considered to be a
transformation agent of soil organic materials and a labile pool for plant nutrients.
Hence, the change of the soil microbial biomass could lead to a change in the rate of
nutrient cycling and the size of the nutrient pool. It is suggested that, soil C
mineralization and linked parameters such as CO,—C production per unit biomass C and
unit time (biomass specific respiration rate) might be useful as indicators for the change
of soil function (Brookes, 1995). Soil enzyme activities are also useful for detecting
changes in soil quality, as they underpin nutrient cycling, and also function as signals of
altered microbial community structure caused by environmental impact (Wang et al.,

2009).

Because of the human and environmental health hazards that may arise from this
pollution, setting soil-Cu limits and adequate management practices are necessary to
reach sustainability in this type of crop. High Cu contents can harm soil microbial
communities, which are the main agents responsible for long-term sustainability of soil
ecosystems (Nannipieri et al., 2003). Some studies have evaluated the effects of Cu on
enzymatic activities (Fernandez-Calvifio et al., 2010a), microbial community structure
(Fernandez-Calvino et al., 2010b), and bacterial community tolerance (Fernandez-
Calvino et al., 2011a) in vineyard soils. However, the establishment of limits for Cu
accumulation using microbial indicators is difficult because of the confounding effects
of soil factors such as texture, pH, and organic matter content (Fernandez-Calvifio et al.,

2011Db) as reviewed by (Soler-Rovira et al., 2013).

It is reported that toxic effects of Cu on the microbial communities in vineyard
soils have been observed. Enzyme activities in soil were affected at and above total
concentrations of 150-200 mg Cu kg_1 soil (Fernandez-Calvino et al., 2010a) and
nitrification was impaired in soils contaminated up to 380 mg Cu kg ' (Baroux, 1972).
Evidence for increased Cu tolerance of the microbial community in response to the Cu
contamination has also been reported in such soils (Diaz-Ravina et al., 2007) as
reviewed by Ruyters et al. (2013). On the other hand, there is evidence that earthworms

(Martin, 1986) and soil microorganisms (Aoyama and Nagumo, 1997) are less active in

34



Cu-rich soils than in those with concentrations of Cu in the normal range (2-30 mg kg )
(Cornforth et al., 2003). Earthworm populations have been proposed as indicators of the
degree of Cu contamination in orchard and vineyard soils (Paoletti et al., 1998). This
approach assumes that earthworms and higher plants are similar in their sensitivity to
Cu or that decreased earthworm activity will damage soil structure to the extent that

plant growth suffers (Cornforth et al., 2003).
2.3.9. Environmental risks of elevated Cu concentrations

The intensive and long-term use of Cu salts promoted, in viticulture over the
years, Cu accumulation in soils. Cu may be toxic for aquatic and soil organisms,
bacteria, fungi and plants it also has a negative effect on human health (Turnlund et al.,
2004). In soil, Cu is restricted mainly in the top layer because of its ability to tightly
bind with carbonates, clay minerals, hydrous oxides of Al, Fe and Mn and organic
matter (Mengel et al., 2001). Despite its environmental and agricultural importance, the
concentration, distribution and fractionation of anthropogenic, and naturally occurring,
Cu in soils is poorly known. Although the total Cu content in soils is a useful indicator
of soil deficiency and/or contamination, it does not provide enough information about
its environmental impact (Pietrzaka and McPhail, 2004). Sorption on SOM by means of
complexation especially with humic and fulvic acids presents possibly the most
important retention mechanism for Cu in soils (Strawn and Baker, 2009). Its association
with SOM through inner-sphere complexation (e.g., bidentate inner-sphere coordination
with carboxyl or amine ligands (Strawn and Baker, 2008)) results in its lower toxicity
compared to free Cu®" (Karlsson et al., 2006). Additionally, Cu-rich SOM is less
vulnerable to biodegradation (Parat et al., 2002). In most cases, the sorption of Cu in
soils follows well either the Langmuir or the Freundlich isotherm as reviewed by

Komarek et al. (2010).

Contents of Cu are closely associated with soil texture and usually are the lowest
in light sandy soils and the highest in loamy soils. It was found that, Cu toxicity seems
to be related to soil texture and a toxicity threshold was established only in light
textured soils, for nonbearing potted grapevine and pear plants at a concentration of
DTPA-extractable Cu > 141 and 350 mg kg'l, respectively, while in clay-loam soils,
both the fruit species showed the possibility to tolerate levels of DTPA-extractable Cu
as high as 1000 mg kg with no symptoms on shoot growth (Toselli et al., 2009). Cu
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availability to biota (as a nutrient or toxin) and its mobility are the most important
factors to be considered when assessing its effect on the soil environment. Since Cu
bioavailability is influenced not only by soil physical and chemical properties, but also
by environmental factors such as climate, biological population, and type and source of
contaminants, correlation between total and bioavailable Cu cannot be predicted

accurately (Pietrzaka and McPhail, 2004).

Cu must be absorbed in small amounts on a daily basis to maintain good health.
A daily dietary intake of 1-2 mg is required. However, high levels of Cu can be harmful
to health. Inhaling high levels can cause irritation to the nasal passages, mouth, eyes and
throat, and ingesting high Cu concentrations can lead to nausea, vomiting and diarrhoea.
Exposure to very high levels can damage the liver and kidneys and may lead to death.
Cu is classified as a hazardous substance. An excess of Cu may result in Wilson’s

disease, mostly ending in death (Sharma et al., 2009).

Fungicides have received little attention compared with other types of pesticides,
such as insecticides and herbicides, despite the likely environmental risks (Wightwick et
al., 2010). Ecological risks of chemicals detected in the environment are often derived
by comparisons with environmental quality values and reported ecotoxicological effects
values for key sentinel aquatic species (Wightwick et al., 2012). The paucity of
ecotoxicological data for fungicides is surprising given their frequency of use and the
fact that most do not have specific modes of action and thus is likely to be toxic to a
wide range of organisms, not just fungi (Maltby et al., 2009). There is a widespread
presence of residues of many different organic fungicide compounds in the surface
waters of a horticultural-production catchment. Whilst it appears that the fungicides
detected are likely to pose a low ecological risk to fish, aquatic invertebrates, and algae,
it is important to note that at present there are few ecotoxicological data available
describing the effects of fungicides on aquatic fungi and microorganisms despite the
fact that these organisms are likely sensitive to fungicides and play a key role in aquatic
ecosystems (e.g., decomposition and nutrient cycling) (Milenkovski et al., 2010) as

reviewed by Wightwick et al. (2012).

36



3. MATERIALS AND METHODS
3.1. 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 (Méarton and Czakd, 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.
3.2. In vitro experiments
3.2.1. Experiment 1: growing giant reed on liquid medium

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 Czako (2004; 2007).
3.2.1.1. 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,
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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%.

3.2.2. Experiment 2: growing giant reed on solidified medium

The main research objectives of this in vitro experiment were to assess the
possible utilization of Cu-contaminated soils for biomass production, monitor the
growth performance of giant reed ecotypes (BL and 20SZ) under increasing Cu
concentrations growing on solid medium as simulated model for agricultural soil, and

determine the bioaccumulation and transportation of Cu by giant reed plants.
3.2.2.1. Experiment design

A randomized complete block design (RCBD) was used for experimental layout
with three replications, each having five plants per autoclaved 1-L glass jar containing
150 ml of MS medium (Murashige and Skoog, 1962). 20 gram agar per liter was added
with aim to solidify the medium as described by Marton and Czaké (2004; 2007). The
treatments included control (no Cu) and six doses of Cu using copper (II) sulphate
pentahydrate (CuSO4-5H,0) i.e., 0, 1, 2, 3, 5, 10 and 26.8 mg Cu L. Five giant reed
seedlings of both BL and 20SZ ecotypes of uniform morphological characteristics were
transplanted into solidified nutrient solution for six weeks under aseptic conditions. The
cultivated jars were set under 16/8 hrs light/dark cycle and temperatures of 30 °C during

the day and 27°C during the night. The average relative humidity was recorded as 75%.
3.2.3. Phytoextraction indices

The ability of giant reed ecotypes to transport and accumulate Cu in different
plant parts (roots, culm, and leaf blade) was assessed using the bioconcentration factor
(BCF) (Chamberlain, 1983; Harrison et al., 1989), the transportation factor (TF)
(Barman et al., 2000), , the bioaccumulation percent (BAP), and removal rate (RR) as

follows:
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BCF = [Cu]plant//[Cu]growth medium
TF = [Cu]shoot/[Cu]root
BAP = [Cu in plant part (root, culm or leaf blade)] / [Cu in total plant] < 100

RR = [Cu in growth medium before — Cu in growth medium after] / [Cu in growth

medium before]
3.2.4. Copper analysis

Before metal analysis, plants were washed carefully with deionized water to
remove any adhering Cu to plant parts. After air drying, plants were divided into roots,
culms, and leaf blades. All plant parts were wet digested in 5 mL concentrated HNO;
and 1.5 ml H,O, then diluted to 25 ml using ultrapure water (Page, 1982). Cu
concentration was measured using atomic absorption spectrophotometer (AAS,

PERKIN ELMER 3300, USA) with a detection limit of 100 ppb.
3.2.5. Growth parameters and yield data

Different vegetative parameters of both ecotypes BL and 20SZ of giant reed
studied under Cu stress including average shoot and root length, wet and dry weight of
various plant parts including root, culm, and leaf blade, number of new tillers per plant,
and toxicity symptoms after the Cu treatments were measured at the end of experiment.

The values are average of ten plants per treatment.
3.3. 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.
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3.3.1. Experiment installation and treatments

Sand (quartz, SiO;) 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 HCl and then rinsed many times in distilled water. No nutriets were
detected in HCl-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'l; Na,HPO,412H,0 10 mg kg'; K,HPO, 10 mg kg'l; CaCl-2H,0 2.6 mg kg™';
MgCl-6H,0 2 mg kg'; FeCly6H,0 0.5 mg kg'; MnSO4H,O 0.1 mg kg™'. 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.
3.3.2. Vegetative parameters

Vegetative parameters of BL, STM and ESP ecotypes of giant reed studied
under Cu stress including average shoot and root length, wet and dry weight of various
plant parts including root, culm, and leaf blade, number of new tillers per plant, and
toxicity symptoms after the Cu treatments were measured at the end of experiment.
During experiment after 6 and 10 weeks from starting the experiment, number of new
tillers, length of shoot part and number of leaves were recorded. At the end of
experiment number of new tillers, internodes and leaves was counted. Length of
internode, shoot, and root also measured. Volume of root and shoot systems was

volumetrically measured using cylinder filled with distilled water to certain volume then
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shoot and root system separately immersed into the cylinder and the increase in water

volume represented volume of shoot or root system.
3.3.3. Copper analysis in plant

Before Cu analysis, plants were washed carefully with deionized water to
remove any adhering Cu to plant parts. After air drying, plants were divided into roots,
culms, and leaf blades. All plant parts were wet digested in 5 mL concentrated HNO;
and 1.5 ml H,0O, then diluted to 25 ml using ultrapure water (Page, 1982). Cu
concentration was measured using Atomic Absorption Spectrophotometer (AAS,

PERKIN ELMER 3300, USA) with a detection limit of 100 ppb.
3.3.4. Copper measurement in soil-like growth medium

Total content of Cu in soil samples were determined by digesting 0.5 g sample
using a mixture of 1 ml 60 % perchloric acid, 5 ml concentrated nitric acid and 0.5 ml
concentrated sulfuric acid according to Stewart (1989). Available Cu was determined
using 0.01 M CaCl,. Five grams of soil-like growth medium were mixed with 50 ml of
CaCl, 0.01 M and shaken horizontally for 72 h (Van Ranst et al.,, 1999). Cu
concentrations were measured by atomic absorption spectrophotometer (AAS, PERKIN

ELMER 3300, USA) with a detection limit of 100 ppb.
3.3.5. Determination of total soluble protein content and MDA content

Total soluble protein content in root, culm and leaf blade of BL, STM and ESP
plants was measured by the method of Bradford (1976). The lipid peroxidation (LPO)
was determined from root, culm, and leaf blade by the method of Zhang and Huang
(2013) by measuring the amount of malondialdehyde (MDA). The leaf tissues (~ 100
mg) were homogenized in 1 ml 0.1% (w/v) trichloroacetic acid (TCA) solution using
cold mortar and pestle. The homogenates were centrifuged at 10.000 x g for 10 min.
Then 4 ml of 0.5% thiobarbituric acid (TBA) in 20% TCA solution was added into 1 ml
of supernatant and incubated at 96 °C for 30 min. The tubes were cooled by transferring
into an ice bath. The absorbance of the supernatant was recorded at 532 nm. Standard
curve was generated from MDA standard. The concentration of MDA of giant reed

ecotypes samples was calculated from absorbance knowing calibration curve.
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3.3.6. Photosynthetic pigment determination

The photosynthetic pigment content of giant reed leaves were measured by
spectrophotometric method based on Porra et al. (1989). For the sample preparation leaf
disc was cut from giant reed and the chlorophyll content was extracted by N’N
dimethyl-formamide (HPLC grade, Scharlab S. L., Spain) overnight. The absorbance
was measured by spectrophotometer (Amersham Biosciences Ultrospec 2100 Pro
UV/Visible, Biochrom Ltd. Cambridge CB4 OFJ, England) on 663 and 645 nm
wavelength and from these data the chlorophylls a and b, and carotenoids were

calculated.
3.3.7. Measurement of fast chlorophyll a fluorescence transient

The fast chl a fluorescence transient measurement were carried out with Handy
PEA fluorometer (Hansatech Instruments Ltd, Norfolk, UK). Dark adapted (30 min)
intact tobacco leaves were illuminated with continuous light (650 nm peak wavelength,
300 pmol photons m® s maximum light intensity). Light is provided by an array of
three red LEDs focused on a circle of 5 mm diameter of the sample surface. Values for
maximum fluorescence (Fm) and ground fluorescence (FO) from the fluorescence

induction curve (OJIP) were used for calculation of the Fv/Fm ratio.
3.3.8. CO; assimilation by infrared gas analyzer (LICOR)

The net photosynthesis rate was measured by the LICOR LI-6400 portable
photosynthesis system (LI-COR, Lincoln, Nebraska, USA) at room temperature. It has
two infrared gas analyzers to measure CO; and H,O mole fraction in air. Light was
controlled and stable in the sample chamber. The photosynthetic active radiation (PAR)
was 865 pmol photon m™ s™, with 90 % red (630 nm) and 10 % blue (470 nm) light.

We measured six times per leaf, in two repetitions.
3.4. Data analysis

Data analysis was performed using Microsoft Excel 2003 (mean values and
standard deviation) from three individual experiments, and the statistical analysis was
conducted using the SPSS 13.0 software package (SPSS Inc., Chicago, IL). The data
obtained were subjected to two-way analysis of variance (ANOVA) for assessing the

significance of quantitative changes in the variables as a result of Cu treatments and
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their respective interaction with plant types. When a significant difference was observed
between treatments, multiple comparisons were made by the Duncan’s test. Significant

differences were accepted at the level p < 0.05.
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4. RESULTS AND DISCUSSION

4.1. In vitro experiments

4.1.1. Experiment 1: growing giant reed ecotypes on liquid medium
4.1.1.1. Cu transport to giant reed plants

In general, removal of metals in contaminated water bodies may occur through a
number of processes, including sedimentation/coagulation, filtration, plant
uptake/removal efficiency, adsorption, formation of solid compounds, cation exchange,
and microbial-mediated reaction, especially oxidation (Pei-ying et al., 2010). The
results of Cu concentrations determined in the different parts of the plant and in the
growth medium are presented in Fig. 1. After growing both BL and 20SZ ecotypes of
giant reed (Arundo donax L.) in different Cu treatments for 6 weeks, along with
increase Cu concentration in culture medium, Cu content (mg kg™') in various plant
parts linearly increased. 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 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. Very small fluctuation was found for 20SZ ecotype where, at the highest Cu
treatment (26.8 mg L), significantly, the culm was able to accumulate Cu higher than
root 69.49 and 55.91 mg kg™, respectively. Cu left over in growth medium was 0.02,
0.07, 0.08, 0.14, 0.18, and 0.33 mg L' for BL ecotype and 0.00, 0.00, 0.00, 0.00, 0.30,
and 0.55 mg L for 20SZ ecotype for Cu treatments of 1, 2, 3, 5, 10 and 26.8 mg L'l,
respectively. 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.
4.1.1.2. Bioconcentration and transportation factors of giant reed ecotypes

The bioconcentration (BCF) and transportation (TF) factors (TF) 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,
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for Cu treatment of 1 and 26.8 mg L', respectively. On the contrary, the lowest values

were 2.93 and 0.76 at 5 and 1 mg L™ treatment, respectively, for BL and 20SZ ecotypes,

respectively.

