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Abstract

Ultramafic areas exist in large blocks or as small outcrops separated from other geological substrates in
Serbia and host a certain number of facultative serpentinophytes. Among them is Alyssum murale Waldst &
Kit. s.1., widespread species distributed in SE Europe and SW Asia and well known example of Ni hyperac-
cumulators. The aims of the present study were to investigate the level of concentration of Ni (and some ele-
ments such as Fe, Mn, Zn, Cu, Ni, Cr, Pb, Co, and Cd) at several serpentine soils in Serbia and to determine
the level of accumulation of these elements in roots, shoots, and leaves, with a focus on Ni. The maximum
available concentrations of metals in soil dry matter (DM) were 950 mg-kg' Fe, 3,110 mg-kg' Ca, 4,600
mgkg' Mg, 443 mgkg' Ni, 803 mgkg' Mn, 26 mgkg' Zn, 4 mgkg' Cu, 43 mg'kg' Cr, 82 mgkg' Co, 1
mgkg' Cd, and 17 mgkg' Pb. The Ca/Mg ratio in serpentine soils varied from 0.08 to 6.22. In 4. murale
plants, the maximum concentrations of Ni were up to 2,926 mg-kg" in roots, 6,793 mgkg' in shoots, and
13,160 mg'kg" in leaves. Ca/Mg ratio in plant tissues were up to 2.25 (roots), 9.25 (shoots), and 15.23 (leaves).
Cu content in the roots and shoots was high (up to 1,044 mg-kg' Cu and 849 mg-kg' Cu). This survey sug-
gests that some 4. murale populations from serpentine soils of Serbia emerge as strong Ni hyperaccumulators
and can be used for phytoextraction purposes.
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Introduction

Ultramafics (‘ultrabasic’) represent a group of igneous
(magmatic) or meta-igneous (metamorphic) rocks that con-
sist of less than 45% silica (SiO,) and have high concentra-
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tions of Mg, Fe, Cr, Co, and Ni, and low concentrations of
P, K, and Ca [1]. Ultramafics are divided into intrusive, vol-
canic, ultrapotassic, and metamorphic rocks, and among the
intrusive ultramafic rocks the most common are harzbur-
gite, dunite, and lherzolite. Serpentinites are rocks that form
as a result of metamorphism or metasomatism of primary
magnesium-iron silicate minerals. This entails the replace-
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ment of the primary silicate minerals by magnesium silicate
serpentine minerals and the concentration of excess iron in
magnetite [2]. Serpentine soils are magnesium rich, calci-
um, potassium and phosphorus poor soils that develop on
the layer of loose, heterogeneous material covering solid
ultramafic rocks.

Ultramafic rocks are distributed all over the world,
including in Europe: Sweden, Norway, Finland, Helgoland,
Great Britain, Austria, Czech Republic, Switzerland,
Balkan Peninsula, Italy, Spain, Portugal, and France.
Serpentine vegetation is reported also from the Ural moun-
tains, Southern Rhodesia, Japan, Karakelang in Indonesia,
New Caledonia, New Zealand, Cuba, Puerto Rico,
Newfoundland, Quebec, British Columbia, and the United
States [3].

According to Stevanovi¢ et al. [4], the largest serpentine
areas in Europe are in the Balkans and they exist in large
blocks or as small outcrops separated from other geological
substrates in central Bosnia, western and central Serbia, and
central and southeastern Albania, ending at the serpentine
formations of Epirus and Thessaly in Greece. Small por-
tions of serpentine bedrock are distributed also in south-
western and central Bulgaria (eastern and central Rhodope
Mountains). Some quite isolated serpentine 'islands' occur
in the northern part of FYR Macedonia, southern and north-
eastern Serbia, and Sterea Ellas.

Areas of the soil-rock systems that may be grouped
together as 'serpentines' are well known for their remark-
able and often unique plant species. These widely scattered
serpentine areas have many features in common. In almost
all cases they:

(1) are sterile and unproductive, either as farm lands or tim-
ber lands

(2) possess unusual floras characterized by narrowly
endemic species of great interest to the plant taxonomist
and geneticist

(3) support vegetation in striking physiognomic contrast

with that on other soils [3, 5-7]

Many plant taxa from the Brassicaceae family are quite
well adapted to serpentine soils, the so-called hyperaccu-
mulators, and have the capacity to accumulate nickel to
such a degree that dry leaf concentrations of this element
exceed 1,000 pg-g' (0.1%). Prasad and Freitas [8] listed c.
11 genera and 87 species of this family. By far the greatest
number of nickel-accumulating species within any genus is
found in Alyssum L. Alyssum bertolonii Desv. was the first
nickel hyperaccumulator to have been discovered and doc-
umented in any genus. After this species, Alyssum pinto-
dasilvae Dudley and Alyssum murale Waldst. & Kit. were
also recognized as nickel hyperaccumulators. In addition to
the 14 European hyperaccumulator species, a further 31
hyperaccumulors of the genus Alyssum (all in section
Odontarrhena) were presented [9]. After a comprehensive
analysis of the 168 Alyssum species for their nickel content,
these authors concluded that hyperaccumulation of nickel is
restricted entirely to the sect. Odontarrhena, and that 70%
of the species assigned to this section are identified as accu-
mulators. Within this section more than 50 hyperaccumula-
tors are found in southern Europe and SW Asia [10].

