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Abstract—The work dealt with the influence of free L-histidine on nickel (Ni) translocation into the shoots
of the hyperaccumulator plants Alyssum murale, A. fallacinum, A. corsicum, A. tenium, A. lesbiacum, A. bertolonii,
A. pintodasilvae, and A. obovatum and of the closely related non-hyperaccumulator Aurinia saxatilis (formerly
Alyssum saxatile). The Ni concentration in the xylem sap was determined by graphite furnace or flame atomic
absorption spectrophotometry. If plants were not treated with L-histidine or L-alanine, the highest Ni concen-
tration was found in the xylem sap of A. murale and A. corsicum. When the plants were pretreated with L-histi-
dine, the Ni loading into the xylem vessels increased in only two hyperaccumulator species, A. pintodasilvae and
A. obovatum, and in the non-hyperaccumulator A. saxatilis. The plant pretreatment with L-alanine did not
increase the Ni level in the xylem sap. This indicates that the stimulation of Ni xylem loading is histidine-
specific and not characteristic of any amino acid. Therefore, the role of histidine in the selective nickel accu-
mulation in the shoots may considerably differ even in closely related plant species of one genus. This may
presumably be accounted for by both different contents of endogenous histidine in the roots and specific pat-

terns of the metal transport and distribution in different species.
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INTRODUCTION

One of key goals of modern ecological plant physi-
ology is investigation of processes determining selec-
tive metal accumulation in plants of two contrasting
groups: non-accumulators sequestrating metals pre-
dominantly in the root system and accumulators
mainly storing metals in the aboveground organs [1].
Among the accumulators, a class of hyperaccumula-
tors is of special attention. It includes the species that
contain more than 1% zinc (Zn) or manganese (Mn)
in dry shoot biomass. The threshold values are 0.1%
for nickel (Ni), cobalt (Co), copper (Cu), and sele-
nium (Se), and 0.01% for cadmium (Cd) and arsenic
(As) [2]. Currently, approximately 500 hyperaccumu-
lator species are known, and most of them belong to
Ni hyperaccumulators [2—4]. Among them, nearly
50 species are representatives of the genus Alyssum [5]
that makes them ideal model plants to study the phe-
nomenon of hyperaccumulation [6]. The ability for
nickel hyperaccumulation has emerged more than
once in the evolution of the Alysseae tribe [6]. As a
result, species of the Alyssum genus capable of accu-
mulation from 1280 to 29400 mg Ni/kg dry wt can
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now be found in Russia, Mediterranean countries,
Armenia, and Iraq [2].

Hyperaccumulators are very tolerant to one or sev-
eral metals and metalloids. The capability for hyperac-
cumulation is based on the high effectiveness of metal
root to shoot transport and detoxification. The essen-
tial constituent of these processes is metal binding to
chelators characterized by high affinity to metals [4].

In addition to glutathione, phytochelatins, metal-
lothioneins, organic acids, and nicotianamine, free
histidine is among the most important chelators [7, 8].
The latter is involved in the processes of hyperaccumu-
lation of Ni and Zn [9, 10] but not Cd [11] in Noccaea
caerulescens (formerly Thlaspi caerulescens). There is
some discrepancy on this subject in literature. Thus,
the addition of L-histidine to the medium does not
change the Ni xylem loading in the hyperaccumulator
Alyssum lesbiacum [12] but stimulates Ni and Zn xylem
loading in different accessions of the hyperaccumula-
tor N. caerulescens in most cases [9, 10]. Effects of
exogenous histidine supply on non-hyperaccumula-
tors are also variable. The pre-treatment of Alyssum
montanum [13] and Brassica juncea [12] with L-histi-
dine elevates the Ni concentration in their xylem sap.
However, neither Ni nor Zn levels increase in the
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xylem exudate of 7. arvense after such a pre-treatment
[9, 10]. It is reasonable to ask whether the differences
in the effects of exogenous L-histidine on the metal
translocation are due to the differences in experimen-
tal procedures or if the role of histidine in the selective
Ni accumulation in the shoots may actually differ even
in closely related non-hyperaccumulator or hyperac-
cumulator species. Generally, the content of metals in
the plant tissues and organs depends to a large extent
on metal concentrations in the growth medium, time
of incubation, and conditions of plant growth [7]. This
hinders the correct comparison of the results obtained
by different authors in many cases. However, the solu-
tion to the question that we have put forward appears
to be urgent for the further studies of the mechanisms
of selective metal accumulation in plants. For the first
time, this would allow us to understand how common
the histidine-mediated mechanism of metal xylem
loading is, and to estimate the contribution of histi-
dine to the hyperaccumulation phenomenon in differ-
ent plant species.

With consideration of the high Ni-accumulating
potential of different species of the genus Alyssum, the
goal of the work was the comparison of these species in
the aspect of free L-histidine effects on Ni transloca-
tion into their shoots. In order to make a meaningful
comparison of the results of this study with our previ-
ous data obtained on different accessions of the hyper-
accumulator N. caerulescens, the experiments were
carried out under the same conditions [9] and at the
same concentration of the nickel salt (250 uM).

