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ABSTRACT

Exploring the Genetic Potential of Arundo donax L. as
Hyperaccumulator of Heavy Metals

Giant reed (A. donax) has previously been explored for physiological ability to

accumulate and respond to various toxic metals like As, Cd, Cu, Cr, Zn, Pb etc. None

of the investigations identified stress responding genes and associated proteins for the

detoxification of these metals to understand the genetic basis of metal tolerance of A.

donax as an established metallophyte. The current study aimed to explore the metals

responsive genes of A. donax plants after exposure to various metals involved in

metals uptake, accumulation, tolerance and detoxification.The plants were collected

from uncontaminated sites and after propagation synthetic wastewater (25, 50, 75 and

100 mg-1L) of (Cr, Cd, As, Pb, Cu and Ni) was given for three weeks by using

randomized block design (RBD) in hydroponics. After 10 days leaves were separated

for genetic (GR, BHLH, YSL, CH, NRAMP and Amidase) protiomic (HSP70 and

HO-1), antioxidants (SOD, POD, CAT) and MDA exploration along with

physiological characteristics (heights, dry weight, chlorophyll analysis) were

evaluated in response to metal stress. The metals uptake reduced dry weight, Chla,

Chlb and total Chl contents of giant reed. The SOD, CAT, POD activities and MDA

content increased significantly (p≤ 0.05) at the maximum metals concentration over

control. The highest genes expression for carotenoid hydroxylase, glutathione

reductase, YSL and amidase was observed in plants above 50mg/L concentration.

However, differential bHLH gene expression and slightly increased gene expression

of NRAMP was noted for different metals treatments. The phylogenic tree showed

that giant reed genes were closely related to glutathione reductase gene, beta-carotene

hydroxylase genes, transcription factor bHLH and putative amidase as found in

wheat, maize, sorghum, bamboo and setaria. It is clear from the present research that

the giant reed is not only a metals hyperaccumulator and hyper-tolerant plant but the

presence of signaling transduction of HSP70 and HO-1 proteins might have

contributed towards plant tolerance against metal stress. Giant reed has a

hyperaccumulation ability based on its strong genetic battery which makes it suitable

for phytoremediation purposes. These results provided insights into the mechanisms

of A. donax tolerance and survival under heavy metals stress.
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1.1 Background

Environmental degradation caused by abiotic stress is a current global

phenomenon at the moment. Toxic metals have an atomic weight in range of 63.5 to

200.6 and density 5 times higher than water. Most commonly occurring metals are

arsenic (As), chromium (Cr), copper (Cu), mercury (Hg), cadmium (Cd), cobalt (Co),

lead (Pb), molybdenum (Mo), nickel (Ni) and zinc (Zn), etc. (Jaishankar et al. 2014).

Abiotic stress is caused by metals from weathering of rocks, emmissions from

industrial toxic effluents, or surface runoff is posing serious threats to ecological

systems (Alloway, 2013). When heavy metals enter in the food chain, these become

harmful to aquatic organisms and ultimately threaten human health (Abbas et al.,

2017). Agricultural soils may also contaminate with the toxic pollutants if irrigated by

industrial effluents. It has been reported that the agricultural soils become polluted by

toxic heavy metals like Cd, Cu, As, Ni Hg, Pb, Zn and Cr in Taiyuan city of China

when irrigated with wastewater from industrial units (Li et al., 2017).

In Royong province, Thailand, also demonstrated that irrigation of contaminated

water posed health risks in an order of As > Pb > Cu > Cd > Zn (Simasuwannarong et

al., 2012). Some heavy metals also deteriorate the ground water quality after irrigation

of  of the soil by contaminated water if mixed with run off water and surface waters

cab be settled in aquifers (Wuana et al., 2011). In Malaysia, 21 points at Klagn Port

were seriously affected by the industrial wastewater irrigation which raised the

contamination factor and contamination degree of As, Cd, Hg, Pb, Cr and Zn (Sany et

al., 2013). Contamination of fresh water reservoirs by a number of metals like, As, Cr,

Cu, Pb, Cd and Hg has also been reported in India (Sharma et al., 2017). Some heavy

metals such as Cd, Cr, Pb, Al and Hg were reported as harmful for living organisms if

their intake exceeded the permissible limit decided by National environmental quality

standards (NEQS) (Hayat et al., 2012; Gill et al., 2013).

Pakistan is also a victim of heavy metal pollution due to industrialization where

many studies have been conducted in this context. The unsafe concentrations of As
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and other trace metals (Cd, Fe, Cr, Pb, Cu, Mn, Co, Ni and Zn) in drinking water in

Punjab（Tehsil Mailsi）were reported to cause potential health risks to community

(Rasool et al., 2016). A number of health issues related to contamination of drinking

water by heavy metals such as infertility, infants mortality, central nervous system

disorders and cancers have been reported near industrial areas of Pakistan like Punjab,

Sheikhupura (Gilani et al., 2016); Lahore and Kasur (Bibi et al., 2015); Sindh

(Tharparkar) (Brahman et al., 2016); KPK Districts Charsadda and Mardan; (Idrees et

al., 2017); and Balochistan (Jhal Magsi) (Baloch et al., 2017).

1.2 Metal Pollution

Lead (Pb) occurs in four isotopic forms in natural environment namely

208Pb, 206Pb 207Pb and 204Pb with approximate occurance of about 52%,

24%, 23% and 1%, respectively (Kazi et al., 2014). The main anthropogenic sources

of Pb in soil are organic fertilizers, industrial effluents sewage sludge and vehicle

emissions (Yang et al., 2009; McClintock, 2015). Soil retention phase for Pb is in

range of 150–5000 years; whereas, the sludge use can minimize it to 150 years (Salim

et al., 2014). It is reported by IPCS (Environmental Health Criteria 165) that Pb

toxicity poses serious health threats like kidney and liver failure, hematological and

neurological distresses (http://www.webcittion.org/6pe0iaN2p). The permissible

limit for Pb toxicity is given by WHO i.e. 10 μgL-1. In Pakistan, higher blood Pb

levels were reported for Karachi (7.2–38.2 µg dL-1) and Islamabad with traffic (3.22–

2.3 µg dL-1) (Janjua et al., 2008; Kazi et al., 2014). In Khyber Pakhtoon khawa (KPK)

province, the soils of the mining-polluted areas have higher Pb concentrations than

the maximum permissible limit (350 mg kg−1) set by State Environmental Protection

Administration (SEPA) for agriculture soils.  High Pb concentration was causing

threats to the food chain by contaminating the herbal medicinal and edible plants

(Nawab et al., 2015).

Cu is an essential micronutrient involved in many metabolic reactions. Cu is

important for photosynthesis, growth regulation, protection against ROS damage, C/N

ratio and plants hormonal balance (Yruela, 2009). The basic sources of Cu

contamination in soils were pesticides, as Copper oxide is an active ingredient of

many pesticides (Yang et al. 2009). The permissible limit of Cu in soil was given by

WHO i.e. 20 μgL-1. Cu is essential for the activation of SOD and its conversion into
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Oxygen and hydrogen peroxide by redox reaction for the balance level of SOD

(Sharma et al., 2012).  The permissible limit of Cu in drinking water is set by the

World Health Organization (WHO) which is 1.5 mg L-1 (Tumin et al. 2008). In plants,

Cu toxicity causes an accumulation of Reactive Oxygen Species (ROS) and enhances

lipid peroxidation, membrane breakage and ions leakage,   disruption of

photosynthetic activities and DNA damage (Adrees et al., 2015).

Cu also controls the primary root elongation in plants by the expression of PIN1

protein by adjusting auxin concentration (Yuan et al. 2013). In human beings it cause

health effects such as ulcers, brain disorders, stomach and intestinal pain, high blood

pressure, mucosal irritation, capillary loss, anemia, necrotic variations of liver, kidney

failure, coma and finally death in case of high level of toxicity (Liu et al. 2008).

Ni is another essential trace element that occurs in a number of oxidation states (-

1, +1, +3, and +4) but commonly found in bivalent form Ni2+ (Poonkothai and

Vijayavathi, 2012).  It occurs naturally along with oxides of sulphur and sulphates

while anthropogenic sources are Cd batteries, electroplating and alloy production.

Excessive amounts of Ni utilization are carcinogenic, hematotoxic, immunotoxin,

neurotoxic and genotoxic; additionally it causes toxicity to reproductive, pulmonary,

nervous, and hepatic systems of human beings. The permissible limit for its toxicity

given by WHO is 20 μg/L (Fernández-Luqueño et al., 2013).Its toxicity to plants

results in a decrease of normal growth, photosynthetic activity, cell division, DNA

damage, chlorosis and necrosis (Bhalerao et al., 2015).

Cadmium with its most commonly existing oxidation state of +2 can be uptaken

and accumulated by many plants species from contaminated soils (IARC, 2012). The

maximum permissible value of Cd for drinking water is 5.0 μgL-1 (Behbahani et al.,

2013). The main sources of Cd contamination are production of phosphate fertilizers

chipsets, pigments, batteries, television receivers, and semiconductors (Dubey et al.,

2014). Cd is harmful for health and causes chronic kidney disease, cancer,

cardiovascular disease, Alzheimer’s disease and many other adverse disorders

(Satarug et al., 2017). Cd toxicity causes chlorosis, oxidative stress, hampered

enzymatic, photosynthetic activities and decreased growth of plants (Andresen &

Küpper 2013).

Cr is seventh most abundant element in earth’s crust, which exists in six

oxidation states (Cr°, Cr1+, Cr2+, Cr3+, Cr4+, Cr5+, Cr6+) but Cr3+ and Cr6+ are very
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stable forms present in all environments (Gomez and Callao, 2006; Reale et al.,

2016). The maximum permissible value of Cr set by WHO for drinking water is 50

μgL-1. As far as human health is concerned, hexavalent Cr is carcinogenic and causes

disorders of gastrointestinal, respiratory, immunological, reproductive and

developmental issues (Islam, 2016). In Pakistan (Kasur), the health risks like

oxidative stress and DNA damage have been observed in tannery workers through

long time Cr exposure. It can easily diffuse through the cell membranes of various

organisms; a high Cr concentration triggered growth inhibition and finally plants

death (Dhal et al. 2013). The mechanism involved in growth inhibition is the control

of Cr (VI) on cell division which extends the cell cycle and finally reduced plant

growth (Sundaramoorthy et al., 2010). Studies reported that after uptake in symplasts

Cr6+ is  reduced to Cr5+ and that again reduced to  Cr3+ which is accumulated in

cortical cells of plants  (Mongkhonsin et al., 2011; Hayat et al., 2012).

As is a non-essential toxic heavy metal which poses great threat to life. The

maximum permissible value of Chromium given by WHO for drinking water is 10

μgL-1. Naturally it exists in −3, 0, +3, and +5 oxidation states (Pantsar-Kallio and

Korpela 2000). In Pakistan, As associated health risks and bioaccumulation has raised

the chances of carcinogenicity, arsenicosis and skin diseases in communities living in

industrial areas (Tripathi et al., 2015; Muhammad et al., 2010). When it reacts with

sulfhydryl group of proteins it decreases enzymatic activities of plants and

metabolism of proteins resulting in nutrient deficiency of plants.  As toxicity resulted

in chlorosis by damaging the chloroplast membranes and ultimately decreased

photosynthetic pigment, damage chloroplast membrane and decreases enzyme activity

by reacting with the sulfhydryl groups of proteins and also reported to alter nutrient

balance and protein metabolism (Tomer 2015).

1.3 Conventional Metal Remediation Techniques

Water is a vital part of life, security, bio safety and availability of water have

appealed the world to enhance its awareness.  A number of practices have been

employed for the remediation of water reservoirs worldwide. The application of

physicochemical techniques like biosorption by using various bioresources like

bacteria, fungi, yeast, algae and lignocellulose compounds has a high potential for the

removal of metal ions from aqueous solutions (Jamshaid et al., 2017). Chelation is a
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conventional ion-exchange technology and the application of various chemically

modified biosorbents from many plants species can be helpful for heavy metals

removal (Lu et al., 2009). Other conventional methods like ultrafiltration, carbon

adsorption, coagulation, chemical precipitation, ion exchange, reverse osmosis,

electrolysis and sedimentation are in practice for the cleaning of industrial waste

water (Joshi, 2017). Another applicable technique for water purification is

photocatalysis but it is also not economically feasible due to its operational cost

(Hamad et al. 2015).

Recently, the application of nanoscale adsorbents for the remediation purpose of

toxic industrial effluents was explored due to their distinctive morphological and

structural characteristics (Mahadik, 2017). All these remediation technologies are

applicable all over the world but these need cost and power supply to remain efficient

(Elhafez et al., 2017). In contrast, bioremediation is a wastewater management

technique that enables the removal or neutralization of metalloids from a

contaminated site more efficiently at low cost (Broszeit et al., 2017).

1.4 Phytoremediation

There are a number of wastewater remediation techniques applicable all over the

world and their efficiency depends on the chemical composition of pollutants,

concentrations in environment and the nature of the surrounding environment (Hao et

al., 2014). Bioremediation of toxic heavy metals from soil and water is more reliable,

environmentally suitable and economically feasible. It is a natural solution for the

ecological issues related to toxic pollutants at low cost. Phytoremediation is beneficial

for the management of polluted water and soils, cleaning and recovery through

phytoextraction by use of different varieties of plants and rhizobial communities (Hao

et al., 2014).

Phytoremediation is a technique which is helpful for the conservation of

ecosystems by means of environmentally sustainable and cost effective ways (Tang et

al. 2012; Barbosa et al. 2016). On the basis of their survival in contaminated soils,

plants are grouped into main types; excluders, indicators and accumulators of heavy

metals (Bhargava et al. 2012). Some plants have potential to tolerate heavy metals and

flourish well in metals enriched environment without displaying severe toxicity
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symptoms (Mishra and Tripathi 2008). Plants use the following six mechanisms for

cleaning of heavy metals contaminated soil and waters by

phytoaccumulation/phytoextraction, phytotransformation, phytostabilization,

phytovolatilization, phytostimulation, and rhizofiltration (Rahman and Hasegawa

2011). So, the translocation factor is an important indicator for the uptake and

transportation of metals content from soil through plant roots to shoots. If its value is

> 1 then the plant is efficient for metal extraction and if < 1 the subjected plant is

suitable for phytostabilization of metals (Yang et al., 2014; Gerhardt et al., 2017).

On the basis of the adaptability of plants to stress by heavy metals, these are

divided into four groups, metals tolerant, metals resistant, metals tolerant hyper

accumulators, metals tolerant non hyperaccumulator species (Shabani and Sayadi,

2012). Naturally, a tolerance for heavy metalsby altering its chemical state from

highly toxic to less toxic compounds, avoiding metals uptake, monitoring metals

attachment with cell wall and vacuole or by checking the metals translocation rate

from contaminated environment to plants (Dixit et al., 2015). For example T.

caerulescens and A. bertolonii are familiar hyper-accumulators of Zn, Ni and Cd

(Assunção et al., 2003). Most of the hyperaccumulators have some morphological

characteristics or essential protection system, like uneatable and toxic leaves to avoid

herbivores (Dipu et al., 2012).

1.5 Use of Constructed Wetlands for Phytoremediation

Some plants species have capacity to survive in amulti metals polluted

environment with an association of rhizospheric microbiomes (comprising of plants,

bacteria and fungus) has presented an approach of metaremediation for the

decontamination of that ecosystem (El Amrani et al., 2015). Thus the functioning of

metabiome for metaremediation gave raises the engineering of natural ecosystems in

the form of constructed wetlands which enhanced the purpose of decontamination and

reuse of wastewater by refining its quality (Kaplan et al., 2016). Constructed wetlands

(CW) may offer a cost effective solution for the remediation of industrial, agricultural

and municipal wastewater by reducing the Chemical Oxygen Demand (COD), Total

Suspended Solids (TSS), Biochemical Oxygen Demand (BOD5), Total Kjeldahl

Nitrogen (TKN), Total Phosphate and Total Coliforms etc. (Singh et al., 2018).
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There are three major categories of CW, hydrology based wetlands (open water

flow wetlands and subsurface water flow wetlands), plants types based wetlands

(emergent, submerged and free floating) and the type of influent path (horizontal

wetlands and vertical wetlands) (Ahmad et al., 2016). Remediation of heavy metals

by using constructed wetlands depends on the type of chemical leachate, macrophytes

and adsorption capacity of soil (Dan, et al., 2017).

1.6 Hyperaccumulation of Heavy metals

Hyperaccumulation is defined as the amount of metals present in aerial parts of

plants up to 0.1–1% of their dry weight (Ali et al., 2013). There are many plants that

hyper accumulate metals in their above ground harvesting tissues are known as

hyperaccumulators (van der et al., 2013). The plants accumulate more than 100 mg

kg-1 of Cd, >1000 mg kg-1 of Cu, Co, Cr, Ni or Pb, or >10,000 mg kg-1 of Mn or Zn

have been defined as hyperaccumulator species (van der Ent et al., 2013).

From a remediation point of view, hyperaccumulators have some characteristics

including; (i) higher potential for heavy metals uptake (ii) have well defined

transportation system from roots to shoots of plants, and (iii) possesses capability of

metal sequestration and detoxification (Thakur, et al., 2016). The capability of hyper

accumulator plants is due to the presence of some specific genes that are specific for

metal uptake; transportation and detoxification make them different from nonhyper

accumulators (Sarwar et al., 2016). Therefore, phytoremediation process can be

applied by elaborating the genetic engineering for metal tolerance and accumulation

in plants. Many studies elaborated: (1) the overexpression of metal transporter genes

(responding metal uptake from the soil to the roots, and those transporting metals

from the roots to the shoots); (2) genes for chelation; (3) genes responsible for high

biomass production; (4) genes responsible for overcoming the side effects of

oxidative stress, and (5) genes responsible for root modification and metabolism

(Kabouw et al., 2011). Metalliferous plants show no toxicity symptoms when allowed

to grow in contaminated soils. In addition, metallicolous and non metallicolous plants

showed variable life cycles due to metal tolerance and translocation. Most of the

metallicolous populations are annual or biennial, while non metallicolous populations

are generally biennial or perennial in habit (Dechamps et al., 2008).
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1.7 Enzymatic Defense System in Plants

Metals tolerant plants produce antioxidative enzymes and compounds to

relieve the oxidative stress caused by metal uptake and its related damages for the

plant body (Yilmaz et al., 2017). Many plant species have metal chelation ability

dueto the presence of phenolic compounds which may activate the enzymatic and

non-enzymatic activities of plants namely the production of antioxidative,

antimicrobial and antimutagenic compounds (Kisa et al., 2016; Kisa et al., 2017).