However, in the most recent publication [11], on the
basis of balance between molecular data, morphology, dis-
tribution and ecology, only 11 European Ni hyperaccumu-
lator species of genus Alyssum were recognized. Cecchi et
al. [11] stated that molecular and morphological evidence
from native populations indicated that several species (e.g.
A. bertolonii Desv. subsp. scutarinum E.I. Nyarady, A.
chlorocarpum Hausskn., A. janchenii E. 1. Nyarady, 4.
markgrafii O. E. Schulz, and 4. chalcidicum Janka) previ-
ously regarded as endemic hyperaccumulators can hardly
be recognized as distinct from A. murale, and treated all
these taxa as synonyms of the species A. murale s.1. Cecchi
et al. [11] accepted the opinion of Hartvig [12], who con-
sidered that the slight differentiation in trichome density
and inflorescence morphology of these populations may
support, at most, their recognition at the varietal rank.
Therefore, these authors considered that literature reports of
hyperaccumulation in A. murale [13, 14] are likely to be
referred to this plant or to closely related taxa from
Anatolian serpentine areas.

A. murale Waldst & Kit. is a species distributed in
southeastern Europe (the Balkan Peninsula, Romania),
Russia, Asia Minor, and southwestern Asia. It occurs on dif-
ferent types of geological substrata (limestone, andezite,
granite), but it also is very common on peridotite and ser-
pentinite [15]. This plant is among several Alyssum taxa
that have been enormously successful, because it occurs on
serpentine outcrops as extensive and nearly pure popula-
tions with an almost total absence of any other competing
species [9]. Besides this publication, there are several addi-
tional papers about nickel accumulation of this species in
different parts of the eastern Mediterranean (e.g. the
Balkans, Turkey, and Iran) [13, 16-27].

So far only data about Ni accumulation in 4. murale
s.l. were published from the northern central part of
Serbia (Mt Go¢€) [28, 29], under the name 4. markgrafii.
Although there are a lot of records about the presence of
A. markgrafii and A. janchenii in the territory of Serbia
[15, 30-32] etc., in light of the most recent publications
[11, 12] it is most likely that all these data actually refer
to the species 4. murale s.l. In our opinion these taxa
could be reduced to infraspecific rank within A. murale.
Glabrous siliqules have been noted as their main differ-
ential features, but it seems that the morphological speci-
ficity of the serpentine forms in Serbia is actually reflect-
ed in the vegetative characters — short-lived perennials
with a few ephemeral sterile shoots. In fact, populations
with completely glabrous fruits only occur on serpentines
of north-central Serbia, where A. janchenii was
described.

The aims of the present study were:

(1) to investigate the level of concentration of Ni (and some
other elements such as P,O;, K,0O, Ca, Mg, Fe, Mn, Zn,
Cu, Cr, Pb, Co, and Cd) at several serpentine sites in
western, southwestern, and central Serbia, where popu-
lations of 4. murale grow

(2) to determine the level of accumulation of these ele-
ments in plant tissues (roots, shoots, and leaves), with a
focus on Ni
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Table 1. Latitude, longitude, and altitude of the sampling points of Alyssum murale s.1. populations from Serbia.
Species Location Sample | Latitude | Longitude | Altitude Vegetation alliance of the | Type of ultra-
P point N) (m.a.s. 1) studied location mafic rocks
A murale | MEZ1at0on Celicko hill =1 gp 1 430 300570 | 1goagrian | 1000 | Centaureo-Bromion fibrosi | MERMOrPhic
Okoliste (serpentinite)
A murale Caca}(, Tuck(.)vo village sp2 43°5505" | 20° 08'11" 410 Querczor'z ﬁamet.to . Metamo.rpthc
(Vrncanska river gorge) Ostryo-Carpinion orientalis | (serpentinite)
A murale Gornji Milanovac, Brdani SP3 | 43059277 | 2002515 330 Chrysopogon.z—Danthomon Metamo.rphlc
gorge alpinae (serpentinite)
Kraljevo, Bogutovac vil- . . .

A murale | lage (Gornja Lopatnica | SP4 | 43°40'49" | 20°27'46" | 430 Quercion frainetto Intrusive

. Orno-Ostryon (harzburgite)
river gorge)

A. murale Ragka (Tmavska river SP5 | 43°17'14" | 20°36'07" 420 Centaureo-Bromion fibrosi Intrusw.e
gorge) (harzburgite)

A. murale Mt Kop ?onﬂ.(, Paljevitica SP6 | 43°2020" | 20° 56'32" 680 Centaureo-Bromion fibrosi Intrusw_e
(Brzecka river gorge) (harzburgite)

A murale | MURogozna (Izbice =1 g0 430 eaer | 200 36207 730 Centaureo-Bromion fibrosi | 1NV
Negotinac) (harzburgite)

A murale | Uce (Studenicariver | gpe | 430 y90n | 20035537 | 400 Orno-Ericion Intrusive
gorge) (harzburgite)

Mt Maljen, Div¢ibare o Mt O cornn .. Intrusive
A. murale (Golubac) SP9 | 44°06'39" | 19° 58'30 950 Orno-Ericion (harzburgite)

(3) to assess the potential of Ni hyperaccumulation in rela-
tion to the soil characteristics of the environment. This
would be of special interest for potential use in phy-
toextraction or phytostabilization.

