WAGENINGEN

UNIVERSITY & RESEARCH

The effect of L-histidine on nickel translocation and the activities of
antioxidant enzymes in hyperaccumulator (Odontarrhena inflata)
and non-accumulator (Aurinia saxatilis) plants

Plant and Soil
Soleymanifar, Soraya; Ehsanpour, Ali Akbar; Ghasemi, Rasoul; Schat, Henk
https://doi.org/10.1007/s11104-023-06340-9

This publication is made publicly available in the institutional repository of Wageningen University
and Research, under the terms of article 25fa of the Dutch Copyright Act, also known as the
Amendment Taverne.

Article 25fa states that the author of a short scientific work funded either wholly or partially by
Dutch public funds is entitled to make that work publicly available for no consideration following a
reasonable period of time after the work was first published, provided that clear reference is made to
the source of the first publication of the work.

This publication is distributed using the principles as determined in the Association of Universities in
the Netherlands (VSNU) 'Article 25fa implementation' project. According to these principles research
outputs of researchers employed by Dutch Universities that comply with the legal requirements of
Article 25fa of the Dutch Copyright Act are distributed online and free of cost or other barriers in
institutional repositories. Research outputs are distributed six months after their first online
publication in the original published version and with proper attribution to the source of the original
publication.

You are permitted to download and use the publication for personal purposes. All rights remain with
the author(s) and / or copyright owner(s) of this work. Any use of the publication or parts of it other
than authorised under article 25fa of the Dutch Copyright act is prohibited. Wageningen University &
Research and the author(s) of this publication shall not be held responsible or liable for any damages
resulting from your (re)use of this publication.

For questions regarding the public availability of this publication please contact

openaccess.library@wur.nl


https://doi.org/10.1007/s11104-023-06340-9
mailto:openaccess.library@wur.nl

Plant Soil
https://doi.org/10.1007/s11104-023-06340-9

RESEARCH ARTICLE

®

Check for
updates

The effect of L-histidine on nickel translocation
and the activities of antioxidant enzymes

in hyperaccumulator (Odontarrhena inflata)
and non-accumulator (Aurinia saxatilis) plants

Soraya Soleymanifar - Ali Akbar Ehsanpour -
Rasoul Ghasemi - Henk Schat

Received: 19 June 2023 / Accepted: 8 October 2023

© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2023

Abstract

Background and Aims The role of L-histidine
(L-His) in nickel (Ni) hyperaccumulation is not well
known. The present study aimed to understand the
impact of L-His on Ni translocation and Ni tolerance
in Odontarrhena inflata and Aurinia saxatilis.
Methods To determine the impact of L-His and
L-alanine (L-Ala) on the shoot Ni accumulation, we
quantified the Ni concentration in plants pretreated
with amino acids for 4 h and then exposed to Ni
for 8 h. Hydrogen peroxide (H,0,) and antioxidant
enzymes activities were determined after 4 h of pre-
treatments and 48 h of Ni treatments.

Results L-histidine increased Ni translocation to
shoots in O. inflata and A. saxatilis. Ni increased
the activity of POD, APX, and CAT in both species,
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but the activities of APX and CAT were higher in
O. inflata. Ni exposure increased the H,0O, concen-
tration in A. saxatilis. L-His pretreatment did not
decrease the H,O, concentration in Ni-treated plants,
but decreased the activity of POD, APX, and CAT
only at 300 uM Ni in O. inflata. In A. saxatilis, L-His
pretreatment, decreased the activity of CAT, but
increased POD activity at 150 and 300 uM Ni. Pre-
treatment with L-Ala decreased POD and APX activ-
ity but had no significant impact on H,O, concentra-
tion and CAT activity.

Conclusion L-Histidine promoted root-to-shoot
Ni translocation and alleviated Ni toxicity, possi-
bly through inducing the activities of antioxidant
enzymes, in hyperaccumulator and non-accumula-
tor plants. Histidine might not only facilitate the Ni
translocation, but also contribute to Ni tolerance, at
least in A. saxatlilis.

Keywords Odontarrhana - Histidine -
Antioxidative enzymes - Hyperaccumulation - Nickel
translocation

Introduction

A minority of plant species, called hyperaccumulators
(about 0.2% of the total of angiosperms), are capable
to grow and reproduce on metal-enriched soils and to
accumulate metals to normally toxic concentrations
in their foliage (Reeves et al. 2018; van der Ent et al.
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2020). Approximately 500 out of the 720 hyperaccu-
mulator plant species known to date hyperaccumu-
late nickel, and are endemic to serpentine soils. They
are able to accumulate and tolerate Ni at more than
1000 pg Ni g~! dry weight in their shoots (Broadhurst
and Chaney 2016; Reeves et al. 2018). About 50 spe-
cies of the genus Odontarrhena (formerly Alyssum)
from the Brassicaceae family are Ni hyperaccumula-
tors, and are among the best candidates for investi-
gating Ni accumulation in plants (Baker and Brooks
1989; Koch and Al-Shehbaz 2009).

Non-accumulating plants retain the absorbed
heavy metals via vacuolar sequestration mainly in
their root cortical cells, thereby decreasing their avail-
ability for radial transport toward the stele via the
cytoplasmic pathway (Kozhevnikova et al. 2014a, b;
Richau et al. 2009). In contrast, in hyperaccumulator
plants, a much bigger portion of the metal taken up
is transported to the shoot where it is mainly seques-
tered in the vacuoles of leaf epidermal cells (Brooks
et al. 1977; Corso and de la Torre 2020; Lasat et al.
2000; Richau et al. 2009; Tappero et al. 2007).

