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Abstract—In this work, the effect of exogenous histidine supply on zinc (Zn) and nickel (Ni) translocation to
the shoots in intact plants of the hyperaccumulator Noccaea caerulescens F.K. Mey was studied. Three series
of experiments were carried out. (1) Intact N. caerulescens plants (St-Félix-de-Pallieres population) were pre-
treated for 4 h (12:00 till 16:00) with a MES/KOH-buffered 1 mM L-histidine solution or demineralized
water, then exposed overnight (20 h) to 5, 25 or 250 uM Ni or Zn and harvested. (2) Intact N. caerulescens
plants of the same population were pretreated with 1 mM L-histidine solution or demineralized water over-
night (20 h) and then exposed to 250 uM Ni or Zn for 8 h during the day (10:00 till 18:00) and harvested.
(3) Intact N. caerulescens plants (the calamine populations St-Félix-de-Pallieres (SF) and La Calamine
(LC), and the ultramafic population Monte Prinzera (MP)) were exposed for 8 h (10:00 till 18:00) to 250 uM
Ni or Zn and then to 1 mM L-histidine solution or demineralized water overnight (20 h) and harvested. The
Ni and Zn concentrations in the roots and shoots were determined by atomic absorption spectrophotometry.
The translocation factor (TF), expressed as the shoot to root metal concentration ratio, the total plant Ni or
Zn content, and the percentage of the total Ni or Zn content present in the shoot (% translocated) were cal-
culated. A 4 h pretreatment with L-histidine during the afternoon (before metal exposure overnight) signifi-
cantly decreased the Ni and Zn concentrations in the root and increased the concentration of Ni, but not of
Zn, in the shoot, significantly increased both TF and the % translocated for both metals, albeit much more
strongly for Ni, and also slightly, but significantly, increased the total plant content of Ni, but not of Zn. Over-
night pretreatment with L-histidine (followed by metal exposure during the day) of the same population (SF)
had basically similar effects on Ni translocation, but significantly decreased the plant total Ni content, and
was without significant effects on Zn translocation, but considerably decreased the root Zn concentration.
The different populations under study (SF, MP, LC) showed significant differences in their Ni and Zn uptake
and translocation capacities, but in general showed qualitatively similar responses to post-treatment with
L-histidine that strongly increased the TF and the % translocated for both metals in SF and MP, whereas in
LC the effect was prominent only for Ni. Significant population X histidine treatment effect interactions were
obtained for the root Zn concentration, and the TF and % translocated for Ni, which were largely explained
by a relatively low responsiveness to the L-histidine treatment in LC, compared to SF and/or MP. It is con-
cluded that the high endogenous L-histidine concentrations in N. caerulescens are probably functional in the
hyperaccumulation of both Ni and Zn. The overall stronger effect of exogenous L-histidine supply on the
translocation of Ni, compared to Zn, seems to result, at least in part, from the high Zn burdens at the start of
the treatments, particularly in the shoots, which largely mask the apparent effects of exogenous L-histidine
supply on the shoot Zn concentration and, to a lower degree, the % Zn translocated.
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INTRODUCTION nickel (Ni) and zinc (Zn) hyperaccumulation have been
set at 1000 and 3000 pg/g dry weight, respectively [1, 2],
which is >10-fold higher than in ‘excluders’, which
accumulate metals predominantly in their roots [3—7].
Hyperaccumulators are obligate or facultative metallo-
phytes, most of which hyperaccumulating Ni from
Abbreviations: LC—La Calamine. MP—Monte Prinzera. SF— ultramafic (serpentine) soils with high concentrations
St-Félix-de-Pallieres, (populatio’ns of the hyperaccun;ulator of Ni, Co, Mg, Mn, Fe and Cr, or Zn from calamine
Noccaea caerulescens); TF—translocation factor. soils rich in Zn, Cd and Pb [5, 6, 8].

Currently, about 720 plant species have been
described as hyperaccumulators, which accumulate
metals to extremely high concentrations in their abo-
veground organs. The threshold concentrations for
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The hyperaccumulator Noccaea caerulescens (for-
merly Thlaspi caerulescens) is widely used as one of the
model species in the study of the hyperaccumulation
phenomenon [9, 10]. Different populations of
N. caerulescens vary in their Zn, Cd and Ni accumula-
tion capacities [3—7, 11].

