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Abstract—The ability to accumulate nickel (Ni) was compared in hyperaccumulator Noccaea сaerulescens
F.K. Mey and excluder Thlaspi arvense L. after a short-term (1, 2, or 3 days) and long-term (8 weeks) exposure.
T. arvense and four accessions of N. сaerulescens (La Calamine (LC), Saint Félix de Palliéres (SF), Monte
Prinzera (MP), and Lellingen (LE)) were grown on a half-strength Hoagland`s solution in the presence of
25 μM Ni(NO3)2 (N. сaerulescens and T. arvense) and 250 μM Ni(NO3)2 (N. сaerulescens; T. arvense for only
1–3 days). Metal content in the roots and shoots was determined by atomic absorption spectroscopy. The Ni
content per unit mass in the roots and shoots of N. сaerulescens in most cases did not differ significantly after the
short-term incubation. At 25 μM Ni in the nutrient solution, its content in the roots of LC plants after 2–3 days
of incubation was lower than in T. arvense, whereas Ni content in the shoots of these plants was similar. In the
plants of other accessions of N. сaerulescens, Ni content in the roots and shoots in most cases was higher than in
T. arvense. At 250 μM Ni, the differences in metal content in the roots were insignificant, and its content in the
shoots in all the accessions of the hyperaccumulator was much higher than in the excluder. The Ni translocation
factor was higher in N. сaerulescens than in T. arvense and exceeded unity only in the plants of MP accession.
After the long-term exposure, the Ni translocation factor was higher than 1 in plants of all accessions of
N. сaerulescens and decreased in the following order: MP ≈ LC > LE ≥ SF; in T. arvense, it did not exceed 0.3.
Upon both long-term and short-term exposure, the ability to accumulate Ni by N. сaerulescens plants of
different accessions generally increased in the following order: LC < SF < LE < MP. However, minor
changes were observed depending on the duration of exposure and Ni concentration in the medium. Thus,
considerable differences in the ability to accumulate Ni among the plants of different accessions of hyper-
accumulator N. сaerulescens became apparent as early as during the first days of exposure to Ni and hardly
depended on the duration of incubation or metal concentration in the medium. The obtained data confirm the
assumption about a constitutive or genetically predetermined ability of plants of different N. сaerulescens acces-
sions to accumulate Ni.
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INTRODUCTION

One of the important objectives of current ecolog-
ical plant physiology is the investigation of the mech-
anisms responsible for plants’ ability to selectively
accumulate metals. The present-day classification
recognizes two contrasting groups of plants: excluders
where metals are chiefly accumulated in the root sys-
tem and accumulators that accumulate them predom-
inantly in the above-ground organs [1]. Among accu-
mulators, there is a group of hyperaccumulating spe-

cies in which the content of zinc (Zn) or manganese
(Mn) exceeds 1% of the shoot dry weight; the content
of nickel (Ni), cobalt (Co), copper (Cu), or selenium
(Se) is above 0.1% of the shoot dry weight; or the con-
tent of cadmium (Cd) or arsenic (As) exceeds 0.01% of
the shoot dry weight [2]. Altogether, approximately
500 species of hyperaccumulators are presently
known; the majority of them are hyperaccumulators
of Ni belonging to the families Asteraceae, Brassica-
ceae, Buxaceae, Euphorbiaceae, Flacourtiaceae,
Rubiaceae, and Violaceae, which are capable of accu-
mulating in the shoots more than 1000 mg Ni/kg dry
weight [2–4].

