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ABSTRACT Alyssum murale L. is a nickel hyperaccumulator herbaceous perennial
species in a natural serpentine soil and adapted to arid, infertile soils. The objective of
this study was to investigate how the seed germination, root, and hypocotyl growth of
this plant species respond to exposure to different concentrations of heavy metals such
as lead (Pb), cadmium (Cd), nickel (Ni), chromium (Cr) and manganese (Mn). The highest
germination, even higher than in the control group, was observed at lower concentrations
of Ni, Cd, Pb and Mn, while almost all higher concentrations of the metals decreased
germination. Germination time was significantly slower (from about 6 to 10 days) for
seeds treated with higher metal concentrations, especially Mn, Cd and Ni, and faster (from
about 3 to 5 days) for seeds treated with lower concentrations. The strongest inhibitory
effect on root and hypocotyl length occurred in treatments with different concentra-
tions of Pb, Cd, and Mn, and seeds treated with lower concentrations of Ni showed a
positive effect on root and hypocotyl growth. Seeds treated with Ni showed relatively
high tolerance to this metal, presenting the potential for practical use in various fields
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of phytoremediation technology.

Introduction

There are several serpentine soils around the world that
have formed on ultramafic rocks, particularly on rocks
that contain considerable amounts of minerals related
to serpentine (Brooks 1987). High levels of Mg and Fe,
as well as moderately high levels of Ni, Cr, and Co, are
present in these soils. Compared to other soil types,
manganese levels can also be higher. Due to the soils
being both Ca-poor and Mg-rich, concentrations of N,
P, and K are often low, while the Mg/Ca quotient is high
(Proctor 1999). Serpentine soils are characterized by
three features: poor plant productivity (small number of
plants), high ratio of endemic plants, and special types
of vegetation, which stand out from other neighboring
environments (Hearth et al. 2014). Many aspects of the
so-called serpentine syndrome have been discussed in a
recent review (Kazakou et al. 2008).

According to data from different authors, plants are
extremely tolerant to high concentrations of nickel in
serpentine soils. Among the tolerant plants are several
different species of the genus Alyssum, some of which
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can have high levels of heavy metals, especially nickel
(about 10000 mg kg"), in their leaves and also have the
ability to tolerate higher concentrations of nickel in soil
(up to 3000 mg kg') (Seregin and Kozhevnikova 2006;
Bani et al. 2013).

The largest areas of serpentine soils in Europe are
found in the Balkan Peninsula, including Kosovo and
south-eastern Albania. In the territory of the Republic
of Kosovo there are several serpentine areas, which are
found mainly in the Northern, Central and Western
parts (Jakovljevi¢ et al. 2011). The serpentine flora of the
Balkans is characterized by a relatively high degree of
endemism. Serpentine soils are crucial for the diversity
of plant species and the unique flora; while often lacking
in vegetation, they are extremely rich in rare and endemic
species (Osmani et al. 2018).

A unique flora with a wealth of endemic species that
are reportedly suited to toxic levels of heavy metals is
supported by ultramafic soils. Because certain species of
this flora actively take in and accumulate exceptionally
high amounts of metal elements in their tissues, they have
been classified as metal hyperaccumulators (Brooks 1998).
Nickel hyperaccumulators have been used to examine
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the mechanisms of metal accumulation, tolerance, and
detoxification.

