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Fly ash generates as the result of coal combustion in thermoelectric power stations
whereas ore mining activities produce mine waste-rock and tailings worldwide. High
concentrations of metal(loid)s and organic pollutants in fly ash and mine wastes are
released into sail, air, and water presenting a global threat to the surrounding environment
and human health. The environmentally sound management of fly ash and mine waste—
rock and tailings includes monitoring stability of the dam construction and seepage
flowrate, prevention of water erosion and dust spreading, reducing the footprint of
the management facilities and successful restoration/revegetation. Harsh conditions
prevailing on fly ash and mine deposits are unfavorable mechanical composition and
pH, high concentrations of soluble salts, lack of nitrogen and phosphorous, reduced
number of microorganisms and fungus, toxic concentrations of As, Au, Ag, B, Cu, Cd,
Cr, Hg, Mn, Mo, Ni, Pb, Zn, and the presence of PAHs and PCBs. The review addresses
phystostabilization, phytoextraction, rhizodegradation, and phytodegradation as main
phytoremediation green technologies which use plants to clean up the contaminated
area to safe levels. Establishment of the self-sustaining vegetative cover on fly ash
and mine deposits is crucial for recovering ecosystem health, stability, and resilience.
Therefore, here we have discussed the essential role of native plants in the ecorestoration
process on waste deposits. Additional emphasis is given to the evaluation of plant
adaptive response to pollution stress. This review presents a current knowledge in
phytomanagement of fly ash deposits, mine waste-rock and tailings. Also, it provides
a new frontier in restoration physiology where physiological and biochemical tools can
be used to predict plant response to stressors and success of restoration projects.

Keywords: fly ash, mine waste, pollutants, phytoremediation, ecorestoration, native plants, plant physiology,
adaptation

INTRODUCTION

Thermal power plants using coal as major fuel for production of electricity worldwide generate
large amounts of combustion coal residues (CCRs), such as fly ash, bottom ash, boiler slag and
flues gas desulphurization materials (Heidrich et al., 2013). According to Yao et al. (2015) coal
consumption in thermal power stations in world electricity supply should increase from 29.9% in
2011 to 46% in 2030. The coal reserves in the world are over 850 Gt with large producing countries:
North America (240 Mt), Russian Federation (170 Mt), China (130 Mt), Europe and Eurasia
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(130 Mt), Australia (80 Mt), India (70 Mt), Middle East and
Africa (40 Mt), Central and South America (30 Mt) and other
Asian Pacific countries (10 Mt) (World Coal Association, 2012;
Heidrich et al., 2013). The annual production of fly ash reaches
approximately 580 million tons in China, 160 million tons in
India and 130 million tons in US (Yao et al., 2015). Improper
disposal of coal fly ash presents environmental and human health
hazards. However, efforts have been made to develop different
recycling technologies addressing fly ash utilization. Thus, fly ash
can be used as building material, backfills for road constructions
and pavement base, for cement and brick manufacturing, filler
in asphalt mixture, soil stabilization as cover suitable for soil
reclamation, material recovery, manufacturing mineral wool, and
zeolite synthesis (Heidrich, 2005). Effective utilization of CCRs is
53% of total production (Heidrich et al., 2013).

The opencast coal and metal mining result in the formation
of substantial amounts of different types of mine waste materials
which depend on the geology at the mine area, physico-
chemical composition, process technology, and mining operation
(extraction, beneficiation, processing minerals) as well as how
they are managed at the site (Maiti, 2013). Some mine wastes
include: (a) overburden that presents natural soil or massive
rock which is removed to gain access to the ore deposits at
open pit mines and it is settled on the surface at the mine
site; (b) waste rock which contains industrial minerals which
cannot be extracted as market products and they are usually
stored in heaps and dumps on the mine site; (c) tailings: coarse
(dry) fractions of mineral waste products which remain after
processing material extraction for profit; fine (wet) fractions
resulting from flotation as mineral separation technique used
for getting valuable products from the coarse fraction. Coarse
and fine fractions of mineral waste are settled into tailings pond
and heap and enclosed by dams (Europian Commision, 2009).
However, sometimes, waste materials are turned into resources:
overburden may be used for revegetation during mine closure,
waste rock can be reprocessed to extract minerals and metals
and used as backfill, aggregate in road construction and concrete
whereas manganese and clay—rich tailings have been used in
agro-forestry and construction materials (bricks and cement)
(Lottermoster, 2012).

Coal fly ash is usually disposed by the “wet” method
on the artificially made lagoons where fly ash and slag are
mixed with water (Reijnders, 2005). From this suspension
overflow and drainage wastewaters are generated and discharged
indirectly through the drainage channels into the river. The
drainage well-system is often located along the periphery of
the embankment to prevent disturbance of the surrounding
terrain and chemical pollution of groundwater. The raising of
the peripheral embankments is achieved by hydrocycling of the
ash, whereby the ash fractions are separated from the pulp and
directed into a special device for “building” the dam. On the
landfill, measures of protection are implemented in order to
reduce the negative impact of fly ash on the environment. That
is achieved by maintaining the drainage channels around the
landfill, drainage wells throughout the entire landfill, maintaining
the maximum surface of the water mirror (lakes) on the active
cassette (25-55% of the surface), using a cannon system for

watering dry surfaces inside the flat part of the landfill, using
a spray system for watering embankments and grass cover and
conducting biological recultivation i.e., sowing grass and planting
woody and bushy plant species Gaji¢ et al., 2016. The fly ash
disposal is done usually in cassettes where one is active and others
are passive, and can be used for the technical consolidation of fly
ash and drainage, but also in the case of accidents or the cessation
of fly ash.

The facilities of mine tailings and waste rock can be
swimming-pool tailings ponds and small or large ponds
over 100 or 1,000 hectares. Waste rock and tailings heap
can be over 200m high. Managing mine waste includes:
discarding slurried tailings into ponds, surface water and
groundwater; disposal of dry tailings or waste rock onto
heaps or backfilling into underground mines or open pits;
using them for the construction of tailings dam or land
restoration. The choice of applied methods depends on
cost, environmental impacts, and risk of failure (Europian
Commision, 2009). ‘Best available techniques’ (BAT) for the
environmentally sound management of tailings and waste
rock include management strategies, monitoring, and risk
assessment such as life-cycle management (design, construction,
operational phases, closure, and after-care phase), prevention
and control of water erosion and dust spreading, acid rock
drainage (ARD) management (active/passive treatment, addition
of buffering minerals), drainage of ponds, seepage management,
accident prevention (dam design and construction, raising
and operation of pond, and monitoring stability of tailings
pond), restoration/revegetation heaps or dams, reduction of
footprint (backfilling of waste materials), mitigation of accidents,
closure, and after-care of facilities (Europian Commision,
2009). Therefore, BAT applies risk/safety and environmental
management system (EMS).

Mining activities and coal production from surface mines
as well as ore and fly ash disposal produce large changes in
landscape, lead to land degradation, deterioration of air and water
quality, near-total loss of vegetation, affecting negatively fauna,
and human beings (Maiti, 2013; Gaji¢ and Pavlovi¢, 2018). Fly
ash and mine waste-rock and tailings contain many metal(loid)s
and persistent organic pollutants (POP)s which can be released
in the environment leading to water, air and soil pollution (Jala
and Goyal, 2006). Furthermore, fine particles can be dispersed
due to wind in the surrounding environment affecting human
health i.e., they provoke irritation in eyes, skin, noise, throat
and respiratory system leading to anemia, asthma, bronchitis and
cancer diseases (US Environmental Protection Agency, 2007).

This review is focused on unfavorable conditions prevailing
on fly ash and mine waste deposits, and ecorestoration and
phytoremediation of these anthropogenic sites worldwide. We
discuss plant response to metal(loid)s stress i.e., uptake and
translocation of metal(loid)s through transporter mechanisms
and plant tolerance strategies (exclusion and accumulation) with
special emphasis on chelation and antioxidant machinery. Sound
knowledge is essential for the selection of native plant species that
establish a self-sustaining vegetation cover providing sustainable
green cleanup and successful ecorestoration of contaminated
sites.
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LIMITING FACTORS FOR PLANT GROWTH
ON FLY ASH AND MINE WASTE DEPOSITS

Limiting factors for plant growth on fly ash deposits and
mine spoil are unforable mechanical composition and pH, high
concentrations of soluble salts, lack of essential nutrients, such
as N and P, toxic concentrations of As, B, Cd, Cr, Cu, Hg, Mn,
Mo, Ni, Pb, Se, reduced number of microorganisms that can fix
nitrogen and reduced presence of mycorrhizae (Adriano et al.,
1980; Pavlovi¢ et al., 2004; Mitrovi¢ et al., 2008; Haynes, 2009;
Pandey, 2013; Pandey and Singh, 2014; Gaji¢ et al., 2016; Gaji¢
and Pavlovi¢, 2018). Natural soil is different from fly ash and
mine spoil mostly due to no or poorly developed soil structure
throughout the profile, coarse texture with more sand fractions
and less clay content whereas the content of N, P and other
essential nutrients is very low (Maiti, 2013).

Generally, unweathering fly ash showed sandy structure
(56.0-82.0%, Weber et al., 2015; 97.1%, Gajic et al., 2016; Kosti¢
et al., 2018) with small amounts of colloidal particles (1.8%,
Gajic¢ et al, 2016; Kosti¢ et al., 2018) and low percentage of
hydroscopic water (0.54%, Gaji¢ et al,, 2016) that results in
great water permeability and weak aggregation indicating adverse
physical conditions for plant growth (Weber et al., 2015; Kostic
et al., 2018) (Table 1). Furthermore, high values of electrical
conductivity (EC) (150 wS/cm, Pandey and Singh, 2014; 0.352
dS/m, Gaji¢ et al.,, 2016; Kosti¢ et al., 2018) (Table 1) indicate a
large amount of soluble salts whereas pH values can vary from
4.5 to 12 depending on coal type (Carlson and Adriano, 1993;
Bilski et al., 1995). Thus, lignite and bituminous coal have alkaline
fly ash, more Ca and less S (8.10, Pandey et al.,, 2012; 8.5-9.9,
Weber et al., 2015; 7.9, Gajic¢ et al., 2016) (Table 1). In addition,
pH values from 7 to 10 enhance the release of As, Cr, Mo, Se, Sb,
V, and W whereas Cd, Cr, Cu, Fe, Mn, Ni, Pb, Si, and Zn have
maximum leachability pH under 7 (Izquierdo and Querol, 2012).
The carbon content in unweathering fly ash is high (Gajic et al.,
2016; Kosti¢ et al., 2018) probably due to incomplete combustion
of coal and may partly compensate the lack of organic matter
(Fettweis et al., 2005). The nitrogen content (0.02%, Gaji¢ et al.,
2016; Kosti¢ et al., 2018; 0.049%, Jambhulkar and Juwarkar, 2009)
and available K,O and P,Os5 content (0.19, 0.17%, Jambhulkar
and Juwarkar, 2009; 75.4, 21.1%, Pandey and Singh, 2014; 15.0
mg/100 g, 7.49 mg/100 g, Kosti¢ et al., 2018) in fly ash are low
(Pandey and Singh, 2014) (Table 1). However, total metal(loid)s
concentration in fly ash, such as As, B, Cd, Cr, Co, Cu, Mn,
Mo, Ni, Pb, Se can be toxic and can vary depending on coal,
combustion conditions, operating parameters, transport system,
leaching processes, effects on plants, and climatic conditions
(Adriano et al., 1980; Haynes, 2009). Over time, proportion of
total sand in fly ash is reduced (83.3-71.6%, Gaji¢ et al., 2016)
and the clay fraction is increased (1.2-2.5%, Gajic et al., 2016)
whereas the percentage of hygroscopic water is increased (0.56-
2.3%, Gaji¢ et al, 2016) and this all together provides good
aggregation and capillarity (DZeletovi¢ and Filipovi¢, 1995; Gaji¢
et al., 2016). In weathering fly ash, EC values (101.4 pS/cm,
Pandey and Singh, 2014; 0.217-0.190 dS/m, Gajic¢ et al., 2016)
and pH decreased (7.95-7.87, Gajic¢ et al., 2016; 8.85, Pandey and
Singh, 2014), content of organic carbon (1.85-1.13%, Gajic et al.,

20165 2.05%, Jambhulkar and Juwarkar, 2009) and total nitrogen
(0.06-0.11%%, Gajic et al., 2016; 0.05% Pandey and Singh, 2014)
as well as the available content of K;O and P,Os increased
(52.5 mg/100 g and 10.1 mg/100g, Gaji¢ et al., 2016; 38.2-59.5
mg/100g, 25.3 mg/100g, Kosti¢ et al, 2018). The content of
some elements (As, B, Cu, Mn, Mo, Zn) in weathering fly ash
decreased as a result of leaching and strong element binding by
Al Si, and Fe oxides, clay and organic matter (Haynes, 2009; Gaji¢
etal,, 2016). Taken together, plant species growing on weathering
fly ash deposits improve physico-chemical properties of fly ash
providing favorable conditions for further plant growth (Weber
et al., 2015; Gaji¢ et al., 2016; Gaji¢ and Pavlovi¢, 2018).