Research Areas

The distribution of ultramafic bedrocks occurrence,
locations (latitude and longitude), and habitat characteris-
tics (altitude, vegetation alliances, type of ultramafic rocks)
of the studied 4. murale populations are shown in Fig. 1
and Table 1. The selection was based on the presence at
each site of large populations of 4. murale. Plant and soil
samples were collected in May 2010 and 2011 from nine
sampling points: SP1-SP9 (Table 1). Soil samples were
chosen by eye based on the presence of the 4. murale
plants. At each study site, a variable number of soil samples
(5-10 replicates) were taken from the rhizosphere of sever-
al plants specimens. These samples (ca. 500 g per sample)
were transported in polyethylene bags to the laboratory and
dried at 40°C for 3 days.

Plant species were sampled according to their abun-
dance and biomass, 5-10 replicates of each investigated
population. All the plant samples were collected, separated
into roots, shoots, and leaves, and washed carefully with
distilled water to remove soil particles. Dry weights were
obtained after drying at 40°C for 3 days. Plants have been
identified with the help of local flora [15]. Voucher speci-
mens of the plants collected are deposited in the collections
of the Natural History Museum (BEO) and the Institute of
Botany and Botanical Garden, Faculty of Biology,
University of Belgrade (BEOU).

Fig. 1. Map of Serbia showing ultramafic bedrock occurence
(in gray) and locations (SP1-SP9) of the studied Alyssum
murale populations (black circles).
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Experimental Procedures
Soil Analysis

Particle size distribution was determined after soil dis-
persion by sodium hexametaphosphate, using the pipette
method for the silt and clay fractions and dry-sieving for the
sand fraction [33]. The sand is separated from clay and silt
with a 50 pm sieve. The USDA classification was applied
to determine soil textural classes [34].

Soil actual and exchangeable pH was determined in dis-
tilled water and in 1 M KCI solution, respectively, in a
solid-liquid (S/L) ratio of 1:2.5 ml-g"' [35]. Available P,O;
and K,O were measured in AL solution (0.1 M ammonium
lactate and 0.4 M acetic acid) extract (S/L 1:20) [36].
Phosphate concentration was determined by molybdenum
blue method and potassium concentration was determined
using FES (flame emission spectrophotometry) by Pye
Unicam SP 192 atomic absorption spectrophotometer.
Available Ca and Mg were determined in 1 M ammonium
acetate extract (S/L 1:50) [37] using AAS (atomic absorp-
tion spectrophotometry) (Pye Unicam SP 192). Organic
matter concentration was determined by dichromate diges-
tion based on FAO [38] procedure. Extraction of available
(potentially leachable) metals in soil was performed by
0.IN HCI (S/L 1:10) according to the procedure recom-
mended by Garcia et al. [39]. Total metal extraction was
done by HCI and HNO; digestion (ISO 11466 1995). Metal
concentrations in both extracts were determined using
atomic absorption spectrophotometry (ISO 11047 1998)
(Pye Unicam SP 192).

Plant Analysis

Dried and ground plant material was digested by slight-
ly modified wet procedure described by ISO 6636/2 1981,
using a boiling mixture of nitric and sulphuric acids.
Phosphorus concentration was determined by modified
molybdenum blue method described by Chen et al. [40].
Potassium concentration was determined using FES (flame
emission spectrophotometry) using a Pye Unicam SP 192
atomic absorption spectrophotometer. Metal concentrations
were determined using atomic absorption spectrophotome-
try (Pye Unicam SP 192). The series of standard solutions
for metals were made from 1 g1 solutions purchased from
Carlo Erba, Italy.

Data Analysis

Each analysis of the soil and plant material was per-
formed with three replicates. In addition, each of the chemi-
cal analyses also was run with three replicates. Arithmetic
means and standard deviations are shown in tables. All the
data were subjected to a statistical analysis, but since the data
were not normally distributed, we used nonparametric statis-
tics. Correlation matrices were produced to examine the
inter-relationships between the investigated metal concentra-
tions in the soils, roots, and shoots, as well as in the leaves of

the investigated samples. Correlations were evaluated using
the bi-variation method, with two-tailed significance and
Spearman R correlation coefficients. Correlations were done
only for the elements, the concentrations of which in the sam-
ples were >0.1 mg-kg". Interpopulation variability of Ni con-
centration in plants was checked by nonparametrics ANOVA
(Kruskal-Wallis test). Data analysis was performed using
STATISTICA for Windows 5.1. work package.

Results

Soil Characteristics

The textural classes of the studied soil samples range
from loam, silty loam to sandy clay, but most of the sam-
ples fall into the sandy loam class.

