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Abstract

A 2-year field experiment was carried out with aim to assess the phytoremediation potential of Miscanthus % giganteus cultivated
on the flotation tailings and to evaluate the effects of mineral NPK fertilizer on metal accumulation and plant physiological
parameters and growth. Flotation tailings of the mine Rudnik (Serbia) are burdened with Pb, Cu and Zn and cause heavy metal
pollution and deterioration of the surrounding ecosystems. In the second year of growth, plants retained the major portion of
metals within their roots, with bioconcentration factor > 1 for Cu and Zn and < 1 for Pb. Their translocation factors were far below
1, showing that M. x giganteus acts as excluder of Cu, Zn and especially Pb. Higher amounts of Pb and Zn in leaves reduced the
photosynthetic rate and total antioxidative capacity, but increased lipid peroxidation level. Changes at physiological level resulted
in pronounced leaf senescence, reduced plant growth rate and annual biomass yield. Fertilization enhanced metal uptake by plant
roots, but had no effect on their translocation to leaves. It improved chlorophyll a content, potential efficiency of Photosystem II
photochemistry and biomass yield. Overall results indicate that M. X giganteus can be cultivated on the abandoned flotation
tailings and that fertilization had positive effects on its physiology and growth.
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Introduction are the main constraints to spontaneous growth of native

plants. As the result, flotation tailings are devoid of vegetation

Mining activities produce enormous amounts of fine-
particulate metalliferous flotation tailings which represent
one of the most hostile waste materials, with persistent nega-
tive impact on the surrounding ecosystems (Cross et al. 2017).
Flotation tailings are characterized by adverse granulometric
structure, sturdiness, high concentrations of residual heavy
metals and complete deficiency of organic matter and macro-
nutrients such as nitrogen and phosphorus which are the main
constitutional elements of plants. These strong limiting factors
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cover and are consequently prone to wind dispersal and ero-
sion by water, leading to the long-term severe pollution of
adjacent ecosystems, and reduction in their health and biodi-
versity. In order to lessen environmental pollution, it would be
necessary to introduce plant species that are resistant to the
specific combination of abiotic stressors present in the flota-
tion tailing environment, and can form self-sustainable vege-
tation cover (Tordoff et al. 2000; Pietrzykowski et al. 2018).
The development of sustainable vegetation cover on the
abandoned flotation tailings is one of the main goals of
phytostabilization, the phytoremediation technique based on
immobilization of metals within the substrate by plants activ-
ities, thereby reducing off-site contamination (Seshadri et al.
2015). In phytostabilization, vegetation provides necessary
surface stability reducing contaminated particulate dispersal
by wind and water; plant roots decrease metal mobility and
availability by their precipitation in the rhizosphere, by their
adsorption on the root surface and absorption within the roots.
Also, the long-term presence of plants and their activities
would improve the substrate water regime, increase in the


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-019-06543-7&domain=pdf
http://orcid.org/0000-0001-6959-3439
mailto:tamaraz@bio.bg.ac.rs

Environ Sci Pollut Res (2019) 26:34658-34669

34659

content of organic matter that derives from discarded under-
ground and aboveground plant parts and root exudates, sup-
port development of the rhizosphere microbiome and provide
more frequent visits of animals.

The potential efficiency of plant species in
phytostabilization or phytoextraction, which are both tech-
niques of phytoremediation, can be estimated on the basis of
the proportion of heavy metal accumulated within roots and its
transfer to aboveground organs. This is achieved by calcula-
tion of bioconcentration (BCF) and translocation (TF) factors.
BCF represents the ratio between metal concentrations in
plant roots and in the respective soil and indicates the role of
plant roots in metal immobilization within the soil. TF repre-
sents the ratio between heavy metal concentration in plant
aboveground and underground organs and indicate the metal
extraction potential of the plant species.

Many heavy metals, such as Zn and Cu, perform specific
physiological roles in plant organism and are needed in very
low concentrations, but when present in excess, they manifest
multiple toxic effects on plant functions. On the other hand,
some of them, such as Pb, have no physiological role in plant
and are toxic at even the lowest concentrations. Heavy metals
impair nutrient uptake, respiration and photosynthesis; cause
dysfunction of various enzymes and disturb metabolic pro-
cesses (Aggarwall et al. 2011; Pourrut et al. 2011; Kiipper
and Andresen 2016). The sum of diverse metal-induced dam-
ages in cells finally results in the reduced plant growth and
reproductive capacity (Arif et al. 2016).

Photosynthesis is very sensitive to excess heavy metals.
They cause damages to different components of photosynthet-
ic apparatus provoking inhibition of Photosystem II (PSII) and
activities of enzymes involved in the carbon fixation (Sharma
and Dubey 2005; Kiipper and Andresen 2016). Therefore,
changes in CO, assimilation rate (A) and chlorophyll a fluo-
rescence parameters are reliable indicators of heavy metal-
induced stress in plants.