Mine wastes show great heterogeneity in their texture and
physico-chemical properties in metallic mining area. The wide
range of mine spoil characteristics is related to differences
in mineralogical substrate and composition of mine residue
which can come from different ore minerals and veins as well
as from the exploitation procedures, plant cover and climatic
conditions (Gomez-Ros et al., 2013; Ruiz Olivares et al., 2013).
Thus, on the more or less revegetated mining tailings the
fractions of sand, silt and clay vary greatly (55-73, 22-33, 5-12%
respectively, Conesa et al., 2006; 97.8, 0.96, 1.27% respectively,
Randjelovi¢ et al., 2016) (Table1). In addition, the mining
wastes show different pH values from acid (2.5, Conesa et al.,
2006; 3.14-3.30, Bes et al., 2014; 4.2-4.7, Santos et al., 2016),
neutral to slightly alkaline (6.6-7.3%, Conesa et al., 2006; 6.85%,
Randjelovi¢ et al.,, 2016; 7.1-7.5, Parraga-Aguado et al., 2014)
to moderately alkaline values (8.2-8.4, Gomez-Ros et al., 2013;
8.52-8.66, Fernandez et al., 2017) (Table 1). Furthermore, the
range of EC is also wide (6.4-18 dS/m, Conesa et al., 2006; 1.7-
3.4 dS/m, Parraga-Aguado et al.,, 2014; 2.49-15.5 dS/m, Bes et al.,
2014) where these values increased from the border of mine
tailings to the plateau of barren area (Parraga-Aguado et al,
2013) (Table 1). The values of organic carbon (0.5%, Conesa
et al,, 2006; 0.17-0.48%, Bes et al., 2014; 1,55% Randjelovi¢
et al, 2016; 3.14-6.65%, Parraga-Aguado et al., 2014; 15.1-
33.3, Santos et al., 2016) and total nitrogen (0.04%, Bes et al.,
2014; 0.29-0.62%, Parraga-Aguado et al,, 2014; 0.5-1.2%, Santos
et al., 2016) also vary as well as available content of K,O
(7.67-37.0 mg/100 g, Randjelovi¢ et al., 2016; 42.3-129.0 g/kg,
Santos et al., 2016) and P,0s (0.05-24.0 mg/100 g, Randjelovi¢
et al, 2016; 0.9-74.3 mg/kg, Santos et al., 2016) (Table 1).
The mine spoils on the tailings showed multielement pollution
with high total concentrations of As, Cd, Cu, Fe, Hg, Mn,
Ni, Pb, Sb, Zn that exceed local background values and the
maximum allowed values proposed by any country legalization
as well as agricultural/residential/commercial/industrial use and
they largely depend on geochemical partitioning (Gomez-Ros
et al., 2013; Parraga-Aguado et al,, 2013; Ruiz Olivares et al.,
2013; Bes et al., 2014; Randjelovi¢ et al., 2016; Santos et al.,
2016).

ECORESTORATION OF FLY ASH AND
MINE WASTE DEPOSITS

Development of vegetation cover on fly ash and mine
waste deposits is significant because plant species stabilize
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TABLE 1 | Physico-chemical characteristics of fly ash and mine waste.

Parameters Unweathered References Weathered fly References Mine waste References
fly ash ash
Sand (%) 56.0-82.0 Weber et al., 2015 83.3-71.6 Gaji¢ et al., 2016 55-73 Conesa et al., 2006
97.1 Gaji¢ et al., 2016; 97.8 Randjelovi¢ et al., 2016
Kosti¢ et al., 2018
Silt (%) 17.0-40.0 Weber et al., 2015 25.7-40.8 Gaji¢ et al., 2016 22-33 Conesa et al., 2006
9.4 Gaji¢ et al., 2016 0.96 Randjelovi¢ et al., 2016
1.1 Kosti¢ et al., 2018
Clay (%) 1.0-4.0 Weber et al., 2015 1.2-2.5 Gaji¢ et al., 2016 5-12 Conesa et al., 2006
1.8 Gaji¢ et al., 2016 1.27 Randjelovi¢ et al., 2016
1.78 Kosti¢ et al., 2018
Higroscopic water (%) 0.54 Gaji¢ et al., 2016 0.56-2.3 Gaji¢ et al., 2016 - -
Kosti¢ et al., 2018
pH 8.10 Pandey et al., 2012 7.95-7.87 Gaji¢ et al., 2016 2.5-7.3 Conesa et al., 2006
8.5-9.9 Weber et al., 2015 8.85 Pandey and Singh, 2014~ 3.14-3.30 Bes et al., 2014
7.9 Gaji¢ et al., 2016 4.2-4.7 Santos et al., 2016
8.03 Kosti¢ et al., 2018 6.85 Randjelovi¢ et al., 2016
71-7.5 Parraga-Aguado et al., 2014
8.2-8.4 Gomez-Ros et al., 2013
8.52-8.66 Fernandez et al., 2017
Electrical conductivity 150 Pandey and Singh, 2014 101.4 Pandey and Singh, 2014 6.4-18 Conesa et al., 2006
(EC, nS/m; dS/m) 0.352 Gaji¢ et al., 2016 0.217-0.190 Gaji¢ et al., 2016 1.7-8.4 Parraga-Aguado et al., 2014
0.353 Kosti¢ et al., 2018 2.49-15.5 Bes et al., 2014
Carbon content 3.19 Gaji¢ et al., 2016 1.85-1.13 Gaji¢ et al., 2016 0.5 Conesa et al., 2006
(C, %) Kosti¢ et al., 2018 2.05 Jambhulkar and Juwarkar, 0.17-0.48 Besetal., 2014
2009 1.55 Randjelovi¢ et al., 2016
3.14-6.65  Parraga-Aguado et al., 2014
16.1-33.3  Santosetal., 2016
Nitrogen content 0.049 Jambhulkar and Juwarkar, 2009 0.06-0.11 Gaji¢ et al., 2016 0.04 Besetal., 2014
(N, %) 0.02 Gaji¢ et al., 2016 0.05 Pandey and Singh, 2014 0.29-0.62 Parraga-Aguado et al., 2014
Kosti¢ et al., 2018 0.5-1.2 Santos et al., 2016
Available potassium  0.007 Jambhulkar and Juwarkar, 2009 52.5 Gaji¢c et al., 2016 42.3-129.0 Santos et al., 2016
(KoO, %; mg/100g) 36 Pandey and Singh, 2014 38.2-59.5 Kosti¢ et al., 2018 21.2 Randjelovi¢ et al., 2016
15.0 Kosti¢ et al., 2018
Available phosphorous 0.016 Jambhulkar and Juwarkar, 2009 10.1 Gaji¢ et al., 2016 0.9-74.3 Santos et al., 2016
(P20s5, %; mg/100g) 7.26 Pandey and Singh, 2014 25.5 Kosti¢ et al., 2018 7.99 Randjelovi¢ et al., 2016
7.49 Kosti¢ et al., 2018

fly ash and mine spoil, prevent wind erosion, decrease
mobility, toxicity, and dispersion of chemical elements in
the surrounding environment, provide the organic substance
which can bind contaminants and reduce transfer of pollutants
in the food web (DZeletovi¢ and Filipovi¢, 1995; Pavlovi¢
et al, 2004; Djurdjevi¢ et al, 2006; Mitrovi¢ et al., 2008;
DZeletovi¢ et al., 2009; Haynes, 2009; Pandey, 2012; Maiti, 2013;
Pandey et al, 2015a,b, 2016a; Gaji¢ et al., 2016). Therefore,
ecorestoration of degraded sites is the process of renewing
ecosystem stability and resilience after stress or disturbance with
respect to its health, integrity and sustainability (SER, 2002)
presenting a key issue in environmental science and ecological
engineering.

Native plant species grow in a particular area over a
long period of time without human intervention and possess
certain characteristics that make them the best adapted to
local conditions providing practical and ecologically valuable
alternative for landscaping and ecorestoration projects (Richards
et al., 1998; Dorner, 2002). Phytomanagement of degraded

sites encourages selection of native species that in the long
run form self-sustaining plant communities that do not
require much maintenance. Establishing successful vegetation
cover from native plant species on disturbed land promotes
natural revegetation. Thus, selected native plants should have
the following characteristics: (a) easy to establish, (b) fast
growth, (c) deep root system, (d) capacity for nitrogen
fixation, (e) tolerance to local climate; (f) tolerance to adverse
physico-chemical conditions; (g) favorable growth with other
species of the mixture; (h) capability to improve substrate
fertility through organic matter and nutrient cycling (Maiti,
2013).

Successful ecorestoration is achieved by establishment of the
self-sustaining vegetation cover through human intervention
by seeding the mixture of grasses and legumes, and planting
shrubs and trees (Pavlovi¢ et al., 2004; Mitrovi¢ et al., 2008;
Kosti¢ et al., 2012; Maiti, 2013; Gaji¢ et al, 2016). In a
temperate climate, grass and legume species that are the best
for the revegetation of degraded sites belong to the genus of
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Festuca, Lolium, Agropyron, Poa, Medicago, and Vicia whereas
the trees that provide good phytostabilization of substrates
are Poplar, Robinia, Salix, Alnus, Betula, and Acer (Prasad,
2006). However, in tropical region different plant genus are
the best choice for the recultivation of degraded sites: Chloris,
Pennisetum, Vetiveria, Paspalum, Cynodon (grasses); Leucaena,
Acacia, and Sesbania (legumes) and Prosopis, Eucaliptus and
Ricinus (trees) (Prasad, 2006). Legumes present keystone species
because they provide nitrogen as the critical, most important
resource on fly ash and mine waste deposits i.e., they perform
nitrogen fixation in the atmosphere by using bacteria. Other
plants such as Secale cereale, Avena sativa, Hordeum sativum,
Triticum aestivum, Dactylis glomerata, Festuca rubra, Poa
pratensis, Lolium multiflorum, Lolium perenne, Arrhenatherum
elatius, Phleum pretense are important as nursery culture. These
species act as pioneers, because they begin the process of
revegetation providing erosion control, improve the physico-
chemical composition of fly ash and mine spoil, retain moisture,
and nutritional substances that will be later used by spontaneous
colonizers (Mitrovi¢ et al., 2008; Maiti, 2013; Gaji¢ et al,
2016).