According to studies by different authors (Baker et al.
2010; Krimer 2010; van der Ent et al., 2013), more than
400 plant species accumulate high levels of metals such as
Cd, Cu, Co, Mn, Ni, and Zn. The highest known number
of Ni hyperaccumulator plant species (50) in the Bras-
sicaceae family are found in the genus Alyssum, several
of which may accumulate up to 30 g kg Ni in dry leaf
biomass (Baker and Brooks, 1989; Reeves and Adigiizel,
2008; van der Ent et al. 2015). Alyssum murale is a plant
native to Mediterranean serpentine soils with high Ni
concentrations, and it is recognized as both a Niand Co
hyperaccumulator (Tappero et al. 2007). Therefore, use of
different Alyssum species in phytomining of Ni has been
proposed and many field trials have been set up (Nkrumah
et al. 2016). However, uncertainty persists regarding
the evolutionary cause of metal hyperaccumulation. To
explain how this phenomenon evolved, several theories
have been put forth. Six main ideas were given by Boyd
and Martens (1992): inadvertent uptake, metal tolerance,
disposal from the plant body, drought resistance, patho-
gen-herbivore defense and interference with neighboring
plants. Although Ni hyperaccumulation is a constitutive
property for Alyssum species, it is not known whether they
secrete organic and/or amino acids into the rhizosphere
to solubilize Ni, or if they can make use of such acids
within the soil to greatly facilitate uptake. According to
other studies for Alyssum species, nickel is stored mainly
in the leaves, and is particularly concentrated in vacuoles
of epidermal cells and trichome pedicels (Gill et al. 2012).
Morever, antioxidant increases in leaves of A. montanum
from increased substrate Ni concentration is an enzymatic
defense response involved in the protection of mesophyll
tissues important for the maintenance of photosynthetic
function, pointing to considerable heavy metal tolerance
of the species (Ievinsh et al. 2020). Furthermore, with
multi-metal stress under in vitro conditions, A. montanum
clearly demonstrated fewer phytotoxic symptoms and
morphogenetic response, growth tolerance and increased
antioxidant defense (Muszyniska et al. 2018). Tolerance
of physiological characteristics of A. murale to different
concentrations of nickel, when grown in soil mixed with
sewage sludge, suggested that nickel is not a stress factor
as it does not affect the function of the photosynthetic
machinery of this species (Sellami et al. 2012).

The main objective of this study is to compare the
effects of different concentrations of heavy metals (Ni,
Cd and Pb) on seed germination of the hyperaccumulator
plant A. murale. The results of this study will provide more
information and new achievements in the context of un-
derstanding heavy metal effects on seed germination and
to better highlight the importance of hyperaccumulator
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species for environmental remediation purposes. There
are a few studies of soil contamination by heavy metals
in different regions in Kosovo, but until now, there is lack
of research focusing on remediation purposes.

Materials and methods

Seeds of Alyssum murale were collected in August of 2021
from native populations distributed on serpentine ter-
rains in Golesh Massif, Kosovo. This serpentine massif
is predominantly built up of ultramafic rocks, situated
15 km southwest of the capital city of Kosovo, Prishtina.
This composition of soil with the presence of heavy met-
als supports a high number of plant taxa and a variety
of serpentine endemism (Krasniqi et al. 2019). A. murale
is a Ni-hyperaccumulator species growing in serpentine
soil with high concentrations of Ni, Cr and Co (Bani et
al. 2013; Bani et al. 2010; Bani et al. 2007). Seeds of this
species were collected with their fruits from more than
30 plants and were extracted manually from the fruits.
Seeds were stored in dark conditions at room tempera-
ture until the beginning of the experiments. Seeds were
disinfected with 70% ethanol for three minutes and rinsed
three times with sterile distilled water before treatments.
For seed treatment we used different concentrations of
heavy metals: NiCl,, CrCl,, CdCl,, PbCl, and MnCl,. All
chemicals used throughout the experiments were of ana-
lytical grade and were obtained from Sigma-Aldrich. The
necessary quantities of each heavy metal were calculated in
order to obtain certain heavy metal concentrations in the
standard solutions for seed treatment. Standard solutions
were prepared in these concentrations: 500, 1000, 2000,
4000 and 8000 ppm for Ni; 100, 500, 1000, 1500 and 2000
ppm for Cr; 10, 20, 50, 100 and 200 ppm for Cd; 10, 20,
50, 100 and 200 ppm for Pb; and 500, 1000, 2000, 4000
and 8000 ppm for Mn. The range of concentrations was
based on metal concentrations commonly encountered
in serpentine soil, from lower to several-fold higher than
concentrations measured in this soil. For each treatment,
the experiment was conducted with three replicates of
50 seeds of A. murale which were germinated on top of
double layered papers (ISTA 1996) with 5 ml of respec-
tive heavy metal concentration in 10 cm Petri dishes.
Distilled water was used as a control. These Petri dishes
were placed into sealed plastic bags to avoid moisture
loss. The experiment of seed germination was conducted
under controlled conditions in the vegetation room at
24 + 1 °C and with a light regime of 16 h light (day)/8 h
darkness (night).

