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ARTICLE INFO ABSTRACT

Handling Editor: Dr K Kees Venema Selenium (Se) hyperaccumulators are capable of uptake and tolerate high Se dosages. Excess Se-induced
oxidative responses were compared in Astragalus bisulcatus and Astragalus cicer. Plants were grown on media
supplemented with 0, 25 or 75 uM selenate for 14 days. Both A. bisulcatus and A. cicer accumulated >2000 pg/g
dry weight Se to the shoot but the translocation factors of A. cicer were below 1 suggesting its non hyper-

accumulator nature. A. cicer showed Se sensitivity indicated by reduced seedling fresh weight, root growth and
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Oif;:;iceuizsz ton root apical meristem viability, altered element homeostasis in the presence of Se. In Se-exposed A. bisulcatus, less
Selenate toxic organic Se forms (mainly MetSeCys, y-Glu-MetSeCys, and a selenosugar) dominated, while these were
Tolerance absent from A. cicer suggesting that the majority of the accumulated Se may be present as inorganic forms. The

glutathione-dependent processes were more affected, while ascorbate levels were not notably influenced by Se in
either species. Exogenous Se triggered more intense accumulation of malondialdehyde in the sensitive A. cicer
compared with the tolerant A. bisulcatus. The extent of protein carbonylation in the roots of the 75 pM Se-exposed
A. cicer exceeded that of A. bisulcatus indicating a correlation between selenate sensitivity and the degree of
protein carbonylation. Overall, our results reveal connection between oxidative processes and Se sensitivity/
tolerance/hyperaccumulation and contribute to the understanding of the molecular responses to excess Se.

1. Introduction

Up to now numerous studies have assessed that higher plants basi-
cally do not require selenium (Se) for their physiological processes
(White, 2017; Chauhan et al., 2019; Hasanuzzaman et al., 2020; L. Yang
et al., 2022). Due to its chemical similarity to sulfur (S), Se is absorbed
and metabolized by higher plants via the routes of S assimilation (White,
2018). Regarding Se tolerance, plant species can be grouped into various
categories: non-accumulators, Se-indicators and Se-(hyper)accumula-
tors (White, 2017, 2018; Hasanuzzaman et al., 2020). Non-accumulators
(or Se-sensitive plants) include e.g Arabidopsis thaliana or grasses,
Se-indicator species are known in Fabaceae or Asteraceae which
generally grow in Se-deficient or low Se containing soils (Gupta and
Gupta, 2017). Meanwhile, high Se concentration in soils does not always
seem to be hazardous for plants (Gupta and Gupta, 2017; White, 2018;
Pilon-Smits, 2019). Plants native to Se-rich areas have the capability not
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only to tolerate but also to accumulate Se. These Se-(hyper)accumula-
tors also show taxonomic diversity, e.g. the most notorious Se-(hyper)
accumulators are Stanleya pinnata from Mustard family and Astragalus
biculcatus from Fabaceae (Freeman et al., 2006; Statwick et al., 2016;
Schiavon and Pilon-Smits, 2017; Pilon-Smits, 2019). Within Astragalus
genus both non-accumulators such as A. cicer (Statwick et al., 2016) or
A. membranaceus (Kolbert et al., 2018) and Se-(hyper)accumulators like
A. bisulcatus or A. racemosus (White, 2016) can be found.

However, majority of the plant species cannot tolerate elevated doses
of soil Se due to the synthesis of malfunctional selenoproteins, the
promotion of disturbance in hormonal and nutritional homeostasis, or
the behaviour of Se as a pro-oxidant (Byrne et al., 2010; Kolbert et al.,
2016; Hasanuzzaman et al., 2020; Szollosi et al., 2022a). High Se con-
centrations induce the accumulation of reactive oxygen species (ROS)
like superoxide (0%), hydrogen peroxide (H205) and hydroxyl radical
(OH®), leading to oxidative stress (Silva et al., 2018). It is known that a
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well-organized cooperation of non-enzymatic antioxidants (such as
glutathione, GSH; ascorbate, AsA) and antioxidant enzymes like super-
oxide dismutase (SOD), catalase (CAT) and various peroxidases (PODs),
is responsible for maintaining redox homeostasis within plant cells
(Rajput et al., 2021). It has been proposed that the visible Se toxicity
symptoms are the consequences of increased level of lipid peroxidation,
glutathione depletion, chlorophyll degradation, as well as decreased
activity of SOD, CAT or PODs (Hawrylak-Nowak et al., 2015; Khalofah
et al., 2021; Lv et al., 2021).