Hyperaccumulator plants combine high tolerance
to one or several metals with the ability to accumulate

Abbreviations: LC—La Calamine; LE—Lellingen; MP—Monte
Prinzera; SF—Saint Félix de Palliéres; PB—Puente Basadre;
Pr—Prayon; SLM—Saint Laurent le Minier (formerly Ganges)
(accessions of hyperaccumulator Noccaea сaerulescens).
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them in the shoots, with the metal content in the
shoots of these species manifold exceeding the metal
contents in the root systems of the excluders or in the
environment [2, 4]. It is assumed that tolerance to
metals and ability to hyperaccumulate them are under
independent genetic control [3, 5, 6], and the genes
responsible for hyperaccumulation and tolerance are
not species-specific; more likely, they are differentially
expressed in hyperaccumulators and excluders [3, 7].

The ability to accumulate metals in plant shoots
arose repeatedly in the course of evolution not only in
different families of angiosperms [8] but also in differ-
ent tribes and genera within the same family. For
instance, the ability to accumulate Ni evolved at least
six times in the family Brassicaceae, the richest in
hyperaccumulator species, and the ability to hyperac-
cumulate Zn evolved at least thrice [4]. Hyperaccumu-
lator Noccaea сaerulescens (formerly Thlaspi caerules-
cens) from the Brassicaceae family is considered a
model species for the investigation of metal hyperac-
cumulation [6, 9–11] and is widely used for the studies
of physiological, genetic, ecological, and evolutionary
aspects of this phenomenon [3, 4, 7]. In spite of the
monophyletic origin of all the representatives of genus
Noccaea [10], the ability of different hyperaccumula-
tor species from this genus to accumulate Ni, Zn, and
Cd may considerably differ, which can largely account
for their different metal tolerance [4, 12]. Noccaea
goesingensis is a hyperaccumulator of Ni, N. praecox
hyperaccumulates Zn, and N. сaerulescens is capable of
accumulating three metals: Ni, Zn, and Cd, which is a
rare case among the representatives of metallophyte
flora [3, 4].

Not only different species of hyperaccumulators
but also different accessions of the same hyperaccu-
mulator may considerably vary in the ability to accu-
mulate metals and in tolerance to their toxic effect [6,
13–19]. Taking into consideration that different acces-
sions belong to the same species, it is important to
understand the reasons for their varying tolerance and
ability to accumulate metals. In many respects, such
differences may be associated with the evolution of
certain populations of the same species on different
types of soil [20]. Under natural conditions, the great-
est content of Cd and Zn is often observed in the pop-
ulations growing on calamine soils rich in Zn, Cd, and
Pb, while the highest levels of Ni are often observed in
the populations from serpentine soils rich in Ni, Со,
and Cr [6]. In earlier experiments performed in hydro-
ponics, we showed that N. caerulescens plants of
Lellingen (LЕ) accession originating from non-metal-
liferous soils accumulated more Zn but were less toler-
ant than the plants of accessions Saint Félix de
Palliéres (SF) and La Calamine (LC) originating from
calamine soils. At the same time, the plants of acces-
sion Monte Prinzera (MP) from serpentine soils were
notable not only for a much higher tolerance to Ni
than other examined accessions but also for its highest
accumulation [18]. The same as in the case of Ni and
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Zn, LС plants accumulated less Cd; this probably par-
tially accounted for their higher tolerance to Cd as
compared with other accessions. Plants of SF acces-
sion also originating from calamine soils showed not
only a high tolerance to Cd but also its greatest accu-
mulation, which is probably associated with more effi-
cient mechanisms of Cd detoxification [19]. The
obtained results point to different mechanisms of and
reasons for metal tolerance in the plants of different
accessions of N. caerulescens, and close correlation
between Ni and Zn content in N. сaerulescens plants
[6, 21] confirms the hypothesis that transport path-
ways of these metals in the plant are non-specific.

