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Abstract The investigations aimed at the evaluation of
nickel bioaccumulation ability of plants from various
families (Poaceae—maize, Fabaceae—field bean and
Asteraceae—Ilettuce). The research was conducted under
hydroponic conditions. The experimental design comprised
ten objects differing with nickel concentrations in the
solution (ranging from 0.0 to 10.0 mg Ni dm—> of the
nutrient solution). The parameters, assumed as the basis on
which nickel bioretention by selected plant species was
determined were: the yield, nickel content in various plant
parts, uptake and utilization of this element by the plant,
tolerance index (TI) and translocation factor (TF), the
metal concentrations in the aboveground parts index (CI)
and bioacummulation factor (BAF). On the basis of the
obtained results it was found that, due to low tolerance of
nickel, maize could be used as the indicator plant for the
environment quality assessment.

Keywords Phytoremediation - Yield - Hydroponic
cultivation - Heavy metals - Nickel uptake
Introduction

Human activities, such as natural minerals extraction, pro-

cessing industries or energy generation and modern agri-
cultural practices have a long lasting harmful impact on the

Communicated by N. A. Anjum.

D Jacek Antonkiewicz
rrantonk @cyf-kr.edu.pl

Department of Agricultural and Environmental Chemistry,
University of Agriculture in Krakow, Avenue of Adam
Mickiewicz 21, 31-120 Krakéw, Poland

environment (Conesa et al. 2006; Park et al. 2011; Tank and
Saraf 2009). Heavy metals still raise considerable interest as
the substances revealing a negative effect on the environ-
ment. Some of these elements, e.g. nickel, in small quanti-
ties are necessary for growth and development of living
organisms (Chen et al. 2009; Zhao et al. 2008). Literature
data indicate the necessity of this element for several
microorganism, animal and plant species. In plant organ-
isms, the element is a part of urease metalloenzyme partic-
ipating in urea hydrolysis (Hussain et al. 2013; Seregin and
Kozhevnikova 2006). Nickel is taken up by plants mainly as
jon (Ni?*), whereas it is much harder absorbed in a chelate
form. Process of nickel uptake by some monocotyledonous
plants, including wheat, rye and maize, occurs through the
root cap (Ma et al. 2009; Rathor et al. 2014).

Nickel and its compounds find wide applications in
various industries, therefore spreading of this element in
the biosphere may negatively impact the course of physi-
ological and metabolic processes in the organisms leading
to imbalance (Ahmad and Ashraf 2011; Hussain et al.
2013). Nickel is the element, greatly mobile in the natural
environment. It is easily absorbed by plants to the degree
proportional to its soil concentration, until it reaches the
toxic level (Guo and Marschner 1995; Kim et al. 2005).
Plants developed efficient physiological and biochemical
mechanisms of the uptake, translocation and accumulation
of microelements, even at their low concentrations. The
same mechanisms are also used to absorb toxic substances
with chemical properties similar to microelements (Panwar
et al. 2002; Subhashini and Swamy 2013; Meers et al.
2005). Plant species and varieties are characterized by a
greatly diversified ability for heavy metals accumulation
(Ogunkunle et al. 2014; Yang et al. 1996). Learning these
regularities is particularly important because of potential
utilization of these plants for phytoremediation of soils,
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waters and sediments (Krueger et al. 2013; Panwar et al.
2002; Xiang et al. 2009).

To reach a high efficiency of phytoremediation process,
the applied plants should reveal a great potential for the
accumulation and tolerance of heavy metals (Kidd et al.
2009; Rascio and Navari-Izzo 2011). The so far known
species accumulating considerable amounts of heavy metals
are generally characterised by a slow seasonal growth,
complicated propagation method and small biomass incre-
ment, therefore their efficiency in soil cleaning is insufficient
(Bluskov et al. 2005; Boyd 2004; Yang et al. 2005).

The investigations aimed at the evaluation of nickel
bioaccumulation ability of crops from various families
(Poaceae—maize, Fabaceae—field bean and Asteraceae—
lettuce), as well as determining their usefulness for
phytoremediation.