Plant hyperaccumulation capacity can potentially
be controlled at different levels: (1) the rate of metal
uptake from the soil by plant root systems, (2) the rate
of metal translocation to aboveground organs via the
xylem, and (3) the rate of metal sequestration in leaves
[12—16]. Next to transporters that mediate metal
transport across cellular membranes [16—18], low-
molecular-weight ligands, including the amino acid
histidine, appear to play key roles in metal detoxifica-
tion, transport and the maintenance of proper metal
homeostasis [16, 19].

Among all proteinogenic amino acids, histidine
has the highest binding affinity toward Ni, both at
xylem pH and cytosolic pH [20], which explains the
important role of histidine in Ni transport [16].
Despite the fact that the stability of histidine com-
plexes with Zn is lower than that of its complexes with
Ni [21], free histidine can bind up to 55—70% Zn in
the roots of N. caerulescens, and significant amounts of
Zn bound to histidine can be found in the cytoplasm of
cells of both young and old root tissues [22, 23]. Histi-
dine complexes with Ni or Zn are characterized by a
fairly high stability at cytosolic pH (=7.2—7.5) due to
its deprotonated imidazole nitrogen at alkaline pH
[16, 20, 22]. Based on this, it can be assumed that his-
tidine complexes with metals are formed upon the
entry of metals into the cytosol [16, 23, 24]. The bind-
ing of metals by histidine in the cytosol limits their
entry into the vacuoles of the root cells and determines
the effective radial transport of metals towards the
central cylinder and, consequently, to the vascular tis-
sues of the root [16, 24, 25].

The hyperaccumulator N. caerulescens is charac-
terized by a constitutively enhanced level of free histi-
dine (£ 10-fold) in its roots, but not in its shoots, com-
pared to the related non-hyperaccumulator, Thlaspi
arvense [24]. Exogenous L-histidine can be equally
well absorbed by the root systems of 7. arvense and all
studied populations of N. caerulescens [24].

Pretreatment of N. caerulescens with exogenous
L-histidine in most cases led to an increase in the Ni
and Zn concentrations in the xylem exudates of shoot-
excised root systems [24, 25]. Considering that upon
the pretreatment of plants with L-histidine the volume
of the collected xylem exudate in most cases did not
change significantly or increased, whereas the concen-
trations of Ni and Zn in the xylem sap of N. caerulescens
increased, it was suggested that pretreatment with his-
tidine stimulated the loading of metals into the xylem
vessels [24, 25]. However, these experiments were car-
ried out on shoot-excised root systems. Therefore, an
important and intriguing question remained: to what
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extent will the effect of histidine be manifested in intact
plants? In order to solve this problem, in this work, we
studied the effect of pretreatment and post-treatment
with L-histidine on Ni and Zn accumulation and trans-
location in intact plants of N. caerulescens.

MATERIALS AND METHODS

Plant culture. Seeds of Noccaea -caerulescens
F.K. Mey (populations St-Félix-de-Pallieres (SF,
France, 44°02" N, 03°56” E) and La Calamine (LC,
Belgium, 50°42’ N, 06°00” E), both from calamine soils,
and Monte Prinzera (MP, Italy, 44°38” N, 10°05" E)
from ultramafic (serpentine) soil), were sown on moist
vermiculite. Seed germination and experiments were
performed in a climate chamber (20/15°C day/night;
250 umol (m?s) at plant level, 14 h/d; 70% RH). Two-
week-old seedlings were transferred to a hydroponics
system, consisting of 1 L PVC pots (2 plants per pot),
filled with a modified half-strength Hoagland’s solu-
tion composed of 3 mM KNO;, 2 mM Ca(NOj3),,
1 mM NH,H,PO,, 0.5 mM MgSO,, 1 uM KClI,
25 uM H;BO;, 2 uM ZnSO,, 2 uM MnSO,, 0.1 uM
CuSO,, 0.1 uM (NH,)4Mo0,0,,, 20 uM FeEDDHA,
and 2 mM of the pH buffer MES, in demineralized
water. The pH was set at 5.5, using KOH [25]. The
nutrient solution was replaced once a week.