In plants, the Ni ion usually does not form com-
plexes with higher-molecular-weight sulfur-based
chelators, such as phytochelatins and metallothio-
neins, but mainly with low-molecular-weight (LMW)
polar oxygen- or nitrogen-based ligands such as
organic acids and amino acids (Kachenko et al.
2010). Histidine has been suggested to be the most
important chelating agent of Ni in plants, at least in
plants with Ni hyperaccumulation capacity (Kerkeb
and Kriamer 2003; Kriamer et al. 1996; Richau et al.
2009). This amino acid serves as a tridentate ligand
that forms a Ni complex [Ni(His),] with a high stabil-
ity constant at physiological pH (Callahan et al. 2006;
Kramer et al. 1996; Valenti et al. 2006). Ni-histidine
complexes have been identified in the roots, xylem
sap, and shoots of Noccaea caerulescens and in the
plant sap and vascular tissue of Alyssum (presently
Odontarrhena) murale (McNear et al. 2010; Ouer-
dane et al. 2006). It seems that a constitutively high
free His concentration in roots is a common property
of Ni accumulators within the Brassicaceae family,
including Alyssum lesbiacum, Alyssum serpyllifo-
lium, Noccaea goesingense and Noccaea caerules-
cens (Ingle et al. 2005; Krimer et al. 1996; Persans
et al. 1999; Richau et al. 2009). Next to L-His, nico-
tinamine (NA) might function as a LMW chelator
of Ni, at least in Ni hyperaccumulators, although its
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precise role is poorly understood yet (Seregin and
Kozhevnikova 2023).

Excessive Ni concentrations can disrupt iron (Fe)
homeostasis and subsequently cause Fe chlorosis
(Ghasemi et al. 2009), and inhibit photosynthesis
through disruption of the electron transport chain,
chloroplast structure, chlorophyll biosynthesis, or
trough replacing cofactors in the active sites of met-
alloenzymes (Hassan et al. 2019; Seregin and Koz-
hevnikova 2006; Singh and Pandey 2011). Induction
of oxidative stress and stimulation of plant antioxi-
dant systems have also been reported under Ni stress
(Gajewska and Sklodowska 2007; Rao and Sresty
2000). Therefore, in the cytoplasm of plant cells,
free Ni ions should be rapidly chelated and detoxified
to prevent Ni toxicity (Corso and de la Torre 2020;
Merlot et al. 2018), to this end, high-affinity ligand
molecules are employed to facilitate metal chelation,
transport, and sequestration (Clemens 2019).

When exogenously supplied, via the nutrient solu-
tion, L-His pretreatment has been shown to promote
Ni translocation in many Brassicaceae species, both
in Noccaea Ni hyperaccumulaors, but also in sev-
eral non-accumulators (Kozhevnikova et al. 2021b;
Seregin et al. 2022), though often not in Odontar-
rhena Ni hyperaccumulators (Seregin et al. 2019).
The latter might be attributable to the strong induc-
tion of L-His biosynthesis in roots upon Ni expo-
sure (Kerkeb and Kriamer 2003; Krimer et al. 1996),
which might obscure any effect of pretreatment with
exogenous L-His. In any case, enhanced L-His con-
centrations in the xylem itself, such as found upon Ni
exposure in the xylem fluid of plants that had been
grown in hydroponics without added Ni (Kerkeb and
Kramer 2003; Kriamer et al. 1996), are apparently
lacking in plants that had been grown under high Ni
from germination onward (Centofanti et al. 2013),
suggesting that the role of L-His in Ni hyperaccu-
mulation, if any, does not primarily lie in the chap-
eroning of Ni during its transport through the xylem
itself, but rather in its inhibiting effect on the vacuolar
sequestration of Ni (or Zn) in root cortical cells, such
as suggested by uptake experiments with root tono-
plast vesicles obtained from Noccaea caerulescens
and Thlaspi arvense (Richau et al. 2009; Kozhevnik-
ova et al. 2014a). If so, then it seems that the load-
ing of Ni (or Zn) into the xylem may be more often
limited by these metals’ vacuolar retention in the root
cortex or, consequently, their radial transport from
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the root surface toward the stele, than by the plants’
capacity to load them into the xylem as such, at least
among many hyperaccumulators, but also in at least
several non-hyperaccumulator Brassicaceae (Seregin
et al. 2022).

Next to the apparent facilitation of Ni or Zn root-
to-shoot translocation, L-His might conceivably
affect Ni toxicity in accumulating and non-accumu-
lating plants. Therefore, the present study aims at
understanding the role of L-His in Ni translocation,
accumulation, and detoxification. We investigated the
effect of exogenous L-His on Ni translocation to the
shoots, H,0, accumulation, and the activities of anti-
oxidant enzymes in a Ni hyperaccumulator, Odon-
tarrhena inflata, originating from serpentine soils of
west Iran, and the non-accumulator, Aurinia saxatilis.