Materials and methods
Experimental design

The studies on determining the plant ability to bioaccu-
mulate nickel were conducted under hydroponic cultures.
The species belonging to three different families: maize
(Poaceae), ‘KB-270° c.v., field bean (Fabaceae), Nadwi-
Slanski c.v. and lettuce (Asteraceae), ‘Krélowa Majowych’
c.v. were chosen as the test plants. Their seeds used for the
experiment were not dressed. The experiment comprised
ten objects: the control and nine levels of nickel concen-
tration in the nutrient solution (Table 1).

Seedling preparation

The hydroponic experiment was carried out at the Experi-
mental Site of the University of Agriculture in Krakéw,

Table 1 Experimental design

Ni dose

Mmol Ni dm™? mg Ni dm™ nutrient mg Ni growing

nutrient solution solution container
0.0000 0.0 0
0.0085 0.5 10
0.0425 2.5 50
0.0850 5.0 100
0.1275 7.5 150
0.1360 8.0 160
0.1445 8.5 170
0.1530 9.0 180
0.1615 9.5 190
0.1700 10.0 200
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Poland, and protected from rainfall and pests. After plant
seeds germination on Petri dishes, they were planted to
plastic seedling trays filled with river sand. To eliminate
chemical contamination, the sand had been first washed with
hydrochloric acid (20 %) and rinsed several times with tap
and distilled water. Seed planting into the substratum pre-
pared in this way aimed to obtain seedlings with low nickel
concentration and microbiologically pure. The substratum
moisture content during the period of seedling preparation
was maintained on the level of 50 % of the maximum water
capacity. Water losses were supplemented with redistilled
water. Maize seedlings were taken out of the substratum
under a water stream to avoid damage of the root system.

When the plants: maize, field bean and lettuce reached
the appropriate size (the 3rd leaf stage), they were moved
to growing container filled with 20 dm? of clean redistilled
water, to enable their adaptation to water conditions. Eight
plants were placed in each growing container. For each
variant four replicates were conducted.

Experimental conditions

On the third day after the test plants removal to growing
container, the nutrient solution (modified Hoagland solu-
tion) was added containing macro- and microelements (in
mg dm™>) necessary for the plant growth and develop-
ment: Ca(NOj3),-4H,0—240.00 (1 mM), KNO3;—10.00
(0.1 mM), KH,PO,—7.00 (0.05 mM), KCI—4.00
(0.05 mM), MgS0O,4-7H,0—100.00 (0.4 mM), FeSO,.
7H,0—100.00 (0.36 mM), CuSO45H,0—0.5 (2 uM),
H;BO;—0.12 (2.4 uM), MnSO4H,0—0.25 (3 puM),
7ZnS0,47H,0—0.10 (0.35 pM), and Na,MoO,42H,0—
0.10 (0.23 uM). Prepared nutrient solution contained
macroelements (in mg dm_3): N—15.2, P—1.6, K—38.0,
Ca—40.7, Mg—50.5, S—24.7, and microelements (in
pg dm™%): Cu—127.0, B—20.9, Mn—381.3, Zn—227.0,
Mo—22.3, Na—5.35. From this moment the nutrient
solution (NPK +microelements) was exchanged about
every 10 days and iron was supplemented every 4 days.
The water level in the containers was checked constantly.
The nutrient solution was constantly aerated throughout the
period of the experiment. The hydroponic experiment was
conducted with a duration of day/night of 15.5/8.5 h, an
average temperature of 28.0 °C during the day and 21.0 °C
during the night, an average humidity of 91.0 % and
average irradiance of 389.5 W m™~.

Four weeks after maize removal to the growing container,
3 weeks after field bean placing there and 2 weeks after
lettuce placing, when the plants developed typical aquatic
root systems, nickel was added to the growing containers as
water soluble salt—NiNQOs, in the amounts stated in Table 1.

The plants were harvested before flowering period
(maize after 8 weeks, field bean and lettuce after 6 weeks
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of vegetation). During the harvest, roots and the above-
ground parts were separated, and for maize and field bean
also leaves and stems.

