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ABSTRACT

Nickel (Ni) is an essential microelement for higher plants and an important one for many other living organisms. It is present in
every part of the biosphere. Higher plants have small requirements towards Ni for their optimal growth and development. That is
why its latent and acute deficiencies in nature rarely occur. Soil and water pollution with Ni is a global issue. This is the reason
special attention is paid to the effects of higher Ni concentrations on plants metabolism, their organic production, as well as on
the possibility of using plants for phytoremediation of Ni contaminated habitats. Depending on the present concentrations, nickel
may favourably, unfavourably or not affect the metabolic processes of plants at all (enzyme activity, photosynthesis, respiration,
water regime, mineral nutrition, etc.), and thus the growth and development of plants. There are still many questions about the
mechanism of Ni influence on the physiological and biochemical processes of plants. Therefore, we believe the presentation of the
previous knowledge about the effect of Ni on plants’ life processes can contribute to a better understanding of the biotechnical
and ecological significance of Ni, and it can indicate further research directions in this field.
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HN3BOJ

Hukan (Ni) je y Masoj KOHIleHTpaLMjy IIMPOKO pacHpocTpameH y 6uocdepu. I'1aBHu usBop Ni 3a TepecTpuuHe GUIbKe je
3eMJBHILHM DPACcTBODP. Y 3eMJ/bHIIHOM DPAcTBOPY NPETEXHO ce Hajla3u y BUAY Xxujpokcu kommiekca Ni(OH)* u jona Niz
PacTBOp/bMBOCT M THMe MOGMJIHOCT M mucTynadyHocT Ni 3a 6u/bke nmosehaBa ce ca cMamermeM pH BpeJHOCTH M KamanuTeTa
3eMJbMILTA 3a U3MeHY joHa. Busbke Mory Ni ycBajaTu myTeM KopeHa 1 HaI3eMHUX OpraHa. Y cBajare ce 0iBHja yTeM JuUdy3uje 1
aKTHUBHOT TpaHcnopTa. [Ipu ycBajawy Ni noCToju MHTEpaKLHja ca joHUMa Jpyrux MUkpoeseMenarta (Zn, Fe, Mn, Cu). Hukan je y
6u/pKaMa 06pO MOKPET/bUB Y aKpONeTa/HOM U 6asumneTasHOM HpaBly. YcBojeHH Ni ce BeJIMKUM /IeJIOM HaKyIba y KOpPeHyY, y
Bakyosu u hesnumjckom 3upy. IlojenuHe 6u/bHe BpCTe M TeHOTHUHOBM HAKymbajy Ni pas/MYUTHM HHTEH3UTETOM.
Xunepakymysaatopu Ni koju BehuM fiesoM Npunaziajy ceprneHTHHCKOj GJIOpH OJIUKYjy ce HapOYMTO BeJIMKOM croco6Homhy 3a
Hakyn/bareM Ni. Hixke koHLleHTpanuje Ni MMajy 3HauajHy y/I0Ty U IOBOJBHO YTUUY Ha 6pojHe GU3HOJIoIIKe Ipoliece GU/baKa O/
KJIMjalba ceMeHa /Io pacTera U pa3Buha. Bulle 61/bke He MOTy Jja 3aBpllle >KUBOTHU LIUKJIyC 6e3 afiekBaTHe o6e36eheHocTu Ni
cTOTa ce OH y6paja y Heollxo/JHe MUKpoeJieMeHTe 3a 6u/bKe. HUKaJl je HEONIXO/HHU cacTojaKk eH3MMa ypease U TUMe y4ecTBYje y
MeTa6osu3My ypee. [lopeJ; Tora, yTude Ha cajpkaj NMrMeHaTa XJI0POIUIAcTa, POTOCHHTE3Y, TPAHCIOPT eJeKTPOHA, JUcalbe,
BOJIHU PeXXUM, MUHepaJIHy UCXPaHy U Y KpajHb0j IMHUjU Ha 6UOJIOLIKY IPUHOC GUJbaKa.

TokcnyHe KoHUeHTpauuje Ni M3a3MBajy OKCUAATHBHM CTpec noBehameM NPUCYCTBAa PeaKTHMBHUX KHCEOHWMYHHMX BPCTA IUTO
foBoau Jo nopeMehaja paBHOTexe HM3Mehy NpPOOKCHJAATHBHUX Ipolleca U aHTHOKCHAAHTHOT cUCTeMa Ouspaka. [lociepnne
OKCH/JJATHBHOT CTpeca Cy JIMIH/HA NepoKCH/altja, OKCUAATUBHA MoguduKanuja npoterHa u JHK, ferpaganuja xmopoduna n
6pojHu apyru nopemehaju MeTaboIM3MHa ycles dyera hesvje 1 TKHMBA MOJJIeXKY HEKPO3H YKOJIHUKO He T0CeAyjy A0BOJ/bHO CHaXKHE
AHTHUOKCH/JAHTHE MeXaHU3Me.

Ksby4He peun: Gu/bKe, HUKJI, PacT, TOKCUYHOCT, yCBajarbe, GU3HOJIOLIKH MPOLIECH.

1. Introduction

Nickel (Ni) is widespread in nature in small
concentrations. The share of Ni in the Earth's crust is
0.1%. According to the representation in the Earth's
crust, it is on the twenty-second place among the
elements. Nickel belongs to the triad of iron, along with
cobalt. The elements of this triad are metals that easily
transition to a passive state. They are also
characterized by the appearance of ferromagnetism. In
biological systems, Ni is predominantly found as Ni (II),
and may also be present as Ni (I) and Ni (III). Nickel
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forms stable complexes with certain organic molecules.
Based on the knowledge of its effect on life processes,
Ni has been considered a necessary microelement for
higher plants (Mishra and Kar, 1974; Eskew et al,
1983; Brown et al, 1987a) and some other living
organisms (Solomons, 1984) since the late 20t century.
The necessity of Ni for plants is especially emphasized
after the discovery of Ni being a component of the
enzyme urease (Dixon et al, 1975). Depending on its
concentration, Ni can have a stimulating or toxic effect
on numerous physiological and biochemical processes,
and thus on the growth, development and yield of
plants. Therefore, understanding its impact on plant life
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processes has both theoretical and practical
significance. This particularly refers to its toxic effect,
having in mind numerous anthropogenic sources of Ni
pollutants. Certain plant species and genotypes react
differently to the presence of Ni, which should be taken
into account in the case of Ni application. As Ni affects
nitrogen metabolism, it is essential to take Ni
distribution in plants into consideration when applying
nitrogen fertilizers.

2. Uptake, Transport and Distribution of
Nickel

Terrestrial plants uptake Ni from the soil. Its
concentration in the soil primarily depends on its
presence in parent rocks, soil forming processes and
pollution. On average, the total Ni content in soil varies
from 0.2 to 450 mg kg -1 (Kabata-Pendias, 2000), while
the median for Europe was 14.7 mg Ni kg! soil
(Albanese, 2015). Serpentine soils are particularly
known for high Ni levels (Mizuno et al, 2018). Soils
formed on serpentines contain from 100 to 7,000 mg
kg -INi. Some endemic species have adapted and acted
as Ni hyperaccumulators with the concentration of
even 1,000 mg Ni kg'! DW in plant tissue (Mili¢ et al,,
2021). The major Ni ores are garnierite and
pentlandite. Besides the parent substrate, Ni reaches
the soil during the combustion of coal and oil fuels, by
the application of mineral fertilizers, especially
phosphorus, as well as by waste slit, mines and metal
smelters activities (Bogdanovi¢ et al, 1997; Kabata-
Pendias, 2000). Nickel reaches agricultural soils from
the atmosphere too (in Denmark 7 g ha'! per year), and
from mineral and organic fertilizers, 4 to 7 g hat
(Hovmand, 1984). The loss of Ni by removal from the
soil by plant yields and leaching is significantly less
than the intake, resulting in its accumulation in the soil.