Materials and methods
Seedling growth

Seeds of Odontarrhena inflata (formerly Alyssum
inflata Nyéar.) were harvested from an Iranian ultra-
mafic region, Baneh (Ghaderian et al. 2007). Aurinia
saxatilis seeds were acquired from Horti Tops-Tuin-
plus, Heerenveen, Netherlands. Since, both plants
species (A. saxatilis and Alyssum inflate) belong to
the same tribe (Alysseae) of the family Brassicaceae
was selected as model plants for heavy metal accu-
mulation studies (Hendriks et al. 2023; Li et al. 2015;
gpaniel et al. 2015). Seeds were sown on Perlite
and watered using ultrapure water for the first week,
then the germinated seeds were supplied with a one-
quarter-strength Hoagland type solution (1.5 mM
Ca(NO3),, 0.28 mM KH,PO,, 0.75 mM MgSO,,
1.25 mM KNO;, 0.5 pM CuSO,, 2.5 pM ZnSO,,
5 pM MnSO,, 25 pM H;BO;, 0.1 pM Na,MoO,,
50 pM KCl, 5 pM Fe-EDDHA (ethylenediamine-
N,N'-bis(2-hydroxyphenylacetic acid), 3 mM MES,
with pH 5.7, adjusted using KOH). Three-week-old
seedlings were transferred to 400 mL hydroponic cul-
ture vessels supplemented with the same Hoagland
solution. The solution was continuously aerated and
replaced every 7 days by a freshly prepared one. All
experiments were performed in a growth chamber
with a 16-h illumination/8-h dark day/night cycle
(150 pmol m~2 s7! light intensity) and a 24/18°C
(day/night) temperature regime. Experiment 1 To

characterize the effect of exogenously supplied L-his-
tidine on root-to-shoot Ni translocation, 8 weeks-old
plants were transferred to a 2-mM Mes/KOH-buffer
supplemented with 1 mM L-histidine or L-alanine
(pH 5.5). A subset of plants not undergoing this pre-
treatment was used as a control. After 4 h of pretreat-
ment, the roots of plants were thoroughly rinsed with
ultrapure water, then transferred to a fresh nutrient
solution supplemented with 300 pM NiSO,. Finally,
after 8 h of Ni treatment, the shoots of plants were
harvested, rinsed with ultrapure water, blotted dry
with paper towels, and then snap-frozen in liquid
nitrogen, and stored at— 80°C.

Experiment 2 Preliminary experiments showed
that 48 h was the optimum time for measuring cata-
lase activity in response to Ni treatments (data not
shown). To measure the activities of antioxidant
enzymes in the shoots, 8 weeks old plants were trans-
ferred to a MES/KOH buffered medium containing
L-His or L-Ala (0,150, 300, 600, and 1000 uM, pH
5.5) for 4 h. A subset of plants not pretreated with
amino acids was kept as a control. Then, the roots of
the pretreated plants were rinsed in ultrapure water
and then the plants were transferred to the same
one-quarter-strength Hoagland solution containing
NiSO, (0,150, and 300 pM) for 48 h. A subset of
plants pretreated only with amino acids were rinsed
with ultrapure water and were transferred to a nutrient
solution without Ni for 48 h. Then the shoots of all
the plants were harvested, rinsed twice with ultrapure
water, and dried carefully between paper towels.
Shoot samples were weighted and immediately snap-
frozen in liquid nitrogen and then stored at -80° C.

Activities of catalase, ascorbate peroxidase and
peroxidase

Aliquots of 100 mg frozen leaf tissue were homog-
enized with a cooled mortar and pestle after add-
ing 1 mL of cold enzyme extraction buffer con-
taining 100 mM potassium phosphate, 2% (w/v)
polyvinylpyrrolidone (PVP), 4 mM DTT and 1 mM
EDTA (pH 7.8). The homogenized tissues were cen-
trifuged at 15,000 g, 4°C for 20 min. Supernatant
aliquots of approximately 100 ul were collected and
used to determine the activities of different enzymes.
The protein concentration was measured according
to Bradford (1976). All enzymatic assays were con-
ducted using a UV-VIS spectrophotometer (BioTek
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Synergy HTX). Catalase activity was determined
based on the Aebi and Lester (1984) method. Cata-
lase activity was initiated by adding 10 pl of 10 mM
H,0, to 160 pl of reaction mixture containing 50 mM
potassium phosphate buffer, pH 7.0, and 5 ul protein
extract. The absorbance was recorded at 240 nm.
One unit of CAT activity was defined as the required
amount of enzyme for the decomposition of 1 pmol
H,0, in 1 min at 240 nm at 25 °C using an extinction
coefficient of 0.036 mM~! cm™".

For the ascorbate peroxidase (APX) activity, the
decrease in absorbance at 290 nm, as a consequence
of ascorbate oxidation during the reaction, was meas-
ured (Nakano and Asada 1981). The assay reaction
solution was a mixture of 5 pl leaf protein extract,
165 pl of 50 mM potassium phosphate buffer, pH 7,
containing 0.2 mM EDTA and 0.5 mM ascorbic acid.
The APX mediated reaction was started by adding
5 pl of 10 mM H,0, to the reaction solution. APX
activity was calculated using an extinction coeffi-
cient of 2.8 mM~! cm™! for ascorbate. One unit of
APX enzyme activity was defined as the oxidation
of 1 pmol /min ascorbic acid at 25 °C. The activity
of peroxidase (POD) was quantified through meas-
uring the rate of tetragaiacol formation at 470 nm.
The reaction solution was a combination of 100 mM
potassium phosphate buffer, pH 7.0, 10 mM guaiacol,
10 mM H,0,, 0.1 pM EDTA, and protein extract.
POD activity was calculated using the extinction
coefficient of tetraguaiacol (26.6 mM~! cm™!) (Plewa
et al. 1991).