After the harvest the test plant roots were washed sev-
eral times with distilled water. The plant material was dried
to constant weight in a dryer with forced air circulation at
the temperature of 70 °C and the yield of individual plant
parts was determined. Dried biomass was crushed in a
laboratory mill to prepare it for chemical analyses. Nickel
content was determined after the sample mineralization in
chamber furnace (450 °C for 5 h) and dissolving the
remains in diluted (1:2) nitric acid, using atomic absorption
spectrophotometry method on Philips PU 9100X apparatus
(Ostrowska et al. 1991; Kusznierewicz et al. 2012). Con-
tent of nickel in plants above ground parts was calculated
as a weighted mean of contents of nickel in leaves and
stems. Total content of nickel in whole plants was calcu-
lated as a weighted mean of contents of nickel in leaves,
stems and roots.

A one-factor analysis of variance was conducted for the
obtained results in totally randomised design using f-Fis-
cher test. The significance of differences between arith-
metic means was verified on the basis of homogenous
groups determined by Duncan test on the significance level
<0.05. All statistical computations and selected graphic
presentations of results were made using Statistica 10.0
software (Statsoft Poland).

The following parameters were assumed as the basis for
nickel tolerance by the tested plant species:

1. Yield.

2. Tolerance index (TI)—defined as the ratio of the plant
yield growing on the substratum polluted with nickel
and the yield from the control objects, unpolluted with
this element (Murphy and Tayz 1995).

3. Nickel content in the individual plant parts.

4. Translocation factor (TF)—which is the ratio of nickel
concentrations in the aboveground parts, computed as
a weighted average and this element content in roots
(Ghosh and Singh 2005; Marchiol et al. 2004).

5. Ni concentration index (CI) in the aboveground parts,
computed as a ratio of nickel content in the plant
shoots from objects polluted with nickel to its
concentrations in the plants from the control object
(Mackay and Fraser 2000).

6. Nickel uptake by plants—calculated as a product of
dry mass yield and the element content.

7. Nickel utilization by plants—expressed as the share of
nickel amount absorbed by the plant in the total nickel
amount supplied to the growing containers.

8. Bioaccumulation factor (BAF)—computed as a ratio of
nickel content in plant to its concentration in the
solution (Ruus et al. 2005; Mackay and Fraser 2000).

Results
Observations during the plants vegetation

Symptoms of nickel phytotoxic effect on plants were
observed during the experiment already at the 5.0 mg
Ni dm ™ concentration. On the plant aboveground parts,
the symptoms of nickel toxic effect were chloroses,
necroses and browning, or even blackening at higher
doses of nickel which usually resulted in leaves drying.
With increasing nickel dose the above-mentioned symp-
toms were intensifying. In case of roots, the symptoms of
nickel toxic effect were a change in the root colouring
(brown colour) and inhibition of growth. In effect of the
inhibition of the main root and lateral roots elongation,
the morphology of root system changed and the effect was
more pronounced at higher nickel doses in the nutrient
solution.

Plant yield and tolerance index (TI)

Yield of the test plants depended on the species, its anal-
ysed part and nickel concentration in the nutrient solution
(Table 2). The highest yields of maize and field bean,
irrespectively of the plant part, were obtained from the
control. In the other objects, the yields of maize and field
bean decreased, in comparison to the control, by increasing
Ni concentrations in the nutrient solution. At lower nickel
concentrations in the nutrient solution the yield decrease of
individual maize and field bean parts was more visible than
at higher doses. The concentration of 0.5 mg Ni dm™>
caused a 25 % decrease in maize leaves yield and 30 % in
the root yield in comparison with the control. In case of
field bean, the concentration of 0.5 mg Ni dm™ did not
cause such a great reduction in yield in comparison with
the control. The yield of field bean leaves obtained on this
object was lower by 12 %, while stem yield by 6 % and
root yield by 5 % in comparison with the control. Dimin-
ishing of the aboveground parts yield on the object at the
highest nickel pollution level (10.0 mg Ni dm™>) in com-
parison to the control for maize and field bean was,
respectively: for leaves 77 and 67 %; for stems 85 and
50 % and for roots 76 and 68 %.