Based on a review of 1,300 published papers
worldwide, the average concentration of Ni in the soil is
93 mg kg! soil (Bogdanovi¢ et al, 1997). Ni
concentration in the soil depends on the soil type to a
large extent. In Vojvodina, in 1,600 tested samples of
different soil types, the Ni concentration was between
1.8 and 62.7 mg kg soil (Ubavi¢ et al, 1993). The
median value of total Ni concentration in the soil under
main field crops in Central Serbia was 44.8 mg kg
(Banjac et al., 2021). Ni is mainly present in the soil in
the form of Ni2* ions under anaerobic conditions, which
is the most available form to plants (Cempel and Nikel,
2006). In soil solution, Ni is predominantly found in a
hydrated form (Yusuf et al,, 2011). Nickel is relatively
stable in an aqueous solution. In soil solution, Ni may
exist as a complex with inorganic and organic ligands,
and/or associated with suspended mineral colloids,
where the organic complexes may be dominant in soil
solution. The solubility, and thus the mobility and
availability of Ni for plants, increases with decreasing
pH and decreasing ion exchange capacity of the soil.
Total Ni content in the soil positively correlates with
the content of clay and organic matter, and negatively
correlates with fine sand content. The uptake of Ni by
plants depends on a number of soil properties,
primarily on its form and concentration in the soil, the
presence of other metals, the composition of organic
matter, and plant metabolism (Chen et al., 2009). Clay
soils with high cation exchange capacity are
characterized by the lowest transfer coefficient of Ni to
plants, due to stronger Ni adsorption in the soil (Rasti

et al, 2020). A higher pH value of the soil solution
reduces the uptake of Ni because of the formation of
poorly soluble Ni complexes.

Plants can wuptake Ni through roots and
aboveground organs. Terrestrial plants predominantly
uptake Ni through the roots via passive diffusion and
active transport. The intensity of Ni uptake largely
depends on its concentrations in the nutrient medium.
Nickel is translocated to all the tissues of the root via
both the apoplast and symplast. Soluble Ni compounds
can be taken up through the cation transport systems
for Cu?+, Zn2+ and Mg?+, due to the similarity of the
charge/size ratio, especially Ni and Mg ions. Secondary,
active transport of chelated Ni2+ is possible (Chen et al,,
2009). According to the results achieved through
studying the effect of temperature, light intensity,
inhibitors of respiration and anaerobic conditions, it
can by concluded that, at least partially, the uptake of
Ni depends on metabolic processes (Aachmann and
Zasoki, 1987; Petrovi¢ and Kastori, 1994) (Table 1). In
addition to Ni uptake, plant root can also release it into
the environment, approximately 5% of the total
amount absorbed (Petrovi¢ and Kastori, 1979a). Ni can
affect the uptake of ions of the other elements, by
stimulation or inhibition (Petrovi¢ et al., 2003; Rahman
et al, 2005; Hasinur et al., 2005; de Queiroz Barcelos et
al,, 2017). In this regard, however, the results of studies
are quite contradictory (Sergin and Kozhavnikova,
2006).

Table 1.

Effect of some respiratory inhibitors on Ni uptake by
root segments of young wheat plants (ug Ni/100 g
DM/24 hr) (Petrovi¢ and Kastori, 1994)

o Treatment LSD
Inhibitor Control 105M 10M 5% 1%
2.4 DNP 23.0 22.0 19.0 1.8 2.6
KCN 25.8 23.1 18.2 2.0 2.8
NazHAsO4 29.5 28.0 13.2 2.6 3.7
NaNs 22.3 16.3 13.3 2.3 3.2
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Absorbed Ni is largely accumulated in the root
(Baccouch et al., 2001), immobilized in vacuoles of root
cells and bound to the walls of xylem parenchyma cells
(Sergin and Kozhevnikova, 2006). The most part, over
80%, is found in the vascular cylinder, and less than
20% is present in the cortex. Regarding leaves and
stem, Ni is predominantly found in the vacuole, cell
wall and epidermal trichomes associated with citrate,
malonate and malate. According to Timpereley et al.
(1973), more than 87% of Ni in leaves is found in
cytoplasm and vacuoles, 8-9.9% in chloroplasts, and
0.32-2.85% in mitochondria and ribosomes.

Transport of Ni over longer distances takes place
in the xylem and phloem. Nickel shows great mobility
there (Page and Feller, 2005). The ascending Ni
transport occurs in the xylem under the influence of the
transpiration stream. The translocation of Ni in xylem
occurs in various forms, most often in the form of
citrate and malate complexes. Nickel can be
translocated from the xylem to the phloem, as well as
redistributed (Zeller and Feller, 1998). Based on the
results of experiments with separated roots, both
ascendant and descendent transportation of Ni takes
place in young wheat plants, as indicated by a relatively
high ratio of Ni in the portion of the root placed in the
nutritive solution without Ni (Petrovi¢ and Kastori,
1979b). When 63Ni was applied in nutrient solution
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during the flowering phase of wheat, the root contained
64.4%, stem 1.5%, rachis 2.3%, chaff 4.3%, and grain
22.8% out of the total amount of accumulated Ni
(Petrovi¢ and Kastori, 1994) (Table2). When applying
increasing doses of Ni in triticale by an introduction to
the soil, out of the total accumulated amount of Ni 70%
was in the grain and only 30% in the vegetative parts of
the shoot. The translocation index, describing the
translocation of Ni from the vegetative plant parts to
the grain, was the highest in Ni, among the ten

Table 2.

examined microelements (Kastori et al,, 2004). Studies
of Banjac et al. (2021) indicated a different
accumulation of Ni in the seeds of cultivated species.
The median concentration of Ni in wheat and maize
seeds was 5.0 mg kg1, while soybean and sunflower
seeds had much higher Ni content, 8.40 and 10.26 mg
kg1 median value, respectively. Consequently, the seed
bioaccumulation factor ranged from 0.013 in maize to
0.256 in soybeans.

Distribution (%) and translocation of 63Ni after its application to roots and leaves at the stage of flowering and

measured at fool maturity (Petrovi¢ and Kastori, 1994)

Distribution %

Distribution %

Plant part After After Plant part After After
uptake uptake by uptake by uptake by
by roots leaves roots leaves

Root 64.43 18.63 5th & 6thleaf*  0.003 13.00

Stem 1.48 0.73 5th & 6th sheat 1.39 1.43

1st & 2nd leaf 0.01 0.29 Spike 2.29 13.70

1st & 2nd sheath  1.04 0.68 Chaff 431 17.30

3rd & 4th leaf 0.001 2.56 Grain 22.79 31.13

3rd & 4th sheath  1.29 0.49 Whole plant 100.00 100.00

*treated leaves

In addition to uptake by the roots, Ni can enter the
plants through leaves (Andreeva et al, 2001). When
63Ni was applied at the 6th leaf during the wheat
flowering phase, out of the total amount of accumulated
Ni app. 62% was translocated ascendingly in ear (31%
in grain, 17% in chaff, and 14% in spike), 0,7% in the
stem, 19% in leaf and sheet and 19% in the root
(Petrovi¢ and Kastori, 1994). When 63Ni was applied on
sunflower leaves, 37% of the total amount was
translocated to other plant organs (Sajwan et al., 1996).
During the Ni uptake by the roots and aboveground
organs, a significant proportion of Ni is translocated in
the edible part of the grain, which can be a problem if
the plants are exposed to Ni pollution.