-
- -
S~

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.
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However, estimated values of BCF linearly increased along with increasing Cu
concentrations in growth medium for 20SZ ecotype, indicating that 20SZ ecotype
significantly has considerable efficiency for Cu removal at high concentration in Cu-
contaminated water bodies. But for BL ecotype, the BCF fluctuated with Cu
concentration in culture medium. Moreover, the highest value 5.34 estimated at the
lowest Cu treatment (1 mg L") and along with increase Cu concentration the value of
BCF decreased until 5 mg L' treatment and started to increase again recording 4.64 at
26.8 mg L treatment. 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. Similarly, same results for TF of giant reed plants
grown on Cu-contaminated soil were documented by Wu Qi et al. (2012), where they

recorded that TF for giant reed plant was less than 1.

BCF of both ecotypes was above the reference value (1.0) for
hyperaccumulation, and TF was almost around the reference values (1.0) and above this
value in 20SZ ecotype at the highest Cu treatment. This might explain why we could
not observe toxicity symptoms in the shoots of both ecotypes plants at that
concentration. However, both TF and BCF increased at 26.8 mg L', and plants showed
some toxicity symptoms at that Cu treatment. These toxicity symptoms included
appearance of short root and shoot length especially with BL ecotype, brown root tips,

yellowing of leaves, and development of necrotic leaf margins.

4.1.1.3. 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. Therefore, when giant reed is applied for phytoremediation purposes, it is
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important to take off totally the roots (rhizomes) from the growth medium and even soil
or wastewater. From the mentioned data above, it becomes clear that both ecotypes
were good candidates to treat Cu-contaminated water streams. It has been reviewed by
Pei-ying et al. (2010) that 54-61 % of total removal Cu by Hydrilla verticillata plants
grown on aqueous solution was in its root. Six weeks growth for both ecotypes was
enough to treat and remove totally Cu from the growth medium successfully. 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
(g L) BL ecotype 20SZ ecotype BL 2087
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¢c 24.4a | 68.0b 21.4d 10.6c | 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 4.4e 97.2e 100.0a
10 51.4f 27.6b 21.0b | 52.7e 27.6¢ 19.70 | 98.2¢c 97.0c
26.8 | 6l.6c 19.5d 189c |41.2f 51.3a 7.5d 98.8a 98.0b

In the columns are different letters show significant differences among each group of treatments
according to Duncan’s test at p < 0.05

4.1.1.4. Cu sensitivity and plant growth

The concentration—response relationship (shoot biomass and culm length) for
BL and 20SZ ecotypes exposed to increasing Cu concentrations in growth medium
during the present investigation is depicted in Fig. 3. In general, results obtained
showed that increasing Cu concentration in the nutrient solution slightly decreased the

growth of both ecotypes. However, BL ecotype was more sensitive for increasing Cu
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concentration in culture medium than 20SZ ecotype. Where, gradually decreasing in
shoot biomass percent compared to control plants was found. At 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.

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.

However, 1 mg L™ treatment for both ecotypes induced culm length above the
control plants achieving 100 and 102.9 % for BL and 20SZ, respectively, compared to
control treatment. The length of culm was inhibited at the highest concentration of Cu

(26.8 mgL™) by 50 and 29.4 % for BL and 20SZ ecotypes, respectively (Fig. 4).

Data of number of new buds of giant reed ecotypes investigated in current study
is presented in Fig. 5. In general, no big differences for number of new buds of BL
ecotype were found. Under all Cu treatments, the mother plant was able to regenerate
1.4 new buds per individual plant, whereas 20SZ plants were able to give 4.4 new buds

per each mother plant at 5 mg L' treatment. From the mentioned data above, it could be
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clearly concluded that both ecotypes had capability to remove Cu totally from liquid

medium achieving at the same time high biomass for energy production purposes.

Y _ BL
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1 Cn S Cu 10 T 26,8 Cn
-
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Fig. 4: a, Plants of BL ecotype grown on different supplied Cu concentrations. b, Plants

of 20SZ ecotype grown on different supplied Cu concentrations.

—— --m--

Fig. 5: Number of new buds of BL and 20SZ ecotypes at various applied Cu
concentrations. Different letters on same line show significant differences

among each group of treatments according to Duncan's test at p < 0.05.
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Both somatic embryo-derived ecotypes of giant reed, BL (American ecotype)
and 20SZ (Hungarian ecotype) accumulated large concentrations of Cu in their shoots
(>48 and 79 mg kg'1 DW, respectively) when grown on hydroponic culture for 6 weeks
in the solution with Cu concentration of 26.8 mg L™ (Fig. 1). Both ecotypes showed
high efficiency for Cu removal from wastewater bodies. As we have seen that BL and
20SZ ecotypes were able to tolerate Cu concentrations up to 10 mg L™, whereby no
toxicity symptoms appeared in the leaves. The appearance of some toxicity symptoms
in the leaves, short root length, brown root tips, and suppression of growth indicated
that BL cannot tolerate Cu concentration above 26.8 mg L™ while 20SZ ecotype can
tolerate Cu-contaminated wastewater above 26.8 mg L™ (Fig. 4). The bioaccumulation
ability of Cu was much higher in 20SZ ecotype than BL ecotype where its values were
above reference value 1 for both ecotypes. TF factor was similar to that estimated for
BCF (Fig. 2), but its values were almost close to the reference value 1 for

hyperaccumulators.

Thus, according to BCF and TF of both ecotypes, especially 20SZ ecotype is
best classified as suitable to treat Cu-contaminated water bodies. Generally, giant reed
is a nonfood crop that is not eaten by humans and is abundant near wetlands. Thus, its
ability to accumulate metals in the stalk and leaves above the root concentration is a
positive indicator of its potential capacity to serve as a phytoremediation plant linked
with the nonexistence of a sign of the toxic effect of the metals on the plant up to Cu
concentration of 26.8 mg L in aqueous environments. Chlorosis and reduction of
growth and root length are the most common symptoms of Cu toxicity in plants
(Reichman, 2002). Chlorosis is frequently reported as an initial symptom and, with
increased exposure, necrosis can appear in the leaf tips and margins. Both ecotypes
showed no toxicity symptoms till 10 mg L' treatment (Fig. 4), only BL ecotype at 26.8

mg L™ recorded short root and culm length with yellowish color of leaves.

Plants tend to accumulate Cu in their root tissues with small transportation to the
shoots. Therefore, alterations in root growth and morphology occur before any toxic
symptoms appear on shoots (Sheldon and Menzies, 2005). For both ecotypes BL and
20SZ, more than 59 and 58% of total Cu in plant tissues was found in root only (Table
1). Roots are especially vulnerable to Cu toxicity. Roots of Origanum vulgare exhibited

severe reduction of length and root volume as well as generalized malformations after 2
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months of growing in Cu-enriched soil (0.3-25.5 mg kg™). Higher plants have a set of
mechanisms that help it tolerate high concentrations of different metals. The main aim
of these mechanisms is to regulate the intracellular metal concentration, avoiding its
excessive accumulation at metabolic sensitive sites within the cells and tissues.
Reduction of metal uptake seems to be a primary line defense against metal
accumulation and its consequent effects. Subsequently, cellular mechanisms of metal
detoxification work to guarantee the fine regulation of Cu concentration inside different
cells and tissues. At last, the enhancement of antioxidative defense plays an important
role on the prevention of any damage caused by reactive oxygen species (ROS)
occasionally produced when the homeostatic mechanisms are not enough to withstand
the metal uptake (Clemens, 2001; Yruela, 2005). Giant reed showed little differences
where it was able to uptake a significant amount of Cu from Cu-contaminated water.
Therefore, giant reed maybe avoids the reduction of metal uptake, while it may have a
different mechanism to tolerate high concentrations of Cu. The mechanism of Cu
uptake, tolerance, and role of rhizospheric microbes needs further investigation with

somatic embryo-derived ecotypes of giant reed.
4.1.2. Experiment 2: growing giant reed ecotypes on solidified medium
4.1.2.1. Cu toxicity symptoms

This experiment was carried out to investigate the impacts of Cu on growth of
two ecotypes (BL and 20SZ) of giant reed plants in order to determine the possibility to
use Cu-contaminated soils for biomass production during the phytoremediation
processes of these soils. In general, neither ecotype (BL and 20SZ) showed any
noticeable foliar symptoms as a result of Cu toxicity when they grew on a series of Cu
concentrations up to 10 mg L. In the treatment with 26.8 mg L™ of Cu, shoots of BL
plants showed higher susceptibility to the high Cu concentration than those of 20SZ.
While 20SZ plants did not show any toxicity symptoms for shoot part, BL plants
showed little difference in growth, i.e., burned edges of young leaves, twisted leaves,
slight chlorosis and reduced growth were observed. In contrast, low Cu concentrations,

ie. 1,2,3 mgL" stimulated the growth of shoot parts of both BL and 20SZ (Fig. 6).

Adding Cu to the growth medium at increasing concentrations up to 5 mg L™

positively affected the growth of root systems of BL and 20SZ plants as well. Well
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developed and healthy root systems were seen; as well as root hairs were present in both
ecotypes. Additionally overall root morphology was investigated. In the lowest Cu
concentrations, root systems were distinguished with fewer, longer roots but in the
highest Cu concentrations, i.e., 10 and 26.8 mg L, the plants possessed more and
shorter roots (Fig. 6). In both BL and 20SZ, the highest Cu concentrations (10 and 26.8
mg L) inhibited the growth of root systems. Roots were slightly stunted, and the root
cuticle was thickened, and brown, especially for the BL ecotype. Neither lateral roots
nor root hairs were clearly seen on the root systems of both ecotypes. The previously
mentioned symptoms of Cu toxicity on the root system were clearly observed in BL
plants compared to 20SZ plants which seemed to be more tolerant to high Cu

concentrations (Fig. 6).
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Fig. 6: Cu toxicity symptoms on BL and 20SZ plants after growing 6 weeks on a series

of elevated Cu exposures.
4.1.2.2. Plant biomass yields

Plant biomass can be considered as a good indicator for the overall health of a
plant growing in the presence of potential toxic metals such as Cu. At the end of the
experiment, i.e., six weeks from transplantation, vegetative parameters of plants were

recorded in order to assess the effects of a series of Cu doses on plant growth
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parameters. Growth of both BL and 20SZ ecotypes of giant reed in reference to fresh,
and dry mass of roots, culms, leaves and plants are depicted in Fig. 7a, 7b, 8a, and 8b.
The lowest Cu concentrations (1, 2, 3, 5, 10 mg L) in growth medium had a positive
effect on the growth of BL plants resulting in increasing fresh mass of the roots by 4 to
31% compared to control. However, the highest increase of fresh mass of BL roots 31%
was measured at treatment of 2 mg L™ of Cu in growth medium (Fig. 7a). In contrast,
the highest Cu concentration (26.8 mg L) insignificantly reduced the fresh mass of BL
roots by 1%. On the other hand, different results were recorded for fresh mass of roots
of 20SZ ecotype plants. Furthermore, adding Cu to the growth medium at either 1 or 3
mg L' decreased the fresh mass of the roots by 2%. Nevertheless, adding 26.8 mg L™ of
Cu to the 20SZ plants enhanced the fresh mass of roots by 16% compared to control
treatment. However, 2 mg L of Cu increased significantly the fresh mass of roots,
achieving the highest increase for fresh mass of roots among the other treatments by

129% (Fig. 7b).

Plant culm is the main portion of total biomass of giant reed. Therefore, it is
important to precisely analyse the effect of Cu on culm biomass. Fresh mass of plant
culm of BL and 20SZ ecotypes is represented in Fig. 7a and 7b. Cu doses significantly
increased the fresh mass of culm for BL and 20SZ plants compared to control. In BL
plants, while the highest increase in fresh mass of culm (100%) was found at the 1 mg
L Cu level the lowest increase (25%) compared to control (no Cu) was noticed at 3 mg
L"' of Cu. However, treatment 26.8 mg L' Cu achieved an increase of some 88%
compared to no Cu addition. On the other hand, for 20SZ plants, treatment with 2 mg L
! encouraged the plant growth where it increased the fresh mass by 112%. A 65%
increase of fresh mass of plant culm, as a lowest increase compared to control, was

measured when Cu concentration in growth medium was 26.8 mg L™

Impacts of a series of Cu concentrations on fresh and dry masses of leaf blade of
both BL and 20SZ ecotypes are displayed in Fig. 7a, 7b, 8a, and 8b. Leaf blade of BL
plants was more tolerant to high Cu concentrations than leaf blade of 20SZ plants.
However, a significant increase in fresh mass of leaf blade of BL plants was recorded in
all treatments compared to control. Moreover, the highest Cu concentration in growth
medium caused the leaf growth to increase by 86%. But the treatment of 5 mg L' of Cu

increased the fresh mass by 107%, the highest measured increase. In contrast, leaf

54



blades of 20SZ plants were less tolerant to high Cu doses than leaf blades of BL plants;
treatments of 3, 10, and 26.8 mg L™ of Cu gradually declined the fresh mass of leaf
blades by 2, 26, and 35% respectively. However, adding 5 mg L' of Cu slightly
increased the fresh mass by 9%, treatment by 2 mg L of Cu achieved the highest

increase in fresh mass by 81% compared to untreated plants.

Fig. 7: Fresh mass of different plant parts of giant reed plant growing on a series of Cu
concentrations. (a) BL ecotype. (b) 20SZ ecotype. Different letters on same line
show significant differences among each group of treatments according to

Duncan's test at p < 0.05.
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Data of dry mass of roots of BL ecotype plants showed significant differences
between treatments. In contrast with values of fresh mass of roots, the values of dry
mass of roots showed positive effects of increasing supplied Cu concentrations. Dry
mass of roots positively correlated with increasing Cu doses in growth medium (» =
0.65). Unexpectedly, the highest supplied Cu level caused the largest increase of dry
mass of BL roots, almost 78% increase compared to control (Fig. 8a). In general, all Cu
treatments increased the dry mass of BL roots compared to control. Likewise, in 20SZ
ecotype, the highest increase, 114%, of dry mass of 20SZ roots also was found at the
highest Cu level (26.8 mg L™). Moreover, all supplied Cu doses increased the dry mass
of 20SZ roots (Fig. 8b). Also, data of dry mass of roots showed a positive correlation
with Cu concentrations in growth medium (» = 0.68). Similarly, the findings of 20SZ

ecotype were same as in BL ecotype.

All Cu treatments increased the dry mass of plant culm of both BL and 20SZ
ecotypes significantly (p < 0.05) compared to control (Fig. 8a and 8b). However, dry
mass of BL culm recorded the highest increase by 367% at the highest supplied Cu in
growth medium (26.8 mg L") while treatment 3 mg L' exhibited the lowest increase
(67%) in dry mass of BL culm. Data showed a positive correlation (» = 0.70) between
Cu treatments and dry mass of BL culm. About dry mass of 20SZ culm, treatment 5 mg
L achieved the highest increase in dry mass by 400%. While, the highest Cu treatment
(26.8 mg L) increased the dry mass by 200%, 3 mg L™ of Cu displayed the lowest

increase in dry mass (100%).

Significant differences were found between treatments for dry mass of leaf
blades of the two ecotypes (BL and 20SZ). In BL plants, the highest increase, 94%, in
dry mass was obtained at the highest Cu treatment (26.8 mg L™"). Moreover, dry mass
of leaf blades of treated plants with 10 mg L of Cu increased by 13%, while 1 mg L™
of Cu in growth medium was not enough to improve the growth, therefore the dry mass
of leaf blades at this concentration decreased by 6%. Dry mass of leaf blades of 20SZ
plants changed with supplied Cu concentrations significantly (p < 0.05), where Cu
doses up to 5 mg L™ increased the dry mass of leaf blades by 11-133% at 3 and 2 mg L~
! of Cu, respectively. At 10 mg Cu L-', 22% reduction in leaf blade dry mass of 20SZ
plants was noticed, while no reduction in leaf blade dry mass was reported at 26.8 mg

Cul™.
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Fig. 8: Dry mass of different plant parts of giant reed plant growing on increasing Cu
concentrations. (a) BL ecotype. (b) 20SZ ecotype. Different letters on same line
show significant differences among each group of treatments according to

Duncan's test at p < 0.05.