Daily assessments and observations were taken
throughout the entire germination phase. The germi-
nation percentage is an estimation of the viability of



seeds. Germination was considered to have occurred
when the seminal roots were 2 mm long. The number
of seeds germinated was counted daily till the end of
the experiment (three consecutive days with a constant
number of germinated seeds). The following germination
parameters were recorded:

Final germination percentage (FGP):

FGP = (number of germinated seeds/number of total
seeds) x 100 (Gashi et al. 2019).

Mean Germination Time (MGT):
MGT =3Dn/ 3n,

where nis the number of seeds germinated on day D, and
D is the number of days counted from the beginning of
germination (Moradi et al. 2008).

Seed root and hypocotyl length were measured using
stereomicroscope SMZ-161, Motic.

Metal tolerance of A. murale seedlings was estimated
using root growth inhibition by different Ni, Cr, Cd, Pb
and Mn concentrations, expressed as index of tolerance
(IT) (Auda et al. 2004). Index of Tolerance was calculated
according to the following equation: I'T = root length +
metal / root length without metal x 100

Data analysis

The experiment was performed in a randomized design
with three replicates. Differences between treatments
were tested using SPSS 17 statistical program. Statistical
variance analysis of all data was performed using one-
way ANOVA, and mean comparison was performed with
Duncan Multiple Range Test at the 5% level of significance.

Results and discussion

Serpentine soils are characterized by high concentrations
of metals. According to Osmani et al (2018), in some ser-
pentine soils in Kosovo the levels of metals such as Ni, Co
and Cr ranged from 1500 to 1600 mg kg™' for Ni, 130 to
140 mg kg™ for Co, and 380 to 450 mg kg™ for Cr. Based
on these results, our experiment used solutions with a
range of metal concentrations commonly encountered
in serpentine soil, from lower to several-fold higher
concentrations than measured in this soil. The metal
concentrations used in our experiment corresponded to
the amounts of these metals, especially nickel, used for in
vitro toxicity tests in the physiological investigations of
A. murale by other authors (Pavlova et al. 2018; Sellami et
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al. 2012). A great importance of the metal concentrations
we have used is also related to the heavy metal pollution
of agricultural soil that comes from industry, especially
that from the nickel smelter in Drenas, and the lead and
zinc smelter in Mitrovica, Kosovo (Zogaj and Diiring
2016; Gashi et al. 2020). Furthermore, lower concentra-
tions of these metals than those we used had no effect
on seed germination, while higher concentrations than
those we used had a total inhibitory effect on A. murale
seed germination (data not shown). According to Bani et
al (2007) nickel content in the shoots of A. murale reached
9,129 mg kg but metal concentration was not significantly
affected by fertilization. Several metals such as Ni, Co,
Cr, Mn, and Fe of different serpentine plant species are
accumulated in plant leaves and mostly in the seeds of
these species (Amari et al. 2017; Meindl et al. 2014; Bani
et al. 2010; Psaras and Manetas 2001). In line with this,
it is reasonable to assume that these metals may have a
role in the seed coat structure, which directly affects the
seeds' resistance. They may also be active in metabolic
pathways, functioning as an ionic activator for an enzyme
during seed germination.