Certain plant species and genotypes accumulate
with different intensities (Petrovi¢ et al., 2003; Kastori
et al, 2010; Sheoran et al, 2016; Rasti et al, 2020).
There are about 300 plant species of
hyperaccumulators that are characterized by a large
accumulation of Ni. Such species mostly belong to the
serpentine flora. Maximum Ni concentration (mg kg
dry matter) in hyperaccumulators Allysum (48 species)
ranges from 1,280 to 29,400, Phyllanthus (41 species)
from 1,090 to 60,170, Thlaspi (23 species) from 2,000
to 31,000, and Hybanthus (5 species) from 3,000 to
17,600 (Seregin and Kozhevnikova, 2006).

3. Results and Effect of Nickel on
physiological Processes Various Enzyme
Activities

Most plant physiological processes depend on
enzyme activity. Essential macro- and microelements
can directly (metalloenzymes) and/or indirectly
participate in or influence the enzymatic activity of
plants. In their review article, Li and Zamble (2009)
studied in great detail the enzymes that require Ni for
their catalytic function, listing the enzymes: (NiFe)-
hydrogenases, superoxide dismutase, carbon monoxide
dehydrogenases, methyl-CoM reductase, glyoxilase I,
acireductone dehydrogenases and ureases. According
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to Drzewiecka et al. (2012), Ni is an important metal in
plant metabolism and a co-factor of numerous
metalloenzymes. Urease is considered to be the most
important Ni-metalloenzyme in higher plants (Polacco
et al., 2013). Urease occupies a significant place in the
history of biochemistry, as it was the first enzyme ever
to be crystallized (1926).

Among enzymes containing Ni, urease, its catalytic
and non-catalytic properties (Kappaun et al., 2018), as
well as its structure and catalytic mechanism (Mazzei et
al. 2020), have been studied in great detail. The role of
Ni in urease function (urea amidohydrolase, ED 3.5.1.5)
was determined by Dixon et al. (1975). This gave a
great impetus to the study of the Ni role in the life
processes of plants, which ultimately resulted in Ni
being one of the essential microelements for higher
plants (Brown et al, 1987a; Poonkothai and
Vijayavathi, 2012). This was to be expected since Ni has
been located around the argon-carbon-argon line in the
periodic table of elements, on the nutrient line or the
life line, in the vicinity of the biogenic elements iron
and cobalt. According to the understanding in the field
of bioinorganic chemistry, the place of an element in
the periodic table may indicate its biogenicity to some
extent.

The presence of urease has been found in
numerous organisms, including higher plants, algae,
fungi, prokaryotes, as well as invertebrates (crabs,
mussels), while its presence has not been detected in
vertebrates. Urease is a significant protein, especially in
the seeds of Cucurbitaceae, Fabaceae, Asteraceae and
Pinaceae families (Bailey and Boulter, 1971). It is also
present in the leaf tissues of all plants to a lesser extent
(Hogan et al,, 1983), which allows the volatilization of
ammonia from the surface of plants. Ammonia released
by plants is thought to be connected with reactions
producing NHs. Different values for ammonia
volatilization by plants are reported in the literature, as
it depends on a number of factors: supply of plants with
nitrogen, ecological conditions, plant species, stages of
plant development, etc. (Kastori, 2004).
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Ureases are ubiquitous metalloenzymes that
catalyze the transformation of wurea. Enzymatic
hydrolysis of urea proceeds in two phases. First, urea is
hydrolyzed to ammonium carbonate:
(NH2)2C0O+2H20—(NH4)2COs3, which is then
decomposed into ammonia, carbon dioxide and water:
(NH4)2C0O3+H20—-2NH3+CO02+2H20. The decomposition
of urea to ammonium carbonate occurs under the effect
of the enzyme urease, while further transformation
proceeds without the participation of the enzyme. The
formation of urea in the animal and plant world is
identical. Urea is formed from arginine by the enzyme
arginase, which also produces ornithine. The seeds of
many plants contain arginine as a reserve source of
nitrogen. Arginine is also a significant source of
nitrogen during leaf aging. Urease isolated from jack
bean was studied in great detail. It was found that it
consists of six subunits and each of them contains two
Ni atoms (Marschner, 2012).

Nickel plays an important role in the nitrogen
metabolism of plants (Gerendas and Sattelmacher,
1999; Follmer, 2008; Gajewska and Sklodowska, 2009),
especially in plants where ureids, e.g. allantoin, are
represented to a greater extent. In addition, Ni has a
role in providing plants with urea (Bai et al, 2006).
This could explain the particularly beneficial effect of Ni
in legumes, where ureides accumulation occurs. The
majority of higher plants contain urease, even when the
nitrogen source is NHs*, NO3- or N2. This indicates the
necessity of urease in the metabolism of ureides (uric
acid, allantoin, allantoic acid, and urea) and guanidine
(arginine, cannavalin and agmatine) (Bai et al., 2006,
2008). Ureides and guanidines are used by higher
plants as a transport form of nitrogen or they represent
compounds for nitrogen accumulation. The utilization
of nitrogen from the mentioned compounds for
anabolic purposes takes place through urea, which is
why there is a need for urease. For example, soybean
uses ureides to transport nitrogen as well. In conditions
of Ni deficiency, urease activity decreases and urea
concentration increases, as a result of which its
concentration in top of leaves can reach 2.5% in dry
matter, causing tissue necrosis. Ni deficiency not only
reduces the activity of urease, but also of the other
enzymes involved in nitrogen metabolism, like nitrate-
reductase. Therefore, it adversely affects protein
synthesis and total nitrogen content (Brown et al,
1990). Contrary to the above, Gajewska and
Sklodowska (2007) documented a slight increase in
protein content in wheat leaves when applying Ni,
while Gopal and Nautiyal (2012) and Maksimovi¢ et al.
(2012) recorded a significant accumulation of proline.
According to Oliveara et al. (2013), the activity of
urease in lettuce leaves increased with the application
of Ni, regardless of whether the applied form of
nitrogen was urea or ammonium-nitrate. A positive
correlation was found in pecan between Ni levels in the
leaves and urease activity (Ojeda-Barrios et al.,, 2016).

In addition to its role in nitrogen metabolism in
plants, urease also has a non-catalytic biological effect,
regardless of the ureolytic activity (Follmer et al,
2001). Urease plays a role in cell-to-cell
communication. Plant urease has insecticidal and
fungicidal effects, and a role in soybean nodulation. Jack
bean urease indicates interaction with cell membrane
lipids, which may be the basis for non-enzymatic,
biological properties of urease (Kappaun et al,, 2018).
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Urease also plays a significant role in the
transformation of urea in the soil (Kumar and Wagenet,
2018) in solid, liquid and mineral fertilizers (urea,
calcium-cyanamide), as well as in the loss of nitrogen
from the soil in the form of ammonia. Urease is
synthesized in the soil by a large number of bacterial
species (Micrococcus ureae, Sarcina urea, Urobacillus
pasteuri, Urobacterium miqueli), as well as by a number
of fungi and actinomycetes. Urease enters the soil
mostly as extracellular urease bound to humic
substances and clay.