Many heavy metals in excess induce decline in
amounts of photosynthetic pigments, chlorophylls (Chl)
and carotenoids (Car), by their direct oxidative damage
or by inhibition of enzymes involved in their biosynthesis.
Moreover, divalent metal cations of similar radius can
substitute Mg”* in the chlorophyll molecule and reduce
its functionality. Carotenoids are structural components
of the photosystems with function in supplementing chlo-
rophylls in energy supply or in dissipation of excess en-
ergy as heat, as well as in antioxidative defence. Hence,
quantification of both groups of pigments can be very
valuable tools in the assessment of plant heavy metal in-
toxication. Much nitrogen and phosphorus are constitu-
ents of a large variety of biomolecules involved in the
photosynthetic machinery and therefore changes in
amounts of Chl, Car, photosynthetic capacity and Chl
fluorescence parameters are also valuable indicators of N

and P deficiency in plants (Lu and Zhang 2000; Zhang
et al. 2014; Carstensen et al. 2018).

Accumulation of transitional metals within the cell in-
creases formation of reactive oxygen species (ROS) which
induce oxidative damage to proteins, lipids and DNA.
Oxidative degradation of membrane polyunsaturated fatty
acids results in formation of reactive malondialdehyde
(MDA) which might cause further damage to other cell bio-
molecules. Accordingly, increase in its production is a good
biomarker of oxidative stress and membrane oxidative
damages.

Miscanthus x giganteus J. M. Greef & Deuter (Poaceac)
is a triploid sterile hybrid native to East-Southeast Asia and
originates from natural crossing of M. sinensis and
M. sacchariflorus. This perennial grass propagates vegeta-
tively by rhizome cuttings which expand in the soil intense-
ly and develop extensive roots up to 2 m in depth that enable
good water supply for the plant. It is characterized by ex-
ceptional ecological plasticity manifested as pronounced
tolerance to nutrient deficiency, high content of heavy
metals and organic pollutants and wide range of tempera-
tures (Naidu et al. 2003; Heaton et al. 2004; Purdy et al.
2013; Wanat et al. 2013; Pavel et al. 2014;
Nsanganwimana et al. 2015). It is successfully cultivated
worldwide as bioenergy crop, and due to its high ecological
adaptability, it produces large biomass even on contaminat-
ed and marginal lands in different climate regions.

Flotation tailings are normally deprived in N and P, and
application of fertilizer is necessary in order to improve their
concentration and availability for plant uptake and support the
plant growth. Depending on the type of applied fertilizer and
plant species, fertilization can improve or lessen biomass
yield, metal absorption and/or its translocation to shoots, as
reported for M. x giganteus, Phalaris arundinacea and
Spartina pectinata (Rosikon et al. 2015; Pogrzeba et al. 2018).

In the long-term field experiments, plants experience
the complex environment conditions which are often far
more variable compared to the controlled laboratory con-
ditions. For the successful phytoremediation, plants
should be tolerant not only to the specific stressors, such
as excess heavy metal or macronutrient deficiency, but
also be highly adaptive to daily and seasonal environmen-
tal changes. Having in mind high adaptability of M. x
giganteus, we set the field experiment on the flotation
tailings rich in Pb, Cu and Zn. Taking into account high
heavy metal content and the lack of nutrients in the flota-
tion tailings, as well as the potential beneficial effects of
fertilizer on the plant growth, the main aims of this field
experiment study were:

1. To examine the effects of applied mineral fertilizer on

accumulation and distribution of heavy metals within
the plant
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2. To examine the effects of accumulated heavy metals and
macroelements on several physiological, biochemical and
biometric parameters

3. To estimate the growing potential of M. x giganteus on
flotation tailings and its potential in phytostabilization and
biomass production

To our knowledge, this is the first report on the physiolog-
ical status and growth parameters of M. x giganteus cultivated
on the flotation tailings in the field experiment.

Materials and methods
Site description

A field experiment was set in March 2016 on two localities: (i)
on the unpolluted soil at the Institute for Application of
Nuclear Energy (INEP), Zemun, Serbia (44°51'N, 20°22'E)
and (ii) on the flotation tailings of the mine “Rudnik”
(44°06'N, 20°29'E) (Fig. 1a).

The reference plots with control plants were set in the high-
quality Iuvic chernozem soil (IUSS Working Group WRB

INEP
.

Rudnik
L]

Fig. 1 Location of the study sites on the map of Serbia (a). Control
experimental field on unpolluted chernozem (b). Satellite photograph of
the flotation pond and flotation tailings; the experimental field is framed
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2015) at INEP, unpolluted by heavy metals, fertilizers and
pesticides (Fig. 1b).