In numerous papers published earlier and summa-
rized in reviews [2–4, 7, 12, 22–24], the content of
metals was usually determined in plants growing in
natural habitats or in laboratory conditions after a
long-term exposure to respective metal salts. Different
researchers obtained numerous results; however, it is
not known how fast hyperaccumulators can accumu-
late metals and whether or not the differences between
the accessions remain upon a short-term and long-
term exposure to the metals. These issues must be clar-
ified in order to corroborate the hypothesis that repre-
sentatives of different accessions of the same hyperac-
cumulator species possess a constitutive ability to
accumulate certain metals. Therefore, the main goal
of this work was to compare the ability to accumulate
Ni by plants of different accesisons of hyperaccumula-
tor N. сaerulescens and excluder Thlaspi arvense, a wide-
spread ruderal species from the family Brassicaceae,
upon a short-term or long-term exposure of plants to
different Ni concentrations (25 and 250 μM).

MATERIALS AND METHODS
Plant material and growing conditions. The seeds of

hyperaccumulator Noccaea сaerulescens F.K. Mey
(formerly Thlaspi caerulescens J. & C. Presl) were col-
lected from natural or their derived laboratory popula-
tions: accessions La Calamine (LC, Belgium) and
Saint Félix de Palliéres (SF, France) originated from
calamine soils rich in Zn, Cd, and Pb; accession
Monte Prinzera (MP, Italy) originated from serpen-
tine soils rich in Ni, Со, and Cr; and accession
Lellingen (LE, Luxemburg) originated from non-met-
alliferous soils. The seeds of hyperaccumulator
N. сaerulescens and excluder Thlaspi arvense L. were
germinated in Petri dishes on filter paper moistened
with tap water during two weeks at 20°С in a dark ther-
mostat. The seedlings were transferred to 1-L pots
(four seedlings per pot) with half-strength Hoagland`s
solution and grown for eight weeks in a climate chamber
(23/18°C day/night, 14-h-long light period). The
Hoagland`s solution consisted of the following compo-
nents: KNO3 (3 mM); Ca(NO3)2 (2 mM); NH4HPO4
(1 mM); MgSO4 (0.5 mM); KCl (1 μM); H3BO3
(25 μM); ZnSO4 (2 μM); MnSO4 (2 μM); CuSO4
(0.1 μM); (NH4)6Mo7O24 (0.1 μM); Fe(Na)EDTA
AL OF PLANT PHYSIOLOGY  Vol. 67  No. 2  2020
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(20 μM). The pH of the medium was adjusted to
5.25 using MES(2 mM)/KОН [18]. Nutrient solution
was renewed once a week. The plants were grown in
the presence of 25 μM Ni(NO3)2 (N. сaerulescens and
T. arvense) and 250 μM Ni(NO3)2 (N. сaerulescens)
during eight weeks. Control plants were grown on
half-strength Hoagland`s solution without Ni. After
8-week-long growing, some control plants of
N. сaerulescens and T. arvense were transferred to half-
strength Hoagland`s solution supplemented with
Ni(NO3)2 at the concentrations of 25 or 250 μM and
incubated for 1, 2, or 3 more days. The concentrations
of Ni(NO3)2 had been selected in previous experiments
with plants growing under similar conditions [18].

Determination of nickel content. The content of Ni
was determined in the roots, leaf petioles, and leaf
blades. Before the analysis, the roots were desorbed in
20 mM EDTA for 10 min at room temperature and
then rinsed in distilled water. Plant material was col-
lected after eight weeks of growing, dried at 80°С for
24 h in a drying oven to the fixed weight and weighed.
Samples dried to the fixed weight were subjected to
wet digestion at 140°С for 7 h in Teflon bombs after
adding the mixture of 65% HNO3 and 37% HCl (4 : 1,
v/v). Quantitative analysis was carried out in accor-
dance with a standard procedure using a Perkin Elmer
1100В atomic absorption spectrophotometer (Perkin
Elmer, the Netherlands). The assays were performed
in triplicate. On the basis of the obtained data, we cal-
culated the translocation factor: the ratio between Ni
content in the shoots and roots.

Statistical analysis. The experiments were repeated
three times. Each replication comprised three plants
per type of treatment. Quantitative data were statisti-
cally analyzed using one-way ANOVA. The data are
shown as the means and their standard errors.