Results showed that almost all of the heavy metal
treatments with higher concentrations (Ni, Cr, Cd, Pb
and Mn) considerably affected the germination process
and germination time of A. murale seeds (Table 1). In gen-
eral, lower concentrations of heavy metals used for seed
treatments had positive effects on the final germination
percentage (FGP) and mean germination time (MGT)
of seeds of this plant species. Germinability increased
at concentration 500 ppm of Ni and Mn and 10, 20 and
50 ppm of Cd, compared to the control group of seeds.
Among other results, the highest FGP (97.00%) was found
at concentration 20 ppm of Cd and the lowest germination
(12.00 %) at concentration 2000 ppm of Cr. The most ef-
fective inhibition of seed germination, significantly higher
compared to other metals, was obtained with 500, 1000,
1500 and 2000 ppm Cr treatments (37.00; 31.00; 18.00 and
12.00%, respectively). Cadmium and chromium toxicity
have been reported for some crop plants; seed germina-
tion showed highest sensitivity to Cd, even under lower
concentrations (Baruah et al. 2019).

No significant differences in FGP were shown between
the seeds of A. murale treated with different concentra-
tions of Pb and the control group. There were significant
differences between the seeds treated in some cases with
higher concentrations of Ni and seeds from the control
group. In this case, among other metals (Cr, Cd and Mn),
higher concentrations of Ni used for treatment of seeds
of A. murale, demonstrated that influenced germination
process but not in high level of significance. This indicates
that seeds of A. murale can tolerate a higher concentra-
tion of Ni. In similar results reported from other studies
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Table 1. Final germination percentage (FGP) and mean germination time (MGT) of A. murale seeds treated with different concentrations (ppm)

of Ni, Cr, Cd, Pb and Mn.

FGP MGT
Treatments Mean St. Dev. Range Mean St. Dev. Range
Control 93.00 %® 1.00 92.00-94.00 3.36%8 0.45 3.32-3.41
Ni (ppm)
8000 76.00° 4.00 72.00-80.00 6.55/ 0.24 6.31-6.80
4000 93.00 %® 1.00 92.00-94.00 4526 0.01 4.52-4.53
2000 84.00¢ 2.00 82.00-86.00 3.82¢® 0.17 3.65-4.00
1000 94.00 #® 0.00 94.00-94.00 3.49 %8 0.02 3.47-3.51
500 95.00 #® 1.00 94.00-96.00 3.558¢ 0.10 3.45-3.65
Cr (ppm)
2000 12.00 " 0.00 12.00-12.00 416 FF 0.16 4.00-4.33
1500 18.00 ¢ 2.00 16.00-20.00 3.94 bE 0.06 3.88-4.00
1000 31.00 ¥ 1.00 30.00-32.00 4.29f¢ 0.09 4.20-4.38
500 37.00¢ 1.00 36.00-38.00 3.94 bE 0.55 3.89-4.00
100 93.00 %® 1.00 92.00-94.00 4.25f¢ 0.10 4.15-4.35
Cd (ppm)
200 28.00°F 0.00 28.00-28.00 7.39% 0.35 7.36-7.43
100 92.00 %® 4.00 88.00-96.00 6.71/ 0.17 6.54-6.89
50 95.00 #® 1.00 94.00-96.00 5.04" 0.14 4.90-5.19
20 97.00 4 1.00 96.00-98.00 3.39%8 0.06 3.33-3.45
10 96.00 # 0.00 96.00-96.00 3.38%8 0.13 3.25-3.52
Pb (ppm)
200 94.00 *® 0.00 94.00-94.00 3.48 %8 0.01 3.47-3.49
100 92.00 %® 2.00 90.00-94.00 3.35%8 0.04 3.31-3.40
50 90.00 A< 4.00 86.00-94.00 3.35%8 0.16 3.19-3.51
20 93.00 %® 1.00 92.00-94.00 3.44 %8 0.05 3.39-3.49
10 94.00 *® 0.00 94.00-94.00 3.184 0.01 3.17-3.19
Mn (ppm)
8000 45.00¢ 6.00 42.00-48.00 9.59+ 0.30 9.29-9.89
4000 88.00 B¢ 6.65 84.00-96.00 7.57% 0.52 7.05-8.10
2000 91.00 #® 1.00 90.00-92.00 5.38' 0.05 5.33-5.43
1000 94.00 *® 2.00 92.00-96.00 4.21 FF 0.13 4.08-4.35
500 95.00 #® 1.00 94.00-96.00 3.60 8¢ 0.20 3.40-3.81