The mine Rudnik is located in the central Serbia. Since its
opening in 1958, over 70% of the total estimated ore has been
excavated, which is more than ten million tons. After mechan-
ical crushing of the polymetallic ore (¢ = 75 pm) and the
flotation process, several metals (lead, copper, zinc) are ex-
tracted. The remaining flotation tailings are pumped and
discharged with water as mud into a tailing pond, bordered
by a natural forest (Fig. 1c—e). Experimental plots were set on
the small portion of the temporary abandoned flotation tailings
(Fig. 1e—g).

The climate conditions at the experimental fields during
plant growth, from March to June 2017, are represented in
Table 1.

Plant material

Rhizomes used in this experiment derive from the clonal M. x
giganteus that was purchased as rhizomes from Walter Kellner
(Austria) in 2007. Since then, the continual cultivation was in
uncontaminated fields of INEP.

(¢). Flotation tailing pond (d). Experimental field on the flotation tailings
(e, f) and the flotation tailing substrate (g)
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Table 1 Mean monthly - -
temperatures with minimum and Min-mean-max T (°C) Precipitation (mm)
maximum daily values and the
monthly sum of precipitation for Period Reference site Flotation tailings Reference site Flotation tailings
the control site and flotation
tailings in 2017 March 6.9-11.5-16.5 4.7-7-9.7 27.0 83.5
April 8.0-12.7-18.2 5.1-9.3-14.6 57.8 1232
May 12.6-18.1-23.8 11.6-15.7-19.8 65.6 95.0
June 17.3-23.8-30.0 16.1-21.0-25.4 69.3 117.8

Experimental setting

Rhizomes, each 10 cm long and with several buds, were
planted in March 2016 in both experimental fields. They were
planted at depth of 10 cm, with the planting density of 2
rhizomes/m? (equivalent to 20,000 plants ha ').
Experimental field on flotation tailings was divided into eight
plots 2.5mx2.0m=5 m? each), four non-fertilized and four
fertilized ones, with 2-m distance between one another in a
complete randomized block design. Fertilized plots were treat-
ed in March 2016 and March 2017 with a single dose of
commercial mineral fertilizer (NPK 15:15:15, applied amount
667 kg/ha). Experimental field on the reference site (control
chernozem soil) was divided into four non-fertilized plots.
The weed that occurred only at the control site was removed
by hand when needed, without application of herbicides.

Chemical characterization of the substrate

The control soil and flotation tailings were sampled in
March 2017, up to 20 cm at depth. Sampling was performed
by Egner’s soil probe sampler prior to fertilization of the flo-
tation tailings. Substrates were homogenized and air dried,
then ground with ceramic mortar and pestle and sieved (pore
diameter 200 pum).

Determination of the substrate pH

For determination of actual (pHy,0) and exchangeable pH
(pHkcy), 10 g of dried substrate was mixed with 25 ml of
double-distilled water and 25 ml 1 M KCl, respectively (van
Reeuwijk 2002). Samples were stirred for 30 min and the pH
was measured directly in the suspension (Iskra MA 5730).

Determination of element concentration
in the substrate

For determination of the fotal element concentration (Pb,
Cu, Zn), dried and sieved (< 200 pum) substrate samples
were digested in 65% HNOj; (method 3051, USEPA
1998). For determination of available metal
concentration, dried and sieved samples were mixed for
2 hin 1 M ammonium acetate and 0.01 M EDTA mixture

(pH 7) (Pansu and Gautheyroy 2006). All samples were
filtered by quantitative filter paper (Sartorius, grade 391).
The absorbance of metals in filtered samples was mea-
sured by atomic absorption spectrophotometer (Shimadzu
AA-7000). Concentrations of metals were determined by
comparison of their absorption values with those of
known standards. The accuracy of analytical procedure
was evaluated analysing the standard reference material
(Soil 90-0115-0106, BIPEA—Bureau Interprofessionnel
d "Etudes Analytiques).

The total nitrogen content (N) was analysed by Kjeldahl
digestion (Bremner 1996). Available forms of phosphorus and
potassium were determined by the standard AL-method (Egnér
et al. 1960). Organic carbon content was determined according
to BelCikova (1965) and the percentage of organic matter in
the substrate was calculated according to Jackson (1958).

Plant material analysis

Plants were analysed in the second year of plant growth
(June 2017), at both the control soil and the flotation tailings,
in order to achieve the results of the effects of the long-term
exposure to adverse mineral composition in the flotation tail-
ings on plant characteristics. Only the aboveground biomass
yield was determined after the harvest in March 2018.