Analysis of hydrogen peroxide (H,0,)

Hydrogen peroxide was determined according to
the Velikova et al. (2000) method. Approximately,
100 mg of fresh leaf biomass was homogenized
with 1 ml of 0.1% (w/v) trichloroacetic acid (TCA)
on ice. The homogenate was centrifuged for 15 min
at 12,000 g at 4 °C. Subsequently, 500 pl of 10 mM
potassium phosphate buffer, pH 7, and 1 mL of 1 M
potassium iodide (KI) were added to 500 pl of the
supernatant. The concentration of H,O, was calcu-
lated from the absorbance at 390 nm, using an extinc-
tion coefficient of 0.28 pM~! cm™, and expressed as
pmol H,0, g~' FW.
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Quantification of amino acids

Approximately 200 mg of frozen homogenized leaf
tissue powder per sample was mixed with 400 ul of
80% (v/v), ethanol in a 2.5 mM HEPES buffer, pH 7.5
(Scheible et al. 1997). Tissue extracts were obtained
through vortexing and incubating the samples in
buffer at 80 °C for 20 min in a heating block. After
centrifugation at 20,800 g for 10 min, the superna-
tants were transferred to new tubes. To extract all
L-His and L-Ala from the tissues, the pellets were
centrifuged two more times, as described above,
after resuspension in 400 pl of 50% (v/v) ethanol in
2.5 mM HEPES buffer (pH 7.5) and then in 200 pl of
80% (v/v) ethanol. The three supernatants were col-
lected and stored at -20°C for further analysis. The
concentrations of L-His and L-Ala in plant extracts
were measured through LC-coupled MSE-based
quantification using high-performance liquid chroma-
tography (HPLC).

Elemental Analysis

Shoot aliquots were freeze-dried overnight (Alpha
1-4 LDplus, Martin Christ, Osterode, Germany),
equilibrated at room temperature for 1 day, and
weighed. Dry shoot samples were digested in 3 ml of
65% nitric acid overnight at room temperature. There-
after, sample-containing tubes were incubated in a
water bath at 90°C for 4 h, followed by cooling, and
the addition of 1 ml of 30% (v/v) H,0, per sample,
before the tubes were placed again at 90°C for 1 h.
Eventually, the final solution volumes were brought
to 10 ml with ultrapure water. Element concentrations
were quantified by atomic absorption spectrophotom-
etry (AAS-6200, Shimadzu Corporation, Chiyoda-ku,
Tokyo, Japan).

Statistical analysis

All experiments were carried out in a completely
randomized design with at least three replications.
Data were analyzed using two-way ANOVA and dif-
ferences between individual means were tested using
Duncan’s test at a significance threshold of P <0.05
(SPSS software version 22, for Windows).
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Results

The effect of exogenously supplied L-histidine and
L-alanine on root-to-shoot Ni translocation under
short-term Ni treatment (8 h).

Pretreatment with L-His significantly increased the
Ni concentration in the shoots of both O. inflata and
A. saxatilis by 1.4=and 3.9 =fold, respectively, com-
pared to the control plants, while the L-Ala pretreat-
ment was without a significant effect in A.saxatilis,
or slightly deceased the shoot Ni concentration in O.
inflata (Fig. 1a).

In both plant species, exogenous L-His pretreat-
ment increased the shoot L-His concentration signifi-
cantly (Fig. 1b). Pretreatment with amino acids had
little effect on the concentrations of Fe, Zn (Fig. 1a)
and other micro- and macro-nutrients in shoots (Data
not shown).

The effect of exogenous L-histidine and L- alanine
pretreatments (4 h) and subsequent Ni supply (48 h)
on antioxidant enzymes activity in shoots.

The shoot H,0, concentration was significantly
higher in A. saxatilis than in O. inflata. Increas-
ing the Ni concentrations in the nutrient solution
increased the H,O, concentration in the shoots of
A. saxatilis, though only significantly at 300 uM
Ni. However; the H,0O, concentration remained
unchanged in O. inflata (Fig. 2a). In the absence
of Ni, and in both species, exogenous L-His and

L-Ala were without significant effects on the shoot
H,0, concentrations (Fig. 2b, d), except for a small
concentration-independent increase for exogenous
L-Ala in A. saxatilis (Fig. 2d). L-His ptretreatment
did not significantly affect the shoot H,0, concen-
tration in A. saxatilis, except for a modest, but a sig-
nificant increase was observed in plants treated with
1000 uM L-His and 150 uM Ni, or with 1000 uM
L-His and 300 uM Ni, compared to the non-L-His
pretreated plants (Fig. 2¢). In O. inflata L-His pre-
treatment modestly raised the shoot H,0O, concen-
tration, though only significantly in plants treated
with 1000 uM L-His and 150 uM Ni, or with 600
or 1000 uM L-His and 300 uM Ni, compared to the
non-L-His pretreated plants (Fig. 2c). Compared to
exclusively Ni-exposed plants, there were no signif-
icant effect of the L-Ala pretreatments on the shoot
H,0, concentrations in O. inflata and A. saxatilis at
150 and 300 uM Ni (Fig. 2e).