Increased concentrations of heavy metals, among
which Ni is classified, tend to cause phytotoxicity. One
of the primary effects of phytotoxic amounts of heavy
metals in higher plants is the inhibition of enzyme
activity. Two mechanisms of enzyme inhibition
predominate: a) binging of the metal to functional
groups of the enzyme, such as sulthydryl group,
involved in the catalytic action or structural integrity of
enzymes, and b) deficiency of an essential metal in
metalloproteins or metal-protein complexes, eventually
combined with substitution of the toxic metal for
deficient element (Van Assche and Clijsters, 1990). At
molecular and cellular levels, Ni ions bind strongly to
sulphur, oxygen and nitrogen atoms and show a high
affinity for sulfhydryl and disulphide groups. This leads
to damage of the secondary protein structure,
manifests itself in the activity of enzymes, and thus in
metabolic processes (Siedlecka and Krupa, 2002).

Oxygen is found in the atmosphere in an inactive
form (0:2), which can be activated physically or
chemically to form reactive oxygen species. Oxygen
activation occurs not only in the external environment,
but also in plants, causing oxidative stress. Abiotic and
biotic stress, including high concentrations of heavy
metals, cause oxidative stress in plants, and
accumulation of reactive oxygen species (Gratao et al,
2005; Popovi¢ and Stajner 2008; Sachan and Lal, 2017).
Increasing the Ni concentration reduces the activity of
antioxidant enzymes capable of reducing the presence
of reactive oxygen species, which results in their
accumulation, thereby causing oxidative stress in
plants (Bhalerao et al,, 2015; Georgiadou et al,, 2018).
Oxidative stress is a balance disturbance between
prooxidative processes and the antioxidant system of
the organism. High concentrations of Ni ions promote
the formation of reduced oxygen forms, hydrogen
peroxide, superoxide radical, hydroxyl radical and
nitric oxide.

All aerobic organisms are exposed to oxidative
stress. Reactive oxygen species are continuously
developed in cells exposed to aerobic conditions.
Peroxisomes also play an important role in
detoxification. Peroxide compounds are formed in
numerous metabolic processes of plants, which in
larger quantities can be very harmful for cells. The
antioxidant enzyme catalase found in plants,
predominantly located in peroxisomes, decomposes
peroxide into water and oxygen, and thus releases the
cell from hydrogen peroxide, which is a strong oxidant.

The electron configuration of the oxygen molecules
in the ground state enables the gradual reduction of
oxygen atoms. lons of transition metals, such as Mn?+,
Cu?+, Cr3* and FeZ+ with the exception of Ni2* may
participate in this process. However, numerous
publications indicate that it can affect their presence
indirectly through the activity of the antioxidant
enzymes catalase, peroxidase, superoxide dismutase,
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glutathione peroxidase, ascorbate peroxidase and
guaiacol peroxidase. Based on numerous studies, it is
considered that both redox active and non-redox-active
metals can induce the accumulation of reactive oxygen
species, and so does Ni. The antioxidative defense
enzymes, guaiacol peroxidase, ascorbate peroxidase,
and glutathione reductase, showed increased activity in
Ni-treated drought sensitive durum wheat seedlings
(Pandolfini et al,, 1996). As stated by Ilin et al. (2000),
the lower Ni concentrations increased the activity of
superoxide dismutase, while the higher concentrations
decreased its activity in both wheat and maize leaves.
Consequently, the quantity of oxygen radicals was
significantly lower at lower Ni concentrations. In order
to survive in the presence of higher concentrations of
heavy metals, plants developed antioxidant defence
systems to counteract oxidative damage from reactive
oxygen species. Exposing plants to low concentrations
of Ni or for a shorter period of time may increase the
activity of antioxidant enzymes (Gomes-Junior et al.,
2006; Kumar et al., 2012; Gopal and Nautiyal, 2012),
which leads to a decrease of oxygen radicals. Yan et al.
(2008) found an increase in the activity of the
antioxidant enzymes, superoxide dismutase,
peroxidase, catalase and phenylalanine ammonia-lyase
at lower concentrations of Ni. These authors believe
that this has a primary role in regulating the levels of
reactive oxygen species in the presence of higher
concentrations of Ni. However, activated antioxidant
enzymes were not sufficient enough to combat Ni
toxicity-induced oxidative stress.

In addition to antioxidant enzymes, plants contain
non-enzymatic antioxidant compounds (tripeptide
glutathione, phenolic acids, flavonoids, carotenoids,
terpenes, L-ascorbic acid, etc.) that also protect them
from the harmful effects of oxygen radicals. Silicon has
been found to play a positive role in protecting against
the negative effects caused by abiotic stressors, heavy
metals including Ni (Khalig et al, 2015). Silicon
application to Ni-stressed mustard plants increased the
activity of antioxidant enzymes and enzymes
associated with the ascorbate glutathione cycle and
glyoxalase systems, as well as flavonoid and total
phenol content (Abd-allah, 2019). Flavonoids and
phenols help plants to withstand the adverse effects of
metal stress. Oxidative stress caused by the presence of
a higher Ni concentration can be modified by the
interference between Ni and Fe (Nishida and Mizuno,
2011, Leskova et al,, 2020).

4. Photosynthesis and Respiration

Higher = Ni  concentrations can  inhibit
photosynthesis directly or indirectly in a number of
ways: by disorganizing the chloroplast ultrastructure
through limiting biosynthesis or intensifying the
degradation of chloroplast pigments; by inhibiting
photosynthetic electron transport chain and Calvin
cycle enzymes; by an insufficient supply of carbon
dioxide due to reduced stomatal conductance; by
induction of oxidative stress; by peroxidation of
membrane lipids, etc. (Bhalerao et al, 2015; Parlak,
2016; Sachan and Lal, 2017).