RESULTS
By the end of the experiment, the plants had a

developed rosette without signs of chlorosis or necro-
sis at all the types of treatment.

After the short-term incubation, the content of Ni
per unit mass in the roots and shoots of N. сaerulescens
in most cases did not show considerable differences
(Figs. 1a–1c, 2a–2c). In LE plants after 2–3 days of
incubation at 25 μM Ni(NO3)2 (Figs. 1b, 1c) and in SF
and LC plants after 1–2 days of exposure to 250 μM
Ni(NO3)2 (Fig. 2b), the Ni content was higher in the
roots than in the shoots.

At a low Ni concentration in the nutrient solution,
the content of the metal in the roots of LC plants after
2–3 days of incubation was lower than in the excluder
T. arvense, and the content of Ni in the shoots of these
plants was similar (Figs. 1b, 1c). At the same time, the
Ni content in the roots and shoots of plants of other
accessions under study was much higher than in
T. arvense (Figs. 1a–1c), except for SF plants, wherein
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 67
the content of Ni in the roots on the second and third
days of incubation did not significantly differ from its
level in the roots of T. arvense. At a high concentra-
tion, the differences in the content of Ni in the roots
were marginal, whereas the Ni content in the shoots of
the hyperaccumulator of all the accessions under study
was much higher than in the excluder (Figs. 2a–2c).
The Ni content per unit mass in the leaf blades in most
cases was lower than in the petioles. However, there
were no significant differences between Ni contents in
leaf perioles and leaf blades in MP plants after 1–3 days
of incubation at both Ni concentrations (Figs. 1a–1c,
2a–2c) or in LC plants on the third day and in SF plants
on the second and third days of exposure to 25 μM
Ni(NO3)2 (Figs. 1b, 1c). After the long-term incubation,
the content of Ni in the leaf blades of N. сaerulescens was
higher than in the petioles and roots (Figs. 1d, 2d).

At both concentrations (25 and 250 μM) of
Ni(NO3)2, the Ni content increased by the third day
of incubation both in the roots and shoots of the
excluder and hyperaccumulator as compared with
that after 1-day-long incubation (Figs. 1a–1c, 2a–2c).
The LC plants were an exception; therein, at a con-
centration of 25 μM Ni(NO3)2, the content of metal
per unit mass did not change significantly in the roots
and leaf petioles and increased in the leaf blades
(Figs. 1a–1c).

Upon a short-term exposure, the translocation factor
(the ratio between Ni content in the shoots and roots)
was reliably higher than 1 only in N. сaerulescens, acce-
sison MP, which grows under natural conditions on ser-
pentine soils rich in Ni (Fig. 3). In N. сaerulescens
plants of other accessions, naturally growing on cala-
mine soils rich in Zn, Cd, and Pb (SF and LC) and on
non-metalliferous soils (LE), the Ni translocation fac-
tor was lower than 1 but higher than in the excluder
T. arvense, except for the SF and LC plants on the sec-
ond day of incubation at 250 μM Ni(NO3)2. Upon a
long-term incubation, the values of Ni translocation
factor considerably increased in the plants of all the
accessions and especially in LC plants. After 8-week-
long exposure, the Ni translocation factor was higher
than 1 in plants of all the examined accessions of
N. сaerulescens and decreased in the following order:
MP ≈ LC > LE ≥ SF. Under all the types of treatment,
the lowest values of the translocation factor were
observed in the excluder T. arvense (Fig. 3).