Means in each column followed by the same letters are not significantly different at P 0.05 by one-way ANOVA with Duncan's multiple range tests.

with seeds of A. murale from Albanian serpentine soil, a
significantly higher germination percentage of this spe-
cies was found in seeds treated with lower concentrations
of Ni compared to control group (Pavlova et al. 2010).
Leon et al. (2005), in their studies with seeds of Grevillea
exul var. rubiginosa, an endemic serpentine Proteaceae of
New Caledonia, reported that the seed coat can reduce
the amount of Ni entering the seed, and that a high level
of Ni induced the mobilization of macronutrients. This
feature of serpentine plants may also be the reason why
the seeds of A. murale in our study may have tolerated
high concentrations of nickel. Furthermore, Abu Auda
et al. (2004) reported that seeds of A. murale growing in
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different metalliferous regions of North Greece showed
differences in seed germination percentage and in plant
tolerance index when grown in nutrient solutions of
various Ni or Mn concentrations, probably indicating the
adaptation of populations to increased Ni or Mn concen-
trations in the soil where they come from. By contrast,
most plant species, especially many crops, show retarded
seed germination and growth due to nickel toxicity and
its effect on enzyme activities such as protease, amylase
and ribonuclease (Ahmad and Ashraf 2011). According
to other studies, lead (Pb) has a significant impact on the
morphology and physiology of seeds. It prevents germi-
nation, root extension, seedling development, and other
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Figure 1. Average heavy metal concentration effects on Final ger-
mination percentage (FGP) and Mean germination time (MGT) of A.
murale seeds.

physiological processes (Pourrut et al. 2011). Pb toxicity
has been shown to inhibit the emergence of radicals
through increased protein and carbohydrate content,
affecting enzyme activity (Singh et al. 2011).

The mean germination time (MGT) was clearly dif-
ferent among metals and their concentrations in almost
all treatments (Table 1). The germination process of the
A. murale seed started after 3 days of incubation and
ended 10 days after. Based on this, due to the extreme
conditions where this plant grows in natural conditions,
we can assume that this fast germination time is related
to mechanisms that have developed to adapt to these
environmental conditions. There are rare plant species
that have such a high rate of seed germination. Almost
all concentrations of Pb and lower concentrations of Cd
used for seed treatments had significant effects on mean
germination time, from 3 to 3.5 days to start the germi-
nation process. On the other hand, germination time
was significantly slower in seed treatments with higher
concentrations of metals, especially with Mn, Cd and
Ni (from ~ 6 to 10 days). Based on what we emphasized
above, it seems that there is a relationship between the
time of seed germination and the percentage of final
germination, because exactly in the same concentrations
when FGP was higher, the MGT was the lowest. It has
been reported that cadmium (Cd) delays germination,
induces membrane damage, and impairs food reserve
mobilization by increased cotyledon/embryo ratios of total
soluble sugars, glucose, fructose and amino acids (Rahoui
etal. 2010). A similar treatment has been shown to block
alpha-amylase and invertase activity and decrease the
percentage of germination, embryo growth, and biomass
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dispersion (Sethy and Ghosh 2013). Other authors reported
that seeds of A. murale treated with a higher concentra-
tion of copper had decreased germination and seedling
growth and the velocity of seedling (Brinza et al. 2018).