Determination of metal content in plant organs

After sampling, all non-fertilized (control—C; plants cul-
tivated on the flotation tailings—FT) and fertilized plants
(plants cultivated on the flotation tailings—FTnpk) were
divided in roots, rhizomes, stems and leaves. Plant mate-
rial was washed carefully in tap water in order to avoid
pollution by remaining substrate particles, and then in
deionised water. The plant material was oven dried at
105 °C until constant weight, powdered and completely
digested in 65% HNO; according to the method 3051
(USEPA 1998). Concentrations of metals in plant samples
were determined by atomic absorption spectrophotometer
(Shimadzu AA-7000), comparing the absorption values
with those of known standards. For the verification of
the analytical procedure, the standard reference material
NIST 1515 (apple leaves) was used.
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Determination of phytoremediation potential
The phytoremediation potential of M. X giganteus was

assessed using bioconcentration factor (BCF) and transloca-
tion factor (TF) (Baker 1981):

metal concentration in roots

BCF =
available metal concentration in the substrate

TF metal concentration in leaves

metal concentration in roots

Photosynthesis and chlorophyll a fluorescence
analysis

The measurement of the gas exchange rates and chlorophyll a
fluorescence was performed on intact penultimate leaves,
using infrared gas analyser (CIRAS 2, PP System, USA)
equipped with chlorophyll fluorescence module (CFM). The
CO, assimilation rates (A) for the light response curves
(A/PPFD) were obtained at descending PPFD values from
2000 to 0 umol m 2 s !, CO, concentration of 380 pmol
mol ', leaf temperature 25 °C and relative air humidity 60%.

For the measurement of chlorophyll a fluorescence param-
eters, leaves were pre-darkened for 30 min before exposure to
the saturating light. Before the saturating pulse was applied,
the minimal level of fluorescence in dark (Fo) was detected. A
saturating flash (5100 umol PPFD m2s ', 0.7 s) was then
applied to the leaf in order to obtain the maximal fluorescence
yield (Fm). Obtained parameters, Fo and Fm, were used to
calculate maximum quantum efficiency of PSII photochemis-
try (Fv/Fm).

Measurement of leaf pigment content

Chlorophyll a (Chl a), chlorophyll 5 (Chl b) and total carot-
enoids (Car) were extracted from leaf using dimethyl sulfox-
ide solution (Hiscox and Israclstam 1979). The absorbance of
pigments was detected at 663 nm, 645 nm and 480 nm by
Shimadzu UV-1800 spectrophotometer. Their amounts were
determined using equations given by Arnon (1949) and
Wellburn (1994) and expressed as mg/g of the leaf dry weight
(dw).

Lipid peroxidation determination

Lipid peroxidation level was determined in penultimate leaf
by measuring the amount of malondialdehyde (MDA) pro-
duced in the reaction with 2-thiobarbituric acid (Heath and
Packer 1968). The absorbance of malondialdehyde was mea-
sured spectrophotometrically at 450 nm, 532 nm and 600 nm.
The MDA content was expressed as pmol g~ dw.

@ Springer

Measurement of the total antioxidative capacity

The total antioxidative capacity of the leaf methanol extract
was determined using stable free radical 1,1-diphenyl-2-
picrylhydrazyl (DPPH) (Brand-Williams et al. 1995).
Spectrophotometric measurements were performed at 517
nm. The total antioxidant capacity of each extract was calcu-
lated according the formula: TAC (%) = [(A0 — A1) / A0] %
100, where A0 represents the absorbance of the blank, and A1
is the absorbance of the antioxidant in the sample solution.

Measurement of plant biometric parameters
Before harvesting the plants, several parameters were noted:

— Survival rate in the second growing season, expressed as
the percentage of plants survived from the initial number
of planted rhizomes

—  Number of shoots per plant

—  Stem height (cm)

—  Number of leaves per plant

—  Percentage of senescent leaves per plant (%)

— Biomass yield; the aboveground biomass dry weight (dw)
was measured, and expressed as kg/ha

Data analysis

All data are expressed by the mean + standard deviation (M +
SD) of six replicates per treatment. The obtained results were
compared using Mann-Whitney U test (p < 0.05). The
Spearman’s rank correlation coefficient was used to analyse
relationships between measured parameters. Statistical analy-
ses were performed in R (v3.5.1; R Core Team 2018).

Results

Chemical properties of the control soil and flotation
tailings

The pHpoo values of the control soil and flotation tailings
were similar and neutral, whereas their pHg differed signif-
icantly by 1.1 (Table 2). Although flotation tailings contained
2.78% of organic matter, their total N and available K were
extremely low, being 24- and 47- fold lower compared to the
control soil, respectively, whereas concentration of available P
was below the detection limit. Flotation tailings contained
significantly higher amounts of total and available metals in
comparison with the control soil.
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Table2  Chemical properties of the control soil (C) and flotation tailings
(FT) with total and EDTA-available metal concentrations
Parameter Control soil Flotation tailings
Chemical properties

PH 120 6.60 +£0.01 6.86 +£0.01

pH ka1 5.68 £ 0.00 6.78 £0.02

N total (%) 0.17 £ 0.02a 0.007 + 0.000b

P105 avaitable (mg/ 100g) 31.2+2.1a n.d.