The values of tolerance index (TI) for maize and field
bean yield assumed values below one (Fig. 1). Values of
this index were lowering systematically with increasing
nickel concentration in the nutrient solution. Analysing the
values of tolerance index (TI) including the cumulative
yield, maize may be regarded as the species less tolerant to
the applied nickel concentrations in comparison with field
bean (Fig. 1). It should be pointed out that the values of
this parameter for both plants did not undergo any major
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Table 2 Yield of maize, field bean and lettuce (g growing container ")

Ni dose Maize Zea mays L. Field bean Vicia faba L. (partim) Lettuce Lactuca sativa L.
(mg Ni dm73) var. capitata
Leaves Stems Above Roots Total Leaves Stems Above Roots  Total Above Roots Total
ground ground ground
parts parts parts
0 81.1"™  72.8°  153.98 35.5°  189.48 249" 162° 41.1° 203° 6149  74° 24% 98P
0.5 60.5¢ 5149 1119 249 136.8" 219° 153° 37.2¢ 193¢ 5655 74° 3.0%9 10.4°
25 4097 274°  68.3° 150°  833° 133%  11.7¢ 25.0° 9.19 341 10.6¢ 3.1 13.7¢
5.0 352°  253°  60.5¢ 135 740% 12,00 102°¢ 222° 7.4%¢ 29.6%  10.9¢ 3.4¢ 1434
75 28.8% 135  423° 126" 549° 10.6™ 10.0™ 20.6° 8.1°¢  287% 10.4¢ 2.8%d 1324
8.0 242°  144° 386" 11.9° 515 109 10.8¢ 21.7° 8.2 299% 10.2¢ 3.1%¢  13.3¢
8.5 238" 120 358" 103* 461>  9.6® 83" 17.9° 6.8 247 89° 2.9 17.8°
9.0 230 121 35.1° 9.7 448> 89° 83" 17.2° 64* 236 7.8° 2.8%d 10.6™
95 213°  11.6*  329% 8.7° 416" 89° 8.5 17.4% 64" 238 6.0 2.1° 8.1
10.0 18.8*  113*  30.1° 9.0° 39.1° 83" 8.1°  16.4% 65" 229 57 2.0° 7.7

* Means followed by the same letters in columns did not differ significantly at p < 0.05 according to the Duncan test

changes within the concentrations range of 5.0-10.0 mg
Ni dm™>.

A different dependence, as compared with maize and
field bean, was noted for lettuce. Nickel doses ranging from
0.5 to 9.0 mg dm " revealed a stimulating effect on the
quantity of both the aboveground parts and roots yield in
comparison with the control (Table 2). The values of tol-
erance index for the plants from these objects were from
1.067 to 1.470 (Fig. 1). Only at the concentrations of 9.5
and 10.0 mg Ni dm™> a slight diminishing of lettuce yield
was observed and in result also values of tolerance index
decreased (average value 0.815).

A significant indicator is changes in the structure of the
analysed plant yield elements. Increase in the share of mass
of maize leaves and roots in total yield was observed with
increasing nickel concentrations in the nutrient solution,
whereas a decrease was noted for stem yield share
(Table 2). For maize the leaves yield constituted from
43 % (control) to 52 % (8.5 mg Ni dm_3), stem yield from
25 % (9.5 mg Ni dm ™) to 38 % (the control and 0.5 mg

Ni dm_3), whereas for the roots from 19 % (the control) to
24 % (8.0 mg Ni dm™>) of the total maize yield. Different
relationships were registered for field bean, for which a
reduction in the share of the mass of leaves (by 5 %) and
roots (by 8 %), while the increase in stem mass share (by
9 %) in the total yield was noticed with increasing nickel
concentrations in the nutrient solution in comparison with
the control without nickel addition. Growing doses of
nickel applied in the experiment did not have any dis-
tinctive effect on lettuce yield structure (Table 2).

Nickel contents in plants and values of translocation
factor (TF) and nickel concentration index (CI)
in the aboveground parts

Nickel content in plants depended on the species, analysed
plant part and this element concentration in the nutrient
solution, and ranged from 1.0 to 5826.3 mg Ni kg™' m
(Table 3). The increase in nickel content in the nutrient
solution was visible as the growing contents of this element

: e
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Fig. 1 Values of the yield tolerance index (TI) for the test plants: a maize, b field bean, ¢ lettuce. Means followed by the same letters in columns

did not differ significantly at p < 0.05 according to the Duncan test
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in plants. The smallest nickel contents were registered in
maize, irrespectively of the analysed organ and the highest
in field bean root. In the roots of all plants higher con-
centrations of this element were noticed in comparison
with the aboveground parts. Almost twice the higher nickel
contents were found in field bean and lettuce aboveground
parts in comparison with maize.