Under stress, plants produce antioxidants which are comprised of enzymes like SOD,

POD, CAT and low molecular weight antioxidants like ascorbate, glutathione,

phenolic compounds, tocopherols, carotenoids and proline to prevent them from the

destruction caused by ROS (Banerjee and Roychoudhury 2017).

Copper released significant amount of the antioxidants like CAT, POD, and

SOD in B. juncea and R. sativus plants which reduced the damaging effects of ROS

(Kapoor et al., 2014). Pb enhanced the SOD, guaiacol peroxidase, APX and CAT

activities of cotton plants when treated up to 100 μM of Pb (Bharwana et al., 2013) .

In pea seedlings, an increased antioxidants enzymatic activity of SOD, GR, and CAT

helped to enhance tolerance under Cr stress (Tripathi et al., 2015). Antioxidants

responsive genes expression of perennial rye grass (Lolium perenne L.) showed

activation of MDA, POD, CAT, and SOD with an upregulation the following genes

FeSOD, MnSOD, Chl Cu/ZnSOD, Cyt Cu / ZnSOD, APX, GPX, GR and POD (Luo

et al., 2011).

1.7.1 Superoxide dismutase SOD)

Oxidative stress releasing enzymes can be used as markers and detectors of

heavy metals stress in plants (Cui et al. 2015). Superoxide dismutase is an

antioxidative enzyme which is widely used as an oxidative stress marker for plants

(Rady and Hemida 2015). It is an important enzyme that protects plant from ROS

which expressed under biotic and abiotic stress conditions (Choudhary et al., 2016).

Defense responses of Medicago truncatula showed enhanced antioxidant avtivities

with an over expression of SOD, CAT ad PRX under various Cd treatments (Rahoui

et al., 2017). In a study on chamomile plants when treated with higher concentration

of Cr3+ the amount of SOD showed an increasing trend (Kováčik et al., 2013). Maize

plants under Cr6+ stress (50, 100, 200 and 300 mmol L−1) also revealed high SOD and
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GPX production (Maiti et al., 2012). But in case of C. sinensis L. when treated with

Cr3+, SOD, peroxidase and CAT production reduced at higher concentrations (Tang et

al., 2014).

1.7.2 Catalase (CAT)

Catalase is a universal enzyme which is specifically present in all organisms

that utilize oxygen; it is an important defender of plants from the damaging effects of

ROS (Naz et al. 2015). It was discovered as first stress responsive antioxidant enzyme

(Sharma et al., 2012). Plants combat H2O2 production by the catalase activity under

abiotic stresses (Takshak and Agrawal, 2014). Pb stress enhanced the antioxidants in

V. unguiculata cultivars (SV and SET) which showed pronounced CAT and APX

activities and Pb accumulation (Fontenele et al., 2017). In contrast parsley seedlings

exposed to Cd stress of (0, 75, 150, and 300 μM) for the duration of 15 days showed a

decrease of Catalase activity when given stress was increased (Ulusu et al., 2017).

1.7.3 Malondialdehyde (MDA)

Malondialdehyde (MDA) is synthesized in plants as an end product of

peroxidation of unsaturated fatty acids (PUFA) which signals during cell membranes

damage due to abiotic stress (Schmid-Siegert et al., 2016). Cd and Cu induced the

antioxidants activity of MDA, POD, SOD, CAT, APX and GR in tomato (S.

lycopersicon), and the values of MDA was pronounced at higher metal concentrations

(Chamseddine et al., 2008). MDA content decreased in cotton plants when treated

with various Cd concentrations (Farooq et al., 2013). In rape seed (B. napus L.),  Cd

stress enhanced the MDA concentration significantly along with other APX,

MDHAR, DHAR, GR, GST, GPX, and CAT (Hasanuzzaman et al., 2017).

1.7.4 Peroxidase (POD)

Comparative study of antioxidant responsive genes expression in B. oleracea and T.

repens showed variable upregulation of peroxidase in T. repens plants under Cd

exposure whereas its expression was variable in B. oleracea under co-stress of Cd/Pb

(Bernard et al., 2016). Peroxidase contents of soy bean plants also increase when

studied for 150 uM Al and Cd exposure at constant pH (Shamsi et al., 2008).

1.8 Transcriptomic Studies
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Transcriptomic analysis is a novel technology utilized for the environmental

sanitation and protection from the detrimental pollutants (Mosa et al., 2016).

Transcriptomic studies not only highlight the stress responsive genes but also revealed

the organ specific and metal specific genes of plants under various stress conditions

(Lowe et al., 2017). Cd stress can easily be understood by the responses of applicant

biomarkers through expression of various gene, metabolites and enzymes in plants

(DalCorso et al., 2008). Most of the hyperaccumulator plants are adaptable against

stress due to having well established metabolic and signaling mechanisms (Shaheen et

al., 2017). Natural phytoremediation capabilities can be enhanced by the application

of breeding programs and genetic engineering (Fones et al., 2013). The quantitative

real-time polymerase chain reaction (QRT-PCR) analysis showed that there are some

specific genes responsible for metal tolerance and their accumulation in accumulators

and hyperaccumulator plants (Fones et al., 2013). The genetic manipulation of

phytohormones also improved the biomass of hyper accumulating plants (Fahad et al.,

2015).

1.9 Heavy Metals Responsive Genes in Plants by Transcriptomes

Recently, transcriptomic studies investigated the molecular mechanisms of

metals tolerance and accumulation through the identification of a large array of

hyperaccumulating genes (Viehweger, 2014). Comparative transcriptomic combining

systems biology enumerates dynamics of molecular expressions under various abiotic

stresses (Cramer et al., 2011). These genes are classified into two categories: the

regulatory genes and the functional genes (Tran et al., 2010).

As responsive genes have been explored in many plants species such as rice

(O. sativa) (Song et al., 2014) , velvet grass (H. lanatus) (Bleeker et al., 2006), A.

thaliana (Kamiya et al., 2009) and Chinese Brake fern (P. vittata) (Ellis et al., 2006).

It has also been investigated in O. sativa that two phytochelatin relating genes

OsPCS1 OsPCS2 were expressed for As sequestration and reduced its translocation

towards rice grains (Hayashi et al., 2017). Many plants have been investigated for the

transcriptomic analysis under various Cr+3 and Cr+6 concentrations. Cr toxicity

enhanced the H2O2 production in sorghum plant and resulted in an increase of

transcription factor of metallothioneins by the expression of MT3 genes which not
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only enhanced tolerance of plant but also involved in Cr detoxification (Shanker et al.,

2004). In S. nigrum homeostasis study of Cr6+ and Cr3+ treatments up to 375 µmol L−1

for 4 weeks induced MT1, MT2a, MT2c and MT2d transcripts in roots and shoots

(Teixeira et al., 2013). The transcriptomic responses of BnMP1 mRNA in B.napus L.

seedlings under Cr6+ exposure decreased from day 1 to 7 days in Cr6+ stressed (Yildiz

et al., 2013). In another study, it was investigated that two tobacco varieties

(Nicotiana tabacum) roots expressed 14 new Cr tolerance responsive miRNA families

in tobacco plant under various Cr concentrations (Bukhari et al., 2015).

Transcriptomic responses of various plants have been done under Cd stress;

these are toxicity responsive genes expression for natural changes in Arabidopsis

thaliana (Fischer et al., 2017) and comparative analysis of transcriptomes of Cd

hypertolerance in A. thaliana and A. halleri (Weber et al., 2006). Recently,

transcriptomic analysis of sunflower (H. annuus L.) under Pb exposure showed

variable upregulated genes expression (Osman et al., 2017). Pb toxicity has also been

investigated in A. thaliana for the transcriptomic expression of Pb transporting and

tolerance responsive genes GSH1, GSH2, PCS1 and PCS2, PDR12 and ATM3 (Jiang

et al., 2017).

Cu stress in rice roots activates the upregulation of genes (OsExo70) involved in

metabolism of fatty acids, heavy metals transportation and accumulation (Lin et al.,

2013). Exposure of Pb to radish (R. sativus L.) also demonstrated a number of metal

tolerant transcriptomes of MAPKs family comprising of MAPK7, MAPK6, MAPK18

and MPAK20 (Wang et al., 2013). Antioxidants related genes expression of catalase

and MDA content in Tomato plant under Cd and Pb stress has also been studied for

the exploration of plant defense mechanisms (Aydin et al., 2016).

1.9.1 Glutathione reductase (GR)

Glutathione reductase (GR) is a member of flavin-containing pyridine

nucleotide disulphide oxido-reductases, which act to oxidize NADPH and reduce

GSSG to GSH (Rahman et al., 2016). The hyper-accumulator plants detoxify the toxic

metals by the production of antioxidants and overexpression of stress related genes

such as reduced glutathione (GSH), cysteine and O-acetylserine (Anjum et al., 2014).

Metals tolerant plant species induces the glutathione pathways which enhance the

detoxification of many toxic metals (Gonzalez et al., 2015). The expression of this
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enzyme is highly in cell organelles like chloroplast, mitochondria, and peroxisomes to

activate the antioxidant defense systems under abiotic stress (Yousuf et al., 2012).

It plays a protective role in plants for heavy metals detoxification by

synthesizing phytochelatins in cytosol for metal sequestration and subsequent

transport to vacuole for detoxification (Nahar et al., 2016). Recently, GR responsive

genes have been acknowledged under heavy metals stress by a number of studies.

Tomato (L. esculentum Mill.) was analyzed through transcriptomic study involving

GR and GST enzymes under Cd, Cu, and Pb exposure (Kısa, 2017). The expression of

GR related genes was analyzed in rice and Arabidopsis under both biotic and abiotic

conditions (Trivedi et al., 2013).

1.9.2 Natural Resistance-associated Macrophage Proteins (NARMP)

Natural Resistance-associated Macrophage Proteins (NRAMP) is a class of

proteins found as integral part of vacuolar and plasma membranes of apical meristems

of plants (Oomen et al., 2009; Simões et al., 2012). They have been reported to be

involved in transportation of proton-coupled active transport of heavy metals like

(Fe2+, Zn2+, Mn2+, Co2+, Cd2+, Cu2+, Ni2+, and Pb2+) in bacteria, fungi, animals and

plants (Cailliatte et al., 2009). These proteins are coded by NRAMP genes due to the

less availability of Fe (Farooq et al., 2013).

In plants, NRAMP transporters expressed in roots and shoots are involved in

transport of metal ions through the plasma membrane and the tonoplast (Krämer et al.,

2007). Similarly, Zinc Induced Protein (ZIP) family of transporters has been identified

in many plant species and is involved in the translocation of divalent cations across

the membranes (Krämer et al. 2007). In the hyperaccumulator plant species (T.

caerulescens), TcNRAMP3 and TcNRAMP4 were reported as transportation and

accumulation related genes for Fe, Mn, Cd and Zn (Oomen et al., 2009). In transgenic

plants, AtNRAMP6 was highligted as transportor and tolerance enhancer for Cd2+

hypersensitivity (Cailliatte et al., 2009). In some plants NRAMP transporters like

AtNRAMP3, AtNRAMP4 and AtNRAMP6 were also reported as an intracellular

Cd2+ transportator (Cailliatte et al., 2009; Oomen et al., 2009; Molins et al., 2013).
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1.9.3 Yellow Stripe like proteins (YSL)

Yellow Stripe like Proteins (YSL) belong to oligopeptides, are regarded as

proton-coupled metal transporters through symplast (Hassan and Aarts 2011; Walker

and Waters 2011). In A. thaliana, the exposure of heavy metals may enhance the

genes expression of cell membranous organelles specifically tonoplasts residing

proteins like AtYSL4 and AtYSL6 which might help to enhance the plant tolerance

(Conte et al., 2013). YSL genes were firstly characterized in maize as ZmYS1, then in

rice (OsYSL15), barley (HvYS1), Brachypodium BdYS1 and Arabidopsis as

AtYSL1, AtYSL2, and AtYSL3 etc. (Yordem et al., 2011; Vigani et al., 2013) . In

hyperaccumulator plant T. caerulescens, expression of genes TcYSL3, TcYSL5 and

TcYSL7 have specified the role of YSl protein for the formation of Fe and Ni

complexes which might enable plants for the hyperaccumulation of Ni and Fe

(Gendre et al., 2007). This protein is also involed in the synthesis of metal-

nicotianamine complexes which were studied by the expression of SnYSL3 genes in

S. nigrum under Cd stress (Feng et al., 2017). Under Cu stress, this family seems to be

involved in making  the  Cu -nicotianamine complexes  which have been explored in

rice (Oryza sativa) by the expression of YSL16 genes and might be involved in the

uptake, transportation and accumulation of Cu from paddy soils (Zheng et al., 2012).

1.9.4 Basic helix-loop-helix (bHLH)

The Transcription Factors (TFs) of basic Helix-Loop-Helix (bHLH) are the

group of proteins that serve as regulators of biological homeostasis of eukaryotes

during stress conditions (Carretero-Paulet et al., 2010). The bHLH were reported as

the second diverse group of TFs of plants by Murre et al., (1989). Gene expression of

bHLH responding gene (OsBHLH148) acts as signals in rice (Oryza sativa) under

osmotic stress and drought conditions which enhance tolerance (Seo et al., 2011). The

bHLH expression has been analyzed by a number of abiotic stress related studies in

plants. In A .thaliana, bHLH expression was observed during Fe deficiency (Long et

al., 2010). Two subgroups of bHLH protein, AtbHLH38 or AtbHLH39 were

expressed in A. thalianawhich conserved the amount of Fe and enhanced the tolerance

of plants by Cd sequestration in roots (Wu et al. 2012). Metal transportation and plant

tolerance of rice plant under Fe and Cd stress was also explored by the expression of

bHLH (TFs) (Ogo et al., 2014). In the hyperaccumulator plant S. alfredii, the bHLH

genes expression was observed for the Cd, Pb and Zn concentrations (0 - 100 µM)
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which were involved in metals tolerance and their hyperacccumulation (Gao et al.,

2013). The cold stress responding genes (PubHLH1) of Pyrus ussuriensis increased

the tolerance of transgenic tobacco plant more than the osmotic and salt stress

conditions (Jin et al., 2016).

1.9.5 Carotenoid Hydroxylase

In nature, the second most commonly occurring pigment is carotenoid. It is

found in plants bacteria and fungi having about 750 types (Khoo et al., 2011). A

functional group of carotenoids in algae and plants is β-carotenoids which are

reported to be phytoprotective and activated for stress tolerance (Schubert et al.,

2006). In A. thaliana the function of four carotenoid hydroxylase responding genes

namely CYP97A3, CYP97C1, BCH1 and BCH2 were studied and CYP97 gene pair

was reported as significant under abiotic stress conditions. Down regulation of beta

carotenoid hydroxylase (CHY-beta) genes of transgenic potato has been studied after

treating with 200 mM NaCl and their expression increased the plant tolerance under

salt stress (Kim et al., 2013).

1.9.6 Amidase

Amidases (acylamide amidohyrolases EC 3.5.1.4) are commonly present in

prokaryotes and eukaryotes. These play an important role in the nitrogen metabolism

by hydrolysis of the carboxylic amide bonds to release carboxylic acid and ammonia

(Asano and Lubbehusen, 2000). Amidase has also been investigated for the

biosynthesis of an important phytohormone indole acetic acid (IAA) (Spaepen et al.,

2007). It has been analyzed that increasing expression rate of ω-amidase in plants may

act as growth stimulator of plants by utilizing nitrogen of soil and enhanced plants

tolerance and survival under salt stress (Unkefer et al., 2015).

1.10 Proteomics of Plants against Stress

Proteomics is an important approach for the detailed investigation of plants

proteins involved in transportation, accumulation, chelation and detoxification of

heavy metals exposure in contaminated areas (Hasan et al., 2017). Many studies

elaborated the role of proteins for plants protection from heavy metals stress (Zhou et

al., 2015). Due to heavy metals stress folding and unfolding of many important groups

of proteins occurs which disrupt the basic structure of functional plant proteins
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(Zhang et al., 2016). In plants due to excessive contamination the ROS may induce

the transcription factor of peroxisomes which cause the activation of proteins

involved in repair and protection and in chloroplasts which trigger the genes

expression involved in biosynthesis of secondary messengers and signaling (Sewelam

et al., 2014).

Table: 1.1: Selected heavy metals and their responsive genes in plants

S/No Plant Spp. Heavy
Metals

Responsive Genes References

1. S. nigrum Cr6+

Cr3+
MT1, MT2a, MT2c and MT2d Teixeira et al., 2013

2. B. napus L. Cr6+ BnMP1 Yildiz et al., 2013

3. A. thaliana Cd NRAMP3 , NRAMP6 Molins et al., 2013

4. T.caerulescens Cd TcNRAMP3, TcNRAMP4 Oomen et al., 2009

5. O. Sativa As OsPCS1 , OsPCS2 Hayashi et al., 2017

6. C. arietinum As MIPS, PGIP, CGG Tripathi et al., 2017

7. A.thaliana Pb GSH1, GSH2, PCS1 and PCS2,
PDR12 and ATM3

Jiang et al., 2017

8. R. sativus L. Pb MAPKKK7, MAPK6, MAPK18
and MPAK20

Wang et al., 2013

9. A.thaliana Cu HMA5 Andrés‐Colás et al., 2006

10. A. thaliana Cu SvHMA5I and SvHMA5II, Li et al., 2017

11. Brassica sp. Ni GSH genes Fayed and Farid 2017

12. B. maritime Ni NIC3, NIC6 and NIC8. Bozdag et al., 2014

The implementation of genetic knowledge revealed that environmental

remediation capabilities could be enhanced in those natural hyperaccumulator plants

which have a high biomass yield. It is obvious that the enzymatic characteristics and

protein profile understanding could enhance phytoremediation capacity of plants.