Contrary, in Se-hyperaccumulator Stanleya pinnata higher levels of
AsA, GSH and nonprotein thiols were found compared to secondary Se
accumulator Stanleya albescens (Freeman et al., 2006). Moreover, Wang
et al. (2018) revealed that glutathione-related genes and genes encoding
peroxidases are differentially expressed in Se-hyperaccumulator Stan-
leya pinnata compared to the non-accumulator S. elata and many of them
showed constitutively higher expression in S. pinnata. These data sug-
gest that Se tolerance and Se hyperaccumulating ability may be in cor-
relation with a higher antioxidant capacity (Szollosi et al., 2022b).

It has been stated that Se toxicity is generally accompanied by nitro-
oxidative stress due to the pro-oxidant nature of excess Se (Van Hoewyk,
2013; Chen et al., 2014; Kolbert et al., 2016, 2019a). In our previous
study (Kolbert et al., 2018), it was found that in Se hyperaccumulator
Astragalus bisulcatus excess Se does not provoke substantial ROS/reac-
tive nitrogen species (RNS) accumulation while in non-tolerant Astra-
galus membranaceus Se sensitivity was due to the Se-induced disturbance
of superoxide metabolism and overproduction or imbalanced meta-
bolism of RNS (nitric oxide, peroxynitrite and S-nitrosoglutathione).
However, our knowledge is still insufficient about the relationship be-
tween the capability of tolerating high Se levels and the capability of
controlling oxidative processes in higher plants. We hypothesize that
beyond ROS and/or RNS overproduction other molecular mechanisms
are involved in the Se-tolerance or intolerance of plants.

Therefore, this comparative study aims to unfold the possible dif-
ferences in Se-modified ROS production and scavanging using
A. bisulcatus as a Se hyperaccumulator and A. cicer which is considered
to be a non-accumulator of Se (Statwick et al., 2016). Also, the oxidative
modifications of proteins triggered by Se has been examined. Further-
more, we aimed to find any connection between Se tolerance/toxicity
and endogenous hydrogen sulfide (H5S) level, since it has been shown to
be involved in Se-induced stress responses of plants (Chen et al., 2014;
Corpas et al., 2019; Szoll6si et al., 2021).

2. Materials and methods
2.1. Plant material and growing conditions

Astragalus bisulcatus (Hook.) A. Gray seeds were purchased from B&T
World Seeds (Aigues-Vives, France), and Astragalus cicer (L.) seeds were
kindly provided by the Botanical Garden of University of Szeged
(Szeged, Hungary). The seeds were surface sterilized with 20% (v/v)
sodium hypochlorite for 20 min, and washed with sterile distilled water
four times in 20 min, according to the method described in our previous
paper (Kolbert et al., 2018). After drying we scarified the seeds one by
one using P-400 sanding paper in order to taper the external seed coat
and facilitate the germination process. Seeds were placed on agar me-
dium (the scratched surface of the seeds contacted the medium). Plastic,
square Petri dishes contained half-strength Murashige and Skoog me-
dium [0.8% (v/v) agar, 1% sucrose] supplemented with 0 (control), 25
or 75 pM sodium selenate (NaySeO4-10 H,O, VWR) based on a pilot
experiment. Both plant species were grown under controlled conditions
(150 pmol/m?/s photon flux density,12 h/12 h light/dark cycle, relative
humidity 55-60% and temperature, 25 + 2 °C) for 14 days.

2.2. Evaluation of germination, growth parameters, root cell viability

Germinated seeds were counted in each Petri dish and germination
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percentage (%, GP) was calculated according to the following formula:
number of seeds germinated/total number of seeds x 100. Fresh weight
(FW) of the 14-day-old seedlings were measured using a balance, and
the values are given in milligrams. Dry weight (DW) of the plantlets was
recorded after a 7-day-long drying period at room temperature, and the
values are given in milligrams. Primary root (PR) lengths were measured
manually using a ruler and are expressed in centimeter. Cell viability of
the root apical meristem (RAM) was determined by using fluorescein
diacetate (FDA) fluorophore according to Lehotai et al. (2011). Root tips
were incubated in 10 pM FDA solution (prepared in 10/50 mM MES/KCl
buffer, pH 6.15) for 30 min in darkness and were washed four times in
buffer. Data were acquired from three separate generations.