K50 avaitable (mg/ 100g) 27.7+0.1a 0.59 +0.04b

Organic matter (%) 3.38 £ 0.06a 2.78 £0.03b
Total concentrations (mg/kg)

Pb 25.0+0.4a 1514 + 8b

Cu 233+0.1a 861 + 18b

Zn 85.8+0.7a 3700 + 46b
Available concentrations (mg/kg)

Pb Epra 5.89+£0.16a 545+ 1b

Cu gpra 6.63 +£0.03a 95.4 +1.6b

7n gpra 3.40+0.12a 570 + 1b

Statistically significantly different values are separated by different letters
for each row according to Mann-Whitney U test (p < 0.05)

n.d. non detectable
Elemental composition of M. x giganteus plants

Concentrations of analysed metals in all plant organs were
significantly higher in plants cultivated on flotation tailings
in comparison with those detected in the control (Table 3).
Significantly higher amounts of metals were also found in
roots (Cu, Zn) and stem (Pb, Zn) of FTxpk compared to those
in FT (Table 3). Content of the total N and P in leaves of FT
plants was significantly lower than in C and FTypk.

BCFs > 1 were detected for Cu and Zn in all plants grown
on the flotation tailings indicating the high level of their accu-
mulation in roots (Fig. 2a). Although fertilized plants showed
significantly higher accumulation of Cu and Zn in roots, and
higher BCFs (p < 0.05), metal transfer to leaves was not stim-
ulated by fertilization as indicated by their similar concentra-
tions in leaves. TFs for all investigated metals were far below
1, especially for Pb (Fig. 2b). BCFs and TFs between non-
fertilized and fertilized plants differed significantly for all
metals.

Photosynthetic performance

The obtained light response curves (A/PPFD) showed that the
control plants C reached the highest photosynthetic activity of
12 umol CO, m > s~ at the strongest light intensity of
2000 pmol PPFDm %5 (Fig. 3). Plants cultivated on flotation
tailings, both FT and FTnpk, showed statistically significant
reduction in the net photosynthetic rate (p = 0.029, p = 0.005,
respectively), with maximum A being 18% and 22.5% lower

Table3  Metal concentrations in plant organs of M. x giganteus grown
on the control soil (C), non-fertilized (FT) and fertilized (FTnpx) flotation
tailings

Chemical element Control FT FTNPK
Root
Pb (mg/kg) 4.00+1.47a 295 £ 36¢ 216 £17b
Cu (mg/kg) 7.86 £ 0.84a 265 £ 53b 411 £ 14c¢
Zn (mg/kg) 26.1 +1.7a 1126 +96b 1434 + 54¢
Rhizome
Pb (mg/kg) 2.10 +0.84a 15.0 +£4.7b 21.1 £4.3c¢
Cu (mg/kg) 3.49 +0.63a 33.3+7.6b 60.3 +19c
Zn (mg/kg) 15.4 +0.6a 316 + 10¢ 249 + 20b
Stem
Pb (mg/kg) 1.51 £0.60a 525+0.11b 10.6 £ 1.4¢
Cu (mg/kg) 2.54 +0.96a 18.2+6.2b 11.8+4.2b
Zn (mg/kg) 2728 +4.71a 478 + 5b 592 £ 0c
Leaves
Pb (mg/kg) n.d. 338+ 1.12b 44+1.7b
Cu (mg/kg) 9.17+£0.78a 19.9 £ 6.7b 162 +1.2b
Zn (mg/kg) 19.0 £0.3a 134 £2b 135+ 8b
N (%) 1.23+£0.01b 1.15+0.04a 1.37 £ 0.05¢
P (mg/kg) 1708 £+ 50b 747 £30a 1446 + 108b

Statistically significantly different values are separated by different letters
for each row according to Mann-Whitney U test (p < 0.05)

n.d. non detectable

than in the control plants, respectively. By inspecting the light
response curves of FT and FTwpk plants, it can be noticed that
the net photosynthetic rates at all applied light intensities were
lower in fertilized than in unfertilized plants, although men-
tioned differences are without statistical significance. The res-
piration in dark was significantly higher (» = 0.009) in non-
fertilized FT plants (A = — 0.80 + 0.26 pmol CO, m 2> s ')
compared to the respiration in the control (A = — 0.43 £ 0.05)
and FTyp plants (A = — 0.57 = 0.15 umol CO, m s ).