Over time, plant species that are sown/planted or they
spontaneously colonize fly ash and mine waste deposits bind
substrate with a fibrous root system, and they spread by seeds
and rhizomes forming a dense vegetation cover. In the initial
phase of colonization, annual, and biennial plant species are
dominant on the disposal. They are characterized by r-selection
and with them the process of vegetation regeneration begins.
According to Grime (1979) biennials can be competitive ruderals
(C-R) and stress-tolerant ruderals (S-R). Annual plants have
a short life span, rapid growth during the season and large
production of seeds (Erigeron, Chenopodium) whereas biennials
have a large amount of seeds, life cycle of several years, but
they flower and fruit only once, after what they die (Oenothera
biennis, Daucus carota, Verbascum phlomoides, Tragopogon
dubius). Perennial, herbaceous plants spread and grow from the
seeds, rhizomes, stolons, bulbs, and tubers. The rhizomes are
used for the accumulation of reserve substances and survival
during adverse periods, and serve as a link between the above-
ground shoots (Calamagrostis epigejos, Phragmites communis,
Festuca rubra, Tussilago farfara, Cirsium arvense, Heliatnhus
tuberosus, Epilobium). Perennials can be stress-tolerant ruderals
(S-R), stress-tolerant competitors (C-S), competitive ruderals
(C-R) and “C-S-R” (Grime, 1979). Trees and shrubs that can
grow on fly ash or mine waste deposits are Acacia, Acer,
Azadirachta, Albizia, Amorpha, Cassia, Dalbergia, Eucaliptus,
Fraxinus, Grevillea, Leucaena, Melia azedarach, Morus, Platanus,
Pongamia pinnata, Populus, Phyllanthus emblica, Rosa, Rubus,
Salix, Tamarix, Tectona grandis (Cheung et al., 2000; Maiti,
2013; Gaji¢ and Pavlovi¢, 2018; Gaji¢ et al.,, in press). These
plant species are characterized by K-selection because they have
long-life cycle and slow growth with high assimilates investment
in vegetative growth. Trees and shrubs can be competitors
(C), stress-tolerant competitors (C-S), and stress tolerators (S)
(Grime, 1979).

VEGETATION SURVEYS ON FLY ASH AND
MINE WASTE DEPOSITS

Floristic composition of plant species on fly ash and mine waste
deposits provides insight into the environmental and floristic
potential of these sites in the process of biological recultivation
and primary and secondary succession (Nikoli¢ et al., 2014;
Randjelovi¢ et al., 2014; Pandey et al., 2015a; Gaji¢ and Pavlovi¢,
2018) (Figures 1, 2). Vegetation surveys showed that a large
number of plant species that are sown or spontaneously colonized
these degraded sites belong to the families Fabaceae, Poaceae,
Asteraceae, Chenopodiacea, Brassicaceae, Rosaceae (Li et al., 2007;
Pandey et al., 2015b; Gajic¢ et al., in press).

The plant species that are tolerant to adverse conditions
on fly ash deposits in Europe are Achillea millefolium, Agrostis
capillaries, Calamagrostis epigejos, Chenopodium rubrum,
Cirsium arvense, Crepis setosa, Cynodon dactylon, Dactylis
glomerata, Daucus carota, Echium vulgare, Erigeron canadensis,
Eqiuisetum sp., Epilobium hirsutum, Festuca rubra, Hypericum
perforatum, Linaria vulgaris, Lolium perenne, Lotus corniculatus,
Medicago sativa, Melilotus officinalis, Oenothera biennis,
Phragmites communis, Plantago lanceolata, Reseda lutea, Rumex
acetosella, Polygonum lapathiholium, Pycreus glomeratus,
Sonchus arvensis, Sysimbrium orientale Rumex obtusifolia,
Salsola kali, Silene vulgaris, Sinapis arvensis, Solidago serotina,
Senecio vulgaris, Sonchus oleraceus, Sorghum halepense, Trifolium
repens, Tussilgo farfara, Vicia villosa, Verbascum phlomoides,
Xantium strumarium, Acer pseudoplatanus, Amorpha fruticosa,
Gleditschia triacanthos, Eleagnus angustifolia, Morus alba,
Morus nigra, Robinia pseudoaccacia, Rosa canina, Rubus
caesisus, Populus alba, Salix alba, and Tamarix tetandra
(Hodgson and Townsend, 1973; Mulhern et al,, 1989; Shaw,
1996; Djordjevi¢-Miloradovi¢, 1998; Pavlovi¢ et al, 2004;
Djurdjevi¢ et al., 2006; Mitrovi¢ et al., 2008; Gaji¢ and Pavlovi¢,
2018; Gaji¢ et al, in press) (Table2). Furthermore, in India
different plant herbaceous species colonize fly ash deposits:
Amaranthus deflexus, Calotropis procera, Cannabis sativa,
Cassia tora, Chenopodium album, Croton bonplandium,
Cynodon dactylon, Eclipta alba, Limnanthe, Ipomea carnea,
Parthenium hysterophorus, Saccharum bengalense, Sacharum
munja, Saccharum spontaneum, Sida cordifolia, Solanum nigrum,
Thelypteris dentate, Typha latifolia (Dwivedi et al., 2008; Gupta
and Sinha, 2008; Maiti and Jaiswal, 2008; Pandey and Singh, 2014;
Pandey, 2015; Pandey et al., 2015b, 2016a; Kumari et al., 2016)
(Table 2). In Hong Kong, plant species that can grow on fly ash
deposits are Eleusine indica, Neyraudia reynaudiana, Tamarix
chinensis, Chenopodium acuminatum, Fimbristylis polytrichoides,
Pteridium aquiilinum, Panicum repens (Chu, 2008) whereas, in
Australia plants with high ecological potential to grow on fly
ash deposits are Atriplex, Enchylaena tomentosa, Halosarcia,
Mesembryanthemum, Nitraria billardieri and Scaevola colloris
(Jusaitis and Pillman, 1997) (Table 2). Vegetation surveys on
fly ash deposits in South Africa showed the following plant
species: Amaranthus hybridus, Chamaecrista bienis, Chloris
gayana, Cynodon dactylon, Cyperus esculentus, Digitaria
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colonizers (J-N).

FIGURE 1 | Fly ash deposits at the thermoelectric plant station "Nikola Tesla-A" (TENT-A) in Obrenovac (Serbia): active cassette of fly ash (A-D); passive cassette of
fly ash 3 years after biorecultivation with sown legumes, grassses, and shrubs (E-); passive cassette of fly ash 11 years after biorecultivation with spontaneous

eriantha, Eragrostis sp., Hyparrhenia hirta, Lepidium bonariensis,
Lespedeza cunea, Brachiaria serrata, Heteropogon contortus,
Tristachya leucothrix, Setaria sphacelata (Morgenthal et al., 2001;
Van Rensburg et al., 2003) (Table 2).

Plant species that have high capacity to grow and survive
in mining areas are Agrostis stolonifera, Calamagrostis epigejos,
Cerastium arvense, Polygonum aviculare, and Tussilago farfara
in flotation tailings from Cu ore in Poland (Kasowska et al.,
2018); Agrostis capillaries, Rumex acetosella, Vicia hirsute, Apera
spica-venti, Chenopodium botrys, Xantium italicum, Equisetum
palustre, Persicaria lapathifolia, Vulpia myuros, Polygonum

lapathifolia, Betula pendula, Populus tremula, Populus alba, and
Populus nigra in in Timok River floodplain that are partially
damaged by slurry sulphidic waste from Cu mine in Bor in
Serbia (Nikoli¢ et al., 2014, 2016); Agrostis stolonifera, Epilobium
dodonaei, Calamagrostis epigejos, and Centaurea arenaria on
non-reclaimed overburden sites, Robinia pseudoacacia, Cirsium
eriophorum, Festuca valeisaca, Linaria genistifolia, Taraxacum
offinale, Convolvulus arvensis, Achillea millefolium, Vicia cracca,
Daucus carota, Centaurea stoebe Poa pratensis, and Rumex
crispus on reclaimed overburden in Cu mine in Bor in
Serbia (Randjelovi¢ et al, 2014, 2016); Dittrichia viscosa,
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FIGURE 2 | Mine waste in Serbia: copper mine waste in metalliferous Bor region (A-C) with Epilobium dodonaei (D), Calamagrostis epigejos (E), and Robinia
pseudoaccacia (F); mine flotation tailings at the Pb/Cu/Zn mine “Rudnik” (G=H) with spontaneously colonized Equisetum sp. (1); antimony flotation tailings “Stolice”
after accidental flooding event with spontaneously colonized plant species 1 year later (J-O).

Cistus salviifolius and Euphorbia pithyusa in mining tailings
in Sardinia (Jimenez et al.,, 2011); Digitalis purpurea, Mentha
suavolens, and Ruscus ulmifolius in abandoned Pb mine in
Portugal (Pratas et al., 2013); Zygophyllum fabago, Helichrysum
decumbens, Tamarix, Lygeum spartum, Piptatherum miliaceum,
Pinus halepensis, Tetraclinis articulate in Cartagena-La Union

mining district, Spain (Conesa et al,, 2006; Parraga-Aguado
et al., 2014); Coincya monensis, Agrostis durieui, Holcus lanatus,
Festuca rubra, Dactylis glomerata, Cytisus striatus, Genista
legionensis, Lotus corniculatus in Pb-Zn and Hg-As mining
waste in Spain (Fernandez et al., 2017); Pistacia, terebinhtus,
Cistus creticus, Pinus brutia, and Bosea cypria in Cu containing
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mine tailings in Cyprus (Johansson et al, 2005); Ricinus
communis in mine tailings, Mexico (Ruiz Olivares et al,
2013); Amaranthus watsonii, Solanum lumholtyianum, Bromus
catharticus, Acacia farnesiana, Gnaphalium leucocephalum,
Brickellia coulteri, Baccharis sarothoides, Prosopis velutina,
Boerhavia coulteri from abandoned mine tailings, Sonora,
Mexico (Santos et al., 2017); Salsola collina, Festuca elata,
Medicago sativa, Ipomea purpurea, Grewia biloba, Cotinus
coggygria, Zizipus jujube, Vitex negundo, Bidens parvifloa,
Sonchus oleraceus, Artemisia annua and Carex tristachya on soil-
rock mixture in abandoned mines in Beijing in China (Zhang
et al.,, 2014); Digitaria sanguinalis, Erigeron canadensis, Phytolaca
acinosa, Pteris multifida, Cynodon dactylon, and Melastoma
dodecandrum in Mn mineland in China (Li et al., 2007) (Table 2).

PHYTOREMEDIATION—-GENERAL
ASPECTS

Phytoremediation presents an efficient, “green clean,
environmental, low cost, and eco-friendly technology that
uses plants to reduce or remove inorganic and organic pollutants
from environment (Raskin et al., 1997; Salt et al, 1998;
McCutcheon and Schnoor, 2003; Pilon-Smits and LeDuc, 2009).
The term phytoremediation consists of the Greek prefix “phyto”
which means “plant” and the Latin suffix “remedium” which
means “‘renew, able to cure or restore” (Raskin et al., 1997).
The main phytoremediation technologies are phytostabilization
and phytoextraction, rhizodegradation/phytostimulation and
phytodegradation/phytotransformation (Raskin et al., 1997; Salt
et al.,, 1998; McCutcheon and Schnoor, 2003; Pilon-Smits and
LeDuc, 2009) (Figure 3A).

Phytostabilization is a phytoremediation technology which
uses plants to reduce the mobility and bioavailability of
metal(loid)s and organic pollutants in the surrounding
environment preventing their migration in the soil and
groundwater or their entry into the food web (Nwoko, 2010).
In addition, phytostabilization improves the physico-chemical
characteristics of the polluted substrate by increasing the content
of organic matter and nutrient levels and preventing wind
erosion. This can be achieved by using plant species that are
named “excluders,” which are capable to limit the uptake of
pollutants in high concentrations inside the plant tissue over a
wide range of soil concentrations i.e., they immobilize pollutants
in the substrate or in plant roots (Baker, 1981). The main
mechanisms of phystostabilization are avoiding or excluding
the pollutant from further transport at the root level by binding
to the cell wall and/or preventing the transport through the
plasma membrane, by the presence of mycorrhizal fungi and the
presence of root exudates in the rhizosphere (Pilon-Smits and
LeDuc, 2009).