Therefore, an advanced biotechnological approach is the use of molecular and cellular

mechanisms of phytoremediators for decontamination (Maheswari et al., 2016).

Metalloproteins plays an important role in heavy metals transportation to vacuoles

(Viehweger et al., 2014). The transgenic Arabidopsis plants possessing Zinc induced

Facilitator 1 (ZIF1), Arabidopsis Zinc Induced Facilitator (AtZIF) proteins also
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showed transportation and accumulation of Zn more effectively than wild types

(Caldelas et al., 2016).

Some heavy metals disturb the activities of thiol transferase and enhanced

oxidative stress in plants resulting in folding of many proteins and ultimately affected

their specific tolerance related functions (Hossain et al., 2016). There are a number of

metals responding proteins like HSPs that act as regulators of plant homeostasis and

protection from the negative effects of toxic metals like Zn, Cu, Cd, Hg, Al, Cr (Amm

et al., 2014). Plant proteomics aim in understanding of plants defense strategies by

revealing the role of many important groups of proteins involved in chelation,

binding, sequestration transportation, accumulation and detoxification of heavy

metals. Heavy metal homeostasis has been conferred by three classes of peptides

metallothioneins (MTs), phytochelatins (PCs), and glutathione (GSH). The thiol

peptide GSH (γ-Glu-Cys-Gly) and its modified form homoglutathione (hGSH, γ-Glu-

Cys-â-Ala) reduce the toxicity by changing their oxidation states of As, Cd, Cu, Hg,

and Zn through specified mechanisms (Jacquart et al., 2013).

The transporter group of proteins includes ATP-binding cassette (ABC)

transporters (Song et al., 2014). Proteins related to metal homeostasis, tolerance and

detoxification are MTs (Mitra, 2015).The proteins responsible for avoidance and Iron

homeostasis are NRAMP and ZIP (Zinc regulated transporters ZRT) and Iron

Regulated Transporters (IRT) (Vatansever ert al., 2017). Proteins involved in heavy

metals transportation are namely Cation Diffusion Facilitator (CDF) family

(Montanini et al., 2007). The group of proteins causing pH regulation is cation

antiporters (Reguera et al., 2014) and proteins enhancing tolerance are Metal

Tolerance Proteins (MTPs) (Ricachenevsky et al., 2013). Nuclear factor-E2-related

factor 2 (Nrf2) is an important protein which translocated into nuclei under oxidative

stress and activate the functional genes to release stress (Watai et al., 2007). In case of

Corcin, the Nrf2 act as cytoprotective byupregulation of of HO-1 genes (Kim et al.,

2014).

Another important group of plant proteins are housekeeping proteins (HSPs-) ,

are abiotic stress responding proteins which correspond to the melatonin (N-acetyl-5-

methoxy tryptamine) production with the help of A1a (HsfA1a) factor that protect the

plants from  ROS ( Cai et al. 2017). In the roots of tomato plants, HSPs and
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detoxifying proteins expressed under various concentrations of Cd (0, 10 and

100 µM) (Rodríguez-Celma et al., 2010). Proteomic expression of L. riparium also

showed the production of HSP70 proteins when exposed to contaminated wastewater

having Cu, Cd, Cr and Pb (Esposito et al., 2012). Transcriptomic study of rice roots

showed that Cd stress triggered the regulation of genes related to refoldingof unfolded

proteins which activated the sulfate adjustment (Lin et al., 2013).

1.11 Characteristics of giant reed

Giant reed is a macrophyte commonly known as carrizo, arundo, Spanish

cane, wild cane, danubian reed, giant Danube reed, etc. (3–10 m) tall grass. giant reed

sprouts from rhizomes which makes thick clusters up to 1 meter deep in soil (Csurhes

2009; Ceotto and Di Candilo 2010). giant reed is applicable for phytoremediation

purpose because of its high biomass up to 50 Mg ha−1 with a 38 Mg DW biosolid

ha−1, with high level metal concentrations in roots (Lamb et al. 2012). Giant reed is

reported as significantly tolerant and accumulator of trace elements from

contaminated sites thus is useful in phytomanagement as well as wastewater treatment

in CWs (Idris et al. 2012a,b).

1.12 The Research Gaps

Giant reed has been widely studied as bioenergy crop with huge biomass that

is advantageous for the production of biofuel, paper pulp, and biomaterials

(Nsanganwimana et al., 2014; Sidella, 2014 ). giant reed has also been enlisted as

the top 100 most invasive species of the world which flourish in wastewater since 4

decades and has potential for the treatment of wastewater and contaminated soils

(Ahmad et al, 2008; Mirza et al., 2010a; Pilu et al., 2013; Sabeen et al., 2013). The

researchers tested it for the polishing of highly saline tannery wastewater (Calheiros et

al., 2012) treatment of dairy industry wastewater (Salzman et al., 2017), treatment of

domestic grey water for reuse (Golda, 2017) and for the treatment of paper and pulp

industrial effluents (Valen et al., 2017).

Furthermore, giant reed can flourish well in soils contaminated with As, Cd

and Pb with the expression of the highest amount of SOD and CAT activity to prevent

oxidative stress (Miao et al., 2012). It also showed significant accumulation of Cr
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from synthetic wastewater (Kausar et al., 2012). Papazoglou et al., (2007) has

checked the remediation capacity of A.donax to treat Ni from aquous solution.

The uptake and remediation of Selenium (Se) has been carried out by A.donax

(Ramady et al., 2015). Potential of giant reed to survive under As and Hg stress has

been investigated by (Mirza et al., 2010b) and its removal has also been investigated

by the same plant (Mirza et al., 2014). A study reported it as good bioaccumulator of

trace elements like Al, As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, Zn and their removal from

waste water (Bonanno, 2013). It is proven as promising metal accumulator of Cu

(Elhawat et al., 2014). Anatomical characteristics of giant reed showed significant

changes under heavy metals (As, Cd and Pb) stress (Guo and Miao et al., 2010).

Antioxidants production to discharge stress was also examined by some

researchers in A.donax which showed better growth and tolerance under various

concentrations of NaCl through production of antioxidants, chlorophyll contents and

photosystem I (PSI) and photosystem II (PSII) activities (Mirshad et al., 2014).

According to literature review, the transcriptomic analysis of giant reed against

multimetaliferous wastewaters has not been reported. So, the genetic analysis of giant

reed for its transcriptomics and proteomics may be helpful in understanding the

genetic basis of plant tolerance under toxic heavy metals contamination. Therefore,

the current investigation was designed to explore the hidden in-depth transcriptomic

assembly of giant reed which render it hypertolerant and hyper accumulator plant

species and thus would enrich the existing knowledge on giant reed.

1.13 Problem Statement

The expression of hyperaccumulating genes has not been explored in giant

reed. Therefore, the identification of selected hyperaccumulating genes in giant reed

will be quite useful in its application in contaminated environments and to serve as

source of other transgenic hyperaccumulator plants for environmental remediation.

1.14 Purpose of the Study

The present study would help:

 To identify the genetic basis of tolerance by A. donax for various toxic

metals in question.
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 The  identification of such genes might be useful not only determine its

genetic potential for decontamination of various polluted environments but

also may be employed in genetic engineering of plants with desired

characteristics to boost their phytoremediation ability.

 Furthermore, such investigation will enhance the use of A. donax plant for

decontamination of metals contaminated surface waters, ground water,

sludge and soils.

1.15 Research goal and Objectives

Goal

Investigation of the metals responsive genes of A. donax plants after exposure to

various metals which are involved in metals uptake, accumulation, tolerance and

detoxification.

Objectives

 To investigate the metals accumulation and selected physiological

characteristics of A. donax plants for multi-metals contaminated waste waters.

 To compare the heavy metals induced oxidative stress and antioxidant levels

of A. donax plants.

 To investigate the effect of heavy metals on quantification of total proteins to

examine the expression of stress responsive proteins in A. donax plants.
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Chapter 2

Materials & Methods
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2.1 Plant Collection and Propagation

The plants (giant reed) were collected from non-contaminated sites of Dhamtour

and Nawan Shehr of District Abbottabad and were propagated through rhizome.

Substratum was prepared by using acid washed sand and grown in the nursery of the

Department of Environmental Sciences, COMSATS University Islamabad,

Abbottabad campus for about one month in order to keep them contamination free.

The plants were dug out when the young meristematic buds on the rhizomes sprouted.

After growth to uniform size, their roots were thoroughly rinsed by distilled water and

shifted to pots containing nutrient solution. The nutrient solution was prepared

according to the procedure given by Hoagland and Arnon (1950) and pH of solution

was adjusted 5.5 to 6.0 with 1 Molar Potassium Hydroxide solution (KOH) (Podar,

2013) as showed in Table 2.1.

Table 2.1: Hoagland's stock solutions for 1 L of growth medium

S/NO Compound Formula Volume (mL) Amount
g/mol

1 Calcium Nitrate Ca(NO3)2 7 164.088

2 Potassium Nitrate KNO3 5 101.1

3 Monopotassium phosphate KH2PO4 2 136.1

4 Hepta hydrate magnesium
sulfate

MgSO4.7H2O 2
246

5 Trace elements
H3BO3

MnCl2.4H2O
ZnSO4.7H2OCuSO4.5
H2ONaMoO4

1
2.8
1.8
0.2
0.1

0.025

6
Fe EDTA KOHFeSO4.7H2OED

TA.2Na 1
56

0.278
0.746
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2.1.1 Taxonomic Position of Giant reed

Kingdom Plantae

Sub kingdom Tracheobionta (Vascular)
Super division Spermatophyta (Seed)
Division Magnoliophyta (Flowering)

Class Liliopsida (Monocotyledons)

Subclass Commelinidae

Order Cyperales

Family Poaceae
Genus Arundo

Species Arundo donax L
(Jones et al., 1997; Wunderlin, 1998)

2.2 Experimental Plan

2.2.1 Metal Treatments

The metal treatments were chosen based on the literature survey and prevalent

pollution status in various industrial wastewaters. Different aqueous solutions of

heavy metals with the maximum and minimum concentration ranges (mgL-1) were

prepared as follows; Cr (33~268); for As, Cd, Cu, Pb and Ni the treatments were in

range of 1~100 mgL-1. After 10 days of treatment, fresh leaves were preserved for

RNA extraction and antioxidants analyses. The metal analysis, chlorophyll and dry

weight determinations in various plant parts were carried out after the harvest of

plants (30 days).

2.2.2 Pot Experiments

Plants with almost uniform fresh weights (200±5 g) per pot were selected.

Nutrient solution was also provided (Hoagland’s solution) according to Mirza et al.,

(2010) for each respective treatment. Randomized Block Design (RBD) was used in

triplicates. The control group received no metal treatment while the second group,

experimental group was exposed to various metal treatments as indicated in section
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2.3.1. Nutrient solution was constantly monitored and added to make up transpiration

loss after every three days.

2.2.3 Determination of Dry Weights

Plants were harvested after 30 days. For this purpose plants were removed

from pots and fresh weights were noted. Plants roots, shoots and leaves were

separated and roots were washed with distilled water to eliminate any adsorbed

particles and blotted on filter paper. All plants were properly tagged and were oven

dried at 70°C for 3 days according to Campbell and Plank, 1998. The dry weights of

roots, shoots and leaves were recorded.

2.2.4 Digestion and heavy metals analysis

Dried plant parts were ground to get the homogenate powdered and wet

digestionwas carried out by addition of aqua regia (HNO3:HClO4, 5:1) to1g powdered

plant sampleanad placed on hot plate at 200 – 220 ◦C with magnetic stirrer. All

digested samples were filtered with Whatmann No.42 filter paper and final volume of

50 ml was made and stored at 4°C for further analyses according to Zhao et al., 1994.

The heavy metals concentrations were analyzed by using Atomic Absorption

Spectroscopy (AAS). The instrument was calibrated using standard metal solutions

before determinations to ensure accuracy and precision.

2.3 Biochemical analyses

2.3.1 Antioxidant analyses

Antioxidants analyses were accomplished according to the protocols of,

Kumar et al., (2014); Onsa et al., (2004); and Aebi, (1983). About 0.2 g of fresh

tissues were ground by using 5 mL of 50 mmol L−1 precooled phosphate buffer (pH

7.8) in a precooled mortar. The homogenate centrifugation was done at 11,000 g for

20 min at 4°C. The collected supernatant was used for the analysis of antioxidant

activities (SOD, CAT, and POD) under stress.

2.3.2 Superoxide Dismutase (SOD)

For the analysis of SOD, protocol of Kumar et al., (2014) was used to

determine the one unit (U) of enzyme activity (SOD) for 50 % photo-reduction of

nitro blue tetrazolium (NBT). The enzyme assay was determined by using 3 mL of



44

reaction mixture containing 0.3 mL of 750 μmol L−1 NBT, 20 μmol L−1 riboflavin,

130 mmol L−1 methionine, and 100 μmol L−1 Sodium EDTA; 1.5 mL of 50 mmol L−1

phosphate buffer (pH 7.8); 0.25 mL of deionized water; and 50 μL crude extract. The

SOD reaction was carried out by  placing the reaction mixtures under white light with

photon flux density of about 78 μmol photons s−1 m−2 for 20 min at room temperature

after that its absorbance was checked by a spectrophotometer at 560 nm. The set of

test tubes placed in dark were used as control.

2.3.3 Peroxidase (POD)

Peroxidase of plants was assayed by using guaiacol as substrate. One unit of

enzyme activity was caused by 1% increase in absorbance by oxidation H2O2 in 60 s

at 470 nm. The reaction mixture of total volume 3 mL was prepared by using 1 mL of

0.3% H2O2, 0.95 mL of 0.2% guaiacol, 1 mL of 50 mmolL−1 phosphate buffer (pH

7.0), and 50 μL enzyme extract and kept at room temperature. Addition of the enzyme

extract started the reaction which was measured by spectrophotometer at 470 nm

(Onsa et al., 2004).

2.3.4 Catalase (CAT)

Catalase assay was performed according to the protocol of Aebi, (1983). The

reaction mixture was prepared by adding 1 mL of 0.3% H2O2 and 1.9 mL of 50 mmol

L−1 phosphate buffer (pH 7.0) and 50 μL enzymes extract for the proceeding of

reaction. The CAT activity was measured at 240 nm which depended on the level of

decrease of H2O2 absorbance in time span of 60 s. One unit (U) of catalase activity

was defined as the amount of enzyme that produced an absorbance change of 0.001

per min by spectrophotometer.

2.3.5 Lipids peroxidation

The Malondialdehyde (MDA) content was calculated by using the modified

method of Du and Bramlage (1992). The reaction mixture volume was 2.5 mL which

contained 20 % (w/v) trichloroacetic acid (TCA), including 0.5 % (w/v) thiobarbituric

acid (TBA) and 1.5 mL enzyme extract was prepared. The solution was boiled in

water bath for 20 min then quickly cooled under running tap water and centrifuged at

5000 g for 10 min at 25°C. The clear supernatant was collected and two absorbances

were recorded at 532 and 600 nm. The absorbance at 600 nm for the nonspecific
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turbidity was subtracted from the value at 532 nm. For blank 2.5 mL of distilled water

instead of the extract was treated with the same procedure. The MDA concentration

was calculated by MDA’s extinction coefficient of 155 mM−1 cm−1.

2.4 Determination of Photosynthetic Pigments

Chlorophyll analysis was done according to Harmut and Lichtenthaler, (1987).

Fresh leaves (0.5 gm) were ground in porcelain mortar using 80% acetone and shifted

to test tubes and kept at 4°C overnight. Next day suspension was centrifuged at 4°C at

2000 g for 10 min and acetone supernatants was used for the measurement of

chlorophyll content under spectrophotometer. For determination of chlorophyll a, b

and total content the absorbances were recorded at 646 and 663 nm, respectively.

Further calculations of various pigments were done by using following formulae

(Ianculov et al., 2005 and Brezeanu et al., 2005): Chl a = 12.2. (A663) − 2.81

(A646)……………..2.1

Chl b = 20.13. (A646) − 5.03(A663)…………………..2.2

Chl total = 17.32. (A646) + 7.18(A663)……………….2.3

2.5 The Bioconcentration Factors (BCF)

2.5.1 The Translocation Factor (TF)

The translocation factor was calculated with the help of following formula

Translocation Factor TF   = Metal conc. in shoots/ Metal conc. in roots

2.5.2 The Bioaccumulation Factor (BF)

The bioaccumulation factor is the measurement of the total concentration of any

dissolved substance which is trapped or accumulated in various parts of an organism.

It was calculated  with the help of following formula.

Bioaccumulation Factor BF = Metal conc. in shoots / Metal conc. in solution

Four categories of trace metal accumulation are proposed: BCF value < 0.01

categorizes a plant as non-accumulator, 0.01–0.1 as low accumulator, 0.1–1.0 as

moderate accumulator and 1.0–10.0 as hyperaccumulator . Plants with BCF values of
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< 1.0, 1.0–10.0 and > 10.0, are categorized as excluder, accumulator and

hyperaccumulator, respectively (Liang et al., 2017).

2.6 Identification of Metal Responsive Genes

2.6.1 PCR primers designing

The coding sequences available at Gene bank for concerned genes of giant

reed (GR Contig 263727, Carotenoid Hydroxylase Contig 100051, bHLH Contig

100059, Amidase Contig100086), NRAMP and YSL were utilized for the

identification of stress responsive genes in Arundo donax plant. Furthermore, the

nucleotide sequences were utilized for the designing of degenerated and specific

primers. The designed primers were obtained from the MWG Biotech AG company

(Ebersberg, Germany) as shown in Table 2.2.