Experimental procedures. Four experiments were
carried out after a 7-week pre-culture. To study the
effect of exogenous pretreatment with histidine on Ni
and Zn uptake and translocation in intact plants,
N. caerulescens (SF) was pretreated for 4 h (12:00 till
16:00) on a 1 mM L-histidine solution in a 2 mM
MES/KOH buffer (pH 5.5) or MES/KOH-buffered
demineralized water (pH 5.5), and then overnight
(20 h) exposed to fresh half-strength Hoagland's solu-
tion amended with 5, 25 or 250 uM Zn or Ni (follow-
ing the scheme of the experiment with shoot-excised
root systems described in [24, 25]). Then the plants
were harvested as described below (experiment 1).

To check the potential effect of the day-night cycle
on the His effect, intact N. caerulescens (SF) was
exposed overnight (14.00 till 10.00) to 1 mM L-histidine
in a2 mM MES/KOH buffer (pH 5.5) or MES/KOH-
buffered demineralized water (pH 5.5) and then
exposed to half-strength Hoagland's solution amended
with 250 uM Zn or 250 uM Ni for 8 h during the day
(10:00 till 18:00) and harvested (experiment 2).

To check whether the histidine effect depends on
the order of the metal and the histidine treatments, a
reverse type of experiment (experiment 3) was carried
out as well: intact V. caerulescens plants (LC, MP, and
SF) were exposed for 8 h (10:00 till 18:00) to half-
strength Hoagland's solution amended with 250 uM
Zn or 250 uM Ni, and then exposed to 1 mM L-histi-
dine in a 2 mM MES/KOH buffer (pH 5.5) or
MES/KOH-buffered demineralized water (pH 5.5)
overnight (20 h). Then the plants were harvested as
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described below. To estimate the potential effect of
metal burdens at the start of the treatments, this exper-
iment was repeated with MP plants that had been
grown for 1 week at 25 uM Ni, prior to the start of the
250 uM Ni exposure (experiment 4).

Determination of nickel and zinc concentrations. At
harvest, the roots were desorbed with 20 mM
Na,EDTA for 10 min at room temperature, and then
rinsed with demineralized water. The shoots were
washed with demineralized water. Plant material was
blotted dry on filter paper and then dried to a constant
weight at 80°C for 48 hours in an oven, and then
weighed. Dry roots and shoots were powdered and
samples (50—100 mg) were digested in 2 mL ofa 4 : 1
mixture of concentrated HNO; (65%) and HCI
(37%), in Teflon bombs (7 h at 140°C). After addition
of 3 mL of demineralized water, the digests were ana-
lyzed for Ni or Zn, after appropriate dilution with
demineralized water, using flame atomic absorption
spectrophotometry (AAnalist 100, Perkin Elmer, the
Netherlands). The translocation factor was calculated
as the shoot to root Ni or Zn concentration ratio.
“Total Ni or Zn uptake” was calculated as the sum of
the total amount of Zn or Ni present in the roots and
shoots, expressed on a plant dry weight basis.

Statistical data processing. Six to ten plants were
examined per treatment variant. The data were ana-
lyzed using one-way or two-way ANOVA. The mini-
mum significant range (MSR) was used as a statistic
for a posteriori comparison of individual means [26].

RESULTS
Experiment 1

Pretreatment (4 h) with L-histidine during the
afternoon significantly decreased the Ni concentra-
tion in the roots at all Ni concentrations, but signifi-
cantly increased the Ni concentration in the shoots at
250 uM Ni, as well as the % Ni translocated and the Ni
TF at all Ni concentrations (Fig. 1, Table 1). The over-
all analysis of the data by two-way ANOVA revealed a
significant increase in the total uptake of Ni in histi-
dine-treated plants (Table 1), although there were no
significant effects within the individual Ni treatment
levels (Fig. 1). For the root Ni concentration and the
% Ni translocated, the histidine effect was signifi-
cantly dependent on the Ni exposure concentration
(Table 1), i.e., in both cases decreasing with increasing
Ni exposure level (Fig. 1). The histidine pretreatment
also in most cases considerably decreased the root Zn
concentration, and significantly increased the Zn TF,
but, in contrast to the case for Ni, the shoot Zn con-
centration and the total Zn uptake were not signifi-
cantly affected (Fig. 2, Table 1). The ANOVA also
revealed a significant increase in the % Zn translo-
cated in histidine-treated plants (Table 1), although
there were no significant effects within the individual
Zn treatment levels (Fig. 2). There were no significant
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interactions between the histidine pretreatment effect
and the Zn exposure level (Table 1).