Phytoextraction is a  phytoremediation technology
that uses plants capable of accumulating metal(loid)s
in the roots and aerial parts of the plants (Reeves and
Baker, 2000). This phytoremediation technique uses
accumulators/hyperaccumulators ~ because  these  plants
survive regardless of excess concentration of metal(loid)s

in their above-ground tissues. Therefore, plants suitable for
phytoexctraction should have fast growth, high biomass,
extended root system, high root-shoot transfer and good
tolerance to high concentrations of metal(loid)s in the plant
tissue (Tong et al., 2004). Generally, hyperaccumulators are not
popular for phytoremediation due to slow growth rate and low
biomass (Pilon-Smits and LeDuc, 2009). Uptake of pollutants
from the environment and their accumulation is achieved
through the formation of chelates and sequestration of the
metal(loid)s in the vacuole of roots and leaves (Kidd et al., 2009).

Rhizodegradation/phytostimulation is phytoremediation
technology that uses roots of plants which enhance microbial
and fungal activity in the rhizosphere and breakdown organic
pollutants (polycyclic aromatic hydrocarbons, PAHs and
polychlorinated biphenyls, PCBs) (Pilon-Smits and LeDuc, 2009;
Ma et al, 2011). According to Pilon-Smits and LeDuc (2009)
suitable plant species should have large and dense root systems
and rhizobacterial strains. Therefore, plants facilitate degradation
of organic pollutants by stimulating microbial and fungal activity
releasing exudes (organic acids, sugars, amino acids, phenolics,
and enzymes dehalogenase, nitroreductase, peroxidase, laccase)
(Ma et al., 2011). Stimulation of soil microbial communities by
root exudates provides acquisition of nutrients, changes of pH,
water flux, availability of oxygen around roots and root growth
(Ahemad and Kibret, 2014; Kala, 2014). Plant growth promoting
bacteria (PGPB) present a consortium of bacteria that colonize
different niches of plant roots and they can degrade pollutants
more efficiently than a single species/strain (Kuiper et al., 2004).
Rhizobacteria, such as Achromobacter, Arthrobacter, Azotobacter,
Azospirillum, Bacillus, Enterobacter, Pseudomonas, Serratia, and
Streptomyces have been found to have beneficial effects on plant
species in metal-contaminated environments because they can
reduce the metal toxicity by biosorption and bioaccumulation
(Tokala et al., 2002; Dimpka et al., 2009).

Phytodegradation / phytotransformation is a
phytoremediation technology which implies degradation of
organic compounds by plant enzymes within roots or leaves
to simple molecules, such as CO, and H,O (Burken, 2003;
Pilon-Smits and LeDuc, 2009). The network of detoxification,
degradation and storage of organic compounds in plants can
be divided into three steps: (a) transformation (activation and
transformation of organic compounds); (b) conjugation process
which occurs between organic compounds and malonic acid, D-
glucose, glutathione, and amino acids where conjugates become
less mobile and less toxic; (ac) storage/elimination (sequestration
or storage of organic compounds in cell vacuole, apoplast, or
cell walls) (Burken, 2003). This cascade of metabolic reactions is
also named the “green liver model” due to its similarity to the
mammalian metabolism (Sandermann, 1994; Burken, 2003).

UPTAKE, TRANSPORT, TOLERANCE AND
CROSS—TALK BETWEEN METAL(LOID)S
IN PLANTS

The uptake of metal(loid)s depends on total and available
concentrations, cation exchange capacity, redox potential, pH,
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TABLE 2 | Plant species grown on fly ash deposits and mine waste worldwide.

Plant species

References

FLY ASH DEPOSITS

Europe

Achillea millefolium, Agrostis capillaries, Calamagrostis epigejos, Chenopodium rubrum, Cirsium
arvense, Crepis setosa, Cynodon dactylon, Dactylis glomerata, Daucus carota, Echium vulgare,
Erigeron canadensis, Eqiuisetum sp., Epilobium hirsutum, Festuca rubra, Hypericum perforatum,
Linaria vulgaris, Lolium perenne, Lotus corniculatus, Medicago sativa, Melilotus officinalis,
Oenothera biennis, Phragmites communis, Plantago lanceolata, Reseda lutea, Rumex acetosella,
Polygonum lapathiholium, Pycreus glomeratus, Sonchus arvensis, Sysimbrium orientale Rumex
obtusifolia, Salsola kali, Silene vulgaris, Sinapis arvensis, Solidago serotina, Senecio vulgaris,
Sonchus oleraceus, Sorghum halepense, Trifolium repens, Tussilgo farfara, Vicia villosa, Verbascum
phlomoides, Xantium strumarium, Acer pseudoplatanus, Amorpha fruticosa, Gleditschia
triacanthos, Eleagnus angustifolia, Morus alba, Morus nigra, Robinia pseudoaccacia, Rosa canina,
Rubus caesisus, Populus alba, Salix alba, Tamarix tetandra

India

Amaranthus deflexus, Calotropis procera, Cannabis sativa, Cassia tora, Chenopodium album,
Croton bonplandium, Cynodon dactylon, Eclipta alba, Limnanthe, l[pomea carnea, Parthenium
hysterophorus, Saccharum bengalense, Sacharum munja, Saccharum, spontaneum, Sida
cordifolia, Solanum nigrum, Thelypteris dentate, Typha latifolia

Hong kong

Eleusine indica, Neyraudia reynaudiana, Tamarix chinensis, Chenopodium acuminatum, Fimbristylis
polytrichoides, Pteridium, aquiilinum, Panicum repens

Australia

Atriplex, Enchylaena tomentosa, Halosarcia, Mesembryanthemum, Nitraria billardieri, Scaevola
colloris

South Africa

Amaranthus hybridus, Chamaecrista bienis, Chloris gayana, Cynodon dactylon, Cyperus
esculentus, Digitaria eriantha, Eragrostis sp. Hyparrhenia hirta, Lepidium bonariensis, Lespedeza
cunea, Brachiaria serrata, Heteropogon contortus, Tristachya leucothrix, Setaria sphacelata

MINE WASTE
Poland

Agrostis stolonifera, Calamagrostis epigejos, Cerastium arvense, Polygonum aviculareTussilago
farfara

Serbia

Agrostis capillaries, Rumex acetosella, Vicia hirsute, Apera spica-venti, Chenopodium botrys,
Xantium italicum, Equisetum palustre, Persicaria lapathifolia, Vulpia myuros, Polygonum lapathifolia,
Betula pendula, Populus tremula, Populus alba, Populus nigra, Agrostis stolonifera, Epilobium
dodonaei, Calamagrostis epigejos, Centaurea arenaria

Sardinia

Dittrichia viscosa, Cistus salviifolius, Euphorbia pithyusa

Portugal

Digitalis purpurea, Mentha suavolens, Ruscus ulmifolius

Spain

Zygophyllum fabago, Helichrysum decumbens, Tamarix, Lygeum spartum, Piptatherum miliaceum,

Pinus halepensis, Tetraclinis articulate, Coincya monensis, Agrostis durieui, Holcus lanatus, Festuca
rubra, Dactylis glomerata, Cytisus striatus, Genista legionensis, Lotus corniculatus

Cyprus

Pistacia, terebinhtus, Cistus creticus, Pinus brutia, Bosea cypria

Mexico

Ricinus communis

Amaranthus watsonii, Solanum lumholtyianum, Bromus catharticus, Acacia farnesiana, Gnaphalium
leucocephalum, Brickellia coulteri, Baccharis sarothoides, Prosopis velutina, Boerhavia coulteri
China

Salsola collina, Festuca elata, Medicago sativa, Ipomea purpurea, Grewia biloba, Cotinus
coggyagria, Zizipus jujube, Vitex negundo, Bidens parvifloa, Sonchus oleraceus, Artemisia annua,
Carex tristachya, Digitaria sanguinalis, Erigeron canadensis, Phytolaca acinosa, Pteris multifida,
Cynodon dactylon, Melastoma Dodecandrum

Hodgson and Townsend, 1973; Mulhern et al., 1989;
Shaw, 1996; Djordjevi¢-Miloradovi¢, 1998; Paviovi¢

et al., 2004; Djurdjevi¢ et al., 2006; Mitrovi¢ et al., 2008;
Gaji¢ and Pavlovi¢, 2018; Gaji¢ et al., in press

Dwivedi et al., 2008; Gupta and Sinha, 2008; Maiti and
Jaiswal, 2008; Pandey and Singh, 2014; Pandey, 2015;
Pandey et al., 2015b, 2016a; Kumari et al., 2016

Chu, 2008

Jusaitis and Pillman, 1997

Morgenthal et al., 2001;
Van Rensburg et al., 2003

Kasowska et al., 2018

Nikoli¢ et al., 2014, 2016; Randjelovi¢ et al., 2014;
Randjelovi¢ et al., 2016

Jimenez et al., 2011

Pratas et al., 2013

Conesa et al., 2006; Parraga-Aguado et al., 2014;
Fernandez et al., 2017

Johansson et al., 2005

Ruiz Olivares et al., 2013
Santos et al., 2017

Zhang et al., 2014
Liet al., 2007
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FIGURE 3 | Phytoremediation technologies: Phytostabilization; Phytoextraction; Phytostimulation/Rhizodegradation; Phytodegradation/Phytotransformation. MT,
metal(loid)s; OC, organic compounds. Pollutants can be stabilized or degraded in the rhizosphere, sequestered or degraded in plant roots and leaves (schema
modified from Pilon-Smits and LeDuc, 2009) (A). Strategies for As, Cu, Zn, Mn, Fe, Cd, Ni and Pb uptake by plant roots from soil through different active transporters
(ATs); ZIP/IRT, zinc, iron regulated protein; COPT, copper putative transporter; NRAMP, natural resistance —associated macrophage protein; HMA-heavy metal P-type
ATPase; HTATP, HA-proton efflux transporter; FRO-ferric reductase/oxidase; PEZ1, phenolics efflux zero1; TOM1, efflux transporter; YS1, yellow stripe-like1; NA,
nicotinamine; MA, family of mugineic acids; LCT1, low-affinity cation transporter; GNGC channels, putative transition metal transporter (schema modified from Hall
and Williams, 2008; Clemens, 2006) (B,C); Tolerance mechanisms for metal(loid)s in plants: (1) binding of metal(loid)s to the cell wall, (2) chelate of metal-organic acid
on the outside of the cell membrane, (3) active metal efflux from cells, (4) metal-chelator complexes (5) compartmentalization or sequestration in a vacuole; Ats, active
transporters; MTs, metal(loids); OA, organic acid; NA, nicotinamine; AA, amino acids; GSH, glutathione; PC, phytochelatines (schema modified from Tong et al., 2004;

the presence of Al, Fe and Si oxide, organic matter, texture,
aeration and moisture of soil, and climatic conditions (Kabata-
Pendias, 2011). Adaptive mechanisms of plants that are related
to the uptake and translocation of pollutants can be different
and they are associated with distribution, redistribution, storage,
and detoxification of metal(loid)s in roots and leaves. Adaptive

responses of plants to high or low concentrations of chemical
elements include changes in the expression of the transporter
genes responsible for the uptake, efflux, translocation, and
sequestration of elements in plants (Memon and Schrader, 2006).
Transport of metal(loid) ions from roots to leaves is performed
via membrane transporters, amino acids and/or organic acids
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(Jabeen et al., 2009). The maintenance of metal-ion homeostasis
and plant tolerance in plants is enabled by some families of
transporters in roots and leaves: a) influx transporters: ZIP/IRT
family of proteins (zinc-iron regulated protein permease)
and NRAMP protein (natural resistance-associated macrophage
protein); b) efflux transporters: HM—ATPase, CDF (cation
diffusion facilitator), CAX (cation exchanger) and ABC (ATP-
binding cassette transporters) (Yang et al., 2005; Arif et al., 2016;
Castro et al., 2018) (Figures 3B,C).