Table 2.2: Detail of PCR primers designed for the study of heavy metals stress in

A.donax

Gene
name

Putative
functional
protein

Accession
number

Primer Sequence Product
length
(bp)

Tm

(°C)

A. donax 1

(A1)

Glutathione

Reductase

GBRH01175416.1 F - 5’AGGGTCTTGTGGGTGTTCAG3’

R - 5’CAGCCTCAGAATCGATGACA3’

273 52

A. donax 2

(A2)

Carotenoid

Hydroxylase

GBRH01000055.1 F - 5’CTGGGGATGCTATAGACGGA3’

R - 5’ CTCCTCCACTTCTTCCTCCC 3’

147 52

A. donax 3

(A3)

Transcription
factor

bHLH

GBRH01000063.1 F - 5’GAGATTTGCGCCCATTCTAA3’

R - 5’AATTTGCCCTCCAACAACTG 3’

153 54

A. donax 4

(A4)

Amidase GBRH01000092.1 F - 5’ACTCCGTTGTTGGGATCAAG3’

R - 5’GAGGGGAAACGGAAGAAATC 3’

280 54

NRAMP NRAMP GBRH01134626.1 F - 5’ AAGATCTTGTCTAATGGGTTGG 3’

R - 5’ GCTATGTCTGTCCCGTAAAAG 3’

461 60

YSL YSL AY515561 F -5’TAAACGGCTACAAGGTGTTTATA3’

R -5’CCGCAAAGGCAAAGAATCCGTA 3’

764 58

S19 S19 EU970864.1 F - 5’ TTGTCAAGGCCTACTCCGC- 3’

R - 5’ TCCTCTGGCGGCCACCATA-3’

210 56
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2.6.2 Total RNA extraction

RNA extraction was performed according to (Connolly et al., 2006). For total

RNA, samples were collected from metals treated leaves and control plants in liquid

nitrogen and stored at -80°C. Trizol reagent was used for total RNA extraction from

A.donax.The harvested leaves were crushed in liquid nitrogen using a prechilled

pestle and mortar at -80ºC. Samples (50-100 mg) were shifted to eppendorf tubes and

1000µL Trizol reagent was added. Homogenization was done by vortexing for 5

minutes. Then phase separation was achieved by addition of 200µL chloroform to the

eppendorf tubes followed by vortexing and incubation (2-3 min) in ice box. After that

samples were centrifuged at 10000 g for 15 min at 4ºC and clear supernatant was

collected in new eppendorf tubes. An amount of 500µL of pure isopropanol mL-1

Trizol was added, vortexed and incubated at -80ºC for 20-30 minutes.

After half an hour of incubation, centrifugation was done at 10000 g for 10

min at4ºC, removed isopropanol and RNA pellets were washed by 70% ethanol.

Centrifugation was done again at 7000rpm for 5min at 4ºC. Ethanol was removed and

pellets were redissolved in 60-80µL DEPC water and stored at -80ºC.Total RNA

concentration was determined with the help of spectrophotometer at A260 nm with

the help of Eq. (2.4):

Total RNA = OD260 × 40 ngµL-1 × dilution factor…….2.4

Quality of total RNA was checked by running RNA samples on 1.5% agarose gel.

2.6.3 Reverse transcription (RT)

To perform RT-PCR, cDNA was prepared by using the TOPscriptTM cDNA

Synthesis Kit (Enzynomics, Seoul) by using  4 mg total extracted RNA. RNA extract

and hexamer primers were mixed and heated for 5 min at 72°C. Then samples were

placed on ice and following components were added; 2 mL 10 X TOP script RT-

buffer, 1 µL  reverse transcriptase (RT), 2 µL deoxy nucleotide (dNTP) mixture, 0.5

µL RNAase inhibitor and total volume was adjusted to 20 µL by adding double

distilled water (ddw). The reverse transcriptase reactions were incubated at 50°C for 1

h and completed by heating at 95 °C for 5 min.
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2.6.4 Polymerase Chain Reaction (PCR)

PCR reaction mixture  was 10 µL which contained 1 µL cDNA, 1 µL pairs of

specific primers, 5 µL 2X Master Mix (Taq DNA polymerase, dNTPs, MgCl2 and

reaction buffers) and 2 µL double distilled water. PCR was performed in a thermal

cycler ‘Master cycler gradient’ (Applied Biosystems). Optimized conditions for PCR

amplification reaction were adjusted as follows: 35 cycles of amplification followed

denaturation (94°C for 5 min), denaturation (94°C for 30 sec), annealing temperatures

were primers depedent so for GR (52°C for 30 sec), Carotenoid Hydroxylase(52°C for

30 sec ), bHLH(54°C for 30 sec), Amidase (54°C for 30 sec), NRAMP (60°C for 30

sec), YSL (58°C for 30 sec) and S19 (56°C for 30 sec), elongation (72°C for 30 sec)

and final extension (72°C for 10 min).

2.6.5 Analysis of PCR product (Amplicons)

The amplified PCR products of each gene were visualized with 1.5% agarose

gel electrophoresis (Tiangen Biotech, Shanghai). Agarose gel (1.5%) was prepared by

dissolving agarose powder (0.45 g) in TAE buffer 1X (0.04 M Tris, EDTA 0.001M

pH 8.0). Ethidium bromide (4-6 µL) was added to the gel before solidification. For

the comparison of fragment sizes, a DNA ladder of 100 bp was used.

2.7 Analysis of Total Proteins and SDS-PAGE

2.7.1 Whole cell protein quantification

Bradford (1976) protocol was utilized for the quantitative evaluation of

soluble proteins. Plant extract was made by following the protocol set by Luhova et

al. (2003). Frozen leaves (1 g) were crushed and homogenized by precooled pestle

and mortar with 0.1 M chilled potassium phosphate buffer (pH 7.0) in ratio 1 to 4

(w/v). Crushed samples were shifted to falcon tubes (15 mL) and kept at 4oC for 24 h.

After 24 h, the extracts were centrifuged at 10,000 g (4oC) for 10 minutes to obtain

residue free plant extract. Supernatant was collected and stored at -80°C.

2.7.2 Bradford Assay

The amount of protein in samples was determined by its absorbance and

comparison to the standard protein curve. For calibration curve (0, 2, 4, 8, 12, 16, and
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20 μL) Bovine Serum Albumin (BSA) (1mgmL-1) was taken and final volume

(200µL) was made with distilled water and addition of 200µL of Bradford reagent

proceeded the reaction.  The reaction mixture was incubated in dark at 25°C for 5 min

and absorbance was recorded at 595 nm with a BIO-RA, iMark microplate reader.

The absorbance values were corrected by subtracting the average absorbance of the

blank samples and normalized by dividing by the average path length of 120 μL of

water (0.6189 ±0.002 cm). The normalized absorbance values were plotted versus the

mass concentration (gL-1). Protein solutions were prepared as 50 mgL-1 from the stock

solutions of crude proteins. In microplate each well was filled with  200µL of

Bradford reagent along with 20 µL of protein extract with 5 replicates per treatment.

After 5 minutes of incubation at 25°C in dark, the readings were noted for control and

vaious treatments.

2.7.3 Electrophoresis of crude proteins

A constant amount of protein was loaded on SDS-PAGE comprising 4% and

10% polyacrylamide slab gels (Table 2.3), using a Bio-Rad Mini-Protean II (Power

Pac Bio-Rad, TM Basic) along with molecular weight marker. Total proteins were

loaded 20–30 μg of in triplicates. The samples were run for 1 h at 100 V then raised

the voltage up to 150 V until the proteins reached the end of the staking gel. Standard

protein ladder made of proteins of known weight ranging from 14.4 - 116 kDa

(Standard protein marker, Fermantas, Germany) was used during gel electrophoresis.

Table 2.3: Chemical composition of 4% and 10% SDS-PAGE gel

*Ammonium persulfate, ** Tetramethylethylenediamine

2.7.4 Transferring of proteins from gel to membrane

The Polyvinylidene Difluoride (PVDF) membrane measuring 8.5×5.3 cm was

activated with 100% methanol for 1 min and rinsed with transfer buffer with shaking

ddH2O 30% Acryl
Bis

Tris
HCl

10%
SDS

10% APS TEMED**

4% SDS-PAGE gel
(4ml)

2.52 mL 400 µL 1 mL 40 µL 40 µL 4 µL

10%SDS-PAGE
gel(10ml)

4 mL 300  µL 2.5 mL 100 µL 100 µL 4 µL
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at 22.8°C and 80 R for 10 min. Staked blotting cotton pads, SDS PAGE and

membranes (PROTRAN, Shleicher & Schuell) were run by Trans-Blot Semi-dry

(BioRad) in transfer buffer (25 mM Tris, 192 mM glycine and 20% (v/v) methanol,

pH 8.3) and placed in ice block tank. The time and voltage of transfer was optimized

as 250 V for 2 h. After 2 hours, membranes were inserted into BSA buffer and kept

on shaking for 2 hours. After 2 hours, membranes were washed with TBST three

times followed by 5 min of shaking.  The composition of various buffers used in this

step is presented in Table 2.4.

Table 2.4: Chemical composition of buffers used for Western blotting

Electrophoresis Buffer Tris Buffered Saline with Tween 20(TBST) Transfer Buffer

Chemical Amount Chemical Amount Chemical Amount

Tris-HCl 15.1g Tris-HCl 24.2g Tris-HCl 15.15g

Glycine 94g NaCl 80.1g Glycine 72g

0.1% SDS (sodium

dodecyl sulphate)

5.0 g DDW 1 L Methanol 1L

DDW 1 L TBST(500mL)+DDW(4.5L)+Tween20(5mL) pH 7.6 DDW 5 L

2.7.5 Antibody staining

Blocked memranes were incubated on a shaker, overnight at 4°C with

appropriate dilutions (1:200) of primary antibody in blocking buffer. Next morning

membranes were processed by three washes of TBST, 5 min each. Then these

membranes were stripped and reprobed with an anti-protein-specific goat anti-rabbit

IgG antibody dilutions of (1:200) at room temperature for 2 hours shaking. Finally,

washed the membranes thrice with TBST for 5 min at room temperature.

2.7.6 Chemiluminescence staining

For imaging, the membranes were submerged with 1mL mixture of

illuminating solutions (super star ECL A and super star ECL B) in darkroom

(Automatic chemiluminescence image analysis system, Tenon) and results were

captured.
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2.8 Statistical Analysis

Results are expressed as means ± S.E.M. for the indicated number of separate

cell preparations per experimental protocol. Data were analyzed using one-way

analysis of variance followed by the LSD post hoc test. Differences between groups

were considered to be significant at p<0.05. Analyses were performed using the

Sigma Stat statistical software package (Systat Software, Inc., San Jose, CA).
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Chapter 3

Results
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3.1 Metals Accumulation and Physiological Characteristics

3.1.1 Cr accumulation

The Cr metal uptake in various parts of giant reed was illustrated in Fig. 3.1.

At the lowest Cr treatment (33 mgL), total metal uptake by all parts of plants was 933

mg/kg; whereas, Cr distribution in plants parts was as follows; 323 mgkg-1 in roots,

292 mg/kg in stem and 317 mgkg-1 in leaves. Similarly, at the maximal Cr treatment

(268 mgkg-1), total Cr uptake was 3877 mgkg-1 and its uptake by roots was 2469

mgkg-1, in stem it was 813 mg/kg, while in leaves it was 595 mgk-1g. Uptake of Cr by

different parts (roots and shoots) of A.donax was highly significant (p  0.05) at

various Cr concentrations. The Cr accumulation was in following order: stem > root >

leaves (Fig. 3.1).

Fig. 3.1: Cr accumulation in various parts of giant reed plants

3.1.2 Cd accumulation

The Cd uptake in different parts of giant reed is illustrated in Figure 3.2. At

the lowest concentration of Cd treatment (25 mgL-1 ) , total metal uptake by all plant

parts was about 746 mgkg-1 whereas distribution in plants parts was as follows: 345

mgkg-1 in roots, 254 mgkg-1 in stem and 49 mgkg-1 in leaves. At the highest Cd
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concentration treatment (100 mgL-1), total metal uptake was 1904 mgkg-1 and its

uptake by roots was 872 mgkg-1, stem 734 mgkg-1 and leaves 298 mgkg-1. The

maximum Cd uptake was observed by plants roots at 100 mgL-1 which was 872mgkg-

1 while the minimum level of Cd content was observed in stem of giant reed plants at

50 mgL-1 which was 40 mgkg-1. Thus the metal uptake by various plant parts was

significantly variable (p  0.05) under various conditions of stress.

Fig. 3.2: Cadmium accumulation in various parts of A.donax plants

Cadmium concentrations (mgL-1)

20 40 60 80 100

C
d 

co
nc

en
tra

tio
ns

(m
gk

g-1
) i

n 
va

rio
us

 p
la

nt
 p

ar
ts

0

500

1000

1500

2000

2500

Cadmium conc mg/kg in roots
Cadmium conc mg/kg in stem
Cadmium conc mg/kg in leaves
Total Cd conc mg/kg in plant parts

a
b

dd
ee  ee

f

g
gg

h
i

 i

c

3.1.3 Ni accumulation

The Ni accumulation in various parts of giant reed and growth medium was

shown in Fig. 3.3. At the lowest Ni treatment (25 mgL-1), total Ni uptake by all plant

parts was about 1950 mgkg-1, distribution pattern of Ni in various plant parts was as

follows: 253 mgkg-1 in roots, 1084 mgkg-1in stem and 615 mgkg-1in leaves. At

maximum Ni treatment (100 mgL-1), total Ni uptake was 4561 mgkg-1 and its uptake

by roots was 1381.5 mgkg-1, stem2314 mg/kg-1 and leaves 865.4 mg/kg-1. The

maximum Ni uptake was observed in stem at 100 mgL-1 which was 2314 mgkg-1

while the minimum level of Ni content was observed in roots of giant reed at 25 mgL-

1. It was noticed that under Ni stress giant reed uptake metals more efficiently at 25
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mgL-1 and 75 mgL-1.  The metal uptake by various plant parts was significantly

variable (p  0.05) under various concentrations of Ni stress.

Fig. 3.3: Nickel accumulation in various parts of A.donax plants
Nickle concentrations (mgL-1)
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3.1.4 Cu uptake by giant reed

Uptake of Cu by various parts of giant reed plants is illustrated in Fig. 3.4. At

the lowest Cu treatment (25 mgL-1), total metal uptake by all plant parts was about

1744 mgkg-1,  whereas Cu distribution in plants parts was as follows: 200 mgkg-1 in

roots, 720 mgkg-1 in stem, 823 mgkg-1 in leaves and total metal contents in plant

body was 1744 mgkg-1 (Fig. 3.4). At the maximum concentration of Cu treatment

(100 mgL-1), total metal uptake was  4967 mgkg-1 and its uptake by roots was 2390

mgkg-1, stem 1160 mgkg-1 and leaves 1417 mgkg-1. The maximum Cu uptake was

observed by plants roots at 100 mgL-1 which was 2390 mgkg-1 while the minimum Cu

content was observed in stem of giant reed plants at 25 mgL-1 which was 200 mgkg-1.

Thus the Cu uptake by various plant parts was significantly variable at (p0.05) at

various concentrations of Cu stress.
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3.1.5 Pb uptake by giant reed

The giant reed plants showed significant variations in Pb uptake and

accumulation in various parts as illustrated in Fig. 3.5. At the lowest concentration of

Pb (25 mgL-1), total metal uptake by all plant parts was 1091 mgkg-1. Pb

accumulation in various plants parts at (25 mgL-1) was as follows: roots accumulated

290 mgkg-1, stem about 440 mgkg-1and Pb concentration in leaves was 360 mgkg-1.

The maximum concentration of Pb（100 mgkg-1）also show maximum Pb

accumulation, about（2381 mgkg-1）net accumulation was observed in various plant

parts. At maxium Pb exposure, total Pb uptake in various parts was:  roots 780 mgkg-

1, stem 968 mgkg-1 and 632 mgkg-1 Pb accumulated in leaves. It was interesting to

note that roots contained the highest concentration (829 mgkg-1) of Pb at 75 mgL-1 of

Pb than other treated plants.

Fig. 3.4 Copper uptake by various parts of A.donax plants
Copper concentrations (mgL-1)
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 Fig. 3.5 Lead accumulation in various parts of A.donax plants
Lead concentrations (mgL-1)
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3.1.6 Arsenic uptake by different parts of giant reed

Arsenic accumulation by various parts of giant reed plants and left over

solution is illustrated in Fig. 3.6. It was noticed that lowest As stress (25 mgL-1) total

Asuptake was 2214 mgkg-1, where its parts wise distribution in was showed the

maximum accumulation in roots having 1123 mgkg-1, stem contained 652 mgkg-1,

leaves had 439 mgkg-1. Mean As values of contents was recorded at 50 mgL-1 As

exposure. At maximum exposure of As (100 mgL-1) total metal uptake was 4300

mgkg-1 and its uptake by roots was 2365 mgkg-1, stem 1340 mgkg-1 and leaves 597

mgkg-1. As uptake by various plant parts was significantly variable (p  0.05) under

various As concentrations.
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Fig. 3.6: Arsenic accumulation in various parts of A.donax plants
Arsenic concentrations (mgL-1)
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3.2 Effect of metals on chlorophyll pigments of giant reed

3.2.1 Variations of chlorophyll contents under Crstress

Chlorophyll (Chl) measurements showed that photosynthetic pigments were

significantly (p  0.05) affected by various Cr treatments (Fig. 3.7). It was observed

that the amount of Chla before and after treatment significantly (p  0.05) varied. In

control, Chla contents initially increased from 9 mgg-1 to 9.5 mgg-1 after three weeks.

The quantity of Chla gradually and significantly (p  0.05) dropped with an increase

in Cr treatment and the minimum value observed for higher Cr treatments (268 mgL-1

and 133 mgL-1) was approximately 5 mgg-1. It was observed that the decrease in chl

contents was significantly different in various treatment groups with respect to

control; whereas, chla decrease was almost same at highest most concentrations of Cr.
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Fig. 3.7 : Effect of Chromium on Chlorophyll a of A.donax leaves
Chromium treatment (mgL-1)
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In case of Chlb (Fig. 3.8), the maximum concentration detected in control

plants was 15 mgg-1but the quantity of Chlb significantly (p  0.05) decreased to 2

mgg-1 with a rise in Cr exposure and its concentration was 4 mgg-1 at Cr concentration

of 133 mgL-1.