Nevertheless, it could be concluded that increasing Cu concentrations, in
general, did not show any adverse effects on plant biomass. All Cu treatments increased
the fresh and dry mass of plants of BL and 20SZ ecotypes, where the highest increase in
fresh mass of whole plant were 53 and 107% for BL and 20SZ ecotypes, respectively, at
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treatments of 5 and 2 mg L™ of Cu, respectively. Furthermore, the dry mass of BL and
20SZ plants recorded the highest increases 118 and 139%, respectively, at Cu
concentrations of 26.8 and 2 mg L™, respectively (Fig. 7a, 7b, 8a, and 8b). Additionally,
the highest Cu concentration in growth medium did not show adverse effects on plant

fresh and dry mass in either ecotype compared to untreated plants.
4.1.2.3. Growth rate of giant reed

Figure 9 displays the length of shoot and root of both BL and 20SZ plants. In BL
plants, shoot and root length, respectively, negatively correlated with increasing Cu
treatments (7 nooy = -0.60 and 700y = -0.70). However, high Cu concentrations (10 and
26.8 mg L) had adverse effects on shoot and root length, where shoot length
significantly decreased by 10 % at both Cu concentrations, while root length was
reduced by 13, and 38% at treatments of 10 and 26.8 mg L of Cu, respectively. Cu at
5 mg L did not affect the shoot length; it reduced the root length by 25% compared to
control plants. However, the low Cu concentrations, i.e., 1, 2, and 3 mg L', increased
the shoot length by 30-40% and root length by 13-50%, where the largest increases
were noticed at treatment of 1 mg L™ of Cu. On the other hand, 20SZ plants showed
higher tolerance to Cu toxicity; where all treatments of Cu increased the shoot length
significantly except the highest Cu treatment (26.8 mg L) which reduced the length of
shoot by 43%. This adverse effect of most elevated Cu treatment had not been recorded
in root length. Moreover, treatment of 26.8 mg L' of Cu increased the root length by
67% compared to untreated plant root. Neither treatment 3 nor 10 mg L™ of Cu affected
root length, but 100% increase in root length was found under treatment of 1 mg L' of

Cu.

Number of new buds per plant is presented in Fig. 10. Number of new buds was
significantly affected by increasing Cu treatments. However, in BL ecotype, treatments
of 1,2, 3, and 5 mg L' of Cu increased the number of new buds by 8-23%. Though
treatment of 10 mg L™ did not affect the number of new buds, treatment of 26.8 mg L™

decreased the number of new buds by 8% compared to control.
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Fig. 9: Effect of elevated Cu concentrations on shoots and root length of two ecotypes
(BL and 20SZ) of giant reed. Different letters on same line show significant

differences among each group of treatments according to Duncan's test at p <

0.05.

Fig. 10: Effect of increasing Cu concentrations on number of new buds of two ecotypes
(BL and 20SZ) of giant reed. Different letters on same line show significant

differences among each group of treatments according to Duncan's test at p <
0.05.
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4.1.2.4. Cu uptake

The capacity of giant reed ecotypes (BL and 20SZ) to uptake Cu from a growth
medium supplied with increasing doses of Cu is shown in Table 2. There were
significant differences between Cu treatments and Cu content in plant organs.
Moreover, data showed that Cu contents in plant parts of both ecotypes, i.e., root, culm
and leaf, were positively correlated with Cu in growth medium. Generally, BL and
20SZ ecotypes had the same behaviour towards Cu uptake within low levels up to 5 mg
L"', where gradual increase in Cu content through plant parts was found in both
ecotypes. In addition, in BL plants, the highest Cu content was found in the root,
followed by the culm, and the lowest Cu content was recorded in leaf. But in 20SZ
plants Cu content was higher in leaf than culm; however roots of 20SZ accumulated
more Cu than culm and leaf. With increasing Cu in growth medium the response of
plants to Cu changed, where Cu content in the root of BL plants dramatically increased
by almost four times in the treatment of 10 mg L™ compared to its Cu content in the
treatment of 5 mg L. On the one hand, treatment by 26.8 mg L also caused an
increase in Cu content in BL root by almost 8x compared to treatment of 5 mg L.
Likewise, 20SZ root also showed the same tendency in treatment by 26.8 mg L™ of Cu
showing some of three times increase in Cu content compared to treatment by 5 mg L™
(Table 2). However, Cu content of the culm of BL plants linearly increased with
increasing Cu doses up to 10 mg L' to 3.34 pg ¢! DM. While the highest Cu treatment
resulted in almost 4 folds increase in Cu content in culm of BL plants, such increase
was not found in the culm of 20SZ plants compared to treatment of 10 mg L™, where
gradual increase of Cu content only was seen in culm of 20SZ plants (Table 2). In BL
leaf, the Cu uptake had linear relation to the increasing supplied Cu concentrations. Leaf
Cu content at various treatments significantly (p < 0.05) differed. However, increasing
Cu level had an incremental effect on leaf Cu content, where at treatment of 3 mg L™ of
Cu in growth medium leaf Cu content was 1.61 ug g'1 DM. But with increasing Cu level
in growth medium the leaf Cu content increased drastically to 3.21, 9.07, and 27.31 ug
g DM at treatments of 5, 10, and 26.8 mg L™, respectively. However, leaf Cu content
was higher in BL plant than 20SZ plant, where the highest Cu treatment resulted in 4.45
ng g'1 DM of Cu in leaf of 20SZ plant (Table 2).
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Table 2: Cu content (ug g'1 DM) in different plant parts of giant reed ecotypes (BL and
20SZ) after 6 weeks growing on elevated Cu concentrations

BL ecotype 20SZ ecotype
Cu (mg L") | Root Culm Leaf blade Medium | Root Culm  Leaf blade Medium
0 0.00g 0.00e 0.00g 0.00g |0.00f 0.00g 0.00¢ 0.00 e
1 207f 144d 1.08f 0.01f 22le 0.66f 1.14d 0.00 de
2 230e 146d 135e¢ 0.01e 20le 091e 1.16d 0.00d
3 321d 2.72¢ 1l.61d 0.01d |3.09d 152d 1.88c 0.00d
5 549¢ 273c 32l1c 0.02 ¢ 590c 222c¢ 197c¢ 0.01c
10 18.53b 3.34b 9.07b 0.04b |6.84b 4.63b 4.74a 0.03b
26.8 39.23a 13.06a 2731la 0.11a 15702 4.98a 4.45b 0.08 a

Different letters in same column show significant differences among each group of treatments according
to Duncan's test at p < 0.05

4.1.2.5. Bioaccumulation of Cu by giant reed

Data of bioaccumulation percent (BAP) of Cu within BL and 20SZ ecotypes is
presented in Table 3. Results of data analysis showed significant differences between
Cu treatments and Cu bioaccumulation percent throughout various plant organs in both
ecotypes. In general, in BL plants, approximately 48.3% of total Cu content in plant was
accumulated in the root while the culm of plant accumulated 24.5%. But the leaf
showed greater ability to accumulate Cu, where it accumulated 27.2% of Cu. In
particular, in case of high Cu treatments, i.e., 10 and 26.8 mg L', plant root of BL
ecotype accumulated more Cu compared to low Cu treatments. The percentages of Cu
bioaccumulation were 59.9 and 49.3% at treatments of 10 and 26.8 mg L™, respectively.
Similar results were obtained in the leaf blade, where the higher percentages of Cu
bioaccumulation, i.e., 29.3 and 34.3%, occurred at treatments of 10 and 26.8 mg L'l,
respectively. In contrast, the culm showed different behaviour towards Cu
bioaccumulation under high Cu treatments. The lowest percentages of Cu
bioaccumulation, i.e., 10.8 and 16.4%, were observed at treatments of 10 and 26.8 mg
L, respectively, compared to low Cu concentrations up to 5 mg L. Likewise, the same
tendency was found in 20SZ plants, 52.6, 22.1, and 25.3% in root, culm and leaf blade,
respectively. However, the response of 20SZ plant to high Cu concentrations in growth

medium was entirely different from that of BL plant. In the root of 20SZ ecotype, the
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highest percentage of Cu bioaccumulation was 62.5% at the highest Cu treatments,
while treatment of 10 mg L of Cu resulted in the highest percentages of Cu
bioaccumulation in culm and leaf blade by 28.6 and 29.2%, respectively (Table 3).
Additionally, in the highest Cu treatment both culm and leaf blade of 20SZ plant

showed low capacity to accumulate Cu compared to low Cu treatments.

Table 3: Cu-bioaccumulation percent of BL and 20SZ ecotypes of giant reed plant
after growing on different Cu concentrations

BL ecotype 20SZ ecotype
Cu(mgL") | Root Culm Leaf blade | Root Culm Leaf blade

0 0.0e 00g 00g 0.0f 0.0e 0.0f

1 452 ¢ 313D 235e¢ 55.1¢ 16.5d 284c¢

2 45.1¢ 28.5¢ 26.5d 49.4d 223D 284c¢

3 42.5d 36.1a 214f 47.6d 234D 29.0b

5 48.0b 239d 28.0c 58.5b 220D 19.5d

10 599a 10.8 f 293D 422 ¢ 28.6a 292 a
26.8 493D 164 ¢ 343 a 62.5a 19.8 ¢ 17.7 ¢

Different letters in same column show significant differences among each group of treatments
according to Duncan's test at p < 0.05

4.1.2.6. Bioconcentration and transportation factors

The ability of BL and 20SZ ecotypes of giant reed to bioconcentrate and
transport Cu from their roots to shoots when they were growing on a series of Cu
concentrations is depicted in Fig. 11 and 12. At low Cu doses, both ecotypes had the
same tendency towards bioconcentration of Cu; the highest calculated values of
bioconcentration factor (BCF) in BL and 20SZ plants were 4.6 and 4.0, respectively,
when Cu concentration in growth medium was 1 mg L™'. Despite there being no definite
correlation between Cu concentrations and BCF in either ecotype, significant
differences were found between Cu treatments in both ecotypes. However, at low Cu
doses both ecotypes had almost same values of BCF, but with increasing Cu
concentration in growth medium BL plants showed higher values of BCF than 20SZ

plants. At treatment of 26.8 mg L™ of Cu, BCF values were 3.0 and 0.9 for BL and
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20SZ plants, respectively (Fig. 11). Nevertheless, Cu treatments significantly affected
values of TF in BL and 20SZ ecotypes. In whatever way, BL plants had values of TF
greater than 1, i.e., a reference value, in all treatments except at 10 mg L of Cu where
TF was 0.7. Whilst, the highest TF value 1.4 was obtained at 3 mg L™, the highest Cu
treatment, i.e., 26.8 mg L', resulted in a TF value of 1.0. On the other hand, 20SZ
plants had TF values lower than 1 at 1, 5, and 26.8 mg Cu L', but the greatest TF value
was 1.4 and was observed at 10 mg Cu L™ (Fig. 12).

Fig. 11: Bioconcentration factor (BCF) of BL and 20SZ ecotypes of giant reed after
growing on a series of Cu for 6 weeks. Different letters on same line show
significant differences among each group of treatments according to Duncan's

test at p < 0.05.

In the current investigation, BL and 20SZ ecotypes of giant reed were able to
grow on elevated concentrations of Cu without any apparent foliar symptoms of Cu
toxicity up to 10 mg L™ of Cu. Basically, roots are the most sensitive part of plant to Cu
toxicity. BL and 20SZ plants had healthy and well developed roots at Cu concentrations
lower than 10 mg L. However, these findings were different than those of Sheldon and
Menzies (2005) who reported low Cu concentrations between 0.2 and 1 pM
significantly reduced root growth and disrupted the root cuticle of Rhodes grass.
Despite high Cu contents measured in shoots of BL and 20SZ plants, biomass of both
ecotypes was significantly (p < 0.05) enhanced, where at 26.8 mg Cu L, plants of BL
and 20SZ recorded higher biomass than control plants.
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Fig. 12: Transportation factor (TF) of BL and 20SZ ecotypes of giant reed after
growing on a series of Cu for 6 weeks. Different letters on same line show
significant differences among each group of treatments according to Duncan's

test at p < 0.05.

Content of Cu in plant tissues mainly depends on its concentration in growth
medium (Mavrogianopoulos et al. 2002). Cu levels in growth medium up to 5 mg L
caused a gradual increase in Cu content in plant tissues of BL and 20SZ plants. In
higher Cu treatments, BL plants had a different behavior than 20SZ, where Cu content
in BL plant tissues increased exponentially. In the current study, root systems
accumulated more Cu compared to culm and leaf blades in both ecotypes. Almost 50 %
of total Cu content in plant tissues was found in root systems of BL, but root systems of
20SZ plants were able to accumulate higher Cu content. Mavrogianopoulos et al. (2002)
reported Cu concentration in giant reed plants grown in a closed hydroponic system was

14 % compared to the plants grown in the soil.

Although, BL plants had higher Cu content in whole plant tissues compared to
20SZ plants, similar tendencies toward Cu accumulation in different plant tissues was
found in both ecotypes. The average Cu accumulation (%) of all treatments in different
plant parts of BL and 20SZ plants was in the following order: root > leaf blade > culm.
The average Cu accumulation (%) was 48.3, 27.2 and 24.5 in root, leaf blade and culm
of BL plants and 52.6, 25.3 and 22.1 of 20SZ plants, respectively. High Cu content in

roots compared to shoots could be explained as giant reed plants accumulate Cu in their
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roots to a certain point and then transport it to shoots after roots become saturated
(Mavrogianopoulos et al. 2002). Mavrogianopoulos et al. (2002) cited that giant reed
populations (Naxos and Hania) accumulated Cu by 7 % and 22 % in leaves and roots
respectively, when they grew in a closed hydroponic system. While Baker and Brooks
(1989) reported similar tendencies for Cu in different plants, Hasselgren (1999) reported
different results for Cu in willow, where the stem accumulated more Cu than roots. This
might indicate the speciation of Cu within plant parts strongly depends on the plant

species.

At 26.8 mg Cu L', Cu content in leaf of BL plants was 27.31 pg g’ DM, and
this was higher than that found in leaf of 20SZ plants (4.45 ug g DM). Apparently, this
high level of Cu content in BL leaves is above the threshold of toxicity, since BL plants
suffered burned edges of young leaves, twisted leaves, leaf discoloration and retardation
of plant growth. This threshold should be between 4.45 and 27.31 pg g DM, because
20SZ plants did not show any of these symptoms. Further investigation of a Cu
threshold value for giant reed is warranted. Cu content in tissues of 20SZ plants was
lower than that measured in BL plants, with 52.6 % of total Cu found in root systems.
BL plants accumulated 48.3 % of total Cu in its root system. These findings might
illustrate each ecotype has its own mechanism to tolerate high Cu concentrations in
growth medium. Whereas BL plants prefer to uptake and accumulate more Cu in its
tissues, 20SZ plants tolerate high Cu concentrations by avoiding uptake of Cu. The
reason could be that tissues of 20SZ plants are sensitive to Cu moreso than those of BL

plants that can stay healthy at high Cu contents in their tissues.

Bioconcentration factor (BCF) is the concentration of metal in plant tissues per
concentration of same metal in growth medium. Metal hyperaccumulator plants are
distinguished by a BCF higher than 1 (Mirza et al. 2011). In the current experiment, BL
and 20SZ plants had BCF >1, meaning both ecotypes could be employed for Cu
phytoremediation purposes. Alongside BCF >1, high biomass production of giant reed
plants under unfavorable growth conditions is an additional advantage that emphasizes

the benefits of using these plants for phytoremediation of Cu contaminated sites.
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4.2. Ex vitro experiment at greenhouse
4.2.1. Vegetative parameters at harvest

At the harvest of experiment number of mother plant — which started the
experiment — new tillers, length of plant, number of leaves, and length of internodes of

STM, BL, and ESP ecotypes of giant reed were recorded (Tables, 4, 5, 6, and 7).