While analysing the relationships between plant yielding
and nickel content in their aboveground parts and roots, it
may be noticed that in case of maize and field bean a
depression in yield occurred already at the first dose of
nickel, i.e. 0.5 mg Ni dm ™3, however, in maize a decline in
yield was greater. The nickel content in maize above-
ground parts was 2.2 mgkg 'dm, and in roots
293.8 mg kg~' dm. For field bean the contents of nickel, at
which a decline in yield was noted, were much higher,
respectively, 26.7 and 455.6 mg Ni kg™' dm. In case of
lettuce, a decreasing yield in comparison with the control
was registered only at the content of 218.7 mg Ni kg™ dm
in the aboveground parts and 251.1 mg Ni kg™' dm in
roots (9.5 Ni dm™?).

The parameter determining the relationship between
nickel content in the aboveground parts and its concen-
tration in roots is the metal TF (Ghosh and Singh 2005;
Marchiol et al. 2004). The highest values of this parameter,
irrespectively of nickel concentration in the nutrient solu-
tion solution, were registered for lettuce, whereas average
value of TF for this plant was 0.090 (Fig. 2). Almost twice
the lower values of TF index were noted in maize, whereas
the lowest values of this parameter were determined for
field bean (average value TF = 0.028; Fig. 2). In all plants,
a decrease in nickel translocation was noted for the control
already at its lowest concentration in the nutrient solution
(0.5 mg Ni dm ™), which points to the efficiency of this
element retention mechanisms in the plant root system. The
analysis of the TF values within the range of the applied
nickel  concentrations in the nutrient solution
(0.5-10.0 mg dm73) allows to observe two trends: the first
of a dynamic increase in TF values for maize within nickel
concentration range from 0.5 to 7.5 mg dm > and for let-
tuce from 0.5 to 5.0 mg dm_3, and the second trend con-
cerning TF stabilization for field bean above the mentioned
concentrations. No statistically significant differences in
this parameter values were observed for field bean within
the range of nickel concentrations in the nutrient solution
(Fig. 2).

Nickel CI was computed to compare the effect of
nickel doses on this element accumulation in the plant
aboveground parts in comparison to the plants from the
control object unpolluted with nickel (Mackay and Fraser
2000). On the basis of the analysis of this parameter value
it may be concluded that among the studied plants, field
bean revealed the highest ability to resist nickel

Table 3 Nickel content in individual maize, field bean and lettuce parts (mg kg_1 dm)

Lettuce Lactuca sativa L. var. capitata

Field bean Vicia faba L. (partim)

Ni dose (mg Ni dm™®) Maize Zea mays L.

Total

Roots Total Above ground parts Roots

Above ground parts

Total Leaves Stems

Above ground parts Roots

Stems

Leaves

8.0°
143.8°

18.1*

4.8

17.7%

26.2°
455.6°
1444.4°

13.7% 13.7%

13.6*

7.5*

55.3°
294.9°

32.9%

1.6°
2.2°
19.0°
45.1°

2.3
2.8
19.4°

36.2°

1.0
172
18.7°

51.6°

425.3°
1116.0°
1319.4¢
1525.6°

28.6°

173.5°
423.8°
1271.7¢

26.7°
48.7°

32.6°  18.0°
20.1%

293.8°
1551.9°

0.5

319.9¢

83.8°
130.6¢

73.9¢

2.5

416.1¢

494134

11454 480>  83.8¢
117.6°

321.6°

1595.6°

5.0
7.5

440.7¢

1512.9°F  151.6°

1458.9°

5113.8°
4970.04

42659 158.4°  74.8°

1625.6°

55.4¢  70.4¢

81.0¢
82.7¢

611.1°

2066.3°

161.9°

184.0° 8179 132.9°
83.7¢¢

496.4°

1826.9¢

74.3°

59.9¢

8.0
8.5

701.0"

2230.9%

1633.9" 213.7"

5548.8"