Furthermore, the results of average of heavy metal
concentrations in seed treatment showed that stronger
effects on germination percentage (FGP) were observed
when seeds were treated with Cr (Figure 1). It seems the
toxicity level of chromium is many times higher compared
to other metals and inhibition of the percentage of ger-
minability was more than 60%. The ranking according
to level of seed germination inhibition of this species by
metal is as follows: Cr>Mn>Cd>Ni>Pb. On other hand,
the germination time (MGT) was significantly slower in
seed treatments with Mn and fastest in control and Pb
treatments. Similar results of higher concentration effects
of heavy metals have been reported by other authors.
Siddiqui et al. (2012) reported that seed germination
percentage of B. rapa var. turnip decreased significantly
when heavy metal concentrations increased. However,
Cr and Pb were less toxic as compared to Cd on seed ger-
mination and the resulting toxicity order of the selected
heavy metals remained the same (Cd > Cr > Pb). Leon
et al. (2005), in their studies with seeds of Grevillea exul
var. rubiginosa, an endemic serpentine Proteaceae of New
Caledonia, reported that the seed coat was able to reduce
the amount of Ni entering the seed, and that a high level
of Ni induced the mobilization of macronutrients.

The results of root and hypocotyl length of A. murale
seedlings are presented in Table 2. In general, the length
of root from seeds treated with almost all concentrations
of heavy metals significantly decreased, except with 500
ppm and 1000 ppm Ni (24.00 and 21.10 mm; respectively),
compared to the control group (24.20 mm). In this case,
results showed that length of root from seeds treated with
different Ni concentrations showed a slight statistical
effect compared to other metals. The most inhibitory ef-
fects on root growth were obtained after treatment with
different concentrations of Pb (from 1.30 to 2.20 mm), Cd
(from 1.00 to 8.50 mm) and Mn (from 1.25 to 4.40 mm).
Similar results were obtained also for hypocotyl lengths.
For seeds treated with lower concentrations of Ni, hypo-
cotyl lengths were higher (28.70 and 26.20 mm) compared
to other metals and the control group (25.30 mm). After
seed treatments with other higher concentrations of Ni
the hypocotyl lengths showed no or slight effects. For
seeds exposed to lower concentrations of Cr and Cd, the
hypocotyl lengths decreased and reached a 50% inhibition
level. Hypocotyl growth was more sensitive to higher
concentrations of Cr and Cd, and to all concentrations
of Pb and Mn. Furthermore, the results of seed treat-
ment with average heavy metal concentrations showed
more marked effects on the root and hypocotyl growth
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Table 2. Root length, hypocotyl length, and metal index of tolerance (IT) of A. murale seedlings treated with different concentrations (ppm) of

Ni, Cr, Cd, Pb and Mn.

Root length (mm)

Hypocotyl length (mm)

Index of Tolerance (%)

Treatments Mean St. Dev. Mean St. Dev. Mean St. Dev.
Control 24,204 5.60 25.304 3.33

Ni (ppm)

8000 9.50° 2.50 20.00® 2.82 39.20° 6.40
4000 15.00 ¢ 5.70 20.80°8 3.08 62.00 ¢ 8.60
2000 18.708 3.90 24.80 A 3.96 77308 8.10
1000 21108 7.10 28.70 A 4.54 87.20° 5.20
500 24.00 A 5.00 26.204 3.73 99.20 4 7.20
Cr (ppm)

2000 1.80°F 0.20 1.20H 0.10 7.40 € 1.20
1500 2.80F 0.40 2.30" 0.10 11.60 ¥ 2.30
1000 9.10° 6.30 7.30 1.70 37.60° 7.60
500 13.50 ¢ 4.70 10.80° 2.29 55.80 ¢ 4.70
100 20.608 4.20 19.60 8 2.67 85.10 8 5.30
Cd (ppm)

200 1.00°¢ 0.20 1.30H 0.10 4.10F 0.60
100 1.80°F 0.40 2.201 0.20 7.40 € 0.80
50 2.00F 0.20 5.40F¢ 1.50 8.30 FF 0.60
20 2.70F 1.10 11.60° 0.96 11.20 ¥ 1.10
10 8.50° 2.12 17.50 ¢ 2.32 35.10° 2.60
Pb (ppm)