The pot experiment under greenhouse conditions — from July to October 2013 —
had been started with 2 seedlings per pot of giant reed ecotypes. With aim to study the
effect of Cu on the survival of plants, number of surviving mother plants is recorded at
the end of experiment period. All ecotypes showed considerable tolerance for high Cu
concentrations, where elevated Cu levels insignificantly (p < 0.05) influenced the
number of mother plants which started the experiment. However, 2 mother plants per
pot were recorded for STM ecotype at 200 mg Cu Kg™', while treatment of 400 mg Cu
kg recorded 1.8 mother plants for BL ecotype. For ESP ecotype, 1.8 mother plants per
pot were found at Cu concentration of 300 mg kg™ (Table 4). These results showed that
giant reed ecotypes are able to grow on Cu-contaminated soil-like growth medium up to

400 mg kg with survival percentage ranged from 90 to 100%.

Table 4: Number of mother plant and new tillers of giant reed ecotypes at harvest

Mother plant New tillers
Cu (mgkg") | STM BL ESP STM BL ESP
0 1.4ab 1.3ab 1.8ab 4.2a 4.0a 4.8a
100 2.0a 1.8ab 1.6ab 4.6a 6.0a 4.0a
200 2.0a 1.6ab 1.2b 6.0a 4.6a 4.4a
300 1.6ab 1.5ab 1.8ab 4.8a 6.0a 3.8a
400 1.8ab 1.8ab 1.6ab 4.2a 4.8a 3.6a

Different letters in same column show significant differences among each group of treatments
according to Duncan's test at p < 0.05

On the other hand, number of new tillers per plant was insignificantly (p < 0.05)
affected by increasing Cu doses especially for STM and BL ecotypes. While, 6 new
tillers per plant were recorded under treatment of 200 and 300 mg kg™ for STM and BL
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ecotypes, respectively, 4.8 new tillers were noticed for ESP ecotype at no supplied Cu.
However, at highest Cu dose the data of new tillers was almost same with control
treatment (Table 4). Therefore, giant reed could be recommended as phytoremdiation
candidate as a result for its high survival percentage on Cu-contaminated soil-like
growth medium which is among key characteristics that any proposed plant for

phytoremediation purposes has to possess it (Fig. 13).

Spanish (ESP) ecotype showed positive response for increasing Cu
concentrations in soil-like growth medium, where length of mother plant significantly
(p < 0.05) increased from 262 to 291 mm when Cu was 0 and 400 mg kg, respectively.
Together, STM and BL ecotypes recorded similar results for mother plant length, where
length of mother plant insignificantly reduced with increase Cu doses compared to
control (Table 5). However, new tillers of all three ecotypes had same tendency towards
elevated Cu levels. Length of new tillers was significantly increased with increasing Cu
for all ecotypes compared to control. The tallest tiller of STM, BL and ESP was 353,
235, 343 mm at treatments of 100, 200, and 100 mg Cu kg, respectively (Table 5).
Short length of American (BL) ecotype could be genetically explained because even in

control treatment, BL plants also were the shortest (Fig. 13).

Table S: Length of mother plant and new tillers of giant reed ecotypes at harvest

Mother plant New tillers
Cu (mgkg") | STM BL ESP STM BL ESP
0 285ab 253ab 262ab 192e 185e 312abc
100 223ab 221ab 243ab 353a 214de 343ab
200 252ab 262ab 279ab 256bcde 235cde 285abed
300 277ab 200b 296a 237cde 177e 247cde
400 273ab 221ab 291a 298abcd 181e 316abc

Different letters in same column show significant differences among each group of treatments according
to Duncan's test at p < 0.05

Number of leaves of mother plants and new tillers at the end of experiment is
presented in Table 6. Hungarian (STM) ecotype mother plants showed significant (p <

0.05) increase for number of leaves with increasing Cu doses, where 5.4 leaves per plant
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were counted at 400 mg Cu kg compared to 4.5 leaves per control. In similar way, ESP
mother plant had 6.2 leaves at 300 mg Cu kg against 4.3 leaves per control. In
contrast, BL mother plant significantly (p < 0.05) affected by increasing Cu doses,
where control plant had 6.3 leaves while plant of treatment of 300 mg Cu kg™ recorded

4.1 leaves but at highest Cu concentration BL plant had 5.7 leaves.

Table 6: Number of leaves of mother plant and new tillers of giant reed ecotypes at

harvest
Mother plant New tillers
Cu(mgkg') |STM  BL ESP STM BL ESP

0 4.5abc 6.3a 4.3abc 3.3¢c 4.1abc 4.1abc
100 4.2bc  4.8abc 3.9¢ 5.3a 4.4abc 5.0ab
200 4.8abc 5.9ab 4.2bc 4.4abc 4.4abc 4.4abc
300 5.3abc 4.1bc 6.2a 4.0bc 3.9bc 4.3abc
400 5.4abc 5.7abc 5.4abc 4.9ab 4.4abc 4.5abc

Different letters in same column show significant differences among each group of treatments
according to Duncan's test at p < 0.05

Table 7: Length of internode of mother plant and new tillers of giant reed
ecotypes at harvest

Mother plant New tillers
Cu (mgkg") | STM BL ESP STM BL ESP
0 16.7ab  10.0bc 13.7abc | 21.4de 9.6g 30.9bc
100 17.7ab  12.8abc  17.1ab | 30.0bc 13.9efg  40.8a

200 15.4abc  13.0abc  20.7a 25.2cd 12.6fg 36.8ab
300 13.5abc  7.9¢ 14.6abc | 24.4cd 9.5¢g 15.4efg

400 12.1bc ~ 8.6¢ 13.1abc | 19.5def  9.0g 25.5¢d

Different letters in same column show significant differences among each group of treatments
according to Duncan's test at p < 0.05
There was consistency in data of number of leaves of new tillers with data of
mother plants. Moreover, adding Cu to soil-like growth medium significantly (p < 0.05)

induced the number of leaves of all three ecotypes compared to control plants. Highest
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recorded number of leaves of STM plant was measured at treatment of 100 mg Cu kg™,
while BL and ESP plants had highest number of leaves at Cu concentrations of 400 and
100 mg kg, respectively. However, number of leaves per plant is one of most
important factors that have direct effects on biomass production of plant. Since giant
reed is C; plant but it many literatures have reported that giant reed can behave as Cy4
plant (Bell, 1997; Alshaal et al., 2014), therefore studying number and area of leaves is

critical because it’s important for photosynthesis and thus the amount of carbohydrates

synthesized by plant mainly depends on it.

Fig. 13: Effect of elevated Cu concentrations on giant reed ecotypes (STM, BL, and
ESP).

High Cu concentration i.e., 400 mg kg™, significantly (p < 0.05) reduced length
of internodes of mother plants of STM and BL ecotypes compared to control plant. But
ESP ecotype was less negatively affected with high Cu treatment, where the longest
internode was noticed at treatment of 200 mg Cu kg’1 compared to control (Table 7). On
the other hand, 100 mg Cu kg™ significantly (p < 0.05) induced the length of internodes

of new tillers among all ecotypes. While, longest internodes of three ecotypes were
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found at 100 mg Cu kg', shortest internodes were recorded for all ecotypes at

concentration of 400 mg Cu kg™
4.2.2. Shoot and root length at harvest

At harvest of experiment, data of shoot length showed that plants of STM
ecotype were more resistant to increasing Cu levels added to soil-like growth medium
than BL and ESP ecotypes. Moreover, all Cu concentrations induced the shoot length of
STM plants, where values of shoot length at all treatments of Cu were higher than that
of control. However, shoot length of control plant was 31.38 cm while, at treatment of
400 mg Cu kg 45.50 cm were recorded for shoot of STM plant. The highest measured
value of STM shoot length was 47.38 cm at 100 mg Cu kg™ (Fig. 14 and 15).

Fig. 14: Cu-toxicity symptoms on giant reed ecotypes (STM, BL, and ESP) grown on

increasing Cu concentrations at harvest.

On the other hand, increasing Cu doses enhanced shoot length of BL ecotype up
to 300 mg kg compared to control plant, whilst concentration of 400 mg Cu kg

reduced shoot length recording the lowest value of shoot length among all treatments.
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Shoot length of control plant was 30.83 cm, and significantly (p < 0.05) increased to
maximum value of 36.25 cm at treatment of 200 mg Cu kg™'. While shoot length at 400
mg Cu kg was 29.88 cm (Fig. 14 and 15). These values might report that BL ecotype
is tolerant for low concentrations of Cu up to 300 mg kg™, but higher Cu levels may

lead to significant reduction in shoot length thus decrease the biomass production.

Fig. 15: Shoot length of giant reed ecotypes (STM, BL, and ESP) at harvest after
growing on different concentrations of Cu. Different letters on same line show
significant differences among each group of treatments according to Duncan's

test at p < 0.05.

In contrast to STM and BL ecotypes, plants of ESP ecotype were sensitive to
high Cu levels in soil-like growth medium. Increasing Cu doses over 100 mg kg
significantly reduced shoot length of ESP plants against control treatment. Highest Cu
concentration, 400 mg kg™, decreased shoot length to 43.50 cm against 49.50 cm for
control plant. However, shoot length was insignificantly reduced at treatment of 300 mg
Cu kg compared to no Cu treatment where shoot length was 45.33 cm (Fig. 14 and
15). However, no toxicity symptoms for elevated Cu concentrations were noticed on
shoot parts of all ecotypes. Plants of giant reed ecotypes were healthy and no dwarfism,
no bluish in color, no twisted leaves, no burned edges, and no chlorosis were found on
shoots of STM, BL, and ESP ecotypes. The only noticeable effect of increasing Cu on

plant growth was decrease of shoot length under some treatments (Fig. 14). Papazoglou
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et al. (2005) reported that irrigated growing giant reed plants with different levels of Cd
and Ni for 2 years pot experiment did not significantly (p < 0.05) affect the stem height

and other morphological characteristics.

On the other hand, toxicity symptoms of high Cu concentrations were clearly
noticed on root system of all giant reed ecotypes. In general, with increasing Cu levels
in soil-like growth medium root length was reduced significantly (p < 0.05) for all
ecotypes, except STM root system at treatment of 100 mg Cu kg'. It recorded the
highest value of root length, 35.13 cm, among all Cu treatments in all ecotypes while
control plant of STM has length of 24.50 cm for root system. However, it could be
concluded that length of root system of all three ecotype was severely reduced with
treatments above 200 mg Cu kg'. Shortest root systems were measured at Cu

concentration of 400 mg kg™ in all ecotypes (Fig. 16).

Fig. 16: Root length of giant reed ecotypes (STM, BL, and ESP) at harvest after
growing on different concentrations of Cu. Different letters on same line show
significant differences among each group of treatments according to Duncan's

test at p < 0.05.

Adding Cu to the soil-like growth medium at increasing concentrations up to
100 mg kg positively affected the growth and development of root systems of STM
and ESP ecotypes but BL was negatively affected. Well developed and healthy root
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systems were seen; as well as root hairs was present in all ecotypes. In the lowest Cu
concentrations, root systems were distinguished with fewer, longer roots, but in the high
Cu concentrations above 200 mg kg plants possessed more and shorter roots. In STM,
BL, and 20SZ ecotypes the highest Cu concentration (400 mg kg™) inhibited the growth
of root systems. Roots were slightly stunted, and the root cuticle was thickened, and
brown, especially for the BL and ESP ecotypes. Neither lateral roots nor root hairs were
clearly seen on the root systems of both ecotypes. STM plants seemed to be more
tolerant to high Cu concentrations where, it recorded the higest values for root system

among all investigated ecotypes (Fig. 17).

Fig. 17: Root system of giant reed ecotypes (STM, BL, and ESP) at harvest after

growing on different concentrations of Cu.
4.2.3. Shoot and root volumes of giant reed ecotypes

Data of shoot volume of giant reed ecotypes at harvest of greenhouse
experiment using different Cu concentrations is depicted in Fig. 18. Results of shoot
volume of STM plants were in harmony with results of its shoot length. All Cu

treatments induced the growth of STM plants and this reflected on its shoot volume.
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Values of shoot volumes under Cu treatments were higher than that of control plants
except treatment of 200 mg Cu kg'. Highest shoot volume, 6.25 ml, was found at
treatments of 300 and 400 mg Cu kg™ against 4.25 ml for shoot volume of control plant.
Plants of BL ecotype had different response to Cu treatments, where low Cu
concentrations, i.e., 100 and 200 mg kg enhanced shoot volume values compared to
control plants but with increasing Cu concnetrations above 200 mg kg™ shoot volume
was clearly reduced in compare to no Cu treatment. However, highest recorded value of
shoot volume of BL ecotype (6.50 ml) was noticed at treatment of 100 mg Cu kg while
control plant had 5.25 ml for its shoot volume. On the other hand, ESP plants were more
sensitive to adding Cu to soil-like growth medium, where shoot volume of all plants of
Cu treatments were lower than that measured for control plant. While control plant had
shoot volume of 8.50 ml, plant of 300 mg Cu kg™ treatment had the highest value (7.33

ml) among all Cu treated plants.

Fig. 18: Volume of shoot part of giant reed ecotypes (STM, BL, and ESP) at harvest
after growing on different concentrations of Cu. Different letters on same line
show significant differences among each group of treatments according to

Duncan's test at p < 0.05.

Figure 19 shows the measured data of volume of root systems of all three
ecotypes of giant reed after growing on elevated Cu concentrations. Only BL plants had

tendency for its root volume with increasing Cu levels in soil but both STM and ESP
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ecotypes recorded hesitated values for their root volumes. With increasing Cu doses
volume of root system of BL ecotype significantly decreased. The highest measured
number for root volume of BL plant was 8.50 ml for control plant, while lowest value
was 4.75 ml at treatment of 300 mg Cu kg”'. For STM and ESP ecotypes, although
treatment of 200 mg Cu kg™ increased the root volume of ESP plant than control plant
achieving 7.00 ml against 6.50 ml for control, it reduced the volume of root system of
STM plant recording the lowest value among all treatments (2.25 ml) when root volume
of control plant had 4.50 ml. However, at the highest Cu treatment (400 mg kg"') STM
and BL ecotypes showed more tolerance than ESP ecotype which recorded the worst
value for root volume. Finally, it could be summarized that STM ecotype had longer
root system but less dense with increasing Cu levels than BL plant that had opposite
morphology for root system which was shorter but denser. ESP ecotype had the shortest

and least dense root system when added Cu increased in soil-like growth medium.

Fig. 19: Volume of root system of giant reed ecotypes (STM, BL, and ESP) at harvest
after growing on different concentrations of Cu. Different letters on same line
show significant differences among each group of treatments according to

Duncan's test at p < 0.05.
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4.2.4. Wet and dry masses of giant reed ecotypes

Recently, biomass crops have been proposed for phytoremediation purposes not
because of its ability to absorb pollutants at high rates, but because of its high biomass
production. Thus it would be faster to clean contaminated sites by establishment of
biomass crops. Therefore, biomass production of giant reed growing on polluted soils is
considered the key character that should be rely on in order to evaluate the possibility

for using giant reed for phytoremediation purposes.

Root system of studied giant reed ecotypes was severely affected by increased
Cu doses in soil-like growth medium, but such effects did not record on shoot system.
Consequently, wet masses of root system of STM, BL, and ESP ecotypes in the same
way decreased with increasing Cu levels. Wet masses of root systems of STM, BL, and
ESP ecotypes were obviously reduced with increasing Cu in soil-like growth medium
up to 300 mg kg'. But values of STM and BL ecotypes started to increase again at 400
mg Cu kg, where values of wet masses of both ecotypes at highest Cu treatment were

not the worst among all treatments (Fig. 20).

I

Fig. 20: Wet 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.
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However, STM plants had the lowest wet masses for its root system among all
three ecotypes with increasing Cu concentrations up to 300 mg kg but at 400 mg Cu
kg STM plants recorded the highest wet mass compared to BL and ESP ecotypes. Wet
mass of BL root system was the highest at treatment of 100 mg Cu kg’ while, at
treatment of 200 mg Cu kg™ ESP plants had the highest wet mass for its root system.
From mentioned results above, it becomes clear that root system STM ecotype was the
most tolerant ecotype for high Cu levels, where it had the longest root and biggest

volume for root system beside the highest wet mass.

1111

Fig. 21: Wet mass of culm 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.