145.8¢

509.8°  199.0'

2006.3¢

58.09  80.6

92.0°

809.8¢

2454.9"

1624.9°  220.0

5625.0°

200.6 9149 148.42
105.6°

530.0°

2141.9

69.5° 85.7%

94.3°

9.0
9.5

815.1%

2513.11

5773.8% 1677.1f 218.7F

167.0"
217.71

22478

522.5¢

2175.0

64.4° 897"

103.41

846.5¢

2660.6'

1804.12  221.7°

5826.3¢

61037 230.8" 204.4f

2321.9%

7745 997

113.08

10.0

* Means followed by the same letters in columns did not differ significantly at p < 0.05 according to the Duncan test
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did not differ significantly at p < 0.05 according to the Duncan test

accumulation in the aboveground parts. Values of nickel
CI for this plant were on average fourfold lower in
comparison with maize and lettuce (Fig. 3). The values of

concentration in the nutrient solution, whereas in maize
and lettuce at the dose of 8.5 mg dm ™ and higher, gen-
erally no statistically significant differences in this

CI index were increasing with growing nickel  parameter value were registered.
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Nickel uptake and utilization by plants,
and bioaccumulation factor (BAF)

The lowest for all tested plants nickel uptake was noted at
the concentration of 0.5 mg Ni dm™ of nutrient solution
(Table 4). At the concentrations exceeding 5.0 Ni dm > of
nutrient solution, the absorbed amounts were diversified,
ranging from 22 to 25 mg Ni growing container ' for
maize, 38-44 mg Ni growing container ' for field bean
and 6-9 mg Ni growing container ' for lettuce. In case of
maize and field bean, despite the depression in yielding, the
quantities of absorbed nickel were higher, which resulted
from the increase in this element concentration in the plant
biomass. Considering the tested plant species, maize
absorbed the highest nickel amounts from the nutrient
solution, which results from big yielding potential
(Table 2).

Nickel utilization was dependent on the plant species, it
yield and this element content in the plant biomass
(Table 4). Plants utilized the greatest quantities of nickel at
its lowest concentrations in the nutrient solution (maize
76 %, field bean 98 % and lettuce 15 %). On the other
hand, the concentration of 7.5 mg Ni dm™> and higher did
not affect the diversification of this element utilization by
plants, which was average for maize 13 %, for field bean
23 % and for lettuce 4.5 %.

The values of nickel BAF were significantly diversified
depending on the plant species—the lowest values of this
parameter were noted for maize, whereas for field bean and
lettuce the values were, respectively, twice and three times
higher (Fig. 4). In all plants, the highest bioaccumulation
of nickel was registered at its lowest concentrations in the
nutrient solution, ie. 0.5 g Ni dm_3, whereas at the

concentration of 5.0 mg Ni dm™> and higher, no more
differences were noted in this parameter value (Fig. 4).

From among the tested plants, the highest values of BAF
were noted for field bean, while the lowest for maize. The
highest nickel bioaccumulation in all plants was observed
at the concentrations from 0.5 to 5.0 mg Ni dm~> of the
nutrient solution. At the concentrations exceeding 5.0 mg
Ni dm ™ the parameter values were markedly lower. No
statistical diversification of BAF was observed, either in
the test plants from these objects. This regularity indicates
the presence of defense mechanisms on the cell level
protecting the plant against an excessive metal
accumulation.

Discussion

Phytoremediation uses the natural ability of selected plant
species for growth and development in the ecosystems
polluted with organic and inorganic substances, as well as
their uptake and detoxification (Cunningham et al. 1995;
Robinson et al. 2003; Neugschwandtner et al. 2008).
Research conducted by many authors revealed that some
plant species, owing to their specific features, have the
ability to absorb and degrade xenobiotics polluting the
environment through their active impact on physical,
chemical and biological processes occurring in nature,
changing them to enable their own life cycle to take place.
Moreover, these plants possess defense mechanisms,
absorbing, metabolizing and/or concentrating toxic sub-
stances in their own tissues and in this way cleaning the
environment (Padmavathiamma and Li 2007; Ramamurthy
and Memarian 2012; Miguel et al. 2013).