In both species the Ni treatment caused a signifi-
cant increase of the peroxidase (POD) activity in
the shoot (Fig. 3a). Interestingly, also the L-His pre-
treatment alone (not followed by Ni treatment) sig-
nificantly increased the shoot POD activity in both
species, but much more in the hyperaccumulator, O.
inflata, (up to more than 29-fold at 1000 pM L-His),
while, the activity in A. saxatilis was only slightly,
but significantly, increased, (+twofold at 600 and
1000 uM L-His) (Fig. 3b).

b B Control nutrient solution + Ni
a 7 - a & Control nutrient solution + Ni - - L'H:s pretreatment = Nl
O L-His pretreatment + Ni g 0.9 1 W L-Ala pretreatment + Ni
= 6 - B L-Ala pretreatment + Ni % 0.8 4 a
g E
= E 5 = ~ 0.7
S
Ea4 = E 0.6
Ao E=l
S w3 = 0 (.5
= D =
s = = E 0.4
= K
£E’ 32
§ =1 g3
=
= 0.1
Ni Fe 7n 0.0

Fig. 1 The effects of exogenously supplied L-His and L-Ala
on the Ni, Fe, and Zn (a) and His (b) concentration in the
shoots of O.inflata and A. saxatilis after short-term Ni expo-
sure (8 h). Eight-week-old plants were pretreated with 1 mM
L-His (open bars), 1 mM L-Ala (closed bars), or control nutri-

0. inflata

A. saxatilis

ent solution (dashed bars) for 4 h and subsequently treated with
300 uM Ni (8 h). Values represent means +SE of three repli-
cates. Different letters show significant differences (P <0.05)
based on Duncan’s test
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«Fig. 2 The effect of different concentrations of Ni (a), L-His
(b), L-His pretreatment and Ni (c¢), L-Ala (d), and L- Ala pre-
treatment and Ni (e) on H,0, concentrations in the shoot of O.
inflata (closed bars) and A. saxatilis (open bars). The roots of
8-week-old plants were pretreated with different concentrations
of L-His or L-Ala for 4 h, then supplemented with Ni (48 h).
Values represent means + SE of three replicates. Different let-
ters show significant differences (P <0.05) based on Duncan’s
test

Also L-Ala pretreatment alone (without Ni expo-
sure) significantly increased the shoot POD activity in
both species, but again, more in O. inflata than in A.
saxatilis (Fig. 3d).

The species responded clearly distinctly to the
combined Ni and L-His treatments. In O.inflata Ni
exposure consistently decreased the shoot POD activ-
ity, whereas in A. saxatilis Ni exposure consistently
increased the shoot POD activity in L-His pretreated
plants (Fig. 3c), in comparison with plants that were
pretreated with L-His alone (Fig. 3b). Also in com-
parison with the plants that were exposed to Ni alone
(without L-His pretreatment), the POD activities
were decreased, generally significantly, in L-His pre-
treated O. inflata, but unaffected, or further increased
in A. saxatilis, except for the combination of 300 uM
L-His with 300 uM Ni (Fig. 3c).

In comparison with the L-Ala pretreatment alone
(without Ni exposure), Ni significantly moderated
the increase in shoot POD activity in both species, at
least at 300 pM Ni, in plants pretreated with 600 or
1000 uM L-Ala (Fig. 3d, e). Similarly, in comparison
with the Ni treatment alone, the L-Ala pretreatment
moderated the Ni-induced increase in shoot POD
activity in both species, at least at the 300 pM Ni
exposure level (Fig. 3e).

The activity of APX in the shoots of both species
was enhanced by increased Ni concentrations in the
medium and in the hyperaccumulator, O. inflata, this
increase was bigger than in the non-accumulator, e.g.
up to 1.8-fold times at 300 pM Ni (Fig. 4a). Pretreat-
ment with L-His alone (without subsequent Ni expo-
sure) significantly increased the APX activity in O.
inflata, but not in A. saxatilis (Fig. 4b). Similarly, pre-
treatment with L-Ala increased the shoot APX activ-
ity in O. inflata, but not in A. saxatilis (Fig. 4d). In O.
inflata, L-His pretreatments (300, 600 and 1000 pM),
prior to Ni exposure (300 uM Ni), decreased the APX
activity, compared to the control plants. In contrast to
the L-His pretreatment, both plant species pretreated

with L-Ala, showed a major decrease in APX activity
at 300 pM Ni, compared to the plants treated with Ni
alone (Fig. 4e).

The activity of CAT was increased by Ni expo-
sure, by approximatly 45% and 38% at 300 pM Ni,
in O. inflata and A. saxatilis, respectively, compared
to the control plants (Fig. 5a). Without subsequent
Ni exposure, both the L-His and L-Ala pretreat-
ments had no significant impact on CAT activity in
both species (Fig. 5b, d). The CAT activity in Ni-
exposed O. inflata was decreased (by 52%) by L-His
pretreatment, though significantly in the 300, 600 and
1000 pM L-His pretreatments, followed by exposure
to 300 pM Ni. In Ni-exposed A. saxatilis, exogenous
L-His dramatically decreased the activity of CAT,
both at 150 and 300 pM Ni, compared with the plants
treated with Ni only (Fig. 5c). Unlike POD and APX,
the activity of CAT was not significantly affected by
the exogenous L-Ala pretreatment, compared to the
plants exposed to Ni only (Fig. Se).

As expected, increasing the Ni concentration in the
treatment solution resulted in elevated Ni concentra-
tions in the shoots, with a remarkably higher Ni con-
centration in O. inflata, than in A. saxatilis (more than
a 5-fold higher in O. inflata at 300 uM Ni, Fig. 6a). At
both Ni concentrations (150 and 300 uM Ni), L-His
pretreatments significantly increased the Ni concen-
tration in the shoots of both species, compared with
unpretreated plants. In O. inflata, pretreatment with
1000 uM L-His increased the shoot Ni concentra-
tions, both at 150 and 300 uM Ni, by approximately
40% and 20%, respectively, but in A. saxatilis by
more than 72% and 73%, respectively (Fig. 6b). Pre-
treatment of plants with L-Ala resulted in a slight
decrease of shoot Ni concentrations in both species,
compared to the plants treated with Ni only (Fig. 6¢).