Chemical soil properties such as pH, organic matter,
P,0;, K,0, available concentrations of major elements (Fe,
Ca, Mg), and total and available concentrations of trace ele-
ments (Ni, Mn, Zn, Cu, Cr, Co, Cd, Pb) are shown in Table
2. The pH of the soil samples varied from acidic to moder-
ately alkaline and the percentage of organic matter differed
significantly among the sampling points. Concerning the
concentration of major elements in soil samples, the soils
were more or less of typical ultramafic composition, with
the moderate to high concentration of available Mg and low
to moderate available Ca content. Total and available con-
centrations of trace elements such as Ni, Mn, Co and Cr are
elevated and also typical for serpentinite sites, while most of
the total and available concentrations of Cu, Zn, Cd and Pb
in nine soil samples fall within the ranges for normal soils.

Chemical Composition
of the Plant Material

Concentrations of P,0s;, K,O, and major elements (Fe,
Ca, Mg) in the roots, shoots, and leaves of nine 4. murale
populations are presented in Table 3. Despite relatively low
available Ca content in the soil samples, the concentrations
of Ca in the roots, shoots, and leaves of A. murale popula-
tions were several times higher. On the contrary, concentra-
tion of available Mg in the soil samples was followed by
only slightly higher Mg content in all plants samples.
Concentrations of Fe in almost all plant samples were gen-
erally below 1000 mg-kg™.

Trace element concentrations (Ni, Mn, Zn, Cu, Cr, Co,
Cd, Pb) in A. murale plants are shown in Table 4. The low-
est concentrations of Ni and Mn were in the roots and the
highest levels were in the leaves. The opposite trend was
noticed for Zn content, since the concentration of Zn was
the highest in the roots, while both in the shoots and in the
leaves it was much lower. Contents of Cu in the roots and
shoots were variable and in some cases even very high, but
in the leaves of almost all the samples this element was
found only in traces. Contents of Cr and Co in all the inves-
tigated plant parts were low, and only in the roots and
shoots of four plant samples were small amounts of Cr
found. In the case of Cd, concentrations in the roots and
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Table 2. pH, organic matter, P,Os, K,O, major elements (Fe, Ca, Mg), and trace elements (Ni, Mn, Zn, Cu, Cr, Co, Cd, Pb) concen-
trations (mg-kg™") in soils of sites in which Alyssum murale s.1. populations are present. Concentrations are expressed as means + stan-

dard deviations.

Sample point SP1 SP2 SP3 SP4 SP5 SP6 SP7 SP8 SP9
pH soil in H,O 6.2 7 6.5 7.3 7.6 7.6 7.6 7.8 7.6
pH soil in 1 N KCl 5.1 5.8 5.6 6.3 7 7 7.1 7.1 7
Organic matter % 17.9+0.7 | 10.1£04 8.9+0.6 0.9+0.4 0.7+0.1 3.3+0.4 2.4+0.1 5.1+0.7 0.7+0.1
P,0j5 (available) 6.8+0.0 5.3+0.6 8.1+0.6 18.6£0.6 | 24.6+4.2 17.6£2.7 | 15.1£0.7 275422 1.7£0.3
KO (available) 155+1 25+1 21941 85+4 64+4 59+1 135+4 242+6 14+1
Fe (available) 120£10 67020 150+10 270+10 950450 11020 540+20 120£10 610+10
Ca (available) 1360+170 3100 2140+160 | 900+50 880+50 3110£70 | 1080+£40 | 1760+60 | 1230+£70
Mg (available) 4070+£80 | 3800+120 | 3870+90 | 4600+£230 | 1240+40 50020 810+10 1750+40 | 2320+60
Ca/Mg 0.33 0.08 0.55 0.2 0.71 6.22 1.32 1.01 0.53
Ni (total) 16994276 | 1843443 154464 | 1158+61 | 2269438 212548 2091438 | 1669+31 1489+41
Ni (available) 181+12 7582 17146 6746 155+1 155+5 181+2 14045 443+80
Mn (total) 49724383 | 122382 | 2717+153 | 1456+63 910434 1186+14 1160+£29 | 1070+£15 | 2176+£175
Mn (available) 304+10 8442 241+2 9843 371422 460+15 538+7 473+14 803+19
Zn (total) 12446 38+0.5 126+4 9246 34+1 37+0.7 35+1 43£2 119412
Zn (available) 11.2+0.4 0.4+0.1 12.24+0.6 1.8+0.1 9.240.2 2.940.3 6.4+0.5 10.2+0.5 | 26.5+6.6
Cu (total) 18.2+2.5 0.8+0.6 14.5£0.6 | 31.1x0.8 9.74£0.6 8.9+0.2 12.3+0.3 12.5+0.5 14.8+0.4
Cu (available) <0.1 <0.1 <0.1 1.6+0.1 0.1+0.1 <0.1 0.1£0.1 <0.1 4.7+0.6
Cr (total) 1580+73 17443 919428 270+12 341419 608+16 789431 317+8 366+12
Cr (available) <0.1 <0.1 <0.1 <0.1 20.5+0.1 19.6+£0.7 | 43.5+0.1 13.6+0.1 14.4+0.9
Co (total) 241436 120+£7 15543 9242 9049 108+2 102+2 81+6 <0.1
Co (available) <0.1 <0.1 <0.1 <0.1 36.1+£1.2 | 52.0+£1.3 | 82.0+£2.7 | 41.1£0.7 <0.1
Cd (total) 24403 2.340.1 2.3+0.1 2.6+0.1 42403 4.0£0.1 3.4+0.1 2.6+0.1 4.1+0.1
Cd (available) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 1.3+0.1
PD (total) 75.2+6.4 11.5£1.3 | 66.8+0.8 159433 | 438£29 | 26.6+£1.6 | 33.9+£09 | 28.1£1.7 | 95.4+8.1
Pb (available) <0.1 5.3+£0.6 <0.1 <0.1 15.6+0.9 | 0.50+0.1 5.1£0.5 2.540.5 17.6+0.9

shoots were low and only in the leaves of four samples was
the content of this element slightly higher. Pb contents in all
the plant samples were below 0.1 mg-kg".