The obtained data point to considerable differences
in the rate of and ability to accumulate Ni not only
between the excluder and the hyperaccumulator but
also among different accessions of the hyperaccumu-
lator manifesting already during the first days of incu-
bation. After both short-term and long-term incuba-
tion, the highest Ni content was found in the MP
plants (Figs. 1, 2). As early as after 3-day-long incuba-
tion at 250 μM Ni(NO3)2, the content of metal in the
shoots and roots of plants belonging to this accession
exceeded 1000 mg/kg dry weight (Fig. 2c). The most
  No. 2  2020



306 KOZHEVNIKOVA et al.

Fig. 1. Ni content (mg/kg dry wt) in the roots (1), petioles (2) , and  leaf blades (3) of the excluder Thlaspi arvense (Т.а.) and four
accessions of the hyperaccumulator Noccaea сaerulescens (N.c.) (MP, LE, SF, and LC) after 1 (a),  2 (b), 3 (c) days, and 8 weeks
(d) of incubation on half-strength Hoagland`s solution supplemented with 25 μM Ni(NO3)2. Significantly different values of Ni
content are designated with different letters (at P < 0.05, one-way ANOVA). The analysis was carried out separately for the roots,
petioles, and leaf blades. Significant differences between Ni contents in the roots and shoots are marked with asterisks: * at P < 0.05;
** at P < 0.01; and *** at P < 0.001 (one-way ANOVA). 
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pronounced increase in Ni accumulation with time
was also observed in the MP plants upon the short-term
incubation (Figs. 1a–1c, 2a–2c). For N. сaerulescens
plants of different accessions, the ability to accumulate
Ni generally increased in the following order: LC <
SF < LE < MP; however, the results of the statistical
analysis show that minor changes may occur depend-
ing on the duration of incubation and concentration of
Ni in the medium (Figs. 1, 2).

DISCUSSION
Our results obtained in this and other works [15, 16,

18, 19], as well as the data of other researchers [6, 13, 14,
17], clearly show that not only excluders and hyperac-
cumulators but also the plants of the same species
belonging to different accessions may considerably
differ in their ability to accumulate metals. The plants
RUSSIAN JOURN
from all the accessions of N. сaerulescens can accumu-
late Zn, whereas hyperaccumulation of Ni more often
occurs in plant accessions which evolved on serpen-
tine soils rich in Ni, Со, and Cr [6, 18, 25]. The con-
tent of Ni in MP plants that grow in natural conditions
on serpentine soils was much higher than in plants of
accessions SF and LC originating from calamine soils
rich in Zn, Cd, and Pb (Figs. 1, 2). The obtained data
confirm the hypothesis that the ability to accumulate
certain metals developed in plants of different acces-
sions in the course of continued evolution on a certain
type of soil [20] and that it depends on the level of
available metal in the soil [6]. Moreover, MP is the
only accession out of the examined ones wherein stim-
ulation of growth was observed at a low concentration
of Ni [18]. Stimulation of growth at a low concentra-
tion of Ni in the solution may well account for the
decrease in the Ni content per unit mass in MP plants
AL OF PLANT PHYSIOLOGY  Vol. 67  No. 2  2020
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Fig. 2. Ni content (mg/kg dry wt) in the roots (1), petioles (2), and  leaf blades (3) of the excluder Thlaspi arvense (Т.а.) and four
accessions of the hyperaccumulator Noccaea сaerulescens (N.c.) (MP, LE, SF, and LC) after 1 (a),  2 (b), 3 (c) days, and 8 weeks (d)
of incubation on half-strength Hoagland`s solution supplemented with 250 μM Ni(NO3)2. Significantly different values of Ni
content are designated with different letters (at P < 0.05, one-way ANOVA). The analysis was carried out separately for the roots,
petioles, and leaf blades. Significant differences between Ni contents in the roots and shoots are marked with asterisks: * at P < 0.05;
** at P < 0.01; and *** at P < 0.001 (one-way ANOVA). 
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upon the long-term incubation (as compared with
short-time exposure).