The 48-h Ni treatments (150 and 300 uM Ni, with-
out prior exposure to L-His or L-Ala) significantly
increased the L-His concentrations in the shoots of
both O. inflata and A. saxatilis, compared to the con-
trol plants (Fig. 7a). However, the shoot L-Ala con-
centrations of both species were not affected by Ni
exposure (Fig. 7d). In both species the L-histidine
pretreatments (without and with subsequent Ni expo-
sure, Fig. 7b, c¢) increased the shoot L-His concentra-
tions in a concentration-dependent way, compared
to the non-Ni-exposed control plants. A similar pat-
tern was observed for the shoot L-Ala concentra-
tion (Fig. 7e). Ni exposure did not further enhance
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the shoot L-His or L-Ala concentrations in L-His
or L-Ala pretreated plants, respectively (Fig. 7c, f,
Fig. 7b, e).

Treatment with 300 uM Ni for 48 h, significantly
decreased the shoot dry weight (SDW) of the non-
accumulator A. saxatilis, by approximately 16%,
compared to the control plants. Ni treatments had no
significant effect on the SDW of the hyperaccumula-
tor, O. inflata (Fig. 8a). The highest concentrations of
L-His or L-Ala used for the pretreatments (1000 uM)
significantly decreased SDW in A. saxatilis, by
13.03% and 16.40%, respectively, compared to the
control plants. However, none of the L-His and L-Ala
pretreatments showed a significant impact on O.
inflata SDW, when no Ni was added to the medium
(Fig. 8b, d). Pretreatment with 1000 pM L-His prior
to the Ni treatments increased the A. saxatilis SDW,
by approximately 6.5% and 7.6%, respectively, com-
pared to non-pretreated plants exposed to 150 and
300 pM Ni (Fig. 8c). In both species, pretreatment
with L-Ala before Ni exposure (150 and 300 pM Ni)
had no significant effect on SWD in both species,
compared with Ni-only treated plants (Fig. 8e).

Discussion

Exogenous L-His pretreatment stimulated the
Ni translocation in both hyperaccumulator and
non-accumulator plants

As shown by our results, pretreating plants with
L-His, but not with L-Ala, significantly increased
the shoot Ni concentration in both species, in agree-
ment with previous observations in many other Bras-
sicaceae (Kerkeb and Kramer 2003; Kozhevnikova
et al. 2021a,b; Seregin et al. 2022). However, this was
not associated with significant changes in the con-
centrations of Zn and Fe or other micro- and macro-
nutrient concentrations in shoots (data not shown),
although exogenous L-His supply has been shown to
increase the translocation of, at least, Zn in a num-
ber of other hyperaccumulator and non-accumulator
Brassicaceae (Kozhevnikova et al. 2021a,b; Seregin
et al. 2022). For O. inflata, this effect of exogenous
L-His supply, i.e., enhanced shoot Ni accumula-
tion, is surprising, since Seregin et al. (2019) did not
observe enhanced Ni concentrations upon exogenous
L-His supply in the xylem sap of the majority of Alys-
sum (Odontarrhena) Ni hyperaccumulators tested.
The huge increase of shoot Ni in A. saxatilis, on the
other hand, is in agreement with the observation of a
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«Fig. 7 The effect of different concentrations of Ni (a), L-His
(b), and L-His pretreatment and Ni (¢) on shoot His concen-
tration, and Ni (d), L-Ala (e), and L-Ala pretreatment and Ni
(f) on shoot Ala concentration of O. inflata (closed bars) and
A. saxatilis (open bars). The concentration of amino acids
was determined in shoots of 8-week-old plants pre-exposed to
L-His for 4 h and then supplemented with Ni (48 h). Values
represent means + SE of three replicates. Different letters show
significant differences (P <0.05), based on Duncan’s test

significantly increased Ni concentration in the xylem
of this species by the same authors. The lack of effect
of exogenous L-His on Ni translocation in many
Alyssum/Odontarrhena Ni hyperaccumulators might
well be due to a strong induction of L-His biosyn-
thesis upon Ni exposure (Kerkeb and Kridmer 2003;
Kriamer et al. 1996). Concerning the mechanism of
action L-His, it is relevant that the chelation of Ni
(and/or Zn) by L-His strongly inhibited their uptake
into right-side-out energized tonoplast vesicles iso-
lated from N. caerulescens roots (Kozhevnikova et al.
2014b; Richau et al. 2009), suggesting that L-His
may promote these metals’ translocation to the shoot
through inhibiting their vacuolar retention in periph-
eral root cells (Seregin and Kozhevnikova 2021). In
this respect, it is interesting that exogenous L-His
increased the shoot Ni concentration relatively less
strongly in O. inflata (+1.5-fold) than in A. saxatilis
(+4-fold), which might be attributable to a strong
accumulation of plant-internal free L-His upon Ni
exposure in the former species, which seems to be
characteristic of Alyssum/Odontarrhena Ni hypeac-
cumulators (Kerkeb and Kridmer 2003; Kramer et al.
1996), but lacking or being much less conspicuous
in Noccaea Zn/Ni hyperaccumulator and non-accu-
mulator Brassicaceae (AD Khozevnikova and IV
Seregin, unpublished results). In any case, the shoot
Ni concentration upon pretreatment with exogenous
L-His remained significantly lower (about 2-fold)
in A. saxatilis than in O. inflata, while the shoot
L-His concentrations were not significantly different
(Fig. 1), as previously observed in other Brassicaceae
non-accumulators (Kozhevnikova et al. 2021a,b; AD
Kozhevnikova and IV Seregin, unpublished). This
may be taken to indicate that the Ni translocation in
unpretreated plants of both species is, at first instance,
limited by the vacuolar retention of Ni in the roots,
but in L-His-pretreated plants by their Ni xylem load-
ing capacity, and that the Ni xylem loading capacity
is lower in A. saxatilis than in O. inflata. However,