Interpopulation Variability
in Ni Concentration

Results of Kruskal-Wallis ANOVA tests showed signif-
icant interpopulation variability in Ni concentration among
analyzed populations in all plant tissues — roots, shoots, and
leaves (Table 5).

Relationships between Metal
Concentrations

In soils, the correlation analysis found most significant
positive mutual relationships between Ni and Zn, Mn,
while most significant negative correlations were between

Mn and Mg and between Fe and Ca. In the roots of
A. murale, most significant positive correlations were
between Ni and Fe and between Mg and Fe, Zn, while sig-
nificant negative correlations were between Ca and Fe
(Table 6).

In the shoots of 4. murale, most significant positive cor-
relations were between Mn and Ca, Mg, while most signif-
icant negative correlations were between Ni and Ca, Mn. In
the leaves of A. murale, most positive correlation was
between Zn and Ni, while most negative correlations were
between Ca and Ni, Zn (Table 7).

A comparison of Ni-accumulating capacity of 4. murale
leaves (Ni-concentration in leaves vs. available Ni concen-
tration in soil) in analyzed populations revealed great vari-
ations (Fig. 2). Analyses of correlation of this capacity with
the soil parameters and element contents in soil, roots, and
shoots show that this capacity may be affected by several
factors (Table 8).
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Discussion of Results
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g S =0 I Ll =B < el et al. [41] for the ultramafic soils in Iran. The content of the
£ available Fe was high for the loamy and alkaline soils [42],
& while available concentrations of Ni and Mn were high in
= olo o =12 o all soil samples and much higher than those presented by
g SIRIZIRIRIRISIR|ID ([0 |K|T . .

=D |= 122 Q7o % |« o e Ghaderian et al. [41] for ultramafic soils from Iran.
S B E I R E B N B B ) : )
S22 ERIEISIERIZIZEIS =R Despite relatively low available Ca content (310-3110
3 Il o D e R N mg-kg") in the soil samples, the concentrations of Ca in the
= roots, shoots, and leaves of 4. murale populations were
gm = " several times higher. Comparing to Ca content, concentra-
Qe | =18 z tions of available Mg in the soil samples were followed by
a9 = |2 | 6 ol | @ - = 8 ol =] °© . . .
- |2 gls g 2lz|8 Sl512 2 5 é % =2l slightly higher Mg conte'nt in all plant samples..Generally,
2 E Slelolo]| & 223252 % % % the content of Ca was higher than Mg content in all plant
S P2 @ L@ |SISIS|S|E|=S|S|S tissues and the highest Ca/Mg ratio (1.6-15.2) was noticed
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Table 4. Trace element (Ni, Mn, Zn, Cu, Cr, Co, Cd, Pb) concentrations (mg-kg") in Alyssum murale s.1. plant tissues. Concentrations
are expressed as means + standard deviations.

S;Lniﬁie SP1 SP2 SP3 SP4 SPs SP6 SP7 SP8 SP9
Niroot | 17124107 | 1643142 | 18134248 | 777423 | 508+48 | 87714 | 862422 | 241£19 | 2926+472
Nishoot | 2177432 | 2198485 | 2422440 | 1680438 | 687439 | 1820+14 | 1184451 | 549427 | 6793+1201
Nileaves | 7664+713 | 5026+495 | 6478+1162 | 20314277 | 94347 | 4459+171 | 1616£114 | 733432 | 1316041652
Mnroot | 29.0425 | 14.682.6 | 79426 | 44+1.1 | 11.8£1.8 | 418431 | 220418 | 22718 | 11.849.5
Mnshoot | 37.6443 | 50.6£33 | 158413 | 46.8+13 | 31.8427 | 77.8408 | 69.143.7 | 1072459 | 5.0%1.7
Mn leaves | 93.843.7 | 30.0£39 | 197481 | 157473 | 18.5+19 | 87.4+6.1 | 682442 | 1261429 | 39.2+4.9
Zn root 466450 | 564482 10121 248427 | 68417 | 221410 | 317462 | 44.0%44 | 509462
Znshoot | 223+16 | 28732 | 277427 11329 | 545825 | 868459 | 226466 | 433+6.1 | 46.8+43
Znleaves | 115£18 | 21.6+6.6 | 759464 | 197449 | 11.8+1.1 | 21328 | 204422 | 26.1+04 | 333+7.6
Cu root 923458 | 104460 | 159419 | 23618 <1.0 1023460 847 89+7 3.6+0.6
Cushoot | 57313 | 849430 | 1127449 | 440431 <1.0 35447 7842 183417 | 3.9+06
Culeaves |  <I1.0 <1.0 <1.0 <1.0 25406 | 73%0.6 | 50£1.0 | 7.6£1.0 3.240.7
Cr root <1.0 <1.0 <1.0 <1.0 134402 | 13.7£02 | 275802 | 27.5+04 <1.0
Cr shoot <1.0 <1.0 <1.0 <1.0 272404 | 27.5804 | 272+04 | 27.5+04 <1.0
Cr leaves <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Co root <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Co shoot <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 302411 | 10.642.8 <1.0
Co leaves <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Cd root 54417 | 64414 | 3.5+0.1 <1.0 <1.0 45+0.7 <1.0 122402 <1.0
Cd shoot <1.0 7.241.0 <1.0 <1.0 6.9+1.8 <1.0 40406 | 4812 <1.0
Cdleaves | 165413 | 193£09 | 160205 | 16.0%0.1 <1.0 <1.0 <1.0 <1.0 <1.0
Pb root <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Pb shoot <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Pb leaves <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