200 1.30°F 0.10 1.20H 0.10 5.40 FF 1.60
100 1.50°¢ 0.10 1.50H 0.10 6.20 FF 1.20
50 1.50°¢ 0.10 1.50H 0.10 6.20 FF 1.20
20 2.00F 0.20 1.00" 0.10 8.30 FF 1.80
10 2.20F 0.40 5.20¢ 2.04 9.10 F 2.10
Mn (ppm)

8000 1.25F 0.10 1.30H 0.10 5.40 FF 0.60
4000 1.80°F 0.20 1.80H 0.20 5.40 FF 0.40
2000 1.80°F 0.20 4,786 1.14 7.40 ¥ 0.80
1000 2.30¢F 0.30 6.60 ¢ 2.42 9.50 £F 1.50
500 4.40 ¢ 2.30 8.00 ¢ 1.14 18.20 ¢ 2.60

Means in each column followed by the same letters are not significantly different at P 0.05 by one-way ANOVA with Duncan's multiple range tests.

of A. murale seedlings when they were treated with Cd,
Pb and Mn (Figure 2). On the other hand, the mean Ni
concentration effects on root and hypocotyl elongation
were less compared to other metals and the control group
of seedlings. Based on this, we can also presume that A.
murale, as a serpentine Ni hyperaccumulator, is adapted to
resist nickel-rich soils even in very high concentrations.
Similar results for the effects of higher concentrations of
metals on root and hypocotyl lengths of seeds of A. murale
from Albania were reported by Pavlova et al. (2010); root
elongation decreased approximately 50% compared to the
controls when a concentration of 1 mM Ni was applied.
Other studies reported similar results; seed germination of
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Sarcocornia perennis and S. fruticosa was not affected by any
metal concentration, but seedling growth, mainly radicle
length, was reduced by increasing metal concentrations
(Sanjosé et al. 2022).

The maximum metal index of tolerance was found on
seeds treated with different concentrations of Ni compared
to other metals (Table 2). Moreover, the index of toler-
ance slightly decreased in the highest Ni concentration
(from 39.20 to 87.20 %) and lower concentrations had no
significant effects (99.20 %). The index of tolerance was
more than 50% at lower concentrations of Cr. Depending
on treatments with other metals such as Pb, Mn and Cd,
the index of tolerance was in the range from 5.40 % (Pb
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Figure 2. Average heavy metal concentration effects on root and
hypocotyl length of A. murale seedlings.

200 ppm) to 18.20 % (Mn 500 ppm). Higher concentrations
of metals, especially Pb and Mn, caused abnormalities in
the seedlings of this species, including chlorosis, necrosis,
and coiling of the hypocotyl and root. Similar to results
from other studies, Alyssum species survived in the soil
with higher Ni and Mn concentrations and tolerated
these metal concentrations for a long time (Broadhurst
and Chaney 2016; Muszyriska et al. 2018). Based on the
results of our research it appears that A. murale seeds
can tolerate high concentrations of some metals during
germination, but they suffer damage during growth from
these metals, except nickel. Abu Auda et al. (2004) observed
negative correlations of seed germination and tolerance
index of A. murale from Greece in relation to increasing
Niand Mn concentrations in the nutrient solution, prob-
ably attributed to the toxic function of the above metals.

Conclusions

Results of this research with seeds of the nickel hyperac-
cumulator A. murale, tested in laboratory conditions for
the effect of heavy metals (Ni, Cr, Cd, Pb, and Mn) on
seed germination, mean germination time and root and
hypocotyl length, showed that higher concentrations
of these metals considerably affected the germination
and growth process. The results also suggest that lower
concentrations of metals, especially nickel, used in the
seed germination process can present remarkable positive
effects on this plant species, both on seed germination
percentage and speed of germination, as well as root and
hypocotyl growth. Seeds treated with Ni showed relatively
high tolerance to this metal, presenting the potential for
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possible practical use in various fields of phytoremediation
technology. However, further studies are needed to give
more insight into the effects of combinations of metals
and to explore the possibility for cultivation and eventual
use in industrial areas, which are characterized by high
soil pollution with heavy metals.
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