Fig.3.8: Effect of Chromium on Chlb concentration of A.donax leaves.
Various letters show significant difference at p<0.05).
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Fig. 3.9: Effect of chromium on total chlorophyll of A. donax leaves

Chromium concentration in mg L-1
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Similarly, the chlt concentration (Fig. 3.9) also markedly diminished with increasing

Cr treatments. The initial Chlt concentration in control plants was 23 mgg-1 and after

three weeks was 26 mgg-1. With the rise in metal treatments, the Chlt concentration

decreased and the minimum Chlt concentration was observed at higest treatment (133

mgL-1).The Chlt which was initially 22 mgg-1 but reduced to 7 mgg-1. Finally, the Chlt

concentration was  8 mgg-1 at the highest Cr stress of (268 mgL-1).

3.2.2 Effect of Cd on chlorophyll (Chl) pigments

Chl measurements showed that photosynthetic pigments were also significantly

affected by various Cd treatments (Fig. 3.10). In control, Chla content increased as

initially from 11 mgg-1 and after three weeks to 14.5 mgg-1. The quantity of Chla had

an inverse relationship with Cd treatments and the minimum value of 4 mgg-1 was

noted at the maximum Cd concentration. In case of Chlb, its maximum concentration

was detected in control plants (12 mgg-1) at highest Cd concentration of 100 mgL-1 it

was 3 mgg-1. Similarly, the value of Chlt also markedly reduced with rising Cd

concentrations. As demonstrated in Fig: 3.10, the initial total Chlt in control plants

was 24 mgg-1, and it was 26 mgg-1 after three weeks. With increasing Cd treatment,
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Chlt level decreased and the minimum Chlt concentration of 7.1 mgg-1 was observed

at 100 mgL-1 Cd concentration.

Fig. 3.10: Effect of Cadmium on chlorophyll content of A. donax leaves
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3.2.3 Effect of Ni toxicity on Chlorophyll contents

Nickel toxicity caused variable effects on for plant pigments of giant reed

plants as showed in Fig 3.11. It was observed that the initial amount of Chla in all

plants was almost same that is 11±1 mgg-1 and whereas the final amount of Chla

decreased with increasing Ni stress after experiment. The maximum amount of Chla

was observed in control plants and was 13 mgg-1, the minimum value of Chla was

found in plants under Ni metal stress (75 mgL-1 and 100 mgL-1) and was about 8 mgg-

1.The initial contents of Chlb were almost same in all plants before treatment and was

12 mgL-1 but under high Ni stress the amount of Chlb was also reduced to some

extent. The higher amount of Chlb was observed in control plants after treatment , the

Ni stress of  (25 mgL-1 and 50 mgL-1) have almost the same amount of Chlb  11 mgg-1

which was high from initial quantity of Chlb. At the highest treatment levels of Ni

treatments (75 mgL-1 and 100 mgL-1) the amount of Chlb contents showed a slight

decrease from the initial values and were 18.8 mgg-1 and 9.2 mgg-1 respectively.
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Total Chl contents were significantly (p  0.05) affected by various Ni

treatments. It was observed that the amount of total Chl pigments in control plants

was 24 mgg-1 initially and finally its amount at highest concentrations was 29 mgg-1

after thirty days treatments. The amount of total Chl was different for different

concentrations of Ni, it shows an increasing trend up to 50 mgL-1 of Ni treated plants

and was 25 mgg-1 with an increasing Ni stress. Above 50 mgL-1 the total Chl content

decreased to some extent and was found  22 mgg-1 and 20 mgg-1 at 75 mgL-1 and 100

mgL-1 Ni concentration . Results showed that amounts of Chla, Chlb and Chlt

remained constant or slightly affected up to 50 mgL-1 of Ni but at highest Ni

concentration significantly reduced Chla, Chlb, and Chlt over control.

3.2.4 Effect of Cu on chlorophyll (Chl) pigments

Chl measurements showed linear decrease in amounts subsequent to Cu

treatments (25~100 mgL-1) (Fig. 3.12). Chla pigment in control plants was 9 mgg-1

before treatment and it was about 11.5 mgg-1 after treatment. The amount of Chla

significantly (p  0.05) decreased under Cu toxicity. The maximum value of Chla was

seen for the lowest exposure of Cu and it was 9 mgg-1 before treatment which was

almost constant after treatment i.e. 8.3 mgg-1. The maximum decrease in Chla content

was observed against the highest Cu treatment (100 mgL-1) and was 5.7 mgg-1.

Fig 11. Effect of Ni toxicity on Chlorophyll contents of A.donax
Nickel concentration mg/L
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In case of Chlb, the maximum concentration was also detected in control

plants and was 12 mgg-1 which increased to 14.5 mgL-1 at the end of experiment. It

was observed that Chlb content effectively fell with rising Cu concentrations. The

maximum quantity of Chlb at the minimum stress (25 mgL-1) was 12 mgg-1 initially

which decreased to 10 mgg-1. At the highest level of Cu stress (100 mgL-1), Chlb

contents remained about 7.5mgg-1. Similarly, reduction in Chlt pigments was

significant at (p  0.05) with highest Cu (100 mgL-1 ) treatment. The value of initial

Chlt contents in control plants was 21 mgg-1 and after three weeks it arose to 24 mgg-

1. Chlt showed a decreasing trend with increasing Cu treatments.  So, the maximum

Chlt contents were observed at lowest Cu treatment (25 mgL-1) which was 19 mgg-1

after the experiment and the minimum Chlt concentration was about 13 mgg-1 at

highest metal stress of 100 mgL-1.

3.2.5 Effect of Pb on chlorophyll

The effect of on the chlorophyll contents are shown in Fig. 3.13. In the

beginning of experiment, the Chla content in control plants was 12 mgg-1 which

increased to 13 mgg-1 after treatment. In treated plants, Chla quantity was highest at

low Pb exposure and was 10 mgg-1 after treatment while at the highest exposure level

(100 mgL-1) the Chla contents reduced to 6 mgg-1. The Chlb quantity was not

significantly reduced up to 50 mgg-1 Pb levels. In case of Chlb (Fig. 3.13), the

maximum final Chlb concentration deceased at high Pb concentration so at 100 mgL-

1i.e. 8 mgg-1. Similarly, the value of Chlt concentration also markedly reduced with

increasing Pb concentration. The initial total Chl concentration in control plants was

25 mgg-1, and after three weeks it was 26 mgg-1. With the rise in metal treatment, Chlt

decreased and the minimum Chlt concentration (15 mgg-1) was observed at 100 mgL-1

Pb.
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Fig. 3.12 Effect of Cu stress on chlorophyll contents of A.donax
plant
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Fig. 3.13: Effect of Lead (Pb) toxicity on chlorophyll contents of
A. donax plants
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3.2.6 Effect of Arsenic on chlorophyll (Chl) pigments

Detailed analysis of Chla, Chlb and Chlt before and after treatments is given in

Fig 3.14. Increasing trend of various forms of chlorophyll was noted with the passage

of time as a result of growth in control plants (Fig. 3.14). In treated plants, variations

in chlorophyll contents under As (25 mgL-1) stress were as follows: Chla quantity was

(15 mgg-1 ) reduced to11.5 mgg-1, Chlb quantity was initially 18.5 mgg-1 and it

deccreased  upto 17  mgg-1, total Chl was (34 mgg-1) which remained 33 mgg-1 at low

As exposure. At the highest As exposure (100 mg/L), the Chla content was initially

13.5 mgg-1 and reduced to 6 mgg-1, Chlb was 18.5 mgg-1 which remained 18 mgg-1.

The Chlt contents were initially 32.7 mgg-1which reduced to 25 mgg-1after treatment.

Fig. 3.14: Arsenic accumulation in various parts of A.donax plants
Arsenic concentrations mgL-1
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3.3 The Dry Weights under Metal Stress

3.3.1 The effect of Cr stress on the dry weight

Effect of Cr toxicity on dry weight of giant reed plants is illustrated in Fig.

3.15. It was observed that the initial dry weight of all plants was uniform around 65±5

g. Under Cr stress, the dry weight of plants decreases with an increase in metal

treatment. In control plants species, the initial dry weight of plants increased to some

extent and was 74 g but in treated plants it gradually decreased with increasing stress

conditions. At the minimum Cr concentration i.e. 33 mgL-1 final dry weight was 63 g
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after treatment. At the highest Cr treatment (268 mgL-1), its value decreased and was

59 g. The decrease in dry weight with increase in Cr stress was significant (p  0.05)

over control but the level of significance for dry weight between groups was not

significant at 134 mgL-1 and 268 mgL-1 Cr concentrations (Fig. 3.15).

3.3.2 The Effect of Cd on the dry weight

Cd enormously affected the dry weight of giant reed plants (Fig. 3.16). It was

observed that the initial dry weight of all plants was taken uniform and was 50±5 g.

Under Cd stress the dry weight of plants decreased with an increasing metal

concentrations. In control plants species, the dry weight of plants increased to some

extent and was 53 g but it decreased significantly with increasing stress conditions in

treated plants. In plants exposed to 25 mgL-1 Cd concentration dry weights after

treatment was 48 g. However when exposed to high Cd concentration (100 mg/L) its

value was 39 g. Dry weight of giant reed showed a significant (p  0.05) decrease

against various Cd concentrations (mgL-1).

 Fig. 3.15: Effect of Chromium stress on dry weight of A.donax plant
Chromium concentrations mgL-1
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Fig. 3.16: Effect of Cadmium on dry weight of A.donax plants
Cadmium concentrations mgL-1
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 Fig. 3.17 Effect of Nickel on dry weight of A.donax

Nickel concentrations mgL-1
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3.3.3 The effect of Ni stress on dry weight of giant reed

The effect of Ni toxicity on dry weight of giant reed plants was illustrated in

Fig. 3.17. The application of Ni stress to giant reed plants showed that the dry weight

of control plants increased to 78 g whereas the plants subjected to 25 mgL-1) had

significant variations from the initial dry weight which increased and reached 83 g
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after treatment. At the maximum Ni treatment (100 mgL-1) final dry weight after

treatment was 61g which was significantly less than dry weight of control plants. The

decrease in dry weight with increasing Ni toxicity was significant (p  0.05) from that

of control but the level of significance for dry weight between groups was not

significant at a Ni concentration of 50 mgL-1.

3.3.4 Dry weight of giant reed under Cu exposure

Dry weight of giant reed plants showed significant variations against the rate

of Cu exposure (Figure 3.18). The dry weight of plants decreases with an increase in

Cu stress. The dry weight of plants increased to 73 g in control plants but it gradually

decreased in treated plants with increasing Cu stress. At 25 mgL-1 Cu concentration,

dry weight was ± 68 g after treatment but at highest Cu concentration (100 mgL-1),

dry weight was reduced to 61 g. Dry weight showed significant decrease (p  0.05)

when exposed to the highest Cu concentrated.

Fig. 3.18: Effect of Copper stress on dry weight of A.donax plants
Copper concentrations (mgL-1)
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3.3.5 The effect of Pb toxicity on dry weight of giant reed

Lead toxicity significantly reduced the dry weight of giant reed plants in

comparison to control plants (Fig 3.19). The maximum value of dry weight was

observed in control plants while the minimum value was about 110 g. After
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treatments, dry weight analysis depicted a sudden reduction in dry weights of plants

exposed to increasing metal stress above 25 mgL-1. The mean values of dry weight

were about 94 g at 50 mg/L Pb concentration and then decreased at 75 mg/L and 100

mgL-1 as 79 g and 76 g respectively. It was obvious that the reduction in dry weight at

the highest Pb exposure was highly significant (p  0.05).

Fig. 3.19 Effect of Lead toxicity on dry weight of A. donax plants
Lead concentrations (mgL-1)
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3.3.6 The effect of As toxicity on dry weight

Giant reed plants showed significant variations in dry weight amount against

various concentrations of Arsenic Fig. 3.20. It was noticed under different stress

conditions (25 ~ 100 mgL-1), the values of dry weight of plants lower down with an

increase in metal stress successively. The highest dry weight (92 g) was observed in

plants without any stress (control). In all other plants species, dry weight gradually

decreased with increasing stress conditions. The maximum dry weight value (80 g)

was found at the minimum treatment (25 mgL-1). In contrast, a gradual increase in As

stress reduced the dry weight to (72 g) in plants under 75 mgL-1and 100 mgL-1.
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Fig. 3.20: Effect of Arsenic toxicity on dry weight of A.donax plants
Arsenic concentrations (mgL-1)
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Fig. 3.21: Bioaccumulation factor of A.donax plants against multimetals
contamination

Heavy metals concentrations (mgL-1)
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3.4 Bioconcentration Factors

3.4.1 Bioaccumulation factor

The bioaccumulation factors (BF) varied with increasing metals treatments in

the nutrient solution (Fig. 3.21). BF values ranged 0 to 6 at various applied metals

concentrations; the values of the bioaccumulation factor were above 1 for Pb and Ni

but for Cr, Cd and As while it was below 1 at 25 mg L-1. BF values were high up to



71

75mgL-1 treatments but its values were below 1 at 100 mg L-1 concentrations. The

highest BF value was 6against Ni stress but was 2 for As and Cu stress at 25 mg L-1.

BF values were above 1 for Ni, Cu, Cd and Cr stress at 50 mg L-1 and was below 1 for

As and Pb. The above results show that BF values were over the reference value (1.0)

for hyper-accumulation for all given treatments of various heavy metals.

3.4.2 Translocation factor

The TF values also varied with the supplied heavy metals in the nutrient

solution (Fig. 3.22). The showed highest TF values were observed at 25 mg L-1. It

was noted that value of TF for Cu was 5.8; while the TF values for other metals like

Ni, Pb and As were above 1 at first treatment level. TF values of Ni, Cu and Cr were

1.7 at 50 mg L-1;   whereas, for Cu, Cr and Cd TF value was 0.5. The highest TF

value was 4.5 at 25 mg L-1. It was interesting to note that giant reed showedhad high

TF values for 50 mg L-1of metal treatments which further declined with increasing

metals concentrations (Fig. 3.22).

Fig. 3.22 Translocation factor of A.donax plants under various heavy
metals stress

Metals concentrations (mgL-1)

20 40 60 80 100

Tr
an

sl
oc

at
io

n 
fa

ct
or

0

2

4

6

8

 Cr
Cd
 Ni
 Cu
As
 Pb

3.5 Antioxidant Activities under Metal Stress
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3.5.1 Antioxidants activity under Cr stress

The activity of three antioxidant enzymes SOD, POD, CAT under Cr stress is

given in Fig 3.23. The results depicted that the antioxidant activity increased with

increasing concentration of Cr. The amount of SOD was about 412 μ g-1FWmin-1 in

control plants which increasedwith increasing Cd stress and was 420μ g-1FWmin-1 at

minimum concentration of Cr (33 mgL-1). The SOD level went up to 537 μ g-

1FWmin-1 at highest treatment level (268 mgL-1). The amount of POD showed some

variations at highest Cr treatment which was nonsignificantly different within

treatment groups but significantly different from control. In control the POD content

was 4.3 μ g-1FWmin-1 where as its content elevated to 7.662 μ g-1FWmin-1. The

amount of CAT enzyme showed significant variations towards increasing stress.

Fig.3.23. Effect of Chromium on ezymatic activity of SOD, CAT and POD of
 A.donax leaves
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The minimum quantity of CAT was observed in control (40 μ g-1FW min-1). For the

minimum treatment (33 mgL-1) the POD quantity was about 72 μ g-1FW min-1)

while its contents were found high for highest treatment (268 mgL-1) was about 128μ

g-1FW min-1 (Fig. 3.23). The rise in Cr stress regulated the enzymatic activities of all

antioxidants of giant reed plants.
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3.5.2 Cadmium and Antioxidants production

The production of antioxidants under Cd stress is given in Fig. 3.24, it

revealed that the antioxidant activities of SOD, POD, and CAT were variable at

various concentrations of Cd stress. The amount of SOD was 25 μ g-1FWmin-1 in

control plants which increasedalong increasing Cd stress and was higher at highest

concentration of Cd (100 mgL-1) i.e.  70 μ g-1FWmin-1. The amount of POD showed

some variations at highest concentrations of Cd from the values observed in the

control but these quantities were not significantly different from each other. The

amount of CAT enzyme showed significant variations. The minimum quantity of

CAT (70 μ g-1FW min-1) was observed in control while the maximum quantity was

observed at 75 mgL-1concentration of Cd which was 170 μ g-1FW min-1. The CAT

contents at 25 mgL-1, 50 mgL-1and 100 mgL-1was almost same and was in the of 110 -

125 μ g-1FW min-1.  The enzymatic activities of all antioxidants enhanced against

maximum Cd treatment (Fig. 3.24).

Fig. 3.24: Effect of Cadmium stress on enzyme activity of
A.donax plants.
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The MDA content also showed an increasing trend under high stress

conditions. The MDA valueswere significantly variable at different Cd

concentrations, in control it was (10 μ mol g−1 FW) while the maximum quantity of

MDA was found at the highest Cd concentration which was about (130 μmol g−1

FW).
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3.5.3 Effect of Nickel stress on antioxidants activity

Nickel stress has altered the antioxidant activity of SOD, POD and CAT at

various concentrations of (25~100 mgL-1), which is displayed in Fig. 3.25. The

minimum SOD activity was found in control plants (376μ g-1FWmin-1).The SOD

activity increased with increasing Ni treatments at 25 mgL-1( 508 μ g-1FWmin-1) and

was higher (766 μ g-1FWmin-1) at highest concentration (100 mgL-1) of Ni. The

amount of CAT has showed some variations at highest concentrations of Ni.With

increasing stress its activity enhanced to 164 at 100 mgL-1. The POD amount also

showedsignificant variations at various concentrations of Ni.  The minimum POD

activity was 13.15μ g-1FW min-1 in control while the maximum quantity was

observed at 100 mgL-1concentration of Ni (19μ g-1FW min-1).