in leaves. This is because Ca content in 4. murale leaves is
remarkably high, which is a consequence of the unusual
ability of this plant to accumulate high Ca concentrations,
even from soils with high Mg/Ca quotients that are char-
acteristic of serpentines. The similar results were present-
ed for different plants (including Alyssum species) from
Greece (Lesbos Island), Albania, and Italy [10, 26, 46].
According to Pandolfini and Pancaro [47], serpentine
plants must posses a mechanism to limit uptake of Mg
and/or a high absorption capacity for selective Ca uptake.

Concentrations of Fe in all plant samples were general-
ly below 1,000 mg-kg"', and only in the leaves of SP1 was
it above this value which, according to Reeves et al. [48],
often indicates contamination of leaf samples by serpentine
soil or dust, not always easily removed by simple washing
procedures. However, the Fe content in all plant tissues was
significantly elevated in relation to normal values for plants

— approximately 100, maximum of about 700 mg-kg"' [49].
In our survey in six sample points the highest quantity of
iron was recorded either in the stems or in the leaves, while
in three plant samples iron is dominant in the roots. It had
been found previously that the increase of Ni concentration
increased Fe accumulation in plants, primarily in roots [50,
51], which had been ascribed to the activation of the com-
mon metal uptake channels. Uptake of large quantities of
Fe together with Ni in A. murale is thus caused by the pres-
ence of very abundant and active channels for Ni uptake.
Iron is harmful for plant metabolism more than other heavy
metals because it directly causes oxidative stress and the
excess has to be inactivated, mostly by binding to low mol-
ecular SH ligands or in the form of Fe-S aggregates.
Hyperaccumulators produce increased concentrations of
such ligands, as has been confirmed for A. lesbiacum at
high Ni concentrations [52].
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Table 5. Results of Kruskal-Wallis ANOVA tests for Ni con-
centration among nine analyzed Alyssum murale s.l. popula-
tions for different plant tissues.

Plant tissue H df p level
Roots 24.878 8 0.0016
Shoots 25.503. 8 0.0013
Leaves 25.542 8 0.0013

Ni concentrations in 4. murale samples from Serbia
were variable since there was significant interpopulation
variability in Ni concentrations among analyzed popula-
tions in all plant tissues — roots, shoots, and leaves. The total
quantity of Ni in tissues of all nine plant samples studied
was high to extremely high (up to 13,160 mg-kg"), and in
A. murale leaves at SP9 was 30 times higher than those in
corresponding soil, while in the case of SP2 the ratio
between concentration of Ni in leaves and in the corre-
sponding soil was 66:1. Actually, in all the samples studied
the concentration of Ni was higher in the above-ground
parts compared to the root, which can be attributed to easy
translocation of nickel in the acropetal direction [53]. This
is completely in accordance with the finding of McNear et
al. [54] that A. murale transports histidine-bound Ni from
roots to shoots, where it is further deposited bound to
malate and other organic acids within plant leaf dermal tis-
sue. Ni hyperaccumulation was, under natural conditions,
associated with serpentine or other Ni-rich soils and some
native plants from such locations accumulated leaf concen-
trations of over 6,000 mg Ni/kg [42].

Generally speaking, Ni content in Serbian A. murale
plant samples are lower then those recorded by Bani et al.
[19], since the concentrations of Ni in 4. murale plants
from several locations in the Balkans ranged from 4,730
mg-kg' up to 20,100 mg-kg'. On the ultramafic slopes of
Go¢ Mountain (central Serbia), plants of A. markgrafii
contained from 5,125 mgkg' to 6,250 mg-kg' Ni [28].
Vinterhalter and Vinterhalter [29] also proved that under
conditions of in vitro culture A. markgrafii (seed collect-
ed from the same location in Go¢ Mountain) is as highly
efficient nickel hyperaccumulator as in nature. These
authors concluded that the ability to hyperaccumulate
nickel was not restricted only to organized structures but

also in undifferentiated, non-organogenic callus, and that
hyperaccumulation in callus represents interesting finding
since it indicates that the tolerance to nickel is a specific
feature of cells and tissues of certain species and not only
the result of translocation.