Table 4 Uptake (mg Ni growing container ~') and utilization of nickel by maize, field bean and lettuce

Ni dose (mg  Uptake of Ni Utilization of Ni
Ni dm ™) - - —
mg Ni growing container %
Maize Zea Field bean Vicia Lettuce Lactuca sativa Maize Zea Field bean Vicia Lettuce Lactuca sativa
mays L. faba L. (partim) L. var. capitata mays L. faba L. (partim) L. var. capitata
0.0 1.42%" 1.09 0.08* 0.00* 0.00* 0.00%
0.5 7.57° 9.80%° 1.50° 75.74° 97.99¢ 14.96
2.5 24.52¢¢ 14.39° 4.38° 49.04¢ 28.78° 8.76°
5.0 24.35¢ 37.78¢ 5.944 24.35¢ 37.78° 5.944
75 23.49° 43.42¢ 5.804 15.66° 28.96° 3.86°
8.0 25.50¢ 43.534 8.10° 15.94° 27.21° 5.06°
8.5 23.44%4 40.34%¢ 8.19° 13.79° 23.73% 4.82°
9.0 23.71¢¢ 38.28° 8.66° 13.17° 21.27° 4.81°
9.5 21.74¢ 39.87¢ 6.65¢ 11.44° 20.98° 3.50°
10.0 23.81¢¢ 41.15% 6.56% 11.90° 20.58° 3.28°

* Means followed by the same letters in columns did not differ significantly at p < 0.05 according to the Duncan test
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Fig. 4 Values of nickel bioaccumulation factor (BAF) in the aboveground parts of maize (a), field bean (b) and lettuce (c). Means followed by
the same letters in columns did not differ significantly at p < 0.05 according to the Duncan test

A toxic effect of nickel on plants observed in the pre-
sented investigations was visible as leaf chloroses, defor-
mation of the aboveground parts and roots. According to
Rathor et al. (2014) and Hussain et al. (2013), the main
symptoms of toxic effect of nickel are: chlorosis of leaves
or their yellowing followed by tissue necrosis. The other
symptoms comprise deformations of various plant parts,
inhibition of elongation growth of roots and aboveground
parts or even necrosis of the whole plants (Brown et al.
1987; Madhaiyan et al. 2007).

Detailed studies on metal transformation from the soil to
the plants and translocation to the aboveground parts allow
to determine the abilities of individual plant species to
accumulate heavy metals and therefore to identify them as
potential phytoremediators (Maestri et al. 2010; Wei et al.
2008; Yusulf et al. 2011). According to Ogunkunle et al.
(2014), Ghosh and Singh (2005), and Marchiol et al.
(2004), values of TF and BAF are key parameters of the
evaluation of plant ability for hyperaccumulation of the
elements and determining their availability in the envi-
ronment. Plant phytoremediation potentials are greatly
diversified. Plants may reveal ability to accumulate only
selected metals or absorb them at their synergic impact on
the environment (Eapen and D’Souza 2005; McGrath et al.

@ Springer

2002). According to Pesko and Kral'ova’ (2014) and Pan-
war et al. (2002) the ability to accumulate nickel may be
diversified even within one species. The above-quoted
authors stated a considerable diversification between the
values of nickel BAF for two cultivars of Brassica napus
cultivated under hydroponic conditions.

From the practical point of view, weighted average
metal content in dry mass of plant aboveground parts,
removed from the field at crop harvest, is the most
important for the soil phytoremediation (Farrag et al. 2012;
Sood et al. 2012). In their research on various crops abil-
ities for nickel accumulation, Giordani et al. (2005) indi-
cated a higher potential of spinach for this metal uptake
(65 g Ni ton™ ") in comparison with cabbage, barley, sor-
ghum or beans. In authors’ own research, field bean and
lettuce revealed almost twice higher efficiency in nickel
removal in comparison with maize. Almost over 200 g Ni
was taken up with each ton of these plants dry mass. Such
large uptake of nickel may be justified by this element
occurrence in the nutrient solution in the directly
bioavailable form.