The content of Ni in the plants of LE accession
originating from non-metalliferous soils was often
lower than in the plants of MP accession but higher
than in LC and SF accessions originating from cala-
mine soils. However, after eight weeks of incubation at
low Ni concentration, its content in the representa-
tives of the accession from non-metalliferous soil was
even slightly higher than in plants of accessions origi-
nating from calamine and serpentine soils (Figs. 1, 2).
In spite of the ability of plants from non-metalliferous
soils to accumulate Ni at its low concentrations in the
medium, their tolerance to the toxic effect of Ni is less
pronounced, which is also confirmed by earlier obser-
vations [6, 18].

The content of metal in plants grown in hydroponic
culture may be higher than in plants growing in natural
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 67
conditions even when the level of available metal is the

same. For instance, N. сaerulescens plants from cala-

mine and non-metalliferous soils grown in hydro-

ponic culture accumulated identical amounts of Zn,

but its amount was three times higher than in the

plants grown on the soil [6]. This depends on soil het-

erogeneity, uneven distribution of the metal along the

soil profile, and on a different ratio between macro-

and microelements. At the same time, when the con-

tent of Zn in the shoots of N. сaerulescens was identi-

cal, the distribution of the metal within plant tissues

was similar, which makes it possible to extrapolate the

results from research done using plants grown in labo-

ratory conditions to the plants from natural popula-

tions [26]. Therefore, it is correct to compare the

accumulation of metals only if the data were obtained

under similar conditions. As a result, it is difficult to

compare the data obtained by different researchers. In
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Fig. 3. The ratio between Ni content in the shoots and
roots (translocation factor) in the excluder Thlaspi
arvense (Т.а.) and four accessions of the hyperaccumula-
tor Noccaea сaerulescens (N.c.) (MP, LE, SF, and LC)
after 1 (1), 2 (2), 3 (3) days, and 8 weeks (4) of incubation
on half-strength Hoagland’s solution supplemented with
25 (a) or  250 μM (b) Ni(NO3)2. Only plants of the hyper-
accumulator N. сaerulescens were grown in the presence
of 250 μM Ni(NO3)2 for 8 weeks since this Ni concentra-
tion was toxic for the excluder upon a long-term expo-
sure. Significantly different values of translocation factor
are designated with different letters (at P < 0.05, one-way
ANOVA). The analysis was carried out separately for
each time point. 
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our experiments, the ability to accumulate Ni in
N. сaerulescens plants of different accessions increased
in the following order: LC < SF < LE < MP (Figs. 1, 2),
which agrees in general with the data obtained earlier
under identical conditions upon a long-term exposure
of plants to Ni at other Ni(NO3)2 concentrations in the

medium [18]. Similarity between the series obtained at
different concentrations of the metal in solution sug-
gests that the capability of plants of different acces-
sions to accumulate Ni weakly depends on its concen-
tration in the solution. However, at high concentra-
tions, this order may change owing to the metal toxic
effects.

In MP plants, the translocation factor exceeded
unity as early as after 24 h from the start of exposure,
RUSSIAN JOURN
whereas this did not happen in the other accessions
even after 3-day-long incubation (Fig. 3). Since the
translocation factor shows the ratio between the con-
tent of metal in the shoots and roots, one may con-
clude that the accession naturally growing on serpen-
tine soils has highly effective transport systems ensur-
ing Ni translocation into the above-ground organs
during the first hours of exposure. In plants of other
accessions, this ability is implemented later and the
plants of hyperaccumulator N. сaerulescens belonging
to all the accessions under study showed translocation
factor above unity by the eighth week (Fig. 3). In this
regard, it is interesting to examine the plants of LC
accession originating from calamine soils. The plants
of this accession practically did not accumulate Ni
during the first two days of incubation (Fig. 1), which
points to a low rate of metal uptake, whereas the values
of translocation factor in the accessions LC and MP
were very close after eight weeks of exposure (Fig. 3).
The reasons for this phenomenon are not clear. How-
ever, it is obvious that the values of the translocation
factor not only vary in different accessions, but they
can also vary with time and depending on metal con-
centration in the solution, which is confirmed by the
results obtained by other researchers [17]. Excluders
have much lower values of translocation factor due to
more efficient mechanisms of metal binding and detox-
ification in the roots mainly as a result of Ni accumula-
tion in the vacuoles of root cortical cells [15, 22].