Although Mn content in soil samples was relatively
high, its concentration in plant tissues was noticeably
lower; the lowest one was in the roots while in the leaves it
was up to 126.1 mg-kg'. Broadhurst et al. [55] presented
much higher concentrations of Mn in leaves of several eco-
types of A. murale species. The opposite trend was noticed
for Zn concentration in plant tissues. Comparing to low Zn
content in soil samples, in the roots of all samples Zn con-
centration was the highest. Concentrations of both Mn and
Zn found in this study are in agreement with values report-
ed for other Balkan populations of A. murale [19]. It is
assumed that species growing in serpentine soils generally
act as excluders of Zn and Mn, and they can restrict trans-
port of such metals to the shoots and maintain relatively
low concentration of metals in leaves — even at high con-
centrations in soils [10].

Contents of Cr and Co in all the investigated plant parts
were very low, and only in four plant samples were small
amounts of Cr found in the roots and shoots (up to 27.5
mg-kg'). Reeves et al. [48] reported that concentrations of
Cr in leaves are generally below 20 pg-g', and chromium
uptake by plants is usually very slight [13]. This can be
explained by its low solubility in the serpentine soil solu-
tion due to the relatively high pH values [56]. In the case of
Co, only in the shoots of two plant samples did we record
small concentrations of this element (up to 30.2 mg-kg"),
while in the leaves of all the samples this element was
found only in traces. This is in contrast to the results of
investigations done by Brooks and Radford [13] on the
leaves from herbarium materials of 4. murale populations
from Europe, where content of this element was between 4
and 34 pg-g' of dry leaf mass. These authors claimed that
the normal Ni/Co ratio in ultrabasic rocks is usually of the
order of 10:1, but the species of the genus Alyssum prefer-
entially accumulate nickel relative to cobalt. It is concluded
that Ni-accumulating processes in Alyssum are not accom-
panied by any significant ability to accumulate other trace
elements, since the concentrations of Cr, Co, Mn, and Fe in
plant tissues of two Alyssum species from ultramafic soils
of Iran were generally low [41].

Table 6. Correlation coefficients (r) for soil and Alyssum murale s.1. The upper right part for soil, the lower left part for roots; signifi-
cant correlation coefficients are in bold (*p<0.05, **p<0.01, ***p<0.001).

Metal Ca Mg Fe Zn Mn Ni
Ca - -0.26 -0.79%%* 0.48* 0.37 0.33
Mg 0.00 - -0.03 0.07 -0.64%** -0.19
Fe -0.53%* 0.60%** - -0.16 -0.07 -0.03
Zn -0.11 0.69%** 0.42* - 0.49** 0.75%%*
Mn 0.20 0.41* 0.27 0.04 - 0.63%**
Ni -0.23 0.38* 0.75%%* 0.29 -0.04 -




Comparative Study of Hyperaccumulation...

1863

Table 7. Correlation coefficients (r) for Alyssum murale s.1. The upper right part for shoots, the lower left part for leaves; significant
correlation coefficients in bold (*p<0.05, **p<0.01, ***p<0.001).

Metal Ca Mg Fe Zn Mn Ni
Ca - 0.21 -0.13 -0.41* 0.627%** -0.81%**
Mg -0.01 - 0.50** 0.10 0.61%** -0.34
Fe -0.16 0.47* - 0.29 0.17 0.01
Zn -0.59%** -0.19 - -0.28 0.50%*
Mn 0.36 0.02 0.37 - -0.67%%*
Ni -0.66%** -0.14 0.63%** -0.06 -

Despite the fact that available Cu content in soil sam-
ples was very low, in five plant samples very high concen-
trations of this element were found — both in the roots and
in the shoots. The accumulation of Cu by higher plants is
not so common a feature, and hyperaccumulation of copper
is noticed in some terrestrial plants such as Mimulus gutta-
tus DC. [57] or Helichrysum candolleanum as both Ni and
Cu hyperaccumulator [58], as well as in aquatic macro-
phytes [59]. In the leaves of almost all the samples, this ele-
ment was found only in traces that correspond to the results
given by Bani et al. [19]. Cu has low mobility relative to
other elements in plants and most of this metal appears to
remain in roots [42]. Cd content in all the samples and in all
the plant parts were relatively low (up to 19.30 mgkg?'),
while in the case of Pb, concentrations of this element in
plant tissues was below 0.1 mg-kg™'.

Analyses of correlation of Ni TF (soil/leaves) in
A. murale plants with soil parameters revealed that soils
with lower pH, Ca/Mg ratio, P,O; and Co, Cr, and Mn con-
tents favoured the development of highly efficient Ni
hyperaccumulators. Higher Ni accumulation at lower pH
values in soil was to be expected, because acidic conditions
increase the mobility and availability of Ni ions [60].
Inhibition of Ni accumulation by increased concentration of
Co, Cr, and Mn would indicate an antagonism between

70

these ions and Ni, probably due to the competition for the
same binding sites of the root channels. Such antagonism
was already found in another Ni hyperaccumulator,
Brassica juncea [61].

Negative correlation of Ni uptake capacity with P,Oq
contents in soil and plants that was found in this study is
possibly a result of organic acid synthesis stimulation.
Actually, it had been found that in several non-accumulat-
ing plant species, P-starvation lead to increased synthesis of
organic acids for the purpose of root exudation to enable
more efficient P-acquisition [62]. If constitutionally high
organic acid synthesis in 4. murale [54] would be increased
by P-starvation, that would lead to additionally increased
transport within the plant.