Plant tolerance to deficiency or toxicity of metal(loid)s
can be achieved by excluding the element from further
course of transport or its accumulation in plant cells (Baker,
1987). The exclusion mechanism is based on the limited
absorption and accumulation of toxic metal(loid) ions through:
(a) increasing their binding capacity to the cell wall, (b)
preventing their entry into the cytoplasm and transport
through the plasma membrane by reducing the absorption
through modification of the ion channels and/or ejection
of the metal(loid)s from the cell by active efflux pump,
as well as forming from the outer side of the plasma
membrane metal—chelate complexes with organic acids (OA)
(Tong et al., 2004) (Figure 3D). Tolerance to high metal(loid)
concentrations in cell cytoplasm (accumulation) is achieved
through: (a) inactivation by forming complexes between different
chelate compounds (glutathione, GSH; phytohelatines, PC;
organic acids, OA and amino acid, AA) and metal(loid)s; (b)
compartmentalization in vacuoles and other cellular organelles
(chloroplasts, mitochondria, Golgi apparatus, endoplasmic
reticulum) and/or sequestration of metals by chaperones
(proteins involved in intracellular transport of metals to the place
of activation) (Tong et al., 2004; Anjum et al., 2015; Singh et al.,
2016) (Figure 3D).

Therefore, As (V) is taken up through the phosphate transport
system (As—Pi) whereas As (III) is adopted by the NIP family
of aquaporin proteins (nodulin 26-like protein) (Verbruggen
et al., 2009) (Figure3B). As can be loaded into xylem and
transported by the silicon transporter (Lsi2) (Ma et al., 2008). In
the cell, As forms a complex with glutathione (As—GSH) that
can be transported in a vacuole through an unidentified ABC
transporter or can form a complex with phytochelatines (As—
PCs) (Tripathi et al., 2007). In the condition of excess B, BOR2,
and BOR4 transporters are accumulated in the plasma membrane
of root cells (Miwa et al., 2007; Takano et al., 2007). B can be
exported from root cells into xylem reducing B concentration
in roots (Reid, 2014). In roots and leaves, B is bound to the cell
wall in the form of B-RGII complex which mitigates boron toxic
effects on metabolism and plant growth (Reid and Fitzpatrick,
2009; Reid, 2014). In addition, tonoplast intrinsic protein (TIP),
such as AtTIP5;1 localized to the vacuolar membrane is more
expressed under high B condition in leaf tissues (Pang et al.,
2010).

Furthermore, Cu is taken up into the root cells through
ZIP2 and ZIP4 transporters and putative copper influx
transporters (COPT1), and then transferred into the cell via other
transporters, such as COPT3 and COPTS5 proteins (Figure 3B),
HM—ATPases and chaperones to the vacuole, chloroplast,
mitochondria and Golgi complex, where it is sequenced: HMA5

protein is responsible for efflux Cu from root cells and its
loading to xylem; HMA7/RANI1 (responsive-to-antagonistl) is a
transporter in roots and leaves that has the role of delivering Cu
to Golgi complex; HMA6/PAAL transports Cu to the membrane
of chloroplast, and further via chaperones (CCs) to Cu/Zn
SOD; HMAS8/PAA2 protein transports Cu through thylakoid
membrane to plastocyanines (PC); COX chaperones deliver Cu
into mitochondria; ATX1 delivers Cu to HMAS5 protein, and
CCH delivers Cu to Golgi complex (Puig et al., 2007; Yruela,
2009; Migocka and Malas, 2018).

High content of Mn is taken up by roots through ZRT/IRT1
transporters (Pedas et al., 2005) whereas in the condition of Mn
deficiency ZIP3-ZIP7, NRAMP1 and OsNRAMPS5 transporters
are active (Lopez-Millan et al., 2004; Lanquar et al., 2010; Sasaki
et al., 2012) (Figure 3B). In the conditions of Mn deficiency,
OsNRAMPS5 transporter is also necessary in the accumulation
of Mn in leaves whereas NRAMP3/NRAMP4 proteins transport
Mn in the vacuole of the leaf and they are essential for
the maintenance of photosynthetic efficiency (Lanquar et al,
2010). Intracellular transport and accumulation of Mn and
its sequencing in root and leaf cells are achieved through
proteins: P-type ATPase transport Mn into the endoplasmic
reticulum (ECA1 - excess Mn, EC3 — Mn deficiency) and Golgi
complex (PMR1); MCF family of proteins (mitochondrial carrier
family) through chaperone MTM1 transport Mn to MnSOD;
Metal/H" antiporter (CAX2), CDF family of transporters
(ShMTP1), and ABC transporters transfer and accumulate
Mn in the vacuole, thereby maintaining the homeostasis of
Mn and providing its optimal amount for the metabolic
processes in the plant cells (Wu et al., 2002; Shigaki et al,
2003).

Uptake, transport, intracellular sequencing and maintenance
of homeostasis Zn in plant cells are regulated by numerous
membrane transporters and chelating agents (Sinclair and
Kramer, 2012; Moreira et al., 2018). In the conditions of Zn
deficiency in Graminae, the secretion of phytosiderophores
(mugenic acid families, MAs) is increased whereas in other
plants the biosynthesis of nicotinamine (NA) is dominant
(Figure 3B). MAs and NA are excreted in the rhizosphere
by specific transporters and have a high binding affinity for
Zn. Formed Zn—MAs and Zn—NA complexes are further
taken up and transported through the root cell membrane
(Sinclair and Kramer, 2012) (Figure 3B). In the conditions
of Zn deficiency, numerous ZRT—IRT transporters are active
(ZIP 1, 3 9-12 take up Zn from the soil; IRT3, ZIP4, 5, 8
transport Zn from root to leaf (Bashir et al., 2012) (Figure 3B).
Furthermore, P—type ATPases are responsible for Zn flow in
apoplast and xylem, accumulation of Zn in plastids and its
sequencing in the vacuole (HMA2 and HMA4 transport Zn
from root to leaf, Wong and Cobbett, 2009) and under the
condition of high zinc content, HMAI transporter contributes
to the detoxification of Zn in chloroplast (Kim et al., 2009);
CDF family of transporters (Metal Tolerance Proteins such as
MTP1, 2, 3) transport Zn in the vacuole of leaves and roots);
MFS family of transporters (Major Facilitator Superfamily of
transporters), such as zinc induced facilitator (ZIF1) protein
is localized in the tonoplast of the vacuole and is capable of
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transporting organic acid, Zn-organic acid complex, or NA in
the vacuole (Haydon et al., 2012); amino acid histidine and
organic acids can form Zn complexes (Zn—histidine, Zn—malate
and Zn—citrate) in cytoplasm and the vacuole of roots and
leaves (Sinclair and Kridmer, 2012) whereas PCR2 (cystein—
rich protein) exports Zn from root to leaves (Song et al,
2010).

Fe acquisition mechanisms are different in dicotyledonous
(Strategy I) and graminaceous plants (Strategy II) (Kobayashi
and Nishizawa, 2012; Nikoli¢ and Pavlovi¢, 2018; Tripathi
et al,, 2018). In Strategy I, plants acidify the soil and reduce
Fe>* to soluble form Fe** that is transported across the
root plasma membrane through ferric reductase oxidase 2
(FRO2) and 3 (FRO3) transporters (Mukherjee et al., 2006)
(Figure 3C). Fe uptake by roots also occurs through the IRT1
transporter (Hall and Williams, 2003) (Figure 3C). Excretion
of proton (H'-ATPase i.e., HA-proton efflux transporter) and
phenolic compounds from roots to rhizosphere (phenolics efflux
transporter, PEZ1, PHENOLICS EFFLUX ZERO 1) may increase
the solubility of Fe ions or support the reducing capacity of
Fe on the root surface (Ishimaru et al., 2011) (Figure 3C).
In Strategy II, graminaceous plant response includes secretion
of MAs; efflux transporter TOM1 (Nozoye et al, 2011) in
the rhizosphere solubilizes Fe>* and forms Fe>™-MA complex
that is taken up into root cells by the YELLOW STRIPE 1
(YS1) and YELLOW STRIPE 1-like (YSL) transporters (Inoue
et al, 2009) (Figure 3C). Fe translocation in plants includes
chelators such as citrate, NA and MAs (Takahashi et al.,
2003; Aoyama et al, 2009). However, Fe can be effluxed
into the xylem by AtFPN1/AtIREGI1 transporters (ferroportin
1/iron regulated 1, Morrissey et al, 2009) localized in the
plasma membrane. Influx transporters, such as YSL family
members (YSLI1, YSL2, YSL3, YSL15) are responsible for long-
distance transport of NA-chelated iron into leaves. Furthermore,
TOMI, IRT1, ENAI, ENA2 (nicotianamine 1 and 2) as efflux
transporters are also important for Fe translocation inside
the plant. According to Thomine et al. (2003) NRAMP3 and
NRAMP4 transporters are significant in long distance metal
transport. Fe mobilization in the chloroplast is enabled by
FRO6,7 (ferric-chelate reductase oxidase) and MARI1/IREG3
(multiple antibiotic resistance 1/iron-regulated protein 3), that
are both localized in envelope membranes (Conte and Walker,
2011); PIC1 protein (chloroplast permease 1) transports Fe across
the inner envelope membrane of the chloroplast and regulates its
homeostasis (Duy et al., 2007); vacuolar iron transporter 1 (VIT1)
is proposed to efflux Fe from cytosol into vacuole (Kim et al.,
2006).

Lead (Pb), chromium (Cr), and cadmium (Cd) do not
have physiological functions in plants and can be toxic at low
concentrations whereas nickel (Ni) is essential and cobalt (Co)
is a beneficial microelement for plants (Marschner, 1995). Major
transporter system responsible for the uptake of Fe?t, Mn?*,
Zn?*, Ca?* is ZIP/IRT, but according to Clemens (2006) the
uptake of Cd from soil seems to occur via same transporters due
to chemical similarity. Therefore, IRT1, IRT2 can be primarily
responsible for Cd uptake into the root, accumulation and
translocation (Nakanishi et al., 2006) (Figure 3C). In addition,

Cd**/H* and CAX2 antiporters might be involved in the
accumulation of Cd in the vacuole of the root (Hirshi et al.,
2000). The LCT1 (low-affinity cation transporter) is important
for the uptake of Cd whereas GNGC channels are permeable
for Ni and Pb (Hall and Williams, 2003) (Figure 3C). Plants in
the condition of Pb excess and nutrient deficiency activate the
same H*/ATPase pumps (Zhang et al., 2011). However, the main
pathway by which Pb enters the roots is Ca?* -permeable channel
due to competition between two cations (Pourrut et al., 2011).
Furthermore, NRAMP1,3 transporters are able to transport Cd
and Co in roots and shoots (Thomine et al., 2000). According
to Hall and Williams (2003) HMA1-4 transporters are involved
in the efflux and transport of Co?t/Cd?*/Pb*t whereas HMA9
is responsible for the export of Pb and Cd from the cell. ABC
transporters (MRPs) are responsible for the Cd accumulation
in the vacuole of the root in the form of chelates PC-Cd
and GS-Cd (Bovet et al., 2003); CDF transporters are involved
in sequestration of Cd, Co and Ni in the vacuole of leaves
(Persans et al., 2001); CBP4 protein shows tolerance to Ni
and hypersensitivity to Pb and it is responsible for reduced Ni
concentration and increased Pb content in plant cells (Sunkar
et al, 2000). Some magnesium transporters, such as MGT1
show high affinity for Ni and its transport and accumulation
in roots and leaves (Li et al., 2001) whereas DTX1 (protein
for Detoxification 1) belongs to MATE family of transporters
(multidrug and toxic compound extrusion) and it is capable of
detoxifying Cd (Li et al., 2002).

The determination of bioconcentration factor (BCF) and
translocation factor (TF) is important for assessing the
phytoremediation potential of plants (Yoon et al, 2006) as
well as the mechanisms of tolerance and the survival strategy
of plants on degraded sites (Baker, 1981). Bioconcentration
factor (BCF) defines the relationship between the content of
the chemical element in the root and its content in the
substrate, providing information about element accumulation
in the roots and removal efficiency of the chemical element
from the given substrate. Translocation factor (TF) defines the
relationship between the content of the chemical element in
the leaves and its content in the root providing information
about the efficiency of plants to transport metal(loid)s from
root to leaves. It is stated that plants having BCF >1 and
TF <1 show phytostabilization potential (Yoon et al., 2006).
In addition, plants with BCF <1 and TF higher than one as
well as BCF and TF <1 also show phytostabilization potential.
Plants that have all these combinations are excluders, because
they possess mechanisms that maintain low uptake of soil-metal
contents and small shoot-metal contents. However, plants with
BCF and TF >1 are suitable for phytoexctraction and they are
accumulators/hyperaccumulators.