Fig.3.25 Effect of Ni toxicity on Antioxidants (SOD,CAT and POD) activity
 of A.donax plant
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3.5.4 Effect of Cu on Antioxidants production

Various concentrations of Cu induced antioxidant response in giant reedplants

is shown in Fig 3.26.  Results of antioxidants (SOD, POD and CAT) revealed that

their expression level was Cu stress dependent. The minimum SOD activity was

observed in control plants and was 409μg-1FWmin-1 which increased against high Cu

concentrations. It was interesting to note that the minimum SOD expression (453 μg-
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1FW min-1)was found at 75mgL-1 concentration of Cu, mean values of SOD contents

(495 μ g-1FW min-1)was appeared at Cu treatment of 50mgL-1whereas, the maximum

SOD activity (545 μ g-1FWmin-1) was observed at the maximum concentration of Cu

(100 mgL-1).

The amount of POD showed significantly variable results at different

concentrations of Cu stress. The minimum activity of POD enzyme (3 μg-1FWmin-1)

was recorded in control plants. In treated plants the maximum activity of POD (6.7

μg-1FW min-1) was observed at 75mgL-1 Cu treatment which was higher then the POD

contents (4.8 μg-1FWmin-1) found at the maximum treatment of Cu. The CAT activity

showed significant variations against different Cu. The minimum quantity of CAT (34

μ g-1FW min-1) was observed in Cu treated plants at 25mgL-1 while the maximum

quantity（153 μg-1FW min-1) was observed at Cu (75 mgL-1) which was about 170

μg-1FW min-1. Results revealed that enzymatic activities of all antioxidants SOD，

POD and CAT) enhanced significantly against various concentrations of Cu.

3.5.5 Effect of Pb on antioxidants activity

Pb toxicity directly influenced the distribution of antioxidants like SOD, CAT

and POD in giant reedplants as illustrated in Fig. 3.27.Various concentrations of Pb

enhanced the level of antioxidant production in A.donax plants. The minimum amount

of SOD was observed in control plants and was about 405 μg-1FW min-1 which

increased on Pb exposure. The minimum SOD expression in treated plants was

observed at 50mgL-1 Pb exposure (576 μg-1FW min-1). Then its value increased at

75mgL-1 which reaches up to 925 μg-1FW min-1. The maximum SOD content was

observed at 100mgL-1 concentration of Pb and was 1037 μg-1FW min-1.

The amount of POD also depicted increasing trend under Pb stress as showed

in Fig. 3.27. The minimum activity of POD enzyme (3.5 μg-1FW min-1) was recorded

in control plants. In treated plants the minimum activity of POD（4.3μg-1FW min-

1）was observed at 25 mgL-1 Pb treatment which linearly increased and the maximum

POD actvity (6.4 μg-1FW min-1) was recorded at maximum treatment (100 mgL-1) of

Pb. Enzymatic activity of CAT also showed significant variations. The minimum

activity of CAT (71μg-1FW min-1) was observed in control plants. In treated plants

minimum CAT contents were observed in plants under （75 mgL-1）while the
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maximum  activity was recorded at 50 mgL-1 Pb concentrations（178 μg-1FW min-1).

The enzymatic activities of all antioxidants SOD， POD， and CAT) enhanced

significantly (p  0.05) against various concentrations of Pb.

Fig. 3.26 Effect of Cu stress on antioxidants activity of A.donax leaves
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Fig.3.27: Effect of Lead on antioxidants activity of A.donax leaves
Lead concentrations (mgL-1)
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3.5.6 The effect of As toxicity on distribution of antioxidants
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Antioxidant activities of SOD, CAT and POD in giant reedplants were

presented in Fig. 3.28. As stress has directly influenced the antioxidant distribution in

various plant parts which enhanced with rising concentrations level. The minimum

amount of SOD (346μg-1FW min-1), POD (2.9μg-1FW min-1) and CAT (42 μg-1FW

min-1) was observed in the control plants which increased on As exposure in all

triplicates. The minimum SOD expression (368 μg-1FW min-1) for As treated plants

was observed at 25 mgL-1. Then its value increased with increasing stress and

maximum value (520μg-1FW min-1) was observed at 100mgL-1.

The POD activity also showed an increasing trend under As stress. The

minimum POD activity (4.2 μg-1FW min-1) was recorded in treated plants at 25 mgL-1

of As treatment. POD activity linearly enhanced with increasing stress levels and the

maximum POD activity (6.1 μg-1FW min-1) was observed at 50 mgL-1. Similarly, the

CAT enzymatic activity also shown variations, its minimum value (100μg-1FW min-1)

was observed in plants at lower level of As stress (25 mgL-1).

Fig. 3.28: Effect of Arsenic stress on Antioxidants level of
A.donax leaves
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Moderate values of CAT activity were observed in plants under (50 to 75

mgL-1) while the maximum activity was recorded at 100 mgL-1.As

concentrations（195 μg-1FW min-1). The enzymatic activities of all antioxidants SOD,

POD and CAT) significantly enhanced (p  0.05) against various As concentrations.
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3.6 Lipid Peroxidation of giant reed

3.6.1 MDA and Chromium

Cr stress showed significant (p  0.05) variations in lipid peroxidation of giant

reedplant as illustrated in Fig 3.29. It was observed that against different levels of Cr

treatment the MDA contents rises successively. In control the MDA content was 20

µmolg−1 without Cr stress. Under low Cr stress, a significant increase in MDA

content was observed whichwas 29 μmolg-1FW m, whereas at highest Cr stress the

MDA content was observed significant high i.e. 54 μmolg−1 FW. The increasing trend

of MDA concentration against Cr stress showed that the oxidation conditions were high

in giant reed.

Fig.3.29: Effect of Chromium on lipid peroxidation of
A.donax
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3.6.2 Lipid Peroxidation under Nickel stress

Ni stress brought significant changes in giant reedplants as showed in Fig.

3.30. The MDA content presented increasing trend under high stress conditions of Ni.

The MDA contents were relatively low against low stress but its values increased with

elevating Ni exposure.  MDA content in control plants was 20 μmolg−1 FW, whereas

its maximum content was observed at highest concentration of Ni (50 μmolg−1 FW).
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Fig.3.30 Effect of Ni toxicity on MDA contents of A.donax plant
Ni concentrations mgL-1
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Fig. 3.31: Effect of Cu stress on MDA contents of A. donax leaves

Cu treatments (mgL-1)
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3.6.3 Lipid Peroxidation under Cu stress

In giant reed plants, significant (p  0.05) variations in Malondialdehyde

(MDA) contents were recorded under Cu stress as illustrated in Fig. 3.31. It was

observed that against all treatment levels of Cu the MDA contents showedrises. In

control the MDA content was 42 μmol g−1. In Cu treated plants a significant increase
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in MDA was observed. The minimum MDA content (49 μmolg-1FW) was recorded at

minimum Cu stress (25 mgL-1), whereas the maximum MDA content was observed

against highest Cu treatment (71 μmol g−1 FW). The increasing trend of MDA

concentration against Cu stress showed significantly (p  0.05) high stress conditions

in giant reed plants.

3.6.4 Lipid Peroxidation under Pb stress

Pb toxicity enhanced the lipid peroxidation level of giant reed plants as

illustrated in Fig 3.32. MDA content showed linear rise as compared to control up to

75mgL-1 Pb treatment. The minimum MDA contents (27 μ mol g−1) were observed in

control plants which further increased against increasing Pb concentrations. The

maximum MDA contents were observed at 75 mgL-1. At highest concentration of Pb

(100 mgL-1), the MDA amount decreased to some extent and was 53 μmolg−1.

Fig. 3.32: Effect of Pb concentrations on MDA contents of A.donax leaves
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3.6.5 Lipid peroxidation (MDA) contents in giant reed plants

The MDA content of A.donax plants against various As concentrations is

illustrated in Fig. 3.33. It was observed that As depicts linearly increasing trend of

MDA against all treatments. In control plants, the MDA content was about

26μmolg−1. In all As treated plants, the MDA contents rises in response to high stress.

At minimum concentration of As MDA contents was also lower (31μmolg-1FW). At
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highest concentrations (100 mgL-1) MDA contents increased (63μmolg−1 FW). The

increasing trend of MDA against As stress showed significant variations (p  0.05)

ingiant reed.

Fig. 3.33: Effect of Arsenic stress on lipid peroxidation of A.donax plants
Arsenic concentrations (mgL-1)
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3.7 Metals responsive Genetic Potential of giant reed

3.7.1 Genes expression under Cr stress

Figure 3.34 depicted the various genes expression trends of selected genes

against various stress conditions of Cr. It was observed that the expression of

reference gene S19 was equal for all replicates. The expression of Glutathione

Reductase (A1) and Carotenoid Hydroxylase (A2) genes was lower in control but

significantly increased with Cr treatment (33.5 mgL-1). A numerical reduction was

noted at higher Cr treatment (67 mgL-1). In contrast, transcription factor bHLH (A3)

gene expressed pronouncedly in control and decreased in higher Cr treatment.

However,  different expression patterns of Amidase (A4) gene were expressed in

control and higher treatment in contrast no expression was observed in T2 (33.5 mgL-

1).
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Fig. 3.34: Expression of four genes of giant reed under various concentration of chromium

stress i.e. T1 (control), T2 (33.5 mgL-1), T3 (67 mgL-1); A1, Glutathione Reductase

(Accession no. GBRH01175416.1); A2, Carotenoid Hydroxylase genes (Accession no.

GBRH01000055.1), A3, Transcription factor bHLH (Accession no. GBRH01000063.1), A4,

Amidase (Accession no. GBRH01000092.1) and S19 (Reference gene)

3.7.2 Expression of Giant reed genes under Cd stress

Results presented in Fig. 3.35 revealed that Cd stress influenced the

expression of selected genes as mentioned above.

Fig. 3.35: Expression of Carotenoid Hydroxilase, Amidase, glutathione reductase (GR), Transcription

factor (bHLH), natural-resistance–associated macrophage protein (NRAMP) and Yellow stripe-like

(YSL) genes in giant reed leaves in control (C) and Cd stresses (T1=25 mgL-1, T2=50 mgL-1, T3=75

mgL-1 , T4=100 mgL-1).
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No expression of carotenoid hydroxylase was observed in control plants whereas its

expression was induced under different Cd treatments. The expression of Amidase

genes was pronounced at higher Cd stress (100 mgL-1). Likewise, the genes

expression level of GR was higher in Cd stressed plants as compared to control.

Differential transcription factor (bHLH) genes expression was found in control and

Cd treatments. Higher genes expression was observed in 50 mgL-1 Cd stressed plants.

Almost same YSL genes expression was noted in treated and control plants. The

genes expression level of NRAPM gradually increased with increasing Cd stress as

compared to control. The reference gene S19 expressed uniformly in control and Cd

treated plants (Fig. 3.35).

3.7.3 Expression of giant reed selected genes under Ni stress

Various concentration levels of Ni results (Fig. 3.36) revealed that Ni stress

has control the expression level of selected genes. The expression of GR was equally

observed in all giant reed plants except at maximum Ni concentration (100 mgL-1)

where the expression level was more pronounced. There was no NRAPM genes

expression observed in control plants but expression was the highest up to 50 mgL-

1concentrations of Ni. Similarly, the genes expression level of plants under maximum

Ni concentration was more pronounced than the plants at 75 mgL-1 Ni stress.

Fig.3.36: Expression of Carotenoid Hydroxilase, Amidase, glutathione reductase
(GR), natural-resistance–associated macrophage protein (NRAMP) and Yellow stripe-
like (YSL) genes in giant reed leaves in control (C) and Ni stress (T1=25 mgL-1,
T2=50 mgL-1, T3=75 mgL-1, T4=100 mgL-1).
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Expression of carotenoid hydroxylase genes was almost equal in all

concentrations of Ni except at 75 mgL-1 which showed more pronounced results. It

was observed that no expression of YSL genes was found for control plants, whereas

the gene induced its expression under different Ni treatments. At maximum

concentration (100 mgL-1), the expression of YSL genes was also vivid. The amidase

gene expression was observed in same pattern in the control and Ni treated plants.

The expression level of reference gene S19 was constant in control and Ni treated

plants.

3.7.4 Expression of giant reed genes under Cu stress

Cu stress (25 ~ 100 mgL-1) also induced the expression of some selected genes

carotenoid hydroxilase, amidase, glutathione reductase (GR), transcription factor

(bHLH), natural-resistance–associated macrophage protein (NRAMP) and Yellow

stripe-like (YSL) in giant reed plants as shown in Fig. 3.37.

Fig. 3.37:Expression of Carotenoid Hydroxilase, Amidase, glutathione reductase
(GR), Transcription factor (bHLH), natural-resistance–associated macrophage
protein (NRAMP) and Yellow stripe-like (YSL) genes in giant reed leaves in control
(C) and Cu stress (T1=25 mgL-1, T2=50 mgL-1, T3=75 mgL-1, T4=100 mgL-1).

NRAMP

YSL

Carotenoid hydroxylase

Amidase

CT1T2T3T4

GR

bHLH



85

The level of expression of different genes was not uniform for Cu stress

except Amidase which expressed linearly among all treated leaves. Carotenoid

hydroxylase expressed more markedly in the control and Cu treated plants up to 75

mgL-1 but no expression was found at 100 mgL-1 Cu concentration. GR highly

expressed in control and treated plants at all levels of stress but no GR bands were

observed at 25 mgL-1 Cu concentration. Expression of YSL was also variable, it did

not express in control plants but expressed at 25 mgL-1 and 100 mgL-1 concentrations

of Cu. NRAMP induced at 75 mgL-1 and 100 mgL-1 but no bands were found against

other Cu concentrations. BHLH genes also effectively responded to all treatments and

except 75 mgL-1 of Cu. It was observed that expression of most of the selected genes

was significantly high at (p  0.05) at high concentrations (Fig. 3.37).

3.7.5 The gene Expression under Pb stress

Expression of selected stress responsive genes was also studied under various

concentrations of Pb (25 ~100 mgL-1) and illustrated in Fig. 3.38. Expression level of

different genes under Pb stress was as follows: NRAMP did not express in control and

at the minimum (25 mg/L) concentrations but their expression was high for the all

treatments of higher concentrations (50, 75 and 100 mgL-1). Transcription factor

(bHLH) genes uniformly expressed in control and Pb treatments (25, 50 and 75 mgL-

1) expect at the highest concentration (100 mgL-1) where no genes was expressed.

Fig. 3.38:Expression of Carotenoid Hydroxilase, Amidase, glutathione reductase (GR), Transcription

factor (bHLH), natural-resistance–associated macrophage protein (NRAMP) and Yellow stripe-like

(YSL) genes in giant reed leaves in control (C) and Pb treated plants (T1=25 mgL-1, T2=50 mgL-1,

T3=75 mgL-1, T4=100 mgL-1).
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Expression of YSL genes was not pronounced under Pb stress for all treated

and control plants. Bands of Amidase genes were also lighter for control and Pb

treated plants. Carotenoid hydroxylase expressed more pronouncedly in control and

treated plants up to 75 mgL-1 but no expression was found at 100 mgL-1 Pb

concentration. GR was highly expressed in all treated plants but no GR bands were

observed in control plants. It was observed that expression of most of the selected

genes was significantly high (p  0.05) at high concentrations of Pb stress.

3.7.6 Expression of giant reed genes under As stress

Expression of stress responsive genes against As treatments is described in Fig

3.39. Carotenoid hydroxylase expressed equally against all stress levels but little

expression was observed in control. Amidase genes expressed against all

concentrations of As and in control plants. Expression of YSL genes was not

pronounced under As stress (25 mgL-1) and control plants but bands appeared in As

treated plants (50, 75 and 100 mgL-1). Transcription factor (bHLH) genes bands

uniformly expressed in control and all As treated plants (25, 50, 75 mgL-1).

Expression level of NRAMP was high for all concentrations of As treatments (25, 50,

75 and 100 mgL-1) but no expression was found in control plants. GRhighly expressed

in all treated plants and in control plants. It was observed that expression of most of

the selected genes was significantly high (p  0.05) against As stress.

Fig. 3.39: Expression of Carotenoid Hydroxilase, Amidase, glutathione reductase (GR),

Transcription factor (bHLH), natural-resistance–associated macrophage protein (NRAMP)

and Yellow stripe-like (YSL) genes in giant reed leaves in control (C) and Astreated plants

(T1=25 mgL-1, T2=50 mgL-1, T3=75 mgL-1, T4=100 mgL-1).
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3.7.7 Phylogenetic relationship of selected genes

In order to determine the relationship of four genes of this plant with their

closely related gene sequences in other plants, the nucleotide sequence of each gene

of interest was BLAST and closely related sequences from other plants were used for

phylo cadmium genetic tree construction (Fig. 3.40).  The A1 gene sequences from

giant reed and other closely related plants were retrieved from Gene Bank and

included Salix matsudana (KM591685.1), Phyllostachys edulis (FP099904.1), Setaria

italica (XM_004976517.3), Sorghum bicolor (XM_002466642.1). The phylogenic

tree construction showed that giant reed gene A1 was closely related to glutathione

reductase gene of S. matsudana and both giant reed and S. matsudana genes are

originated from Phyllostachys edulis (A1). Similarly, giant reed A2 gene and

homologous sequences from Triticum, Hordeum, Setaria, Zea and Sorghum were

used for phylogenetic analysis. giant reed A2 gene was closely related to Triticum and

hordeum beta-carotene hydroxylase genes (A2). In the same way, giant reed A3 gene

and similar sequences of Setaria, Zea and Sorghum were used for phylogentic tree

construction and it found that giant reed A3 gene is closely related with Transcription

factor bHLH of Setaria, Zea and sorghum (A 3). A4 gene sequences were blast and

homologous sequences from Archis, Sorghum, Setaria, Brachypodium and Oryza

were selected for phylogentic relationship. giant reed A4 gene showed the maximum

similarity with putative amidase of Setaria, Sorghum and Arachis (A 4).