In A. murale shoots and leaves, concentrations of Ni
were negatively correlated with concentrations of Ca,
which correspond to the results for serpentine plants from
Lesbos Island (Greece) [10]. However, Bani et al. [19]
found no correlation between Ca and Ni concentrations in
Alyssum leaves. Negative correlation of Ni uptake and
translocation capacity with Ca concentration in leaves and
Ca/Mg ratio in soil and shoots reflects a well-known find-
ing that Ca alleviates toxic effects of some metals (includ-
ing Ni) by substituting them and thus decreasing their
uptake and transport [63]. The trait of 4. murale to concen-
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Fig. 2. Variations in Ni TF (Ni-concentrations in leaves vs. available Ni-concentrations in soil) in Alyssum murale s.1. plants from dif-

ferent sampling sites.
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Table 8. Correlations between Ni TF in Alyssum murale s.1. leaves and soil parameters, element contents in soil, roots, and shoots (only

significant correlation coefficients are presented (p<0.001)).

Soil parameters r Element content in roots r Element content in shoots r

pH -0.67 P,0s -0.81 P,0s -0.43
P,0Os -0.50 Ni 0.57 K,0 -0.60
Ca/Mg -0.79 Zn 0.86 Cu 0.77
Available Mn -0.51 Cu 0.70 Ca (leaves) -0.60
Available Cr -0.69 Cr -0.77 Ca/Mg -0.65
Available Co -0.69

trate Ca in spite of the low concentration of this element in Conclusions

soil indicates that this species may have two mechanisms
for surpassing heavy metal toxicity: great affinity toward
Ca that leads to lower uptake of some elements (including
Ni), and production of organic ligands for Ni uptake, neu-
tralization, transport, and safe storage. Possibly, in popula-
tions deprived of Ca, the second mechanism becomes more
developed. Stronger negative correlation with Ca/Mg ratio
than with Ca content itself indicates a positive correlation
of Mg content with Ni hyperaccumulation. Kiipper et al.
[64] found the same compartmentalization of Mg and Ni
(contrary to Ca and Ni) in leaves of Ni hyperaccumulators
A. bertolonii and A. lesbiacum, from which they concluded
that Mg accumulation is a result of active defensive mech-
anism against Ni and other metals aimed at preventing their
incorporation in chlorophyll.

Contrary to Kaur et al. [61], who found antagonism of
Ni with Cu and Zn in B. juncea, in A. murale plants ana-
lyzed in this study, correlation of Ni TF for leaves with Zn
and Cu contents in plants was positive. It had been found in
some non-accumulating plants like bean [65] or Trigonella
corniculata [51] that Ni increased Cu concentration in
roots, but no correlation was found with Ni content exclud-
ing synergism of these ions. One of the possible reasons for
the positive correlation of Ni TF in leaves and Zn and Cu
contents in roots and Cu content in stems may be a better
developed antioxidant system in these plants, involving
higher activities of Cu/Zn superoxide dismutase. Although
it had been stated many times that the antioxidative system
in hyperaccumulators was not the primary detoxifying
mechanism, it showed high activity in these plants. For
instance, superoxide dismutase activity in hairy roots of Ni
hyperaccumulator A. bertolonii was found to be 2.5 times
higher in the presence of Ni than in non-accumulating
Nicotiana tabacum. This showed that the hyperaccumulator
possessed constitutionally high capacity to fight off oxida-
tive stress. Co-incidence of high antioxidative capacity with
high accumulation in an 4. murale population would indi-
cate that more “vigorous” or better adapted genotypes
developed both of these mechanisms to a higher degree.
However, the connection of Cu and Zn accumulations with
superoxide dismutase activity still remains to be investigat-
ed in the analyzed populations.

Soil samples collected at nine ultramafic sites in west-
ern, southwestern, and central Serbia contain elevated lev-
els of Ni, Mn, Co, and Cr. The Mg/Ca quotients for the
available fraction in seven soil samples are relatively high.

Despite relatively low available Ca content in the soil
samples, the concentrations of Ca in 4. murale tissues were
several times higher. Generally, the content of Ca was high-
er than Mg content in all plant tissues and the highest Ca/Mg
ratio (1.6-15.2) was noticed in the leaves. The total quantity
of Ni in tissues of all nine plant samples studied was high to
extremely high and in two cases it was 30 and 66 times high-
er in leaves than those in corresponding soil. Correlation of
Ni accumulating capacity with soil properties lead to the
conclusion that weakly acidic soils, poor in P and K, with
low Ca/Mg ratio and with low contents of Mn, Cr and Co,
are most favourable for the development of A. murale spec-
imens with high hyperaccumulating capacity.

If metal hyperaccumulators are defined as plants that
have the capacity to accumulate Ni to such a degree that dry
leaf concentrations of this element exceed 1,000 mg-kg’,
(0.1%) [9], most 4. murale plant samples from Serbia
emerge as strong Ni hyperaccumulators. Our results
demonstrate that populations of this species from ultramaf-
ic soils of Serbia, due to high biomass production and high
efficiency of Ni uptake, have the best potential for phy-
toextraction purposes.
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