Physiological mechanisms responsible for hyper-
accumulation and ensuring a varying ability of plants
of different species and accessions to accumulate met-
als are actively investigated at the moment. However,
the mechanisms involved in uptake and translocation
of Ni (in contrast to that of Zn and Cd) are poorly
known. It is known that hyperaccumulators are nota-
ble for: (1) more efficient uptake of metal ions;
(2) greater mobility of metals in root tissues resulting
in less efficient (than in excluders) metal transport
into the vacuoles of root cells; (3) higher rate of metal
loading into the xylem; and (4) efficient mechanisms
of metal detoxification in the vacuoles of the above-
ground organs, which taken altogether promotes the
maintenance of homeostasis [22].

Comparison of the ability of N. сaerulescens plants
belonging to different accessions to accumulate Ni and
Zn has revealed similar patterns [18]. Similarity of the
patterns detected for different metals points to the
existence of non-specific pathways of metal uptake
and translocation in plants. Transport of Ni in
N. сaerulescens is supposed to occur via non-specific
transporters of Zn or Fe, with Zn transporters ensur-
ing more efficient uptake of Ni by the cell than Fe
transporters [11]. This may account for a strong cor-
relation between accumulation of Ni and Zn in
N. сaerulescens [6, 21]. Expression of the ZIP 10 and
IRT1 genes that encode proteins participating in the
translocation of Zn and Fe, respectively, considerably
increased under the Ni effects. Together with the
AL OF PLANT PHYSIOLOGY  Vol. 67  No. 2  2020
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enchanced Ni uptake under Zn and Fe deficiency, this
confirms the viewpoint that there exist non-specific
mechanisms responsible for uptake and transport of
metals [11].

Different abilities to accumulate Ni detected in the
accessions may be accounted for the varying expres-
sion of the genes encoding metal transporters [4]. Ele-
vated expression of ZNT1 and ZNT2 genes encoding
transporters located on the plasma membrane and
involved in Ni transport into the leaf cells was
observed in the plants of MP accession growing in a
natural population and in hydroponic culture, which
may account for their ability to accumulate Ni [17].
On the contrary, the level of expression of ZTP1 gene
encoding a transporter participating in the transloca-
tion of Zn from the cytoplasm to the lumen of the
organelles or its eff lux from the cell and belonging to
the СDF family was higher in N. сaerulescens acces-
sions from calamine soils (as compared with accessions
from serpentine soils) [13]. This probably accounts for
the different level of accumulation of Zn in these plants.

An important role in metal translocation belongs to
metal chelators, such as histidine (for Ni and Zn) and
nicotianamine (for Ni and Zn) [7, 15, 16, 23]. Our
experiments have shown that pre-treatment with histi-
dine stimulated loading of Ni and Zn into the xylem
only in the hyperaccumulator N. caerulescens but not
in the excluder T. arvense. A higher rate of Ni and Zn
loading into the xylem vessels of N. caerulescens is
associated with a higher endogenous content of free
histidine in the roots of N. caerulescens as compared
with T. arvense [15, 16]. A constitutively higher level of
histidine in the roots and less efficient translocation of
histidine complexes with Ni and Zn into the vacuoles
of root cells of N. caerulescens as compared to the
excluder T. arvense suggest that the formation of com-
plexes of Ni and Zn with histidine restricts their trans-
port into the vacuoles of root cells and ensures a more
efficient loading of metals into xylem vessels in
N. caerulescens [15, 16]. In spite of considerable differ-
ences in the ability to accumulate different metals and
tolerance to them, plants of different accessions of
N. caerulescens did not show noticeable differences in
the endogenous content of free histidine in their roots
or shoots [15]. Therefore, a higher level of endogenous
histidine in the roots is related to the mechanisms
responsible for the phenomenon of hyperaccumula-
tion but does not account for differences in the toler-
ance and ability to accumulate metals revealed in the
plants of different accessions of the same hyperaccu-
mulator species.