Experiment 2

Overnight pretreatment with L-histidine, followed
by metal exposure (250 uM) during the light period,
markedly decreased the root Ni concentration, and
considerably increased the Ni TF and the % Ni trans-
located (Fig. 3), just like in experiment 1, but signifi-
cantly decreased the shoot Ni concentration and the
total Ni uptake, in contrast with the effect of the 4 h
histidine pretreatment in daylight in experiment 1
(Fig. 1). The root Zn concentration was significantly
decreased, and the shoot Zn concentration and the
Zn TF slightly, but not significantly, increased (Fig. 3),
while there were no significant effects on the % Zn
translocated or the total Zn uptake (Fig. 3). The lat-
ter effects were neither significant in experiment 1,
specifically at the 250 uM Zn exposure level (com-
pare Figs. 2 and 3).

Experiment 3

Post-hoc overnight (20 h) treatment with L-histi-
dine, after an 8 h 250 uM metal exposure during the
day, strongly and significantly decreased the root Ni
concentrations, and strongly and significantly
enhanced the Ni TF and the % Ni translocated in plants
from all populations under study (Fig. 4, Table 2).
These effects were much stronger than those in exper-
iments 1 and 2 in SF at 250 uM Ni (compare Figs. 1, 3
and 4). In contrast to experiments 1 and 2, there were
neither significant effects on the shoot Ni concentra-
tion, nor the total Ni uptake (Fig. 4, Table 2). Also for
Zn, the root concentration was markedly decreased,
and the TF and the % translocated significantly
increased (Fig. 5, Table 2) in SF much more strongly
than in experiments 1 or 2 at 250 uM Zn (compare
Figs. 2, 3 and 5). A considerable increase in the Zn
TF and the % translocated was also observed in his-
tidine-treated MP plants, but the effect was negligi-
ble in LC plants (Fig. 5). The shoot Zn concentra-
tions, however, were not significantly affected, as in
experiments 1 and 2, but the total Zn uptake was
slightly, but overall significantly decreased (Table 2),
although there were no significant effects within
individual populations (Fig. 5).

Both for Ni and Zn, and for all the parameters
(root and shoot concentrations, total uptake, % trans-
located and TF) the main effects of the factor 'popu-
lation" were consistently significant (Table 2). The
histidine treatment effect X population interactions
were mostly insignificant, except for the Zn concen-
tration in the roots, and the % translocated and the
TF for Ni. In all these cases, the interaction is largely
explained by a relatively low responsiveness to post-
hoc histidine treatment in LC, compared with SF
and/or MP (Figs. 4, 5).
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Fig. 1. Ni concentration in the roots (a) and shoots (b), Ni translocation factor (c), total Ni uptake (d), and the amount of Ni
translocated given as a percentage of total uptake (¢) (means + SE) in Noccaea caerulescens (SF population) after pretreatment
with MES/KOH-buffered demineralized water (/) or | mM L-histidine solution (2) for 4 h followed by overnight (20 h) exposure
to 5, 25 or 250 uM Ni. Values assigned with different letters indicate a significant difference between the means (P < 0.05, two-
way ANOVA followed by post-hoc MSR test).
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Table 1. Two-way analysis of variance of Ni and Zn concentrations in the roots and shoots, Ni and Zn translocation factors
and total uptake, and the amount of Ni and Zn translocated given as a percentage of total uptake, in Noccaea caerulescens
(SF population) (Experiment 1)

Variant Source of variation df SS MS F P

Ni Ni concentration 2 2.673 1.336 295.871 0.0000%***

concentration | Hjs 1 0.572 0.572 126.721 0.0000%**

in roots Ni concentration x His | 2 0.053 0.026 5.845 0.0072%*
Within 30 0.135 0.005