MATERIALS AND METHODS

Plant growth. The Ni hyperaccumulators species
Alyssum murale Waldst. & Kit., A. fallacinum
Hausskn., A. corsicum Duby, A. tenium Halacsy,
A. lesbiacum (Candargy) Rech.f., A. bertolonii Desv.,
A. pintodasilvae Dudley (syn. A. serpyllipholium Desf.
subsp. lusitanicum Dudley & Pinto da Silva), and
A. obovatum (C.A. Mey.) Turcz. that usually grow on
Ni-enriched serpentine soils as well as the closely
related non-hyperaccumulator Aurinia saxatilis (L.)
Desv. (formerly Alyssum saxatile L.) were examined.
Their seeds were allowed to germinate on tap-water-
moistened filter paper in Petri dishes at 20°C in a
darkened thermostat for 2 weeks. The seedlings were
transplanted to 1-L culture pots (four seedlings per
pot) to be grown on half-strength Hoagland’s solution
in a growth chamber (20/15°C day/night, 14-h daily
illumination). The medium consisted of the salts:
3mM KNO;, 2 mM Ca(NO;),, | mM NH,HPO,,
0.5 mM MgSO,, 1 uM KCl, 25 uM H;BO;, 2 uM
ZnSO,, 2uM MnSO,, 0.1 uM CuSO,, 0.1 uM
(NH,)¢Mo,0,,, and 20 uM Fe(Na)EDTA. The
medium was adjusted to pH 5.25 with 2 mM
Mes/KOH that prevented Ni and Zn binding to EDTA
[14]. The nutrient solution was refreshed weekly.
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Assay for nickel quantification in the xylem exudate.
Prior to collecting the xylem sap, 8-week-old plants
were incubated in 1 mM L-histidine or 1 mM L-ala-
nine (pH 5.5, Mes/KOH) for 4 h. Unpretreated plants
were used as control. After the pretreatment, the roots
were rinsed in distilled water, the shoots were
detached, and the roots were incubated in half-
strength Hoagland’s solution containing 250 uM
NiSO,. In the preliminary experiments, the Ni con-
centration was adjusted to be non-phytotoxic upon a
short-term incubation. Xylem sap was collected over-
night via silicon tubing connecting the stems with 2-mL
Eppendorf-type microtubes. The samples were stored
at —20°C until analyses that were performed by graph-
ite furnace or flame atomic absorption spectropho-
tometry according to the standard protocol [9].

Statistics. The experiments were carried out in
three independent replications with four plants per
variant in each experiment. The quantitative determi-
nation of Ni in the xylem exudate was performed in
three independent analytical replications. The data
were statistically analyzed using one-way ANOVA and
presented as means and their SEs.

RESULTS AND DISCUSSION

In the unpretreated plants, the highest Ni concen-
tration was found in the xylem sap of A. murale and
A. corsicum. Other hyperaccumulators exhibited lower
metal concentrations in the saps, and the differences
between the plant species were negligible. The lowest
Ni concentration was detected in the non-hyperaccu-
mulator A. saxatilis.

We earlier reported an uptake of exogenous L-his-
tidine by root systems of both non-hyperaccumulators
and hyperaccumulators [9]. Analysis of Ni concentra-
tion in the xylem sap of the histidine-pretreated plants
of different Alyssum species clearly evidenced that this
amino acid stimulated the Ni loading into the xylem
vessels only in two hyperaccumulators: A. pintodasilvae
and A. obovatum. Such a treatment did not signifi-
cantly change the Ni concentration in the xylem exu-
date of the other hyperaccumulators (Fig. 1). The
absence of L-histidine influence on Ni loading into the
xylem of the hyperaccumulator A. lesbiacum was also
reported by Kerkeb and Kriamer [12]. The plant pre-
treatment with L-histidine enhanced the Ni level in the
xylem sap of the non-hyperaccumulators A. saxatilis
(Fig. 1), Alyssum montanum [ 13] and Brassica juncea [12]
but not in the non-hyperaccumulator Thlaspi arvense [9].
The disclosed discrepancy in the L-histidine effects
on Ni concentration in the xylem exudate of different
species might be related to the different constitutive
histidine contents in roots of these species. Further
investigation is required to clear up this question.