Although, adding Cu to soil-like growth medium by increasing concentrations
up to 400 mg kg, which is above the normal levels of Cu in soils (Kabata-Pendias,
2011), no effects on wet masses of culm of all three ecotypes were noticed (Fig. 21). It
observed that at low Cu concentrations (less than 200 mg Cu kg™') culm of BL ecotype
had the highest values for wet mass among all investigated giant reed ecotypes. Wet
mass of BL culm was 10.03, 13.84, and 12.28 g plant™ at 0, 100, and 200 mg Cu kg,
respectively, but with increasing Cu levels wet mass recorded 8.41 and 8.28 g plant”

when Cu concentration was 300 and 400 mg kg"'. On the other hand, culm of ESP
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ecotype had no obvious trend with increasing Cu doses, where it kept almost same
values of wet mass of culm at all Cu treatments except treatment of 200 mg kg™ which
had the highest measured value of wet mass (11.49 g plant™). Interestingly, STM plant
culm had nearly same values of wet mass at low Cu concentrations up to 200 mg kg™
ranging from 7.15 to 8.52 g plant™ at 0 and 200 mg kg™ treatments. But increasing Cu
above 200 mg kg enhanced the wet mass of culm, where 10.71 and 13.24 g plant™
were measured for wet mass of culm at treatments of 300 and 400 mg kg™, respectively
(Fig. 21). However, STM plant showed positive response towards high Cu
concentrations, this might explain that STM ecotype is more suited than BL and ESP

ecotypes for phytoremediation of Cu-contaminated site above 200 mg kg™

B'E 9

Fig. 22: Wet 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.

Wet masses of leaf blade of giant reed ecotypes are pictured in Fig. 22. In the
same way with wet masses of plant culm, results of leaf blade wet mass of ESP, BL,
and ESP ecotypes were. BL plants had the highest values for wet mass of leaf blade at
treatments of 0, 100, and 200 mg Cu kg'l, but when Cu doese increased in soil-like
growth medium STM leaf blade measured the highest values among othe ecotypes. This
emphasizes that STM ecotype is resistant to high Cu doses above 200 mg kg
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However, ESP ecotype kept the same tendency for wet mass of its leaf balde as in its
wet mass of culm, where it had same values among all treatments. In general, the
highest value of wet mass of leaf blade among all treatments and ecotypes was recorded

for STM ecotype at the highest treatment of Cu (400 mg kg™).

whdan

Fig. 23: 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.

In general, all three ecotypes had no clear tendency for dry mass of their root
system towards increasing Cu levels in soil-like growth medium used for experiment
(Fig. 23). However, 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'. 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 treatment of 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
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dry mass of its root system was found at treatment of 400 mg kg"'. However, at the
highest Cu dose in soil-like growth medium STM plant possessed the highest dry mass
of root system among all ecotypes (Fig. 23).

In contrast to dry mass of root system of studied giant reed ecotypes, dry mass
of culm was positively affected with increasing Cu doses (Fig. 24). All ecotypes had
higher values of dry mass of culm 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” and is
found 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. 24). Interestingly, under low Cu concentrations in soil-like growth
medium both BL and ESP ecotypes had higher values of dry mass of plant culm
compared to STM plants. At Cu concentrations more than 200 mg kg, while STM
plants possessed increased and highest values of dry mass of culm, dry mass of culm of
BL and ESP sharply decreased with increasing Cu levels. These findings emphasize that
STM ecotype is more tolerant for higher Cu levels than 200 mg kg™, therefore STM
might be recommended to phytoremediation purposes in extremely contaminated sites

with Cu.

Dry masses of leaf blade of STM, BL, and ESP ecotypes are presented in Fig.
25. 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'. Highest dry masses of STM, BL,
and ESP were 2.96, 3.01, and 2.60 g plant'1 at treatments of 300, 100, and 200 mg kg'l,
respectively. These findings were different than those of Sheldon and Menzies (2005)
who reported low Cu concentrations between 0.2 and 1 uM significantly reduced root

growth and disrupted the root cuticle of Rhodes grass.
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Fig. 24: Dry mass of culm 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. 25: 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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From all mentioned vegetative results above, it could be concluded that the
morphological characteristics as well as wet and dry masses of studied giant reed
ecotypes (STM, BL, and ESP) did not show any detrimental or toxic effects of Cu
exposures. This might be attributed to hormesis “using a low dose of any toxin - that
causes harmful effects for organisms when apply in high doses — stimulates adaptive
beneficial effects on the cell or organism (Calabrese, 2004; Mattson, 2008)”. Since Cu
is an essential micronutrient element, therefore, at low doses it induces the plant growth.
In the current study, the aboveground part of giant reed ecotypes did not significantly
affect with high Cu doses. It showed positive effects at highest Cu treatments (400 mg
kg™), so as this could be stimulated dose of Cu for shoot part growth. In contrast, root
system negatively affected with increasing Cu exposures, so 200 mg Cu kg could be

considered as threshold dose of Cu for root growth.
4.2.5. Cu content in different plant parts of giant reed ecotypes

Giant reed grass once established, it can re-grow for many years without new
plantations because it produces many new tillers during its live. The new tillers are
characterized by their stronger growth than their mother plant, as well as they have
thicker and longer culms compared to primary plant. Therefore, one of the proposed
tolerance mechanisms for heavy metals is that mother plant, which is directly
transplanted on metal-contaminated sites and firstly faces the pollutants at the highest
rates, can accumulate and trap the pollutants throughout its tissues then avoid them from

the new tillers.

Consequently, 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. 26. 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. However, the highest Cu content in shoot part of mother plant of all
ecotypes was 121 pug g DM and found in STM plant at treatment 300 mg kg™'. While
Cu content in STM mother plant declined to 66 pg g' DM with increasing Cu in soil-
like growth medium up to 400 mg kg™, ESP mother plant possessed the highest content

of accumulated Cu in its shoot tissues compared to STM and BL ecotypes. In general,
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all ecotypes had increasing content of Cu in their tissues with elevating Cu level in soil-
like growth medium. Whereas, highest Cu content of Cu in mother plant of STM and
BL ecotypes was found at treatment of 300 mg kg, ESP plant had the highest Cu

content at treatment of 400 mg kg™

11!

Fig. 26: 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.

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. 27. 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. At highest Cu treatment (400 mg kg™)
STM plant accumulated 1191 pg g'1 DM higher than BL ecotype that trapped 935 pg g'1
DM but both were lower than that accumulated within root system of ESP plant. The

high Cu content in root system of ESP ecotype could be due its low dry mass of root
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system which means that high values for Cu content within low dry mass. On the other
hand, root system of STM ecotype accumulated high percentages of Cu ranged from 71
to 95 % at treatments of 100 and 400 mg kg, respectively, with average of 85 %.
While, BL root system captured Cu within its tissues by 78 to 89 % from total Cu which
uptake by plant, ESP plant accumulated in its root system almost between 88 to 96 %
with average of 91 %. This means 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.

i

Fig. 27: 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. 28. 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 within culm of BL ecotype at
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treatment of 200 mg kg"'. STM plant had highest Cu content (113 pg g DM) in its
culm at 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. Even so, STM culm had low Cu content compared to other tested ecotypes; this
could be a consequence for its high dry mass with regared to dry mass of culm of BL
and ESP ecotypes. Despite, giant reed plants showed considerable capacity to uptake
and remove toxic metals like Cu from metal-contaminated environemnts (Alshaal et al.,
2013; Papazoglou et al., 2005; Nsanganwimana et al., 2014), but most of toxic metals
accumulate in root system. Simon et al. (2011) documented aboveground part of giant
reed plants collected low Cu content, when it grew on soil amended with municipal
sewage sludge compost (MSSC) which is moderately contaminated with Cu (140 mg
kg™). Therefore it would be safe to burn aboveground part of giant reed plants for

heating purposes after growing on metal-contaminated sites (Simon et al., 2011).

A

Fig. 28: 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. 29: 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 pg g' DM) at highest Cu treatment, i.e., 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. 29). Broadly, significant
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™'. Unusually, Cu
content in leaf blade of STM decreased with increasing Cu concentrations in soil-like
growth medium up to 300 mg kg™, but at treatment of 400 mg kg™ it increased again
achieving the highest Cu content in leaf blade among all treatments for STM ecotype
(Fig. 29). This might refer to high dry mass of STM leaf blade that makes dilution for
the Cu content in plant tissues. Simon et al. (2013) reported that using soil amendments
such as ammonium nitrate (AN), municipal biocompost (MBC) and municipal sewage

sludge compost (MSSC) did not significantly (p < 0.05) affect the uptake of Cu by giant
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reed plants and its accumulation in leaves against control. Leaves of giant reed plants
accumulated much Cu than shoot parts of same plants (Simon et al., 2013); this was in

contrast with that found in the current study.
4.2.6. Available and total Cu concentrations in soil-like growth medium

Effectively, adding Cu to soil-like growth medium as increasing doses resulted
in increasing the concentration of available Cu in soil-like growth medium after
harvesting of giant reed ecotypes. Basically, increasing available Cu concentrations
were measured in pots after experiment under STM, BL, and ESP ecotypes.
Significantly, available Cu concentration was increased gradually in pots after STM
plant from 12 to 69 mg kg™, while in case of ESP plant available Cu level changed from
13 to 78 mg kg™ at treatments of 100 to 400 mg kg™, respectively, for both ecotypes as
shown in Fig. 30. On the other hand, BL ecotype caused gradual increase for available
Cu concentration up to treatment of 300 mg kg™, but no increase in available Cu was
measured at treatment of 400 mg kg in BL pots. Anyway, with increasing Cu in
experimental soil from 100 to 300 mg kg STM ecotype’s pot recorded the highest
available Cu concentration among all ecotypes, but at 400 mg Cu kg the highest

available Cu concentration was found in pots of ESP ecotype.

Although, available Cu concentration increased in experimental pots of all
ecotype with increasing treatments up to 400 mg kg recording highest value of 78 mg
kg, but this value is still within the acceptable rangs of Cu in soil. Kabata-Pendias
(2011) reported that natural Cu concentration in soils rangs between 2 — 109 mg kg™
Therefore, giant reed ecotypes mainly declined the concentration of Cu in all treatments
compared to initial added Cu to experimental pots. Initially, Cu was added to
experimental pots as CuSO4-5H,0 which is soluble (available) form. And if we take in
our consideration that no leaching from pots was allowed, since fully closed bottom
pots were used in current experiment. Additionally, irrigation of experimental pots was
done using distilled water and kept at water holding capacity to prevent any leaching
with purpose to keep the initial added Cu concentration as it is without any losing. From
all of the above, it could be concluded that, all investigated ecotypes succeeded to treat
and decontaminate Cu-polluted sites efficiently, where after almost 3 months Cu levels

in soil-like growth medium dropped down the toxic levels.
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Fig. 30: Available Cu concentration in experimental pots 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.

Data of total Cu concentrations in experimental pots after harvest of giant reed
ecotypes growing on elevated Cu concentrations is portrayed in Fig. 31. Substantially,
increasing Cu concentrations in soil-like growth medium resulted in significant increase
of total concentrations of Cu in all pots under all ecotypes. Effect of giant reed ecotypes
on total Cu concentration was clearly noticed. However, no significant differences for
total Cu concentration were measured at treatments of 100 and 200 mg Cu kg™ for ESP
plants, but with increasing Cu in treatments exponential increase was found. Total Cu
concentrations were 48, 154, and 175 mg kg'1 at treatments of 200, 300, and 400 mg Cu
kg!, respectively. Similary, BL ecotype had same effect towards elevated Cu
concentrations compared to ESP ecotype. In low treatments of Cu, total Cu
concentration significantly changed from 34 to 56 mg kg™ at treatments of 100 and 200
mg Cu kg for BL plants. But at treatments of 300 and 400 mg Cu kg, total Cu
concentrations in experimental pots of BL ecotype were 136 and 149 mg kg'. STM
ecotype was in contrast to BL and ESP ecotype towards elevated Cu concentrations in
soil-like growth medium. However, total Cu concentration in pots of STM ecotype

increased gradually with increasing Cu treatments, but this increase was almost less
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than half of that measured with BL and ESP ecotype. Total Cu concentrations were 32,
43, 77, and 75 mg kg'1 at treatments of 100, 200, 300, and 400 mg Cu kg'1 for STM
plant. Clearly, it could be concluded that investigated giant reed ecotypes had different
response towards increasing Cu concentrations in soil-like growth medium where they
grew on. While, BL and ESP ecotypes tended to avoid toxicity of elevated Cu levels by
eliminating Cu from soil-like growth medium by converting soluble Cu forms into
insoluble forms (phytostablization), STM had different mechanism. However, STM
tolerated high Cu concentrations by uptake it into its tissues where, it had the lowest

values for insoluble Cu forms among studied giant reed ecotypes.

Fig. 31: Total Cu concentration in experimental pots 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.

As consequence for preventing leaching from experimental pots during
experiment period and keeping irrigation at water holding capacity, it could be
explained that giant reed ecotypes had 2 possible mechanisms towards added Cu into
their soil-like growth medium. Firstly, uptake Cu and bioconcentrate it throughout their
living tissuses, secondly convert available added Cu into insoluble forms
(phytostablization). Therefore, the fate of added Cu into experimental pots could
classified into 3 types as follow; 1) uptake by plant, 2) converted into insoluble Cu
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forms (phytostablization), and 3) remained as available Cu form in soil-like growth
medium. So that, we can use the following equation in order to investigate and interpret
the effect of giant reed ecotypes on added Cu into soil-like growth medium, as well as

to evaluate their efficiencies towards Cu phytoremediation.
Total Cu in soil = uptake Cu + phytostabilized Cu + remaining available Cu

Regarding the uptake of Cu by giant reed plants, STM ecoptye had the highest
values of uptake Cu compared to BL and ESP ecotypes at all treatments. With
increasing Cu concentrations in soil-like growth medium, Cu content in STM plant
increased gradually. Contents of 68, 157, 223, and 325 pg g”' were found in STM plant
at treatments of 100, 200, 300, and 400 mg Cu kg'. On the other hand, BL ecotype
recorded higher values of Cu content in plant tissues compared ESP ecotype (Fig. 32).
BL plant accumulated 66, 144, 164, and 251 pg g' of Cu, while ESP ecotype
bioconcentrated Cu by some of 53, 152, 146, and 225 pg g'1 at treatments of 100, 200,
300, and 400 mg Cu kg', respectively. From above mentioned results, it could
summarized that STM ecotype is more tolerant to high Cu levels and it recommended as
phytoremediation candidate efficiently compared to BL and ESP ecotype which tended

to phytostabilize Cu in soil-like growth medium than uptake it.

Among investigated ecotypes of giant reed, STM ecotype had the lowest values
of stabilized Cu in soil at all treatments. Significant differences were measured for STM
compared to BL and ESP especially at high Cu treatments, i.e., 300 and 400 mg kg™
While STM plant stabilized 6 mg kg™ of Cu, BL and ESP plants stabilized 105 and 97
mg kg, respectively, at treatment of 400 mg Cu kg'. However, no big differences were
measured between BL and ESP ecotypes at all treatments, but with increasing Cu in
soil-like growth medium above 200 mg kg™, the phytostabilized amount of Cu by BL
and ESP plants exponentially increased. At treatment of 200 mg Cu kg, BL and ESP
plants stabilized 24 and 19 mg kg™, respectively, whereas, at 400 mg Cu kg they
stabilized 105 and 97 mg kg, respectively, (Fig. 33).

Total removed Cu amount (mg) on dry biomass basis was calculated. 9.7 mg Cu
was found in harvested dry biomass of STM plants at 100 mg Cu kg, while this
amount increased to 10, 10.2, and 13.9 mg Cu at 200, 300, and 400 mg Cu kg'l,
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respectively. The majority of this amount was concentrated in root system of STM

plants, where 69.2 to 90.2 % were recorded in root system.

il

Fig. 32: Uptake 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.

Fig. 33: Phytostabilized 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.
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BL plants accumulated much Cu within its dry biomass, where 11.3, 14.4, 12.4,
and 12.3 mg Cu were measured at treatments of 100, 200, 300, and 400 mg Cu kg™
Root system of BL plants contained less Cu compared to STM root system, where 64.5
to 79.6 % of total removed Cu were found in root system of BL plants. At different Cu
treatments, between 76.5 to 89.8 % of uptake Cu were calculated in harvested dry
biomass of ESP plants. ESP plantes acquired 5.5, 9.8 12.6, and 13.3 mg Cu at 100, 200,
300, and 400 mg Cu kg™, respectively.

4.2.7. Cu uptake and phytoremediation indices

Transportation (TF) and bioconcentration (BCF) factors as well as removal rate
(RR) were determined for STM, BL, and ESP ecotypes growing on increasing Cu
concentrations with aim to evaluate the efficiency of Cu uptake and tolerance capacity
of studied giant reed ecotypes. Then, determining whether these ecotypes could be

exploiting for phytoremediation purposes or not.