Regarding the cellular organelles, chloroplasts are
exposed to oxidative stress to the greatest extent.
Depending on the applied concentration, nickel can
reduce the number and size of chloroplasts, lead to
disorganization of the organelle ultrastructure by
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reducing the number of thylakoids, changing the
composition of membrane lipids and their
peroxidation, by induction of oxidative stress (Molas,
1997; Parlak, 2016). Numerous studies have found a
decrease in the concentration of chloroplast pigments,
chlorophylls and carotenoids, in the presence of higher
Ni concentrations (MiloSevi¢ et al., 2002; Petrovi¢ et al.,
2003; Drazkiewicz and Baszynski, 2010; Parlak, 2016),
whereby an increase in the carotenoids/chlorophyll
ratio occurs (Gopal and Nautiyal, 2012). Heavy metals
are believed to reduce chlorophyll content by its
enzymatic degradation, as higher chlorophyllase
activity has been demonstrated in plants treated with
heavy metals and inhibition of chlorophyll biosynthesis
at the protochlorophyllide level, acting on
protochlorophyllide reductase (Kastori et al, 1997).
The decrease in the intensity of Ni-stress-induced
photosynthesis is the result of a decrease in chlorophyll
content and reduced light absorption by chloroplasts
(Khan et al, 2016). The possibility of replacing
magnesium in the chlorophyll molecule with heavy
metals, including Ni, has been documented. Studies
showed that the replacement of magnesium in the
chlorophyll molecule by heavy metals, including Nij,
occurred in vivo, which prevented the altered
chlorophyll molecules from absorbing light energy.
Moreover, it has prevented electron transfer in the
photosynthetic chain, which led to disruption of
photosynthesis (Kiipper et al., 1996). Chlorosis caused
by higher Ni concentrations can be the consequence of
the antagonism between Ni and iron, and thus its
deficiency, as well as the lack of magnesium, and
inhibition of chlorophyll biosynthesis (Seregin and
Kozhevnikov, 2006; LeSkova et al., 2017). Ni ions in
chloroplast thylakoids reduce the content of ferredoxin,
plastocyanin, cytochromes bé6f and b559 which
adversely affects the efficiency of the electron transport
chain (Siedlecka and Krupa, 2002). In photoautotroph
cyanobacteria Cylindrospermum, application of Ni
resulted in growth inhibition, oxygen release and
uptake, chlorophyll fluorescence and Hill activity
(Singh et al,, 1989). The reaction centre PSII is located
on the inner (oxidation) side of the thylakoid
membrane, and is connected to the enzyme complex
where the photolysis of water occurs, i.e. water-
splitting. Treatment with Ni affects water-splitting
(Boisvert et al., 2007). The enzyme complex where
water photolysis takes place contains manganese,
calcium and chlorine. It is believed that heavy metals
can replace manganese in the complex, which plays a
significant role in water-splitting (Mallick and Mohn,
2003). According to Ghasemi et al. (2012), higher Ni
concentrations adversely affect the photosynthetic
protein complexes and the Hill reaction. The effect of Ni
on photosynthesis includes its effect on stomatal and
mesophyll conductance for COz, as well as the
carboxylation capacity. Velikova et al. (2011) found a
significant decrease in photosynthesis in black poplar,
depending on the applied Ni concentration, caused by a
decrease in stomatal and mesophyll conductance and
metabolism impairment. Long-term Ni exposure (25 or
50 pM) decreases leaf pigment (SPAD index), the
efficiency of PSII, and induces lipid peroxidation and
membrane damage (Kumar, et al, 2015). Freitas et al.
(2018) stated the beneficial effect of 0.5 mg Ni/kg soil
on photosynthesis in soybean genotypes. Nickel can
reduce the symptoms of Asian soybean rust caused by a
pathogen Phakopsora pachyrhizi by increasing



Kastori et al.

concentrations of carotenoid, chlorophyll and ethylene,
and photosynthetic capacity during the infectious
process (Einhardt et al., 2020).

Nickel can affect not only the circulation of matter,
but also the energy. Lower concentrations of Ni
stimulate, while higher reduce the intensity of
respiration. Miller et al. (1970) discovered that a Ni
concentration of 0.08 mM maximally increased the
intensity of respiration in the mitochondria of maize.
Lower Ni concentrations, from 10-7 to 10-¢ M in the
conditions of water cultures, significantly increased the
intensity of respiration at the roots and in the
aboveground part of the pea, while the higher
concentrations inhibited it (Petrovi¢ et al, 2003).
Higher plants can use various organic acids as a
substrate for respiration, not only from the citric acid
cycle, but also the others. Since Ni affects the
metabolism of organic acids, it can also affect
respiration indirectly. According to Bai et al. (2006),
nickel deficiency disrupted carbon metabolism and the
citric acid cycle, the second stage of respiration.

5. Nitrogen and Organic Acid Metabolism

Besides being the constituent of the urease
molecule, nickel also affects the nitrogen metabolism of
plants. A large number of proteins contain Ni
(Thomson, 1982). Numerous studies have shown an
increase in the proline content in the presence of a
higher concentration of heavy metals, as well as Ni
(Parlak, 2016; Abd-Allah et al, 2019). The
accumulation of free amino acids, especially proline,
can contribute to the stabilization of molecules of
proteins and membranes, as well as osmoregulation. It
can also represent a reserve of carbon and nitrogen in
plant metabolism (Hare and Cress, 1997). With
increasing concentration of Ni in the nutrient solution
where mustard was grown, Gopal and Nautiyal (2012)
found an increase in proline and glycine betaine
concentrations, and a decrease in soluble proteins. Latif
(2010) discovered a significant decrease in radish total
protein with an increasing concentration of nickel-
sulphate. The decrease in protein content is thought to
be the result of increased protease activity under
stressful conditions. Treatment of wheat seedlings with
100 uM Ni led to the decrease of NR and NiR activities
(Gajewska et al., 2009a). Nickel can also affect the
uptake of nitrate ions indirectly, by acting on H*-
ATPase proton pump and on H*/NO3- symporter, since
it changes hydrolytic and transporting activities of the
plasma membrane bound H+*-ATPase (Janicka-Russak
et al, 2008). Stress caused by Ni also reduces the
activity of GS and NADH-GOGAT (Yusuf et al., 2011).
Both excess and lack of Ni have an effect on nitrogen
metabolism. Lack of Ni in young pecan leaves disrupts
the metabolism of ureides, amino acids and organic
acids, leads to the accumulation of xanthine, allantoic
acid, ureidoglycolate, and citrulline, and decreases the
concentration of total ureides, urea, and urease activity
(Bai et al, 2006). The level of Ni in the leaves also
affected the distribution of some free amino acids. Ni
deficiency increased the accumulation of glycine,
valine, isoleucine, tyrosine, tryptophan, arginine and
total content of free amino acids, and decreased the
concentration of histidine and glutamic acid. The
efficiency of atmospheric nitrogen fixation largely
depends on hydrogenase activity. In some legumes, Ni
is necessary for root nodule growth, hydrogenase
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activation and nitrogen metabolism (Dalton et al,
1985; Cammack, 1995; Freitas et al.,, 2018).

Organic acids play multiple roles in plant life
processes. In ryegrass and maize, Yang et al. (1997)
found an increase in the concentration of certain
organic acids in shoots and roots in the presence of Ni.
Moreover, they discovered the link between the organic
acid and Ni accumulation, as well as translocation.
According to studies by Bai et al. (2006), in pecan
sufficiently supplied with Ni, foliage contained
dominant organic acids, including lactic, oxalic, citric,
and diglycolic acid, while tartaric, formic, malic and
acetic acid pools were very low. Ni-deficient foliage had
increased lactic and oxalic acid, but reduced maleic
acid. The total concentration of organic acids was about
2 times higher in Ni-deficient than in Ni-sufficient
foliage. Nickel is predominantly bound to citrates,
hence correlation with Ni accumulation (Hossain et al.,
2012).