Toxic effect of nickel on plants among others relies on
causing oxidation stress through inhibiting the activity of
superoxide dismutase (SOD), ascorbate peroxidase (APX)
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or glutathione reductase (GR) or reduction of transpiration
and closing of stomata (Gajewska and Sklodowska 2005;
Lu et al. 2010; Hussain et al. 2013). The effect of plant
exposure to toxic contents of nickel in the environment
may be also their growth inhibition and drying of leaves, as
well as diminished yield (Gonnelli et al. 2001; Sarma
2011). Investigations of Giordani et al. (2005) point to no
response in the form of a depression in bean yield (Faba-
ceae) cultivated on the soil contaminated with increasing
doses of nickel (between 0 and 600 mg Ni kg~' of soil).
The authors quoted above did not observe a reduction in
barley yielding, either (Poaceae) under the influence of
increasing doses of nickel. Rathor et al. (2014) assessed
nickel contents, similar to presented in this paper, in maize
cultivated under hydroponic conditions at nickel concen-
trations of 0 and 10.0 mg Ni dm™ of nutrient solution,
whereas at higher concentrations (20-40 mg Ni dm™>) the
authors registered an increase in this element concentra-
tions both in the aboveground parts and roots. Increasing
nickel contents in maize with subsequent doses of this
component in the nutrient solution was accompanied by
diminishing plant yield.

Natural phytoremediators should be characterised by a
developed root system, fast growth, big production of
biomass, tolerance to contamination and ability to accu-
mulate several pollutants simultaneously (Luo et al. 2006;
Jabeen et al. 2009). In the populations of plants that
hyperaccumulate heavy metals, the mechanisms connected
with absorption of these element ions from the soil, their
transport to the aboveground parts and finally with their
detoxification and compartmentation in shoots are more
effective than the same processes in the populations which
are not hyperaccumulators (Boyd and Jaffré 2009; Chaney
et al. 2007; Hseu et al. 2010).

According to the criteria presented by Subhashini and
Swamy (2013) and Marchiol et al. (2004), the hyperaccu-
mulators and phytoremediators are the plant species for
which: values of metal TF (ratio of metal content in the
shoots and roots) are higher than 1, values of metal bioac-
cumulation in the aboveground parts (ratio of metal con-
centration in the shoots and nutrient solution) are bigger than
1, heavy metal content between 10 and 500 times higher
than in the other plants growing in the same environment,
concentrations of copper, lead, nickel, chrome on the level
of over 1000 mg kg™, or more than 100 mg kg™ cadmium
content, or zinc content more than 10,000 mg kg~'. When
the concentrations of metal in the aboveground parts are
lower than in roots, the plant is classified as a heavy metal
excluder (Ahmad et al. 2007; Boularbah et al. 2006; Wang
et al. 2005). On the other hand, in the indicator plants metal
content is approximate to the concentrations in soil or in
their growth environment. Assuming the criteria presented
in this paper, the tested plants should be classified into heavy

metal excluders. The obtained results allow to assess the
studied species regarding the tolerance to high concentra-
tions of nickel in the substratum and determine the level of
its toxicity. Maize turned out to be the plant most sensitive
to nickel excess in the substratum, whereas lettuce proved
the most tolerant.

Conclusions

The yield of test plants depends on the analysed plant
species, analysed plant part and nickel concentrations in
the nutrient solution. Increasing doses of nickel doses in
the nutrient solution cause a decrease in yield of maize,
an field bean. In case of lettuce, an opposite dependence
is noted, i.e. increase in yields under the influence of
growing nickel doses in the nutrient solution. Nickel
content in the aboveground parts of field bean and let-
tuce was almost twice higher in comparison with the
contents registered in maize. Nickel was accumulated
mainly in the roots of test plants. The highest values of
TF characterised lettuce plants, almost twice lower val-
ues of the TF were noted for maize plants and the lowest
for field bean. On the basis of the analysis of nickel CI it
may be concluded that from among the tested plants,
field bean revealed the greatest tendency for counter-
acting nickel accumulation in the shoots. From among
the analysed test plants, the highest values of nickel
BAF characterised field bean, whereas the lowest were
noted for maize. Considering the test plant species,
maize revealed the greatest nickel uptake from the
nutrient solution, which is due to a big yielding potential
of this plant. Lettuce is the most tolerant to increasing
nickel doses among the analysed species, whereas maize
is the most sensitive.
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