PHYTOREMEDIATION OF FLY ASH
DEPOSITS

Plant species growing on fly ash deposits showed high
phytostabilization or phytoextraction potential for different
chemical elements (Table 3). Thus, sown species Festuca rubra

Frontiers in Environmental Science | www.frontiersin.org

12

November 2018 | Volume 6 | Article 124


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Gaji¢ et al.

Plant Response to Environmental Pollution

on fly ash deposits can be considered as an excluder suitable for
phytostabilization due to limited transport of As, Cu, Mn, and
Zn from root to leaves (BCF < 1, TF < 1) in spite of efficient
transport of B in leaves (BCF < 1, TF > 1) (Gajic¢ et al,, 2016);
Ricinus communis can be considered as a good phytostabilizator
of fly ash for Cd, Cu, Ni, Pb, and Zn due to BCF <1 and TF <1
(Pandey, 2013); Saccharum munja is an excluder plant for Cd,
Cr, Cu, Ni, Pb, Zn (BCF < 1, TF <1), Fe and Mn (BCF <1,
TF > 1) (Pandey et al., 2012) indicated that this plant retained
more elements in roots than in leaves or in spite of efficient
transport of some elements from root to leaves, this species
possesses mechanisms that prevent the uptake of high content of
metals in plants; Typha latifolia is a good phytostabilizator for Cd
in fly ash (BCF < 1, TF < 1) as well as for Cr, Cu, Ni, Pb, and Zn
(BCF <1, TF > 1) whereas for Mn this species can be considered
as a good accumulator (BCF > 1, TF > 1) (Pandey et al., 2014);
Ipomea carnea showed high phytostabilization potential for Cu
(BCF < 1, TF < 1), Ni, Pb (BCF > 1, TF < 1), Cr (BCF < 1,
TF > 1) whereas for Cd (BCF > 1, TF > 1) this species can be
suitable for phytoextraction (Pandey, 2013); Thelypterys dentate
is an excluder plant for Fe, Si (BCF < 1, TF < 1) as well as for As,
Cd, Pb (BCF > 1, TF < 1) (Kumari et al., 2013); Sida cardifolia
is suitable for phytostabilization because of larger content of Co,
Ni (BCF < 1, TF < 1) and Pb (BCF > 1, TF < 1) in roots than
in leaves whereas it is an accumulator for Cd, Cr, Cu, Fe, Zn
(BCF > 1, TF > 1) (Gupta and Sinha, 2008); Cynodon dactylon
is also an excluder plant suitable for phytostabilization of Fe, Ni
(BCF<1, TF < 1), Pb (BCF >1, TF <1), Cd, Cu, Mn (BCF < 1,
TF > 1) (Kumar et al., 2015) because it maintains low uptake of
metal content and relatively small shoot-metal content in plants;
Chenopodium album possesses an excluder mechanism for Cd,
Cr (BCF > 1, TF < 1) and Mn (BCF <1, TF > 1) which makes
it a good candidate for phytostabilization of fly ash whereas for
Co, Cu, Fe, Ni, Pb, and Zn (BCF > 1, TF > 1) this species can be
marked as an accumulator suitable for phytoextraction (Gupta
and Sinha, 2008).

Plant species that can grow on fly ash and possess a
high rhizomediation potential for organic compounds are
Agropyron, Cynodon dactylon, Festuca arundacea, Festuca rubra,
Lolium perenne, Lotus corniculatus, Trifolium pretense, Melilotus
officinalis, Hellianthus annus (McCutcheon and Schnoor, 2003)
(Table 3). Plant promoting bacteria (PGPB) is characteristic
for F. arundacea (Huang et al., 2004) whereas Rhizobium
leguminosarum was found in L. perenne and T. pretense (Johnson
et al, 2005). Bacterial strains that enhance the degradation
of PAHs for Sorgum bicolor are Pseudomonas montellili,
Bacillus subtilis, B. pumilis, Pseudomonas pseudoalcaligenes and
Brevibacterium halotolerans (Duponnois et al., 2006; Abou-
Shanab et al., 2008) (Table 3). In addition, Salix inoculated
with Pseudomonas sp., Janthinobacterium lividum, Serratia
marcescens, Flavobacterium sp., Streptomyces sp., and Agromyces
sp. showed high potential for rhizodegradation of PAHs (Kuffner
et al,, 2008) (Table 3). Furthermore, Medicago sativa and Lolium
perenne show high potential in phytoremediation of PCB
compounds because they enhance the number of microbial
populations inoculated by Glomus sp. (arbiscular mycorrhizas,
AMF) (Teng et al., 2010; Lu et al., 2014).

Plants that can grow on fly ash deposits and have high
potential for phytodegradation of PAHs are Daucus carota
(Tao et al, 2004), Festuca arundacea (Gao et al, 2013),
Lolium multiflorum, Amaranthus sp., Raphanus sativus, Ipomea
sp. (phenanthrene, pyrene, Gao and Zhu, 2004), Sorghum
drummondii (Petrovd et al., 2017), and Chenopodium rubrum
(benzo(a)pyrene, Harms et al., 1977) (Table 3). In addition,
plant species that are capable to metabolize the PCBs to
the bound residue of cell walls by enzymes UDP-dependent
glycosyltransferases (glucose, glucuronic acid) or by peroxidases
and polyphenol oxidases (lignin, pectin, hemicelluloses) are
Trifolium repens, Triticum aestivum, Hordeum vulgare, Daucus
carrota, Atriplex sp., Rosa sp. (Wilken et al., 1995; Kolb and
Harms, 2000) (Table 3).

PHYTOREMEDIATION OF MINE WASTE
DEPOSITS

Many plant species growing on mine waste rock and tailings
showed great potential for phytoremediation (Table 3). Thus,
Cistus ladanifer is suitable for phytostabilization of mining areas
and can be considered as an excluder plant for Al, Ag, Ba, Bi,
Sr, and Sb (Santos et al., 2016); Ricinus communis is an excluder
for Cd, Cu, Mn, Pb, and Zn in spite of high concentrations
of Mn in shoots (Ruiz Olivares et al., 2013); Coincya monensis
is considered as Zn hyperaccumulator whereas, Holcus lanatus,
Festuca rubra, Dactylis glomerata present good excluders of
Hg and As on the Pb-Zn and Hg-As mining area (Fernandez
et al., 2017); Polygonum aviculare grown at slightly acid spoil on
mine tailings with Ag, Au, and Zn accumulated Zn is near the
criteria for hyperaccumulators (Gonzalez and Gonzalez-Chavez,
2006); Epilobium dodonaei for Cu, Pb, and Zn (Randjelovi¢
et al., 2016), Helichrisum decumbens, Zygophylum fabago and
Lygeum spartum for Pb, Cu, and Zn (Conesa et al., 2006), Acacia
retinoides, Helianthemum syriacum, Pinus halepensis, Teucrium
capitatum, and Thymelea hirsuta for As, Cd, Pb, and Zn (Gomez-
Ros et al., 2013) and Euphorbia pithysa for Pb, Cu, and Zn
(Jimenez et al., 2011) showed low element concentrations in
shoots despite highly contaminated mine spoils and they are
suitable for phytostabilization; Cynodon dactylon and Sorghum
halepense are good for phytostabilization of Pb-Zn mine waste
(Madejon et al., 2002); Ditrichia viscosa can be a phytoextractor
for As and Zn (Jimenez et al., 2011; Pistelli et al., 2017);
Acer pseudoplatanus, Fraxinus excelsiot, Robinia pseudoacacia,
and Salix sp. are suitable for phytostabilization of mine waste
(Mertens et al., 2007).

Microbial and fungal activity is important for restoration
of mine tailings, establishment of plants and biogeochemical
cycling (Noyd et al., 1995), particularly in acid mine drainage
(Mills, 1985). Microorganisms change the bioavailability of
heavy metals, solubilization of minerals in mine tailings, release
nutrients, supply them to the plants, and enhance plant
growth (Moynahan et al., 2002; Wu et al., 2006). Plant-growth
promoting bacteria (PGPB), such as Bacillus arsenicoselenatis,
Chryssiogenes arsenates and Sulforospirillum arsenophyllum have
a high potential for mobilizing As in mine tailings i.e., they are
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TABLE 3 | Plant species growing on fly ash deposits and mine waste with high potential for phytostabilization, phytoextraction, phytodegradation, and rhizomediation.

Fly ash deposit

Mine waste

Plant species

Bacterial strain

References

Plant species

Bacterial strain/Fungi

References

Festuca rubra
Saccharum munja
Ricinus communis
Typha latifolia
lpomea carnea
Thelypteris dentate
Sida cardifolia
Cynodon dactylon
Chenopodium album

As, B, Cu, Mn, Zn

Cd, Cr, Cu, Fe, Mn, Ni, Pb, Zn

Cd, Cu, Ni, Pb, Zn
Cd, Cr, Cu, Ni, Pb, Zn
Cu, Cr, Ni, Pb

As, Cd, Fe, Pb, Si

Co, Ni, Pb

Cd, Cu, Fe, Mn, Ni, Pb
Cd, Cr, Mn

Gaji¢ et al., 2016
Pandey et al., 2012
Pandey, 2013

Pandey et al., 2014
Pandey, 2013

Kumari et al., 2013
Gupta and Sinha, 2008
Kumar et al., 2015
Gupta and Sinha, 2008

Cistus ladanifer
Ricinus communis
Holcus lanatus
Festuca rubra
Dactylis glomerata
Epilobium dodonaei
Helichrisum
decumbens
Zygophylum fabago
Lygeum spartum
Acacia retinoides
Helianthemum
syriacum

Pinus halepensis
Teucrium capitatum
Thymelea hirsute
Euphorbia pithysa
Cynodon dactylon
Sorghum halepense
Acer pseudoplatanus
Fraxinus excelsior
Robinia pseudoacacia
Salix sp.

Al, Ag, Ba, Bi, Sr, Sb

Cd, Cu, Mn, Pb, Zn
As, Hg

Cu, Pb, Zn
Cu, Pb, Zn

As, Cd, Cu, Pb, Zn

Cu, Pb, Zn
Pb, Zn

Santos et al., 2016
Ruiz Olivares et al., 2013
Fernandez et al., 2017

Randijelovi¢ et al., 2016
Conesa et al., 2006

Gomez-Ros et al., 2013

Jimenez et al., 2011
Madejon et al., 2002

Mertens et al., 2007

Typha latifolia
Sida cardifolia
Chenopodium album

Mn
Cd, Cr, Cu, Fe, Zn
Co, Cu, Fe, Ni, Pb, Zn

Pandey et al., 2014
Gupta and Sinha, 2008
Gupta and Sinha, 2008

Coincya monensis
Polygonum aviculare

Ditrichia viscosa

n
Ag, Au, Zn

As, Zn

Gonzalez and
Gonzalez-Chavez, 2006;
Fernandez et al., 2017

Jimenez et al., 2011;
Pistelli et al., 2017

Tao et al., 2004;
Gao et al.,, 2013;
Gao and Zhu, 2004

Petrova et al., 2017
Harms et al., 1977

Wilken et al., 1995

Kolb and Harms, 2000

Daucus carota PAH
Festuca arundacea PAH
Lolium multiflorum PAH
Amaranthus sp. PAH
Raphanus sativus PAH
Ipomea sp. PAH
Sorghum drummondii ~ PAH
Chenopodium rubrum — PAH
Trifolium repens PCB
Triticum aestivum PCB
Hordeum vulgare PCB
Daucus carrota PCB
Atriplex sp. PCB
Rosa sp. PCB
Agropyron sp. PAH, PCB
Cynodon dactylon PAH, PCB
Festuca arundacea PAH, PCB
Festuca rubra PAH, PCB
Lolium perenne PAH, PCB
Lotus corniculatus PAH, PCB
Trifolium pretens PAH, PCB
Melilotus officinalis PAH, PCB
Hellianthus annus PAH, PCB

McCutcheon and
Schnoor, 2003

(Continued)
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TABLE 3 | Continued

Fly ash deposit

Mine waste

Plant species Bacterial strain References

Plant species Bacterial strain/Fungi References

PLANT PROMOTING BACTERIA (PGPB)/MYCORRHIZAL FUNGI
Lolium perenne Johnson et al., 2005

Trifolium repens

Rhizobium leguminosarum

Pseudomonas montellili
Bacillus subtilis

Bacillus pumilis
Pseudomonas
pseudoalcaligenes
Brevibacterium halotolerans

Sorghum bicolor Duponnois et al., 2006;

Salix sp. Pseudomonas sp.
Janthinobacterium lividum
Serratia marcescens
Flavobacterium sp.
Streptomyces sp.