6. Water Relations

The anatomic and morphologic changes caused by
heavy metals stress affect the water relations in plants.
Nickel caused a decrease in the water potential, relative
water content, osmotic and turgor potential in two
durum wheat cultivars with different sensitivity to
water stress (Pandolfini et al, 1996). High
concentrations of heavy metals, including Ni, increased
stomatal diffusive resistance, but reduced transpiration
intensity, and total and relative water content (Kastori
et al,, 2000). In rice, the concentration of 0.5 mM Ni in
the nutrient medium significantly reduced the water
content (Lamas et al., 2008), while the treatment with
0.2 mM Ni decreased the relative water content in
wheat shoots after three days (Gajewska et al., 2006).
The reductions in total and relative water content at
reduced transpiration indicate that excess heavy metal
concentrations greatly curtail plants' water uptake. A
three-day treatment with 0.2 mM Ni reduced the
relative water content in wheat shoots (Gajewska et al,,
2006). The presence of Ni in plants increases the level
of abscisic acid (ABA), which induces stomatal closure
(Bishnoi et al, 1993). Excessive concentrations of
heavy metals cause xeromorphic changes in plants, a
decrease in leaf area and the size of epidermal cells,
while stomatal density increases (Breckle, 1991;
Kastori et al, 2000). In poplar leaves, stomatal and
mesophyll conductance largely decreased by Ni stress
(Velikova et al,, 2011). In mustard plants, leaf relative
water content and transpiration rate decreased with
increasing concentrations of Ni, and electrolyte leakage
increased with Ni stress in comparison to the control
(Abd-Allah et al., 2019). The toxic effect of Ni decreased
the area of leaf blades, the major transpiring surface
(Chen etal, 2009).

7. Seed Germination

Seed germination and seedlings growth are very
important stages in plant life, as those stages greatly
affect their further successful growth, development and
organic production. Niethammer (1930) was among
the first to notice the influence of Ni on seed
germination. He found that a lower concentration of Ni
salt (0.1% solution) has a stimulating effect, while
higher (0.5 to 1.0%) has an inhibitory effect. Higher
concentrations of NiSOs4 acted less inhibitory than
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NiNOs. Later Mishra and Kar (1974) and Das et al
(1978) also discovered the beneficial effect of low Ni
salt concentration on seed germination of different
plant species. According to Borwn et al. (1987a), barley
plants grown for three generations without Ni in a
nutrient medium produced grain with a very low
percentage of germination. However, the grain of plants
grown in the presence of 1.0 pM Ni had a germination
rate of 94%. These authors believe that the lack of Ni
reduces the ability of plants to form viable grain, or that
Ni is necessary in embryo metabolism during
germination. It is believed that the vitality of Ni-
deficient seed cannot be repaired by treating it with Ni,
as it is necessary for seed formation and development
(Brown et al., 1987a). It is assumed that the effect of Ni
on seed germination is also based on the mobilization
of reserve seed nitrogen compounds during the
germination by the enzyme urease, as it is its essential
ingredient. The wuse of urease PPD (phenyl
phosphorodiamidate) inhibitors leads to loss of seed
viability. Necrosis caused by the urea accumulation
occurs on the leaves of plants that have been developed
from seeds produced from Ni-deficient plants (Brown
et al,, 1987b). In soybeans grown from seeds enriched
and externally provided with Ni, growth was improved
and there was no urea damage to the leaves (Kutman et
al,, 2012). Doroghazi et al. (2010) studied the effect of
maize seed imbibition in solutions with different Ni
concentrations (0 to 10-2 mol Ni/L) and found that Ni is
intensively transferred to the root and shoot of young
plants during seed germination. The applied Ni
concentrations did not show an effect on the examined
germination parameters, except for the highest
concentration, which significantly increased the share
of atypical seedlings and non-germinating seeds and
reduced germination energy and seed viability. Shweti
et al. (2018) found a positive effect of the application of
low NiClz concentrations (5 mg L1) on seed
germination and production of fresh and dry matter
seedlings in nine wheat cultivars. However, higher
concentrations had adverse effects, reducing studied
parameters, but not to the same extent in all tested
cultivars. Other researchers also cited the adverse
effect of higher Ni concentrations on seed germination
and seedling growth (Rao and Sresty, 2000; Farooqi et
al, 2009; Yusuf et al., 2011; Pavlova et al., 2018). Higher
Ni concentrations directly affect the activity of
amylases, proteases and ribonucleases, and thus affect
the decomposition and mobilization of nutrients,
reserve substances of seeds during germination
(Ahmad et al, 2011). In addition to reducing the
activity of hydrolytic enzymes, the unfavourable effect
of high Ni concentrations on seed germination is also
explained by a decrease in the elasticity of cell walls
and disturbed cell proliferation. Based on the previous
knowledge, it can be concluded that the influence of Ni
on seed germination and seedling growth primarily
depends on the applied concentration and type of Ni
salt, as well as on the method of its application, plant
species and genotype.

8. Effect of Nickel on Growth and
Development

Nickel affects physiological processes, cell
biomolecules, the function and composition of cell
membranes, the structure of the cell wall and cell
organelles, cell division and the development of tissues
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and organs, and thus the growth, development and
accumulation of plant organic matter.

Based on numerous authors' study results, it can
be concluded that Ni affects macro biomolecules of
cells, i.e. nucleic acids (Kastori et al, 1978). Lower Ni
concentrations increase their content, especially DNA,
stabilize DNA structure and affect the structural
stability of ribosomes. On the other hand, higher
concentrations increase ribonuclease activity and affect
membrane functionality (Lamas et al, 2008).
Phosphorus incorporation into certain groups of
nucleic acids plays a significant role in plant
metabolism. The low concentration of Ni (1 pg L) in
the leaves of young maize plants has significantly
increased the incorporation of 32P in certain groups of
nucleic acids, while a high concentration (104 pg L1)
decreased it noticeably (Kastori et al., 1978). There was
increased cytosine methylation in 18S rDNA by NiClz. Li
et al. (2015) assumed that plant nucleus variation and
18S rDNA methylation can serve as an indicator of soil
and plant pollution with Ni.

Nickel affects the properties of biomembranes and
the structure of the cell wall. Oxidative stress caused by
higher concentrations of Ni leads to lipid peroxidation
of cell membranes, thus affecting their composition and
function (Molas, 1997; Gopal and Nautiyal, 2012;
Parlak, 2016). Nickel may play a cofactor role in the
metabolic processes of precursors in the synthesis of
lignin, a component of the cell wall (Wood and Reilly,
2006). As a result, Ni-deficient supply can significantly
reduce its formation. Nickel can contribute to host
resistance to infections by increasing enzyme activity
and lignification of leaf tissues (Einhardt et al. 2020).
Leskova et al. (2020) stated that genes involved in cell
wall modification significantly inhibit high Ni
concentrations. Nickel binds efficiently in the cell wall
of the root cell to carboxyl groups, hydroxycinnamic
and polygalacturonic acids (Meychik et al., 2014). As a
result, the cell wall represents a significant
compartment for Ni binding, thus contributing to the
tolerance of plants to high concentrations of Ni.

Higher Ni concentrations disturb the integrity and
orientation of microtubules, and induce root
gravitropic defects in Arabidopsis (LeSkova, et al,
2020). Among other things, microtubules enable the
movement of chromosomes and provide the structural
orientation of organelles. Chromosome stickiness,
anaphase bridges, laggards and extrusion of nuclear
material into cytoplasm were observed in tip cells of
the root in Plantago lanceolata treated with Ni (Pavlov,
2017). Higher concentrations of Ni reduced the size of
chloroplasts and led to a change in their structure
(Molas, 1997). Nickel induced changes in the structure
of the nucleus and nucleolus in root cells (Robertson
and Meakin, 1980). Application of NiClz in root tip cells
brought deformity and damage to the nucleolar
structure and significantly increased the number of
cells with abnormal nucleoli (Li et al., 2015).