Pigments, chlorophyll a fluorescence, lipid
peroxidation level and antioxidative capacity
in leaves

Non-fertilized plants cultivated on flotation tailings (FT) had
significantly reduced concentration of Chl @ in comparison
with that in both the control (p = 0.005) and FTypk plants (p
= 0.005) (Table 4) and resulted in significantly lower total
chlorophyll amount. In plants grown on the flotation tailings,
the reduction in Chl a together with slightly but not signifi-
cantly higher Chl b content resulted also in significantly lower
Chl a/b ratio than the control mean value. The content of total
carotenoids showed an opposite trend compared to that ob-
served in Chl a, being significantly higher in all metal-stressed
plants than in C (p = 0.0046).
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Fig. 2 Bioconcentration (BCF) factor (a) and translocation (TF) factor (b) for different metals in M. x giganteus plants cultivated on non-fertilized (FT)

and fertilized (FT wpk) flotation tailings

Regarding photosynthetic efficiency, there was no signifi-
cant difference in maximum quantum efficiency of PS II pho-
tochemistry (Fv/Fm) between plants cultivated on the flotation
tailings and the control. The mean values of lipid peroxidation
were significantly higher in FT than in C plants, whereas the
total antioxidative capacity in leaves was significantly lower
in FT and FTypk plants compared to the that in the control (p =
0.029, p = 0.005, respectively).

Plant biometric parameters

The adverse elemental composition of flotation tailings signif-
icantly reduced most biometric parameters of plants, as shown
in Table 5. FT and FTpk plants had lower survival rate, small-
er number of considerably shorter shoots, higher portion of
senescent leaves and lower biomass production than in control
plants. Their annual biomass yield harvested in March 2018
represented only 2.3% (FT) and 3.5% (FTnpk) of the yield
achieved by the control plants (Table 5). Fertilization had a

14
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-
o
T

o
T

A (rmol COy m2 s'1)
IS o

N
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o
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Fig. 3 The light response curves of the control plants (C), and plants
cultivated on flotation tailings with (FTypk) and without fertilizer (FT)
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significant effect on aboveground biomass production in
FTnpk plants, resulting in 1.5-fold higher yield compared to
that of the FT. Fertilized plants had also 1.36-fold higher mean
value of the number of shoots per plant than FT, although the
mentioned difference was not statistically significant.

Discussion

Chemical properties of the control soil and flotation
tailings

The unexpectedly high amount of organic matter
(2.78%) detected in the flotation tailings does not

Table 4 The amount of photosynthetic pigments, maximum quantum
efficiency of PSII photochemistry (Fv/Fm), lipid peroxidation level and
total antioxidative capacity in leaves of M. X giganteus plants cultivated
on the control soil and non-fertilized (FT) and fertilized flotation tailings
(FTxpk)

Character C FT FTnrx
Pigments (mg g 'dw)
Chla 4.11+£0.65b 3.06+028a 4.01 =0.40b
Chl b 093+0.14a 097+024a 1.10£0.13a
Chla+b 5.04+£0.79ab 4.03+£0.50a 5.11+0.53b
Chl a/b 441+£0.02b 3.27+0.50a 3.66 +0.07a
Total carotenoids 099+0.13a 14+025b 1.61 £0.2lc
Chl a fluorescence
Fv/Fm 0.81+0.02a 0.78+0.02a 0.81 £0.00a
Lipid peroxidation
MDA (umol g 'dw) 2.40+022a 3.83+026b 3.00 % 1.05ab
Total antioxidant capacity
DPPH 79.0 + 3.5b 692+9.0a 635+24a

Statistically significantly different values are separated by different letters
for each row according to Mann-Whitney U test (p < 0.05)
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Table 5 The biometric

parameters in M. X giganteus Character C FT FTnrk

plants cultivated on the control ]

soil (C), non-fertilized (FT) and Survival rate (%) 100b 90a 90a

fefc.ilized (FTnpy) flotation Number of shoots per plant 7.08 = 1.25b 2.81+1.50a 3.83+1.85a

tailings Stem height (cm) 83.6 + 8.05b 12.5 +4.38a 9.92 +3.34a
Number of leaves per plant 7.11 £1.36a 7.88 + 1.36a 7.67 £1.07a
Senescent leaves per plant (%) 3.16 £ 6.49a 247+ 11.0b 29.02 +5.62¢
Biomass (kg dw/ha) 4777 £2170c 108 £ 32a 166 £25b

Statistically significantly different values are separated by different letters for each row according to Mann-

Whitney U test (p < 0.05)

Survival rate percentage of plants survived from the initial 100% of planted rhizomes

originate from natural organic substances because no
vascular plants, mosses or lichens were detected on its
surface, and no biological remaining was present as a
part of its surface layers. It rather originates from the
commonly used collector xanthate remained after the
flotation process and its different decomposition prod-
ucts. Correspondingly, the amounts of N, P and K in
the flotation tailings were far below optimal range nec-
essary for plant nutrition (Marschner 1995). On the oth-
er hand, the amounts of total and available metals (Pb,
Cu, Zn) in the flotation tailings significantly exceed
those typical for unpolluted soils but correspond to con-
centrations that are commonly found in soils polluted by
municipal wastewaters, sewage sludge and metal
smelting processes (Kabata-Pendias 2011; Ettler 2016;
Kotodziej et al. 2016; Akopyan et al. 2018).