Basically, calculated values of 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'. Both BL and ESP ecotypes had the highest
TF values which were 0.29 and 0.14, respectively, when Cu concentration was 200 mg
kg, while STM ecotype resulted in highest TF value when Cu concentration was 100
mg kg recording 0.41 (Fig. 34). STM plant had the highest value of TF at low Cu
concentration, whilst BL and ESP plants at high Cu concentration translocated higher
amount of Cu throughout their tissues of shoot part. These results of TF were in

consistent with those of Wu Qi et al. (2012).
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Fig. 34: 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 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. 35). However, calculated 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. From this data, it became clearly that ESP ecotype had higher capacity to
bioconcentrate Cu within its tissues compared to BL and STM ecotypes except when Cu
concentration was 200 mg kg'. Similarly, same results for BCF of giant reed plants

grown on increasing Cu levels were reported by Wu Qi et al. (2012).
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Fig. 35: 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. 36). 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. 36: 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.
4.2.8. Total soluble protein content of giant reed ecotypes

Total soluble protein content of root system developed giant reed ecotypes
grown on increasing Cu concentration under greenhouse conditions is depicted in Fig.
37. Basically, adding Cu to soil-like growth medium enhanced the protein content of
root system of all three studied ecotypes of giant reed, where plants grown on increasing
Cu concentrations had higher protein contents of root system compared to control
plants. When Cu concentration was 400 mg kg™, protein content of root system of STM,
BL, and ESP plant was the highest among all Cu treatments. All three ecotypes had
gradual increase of protein content especially ESP ecotype which had the highest
protein content (47 g kg'1 DM) when Cu oncentration was 400 mg kg'l. Although, there
was more stress on giant reed plants of STM, BL, and ESP ecotypes as a consequence
for increasing Cu concentration in growth medium, but protein content of root system of
all ecotypes increased with increasing Cu levels recording the highest values at highest
Cu treatment. This data proved that giant reed ecotypes are tolerant for high Cu

concentrations, thus they could introduced as phytoremediation candidates.

Generally, protein content of plant culm of STM, BL, and ESP ecotypes

growing on increasing Cu concentrations was similar to protein content of root system.
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Fig. 37: Total soluble protein content of root system of giant reed ecotypes (STM, BL,

and ESP) grown on elevated Cu concentrations under greenhouse conditions.
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. 38: Total soluble protein content of culm of giant reed ecotypes (STM, BL, and

ESP) grown on elevated Cu concentrations under greenhouse conditions.

Different letters over columns show significant differences among groups of

treatments according to Duncan's test at p < 0.05.
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However, all ecotypes recorded an increase for protein content of culm when Cu
concentration increased in soil but this increase was lower than that of root system
maybe because accumulated Cu within tissues of culm was lower than that measured in
root system at same treatment. Both STM and ESP ecotypes had lower values of protein
content of culm than root system, while BL plant measured higher content of protein in
culm than root system (Fig. 38). The highest measured value of protein content was
found in ESP plant in all treatments compared to STM and BL ecotype. Anyway,
increasing Cu concentration resulted in higher protein contents of plant culm of studied

ecotypes compared to control plant.

il

Fig. 39: Total soluble protein content of leaf blade of giant reed ecotypes (STM, BL,

and ESP) grown on elevated Cu concentrations under greenhouse conditions.
Different letters over columns show significant differences among groups of

treatments according to Duncan's test at p < 0.05.

The highest protein content in different plant parts of studied ecotypes was
found in leaf blade (Fig. 39). Moreover, STM, BL, and ESP ecotypes had the highest
protein contents in their tissues of leaf blade at all treatments compared to protein
contents in root systems and culm. Protein content of STM leaf blade regularly
increased with increasing Cu concentration significantly, where highest protein content
was 48 g kg DM when Cu concentration was 400 mg kg™'. Similarly, protein content

of ESP leaf blade significantly enhanced with increase of Cu doses reaching highest
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content (88 g kg DM) at treatment of 400 mg kg'. But there was one exception for
ESP ecotype, when Cu concentration was 100 mg kg”' DM protein content was 22 g kg’
' DM which was the lowest measured value among all ecotypes at all treatments
including control plants. On the other hand, BL ecotype had hesitated response towards
increasing Cu concentrations. Firstly protein content of BL leaf blade increased, then
declined when Cu concentration was 400 mg kg™, but protein contents at treatments of

100 and 200 mg Cu kg were lower than control plant.

However, these results of protein content of different plant parts of giant reed
ecotypes were in contrast to those reported by Zengin and Kirbag (2007). They studied
the effect of different levels of Cu (II) chloride on growth dynamics and protein content
in sunflower, they documented that reduction of 15-37.5% were measured for total
protein content in sunflower seedlings compared to control plant. Exposure of living
organisms such as plants to both biotic and/ or abiotic stresses like increasing levels of
heavy metals causes reversible and irreversible changes in metabolism. Consequently,
total protein content is an important indicator for health of plants (Singh and Tewari,
2003). Some literatures cited increasing Cd concentrations resulted in significant
reduction of protein content in Brassica juncea L. and root tips of barley seedlings
(Singh and Tewari, 2003; Liu et al., 2005). Additionally, other literatures found that
protein level declined in many plant species as a consequence for high Cu

concentrations (Chen et al., 2001; Singh et al., 2007).
4.2.9. Malondialdehyde content of giant reed ecotypes

Basically, malondialdehyde content (MDA) is usually used as an indicator for
lipid peroxidation under abiotic stressors (Shah et al., 2001; Zhang et al., 2005). MDA
is product of decomposed unsaturated fatty acids exist in cell membrane. Lipid
peroxidation has damaging effects on the cell biomembrane and ultrastructure (Wang,
2005). 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. 40). 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
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regularly increased with increasing Cu concentrations, where it was 26.3 nmol g' DM
when Cu concentration was 400 mg kg compared to 14.2 nmol g’ DM for control
plant. Likewise, MDA content of root of ESP plant positively increased with elevating
Cu levels, where control plant measured 15.4 nmol g'1 DM but plant at treatment of 400
mg Cu kg had MDA content of 23.6 nmol g' DM. 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'. However, ESP ecotype had the highest content
of root MDA among all studied ecotypes at all Cu treatments except highest Cu

treatment where highest MDA content was measured for STM plant.
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Fig. 40: 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.

MDA content in the culms of STM, BL, and ESP ecotypes grown under
different concentrations of Cu was significantly enhanced versus the control (Fig. 41).
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
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increased for all studied ecotypes. STM ecotype showed different respond for
increasing Cu concentrations than BL and ESP. While the highest MDA content in BL
and ESP were found at highest Cu treatment (400 mg kg™"), the highest MDA content of
STM culm was measured when Cu concentration was 300 mg kg"'. These results

indicated that STM was more resistant to higher Cu concentrations than BL and ESP.

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' DM of MDA at treatments of 0 and 400 mg Cu kg™,
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. 42).

However, results of MDA contents in various parts of giant reed ecotypes which
examined in the present study were in convenience with that reported by Meng et al.
(2007). They studied the effects of increasing Cu*" on growth of garlic seedlings and
reported that MDA contents in roots exposed to 10* M and 10° M Cu*" increased
versus the control, indicating that Cu?" indirectly produced superoxide radicals,
resulting in increased lipid peroxidative products and oxidative stress in garlic plants.
MDA concentrations did not greatly increase during most of the experimental period
under 10° M Cu*" stress. In addition, Zhao et al. (2010) documented that MDA content
in Festuca arundinacea roots increased significantly in the Cu treatments (p < 0.05).
For Lolium perenne, though, there was no significant difference between Cu treatment
and the control except at 90 mg L', where there was a great increase in MDA content.
The increased MDA content indicates that Cu caused severe oxidative stress by
stimulating ROS generation (Dietz et al., 1999). Similar observations have been

reported in Withania somnifera (Khatun et al., 2008) and oat (Luna et al., 1994).
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Fig. 41: 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.

Fig. 42: 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.
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4.2.10. Chlorophylls @ and b and carotenoids contents of giant reed ecotypes

Photosynthesis is one of the most fundamental and complex metabolic processes
closely related to the normal plant growth and development. Environmental factors,
such as drought, salinity, heavy metals and/or unfavourable temperatures, considerably
can hamper it (Ashraf and Harris, 2013). Chlorophyll a and b contents and carotenoids
of leaves of giant reed ecotypes (STM, BL, and ESP) grown on elevated Cu

concentrations under greenhouse conditions were measured.

Fig. 43: Content of chlorophyll a in leaves of giant reed ecotypes (STM, BL, and ESP)
grown on elevated Cu concentrations. Different letters show significant

differences among each group of treatments according to Duncan's test at p <

0.05.

Figure 43 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™'. Similar data

was found for ESP ecotype, where chl a content increased with increasing doses of Cu
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but the highest increase of chl a content was recorded when Cu level was 300 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. 44). BL and ESP plants responded to elevated Cu concentrations positively.
Content of chl b in leaves of BL and ESP plants firstly increased with increasing Cu
concentrations up to 300 mg kg, then slightly decreased with increasing Cu to 400 mg
kg™ The highest chl 5 content in leaves of BL ecotype was 63.2 mg cm™ when Cu was
300 mg kg'. In contrast to BL ecotype, chl b content in ESP leaves exponentially
increased when Cu was 100 mg kg compared to control, then chl b content increased
gradually above that found in control plant with increasing Cu levels up to 300 mg kg™
But with increasing Cu to 400 mg kg chl b content slightly decreased (Fig. 44). In
addition, the highest content of chl b in leaves of ESP plant was detected at treatment of

300 mg Cu kg™’ as found in BL ecotype.

Carotenoids contents (pg cm™) in leaves of growing giant reed ecotypes on
elevated Cu concentrations are depicted in Fig. 45. 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
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 nug cm? when Cu
concentration was 400 mg kg'. However, treatments of 100 and 200 mg Cu kg’ did not

resulted in siginificant differences of carotenoids content.
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Fig. 44: Content of chlorophyll 5 in leaves of giant reed ecotypes (STM, BL, and ESP)
grown on elevated Cu concentrations. Different letters show significant

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

Fig. 45: Content of carotenoids in leaves of giant reed ecotypes (STM, BL, and ESP)
grown on elevated Cu concentrations. Different letters show significant

differences among each group of treatments according to Duncan's test at p <
0.05.
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The results of chlorophyll @ and b contents in leaves of giant reed ecotypes were
in contrast to that reported by Dey et al. (2014). They studied the effect of Cu
concentrations on growth and chlorophyll pigments of tea plants. They documented that
there was a significant decrease in the total chlorophyll pigment in both the treated
cultivars of tea plants up to 600 uM Cu with respect to control. Trace elements have
deleterious effects on plant metabolism, but some metals such as Cu, Fe, and Mn are
essential for the photosynthesis in trace amount but in high concentration they have
toxic effects on photosynthesis (Arun et al., 2005). Toxic levels of trace elements like
Cu cause degradation of photosynthesis enzymes which result in the decline of

chlorophyll content (Thapar et al., 2008).

At the physiological level, the measurement of photosynthetic efficiency
(Fv/Fm) 1s useful and effective parameters to assess the photosynthetic status of plants
under heavy metals stress conditions. Table 8 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'. 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
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. Cu-induced chlorosis can result
from the inhibition of pigment accumulation and decrease in the chlorophyll integration
into photosystems. As a whole it causes damages in the structure and function of the
chlorophyll (Kupper et al.; 2003). Net photosynthesis efficiency did not significantly (p

< 0.05) influenced when giant reed plants irrigated with increasing cconcentartions of
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Cd and Ni for 2 years in pot experiment under open field conditions (Papazoglou et al.,

2005).

Table 8: 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 0.81abed 0.81bcde 0.83ab 0.83ab 0.83ab
100 0.83ab 0.83a 0.80de 0.82abc 0.83ab 0.79d
200 0.82abced 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 show significant differences among each group of treatments according to

Duncan's test at p < 0.05.
4.2.11. Impact of Cu on efficiency of CO, assimilation

Atmospheric CO, assimilation is performed in Calvin-Benson cycle in the
chloroplast stroma involving a series of enzymatic reactions. CO, assimilation (umol m
% sec™!) of giant reed ecotypes was measured twice, firstly at September (after one and
half months from transplantation) and second time was in October. In September, Cu
reflected significant toxic impacts on values of CO, assimilation in all ecotypes,
specially STM and ESP plants. However, Cu treatments resulted in lower values of CO,
assimilation for all ecotypes. Treatment of 300 mg Cu kg™' caused the greatest reduction
in CO, assimilation in STM and ESP plants recording 1.96 and 0.35 pmol m™ sec”,
respectively (Fig. 46). For BL ecotype, while 2.48 pmol m™ sec”’ was measured when
Cu level was 100 mg kg, the higher Cu concentrations enhanced CO, assimilation.
Gradual increase was noticed for CO, assimilation in BL plants when Cu concentrations
increased above 100 mg kg'. In second measuring of CO, assimilation in October, Cu
treatments showed positive effects on CO, assimilation, where all treatments of all

ecotypes had higher values of CO, assimilation versus control plants (Fig. 47).
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Fig. 46: Alteration in net CO, assimilation rate in leaves of giant reed ecotypes treated

with elevated Cu concentrations (in September). In columns different letters

show significant differences among each group of treatments according to
Duncan's test at p < 0.05.
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Fig. 47: Alteration in net CO, assimilation rate in leaves of giant reed ecotypes treated

with elevated Cu concentrations (in October). In columns different letters

show significant differences among each group of treatments according to
Duncan's test at p < 0.05.
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STM plants refelected steadily increase in CO, assimilation with increasing Cu
levels in soil-like growth medium, where highest value 16.62 pmol m™ sec’ was
measured at treatment of 400 mg kg'. Concerning BL ecotype, firstly CO, assimilation
was sharply increased to 20.75 umol m™ sec” when Cu concentrations increased up to
300 mg kg then decreased to be 15.28 pmol m™ sec” when Cu was 400 mg kg™'. On
the other hand, ESP plant had the lowest values of CO, assimilation compared to STM
and BL ecotypes. Both of treatments of 100 and 200 mg Cu kg™ showed toxic impacts
on CO, assimilation values, where they resulted in lowest measured values of CO,
assimilation among all treatments. However, Cu concentrations of 300 and 400 mg kg™
were totally opposite to lower Cu concentrations, where they increased the CO,
assimilation achieving 10.38 and 8.44 umol m™ sec”, respectively. Finally, from all the
mentioned above results, it could be summarized that all giant reed ecotypes used in this
present study (STM, BL, and ESP) showed high resistant to high Cu concentrations up
to 400 mg kg™'. Although, data of transportation and bioconcentration factors are lower
than reported with metals hyperaccumulator candidates, but the high biomass yield of
these ecotypes and their great tolerance for high Cu levels as well as their ability to
grow under unfavourable growth conditions strongly recommend the using of these
ecotypes for phytoremediation purposes of Cu-contaminated environments up to 400

mg kg
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5. CONCLUSIONS AND RECOMMENDATIONS
5.1. In vitro experiments
5.1.1. Growing giant reed ecotypes on liquid medium

- 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.

- 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.
5.1.2. Growing giant reed ecotypes on solidified medium

- BL and 20SZ giant reed ecotypes grown on solid medium containing Cu up to

26.8 mg L without any noticeable symptoms of Cu toxicity.

- Dry mass of plants of both ecotypes was significantly increased at the highest

Cu treatment compared to control.

- Although the BL ecotype had higher capacity to uptake Cu than 20SZ, the dry
mass, as well as shoot length, of BL was higher than that of 20SZ.

109



Values of bioconcentration and transportation factors were higher in the BL than

in the 20SZ ecotype.

Almost 45% of total Cu content within the whole plant was found in plant root

of both ecotypes.

These findings encourage the use of giant reed plant for biomass production in

Cu-contaminated soil during phytoremediation. Utilization of biomass plants for

phytoremediation purposes will achieve an additional benefit by producing a significant

biomass production during remediation Cu-contaminated soils.