Nickel can inhibit cell division and elongation. With
increasing Ni concentration (0-0.1 mM) and treatment
duration, the mitotic index of root-meristem cells,
chromosome bridges and stickiness decreased
significantly, and the number of abnormally divided
cells increased (Pavlova, 2017). The unfavorable effect
of higher Ni concentration on mitotic activity is a
consequence of the nucleolar structure damage,
aberrations in chromosome integrity and abnormalities
during mitosis. Demchenko et al. (2005) described the
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effect of Ni on the growth, proliferation, and
differentiation of root cells in wheat seedlings. High Ni
concentrations in endoderm and pericycle cells block
cell division in the pericycle, resulting in the inhibition
of root branching (Seregin and Kozhevnikova, 2005).
According to Kozhevinkova et al. (2009), Ni in maize
roots inhibited cell division to a greater extent than
their elongation. In the presence of calcium, the effect
of Ni on root growth was smaller due to less
accumulation of Ni in the apical part of the root.
Accumulation of metals in the zone of elongation can
lead to reduced cell elongation, especially if Ni-
competing ions are not present. It is believed that
heavy metals can also reduce cell elongation by altering
the cell wall plasticity, induced by indole-3-acetic acid.

The effect of Ni on cell division and elongation
reflects on the development of certain plant tissues.
Excess Ni decreased the mesophyll thickness in the
leaves of young wheat plants (Kovacevi¢ et al,, 1998).
The number of cortical cell layers increased in the roots
of maize seedlings of Ni treated plants, although the
other measured anatomical parameters were not
significantly affected (Maksimovi¢ et al. 2007).
Kozhevnikova et al. (2009) stated a significant
reduction in the rate of cell production in the meristem
of maize seedlings roots, and thus decreased the size of
the meristem.

Plant growth is determined by cell division and
elongation. Nickel has an effect on these two processes,
thus affecting the growth of individual branches and
the whole plant. Nickel had a significant adverse effect
on total root length and primary seminal root length,
while the number of nodal roots increased in treated
maize seedlings (Maksimovic¢ et al., 2007). A reduction
in the growth of maize seedling’s root in the presence
of Ni was also recorded by Kozhevnikova et al. (2009).
Its unfavorable effect was alleviated by the presence of
calcium. Therefore, in the absence of calcium, Ni
accumulated to a greater extent in the apical part of the
root where cell division is intense. However, in the
presence of Ca, Ni accumulated in the basal part and
hence interfered less with cell division. LeSkova et al.
(2017) also stated the adverse effect of Ni on root
elongation, which is explained by the inhibitory effect
of excessive Ni concentration on auxin distribution
between shoots and roots, by rapidly inhibiting the
auxin transporter PIN2, which is very sensitive to the
presence of Ni (Leskova et al., 2020).

9. Essentiality of Nickel in Plants

So far, numerous authors have pointed out the
necessity of Ni in the life processes of higher plants and
thus their growth and development (Eskew et al., 1983;
Brown et al,, 1987a; Wood et al,, 2006a; Yusuf et al,
2011). Nickel is necessary for the majority of higher
plants in small concentrations. Depending on the plant
species, the critical, required Ni concentration in the
shoot ranges from 0.01 to 10 pg g! dry matter
(Marschner, 2012), or, from 0.01 to 5 pug g'! dry matter
(Rizwan et al,, 2017).

Wood et al. (2006) described in detail the
symptoms of Ni-deficiency in certain organs of woody
plants. The leaves are characterized by the following:
chlorosis, reduced size and altered shape, transitory
dark green zone at the leaf tip, tip necrosis, cupping and
wrinkling of leaves, absence of laminar development
and winged petiole. Shoot and root characteristics
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include: loss of apical dominance and rosetting,
internodes and tree size is increasingly diminished,
buds shape tends to become increasingly distorted and
bud break tends to be delayed, the shoots and limbs are
noticeably brittle, the root systems are reduced. In
reproduction organs a small percentage of flowers will
develop to ripening. In soybeans, the lack of Ni due to
reduced urease activity leads to the accumulation of
toxic urea concentrations in the leaves (Eskew et al,
1983). In tomatoes, the young leaves are chlorotic and
the meristem necrotizes (Checkai et al, 1986). In
conditions of Ni deficiency, barley does not form
germinating grains due to the disturbed process of
grain filling. Therefore, barley is not able to complete
its life cycle in the absence of Ni, while its application
eliminates the symptoms of deficiency (Brown et al,
1987a).

Ni-deficiency is more common on dry and cold soil
in the early stages of plant development. It can be
induced by the presence of higher concentrations of Zn,
Fe, Mn, Mg, Ca and Cu, and root damage by nematodes
(Wood, 2006). Plants such as pecan, which use the
ureide transporting mechanism, have a special need for
Ni for urea metabolism. Ni-deficiency in these plants
affects the catabolism of urea, and thus the availability
of nitrogen for growth and development processes (Bai
et al, 2006). Urease activity in pecan leaves was
positively correlated with Ni concentration (Ojeda-
Barrios et al. (2016). In case of insufficient urease
activity, urea accumulates in the leaves and necrosis
occurs in the top part of the leaves.

In the past numerous authors have found a
beneficial effect of Ni on the growth, development and
organic production of plants, which confirms its
necessity for higher plants. Roach and Barclay (1946)
recorded an increase in potato yield during foliar
fertilization with Ni. Yang et al. (1996) found that Ni
concentrations up to 60 pM in maize and white clover
stimulate, while in the case of cabbage and English
ryegrass reduce the mass of dry matter. Dry matter
mass of above-ground parts and roots in pea cultivars
in water culture conditions significantly increased with
lower Ni concentrations, 10-8 and 10-7 M (Petrovi¢ et al.,
2003). Nickel fertilization under greenhouse and field
conditions with 0.5 mg Ni kg soil resulted in greater
grain yield in soybean genotypes (Freitas et al., 2018).
In a pot experiment, the shoot yield of wild marigold
was significantly increased by the application of
vermicompost and Ni up to 30 ppm, as compared to
control. The plant height and the number of branches
per plant were significantly increased by the
application of 10 ppm Ni alone (Chand et al,, 2015). It is
considered that foliar application of Ni is more
favorable than its introduction into the soil due to its
more efficient use by plants. Foliar application of Ni
affects the growth and yield components of barley.
Plant height, leaf greenness index, number of tillers,
ears, number of grains per ear, straw yield, grain yield
and weight of 1000 grains was the maximum with
three foliar applications of 0.2% of NiSO4:7H20 at 20,
40 and 60 days after sowing (Kumar et al., 2018). Based
on the results of examining the effect of Ni on the
growth, development and yield of plants, it can be
concluded that it depends on numerous factors,
primarily on the applied concentration and form of Ni,
the method of its application, plant species and
genotype, and levels of Ni in plants.
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10. Toxicity of Nickel in Plants

Soil pollution with heavy metals (Cd, Pb, Zn, Cr, Ni)
is a large problem in intensive plant production
(Boskovi¢-Rakocevi¢ et al, 2014). During the late 19th
century, Hasselhoff (1893) noticed that Ni could be
toxic to plants. Under natural conditions, toxic effects of
Ni can occur on soils formed from serpentine
(ultramorphic) minerals and other soils rich in Ni
(Mizuno et al,, 2018). In the ash of some plant species,
which grow on soils formed on serpentine rocks, the Ni
content can be up to 10%. Due to the widespread use of
Ni in various areas, soil enrichment with Ni can also
occur from anthropogenic sources, by pollution (Turan
et al, 2017). According to a number of authors, the
toxic content of Ni for most plant species ranges from
10 to 100 ppm in dry matter (Kabata-Pendias, 2000).