Metal accumulation in plant organs

In the second year of their growth in the flotation tailings,
M. x giganteus plants accumulated all metals in roots in far
higher amounts comparing to the aboveground organs, show-
ing that they were strongly retained within the root tissues
against their transfer to shoots. These results are complement
to data previously reported for Zn (Korzeniowska and
Stanislawska-Glubiak 2015) and combination of several
heavy metals in M. x giganteus (Pidlisnyuk et al. 2018;
Nurzhanova et al. 2019), as well as for Cd in three different
Miscanthus species cultivated on metal-polluted soils (Guo
et al. 2016).

BCFs > 1 were detected for Cu and Zn, whereas BCF for
Pb was lower than one due to its very low mobility. Although
metal concentrations in roots were in ranges that are toxic to
aboveground organs, their critical concentrations in roots can
be much higher due to their immobilization in the cell walls
and complexation in the vacuoles within the root cortex.
Fertilized plants accumulated Cu and Zn in roots in signifi-
cantly higher amounts comparing to non-fertilized plants. This
suggests either the potential promoting effects of fertilization
on root development, increase in the root absorption area and

efficiency of metal acquisition or decrease in the substrate pH
and elevated metal bioavailability.

Although M. x giganteus plants cultivated on flotation tail-
ings demonstrated TFs far lower than 1, they accumulated Zn
and Pb in leaves in concentrations that can be harmful for
various metabolic processes. Amongst analyzed metals, Zn
showed the highest mobility within the plant. In leaves, in
both FT and FTypk plants, it reached concentrations (134
and 135 mg/kg) that are at the lower limit of the range toxic
to various plants (100 to 500 mg/kg), but higher than the
background concentrations detected in grass and clover (12
to 47 mg/kg) (Macnicol and Beckett 1985; Kabata-Pendias
2011). Concentrations of Cu in leaves were lower than those
usually considered toxic to most plants (20 to 100 mg/kg)
(Kabata-Pendias 2011). Albeit fertilization with commercial
fertilizer increased uptake of both essential elements (Cu and
Zn) in roots, the rate of their transport to leaves remained
unaffected, which can be associated with their highly regulat-
ed transport within the plant (Sinclair and Krdmer 2012).

Pb enrichment in M. x giganteus was in the following
order, roots > rhizome > stems > leaves, which is similar to
that in Ligustrum lucidum seedlings, Armeria maritima,
Agrostis tenuis and Cardaminopsis halleri (Dahmani et al.
2000; Zhou et al. 2018). The small portion of its root content
was transferred to leaves (1.1% in FT and 2.0% in FTypxk),
which is in agreement with its efficiently confined transport
toward aboveground organs by the Casparian strip (Seregin
et al. 2004). Our results are in accordance with those reported
for Lathyrus sativus (Brunet et al. 2009), Zea mays (Gupta
et al. 2009), Phaseolus vulgaris (Shahid et al. 2011),
Helianthus annuus (Winska-Krysiak et al. 2015), Ligustrum
lucidum (Zhou et al. 2018), etc. Even then, Pb amount in
leaves was manifold higher than the background concentra-
tions detected in different plants (Kabata-Pendias 2011).

Photosynthesis, respiration, oxidative stress
and growth

The photosynthetic process is one of the prime targets of ac-
cumulated metals and therefore gives the good indication of
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the overall effects of metals on various processes related to
photosynthesis. Reduction in the photosynthetic CO, assimi-
lation capacity in metal-stressed plants (FT, FTypk) was no-
ticeable along their light response curves and was the most
pronounced for the light-saturating photosynthetic rates. Such
large reduction in A is highly negatively correlated with ele-
vated Cu (p < 0.01, p=—0.65), Zn (p < 0.05, p =—0.49) and
Pb (p < 0.05, p = — 0.50) concentrations in leaves indicating
their inhibitory effects. The similar data were reported for
M. x giganteus exposed to elevated As, Pb, Sb and Zn
(Wanat et al. 2013; Andreji¢ et al. 2018) and for three different
Miscanthus species exposed to elevated Cd concentrations
(Guo et al. 2016). Divalent metal cations, such as Zn** and
Cu?*, when accumulated in leaves can substitute Mg2+ from
Chl and RuBisCO molecules causing their structural changes.
Both replacements lead to functional degradation of photosys-
tem and detectable depression in photosynthetic activity
(Kiipper et al. 1998, 2002; Kiipper and Andresen 2016). Pb
accumulated in leaves, even at low concentrations, adversely
affects large variety of components of the photosynthetic ma-
chinery (Sharma and Dubey 2005; Ahmad et al. 2011; Yang
et al. 2015; Zhou et al. 2018).