Ni Ni concentration 2 1.601 0.801 58.326 0.0000%**

concentration | Hjs 1 0.273 0.273 19.854 0.0001***

in shoots Ni concentration x His | 2 0.019 0.010 0.700 0.5044 NS
Within 30 0.412 0.014

NiTF Ni concentration 2 0.188 0.094 14.072 0.0001***
His 1 1.691 1.691 253.088 0.0000%**
Ni concentration X His 2 0.025 0.013 1.886 0.1692 NS
Within 30 0.200 0.007

Total Ni Ni concentration 2 1.728 0.864 76.920 0.0000%***

uptake His 1 0.076 0.076 6.772 0.0143*
Ni concentration X His 2 0.027 0.014 1.202 0.3145 NS
Within 30 0.337 0.011

% Ni Ni concentration 2 0.001 0.000 0.224 0.8005 NS

translocated His 1 0.289 0.289 227.614 0.0000%**
Ni concentration X His 2 0.019 0.009 7.378 0.0025%**
Within 30 0.038 0.001

Zn Zn concentration 2 2.771 1.385 102.616 0.0000%**

concentration | His 1 0.258 0.258 19.087 0.0001***

in roots Zn concentration X His | 2 0.040 0.020 1.464 0.3798 NS
Within 30 0.405 0.013

Zn Zn concentration 2 0.158 0.079 12.950 0.0001%**

concentration | Hjs 1 0.001 0.001 0.243 0.6259 NS

in shoots Zn concentration x His | 2 0.018 0.009 1.445 0.2516 NS
Within 30 0.184 0.006

ZnTF Zn concentration 2 1.538 0.769 56.534 0.0000%***
His 1 0.351 0.351 25.818 0.0000%**
Zn concentration X His 2 0.049 0.025 1.817 0.1799 NS
Within 30 0.408 0.014

Total Zn Zn concentration 2 0.296 0.148 28.277 0.0000%**

uptake His 1 0.000 0.000 0.091 0.7646 NS
Zn concentration X His 2 0.014 0.007 1.372 0.2690 NS
Within 30 0.157 0.005

% Zn Zn concentration 2 0.193 0.097 46.257 0.0000%**

translocated His 1 0.026 0.026 12.200 0.0015%*
Zn concentration X His 2 0.001 0.000 0.177 0.8390 NS
Within 30 0.063 0.002

Treatment conditions: plants were pretreated with MES/KOH-buffered demineralized water or | mM L-histidine solution for 4 h and
then exposed overnight (20 h) to 5, 25 or 250 uM Ni or Zn. His—treatment with L-histidine; df—degrees of freedom; SS—sum of
squares; MS—mean square; F—F-statistic. Asterisks indicate significance at *P < 0.05, ** P < 0.01, *** P < (0.001; NS—not significant.
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Fig. 2. Zn concentration in the roots (a) and shoots (b), Zn translocation factor (c), total Zn uptake (d), and the amount of Zn
translocated given as a percentage of total uptake (e) (means + SE) in Noccaea caerulescens (SF population) after pretreatment
with MES/KOH-buffered demineralized water (/) or | mM L-histidine solution (2) for 4 h followed by overnight (20 h) exposure
to 5, 25 or 250 uM Zn. Values assigned with different letters indicate a significant difference between the means (P < 0.05, two-
way ANOVA followed by post-hoc MSR test).
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Experiment 4

Pre-culture in Ni-amended nutrient solution (one
week at 25 uM Ni, prior to the start of the 250 uM Ni
treatment) did not abolish the significant effects of the
post-hoc histidine treatment but, as expected,
decreased its effects, at least on the root Ni concentra-
tion and the Ni TF, but not on the % Ni translocated
(compare Figs. 4 and 6).