5.2. 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.
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6. 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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7. 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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8. SUMMARY

An in vitro experiment was carried out to evaluate the phytoremediation
potentials of two somatic embryo-derived ecotypes of giant reed (Arundo donax) — BL
(American ecotype) and 20SZ (Hungarian ecotype) — of copper (Cu) from artificially
contaminated water. The two ecotypes were grown under sterile conditions in tubes
containing a nutrient solution supplied with increasing doses of Cu (0, 1, 2, 3, 5, 10, and
26.8 mg Cu L) for 6 weeks. TF, BCF, and RR were estimated. Both ecotypes showed
no toxicity symptoms after growing on elevated Cu concentrations up to 10 mg L™
treatment, only BL ecotype at 26.8 mg L™ recorded short root and culm length with
yellowish color of leaves. Plants tend to accumulate Cu in their root tissues with small
transportation rates to the shoots at low Cu concentrations. Therefore, alterations in root
growth and morphology occur before any toxic symptoms appear on shoots. For both
ecotypes BL and 20SZ, more than 59 and 58% of total Cu in plant tissues was found in
root only. Roots are especially vulnerable to Cu toxicity. Moreover, both ecotypes
showed high Cu removal efficiency from aqueous solution. However, Cu removal rate
ranged between 96.6 to 98.8 % for BL ecotype and 97 to 100 % for 20SZ ecotype. Data
illustrated that both BL and 20SZ ecotypes may be employed to treat Cu-contaminated
water bodies up to 26.8 mg L™

The second experiment aimed to investigate the possible utilization of Cu-
contaminated soils for biomass production during the phytoremediation process using
two ecotypes of giant reed. Experiment was carried out using BL and 20SZ grown on a
series of Cu concentrations, i.e., 1, 2, 3, 5, 10, and 26.8 mg Cu L. Neither ecotype
showed any noticeable foliar symptoms of Cu toxicity at concentrations tested up to 10
mg L. Dry mass of plants of both ecotypes was significantly increased at the highest
Cu treatment compared to control. Although the BL ecotype had higher capacity to
uptake Cu than 20SZ, the dry mass, as well as shoot length, of BL was higher than that
of 20SZ. Values of bio-concentration and transportation factors were higher in the BL
than in the 20SZ ecotype. Almost 45% of total Cu content within the whole plant was
found in plant root of both ecotypes. These results are encouraging the use giant reed
for biomass production in Cu-contaminated soils alongside with the phytoremediation

process.
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Despite that different plant parts of BL ecotype accumulated more Cu than the
20SZ ecotype; dry mass of plant parts of BL ecotype was higher than 20SZ ecotype
especially at the highest Cu concentration. However, dry mass of root, culm and leaf
were 0.16, 0.14 and 0.31 g plant” for BL ecotype and 0.15, 0.06 and 0.09 g plant™,
respectively, at treatment of 26.8 mg L™'. These findings might indicate that BL ecotype
can adapt easily and faster with high Cu concentration than 20SZ within this period of
plant growth. Moreover, BL ecotype may need more Cu than 20SZ ecotype for better
growth since Cu is an essential micronutrient. Nevertheless, this behavior of BL ecotype
towards Cu is not well understood, where in high Cu concentrations some Cu toxicity
symptoms were noticed. At the treatments of 10 and 26.8 mg L' of Cu, shoot length of
BL plant was 9.0 cm in both treatments while for 20SZ plant was 14.5 and 6.5 cm,
respectively. Though, 20SZ plants accumulated Cu in low concentrations at the highest
Cu treatment but its shoot length was negatively affected by increasing Cu compared to
BL plants that had longer shoot at same treatment. On the other hand, the roots system

of BL plants was severely affected by Cu.

Furthermore, at the highest Cu concentration the length of BL root was shorter
(2.5 cm) than the root of 20SZ plant. This could be due to root Cu content in both
ecotypes, where in BL root the Cu content was almost 2 times more than in 20SZ root.
The dry mass of BL plant was higher than dry mass of 20SZ plant, although higher
contents of Cu were measured in BL than in 20SZ. Both ecotypes showed the same
tendency towards Cu uptake from the growth medium in low Cu treatments up to 5 mg
L. Basically, with increasing Cu in growth medium the Cu content in different plant
parts increased as well. But in higher Cu concentrations BL ecotype was able to take up
significantly much Cu in its tissues of the root, culm or leaf than 20SZ ecotype. The Cu
content in different plant parts of BL ecotype was in the following order: culm < leaf <
root culm, while it was in the following order: leaf < culm < root for 20SZ ecotype.
However, BL ecotype showed possible utility as a candidate for Cu phytoremediation
purposes as opposed to the 20SZ ecotype. However, 41.4% of total Cu in BL plant was
accumulated in the root, and 23.3% was in leaf while culm of the plant accumulated
21.0%. On the other hand, root of 20SZ plant contained 45.0% of total Cu content
within the plant tissues and 21.7% was in leaf but 18.9% was found in culm of the plant.
These results could boost using Cu-contaminated lands for biomass production during

phytoremediation, where no high Cu content will be in the shoot part avoiding causing
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contamination for biomass with Cu. For phytoextraction to work, the plant must have
tolerance to the contaminant as well as sufficient uptake and concentration in the
harvestable aboveground portion (culm and leaves). The BL ecotype does have the
tolerance, so it can be used for biomass production on a contaminated soil. Although its
BCF does not qualify it as an accumulator of Cu, the plant’s high biomass yield per
hectare will still result in a considerable amount of Cu removal; i.e. at an annual yield of

40 dry tons per hectare, a harvest of BL would remove 40.73 mg kg amount of Cu.

The pot experiment using soil-like growth medium (sand) under greenhouse
conditions — from July to October 2013 — had been started with 2 seedlings per pot of —
STM (Hungarian), BL (American), and ESP (Spanish) — giant reed ecotypes. With aim
to study the effect of Cu on the survival of plants, number of surviving mother plants is
recorded at the end of experiment period. All ecotypes showed considerable tolerance
for high Cu concentrations, where elevated Cu levels did not negatively influence the
number of mother plants that started the experiment. On the other hand, number of new
tillers per plant was positively affected by increasing Cu doses especially for STM and
BL ecotypes. While, 6 new tillers per plant were recorded under treatment of 200 and
300 mg kg™ for STM and BL ecotypes, respectively, 4.8 new tillers were noticed for
ESP ecotype at no supplied Cu. Length of new tillers was significantly increased with
increasing Cu for all ecotypes compared to control. There was consistency in data of
number of leaves of new tillers with data of mother plants. Moreover, adding Cu to soil-
like growth medium induced the number of leaves of all three ecotypes compared to
control plants. High Cu concentration i.e., 400 mg kg™, significantly reduced length of
internodes of mother plants of STM and BL ecotypes compared to control plant. But
ESP ecotype was less negatively affected with high Cu treatment, where the longest
internode was noticed at treatment of 200 mg Cu kg™ compared to control. At harvest of
experiment, data of shoot length showed that plants of STM ecotype were more
resistant to increasing Cu levels added to soil-like growth medium than BL and ESP
ecotypes. Moreover, all Cu concentrations induced the shoot length of STM plants,
where values of shoot length at all treatments of Cu were higher than that of control
plants. In contrast to STM and BL ecotypes, plants of ESP ecotype were sensitive to
high Cu levels in soil-like growth medium. Increasing Cu doses over 100 mg kg

significantly reduced shoot length of ESP plants against control treatment.
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On the other hand, symptoms of high Cu concentrations were clearly noticed on
root system of all giant reed ecotypes. In general, with increasing Cu levels in soil-like
growth medium significantly root length reduced for all ecotypes, except STM root
system at treatment of 100 mg Cu kg™'. Results of shoot volume of STM plants were in
harmony with results of its shoot length. All Cu treatments induced the growth of STM
plants and this reflected on its shoot volume. Values of shoot volumes under Cu
treatments were higher than that of control plants except treatment of 200 mg Cu kg™
Only BL plants had tendency for its root volume with increasing Cu levels in soil but
both STM and ESP ecotypes recorded hesitated values for their root volumes. With
increasing Cu doses volume of root system of BL ecotype significantly decreased. Root
system of studied giant reed ecotypes was severely affected by increased Cu doses in
soil-like growth medium, but such effects did not record on shoot system.
Consequently, wet masses of root system of STM, BL, and ESP ecotypes in the same
way decreased with increasing Cu levels. Wet masses of root systems of STM, BL, and
ESP ecotypes were obviously reduced with increasing Cu in soil-like growth medium
up to 300 mg kg'. Although, adding Cu to soil-like growth medium by increasing
concentrations up to 400 mg kg™, which is above the normal levels of Cu in soils, no
effects on wet masses of culm of all three ecotypes were noticed. In the same way with
wet masses of plant culm, results of leaf blade wet mass of ESP, BL, and ESP ecotypes
were. In general, all three ecotypes had no clear tendency for dry mass of their root
system towards increasing Cu levels in soil used for experiment. However, 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”'. In contrast to dry mass of root system of studied
giant reed ecotypes, dry mass of culm was positively affected with increasing Cu doses.
All ecotypes had higher values of dry mass of culm compared to control plants. 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.

Significant differences 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,
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respectively. However, the highest Cu content in shoot part of mother plant of all
ecotypes was 121 pg g and found in STM plant at treatment 300 mg kg™'. Cu content
in root system of investigated STM, BL, and ESP ecotypes of giant reed significantly
increased with increasing Cu concentrations in experimental pots. 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™. Cu content of culm of ESP plant was directly proportional
to Cu doses in soil-like growth medium. As Cu increased in the treatments, culm of ESP
plant concentrated more Cu in its tissues ranging from 43 to 101 pug g at treatments of
100 to 400 mg Cu kg™, respectively. However, the highest content of Cu (130 pg g™)
among all ecotypes was recorded within culm of BL ecotype at treatment of 200 mg kg
! 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 pg g') at highest Cu treatment, i.e., 400 mg kg™'. Effectively, adding Cu to
soil-like growth medium as increasing doses resulted in increasing the concentration of
available Cu in soil after harvesting of giant reed ecotypes. Basically, increasing
available Cu concentrations were measured in pots after experiment under STM, BL,
and ESP ecotypes. Substantially, increasing Cu concentrations in soil-like growth
medium resulted in significant increase of total concentrations of Cu in all pots under all
ecotypes. Effect of giant reed ecotypes on total Cu concentration was clearly noticed.
However, no significant differences for total Cu concentration were measured at
treatments of 100 and 200 mg Cu kg™, but with increasing Cu in treatments exponential

increase was found.

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"'. Conversely to TF values, estimated

values of bioconcentration factor (BCF) were higher than one for all giant reed ecotype
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used in current study at all treatments of Cu. Increasing Cu concentration resulted in
significant differences for BF values among investigated ecotypes. Substantially, all
studied ecotypes had same efficiency towards removing Cu from soil. Values of
removal rate (RR) ranged from minimum 0.81 to maximum 0.89 regarding STM, BL,
and ESP ecotypes. However, with increasing Cu concentrations from 100 to 400 mg kg’
" no big differences were determined for RR under investigated giant reed ecotypes.
Basically, adding Cu to soil-like growth medium enhanced the protein content of root
system of all three studied ecotypes of giant reed, where plants grown on increasing Cu
concentrations had higher protein contents of root system compared to control plants.
Generally, protein content of plant culm of STM, BL, and ESP ecotypes growing on
increasing Cu concentrations was similar to protein content of root system. The highest
protein content in different plant parts of studied ecotypes was found in leaf blade.
Moreover, STM, BL, and ESP ecotypes had the highest protein contents in their tissues
of leaf blade at all treatments compared to protein contents in root systems and culm.
Malondialdehyde (MDA) content of root, culm and leaf of BL, STM and ESP plants has
been induced by adding Cu to soil-like growth medium. All ecotypes showed higher
contents of MDA under different Cu treatments compared to control plant. This result
may indicate the fatal effects of elevated Cu concentrations on plant cell wall
composition and decomposing of phospholipid layer. BL, STM and ESP plants showed
increasing contents of chl a, b and carotenoids.The highest content of chl ¢ in STM and
BL plants was measured at 400 mg Cu kg, whilst ESP plants at 300 mg Cu kg
recorded the highest content of chl a. Cu treatments did not show any effects on Fv/Fm
ratio for all ecotypes, where no significant differences were found between treatments
of Cu and control plants. BL, STM and ESP plants had lower CO, assimilation values
after 2 months (September) from starting the experiment, but 1 month later (October)
the CO, assimilation values increased for all ecotypes compared to control. However,
the highest Cu treatment significantly decreased CO, assimilation compared to other Cu

treatments.
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9. OSSZEFOGLALAS

Két szomatikus embrid eredetii olasznad (Arundo donax) Okotipus — BL
(amerikai Okotipus) és 20SZ (magyar Okotipus) — fitoremediacidés potencialjat
vizsgaltuk rézzel (Cu) mesterségesen szennyezett in vitro folyékony kultraban. A két
okotipust steril koriilmények kozott, tapoldatot tartalmazo csovekben, 6 hétig neveltiik.
A téapoldat novekvd dozisu Cu-et (0, 1, 2, 3, 5, 10 és 26,8 mg Cu L'l) tartalmazott. A
transzport és a bioakkumulacios faktorokat, valamint az eltavolitdsi hatékonysagot
szamoltuk. Egyik Okotipus esetében sem tapasztaltunk toxikus tlineteket az emelkedd
Cu kezelések hatasara 10 mg L' koncentracioig; azonban a BL Skotipusnal a 26,8 mg
L' Cu kezelésnél rovid gyokér és szar hosszat, illetve sargas levél elszinez6dést
figyeltiink meg. A ndvények a rezet nagyobbrészt gyokérszovetekben akkumulaltik, a
hajtas iranyaba kisebb mennyiségii réz szallitddott. Ezzel magyarazhat6, hogy toxikus
t a hajtasrészeken kevésbé jelentek meg toxikus iinetek. A BL és a 20SZ 6kotipus esetén
a teljes felvett Cu tobb mint 59 és 58% halmozodott fel a gydkerekben. Ami a Cu-
eltavolitasi hatékonysagot illeti mindkét Okotipus magas értéket mutatott folyékony
kultaraban: BL 6kotipus esetében 96,6-98,8% kozott mozgott, 20SZ dkotipus esetén 97-
100% kozott. Ezek az eredmények arra mutatnak, hogy mindkét olasznad Okotipus,
alkalmas lehet Cu-el szennyezett vizes teriilet kezelésre, legfeljebb 26,8 mg L

koncentracioig.

Tudomdsunk szerint jelenlegi, szomatikus embri6 eredeti olasznad
Okotipusokkal végzett kutatds az elsé olyan beszdmold, amely ramutatott a két

Okotipusban rejlo fitoremediacios lehetdségre Cu-szennyezett vizek esetében.

A masodik kisérletben szilard, in vitro kultiraban modellezztiik a rézszennyezett
talajok alkalmazhatdsagat olasznad Okotipusok biomassszatermelésére, s ezzel egyiitt

novények karmentesitési célra torténd hasznositasat is vizsgaltuk.

A kisérletet BL ¢és 20SZ okotipusokkal végeztik. A tiptalaj novekvd
koncentracioban tartalmazott réz-szulfatot az alabbi sorrendben: 1, 2, 3, 5, 10, és 26,8
mg Cu L. Egyik okotipus sem mutatott észrevehetd, Cu toxicitast jelz tiineteket a
lombozaton a vizsgalt koncentraciok hatsara, 10 mg L 'koncentracioig. Mindkét
Okotipus esetén szignifikdnsan novekedett a ndvények szaraz tomege a legmagasabb Cu

kezelés hatasara a kontrollhoz képest. A BL 6kotipus nagyobb Cu felvételi kapacitassal
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rendelkezett, mint a 20SZ, mivel a szaraz tomeg, valamint a hajtas hossz nagyobb volt a
BL oOkotipusnal a 20SZ-hez képest. A bio-koncentracid és a transzport faktorok értékei
nagyobbak voltak a BL-nél, a 20SZ 6kotipushoz képest. Kozel 45% volt az 6sszes Cu-
tartalom a gyokérben, mindkét 6kotipus esetén. Osszességében eredményeinkbdl arra a
kovetkeztetésre jutottunk, hogy olasznad alkalmas lehet Cu-szennyezett talajokon is

biomasszatermelésre mikdzben segit a talaj kdrmentesitésében is.