the precise mechanisms of Ni xylem loading in plants
are poorly understood to date. Further detailed studies
are urgently required. In any case, it is unlikely that
Ni and L-His are loaded simultaneously, as a com-
plex, into the xylem (see above). Moreover, when
grown under Ni exposure from germination onward,
Odontarrhena/Alyssum Ni hyperaccumulators didn’t
show exceptionally high L-His concentrations in their
xylem fluid (Alves et al. 2011; Centofanti et al. 2013),
such as observed shortly upon sudden Ni exposure in
plants that were raised without Ni in the nutrient solu-
tion (Kerkeb and Kriamer 2003; Kramer et al. 1996).
Although this is strong evidence that L-His doesn’t
serve as a Ni chaperone during xylem transport
indeed, it does not prove that L-His is not essential
for Ni translocation in Ni hyperaccmulators. These
results merely confirm that the role for L-His does
not lie in the chelation of Ni within the xylem itself,
but rather in the root cell cytoplasm, where it seems
to counteract the vacuolar retention of Ni (or Zn) in
root cortical cells, at least in the Ni/Zn hyperaccu-
mulator, Noccaea caerulescens (Kozhevnikova et al.
2014a; Richau et al. 2009). Therefore, the increase
of the L-His concentrations observed in the xylem
exudates of Ni hyperaccumulators shortly upon sud-
den Ni exposure is probably a transient phenomenon,
caused by a Ni-imposed stimulation of L-His biosyn-
thesis in the roots. Of course, this does not preclude
any essential role for L-His in Ni hyperaccumulation,
since L-His most likely impacts upon the vacuolar
retention of Ni in cortical root cells, but probably not
upon the (the last step in) Ni xylem loading as such,
and (almost) certainly not upon the Ni transport rate
through the xylem vessels themselves. Concerning
the latter, it is important to keep in mind that the His-
Ni complex is highly stable at cytoplasmic pH (about
7.2), but expected to dissociate at xylem pH (<7.0),
owing to protonation of the imidazole nitrogen (Blin-
dauer and Schmid 2010; Monsant et al. 2011; Salt
et al. 1999). Moreover, although the Ni xylem load-
ing mechanisms in Ni hyperaccumulators are poorly
known, it seems unlikely that Ni can be loaded as
undissociated Ni-His, in view of the abundance of
His residues in the metal-binding regions of the vast
majority of the candidate transporters known thus far
(Kramer et al. 2007; Williams and Mills 2005). Thus,
in summary, if L-His would play a role in Ni hyper-
accumulation, one would expect enhanced L-His
concentrations in Ni hyperaccumulators, compared
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to non-accumulators, at least in the roots, either con-
stitutively, or inducible by Ni exposure. The latter
(Ni-induced increased L-His concentrations in roots)
occurs almost certainly in Odontarrhena Ni hyperac-
cumulators (Kerkeb and Krimer 2003; Kriamer et al.
1996), while Noccaea Ni hyperaccumulators are
characterized by strongly enhanced constitutive L-His
concentrations, though only in their roots, not in their
shoots (AD Kozhevnikova and IV Seregin, unpub-
lished results). In any case, the L-His concentrations
in the xylem exudates or shoots are probably without
direct relevance concerning the role of L-His in Ni
translocation in Ni hyperaccumulators.

The possible mitigating effects of L-histidine on the
toxicity of Ni in shoots

L-His has also been suggested to mitigate Ni toxic-
ity in plants both in Ni hyperaccumulators and non-
accumulators (Ingle et al. 2005; McNear et al. 2010).
Our results are in line with this viewpoint, since pre-
treatment with L-His, but not with L-Ala completely
abolished the decreased SDW upon Ni-exposure
(300 uM) in A. saxatilis, which was not apparent in
unpreatreated O. inflata, probably due to the pres-
ence of adaptive Ni hypertolerance in the latter (ser-
pentine) species (Fig. 8). Ni treatments significantly
increased free L-His but not L-Ala concentrations in
shoots of both O. inflata and A. saxatilis. Moreover,
despite some variations, by increasing the concentra-
tion of L-His pretreatments, a remarkable reduction
of APX and CAT activities was observed in O. inflata
and A. saxatilis, compared to the only Ni-treated
plants (Figs. 4c and 5c). These observations might
signify a particular role for L-His in Ni detoxification
in both species. The precise mechanisms underly-
ing L-His-mediated Ni tolerance in plant shoots are
unknown yet, but may be assumed to depend mainly
on the chelation of Ni by L-His at cytoplasmic pH,
and/or the resulting alterations of the Ni distribu-
tion patterns over organs, tissues, cells, or cellular
compartments. As reported by Ingle et al. (2005), an
increased Ni tolerance and shoot-free His concentra-
tion was observed in transgenic Arabidopsis thaliana
lines with the overexpression of A. lesbiacum (Ni
hyperaccumulator) ATP phosphoribosyl transferase
(ATP-PRT) cDNA encoding the first and regulatory
enzyme of the His biosynthesis pathway.