DISCUSSION

Zn hyperaccumulation capacity seems to be spe-
cies-wide in N. caerulescens, yet there is intra-specific
variation in degree [5, 6], although the threshold foliar
Zn concentration defined for Zn hyperaccumulation,
i.e. 3000 mg/kg dry weight [1], is not always surpassed
in nature, e.g., in some ultramafic populations, such
as MP [11, 27]. Nevertheless, so far known, all the
populations tested thus far have been shown to be able

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68

to hyperaccumulate Zn under experimental condi-
tions [3, 5, 6]. Although Ni hyperaccumulation is in
nature confined to its ultramafic populations, the
capacity to hyperaccumulate Ni under experimental
conditions seems to be widespread in N. caerulescens,
or at least not confined to its ultramafic populations,
although some calamine populations seem to have lost
their Ni hyperaccumulation capacity, possibly as a by-
product of an exclusion strategy for Cd hypertolerance
[6, 11, 28, 29].

High concentrations of free L-histidine in hyper-
accumulator roots, either constitutive or induced upon
Ni exposure, have been previously associated with Ni
hyperaccumulation [20, 24, 30, 31], but might also be
involved in Zn hyperaccumulation, at least in
N. caerulescens [25]. The proposed role for histidine in
hyperaccumulation, both of Ni and Zn, is supposed to
lie in the prevention of the vacuolar sequestration of
these metals in the root cortex, through complex for-
mation in the root cytoplasm, thus keeping them avail-
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Table 2. Two-way analysis of variance of Ni and Zn concentrations in the roots and shoots, Ni and Zn translocation factors
and total uptake, and the amount of Ni and Zn translocated given as a percentage of total uptake, in Noccaea caerulescens
plants from calamine (LC, SF) and ultramafic (MP) populations (Experiment 3)

Variant Source of variation df SS MS F P

Ni Population 2 0.238 0.119 6.421 0.0037+*

concentration | His 1 8.079 8.079 436.409 0.0000%***

in roots Population x His 2 0.113 0.057 3.064 0.0573 NS
Within 42 0.778 0.019

Ni Population 2 8.452 4.226 148.981 0.0000***

concentration | His 1 0.000 0.000 0.016 0.8993 NS

in shoots Population x His 2 0.105 0.052 1.842 0.1710 NS
Within 42 1.191 0.028

NiTF Population 2 6.735 3.367 205.668 0.0000%**
His 1 7.958 7.958 486.071 0.0000%**
Population x His 2 0.387 0.193 11.805 0.0001 ***
Within 42 0.688 0.016

Total Ni Population 2 6.063 3.031 60.602 0.0000%**

uptake His 1 0.119 0.119 2.385 0.1299 NS
Population X His 2 0.130 0.065 1.296 0.2843 NS
Within 42 2.101 0.050

% Ni Population 2 0.365 0.183 71.976 0.0000%**

translocated His 1 0.846 0.846 333.407 0.0000%**
Population x His 2 0.193 0.096 38.031 0.0000%**
Within 42 0.107 0.003

Zn Population 2 1.415 0.708 24.572 0.0000%***

concentration | Hjs 1 0.469 0.469 16.304 0.0002%**

in roots Population x His 2 0.204 0.102 3.535 0.0381*
Within 42 1.209 0.029

Zn Population 2 0.108 0.054 3.593 0.0363*

concentration | His 1 0.013 0.013 0.887 0.3518 N'S

in shoots Population x His 2 0.047 0.023 1.548 0.2246 NS
Within 42 0.631 0.015

ZnTF Population 2 1.839 0.920 55.402 0.0000%**
His 1 0.624 0.624 37.617 0.0000%**
Population x His 2 0.075 0.038 2.267 0.1169 NS
Within 42 0.697 0.017

Total Zn uptake | Population 2 0.090 0.045 9.808 0.0003***
His 1 0.028 0.028 6.157 0.0172*
Population x His 2 0.000 0.000 0.049 0.9522 NS
Within 42 0.193 0.005

% Zn Population 2 0.228 0.114 43.785 0.0000%**

translocated His 1 0.082 0.082 31.444 0.0000%**
Population x His 2 0.008 0.004 1.457 0.2444 NS
Within 42 0.109 0.003