Agromyces sp

Kuffner et al., 2008

Abou-Shanab et al., 2008

Lotus edulis
Lotus ornithopodioides

Variovorax paradoxus5C-2 ~ Safranova et al., 2012
+ Mesorhizobium loti Le2

V. paradoxus 5C-2 +

Sinorhizobium sp. Mc1

Bacillus megaterium (633) +

Azozobacter chroococum

Elymus repens
Bromus tectorum
Cardaria draba

Petrisor et al., 2004

Sedum alfredii +
Medicago sativa

Phyllobacterium Liu et al., 2015

myrsinacearum RC6b

Veronica rechingeri Glomus sp. Zarei et al., 2008

Zea mays Glomus intraradices

Plantago lanceolata

Turnau et al., 2012

Salsola kali
Panicum virgatum

Glomus etunicatum Johnson, 1998

capable to take up As from substrate and lower its redox state
(Macur et al., 2001). Mummey et al. (2002) showed significant
enrichment of bacterial, fungal, and total microbial biomass after
20 years of reclamation on surface mines. Different strains of
plant growth promoting rhizobacteria were isolated from mine
spoils in Lotus sp. (Safranova et al., 2012), Elymus repens, Bromus
tectorum, and Cardaria draba (Petrisor et al., 2004) as well as in
Sedum alfredii and Medicago sativa (Liu et al., 2015) (Table 3).
Mycorrhizal fungi are important for mine remediation and
rehabilitation, such as Glomus sp. in Veronica rechingeri growing
in Pb/Zn mine (Iran, Zarei et al., 2008), Glomus intraradices
in Zea mays and Plantago lanceolata growing in Pb/Zn mine
(Poland, Turnau et al.,, 2012) as well as Glomus etunicatum in
Salsola kali and Panicum virgatum growing in an iron mine site
(USA, Johnson, 1998) (Table 3).

CARBON SEQUESTRATION

Carbon (C) sequestration in soil refers to transferring CO;
from the atmosphere into pedological and plant C pool
in the form of soil inorganic carbon (SIC) that includes
elemental C and carbonate minerals (CaCO3 and MgCOs3),
and organic carbon (SOC) which is stored in plants and
organic matter (humus) (Lal et al., 2015). Benefits of terrestrial
C sequestration include: (a) mitigation of climatic changes
reducing net increase in atmospheric CO, concentration; (b)
restoring soil quality; (c) improving water and nutrient storage
capacity and elemental recycling; (d) reducing risk of erosion;
(e) improving the environment; (f) increasing biodiversity
(Olson et al., 2014; Lal et al., 2015). The SOC pool is the
largest terrestrial source of carbon to 3m depth (Olson et al,

2014). A positive SOC budget can be achieved by increasing
the input of aboveground (leaves, stems, branches; litter and
understory vegetation) and belowground (roots including root
exudates) biomass and use of organic fertilizers (compost and
manure), and decreasing the loss or output of carbon by
erosion, leaching, oxidation, and mineralization (Lal et al.,
2015). An important component of the global carbon cycle is
soil CO, flux that represents soil respiration which includes
respiration from roots and microbial respiration (Law et al,
2002).

Revegetation of fly ash and reclaimed mine land increases
SOC creating large carbon sink capacity which can be used
as a potential pool for carbon sequestration (Pandey et al.,
2016b; Airhwal and Maiti, 2018). According to Pandey et al.
(2016b) the fly ash CO; flux from vegetated site was higher than
from non-vegetated site. However, the CO; efflux rates were
low in Saccharum spontaneum (84.29%) and Prosopis juliflora
(92.09%) associations released minimum amount of CO; gas
into the atmosphere leading to higher CO; sequestration. In the
same time, the S. spontaneum had the highest aboveground and
belowground biomass, and high content of organic carbon which
can prove that this species is suitable for carbon sequestration.
Furthermore, (Airhwal and Maiti, 2018) showed that in 11-years
old reclaimed coal mine site CO; flux was lower (2.4 pmol CO,
m~2s71) than in reference to forest soil (3.8 umol CO, m™2s™1)
due to lower biomass and SOC pool. The CO; flux from forest
soil in China (4.91 pmol CO; m~2s~!, Sheng et al,, 2010) and
Europe (Germany, 3.49 wmol CO, m~—2s71, Czech Republic, 1,04
pwmol CO, m™2s-1, Acosta et al., 2013) was higher than reclaimed
coal mine (2.36 pmol CO; m™2s~1, Airhwal et al., 2017 and 2.10
pmol CO; m~2s~1, Mukhopadhyay and Maiti, 2014). However,
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over time, more carbon is accumulated in plant biomass where
in turn more CO; is sequesterd presenting a win-win option
in revegetation planning and phytomanagement of reclaimed
sites.

MICOREMEDIATION

Endophytic non-mycorhizal fungi can promote the remediation
of degraded soils due to their regulation of metal(loid)s uptake
(Kumar et al., 2018). Therefore, root-colonizing dark septate
endophytic fungi (DSE) present conidial or sterile ascomycetes
that may occur in contaminated sites protecting plants from
metal(loid) stress: Phialophora in Salix caprea (Pb, Cd, Colpaert
etal., 2011) and Hymenoscphus ericae in Pinus (Cu, Zn, Cd mine
soil, Utmazian et al., 2007). In addition, DSE are involved in
nutrient cycling i.e., they colonize older parts of the roots where
nutrients are redistributed from senescent roots into the active
roots (Kumar et al., 2018). Furthermore, melanin in the cell wall
of DSE hyphae may decrease metal(loid)s toxicity (Cu, Zn, Pb,
Cd) increasing the activity of antioxidant enzymes (SOD, CAT)
which in turn decreases oxidative stress (Zhang et al., 2008; Ban
etal., 2012).

PLANT ADAPTIVE RESPONSE TO
ENVIRIONMENTAL STRESS

Integration of plant physiology and ecological restoration
provides new perspectives on the relationship between plant
physiological response to environmental stress and restoration
ecology (Cooke and Suski, 2010). International guideline of
the Society for Ecological Restoration provides many potential
opportunities for using physiological tools to evaluate the
success of restoration plans and projects. Ecophysiological
models can be important for understanding processes between
environmental stress factors and adaptive response of plants
which may help managers for decision-making and assessment
of success of different restoration strategies (Cooke and
Suski, 2010). In addition, the fundamental understanding of
plant physiology and biochemistry is important for selection
of appropriate plant species for restoration of degraded
sites.

Plant species that grow in the conditions of environmental
stresses, such as drought, intense light, high temperature,
salt stress, and toxicity/deficiency of metal(loids) show great
variation in their mechanisms of tolerance (Gaji¢ et al,
2018). Environmental stressors affect photosynthesis, respiration,
water regime and mineral nutrition of plants leading to
the production of reactive oxygen species (ROS) causing
“oxidative stress” (Mittler, 2002). The maintenance of cell
redox homeostasis is achieved by activating the antioxidant
plant system that presents a complex of control systems
that enable them to overcome stress with minimal damage
to the cell structure and function (Foyer and Noctor, 2005;
Halliwell, 2006). The balance between ROS production and
biosynthesis of antioxidants is very important in controlling
redox homeostasis in plant cells (Halliwell, 2006; Foyer and
Shigeoka, 2011). Therefore, the efficient removal of ROS can

be achieved by activating the non-enzymatic and enzymatic
components of antioxidant defense system. The non-enzymatic
antioxidants include: carotenoids, o-tocopherol, phenolics,
prolin, ascorbic acid (AsA), glutathione (GSH), phytochelatins
(PCs), metallothionine (MTs). Enzymatic antioxidants include:
superoxide dismutase (SOD), ascorbate peroxidase (APX),
glutathione reductase (GR), glutathione peroxidase (GPX),
catalase (CAT), glutathione S transferase (GST) (Mittler, 2002;
Foyer and Noctor, 2005). However, ROS can act as signaling
molecules in their adaptive response to stress (Foyer and Noctor,
2005; Foyer and Shigeoka, 2011). Thus, malondialdehyde (MDA)
as a product of lipid peroxidation of membranes can act as
the buffer of ROS with protective function i.e., it can be a
signal for the gene expression of antioxidant enzymes and
molecules during the oxidative stress (Weber et al., 2004).
Generally, plants are well-adapted to the decreased amount of
particular antioxidants inducing a signal for biosynthesis of
other components of protection systems (Foyer and Noctor,
2005).

PLANT PHYSIOLOGICAL ADAPTATION ON
FLY ASH

The photosynthetic efficiency of PSII (Fv/Fm) of plants
growing on fly ash deposits were below the optimal range
for plants (0.750-0.850, Bjorkman and Demmig, 1987) which
indicates a low number of functionally active PSII reaction
centers, photoinhibition of PSII and lower vitality of plants
in stress conditions. Low values of Fv/Fm were measured
in herbaceous plants grown on fly ash deposits, such as
Cirsium arvense, Epilobium collinum, Crepis bienis, Eupatorium
cannabinum, Verbascum phlomoides, Calamagrostis epigejos,
Oenothera biennis, Festuca rubra (0.429-0.691) (Pavlovic¢ et al.,
2004; Mitrovi¢ et al., 2008; Gaji¢ et al., 2013, 2016), as
well as in shrubs, such as Tamarix tetandra, Amorpha
fruticosa, Spiraea van-houttei (0.588-0.727), and trees Populus
alba, Robinia pseudoaccacia (0.541-0.626) (Pavlovi¢ et al,
2004; Kosti¢ et al., 2012) (Table4). However, Festuca rubra
growing on fly ash lagoons that are 11 years old showed
increased photosynthetic efficiency (Fv/Fm) indicating that
this sown species over time activates adaptive mechanisms
that increase the tolerance of the photosynthetic apparatus
to stress. Furthermore, plants growing on fly ash deposits
showed a high ability to maintain a relatively favorable water
balance (Pavlovi¢ et al.,, 2004). Thus, relative water content
(RWC) in Spiraea van-houttei, Cirsium arvense, Verbascum
phlomoide, Crepis setosa, Epilobium collinum, and Eupatorium
cannabinum were in the range 84.03-95.52% (Pavlovi¢ et al,,
2004) (Table 4). However, low values of RWC (75.89%) and
high values of water saturation deficit (WSD) (16.40%) were
found in Populus alba (Pavlovi¢ et al., 2004) (Table4). The
sap osmotic potential was the most favorable in Crepis setosa,
Cirsium arvense and Verbascum phlomoides (from —0.981 MPa
to —1.135 MPa) whereas in Populus alba unfavorable sap
osmotic value was detected (—1.377 MPa) (Pavlovi¢ et al., 2004)
(Table 4).
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TABLE 4 | Adaptive physiology of plants growing on fly ash deposits and mine

waste.