Fig. 3.40: Phylogenetic relationships of protein sequences from various plant species, using the

CLUSTAL OMEGA from CLUSTAL W alignments. Where A1, A2, A3, A4 stands for glutathione

reductase (GR), Carotenoid Hydroxilase (CH),  Transcription factor (bHLH) and Amidase,.The

neighbor-joining method was used to construct the tree.
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3.8 Expression of Selected Metals Responsive Proteins

3.8.1 Effect of Chromium on HSP70 and HO-1

Western blot analyses for the expression of HSP70 and HO-1 with respective

molecular weights of 70 kDa and 30 kDa reprobed by anti-protein-specific Goat anti-

Rabbit IgG in giant reed plants under Cr stress were given in Fig 3.41. It was apparent

that after stress exposure the HSP70 proteins bands were intensely increased at Cr

concentration of 25 mgL-1 and further increased up to 50 mg/L concentration level.

Beyond the optimum concentration of Cr the level of HSP70 expression gradually

decreased to some extent at Cr concentration of 75 mgL-1 and 100 mgL-1 but was still

higher than the HSP70 contents of control plants. From the expression of HO-1

proteins under Cr stress it was depicted that the various concentrations of Cr stresses

(25 mg/L to 75 mgL-1) and did not significantly  altered the HO-1 expression over

control plants.

Fig. 3.41: Western blot analysis for HSP70 and HO-1 protein expression under Cr stress in giant reed

plants. The membranes were stripped and reprobed with an anti-protein-specific Goat anti-Rabbit IgG

antibody. The bars represent means ± S.E.M. (n = 3); p≤0.05.
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But the expression of HO-1 proteins in plants under maximum stress was

higher than other control and treated plants. The expression level of HSP70 was

significantly high (p  0.05) against 50 mgL-1 and HO-1 protein at 100 mgL-1 of Cr

stress.

3.8.2 Effect of Cd on HSP70 and HO-1

Western blot analyses for the expression of HSP70 and HO-1 proteins against

anti-goat anti-Rabbit IgG in giant reed plants under application of various

concentrations of Cd stress are given in Fig 3.42. It was observed that the expression

of HSP70 protein bands of molecular weight 70 kDa intensely appeared against

increasing Cd concentrations. It was observed that HSP70 contents increased

gradually with increasing Cd concentrations and the maximum HSP70 contents were

found at 75 mgL-1 and 100 mgL-1 Cd treatments. Thus the SDS page results depicted a

significant increasing trend of HSP70 proteins against various concentrations and very

light bands were appeared in control and minimum concentration (25 mgL-1) of giant

reed plants.

Fig. 3.42: Western blot analysis for HSP70 and HO-1 protein expression under Cd

stress in giant reed plants. The membranes were stripped and reprobed with an anti-

protein-specific Goat anti-Rabbit IgG antibody. The bars represent means ± S.E.M. (n

= 3); p 0.05.
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Expression of HO-1 proteins of molecular weight 32 kDa in giant reed plants against

various concentrations of Cd stress is showed in Fig 3.42. It was observed that

minimum HO-1 contents were observed in control plants but the level of HO-1

protein was pronounced and uniform against different Cd concentrations. The

expression levels of HO-1 and HSP70 were significantly high at (p  0.05) against 50

mgL-1 and 100 mgL-1 concentration of Cd stress.

3.8.3 Effect of Ni on HSP70 and HO-1

Under Ni treatments, the expression of HSP70 and HO-1 proteins showed

significant variations in giant reed plants as given in Fig 3.43. The results revealed

that minimum HO-1 contents were found in control plants which increased on metal

treatment and the level of expression of HO-1 was almost equal at first two treatment

conditions (25 and 50 mgL-1). The maximum HO-1 contents was observed against

maximum concentration of Ni (100 mgL-1) which was significantly higher than the

HO-1 contents were found in control plants.

Fig. 3.43: Western blot analysis for HSP70 and HO-1 protein expression under Ni stress in

giant reed plants. The membranes were stripped and reprobed with an anti-protein-specific Goat anti-

Rabbit IgG antibody. The bars represent means ± S.E.M. (n = 3); p≤ 0.05
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In case of HSP70 protein expression under various concentrations of Ni

toxicity, the minimum expression was observed in control plants but was interesting

to note that the HSP70 protein equally expressed against all treatment levels.

Therefore, the intensity of HSP70 bands was identical in all treatments up to 75 mgL-1

but it was a somewhat higher against higher concentration of Ni (100 mgL-1) which

was not significantly different as suggested by LSD Post Hoc test. Thus the results of

HSP70 contents were not significantly different within treatments groups but were

significant from the control.

3.8.4 HSP70 and HO-1 expression under Cu exposure

Western blot analyses for the expression of HSP70 and HO-1 proteins against

anti-goat anti-Rabbit IgG in A.donax plants under application of various

concentrations of Cu stress are given in Fig 3.44. It was observed that the HSP70

proteins bands were almost equally expressed in control and the minimum

concentration of Cu (25mgL-1). Then progressively the HSP70 contents increased at

50mgL-1. The maximum concentration of HSP70 protein was observed against the

highest concentration of Cu level (100mgL-1).

Fig. 3.44: Western blot analysis for HSP70 and HO-1 protein expression under Cu stress
inA.donaxplants. The membranes were stripped and reprobed with an anti-protein-specific Goat anti-

Rabbit IgG antibody. The bars represent means ± S.E.M. (n = 3); p  0.05.
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Similarly, the expression level of HO1 proteins was also stress dependent and

almost all concentrations of Cu stress depicted the various contents of HO1 proteins.

It was observed that the HO-1 contents of giant reedwere the minimum in control

plants but its amount at maximum level of treatment was significantly high. It showed

that proteins HSP70 and HO-1 were significantly at (p  0.05) affected by Cu stress at

the maximum concentration of Cu exposure more prominently as compared to control

plants of giant reed.

3.8.5 HSP70 and HO-1 expression under Pb exposure

Western blot analysis for the expression of HSP70 and HO-1 proteins in giant

reedplants against various concentrations of Pb stress are given in Fig. 3.45. It was

observed that the expression of HSP70 proteins was stress dependent and increased

with increasing concentration of Pb. HSP70 contents were almost equal and constant

at (25and 50 mgL-1) which decreased at Pb (75 mgL-1) and then increased at 100 mgL-

1concentration of Pb. The expression level of HO1 proteins also responded against Pb

toxicity and it was noticed that the minimum HO-1 contents were found in the control

and at 50 mgL-1of Pb concentrations.

Fig. 3.45: Western blot analysis for HSP70 and HO-1 protein expression under Pb
stress in giant reed plants. The membranes were stripped and reprobed with an anti-
protein-specific Goat anti-Rabbit IgG antibody. The bars represent means ± S.E.M. (n
= 3); p≤0.05.
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Mean HO-1 contents appeared at 75 mgL-1 exposure while the maximum HO-

1 contents were observed at 25 mgL-1 and 100 mgL-1 concentrations of Pb. Expression

levels of results cleared that HO-1and HSP70 proteins under Pb stress were

significant at (p  0.05) giant reed plants.

3.8.6 The effect of As on (HSP70 and HO-1)

The effect of As stress on the expression level of HSP70 and HO-1 proteins in

giant reedplants given in Fig 3.46. Expression of HSP70 protein was stress dependent

and increased with increasing concentration of As stress. HSP70 contents were not

expressed in control plants but their expression was high for all As treated plants. It

was observed that HSP70 contents were high at maximum treatment level (100mgL-

1). Expression level of HO1 proteins also responded against various As concentrations

and it was noticed that the minimum HO-1 contents were found in control and at 25

mgL-1.

Fig. 3.46: Western blot analysis for HSP70 and HO-1 protein expression under As
stress in giant reedplants. The membranes were stripped and reprobed with an anti-
protein-specific Goat anti-Rabbit IgG antibody. The bars represent means ± S.E.M. (n
= 3); p≤ 0.

As4As3As2As1
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3.9 Discussion

3.9.1 Growth and Physiology

Giant reed was evaluated for biochemical parameters, genetic expression and

selected protein expression consequent to metal stress. It was observed that plants

showed significant accumulation of selected metals in various parts. The pattern of

metal accumulation in giant reed was similar for Cr, Cd, Pb and Asi.e.Root > stem >

leaf.  Similarly, metals accumulation pattern of for Ni was: stem > leaf > roots.

Conversely, the metal accumulation pattern of A.donax for Cu was leaf > stem >

roots. Analysis of chlorophyll is very important for the evaluation of plants tolerance

against stress conditions. It has been observed in this study that metals toxicity has

adversely affected the quantity of plants pigments. The maximum value of Chl has

been observed in control plants throughout the experiment of three weeks but the

value of total Chl decreased with rise in metal concentration of Cr, Cd and As beyond

50 mgL-1 but there was little or no significant decrease in chlorophyll contents at low

concentrations (< 75mgL-1) of Pb, Ni and Cu. Guo &Miao (2010),  reported that

A.donax showedan enormous reduction in dry weight against rise in  metals (As, Cd

and Pb ) concentrations above 334, 101 and 2052 mgkg-1 stress, respectively, when

grown for 70 d in contaminated soils. Decline of chlorophyll and carotenoids amount

under Zn2+, Cd2+, Pb2+ and Cu2+ for 10 days was also pronounced in T. hemprichii (Li

et al. 2012) . Dry weight is a well established indicator of plant growth and may

suggest the plant tolerance against metal stress. The results indicated that plant dry

weight successively decreased against all concentrations of (Cr, Cd and As) and

significantly affected at highest level (100 mgL-1).Whereas under metals stress of (Ni,

Cu and Pb) dry mass of A.donax increased at lowest concentrations upto 50 mgL-1

then progressively decreased.

In the current study, metals exposure significantly enhanced the synthesis of

antioxidative enzymes SOD, POD, and CAT in response to increasing stress in giant

reed. It is postulated that plants produce antioxidants like SOD, POD, CAT and low

molecular weight antioxidants like ascorbate, glutathione, phenolic compounds,

tocopherols, carotenoids and proline under stress to cope with ROS, (Prasad et al.,

2015). Present study revealed that giant reedplant has well-established defense

mechanism and produced significant amount of antioxidants (SOD, POD and CAT) to

scavenge the destructive ROS against heavy metals stress. The SOD activity in giant
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reed showed an increasing trend with rise in metals treatments (Cr, Cd, Ni, As, Cu)

but for Pb the value of SOD dropped after 50 mgL-1concentration then again rise at

100 mgL-1concentration of Pb. It implied thatplant could not cope with the Pb

concentrations beyond 50 mgL-1.

Melondialdehyde (MDA) production is an important index of damage caused

by oxidative stress (Latef, 2018). Currently, the MDA contents increased when giant reed

was exposed to various metals concentrations (Cr, Cd, As and Cu) at all levels but

MDA contents decreased at highest concentrations of Ni and Pb. Similar observations

have been made for tomato S. lycopersiconwhere combined stress of Cu and Cd

(25 μM) for 96 h induced high contents of MDA, POD, SOD, CAT, APX and GR up

to 48 h of exposure then decreased slowly (Chamseddine et al., 2008).

Aydoga et al., (2017) also examined the same trend where oxidative stress of

heavy metals (Pb, Ni, Cu and Cr) at 1 mM concentration for 48 h induced lipid

peroxidation (MDA) in P.squarrosa and T.barbuloides. MDA production in A.

hortensis and A. roseawas also significantly high when grown in contaminated soil

containing Cu (501 mg), Ni (1674 mg), Pb (1334 mg) and Zn (3588 mg), respectively

(Saikachout et al., 2015). Thus the current investigation clearly indicated a well

established antioxidant defence system of giant reed which was effective to control

oxidative damage caused by toxic metal exposure.

3.9.2 Molecular investigations

To comprehend the role of carotenoid hydroxilase, amidase, GR, transcription

factor, NRAMP and YSL genes expression was explored under selected metals in

giant reed.

It is a well established phenomenon that heavy metals create oxidative stress

through Haber-Weiss and Fenton reactions or by disturbing the antioxidants

production (Sharma and Dietz, 2009). Metals stresss enhanced the production of ROS

which ultimately resulted in the expression of stress responsive genes and their

binding proteins, DNA damage and peroxidation of lipids (Bose et al., 2014). Abiotic

stress resulted in variations of miRNAs levels which showed the expression patterns

of desired genes that are related with adaptation to stress (Noman et al., 2017). In this

research, It was expolredthe gene expression of six stress responsive genes i.e.

NRAMP, Amidase, Carotenoid Hydroxylase, TFs of bHLH, YLS, GR of A.donax

plants was pronounced under metals exposure. Under metals stress, responses of plant
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defence increased by the genes binding stress signaling proteins e.g., HO-1 and

HSP70. HO-1 is reported as an important antioxidant defense enzyme which recently

recieved attention in maintenance cells damage caused by ROS under heavy metals

stress along with other defensive mechanisms (Shekhawat and Verma 2010). HO-1

was investigated for the first time in soybean plant under 200 μM Cd stress for 48 h

and was reported that it is involved in plant protection by producing signals against

ROS (H2O2 and O2−) (Balestrasse et al., 2006). In the current research, giant reed

verified that HO-1 expression was highly significant against various concentrations of

heavy metals. Research on HO-1 in plants has received consideration in recent years

due to its several characteristics for development, defense and metabolism during

various environmental stresses. A close relationship exists between the expression of

HO-1 and glutathione responding genes for detoxification of heavy metals in plants

(Han et al., 2008).  It was also confirmed that in plants the expression level of HO-1

increased with the production of antioxidants like SOD, CAT and GPOX under metal

stress (Noriega et al., 2012).

Important abiotic stress responding proteins are housekeeping proteins

(HSPs); heavy metals stress triggered the expression of HSP70 proteins differentially

against various heavy metals stress in this study. It was explored that proteomic

expression of HSP70 proteins in L. riparium was high when exposed to contaminated

waste water having Cu, Cd, Cr and Pb (Esposito et al., 2012). Similar results have

also been observed in L.minor when exposed to Hg (0-30 μM for 6 days) where

expression level of HSP70 proteins was high for higher concentration of Hg (Zhang et

al., 2017). In contrast, the expression of HSP70 proteins are widespread biomarker

proteins which expressed as signaling molecules against heavy metals and high

temperature (Cd, Hg, Pb, Cr and Cu etc.) in plants (Basile et al., 2015; Arena et al.,

2017).

Maximum Cr uptake was observed in plant roots at maximum concentration

(268mgL-1) and was 2469 mgkg-1 which caused a gradual decrease in chlorophyll

contents and dry weight beyond 33mgL-1 concentration. Antioxidant production for

Cr exposure was the same for SOD and CAT which showed an increasing trend for all

metals stresses whereas the POD activity declined after 75mgL-1 metal exposure.

Lipids per oxidation (MDA) also showed an increasing trend for all concentrations of

Cr. Stress of Cr also boost up or down the expression level of antioxidative related
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genes like (CH, bHLH, Amidase, GR and expression of HO-1 and HSP70 at higher

contamination level. Highest decline in dry weight and chlorophyll contents along

with responses of antioxidative enzymes, genes and proteins wasfound above 68 mgL-

1concentration, which make the assurance of potential of A.donax plant up to that

concentration. Giant reed gene A1 was BLAST search and it was observed that it had

maximum similarity with GR of many other plants like Salix, Phyllostachys, Setaria

and Sorghum. Overexpression of this gene under metals stress condition might be

helpful for the survival of plants. GSH plays an important role in protecting plants

from environmental stresses, including oxidative stress due to the generation of active

oxygen species, xenobiotics and some heavy metals. Recently GR responsive genes

help plants in detoxification under heavy metals stress has been reductase of different

other plants.

Overexpression of this gene under metals stress condition is helpful for the

survival of plants. GSH plays an important role in protecting plants from

environmental stresses, including oxidative stress due to the generation of active

oxygen species, xenobiotics and some heavy metals. Recently, GR responsive genes

help plants in detoxification under heavy metals stress has been acknowledged by a

number of studies; Cobbett & Goldsbrough (2002) have studied role of GSH in plants

grown under abiotic stress of heavy metals and xenobiotics. It has also been analyzed

that GSH can be utilized for the production of phytochelatins and peptides involved in

zinc (Zn) and cadmium (Cd) detoxification. In this study the GR genes expression of

A.donax plants was high above the optimum level (50 mgL-1) of metals exposure.

Similar results have also been reported by Kisa (2017) where the tomato

(Lycopersiconesculentum Mill.) showed pronounced expression

of GR and GST genes against Pb, Cu and Cd (20 to 50 ppm) exposure for 2 days.

Various studies revealed that toxicity effect of heavy metals is tolerated by a group of

g-glutamylcysteine (g-EC) peptides and phytochelatins (PCs). This group is made by

GSH polymerization and catalyzed by the transpeptidase phytochelatin synthase

(Ohkama-Ohtsu et al., 2008). Eyidogan and Oz (2005) have observed the C. arietinum

under salt stress for the overexpression of GR activity and reported that the roots and

leave possessed high GR activity under the salt stress conditions. It has also been

reported that under metal stress some other plants like A. thaliana, Vigna mungo,

Triticum aestivum, Capsicum annuum and Brassica juncea also produced higher GR
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activity. Sharma and Dubey (2005) have studied that an efficient GR production act as

an antioxidant under abiotic stresses that resulted in ROS scavenging abilities to

overcome stress conditions. During stress conditions GR of plants plays an important

role for the stabilization of reduced glutathione pool for genome-wide analysis of

cytosolic and chloroplastic isoforms. GR activity has been observed in two varieties

of Setaria italica L (cv. Prasad and cv. Lepakshi), where the Transcript-Derived

Fragments (TDFs) showed the expression of salt stress responsive genes (Jayaraman

et al., 2008). Perrin (2016) investigated impact of carotenoid responsive genes

(LCYB, ZEP and LCYE) in carrot leaves and roots under variable environmental

conditions and concluded that in plant leaves the transcriptional level of carotenoid

genes and chlorophyll contents were lower in the less favorable growing conditions.