Treatment conditions: plants were exposed for 8 h to 250 uM Ni or Zn and then treated overnight (20 h) with MES/KOH buffered
demineralized water or 1 mM L-histidine solution. His—treatment with L-istidine; df—degrees of freedom; SS—sum of squares;
MS—mean square; F—F-statistic. Asterisks indicate significance at * P < (.05, ** P < (.01, *** P < 0.001; NS—not significant.
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Fig. 5. Zn concentration in the roots (a) and shoots (b), Zn translocation factor (c), total Zn uptake (d), and the amount of Zn
translocated given as a percentage of total uptake (e) (means + SE) in Noccaea caerulescens from calamine (LC, SF) and ultra-
mafic (MP) populations after exposure for 8 h to 250 uM Zn followed by overnight (20 h) post-treatment with MES/KOH buft-
ered demineralized water (/) or 1 mM L-histidine solution (2). Values assigned with different letters indicate a significant differ-
ence between the means (P < 0.05, two-way ANOVA followed by post-hoc MSR test).
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able for radial symplastic transport across the root into
the stele, and thus eventually, for loading into the
xylem [16, 24, 25].

In conformity with the above, exogenous L-histi-
dine supply, via the nutrient solution, has been shown
to enhance the Ni concentration in the root pressure
exudates after shoot excision in several Odontarrhena
(previously, Alyssum) Ni hyperaccumulators and/or
their close relatives [20, 32], and in N. caerulescens
[24, 25]. However, at least in N. caerulescens, exoge-
nous histidine supply also strongly enhanced the Zn
concentrations in xylem exudates from shoot-excised
root systems [25]. Still, significant effects of exoge-
nous histidine on the Zn translocation in intact plants
have not been reported thus far.

Exogenous histidine supply usually significantly
promotes the translocation of both Ni and Zn in
intact plants, as shown by the results of the present
study. Moreover, in the same experimental settings
(4 h pretreatment with L-histidine, followed by over-
night 250 uM metal exposure) the histidine-induced
decreases of the Ni and Zn concentrations in the roots
were quite similar in intact plants and shoot-excised
root systems (A.D. Kozhevnikova, 1.V. Seregin and
H. Schat, unpublished data). Thus, the histidine
effect seems to be independent of the presence of the
shoot, both for Ni and for Zn.

In general, in all our experimental settings, exoge-
nous histidine more strongly affected the transloca-
tion of Ni than that of Zn in intact plants. However,
this may be largely attributable to ‘artifacts’. First, we
grew the plants, prior to the treatments, in solution
with Zn (2 uM), but without added Ni. This is
unavoidable, because N. caerulescens has a relatively
high requirement for Zn for normal growth [3, 33, 34],
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but performs well without added Ni (H. Schat,
A.D. Kozhevnikova and 1.V. Seregin, unpublished
results), maybe except for (some of) its ultramafic
populations [3, 35]. This means that there must have
been a significant Zn burden at the start of the treat-
ments. We have no information for all the populations,
but SF in experiments 1 and 2, for example, already
had Zn concentrations of ~138 and 816 mg/kg dry
weight in its roots and shoots, respectively, at the start
of the histidine pretreatment. This corresponds with a
% Zn translocated of + 97%, a Zn TF of about 6.6,
and a total Zn uptake of £ 750 mg/kg root dry weight.
It cannot be expected, therefore, that a 20 h exposure
to higher Zn concentrations would greatly increase
these values. This is exactly what has been found: at
the 5 and 25 uM Zn treatment levels, the mean total
uptake values are not significantly different from the
starting values and the % Zn translocated is even lower
(Fig. 2). The root Zn concentrations, however, are
much higher, and the Zn TF values much lower, than
the starting values (Fig. 2), suggesting that a large part
of the Zn taken up during the Zn treatments after the
histidine pretreatments must still be in the roots at
harvest. The latter is apparently also the case in the
250 uM Zn treatment, which significantly increased
the total Zn uptake and the Zn concentration in the
shoot, but particularly that in the root (Fig. 2). Any-
way, there is a clear and significant effect of the histi-
dine pretreatment on the root Zn concentrations and,
as a consequence, on the Zn TF, showing that exoge-
nous histidine does promote the removal of Zn from
the roots, most probably through enhancing its trans-
location to the shoot. The alternative explanation, i.e.,
histidine-promoted Zn efflux from the roots into the
nutrient solution, is avowedly unlikely, since there was
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no decrease in the Zn total uptake values (Fig. 2). The
absence of a significant histidine effect on the shoot
Zn concentration, and the quantitatively small, but
overall just significant effect on the % Zn translo-
cated, can be satisfactorily explained by the high ini-
tial Zn burden of the shoot, compared to that of the
root, and the high shoot-to-root dry weight ratio
(both >5). Of course, the initial root and shoot Ni
burdens, at the start of the treatments, must have
been much lower (<10 mg/kg dry weight (unpub-
lished data), which could explain the stronger and
more significant effects of the histidine pretreatment
on the root and shoot concentrations, the TF, and
the % translocated of Ni, compared to Zn.