High concentrations of Ni can adversely affect the
growth, development and production of dry matter of
plants through various non-specific mechanisms
(Maksimovi¢ et al., 2012) (Table 3). Those mechanisms
include the production of free radicals and oxidative
stress, inhibition of enzyme activity, and cation and
anion uptake, changes in membrane permeability and
water relations, decline in photosynthesis and
respiration, morphological and anatomical changes,
inhibition of seed germination and growth and
development. These physiological and morphological
changes caused by excessive concentrations of Ni are
manifested by various symptoms of injury, including
chlorosis, necrosis and wilting of leaves, stunted
growth and dry matter production. Corn roots became

brown after Ni treatment (Baccouch et al., 2001). The
browning may indicate the oxidation of phenolic
compounds to cytotoxic quinones. Some authors
recorded a significant decrease in growth and dry
matter production in the presence of higher Ni
concentration, including Petrovi¢ et al. (2003) in
different pea cultivars, Pandey and Pathak (2006) in
mung bean, and Pandey and Gopla (2010) in eggplant.
However, Pavlova et al. (2018) found a decrease in seed
germination of Allyssum species. While increasing Ni
concentrations in mustard, Gopal and Nautiyal (2012)
found a greater decrease in dry matter yield in leaves
and stem than in root, although Ni accumulation in root
was higher. Gajewska et al. (2009) recorded a decrease
in fresh wheat root mass in the presence of 100 uM Ni
and a reduction of shoot length by 40% at a Ni
concentration of 200 pM (Gajewska et al. 2006). In
cabbage, 0.5 mM Ni caused the appearance of dark
brown necrotic spots and wilting of the outer leaves,
and necrosis of the inner leaves (Panday and Sharma,
2002). Chlorosis and along-vein necrosis occurred on
newly formed leaves of water spinach in the presence
of 0.085 to 0.255 mM Ni over four weeks (Sun and Wu,
1998). The presence of 0.1 mM Ni caused chlorosis and
necrosis on the leaves of barley during two weeks of
growth (Rahman et al, 2005). In sugar beet plants,
chlorotic and necrotic spots caused by excess Ni (29.8
mg/kg dry matter) first appear along the perimeter of
the oldest leaves. Over time, chlorosis turns into
necrosis, and necrotic spots spread within the
intercostal part of the leaf. At the same time, it is
noticed that middle-aged leaves turn yellow and wither
(Kastori et al.,, 1996). In general, it can be said that the
symptoms of certain elements’ excess are less typical
than those caused by their lack.

Table 3.
Dry weight and total leaf area of different Brassicaceae grown in the presence of Ni (Maksimovi¢ et al., 2012)
Plant species Treatment Dry weight (mg plant) Leafarea
leaf stem root (cm?)
Brassica napus L. Control 78.07 6346  6.84 485.65
Ni 5248 4138 7.06 205.83
Brassica alba L. Control 103.76 103.13 19.60 511.27
Ni 3514 2535 12.22 95.55
Brassica nigraL.  Control 92.60 51.16 15.21  605.09
Ni 38.66 2348 7.08 147.15
Brassica rapa L. Control 116.08 4545 9.55 594.85
Ni 4098 1554 4.56 130.15

With toxic Ni concentrations, biochemical and
physiological functions can cause symptoms of a
deficiency of other essential metals, due to nickel
antagonistic effect toward other essential metals (Fe,
Mg, Cu, Zn and Mn) during their transport (Hasinur et
al, 2005). Therefore, for example, excess Ni causes
chlorosis on the leaves similar to iron deficiency
(Leskova et al., 2017). Chlorosis is very pronounced if
the ratio of Ni:Fe concentration in plants is 6:1 or
higher, while it is insignificant at a ratio of 1:1. In some
plant species, the Ni:Cu ratio can also affect the
intensity of chlorosis. In tomato, higher Ni
concentrations decreased the concentration of
macroelements N, P, K, Ca and Mg in leaves, fruits and
root, while the concentration of microelements was
reduced in leaves and fruits. However, concentrations
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of Fe, Zn, Cu and Ni were increased in the root (Kumar
et al,, 2015). Increasing the pH value of the soil, for
example by calcification, reduces the uptake of Ni by
plants and thus alleviates its adverse effects. Also, in
some plant species, Ca, Mg, Mo, and Co can mitigate the
adverse effects of higher Ni concentrations on the
growth and development of plants, due to their
antagonistic effects toward Ni.

Some plant species show different tolerance to
high concentrations of Ni. Based on LC50 more tolerant
plants may include Panicum miliaceum and Cucumis
sativum, while less tolerant include Lolium perene,
Panicum maximum, Zea mays, Lactuca sativa and
Chloris gayana (Seregin and Kozhevnikova, 2006).
Poplars (Populus) are resistant to the presence of Ni
and have the ability to accumulate significant amounts
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of this pollutant in the plant (Peli¢ et al., 2018). Higher
tolerance to high concentrations of Ni is characteristic
for Ni hyperaccumulating plant species, which can be
used for phytoremediation of Ni contaminated soils.

11.Conclusions

The main source of nickel in terrestrial plants is
soil solution, where Ni is mostly found in a hydrated
state. The solubility, and therefore the availability of Ni
for plants, increases with decreasing pH and soil ion
exchange capacity. Higher plants can absorb and
redistribute Ni via cation and/or metal-ligand complex
transport systems. Transport of Ni at greater distances
takes place in the xylem and phloem. Nickel exhibits
great mobility in the acropetal and basipetal directions,
both when absorbed through the roots, and when
introduced through aboveground organs. During the
uptake of Ni, there is an interaction with the ions of
other microelements (Fe, Zn, Mn, and Cu). Absorbed Ni
largely accumulates in the vacuole and cell wall. Some
plant species and genotypes accumulate Ni with
different intensities. Ni hyperaccumulators are
characterized by a great ability to accumulate Ni. They
mostly belong to the serpentine flora. Lower Ni
concentrations play a significant role or favorably affect
numerous plant physiological processes, from seed
germination to growth and development. Moreover, it
has been found that plants cannot complete their life
cycle normally without an adequate nickel supply.
These findings led to the inclusion of Ni in the group of
essential microelements for higher plants. Individual
plant species have different needs for Ni.
Circumstantial evidence indicates that ureide-
transporting species possess a higher Ni requirement
than amide-transporting species. Acute deficiency of Ni
is recognizable by several morphological symptoms.
Under natural conditions, Ni-deficiency is rare as in
most cases the soil is sufficiently provided with plant-
available Ni. Ni-deficiency can be successfully
eliminated by the introduction of Ni into the nutrient
substrate or by treating the aboveground organs with a
dilute solution of Ni salt.

High Ni concentrations have a phytotoxic effect,
and induce oxidative stress resulting in increased
generation of reactive oxygen species (ROS) and
activation of antioxidant enzymes. However, activated
antioxidant enzymes are not sufficient enough to
combat Ni-induced oxidative stress. Therefore, large
quantities of ROS inhibit cell division and elongation,
damage many cellular organelles, oxidise proteins and
lipids, inhibit photosynthesis, alter water relations and
degrade  chlorophyll  molecules, consequently
minimizing biological yield of plants.
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