We previously observed an increase in the Ni and
Zn concentrations in the xylem sap after the pretreat-
ment with exogenous L-histidine of four accessions of
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Fig. 1. Effects of the plant pretreatment with L-histidine or L-alanine on the Ni concentration in the xylem sap of different spe-
cies of the Alyssum genus: (1) A. obovatum, (2) A. pintodasilvae, (3) A. murale, (4) A. fallacinum, (5) A. corsicum, (6) A. tenium,
(7) A. lesbiacum, (8) A. bertolonii, as well as (9) Aurinia saxatilis (formerly Alyssum saxatile). Kind of treatment: (/) plants not
treated with amino acids (unpretreated); (2) plants pretreated with L-histidine; (3) plants pretreated with L-alanine. The statisti-
cally significant differences between the aminoacid-pretreated and unpretreated plants are indicated with *, ** or *** for P < 0.05,
P<0.01, or P<0.001, respectively. The statistically significant differences between the unpretreated plants of different species are

indicated with different letters.

the hyperaccumulator Noccaea caerulescens: La Cala-
mine (LC, Belgium), Saint Félix de Palliéres (SF,
France), Monte Prinzera (MP, Italy), and Lellingen
(LE, Luxembourg) [9, 10]. The Zn xylem loading was
stimulated much stronger than that of Ni. This may be
explained by the fact that Zn xylem loading was pre-
ceded by its mobilization and redistribution, since it
had been present in Hoagland’s solution and accumu-
lated in the roots prior to histidine pretreatment [9, 10].
At low Ni concentration in the medium (25 uM), the
pretreatment with histidine did not affect the Ni con-
centration in the xylem sap of the LC plants, which
typically accumulate the lowest metal amounts in their
shoots. The strongest effect, even at low Ni concentra-
tion, was observed in the MP accession whose evolu-
tion occurred on serpentine soils rich in nickel. At
higher Ni concentration (250 uM), the effect of histi-
dine clearly manifested itself in all the studied
N. caerulescens accessions [9].

When tonoplast vesicles were isolated from the
roots and incubated in the medium containing Ni or
Zn complexes with histidine, the metal uptake was less
intensive in the vesicles from hyperaccumulator
N. caerulescens than in those from the non-hyperac-
cumulator 7. arvense [9, 10]. Moreover, the Zn con-
tent in the vacuoles was 2.4 times higher in non-hyper-
accumulator compared to hyperaccumulator, as the
direct quantitative analysis showed. Besides, the rate
of Zn efflux from the vacuoles in N. caerulescens
approximately twofold exceeded that in 7. arvense [15].
It is known that some hyperaccumulators are charac-
terized by higher levels of endogenous histidine in the
roots and lower metal levels in the vacuoles of the cor-
tical cells than non-hyperaccumulators. Therefore, it
may be suggested that metal binding to histidine
restricts the metal translocation into the vacuoles of
the root cortical cells. This promotes the metal trans-
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port to the xylem in hyperaccumulators, while non-
hyperaccumulators accumulate Ni and Zn in the cor-
tical cells [9, 10, 12, 13, 16—18]. However, our data
indicate that the involvement of histidine into the
selective accumulation of Ni in the shoots is much
more variable even among closely related species.

Histidine complexes with metals may represent a
form in which metals are loaded into the xylem [19],
but there is no direct evidence of this yet. Zinc xylem
loading involves HM A4, a P-type ATPase localized in
the plasma membrane. High level of expression of
HMA4 gene is achieved owing to multiplication of its
copies in hyperaccumulators [4, 20, 21]. Thus, the
high level of the AhHMA4 gene expression in the Zn
hyperaccumulator Arabidopsis halleri results from the
presence of three copies of this gene under one pro-
moter. In contrast, the non-hyperaccumulator
A. thaliana has only one copy of AtHMA4 gene [21].
The expression level of the NcHMA4 gene in
N. caerulescens is even higher than that of the AhHMA4
in A. halleri in both roots and shoots [22]. The mech-
anism of loading of Ni or its complexes into the xylem
vessels remains unstudied so far. Presumably, the effec-
tiveness of its functioning may differ not only between
hyperaccumulators and non-hyperaccumulators but
also between representatives of one plant group.

In the xylem vessels, the metal-histidine complexes
appear to partially dissociate, since they are less stable
at the xylem sap pH (approximately 5.5—6.2) than at
the cytoplasmic pH (approximately 7.2—7.5) because
of the protonation of the nitrogen of histidine imidaz-
ole group [23, 24]. Nickel travels by xylem vessels for a
long distance not only as a complex with histidine [13]
but also as a complex with organic acids [25], nicoti-
anamine [26, 27], or in an ionic form [28].
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Complexes of nickel with alanine are fivefold less
stable than those with histidine [29]. In our experi-
ments, pretreatment with alanine did not influence
the Ni concentration in the xylem sap of most of the
tested species, but decreased it only in A. corsicum
(Fig. 1). A similar absence of increase in Ni and Zn
concentrations in the xylem sap of V. caerulescens after
pretreatment with alanine [9, 10] points to the fact that
the stimulative effect is specific to histidine and is not
a common property of amino acids.

Therefore, the discrepancy of literature data con-
cerning the effects of exogenous L-histidine on Ni
translocation into the shoots of different plant species
is not accounted for by differences in experimental
procedures. Histidine participation in the selective Ni
accumulation in plant shoots may significantly differ
even in closely related species of one genus. This is
presumably a consequence of different levels of
endogenous histidine in the roots and of some specific
features of the metal transport in different species.
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