The potential importance of the metal burden at
the start of the treatment is further demonstrated by
comparing the results obtained with MP in experi-
ments 3 and 4 (Figs. 4 and 6). It is obvious that ‘pre-
culturing’ MP for one week with 25 uM Ni in the
nutrient solution, prior to the treatments, strongly
decreased the effects of the histidine treatment on the
root Ni concentration, and the Ni TF.

Another factor that might have counteracted the
visibility or the magnitude of the effect of the histidine
treatment on Ni and Zn translocation is continuous
uptake during the period of metal treatment after a
histidine pretreatment. In this respect, it is interesting
to compare experiments 1 and 2 (first histidine, then
metal) with experiment 3 (first metal, then histidine).
The effects of a histidine treatment on the root Ni
concentration, the Ni TF, and the % Ni translocated
are much stronger when the histidine is supplied after,
rather than before the metal treatment (compare SF at
250 uM in Figs. 1, 3 and 4). For example, the Ni TF is
increased by 1.6 and 11 times in histidine-treated SF
plants at 250 uM Ni in experiments 2 and 3, respectively
(compare Figs. 3 and 4). The same also seems to apply
to Zn, but to a lower degree (compare SF at 250 uM in
Figs. 2, 3 and 5): for example, the Zn TF is increased
by the histidine treatment by 1.4 and 2.2 times in
experiments 2 and 3, respectively. This suggests that
exogenously supplied histidine is more effective in
translocating ‘pre-existent’ root Ni burdens than root
Zn burdens. However, the pre-existent Ni root bur-
dens will also be smaller and ‘younger’, at least, largely
accumulated after the start of the metal treatment, so
these results do not conclusively show that histidine is
less important for Zn translocation than for Ni trans-
location under natural conditions. In any case, they do
suggest that continuous metal uptake after the histi-
dine pretreatment may have significantly decreased
the visibility of the effects of this histidine pretreat-
ment on translocation, particularly in case of Zn,
because Zn is taken up many times faster than Ni.

Our results (experiment 3) clearly confirm that
N. caerulescens displays a considerable, largely inde-
pendent variation in its capacity to accumulate and
translocate Ni and Zn. However, the population X
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histidine interactions are not significant for Zn trans-
location (TF and % translocated), but highly signifi-
cant for Ni translocation (Table 2), which may be
taken to confirm that histidine is (also) generally
essential for Zn translocation in N. caerulescens.

Finally, concerning the question whether metal
uptake in hyperaccumulators is regulated by transloca-
tion, such as suggested for Zn hyperaccumulation in
A. halleri [36], our results (experiment 1) indicate that
the uptake of Ni, rather than that of Zn, is stimulated
by exogenous histidine (Table 1), and thus potentially
is ‘translocation-driven’. Zn uptake, on the other
hand, is unaffected by translocation in experiment 1.
The small, but overall significant decrease in Zn uptake
in experiment 3 (Table 2) is remarkable, because in this
experiment the metal treatment preceded the histidine
treatment, which would be expected to prevent any sig-
nificant effects on total metal uptake, such as enhanced
Ni uptake in experiment 1. The only conceivable expla-
nation for this phenomenon is desorption of Zn from
the root free space, during the post-hoc histidine treat-
ment.

In conclusion, the high endogenous L-histidine
concentrations in N. caerulescens are probably func-
tional in the hyperaccumulation of both Niand Zn. The
overall stronger effect of exogenous L-histidine supply
on the translocation of Ni, compared to Zn, seems to
result, at least in part, from the high Zn burdens at the
start of the treatments, particularly in the shoots, which
largely mask the apparent effects of exogenous L-histi-
dine supply on the shoot Zn concentration and, to a
lower degree, the % Zn translocated.
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