Similarly, A.donax, A2 gene showed the maximum similarity with carotenoid

hydroxylase and it may help giant reed to survive under harsh condition of metals

stress. In the same way, A3 gene of giant reed is transcription factor bHLH and this

could help giant reed plants to withstand the chromium stress. Previously, the

expression level of the transcription factor (bHLH) of giant reed was analyzed under

CrVI stress (Shaheen et al., 2017). A4 gene of giant reed is amidase like gene which

has been observed under Cr stress after sequence search in other plants. Amidases are

important genes in plants; Unkefer et al. (2015) investigated the expression of ω-

amidase and demonstrated that nitrogen use efficiency could be increased to enhance

growth, greater seed and fruit/pod yields, earlier and more productive flowering,

increased tolerance to high salt conditions and increased biomass yields. Amidase

enzyme has previously beenstudies for the removal and degradation of many

industrial and agricultural wastes (Karigar and Rao, 2011). Literature review revealed

that the antioxidant responsive enzymes and transcription factors (bHLH) by the

AtbHLH112 gene expression assisted the Arabidopsis thaliana to cope with abiotic

stress (Liu et al., 2015). Li (2012) has studied the Sorghum (Sorghum bicolor)

tolerance for drought stress and poor soil fertility by up regulating the bHLH

transcription factor genes. According to Zhou (2009) rice (wild rice) has showed the

expression of salt and osmotic stress responsive and tolerant genes OrbHLH2;

whereas, in rice (Oryza sativa) the jasmonate signal transduction for drought stress

has been studied by OsbHLH148 genes expression (Seo et al. 2011). Jin et al. (2016)

concluded that the cold stress produces a higher transcription level of PubHLH1 genes
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than salt and dehydration conditions. In hyperaccumulator plant S.alfredii the bHLH

genes expression was observed for the various Cd, Pb and Zn concentrations which

were involved in metals tolerance and hyperacccumulation of heavy metals (Gao et

al., 2013).

Already available results of RT-PCR analysis showed the higher expression of

NtNRAMP1 gene in leaf and root tissues of Nicotiana tabacum under Cd and Zn

contamination and concluded that these genes were supposed to be involved in Cd

and Zn sequestration (Milner and Kochian 2008; Gustin et al. 2011). NRAMP3 and

NRAMP4 genes were found to be responsible for Cd2+ efflux from the vacuole

(Verbruggen et al., 2009). In current study, slightly higher expression of NRAMP

genes was observed under selected metal stress in giant reed.

Fig. 3.47: Mechanism of Cr uptake and related physiological and molecular aspects of

giant reed tolerance

The expression pattern of metal transporter gene family in Thlaspi

caerulescens under Cd stress also revealed that TcNRAMP3 and TcNRAMP4 gene

expression enhanced metal tolerance (Oomen et al., 2009). The carotene hydroxylase

(BCH2) gene expression was studied in Oncidium during pigment development of

flowers where higher expression was observed (Wang et al., 2016). The same gene
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has also been previously expressed in giant reed under Cr stress (Shaheen et al.,

2017). The mechanism of Cr tolerance in light of current investigation has been

presented in Fig. 3.47.The expression of YSL gene during current investigation is

suggestive of its role in preventing yellowing of leaves upon metal exposure. Giant

reedplant produced an expression of YSL genes at highest concentration rates of

heavy metals stress (75mgL-1 and 100mgL-1). The results were matching with

hyperaccumulator plant, T. caerulescens that specified the role of YSL protein by

genes expression of TcYSL3, TcYSL5 and TcYSL7 for the formation of Fe and Ni

complexes when exposed to 100 μm ((Zn, Cd, Ni) treatments (Gendre et al., 2007).

Fig. 3.48: Mechanism of Cd uptake and related physiological and molecular aspects

of giant reedtolerance

Many studies reported the expression of YSL genes in metal transportation

and hyper-accumulation; Yellow Stripe-Like2 (YSL2) was found to be involved in

transportation of Iron Fe (III) and Copper in Arabidopsis (Di Donato et al., 2004). The
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(Mallikarjuna et al., 2016). The expression of Yellow Stripe-Like (YSL) genes has

also been confirmed for Cd hyperaccumulator Solanum nigrum (Feng et al., 2017). In

hyperaccumulator T. caerulescens, genes expression of TcYSL3, TcYSL5 and

TcYSL7 specified the role of YSL protein for the formation of Fe and Ni complexes

which might enable plants for the hyperaccumulation of Ni and Fe (Gendre et al.,

2007).   Cu -nicotianamine complexes have been explored in rice (Oryza sativa) by

the expression of YSL16 genes and might be involved in the uptake transportation

and accumulation of Cu from paddy soils (Zheng et al., 2012).

In case of Cd stress, the maximum Cd uptake was also detected in plant roots

at maximum concentration (100mgL-1) and was 872 mgkg-1 which caused a gradual

decrease in chlorophyll contents and dry weight with rising metal stress. The

mechanism of Cd tolerance and its genetic basis were illustrated in Fig. 3.48.

Antioxidant production for Cd exposure was same for SOD and POD which showed

an increasing trend for all metals stresses where as the activity of CAT enzyme

declined after 75mgL-1 metal exposure. Lipids peroxidation (MDA) also showed an

increasing trend for all concentrations of Cd. Expression level of antioxidative related

genes of giant reedunder Cd stress were CH, bHLH, Amidase, GR, NRAMP, YSL

and expression of HSP70 binding proteins at higher contamination level. Highest

decline in dry weight and chlorophyll contents along with responses of antioxidative

enzymes, genes and proteins were found to be high above 50 mgL-1 concentration,

which made the assurance of potential of giant reedplant upto that concentration. It

was predicted that highest metal concentrations in giant reedroots might be due to the

involvement of metals ATPase which was confirmened previously for Cd retention in

plants roots which lowers down metals contents in shoots (Page et al., 2006). In maize

plants Cd stress at all exposures (7.3 mg/kg to 26.6 mg/kg/) for 80 days resulted in an

enormous decrease in dry weight of shoots, roots and seeds yield (Ghani, A, 2010).

Shamsi et al. (2008) found that soybean plants under Cd contamination depicted very

significant increase of SOD, POD activities and MDA contents in leaves. But POD

and SOD activities decreased to some extent at maturity of plants (flowering-poding

stage) due to high MDA contents (Liu et al., 2010).

It was noticed that an increased CAT activity in giant reed with increasing

stress of Cr and As for all given exposure up to 50 mgL-1of Cd, Cu, Ni and Pb and

beyond that a pronounced decline of CAT activity was observed. Similarly, at highest
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level of Cd toxicity the CAT activity also increased along with other antioxidants

activity was observed in strawberry (Muradoglu et al., 2015).

POD activity of giant reed also depicted an increasing trend with metal exposure for

(Cd, Ni, As and Cu) but POD activity showed sudden decline at highest

concentrations of Cr and Pb , in control plants 20 μg-1FW min-1 POD was observed.

(Zheng et al., 2010) also observed higher POD concentrations with increasing Cd

toxicity level in Glycyrrhiza uralensis.Moreover, Ghnaya et al., (2009) also

investigated the ROS activities in Brassica napus plants and found elevated MDA

contents at flowering-poding stage under Zn and Cd stress.  Similar findings were

reported in other plants for Cd. For example, rice (Oryza sativa) produced high

quantity of MDA under Cd stress of 50 μM (Guo et al. 2007). In addition, pronounced

levels of MDA were found in upper parts of rape seedlings under Cd treatments of

400 and 600 μM (Filek et al., 2008). Currently, differential expression against various

concentration of Cd toxicity was investigated and medium Cd stress induced bHLH

expression at high Cd stress. The current study is the first report on expression of

amidase responsive gene in giant reed under Cd stress. The Cd stress was mitigated

by Giant reed plant cells through the accumulation of antioxidant enzymes and the

expression of Carotenoid Hydroxylases, Amidase, glutathione reductase,

Transcription factor, Yellow stripe-like gene and natural-resistance–associated

macrophage protein. Amidase expression under Cd stress is pioneer report in giant

reed in current study. Giant reed has a hyperaccumulation ability based on its strong

genetic battery which makes it suitable for phytoremediation purposes. The role of

heme oxygenase HO-1 was evaluated in Vigna radiata at 50 μM CdCl2 and 60 μM

NiSO4 for changes in growth, stress parameters (LPX, H2O2 content), and non-

enzymatic and enzymatic parameters ascorbate peroxidase (APX), guaicol peroxidase

(GPX), and catalase (CAT) activity was found to be highest in leaves induced

cytotoxicity and ROS production (Mahawar et al., 2018). Previously, the expression

pattern of HO-1 was significantly high in transgenic B. juncea as BjHO-1 against Zn,

Cd, Hg and Pb exposure which enhanced plant tolerance (Li et al., 2012).

Cu is an important micronutrient its uptake was observed in plant roots at

maximum concentration (100mgL-1) and was 2390 mgkg-1 which caused a gradual

decrease in chlorophyll contents and dry weight beyond 50mgL-1concentration.

Antioxidant production for Cu exposure was relatively uniform for SOD, POD and
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CAT which show an increasing trend for all metals stresses. Lipids per oxidation

(MDA) contents were uniform for all concentrations of Cu.Various concentrations of

Cu enhanced the expression of stress responsivegenes (CH, bHLH, Amidase, GR,

NRAMP, YSL) and expression of HO-1 and HSP70 at all contamination levels. The

highest decline in dry weight and chlorophyll contents along with responses of

antioxidative enzymes, genes and proteins were found to be high above 50 mgL-

1concentrations, which make the assurance of potential of giant reedplant upto this

concentration. The highest Cu concentration in A.donax leaves can be supported by

the presence of copper–nicotianamine complex and YSL16 that was observed in the

phloem of rice leaves and was thought to be invoved in translocation of Cu from

leaves to maturing organs and seeds (Zheng et al.,  2012). Copper stress has also been

studied byElhawat et al., (2014) (1~ 26.8 mgL-1) stress for 6 weeks on giant reedplant

and found no toxicity symptoms and high biomass production. Likewise, Wang et al.

(2004) reported a considerable increase in the activities of SOD, POD, APX and

CAT under Cu stress (8 µM) in roots B. juncea seedlings for 16 days of exposure. The

mechanism of Cu uptake and related physiological and molecular aspects of giant

reedtolerance is presented in Fig. 3.49.

Ni is also an important micronutrient in permissible limit its maximum uptake

was observed in stem at concentration (100 mgL-1) and was 2314 mgkg-1 which

caused a gradual decrease in chlorophyll contents and dry weight beyond 75 mgL-1

concentration. Antioxidant production for Ni exposure was relatively uniform for

SOD, POD but CAT activity remain uniform at highest stress levels above 75 mgL-1.

Lipids per oxidation (MDA) contents were increasing upto 50 mgL-1 concentration

and remain constant upto 100 mgL-1 stress.Various concentrations of Ni enhanced the

expression level of stress responsivegenes like CH, bHLH, Amidase, GR, NRAMP,

YSL and expression of HO-1 and HSP70 at all contamination levels. Highest decline

in dry weight and chlorophyll contents along with responses of antioxidative

enzymes, genes and proteins were found to be high at 100 mgL-1 concentrations,

which make the assurance of the tolerance potential of giant reed plant upto this

concentration. The molecular basis of Ni tolerance in giant reed is presented in Fig.

3.50.
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Fig. 3.49: Mechanism of Cu uptake and related physiological and molecular

aspects of giant reedtolerance.

Previously, the similar physiological features of Giant reed plant were

highlighted after heavy metals stress exposure. Papazoglou et al., 2007, found no

toxicity symptoms of Ni stress (5, 50 and 100 ppm) on A.donax photosynthetic

system. Wheat seedling also showed high lipid peroxidation in leaf tissues at Ni 25 μg

L−1 to 50 μg L−1 due to the excessive OH generation under metal stress (Parlak, 2016).

The proposed molecular mechanisms of tolerance of giant reed against As

stress were presented in Fig. 3.51. As is an amportant non essential toxic metal, its

uptake was observed in plant roots at maximum concentration (100 mgL-1) and was

2365 mgkg-1 which caused a gradual decrease in chlorophyll contents and dry weight

at all given concentration. Antioxidant production for As exposure was relatively

uniform for SOD and CAT which showed an increasing trend upto 50 mgL-1stress

then decreased to some extent then again showed some increase at the mximum

concentrations (100 mgL-1). MDA contents were sucsessively increased upto 75 mgL-
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Accumulation (2390 mgk-1

in roots ) at 100 mgL-1

Tolerance related genes
(GR, CH, BHLH, Amidase)

Lipids Peroxidation (MDA)

Stress responsive Proteins
HSP70

Antioxidants (SOD, POD, CAT)

Decline  in Chlophyll
contents

Decline in dry weght  above
50 mgL-1
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1, but lower for the maximum metal (100 mgL-1) which implied that plants were

affected by As stress initially but then became stabilized through its antioxidants and

genetic expression. Various concentrations of As enhanced the expression level of

stress responsive genes like CH, bHLH, Amidase, GR, NRAMP, YSL and expression

of HO-1 and HSP70 at all contamination levels. The highest decline in dry weight and

chlorophyll contents along with responses of antioxidative enzymes, genes and

proteins were found to be high above 50 mgL-1concentration and ensured the safe

limit of giant reed plant upto (100 mgL-1 )this concentration and beyond this toxicity

limit the physiology of plant disturbed. Mirza et al., (2010) applied stress of As (0, 50,

100, 300, 600 and 1000 μg L-1) for 21 days and found an enormous decrease in

Chlorophyll contents and dry weight of plant above As (600 μg L-1) after treatment.

Singh et al. (2013) reported increased activity of SOD and CAT under As exposure (5

and 50 µM) in Luffa acutangula (L.). These results suggest that cooperative action of

antioxidants is required for a detoxification mechanism under heavy metal stress.

Fig. 3.50: Mechanism of Ni uptake and related physiological and molecular aspects of

giant reedtolerance
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Fig.3.51: Mechanism of Arsenic uptake and related physiological and molecular

aspects of giant reedtolerance

Pb is an important non essential toxic metal; its uptake was observed in plant

roots at the maximum concentration (100mgL-1) and was 829 mgkg-1 which caused a

significant decrease in chlorophyll contents and dry weight at 50 mgL-1 concentration.

Antioxidant production for Pb exposure was relatively uniform for SOD, POD and

CAT which showed an increasing trend upto 25mgL-1stress then remained uniform

upto maximum concentrations (100mgL-1). Lipids per oxidation (MDA) contents

were uniform upto 50mgL-1 concentration then sucsessively increasing upto

maximum metal (100mgL-1). The proposed tolerance mechanism of giant reed under

Pb stress is shown in Fig. 3.52. Various concentrations of Pb enhanced the expression

level of stress responsive genes like CH, bHLH, Amidase, GR, NRAMP, YSL and

expression of HO-1 and HSP70 at all contamination levels. Highest decline in dry

weight and chlorophyll contents along with responses of antioxidative enzymes, genes

and proteins were found to be high above 50 mgL-1concentration which assured

thepotential of giant reed plant upto that concentration. Likewise, it was also reported

that the exposure of fourteen varieties of rice plants to PbCl2, PbSO4 and Pb (NO3)2
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(0, 100 and 200 μM), significantly (p = 0.05) declined the growth and total

chlorophyll contents (Iqbal et al., 2017).

Fig.3.52 Mechanism of Lead (Pb) uptake and related physiological and molecular

aspects of giant reed tolerance

Chenopodium murale also showed a very high tolerance (100%) under various

concentrations of Pb (300, 400, 500 mgkg-1). Which caused  minor reduction in

biomass yield, chlorophyll content and protein level with enhanced H2O2 content

along with high antioxidant enzymes (SOD, CAT and POD) and  MDA contents of C.

murale (Sidhu et al., 2018). Pb enhanced the SOD, guaiacol peroxidase, APX and

CAT activities of Cotton plant when treated up to 100 μM (Bharwana et al., 2013).

Antioxidative activity of Oryza sativa L.,  under Pb exposure (10 and 50 μM) for 48

and 96-h  produced high contents of SOD, GR, and ascorbate peroxidase (APX) but

low contents of CAT (Thakur et al., 2016). Pb toxicity has also been studied in A.

thaliana for the transcriptomic expression of Pb transporting and tolerance responsive

genes GSH1, GSH2, PCS1 and PCS2, PDR12 and ATM3 (Jiang et al., 2017).
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3.10 Conclusions

Current investigation on transcriptomic responses of genes against metalstress in giant

reed produced follwingresults.

 The phylogenic tree showed that giant reed genes were closely related to

glutathione reductase gene, beta-carotene hydroxylase genes, transcription

factor bHLH and putative amidase as found in wheat, maize, sorghum,

bamboo and setaria.  The gene expression gradually suppressed with

increasing Cr accumulation in giant reed and no expression was noted

beyond Cr exposure of 134mgL-1. The information is useful while

remediating Cr contaminated soils at concentrations below 100mgkg-1.

 The Cd stress was mitigated by giant reed plant cells through the

accumulation of antioxidant enzymes and the expression of Carotenoid

Hydroxylases, Amidase, glutathione reductase, Transcription factor,

Yellow stripe-like gene and natural-resistance–associated macrophage

protein. Amidase expression under Cd stress is pioneer report in giant reed.

 Giant reed plant showed tremendous ability to absorb and bioaccumulate

As, Cu, Ni and Pb at toxic concentrations which caused oxidative stress.

Such oxidative stress was coped by a differential production of antioxidant

enzymes, varied expression of genes responsible for coping metal toxicity

especially amidase, YSL, NRAMP and GR.

 The antioxidant activities and gene expression appeared to be metal

specific. It is clear from the present research that giant reed plant is not only

a metals hyper accumulator and hyper-tolerant plant but the presence of

signaling transduction of HSP70 and HO-1 proteins might have contributed

towards plant tolerance against metal stress. Giant reed has a

hyperaccumulation ability based on its strong genetic battery which makes

it suitable for phytoremediation purposes.

3.11 Recommendations

• The investigation of giant reed ATPase will be helpful in the future for the

development of remediation technologies of contaminated soils and waters.
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• Exploration of giant reed amidases can also be helpful in its application for an

enhancement in nitrogen use efficiency, faster growth rates, greater seed and

fruit/pod yield from metals polluted agricultural fields.

• Giant reed transcriptomes (CH, bHLH, Amidase, GR, NRAMP, and YSL) can

be useable as a tool for the primary revealing of unfavorable effects by

environmental monitoring.

• Investigation of giant reed for metalothonine will be very helpful in

understanding the mechanism of metallophytes in phytoremediation.
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