A két Okotipust egymassal Osszevetve azt talaltuk, hogy a BL Okotipus
kiilonb6zé novényi szervei tobb Cu-t akkumulaltak, mint a 20SZ okotipus, a BL
okotipus ndvényi részeinek szdraz tdmege nagyobb volt, mint 20SZ o6kotipusnal,
kiilondsen a legmagasabb Cu koncentracio esetén. A gyokér, a hajtas és a levél szaraz
tomege 0,16; 0,14 és 0,31 g nt')Vény'1 volt a BL okotipusnal és 0,15; 0,06 ¢és 0,09 g
noévény' a 20SZ Skotipus esetén, illetve a 26,8 mg L™ kezelésnél. Ezek az eredmények
arra utalhatnak, hogy a BL dkotipus képes konnyebben és gyorsabban alkalmazkodni a
magas Cu koncentraciohoz, mint a 20SZ a novényfejlodés e szakaszaban. TLehetséges,
hogy a BL o0kotipusnak tobb Cu-ra van sziiksége a ndvekedéshez, mint a 20SZ
Okotipusnak, mivel a Cu egy esszencialis mikroelem. Mindazonaltal a BL 6kotipus e
viselkedése a Cu-el kapcsolatban nem egészen ismeretes, hiszen ahol a Cu magas

koncentracioban van jelen ott Cu toxicitasi tiinetek tapasztalhatok. A 10 és 26,8 mg L

crer

crer

egyenként. A 20SZ novények alacsonyabb koncentracidban akkumuldltédk a Cu-t a
legnagyobb Cu kezelés esetén, azonban e novények hajtasanak hosszara negativan
hatottak a novekvé Cu kezelések, a BL novényekkel Osszehasonlitva, amelyeknél a
hajtasok hosszabbak voltak ugyanazon kezelések esetén. Masrészt a BL novények

gyokérzetét jelentdsen befolyasolta a réz jelenléte.

A legmagasabb Cu koncentracional a BL gyokerek hossza révidebb (2,5 cm)
volt a 20SZ novények gyokereihez képest. Ennek magyarazata a gyokér Cu-tartalmaban
keresendé mindkét dkotipus esetén, mivel a BL gyokerekben a Cu tartalom majdnem
kétszerese volt, mint a 20SZ gyokerekben. A BL ndvények szaraz tomege nagyobb volt,
mint a 20SZ ndvények szaraz tomege, habar nagyobb Cu-tartalmat mértiink a BL esetén
a 20SZ-hez képest. Mindkét dkotipus ugyanolyan Cu-felvételi tendencidt mutatott az

alacsony Cu kezeléseknél, 5 mg L™ koncentracidig. Alapvetéen a tapkozeg ndvekve

crer
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magasabb Cu koncentracioknal a BL &kotipus képes volt szignifikdnsan tobb Cu
felvételére a gyokér-, a hajtas- és a levélszovetekben a 20SZ dkotipushoz képest. A BL
Okotipusnal a kiilonb6z6 ndvényi részek Cu tartalma a kovetkezd sorrendben alakult:
gyokér > levél > hajtas, a 20SZ okotipus esetén pedig a kovetkezo a sorrend: gyokér >
hajtas > levél. Szamszertileg a BL novényeknél az dsszes Cu 41,4% volt a gyokérben és
23,3% a levélben, mig a szarban 21,0% Cu akkumulalédott. Mésfeldl a 20SZ novények
gyokerében az 0sszes Cu-tartalom 45,0% volt, a levélben 21,7% és 18,9% a novény
hajtasaban. Ezek az eredmények mutatjdk, hogy rézzel mérsékelten szennyezett
tertiletek alkalmasak lehetnek biomassza-termelési célokra, s mivel a réz nagyobb része
az olasznad gyokerében halmozodik fel biztonsagosabb a foldfeletti részek betakaritasa.
A fitoextrakci6 kritériuma, hogy adott ndvény nagyobb mértékben toleralja a szennyez6
anyagot, mint altaldban a novényfajok. Ezzel egyiitt 1ényeges szempont, hogy a felvett
szennyezd anyag nagyobb mértékben a fold feletti ndvényi részekben (hajtés és levelek)
halmozddjon fel. A kisérletek alapjan ugy tiinik, hogy a BL 6kotipus jol toleralja a rezet
,igy alkalmas lehet biomassza termelésre szennyezett talajokon. Figyelembe véve a
kiszamolt bioakkumulacios faktor értékeket a BL olasznad nem tekintheté ugyan réz-
hiperakkumulalé novénynek.. de a hektaronkénti magas biomassza hozama és éveld
¢letformaja miatt jelentds mennyiségli Cu eltdvolitdsat eredményezheti. Tekintve, hogy
éves hozama 40 szaraz tonna lehet hektaronként, = BL oOkotipusi olasznad

betakaritasaval 40,73 mg kg™ Cu tavolithaté el.

Harmadik kisérletiinket iiveghazi koriilmények kozott tenyészedényben
allitottuk be — 2013 juliusatdl novemberig — edényenként 2 paldnta olasznaddal. A
kisérlet soran az alabbi 0kotipusokat hasznaltuk: STM (magyar), BL (amerikai) és ESP
(spanyol). A vizsgalat célja az volt, hogy tanulményozzuk a Cu hatasat a novények
talélésére. Szamos taléld anyandvényt felvételeztiink a kisérleti idészak végén. Minden
okotipus jelentds toleranciat mutatott a magas Cu-koncentracioval szemben, ahol a
magas Cu szintek nem befolyasoltdk negativan az anyandvények szdmat akkor, amikor
a kisérlet elkezd6dott. Sot, a ndvényenként megjelend 1 hajtdsok szamat pozitivan
befolyasoltak a novekvé Cu adagok, kiilondsen az STM és a BL Okotipusok esetén.
Novényenként 6 1) hajtast mértiink a 200 és 300 mg kg'1 kezelés hatasara az STM ¢és a
BL okotipusoknal. Ezzel szemben 4,8 0j hajtas fejlodott ESP dkotipusnal, amely nem
kapott Cu ellatast. Az 0j tOhajtasok hossza szignifikdnsan novekedett a novekvé Cu

kezelések hatdsara minden 6kotipusnal a kontrollhoz képest. Az anyandvények és az 1j
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hajtasok levelinek szama a réz kezelések fliggvényében hasonlé tendenciat mutatott az
egyes okotipusoknal. A magas, 400 mg kg™ Cu koncentracié jelentSsen csokkentette az
anyandvények internodiumainak hosszat az STM ¢és a BL oOkotipusoknal a kontroll
novényhez képest. Az ESP okotipust kevésbé befolyasolta negativan a magas Cu-
kezelés, mivel ez esetben a leghosszabb internédium a 200 mg Cu kg™ kezelésnél volt
megfigyelhetd, a kontroll kezeléssel sszehasonlitva. A kisérlet felszamoléasakor a hajtas
hossz-adatok arra engedtek kovetkeztetni, hogy az STM 0Okotipushoz tartozé novények
jobban toleraltak a tapkozeg novekvd Cu -tartalmat, mint a BL és ESP okotipusok. A
harom Okotipust Osszehasonlitva az ESP bizonyult a legérzékenyebbnek a talaj
emelkedé réztartalmara. A 100 mg kg feletti rézkoncentracid szignifikansan

csokkentette az ESP novények hajtas novekedését a kontrollhoz képest.

A leveles hajtastol eltéréen, a novények gyokérzetén megjelend, magas Cu
koncentraciok okozta karos tiinetek mindharom oOkotipus esetében egyarant
megfigyelheték voltak. Altaldnossagban elmondhaté, hogy a ndévekvé Cu szint
szignifikansan csokkentette a gyokerek hosszndvekedését minden okotipusnal, kivéve
az STM gyokérzetet, a 100 mg Cu kg kezelés esetén. Az STM névények hajtas
térfogatanak eredményei korrelaltak a hajtashossz eredményekkel. Minden egyes Cu
kezelés pozitivan befolyasolta az STM noévények novekedését, ezzel egyiitt a hajtas

térfogat értékei is hasonlo tendenciat mutattak.

A gyokérzetet vizsgalva azt talaltuk, hogy gyokér térfogat a talaj réztartalmanak
novekedése mellett fokozatosan csokkent BL Okotipus esetében. STM ¢és az ESP
Okotipus esetében azonban nem taldltunk ilyen szoros negativ Osszefliggést a talaj
novekvé Cu szintje és a gyokér térfogat tekintetében. A friss tomeget vizsgéalva
csokkenést tapasztaltunk a novekvé Cu szintek hatdsara mindharom Okotipus
egyedeinél. A gyokérrel szemben sem a ndvények szaranak sem levelének friss
tomegét nem befolyasolta negativan a talaj réztartalma 100-400 mg kg’
koncentraciotartomanyban a harom vizsgalt okotipus esetében. Altalanossagban
elmondhat6, hogy a kisérlet soran a talajhoz adott novekvé Cu szinteknek nem volt
egyértelmii hatdsa a harom Okotipus gyokereinek széraz tomegére. Habar a BL
ndvények negativ valaszt adtak a ndvekvd Cu ddzisokra, a Cu szint emelésével, 300 mg
kg! Cu-ig fokozatosan csokkent a gydkérzet szaraz tdmege, de ismét novekedés volt
tapasztalhatd a 400 mg Cu kg kezelésnél. A vizsgalt orids olasznad Skotipusok

gyokérzetének szaraz tomegével szemben a hajtds szdraz tOmegét pozitivan
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befolyasoltadk a novekvé Cu adagok. Minden Okotipusndl a hajtds szaraz tomegének
értéke nagyobb volt, mint a kontroll novények esetén. Az olasznad dkotipusok kozott az
STM novényeknél volt a legalacsonyabb a levéllemez szaraz tomege, illetve a 200 mg
kg feletti Cu kezeléseknél volt a legmagasabb a szaraz tdmeg, a BL és az ESP

okotipushoz képest.

A vizsgalt hdrom Okotipus (STM, BL és ESP) anyandvényeinek Cu-tartalma
szignifikans kiilonbségeket mutatott a ndvekvd dozisu Cu-kezelések hatdsara. Az STM
Okotipus anyandvényeinek hajtasrészében mértiik a legnagyobb Cu-tartalmat a 100 és
300 mg Cu kg™ kezelések hatdsara, a masik két Skotipushoz képest. Azonban az Ssszes
okotipusnal, az anyanévények hajtas részében volt a legmagasabb, 121 pg g’ a Cu
tartalom, illetve az STM ndvényekben a 300 mg kg™’ kezelésnél. A vizsgalt STM, BL és
ESP olasznad oOkotipusok gyokérzetének Cu tartalma szignifikdnsan ndvekedett a
kisérleti tenyészedényekben 1évé emelkedé Cu koncentraciok hatdsdra. Azonban a
ndvekvd Cu szintek hatdsara minden okotipus novekvd mennyiségli Cu-t akkumulalt a
gyokérzetében; a 400 mg Cu kg kezelésnél a Cu tartalom a gydkérzetben 3-szor tobb
volt, mint a 100 mg Cu kg'-val kezelt dkotipus gyokérzetében. Az ESP ndvény
hajtasanak Cu tartalma egyenesen aranyos volt a taptalajban alkalmazott Cu dozisokkal.
Ahogy a kezelésekben novekedett a Cu koncentracidja, ugy koncentraléodott a Cu az
ESP novények hajtasanak szoveteiben 43-101 pg g tartomanyban, a 100-400 mg Cu
kg kezelések esetén. Az dkotipusok kozott a legmagasabb Cu-tartalmat (130 pg g™) a
BL okotipus hajtisaban, a 200 mg kg™ kezelésnél mértiik.

Alapvetden a novekvd Cu szintek nem novelték 1ényegesen a levelek 6sszes Cu-
tartalmat a vizsgalt 6kotipusok esetén, kivéve az ESP novényt, ahol a legmagasabb mért
Cu-tartalmat (84 pug g") a legnagyobb Cu kezelésnél, 400 mg kg'-nal figyeltik meg. A
novények betakaritdsat kovetden a talajmintakban visszamaradt valamennyi

hozzaférhetd réz, melynek koncentracigja aranyosan ndvekedett az alkalmazott

kezelésekkel.

Alapvetéen megnovekedett felvehetd Cu koncentraciokat mértiink a
tenyészedényekben az STM, a BL ¢és az ESP Okotipus kisérlet befejezését kdvetden.
szignifikans ndvekedését eredményezték minden tenyészedényben, a vizsgalt 0sszes
Okotipus esetén. Az olasznad Okotipusok Gsszes Cu koncentracidra gyakorolt hatasa

egyértelmiien megfigyelhetd volt. Nem taldltunk szignifikdns kiilonbségeket az Osszes
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Cu koncentracio esetén a 100 és 200 mg Cu kg™ kezeléseknél, azonban a névekvé Cu
hatasara exponencialis novekedést figyeltiink meg a kezelésekben. A transzport faktor
(TF) szamitott értékeit szignifikansan befolyasolta a taptalaj ndovekvé Cu
koncentracidja. Az STM, a BL és az ESP Okotipus esetén egyarant a TF értékek
kisebbek voltak mint egy, ami utalds arra, hogy az olasznad kis mértékben szallitja a
rezet a gyOkérzetbdl (foldalatti rész) a hajtasrendszerbe (fold feletti rész). Ez ramutat
arra, hogy teljes és hatékony fitoremediacidos folyamatra van sziikség, tehat a teljes
novényt el kell tavolitani, beleértve a gyokérzetet is, melynek eltavolitasa fontos. A
becstilt TF-értékek eldszor novekedtek, majd szignifikansan csokkentek a ndvekvo, 200
mg kg feletti Cu koncentraciok hatasara, az Osszes vizsgalt dkotipus esetén. A TF
értékekkel ellentétben a biokoncentracios faktor (BCF - bioconcentration factor) >1
értékeket mutattak mindharom vizsgalt 6kotipus esetében 100-400 mg Cu kg™ kezelési
tartomanyban. A névekvd Cu koncentracio szignifikans kiilonbségeket eredményezett a
BCF értékekben a vizsgalt okotipusok kozott. Lényegében minden vizsgalt dkotipus
azonos hatékonysaggal jellemezhetd a Cu talajbol torténd eltavolitasat illetéen. Az
eltavolitasi hatékonysag (RR - removal rate) értékek minimum 0,81 és maximum 0,89
kozott valtoztak. Azonban a novekvd 100 - 400 mg kg'1 kozotti Cu koncentraciok
hatdsara az RR értékek esetén nem tapasztaltunk nagy kiilonbségeket a vizsgalt
olasznad 6kotipusok kozott.

A taptalajhoz adott novekvo Cu dozisok novelték a gyokérzet fehérjetartalmat,
mindhérom vizsgalt olasznad okotipus esetén a kontrollhoz viszonyitva. Altalaban a
fehérjetartalma hasonld volt a gyokérzet fehérjetartalmahoz. A vizsgalt okotipusok
kiilonbozé novényi részei koziil a levéllemez fehérjetartalma volt a legnagyobb. Az
STM, a BL ¢és az ESP okotipusok fehérjetartalma a levéllemez szoveteiben volt a
legmagasabb minden kezelés, illetve a gyokérzet és a hajtds fehérjetartalmanak
Osszehasonlitdsaban. A gyokér, hajtds és levél malondialdehid tartalma ndvekedett a
rézkezelések hatasara a kontrollhoz viszonyitva mindharom 6kotipus esetében. Ezek az
eredmények arra utalnak, hogy a nodvekvd réz koncentracido karositja a sejtek
lipidmembran szerkezetét.  Ugyanakkor ndvekvd tendencidt figyeltiink meg a
fotoszintetikus pigmenttartalomban (chl a, b és karotinoidok) is BL, STM és ESP
Okotipusok esetében egyarant. A legmagasabb chl a értékeket STM ¢és BL
Okotipusoknal 400 mg Cu kg-1kezeléseknél talaltunk, mig ESP 6kotipus esetében 300

mg Cu kg’ —nil. Az Fv/Fm aranyban, mely a ndvények aktualis fotokémiai
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hatékonysagara utal, nem talaltunk szignifikans kiilonbséget a kontrollt és az egyes
kezeléseket vizsgalva. Ezzel szemben a CO, beépiilés mértékében jelentOs
kiilonbségeket tapasztaltunk az Okotipusokat Osszehasonlitva, figyelembe véve a
kezeléseket. A novekvd Cu kezeléssel egyiitt kifejezett ndvekedést tapasztaltunk a szén-
dioxid asszimilaci6 mértékében BL és STM 0Okotipusok esetében. A legmagasabb

értéket 300 mg Cu kg™’ kezelésnél talaltuk.
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