It is important to note that the L-His pretreatment
itself also seems to be toxic, at least in A. saxatilis,
as judged from the significant decrease in SDW at
1000 uM L-His (Fig. 8b). Thus, although it reduces
Ni toxicity, excessive concentrations of L-His as such
might cause metabolic disturbances, at least in A.
saxatilis, but possibly also in O. inflata, as suggested
by the huge induction of POD by L-His (without Ni)
(Fig. 4c), although there were no significant effects of
the L-His treatment (without Ni) on SDW in the latter
species (Fig. 8b). The same pattern was observed for
the L-Ala pretreatments (Fig. 8d), the main difference
being that L-His pretreatment protected A. saxatilis
from Ni toxicity, but that the L-Ala pretreatment did
not (Fig. 8c, e). The cellular processes and biomass
production (Fig. 8b and d) of these plant species can
be affected by the high concentration of amino acids
(Fig. 7b) in various ways. The imidazole side chain
of histidine can act as a weak base, and excess histi-
dine concentrations might lead to cellular pH change,
which can disrupt the pH optimum for the maximal
catalytic activity of enzymes and affect ion chan-
nel function, and protein stability (Liao et al. 2013;
Monsant et al. 2011; Nelson and Cox 2017; Pantoja
2021; Raven and Smith 1976; Zhang et al. 2015). In
addition to Ni, histidine can bind various metal ions
including Zn, Cu, and Co, therefore, excess levels of
this amino acid can disturb the homeostasis of other
metal ions in plant cells (Homer et al. 1991; Mon-
sant et al. 2011; van der Ent et al. 2020). The higher
concentrations of amino acids outside the cell than
inside, or intracellular excess amino acids cause
cell dehydration and cell swelling, respectively. As
a result, these processes can cause an imbalance in
cell water potential and disturb normal cell functions,
ultimately affecting the production of plant biomass
(Kowles 2010; Taiz et al 2015).

Our observation that Ni exposure (300 uM) caused
H,0, accumulation in the shoots of (unpretreated) A.
saxatilis, but barely or not in O. inflata (Fig. 2a), prob-
ably also reflects the superior Ni tolerance of the lat-
ter species. It is noteworthy that this Ni-imposed H,0,
accumulation was not reversed, but even increased by
the 1000-uM L-His pretreatment (Fig. 2c), suggesting
that increased L-His synthesis, as such, may not be suf-
ficient to prevent Ni-imposed oxidative stress in the
genetic background of A. saxatilis. On the other hand,
also Ni-exposed O. inflata showed enhanced, rather
than decreased Ni-imposed shoot H,O, accumulation
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after L-His pretreatment (Fig. 2c), but this was prob-
ably owing to excessive accumulation of L-His itself,
in view of the absence of any significant H,O, accu-
mulation in Ni-exposed unpretreated plants (Fig. 2a),
and the very similar effects of L-His in plants with and
without Ni exposure (Fig. 2b, c).

It is remarkable that, upon Ni exposure, the antioxi-
dant enzyme activities, at least those of APX and CAT,
but possibly also that of POD, were more upregulated
in O. inflata than in A. saxatilis (Figs. 3a, 4a and 5a),
in spite of the superior Ni tolerance and the absence
of any Ni-imposed H,0, accumulation in the former
species. In addition, also the L-His and L-Ala pre-
treatments more strongly increased these enzyme’s
capacities (Figs. 3b, d and 4b, d), except that of CAT
(Fig. 5b, d). Except for POD in L-His-pretreated plants
(Fig. 3c), the antioxidant enzyme activities were usu-
ally higher in L-His or L-Ala pretreated Ni-exposed
(300 uM) O. inflata than in A. saxatilis (Figs. 4c, e and
5c, e). These results may be taken to indicate that the
antioxidant capacity under Ni exposure is overall higher
in O. inflata than in A. saxatilis, which could explain
the absence of any detectable Ni-imposed H,0, accu-
mulation in the former species. It is even arguable that
an enhanced enzymatic antioxidant capacity might rep-
resent an essential component of the Ni hypertolerance
syndrome in O. inflata. On the other hand, this superior
antioxidant capacity is only apparent after Ni exposure,
but not at all in the absence of Ni (Fig. 3a, 4a and 5Se),
or in other words, Ni-inducible, whereas metal-hyper-
tolerances are usually constitutive, rather than inducible
by exposure to the metal in question (Ernst et al. 1992).
However, the possibility that Ni-inducible antioxidant
capacity contributes to Ni hypertolerance in O. inflata
cannot be excluded with certainty.

Conclusions

Exogenous L-histidine promoted Ni translocation to the
shoot in both Ni hyperaccumulator O. inflata and non-
accumulator A. saxatilis plants. The shoots of O. inflata
seemed to be equipped with a high enzymatic antioxi-
dant capacity, though only after Ni exposure, which pos-
sibly prevented Ni-induced H,0, accumulation. How-
ever, in both species the shoot H,0, concentrations upon
Ni exposure were unaffected, or slightly increased by
pretreating the plants with exogenous L-His or L-Ala.

@ Springer

Next to enhancing the root-to-shoot Ni translocation
in both species, exogenous L-His supply significantly
improved Ni tolerance, as estimated from the effect
on shoot dry weight, at least in A. saxatilis and on the
activity of antioxidant enzymes, in both species.
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