Plant species

Parameter

References

FLY ASH DEPOSITS
Calamagrostis epigejos
Cirsium arvense

Crepis bienis

Epilobium collinum
Eupathorium cannabinum
Festuca rubra
Oenothera biennis
Verbascum phlomoides
Amorpha fruticosa
Populus alba

Robinia pseudoaccacia
Spiraea van-houttei
Tamarix tetandra
Cirsium arvense

Crepis bienis

Epilobium collinum
Eupathorium cannabinum
Verbascum phlomoides
Populus alba

Spiraea van-houttei

Festuca rubra
Ricinus communis
Typha latifolia
Thelypteris dentate
Cicer arietinum
Lolium perenne
Festuca rubra

Cicer arietinum
Thelypteris dentate
Calamagrostis epigejos
Festuca rubra
Oenothera biennis
Cicer arietinum
Thelypteris dentate
Oryza sativa

Beta vulgaris
Sesbania cannabina

MINE WASTE

Arrhenatherum elatium
Sonchus transcaspicus

Epilobium dodonaei

Zygophylum fabago
Dittrichia viscose
Epilobium dodonaei
Arrhenatherum elatium
Sonchus transcaspicus

Zygophylum fabago

Dittrichia viscose

Epilobium dodonaei
Arrhenatherum elatium
Sonchus transcaspicus
Cardaminopsis arenosa
Plantago lanceolata

Fv/Fm

RWC, WSD
Osmotic potential

Chlorophylls
Carotenoids

MDA

Phenolics, AsA, DPPH

SOD, POD, CAT, GR,
GST
Cys, NP-SH

Phenolics, AsA, prolin,
Cys, NP-SH

Fv/Fm

Chlorophylls,
Carotenoids
MDA, H205, Oo.~
ROS

MDA

MDA

Phenolics, Proline, AsA,
GSH, NPT, sugars,
iPRX, PALs, PRX,
DPPH

Phenolics, AsA, GSH,
sugars, PAL, sPRX,
DPPH

Phenolics, DPPH

SOD, POD, CAT, APX

SOD, POD, GSH,
NP-SH, proline

Pavlovi¢ et al., 2004;
Mitrovi¢ et al., 2008;
Gaji¢ et al., 2013;
Gaji¢ et al., 2016
Kosti¢ et al., 2012

Pavlovi¢ et al., 2004

Gaji¢ et al., 2016

Pandey, 2013

Pandey et al., 2014
Kumari et al., 2013
Pandey et al., 2010
Lopareva-Pohu et al., 2011

Gaji¢ et al., 2016
Pandey et al., 2010
Kumari et al., 2013
Gaji¢ et al., 2013;
Gaji¢ et al., 2016
Pandey et al., 2010

Kumari et al., 2013
Dwivedi et al., 2007

Sinha and Gupta, 2005;
Singh et al., 2008

Luetal, 2013
Randjelovi¢ et al., 2016
Lopez-Orenes et al., 2017
Lopez-Orenes et al., 2018

Randjelovi¢ et al., 2016
Luetal, 2013

Lopez-Orenes et al., 2017

Lopez-Orenes et al., 2018
Randjelovi¢ et al., 2016
Luetal, 2013

Nadgorska-Socha et al.,
2013

Decrease of chlorophylls and carotenoids content in
plants growing on fly ash deposits were noted in Ricinus
communis, Typha latifolia, Thelypteris dentate, Festuca rubra,

Amorpha fruticosa, Tamarix tetandra, Populus alba and Robinia
pseudoaccacia (Kosti¢ et al., 2012; Kumari et al., 2013; Pandey,
2013; Pandey et al., 2014; Gajic et al., 2016) in relation to control
(Table 4). Furthermore, in Cicer arietinum which grew in fly
ash treated soils, the content of chlorophylls decreased at 50 and
100% fly ash whereas carotenoids amount increased (Pandey
et al., 2010) (Table 4). Similarly, chlorophyls and carotenoids
content decreased in leaves of Lolium perenne growing on the
soil where fly ash was added (Lopareva-Pohu et al., 2011).
Small content of chlorophylls and carotenoids in plant leaves
indicates that the photosynthetic pigments are sensitive to
stress factors that prevail on fly ash, such as high temperature,
drought, toxic concentrations of As, B, Cd, Cr, Pb, and the
small amount of Cu, Mn, and Zn in leaves (Hajibold and
Amirazad, 2010; Cervilla et al., 2012; Gajic¢ et al., 2016). However,
displacement of Mg in the structure of chlorophyll molecule
with toxic metal(loid) ions due to similar chemical properties
reduces its activity and leads to the non-functional molecule
(Van Assche and Clijsters, 1990). In addition, small content of
carotenoids in plants may suggest decreased photoprotection of
the PSII which in turn leads to the reduction of photosynthetic
efficiency (Gaji¢ et al., 2016). Malondialdehyde (MDA) as an
indicator of free radical production and lipid peroxidation
of membranes indicates “oxidative stress” in plants (Weber
et al, 2004). It was noted that MDA content in the roots
and leaves of Cicer arietinum growing at 50 and 100% fly
ash was high (Pandey et al., 2010) as well as in the roots and
fronds of Thelypteris dentate at 75 and 100% fly ash (Kumari
et al., 2013) (Table 4). According to Gaji¢ et al. (2016) in the
leaves of Festuca rubra grown on fly ash deposits (Table 4),
the content of MDA was high probably as a result of toxic
concentrations of As and B and the low content of Cu, Zn,
and Mn.

Plant species that grow in the stress conditions prevailing on
fly ash promote biosynthesis of antioxidants which can reduce
the ROS leading to an increase in photosynthetic efficiency
(Gaji¢ et al., 2009, 2016; Hajibold and Amirazad, 2010; Kumari
et al., 2013). Thus, in the leaves of sown species Festuca rubra
and spontaneously colonized species Calamagrostis epigejos and
Oenothera biennis growing on fly ash deposits, increased content
of phenolics, ascorbic acids and radical scavenging activity
were noted (Gaji¢ et al., 2013, 2016) (Table 4). Furthermore,
increased activity of superoxide dismutase (SOD), catalases
(CAT), peroxidases (POD), glutathione reductase (GR), and
glutathione S-transferase (GST) in Cicer arietinum growing at
50% and 100% fly ash were noted (Pandey et al., 2010) as well
as increased content of cysteine and non-protein thiols (NP-SH)
in Thelypteris dentate (Kumari et al., 2013) and Oryza sativa
(Dwivedi et al., 2007) (Table4). Other authors also showed
that in experimental conditions with different levels of fly ash
application, content of ascorbic acids, phenolics, prolin, cysteine,
and NP-SH in the leaves of Beta vulgaris and Sesbania cannabina
increased (Sinha and Gupta, 2005; Singh et al., 2008) (Table 4).
Increased biosynthesis of antioxidants in plant species that can
grow on fly ash indicates that they possess a high ecophysiological
adaptive potential to endure harsh conditions prevailing on fly
ash deposits.
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PLANT PHYSIOLOGICAL ADAPTATION ON
MINE WASTE

Plant physiological and biochemical response to multiple stresses
on mine waste rock and tailings may indicate their capacity
to thrive under extreme environmental conditions (Table 4).
The knowledge related to plant metabolite response can be
useful for mine land reclamation programs. Thus, changes
in antioxidative/oxidative parameters in Zygophylum fabago
growing on mine tailings revealed significant decrease of
chlorophylls content, reduction of MDA content, H,O, and
O; levels, proline content and the ionically-bound cell wall
peroxidases (iPRX) whereas the total antioxidant capacity,
particularly content of phenolic compounds (flavonoids,
proanthocyanidins, hydroxycinnamic acids), ascorbic acid,
GSH, NPT (total non-protein thiol), soluble sugars and
activity of PAL (phenylalanine ammonia lyase) as well as
activity of soluble peroxidases (sPRX) significantly increased
(Lopez-Orenes et al., 2017). Therefore, reduction of oxidative
stress is associated with the activation of plant antioxidant
system to cope with unforable multielement pollution and
harsh climatic conditions on mine tailings. Similarly, in
Dittrichia viscose growing on mine tailings, no changes were
found in ROS, starch, soluble sugar concentrations, ascorbic
acid and GSH content whereas the content of cell wall
phenolics, PAL and sPRX activity increased (Lopez-Orenes
et al., 2018). Slight reduction in the total antioxidant activity
was related to the reduction of soluble phenolics. However,
coordination of phenolic compounds in phenypropanoid
metabolisms could have a prominent role in the capability of
plants to cope with oxidative stress and toxic pollutants in
mine areas (Lopez-Orenes et al., 2018). Epilobium dodonaei
growing on mine waste rock showed the reduction in
chlorophylls and carotenoids amount and great content of
MDA (Randjelovi¢ et al., 2016). Despite high oxidative stress,
this species is capable to promote biosynthesis of soluble
and cell-wall phenolics and other free radical scavenging
compounds as a response to metal(loid)s stress on mine
spoil (Randjelovi¢ et al., 2016). Lu et al. (2013) showed that
Sonchus transcaspicus had a higher adaptive potential to
metal-induced oxidative stress compared to Arrhenatherum
elatium growing on mine tailings. Photosynthetic efficiency
(Fv/Fm) and chlorophyll content decreased in both plants,
but it is more pronounced in A. elatius. MDA content in
the roots and leaves of A. elatius was high, whereas MDA
content in the shoots of S. transcaspicus was not affected.
Furthermore, in S. transcaspicus activity of SOD, POD, CAT,
and APX in the shoots and roots was high. Activity of all
these enzymes in the roots of A. elatius was also high, but
in the shoots only POD activity was high (Lu et al, 2013).
Nadgorska-Socha et al. (2013) found that in Cardaminopsis
arenosa and Plantago lanceolata growing in mining areas,
activity of SOD, POD, and GSH increased whereas non-
protein—SH group content and proline decreased as a response
to metal exposure.

CONCLUSION AND FUTURE OUTLOOK

Fly ash and mine disposal leads to the pollution of soil, surface
and groundwater, dispersion of particles by wind having a
negative impact on the surrounding environment and human
health. Physico-chemical analysis of fly ash or mine waste rock
and tailings showed sandy structure with low fractions of clay,
low/high pH values, high electrical conductivity, small amount
of N and available content of P,O5 and K;O, high concentrations
of As, B, Cd, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Se, Zn as well
as high content of PAHs and PCBs. Vegetation cover on fly
ash and mine waste disposal is important to (a) prevent or
minimize erosion by wind, (b) to stabilize the steep slopes on the
embankments of lagoons, (c) to decrease mobility and toxicity
of contaminants in the environment, (d) to provide organic
matter which can bind contaminants. Establishment of native
plant species, sowing grasses, and legumes and planting shrubs
and trees on these disposal sites is essential for ecorestoration
success accelerating the chance for spontaneous colonization
of numerous native species. Therefore, selection of native
plant species is important in revegetation, long-term stability
and resilience of an ecosystem. Furthermore, phytoremediation
is emerging “green” technology which uses plants and their
associated rhizosphere microorganisms to clean up contaminated
sites. The phytoremediation technologies which can be applied
on fly ash and mine waste deposits are phytostabilization,
rhizodegradation and phytodegradation, and to a lesser extent
phytoextraction. Phytoremediation offers many advantages, such
as low cost, public acceptance and aesthetic values making it
suitable to remediate large contaminated areas.

Generally, there is a gap between researches in laboratories
under controlled conditions and a “real field scenario” where
plant species grow and survive in a polluted environment. The
future prospects in phytomanagement of fly ash deposits and
mine waste sites require better knowledge of native species that
are the best adapted to local region which is important for
maintaining ecosystem services and quality of human life. Studies
about plant community structure, functional characteristics of
ecosystems, biogeochemical cycles, and natural selection are
considered to be significant for ecosystem integrity and resilience.
Plant biotechnology includes genetic engineering of plants,
rhizospheric microbes and fungi in order to remove inorganic or
organic pollutants or decrease their toxicity because they possess
a high capacity to accumulate or degrade pollutants. The new
genomic technologies may identify novel genes for pollutant
remediation. Furthermore, the future directions in the research
of plant ecophysiological responses to environmental stresses
require involvement of biophysics, physiology, biochemistry,
molecular biology, and “omics” tools (genomes, transcriptomes,
metabolomes, proteomes). Taken together, knowledge on the
genetics, physiology, and biochemistry of plants can offer great
prospects for improving phytoremediation technologies and
cleanup of polluted environments. All these observations can
be useful for the selection of suitable plant species capable to
endure the environmental stress in contaminated areas and for
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the development of successful phytomanagement of degraded
sites on a global scale.
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