Loading of Zn and Cd into the xylem involves a
P-type ATPase НМА4 located on the plasma mem-
brane; the level of its genes’ expression is high owing to
an increase in the number of their copies in hyperac-
cumulators [4, 5, 27, 28]. The number of the copies of
the same gene may differ not only in different species
[5, 29] but also in different accessions of the same spe-
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 67
cies [30]. The level of expression of NcHMA4 in
Puente Basadre (PB) accession of hyperaccumulator
N. caerulescens originating from serpentine soils rich
in Ni was lower than in the accesions Prayon (Pr), SF,
and Saint Laurent le Minier (SLM) (formerly Ganges)
originating from calamine soils rich in Zn. This cor-
relates with the presence of four copies of NcHMA4 in
the SLM and SF plants, three copies in Pr plants, and
only two copies in PB plants [30]. Moreover, in
Ni-treated plants of LC accession originating from cal-
amine soils, the expression of HMA4 gene was much
higher than in MP plants originating from serpentine
soils [17]. However, even in the case of similar level of
expression of НМА4, the ability to accumulate Zn and
Cd may differ between the accessions of N. caerulescens.
Therefore, the high level of expression of the genes
encoding metal transporters is not the only factor
determining the ability to hyperaccumulate metals.
The mechanism of loading of Ni or its complexes into
the xylem is to be elucidated. However, it is obvious
that multiplication of the genes encoding metal trans-
porters is the major process of microevolution con-
tributing to the phenomenon of hyperaccumulation.

The ability to accumulate metals by different acces-
sions of hyperaccumulator N. сaerulescens became
apparent from the first day of incubation and did not
significantly change with time. This confirms the
viewpoint that representatives of different accessions
possess a constitutive or genetically predetermined
ability to accumulate metals, which is fulfilled in a
short time. Particularly, this ability makes it possible
for plants originating from serpentine soils to accumu-
late more than 1000 mg Ni/kg dry wt as early as on the
third day of incubation (Figs. 1c, 2c). However, this does
not rule out the involvement of inducible mechanisms.
This assumption is confirmed by the changes in the
expression level of some genes upon exposure to Ni [17].
For instance, the control plants of accessions LC and
MP showed a high constitutive expression of NRAMP3
and NRAMP4 genes encoding vacuolar transporters as
well as that of НМА4, while the expression of ZNT1
and ZNT2 genes was higher in LC than in МР. After a
month-long exposure to 10 μM Ni, MP plants showed
an induction of the expression of ZNT1, ZNT2, and
NRAMP 4, while in LC plants only the expression of
НМА4 was induced by Ni [17]. However, it is not
known how fast these changes may occur and whether
or not they may become apparent in 24 h after the start
of incubation, thus distinctly affecting metal accumula-
tion. One may assume that, upon a short-term expo-
sure, an important contribution is made by constitutive
mechanisms operating in hyperaccumulators, which
account for the phenomenon of hyperaccumulation.

Thus, the plants of different accessions of hyperac-
cumulator N. сaerulescens considerably differ in the
ability to accumulate Ni; these differences are visible
as early as during the first days of exposure to Ni and
are quite independent of the duration of incubation or
of metal concentration in the medium. However, in
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spite of the evident progress made in this area, little is
known about the mechanisms governing selective
accumulation of metals in the roots of excluders and in
the shoots of hyperaccumulators and regulating vari-
ous capacities of plants belonging to different acces-
sions of the same species to accumulate metals. This
line of investigation is actively developed in current
ionomics and ecological plant physiology and is
promising for future investigations.
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