The metal-induced production of reactive oxygen species
(ROS) in FT and FTypk plants was indicated by significantly
higher MDA content, as biochemical marker of free radical-
mediated lipid oxidation damage in cells. All three metals are
known to enhance ROS generation, directly as redox-active
metal ions (Cu®"), or indirectly by metal ion substitution and
hampering functionality of different cell processes (Zn, Pb)
(Verma and Dubey 2003; Kiipper and Andresen 2016). The
more prominent MDA accumulation in non-fertilized com-
pared to that in fertilized plants indicate that P starvation
was associated with significantly higher oxidative stress in
P-deficient plants, as reported for Arabidopsis thaliana ex-
posed to different levels of P starvation (Simancas and
Munné-Bosch 2015). The aforementioned increase in mem-
brane oxidative damages in all plants cultivated on the flota-
tion tailings was associated also with significantly reduced
ROS scavenging capacity in leaves.

Whereas the net CO, assimilation rates in FT and FTypk
plants were similar, the amount of Chl a was significantly
reduced in non-fertilized plants. Detected decline in Chl a in
FT plants was found to be significantly correlated only to P
deficiency in leaves (< 1000 ug P g~ dw) (p < 0.05, p = 0.48)
which limits Chl a biosynthesis and its content (Zhang et al.
2014). The obtained results were not associated with inhibito-
ry effects of elevated concentrations of Zn and Pb on activity
of enzymes involved in chlorophyll biosynthesis
(Mukhopadhyay et al. 2013; Andreji¢ et al. 2018) and point
to their efficient immobilization within M. x giganteus leaves.

Decline only in Chl a concentration points to lower sensi-
bility of Chl » and Car biosynthetic pathways to elemental
stress. A significant increase in total carotenoids in both FT
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and FTypk plants is in line with observed changes in caroten-
oids aimed at protecting the PSII and stability of photosyn-
thetic processes in several metal-stressed plant species
(Simancas and Munné-Bosch 2015; Singh et al. 2017; Zhou
et al. 2018), as indicated by high Fv/Fm values.

The potential efficiency of PSII photochemistry (Fv/Fm) is
a highly sensitive indicator of plant stress and provides valu-
able information about the photosynthetic efficiency of the
plant and functionality of the PSII (Govindjee 1995). Fv/Fm
in the control and FTypk were similar (0.81) and slightly
higher than in FT plants (0.78), being in all treatments within
the range that is considered optimal for plants (0.75-0.85)
(Bjorkman and Demmig 1987). Good functionality of PSII
indicates that M. x giganteus efficiently immobilized Zn and
Pb within the leaf, and complementary pigments (Car) per-
formed a significant role in the protection of the photosystem
from oxidative damage and photoinhibition. The significant
positive correlation between Fv/Fm and P (p < 0.001, p =
0.83) indicates that P shortage in leaves altered maximum
efficiency of PSII photochemistry in P-deficient FT plants,
as reported for different plant species (Heber et al. 1989;
Michelet et al. 2013; Zhang et al. 2014; Frydenvang et al.
2015; Carstensen et al. 2018).

The respiration in dark was more intense in non-fertilized
plants. It was positively correlated to P (p = 0.49) and nega-
tively correlated to Zn (p < 0.001, » = — 0.77) and Pb content
inleaves (p <0.001, p=—0.74). Exposure to Pb was shown to
stimulate respiration rate in intact plants (Burzynski and
Ktobus 2004), detached leaves and isolated protoplasts
(Parys et al. 1998), albeit the underlying mechanism is not
clear (Sharma and Dubey 2005).

Reduced photosynthetic capacity and enhanced rate of ox-
idative damage in plants cultivated on flotation tailings result-
ed in pronounced leaf senescence and significantly reduced
plant growth and lower annual biomass yield. Fertilization
positively contributed to annual biomass production, primari-
ly by lowering oxidative stress and increasing the number of
shoots per plant.

Conclusions

In this 2-year field experiment, M. X giganteus showed a
remarkable ability to grow in extremely harsh conditions in
the flotation tailings and to form a sustainable plant cover
without much human interference. Plants retained the major
portion of accumulated metals within the roots and showed
their low translocation to shoots, which is beneficial in
preventing them from entering the food web. In the second
year of growth on the flotation tailings, plants showed decline
in photosynthetic activity and increase in membrane oxidative
damages, which resulted in overall reduced plant growth.
Fertilization by single dose of the commercial NPK fertilizer
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eliminated negative effects of P-deficiency on Chl a content,
Fv/Fm and oxidative stress but did not exhibit positive effects
on the leaf photosynthetic capacity.

In ecological context, the presence of M. x giganteus plants
and their biological activity and gradual accumulation of litter
originating from decaying aboveground biomass are expected
to ameliorate the extreme environment conditions of the aban-
doned flotation tailings. Introduction of M. X giganteus, as
plant species resistant to multiple stresses, would trigger var-
ious slow but positive changes in the flotation tailings surface
layers, which will be further guided by living organisms and
their specific interaction with the environment.
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