2.3. Evaluation of Se content by ICP-MS

For the measurement of Se content of both Astragalus species, we
harvested cotyledons and roots separately, rinsed them with distilled
water and dried them at room temperature for 7 days. The samples were
acid digested in a microwave sample preparation device (MarsXpress
CEM) at 200 °C and 1600 W for 15 min in a mixture of nitric acid [65%
(w/v)] and H20; [30% (w/v), Kolbert et al., 2018]. After appropriate
dilutions with distilled water, the samples were transferred to 20 mL
Packard glasses. Se concentrations were determined on an Agilent 7700x
inductively coupled plasma mass spectrometer (ICP-MS). The instru-
ment was used in the helium mode of the OSR® collisional cell. Prior to
all measurements, the autotuning of the ICP-MS instrument was per-
formed according to manufacturer specifications, using standard tuding
solutions supplied by Agilent. Sample introduction was performed by
the IAS system, with an uptake rate of 600 pL/min. ICP plasma and
interface parameters were set up according to standard conditions (RF
forward power: 1550 W, plasma gas flow rate: 15.0 L/min, carrier gas
flow rate: 1.05 L/min, sampling depth: 10.0 mm). Calibrating solutions
were prepared from an ICP-MS certified monoelemental Se stock stan-
dard solution (Certipur, Merck), trace quality deionized lab-water
(Millipore Elix Advantage 5 + Synergy) and 1 %(v/v)) nitric acid
(BDH Aristar Ultra) to perform a multi-point, matrix-matched calibra-
tion. Signals at 7’Se and 32Se were utilized for quantitation. Labware
were cleaned before use with ultratrace nitric acid and hydrochloric acid
(BDH Aristar Ultra), followed by a thorough rinsing with trace quality
deionized lab-water and finally dried under a laminar flow clean bench.
Results for the Se content are given in pg/g DW. The analysis was per-
formed with three repetitions for each species, treatment and plant
organ (n = 3). Translocation factors were calculated as follows: Se
concentration in the shoot (ug/g DW)/Se concentration in the root (ug/g
DW).

2.4. Selenium speciation with LC-high resolution-MS

Sample extraction was carried out according to Szalai et al. (2022).
Briefly, samples in the range of 0.05-0.1 g were accurately weighed into
2.0 mL safety Eppendorf tubes, with the addition of 1.0 mL of 70% (v/v)
methanol. After vortex mixing, the tubes were inserted into a pre-cooled
(—18 °C) tube holder, and the extraction was carried out in a 1600
MiniG® - Automated Tissue Homogenizer and Cell Lyser (SPEX; Rick-
mansworth, UK) for 3 min at 1500 rpm. The samples were then centri-
fuged at 15,000 x g for 15 min at +4 °C, after which the supernatants
were recovered and placed in separate Eppendorf tubes. The residues
were re-extracted with 1.0 mL of 70% (v/v) methanol in a MiniG® in-
strument (3 min), followed by centrifugation as described above. The
matching supernatants were pooled and 1 + 1 (v/v) diluted with water
containing 0.2% (v/v) formic acid. After dilution, the sample solutions
were filtered through 0.22 pm pore-sized disposable PTFE syringe filters
and injected into the LC-MS set-up.

A Vion ion mobility quadrupole time-of-flight mass spectrometer
(Waters Corporation; Milford, MA, USA) equipped with an UniSpray
(Waters) ion spray source was applied. Chromatographic elution was
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provided by an Acquity UPLC I-Class system (Waters) using a BEH-C18
reversed phase (RP) UPLC column (100 mm x 2.1 mm x 1.7 pm; Wa-
ters). The UniSpray ion source was used both in positive and negative
ionisation modes either with MS® or with MSE-MSMS/DDA functions.
The instrument was controlled using UNIFI software (version 1.9.4;
Waters). The related instrumental parameters are described in Table S1.
The search for organic selenium species was based on the study of
Ouerdane et al. (2020).

2.5. Mapping of element distribution by LIBS

To assess the effect of Se treatment on the macro- and microelement
distribution of Astragalus seedlings, laser-induced breakdown spectros-
copy (LIBS) was applied (Limbeck et al., 2021). The plantlets were
carefully removed from the Petri dishes with tweezers and their roots
were rinsed with deionized water to wash the remaining of the culti-
vation medium. Seedlings were then pressed, dried and mounted on a
glass microscope slide with double-sided foam tape.

The spectra were taken by using the J200 LA-LIBS tandem spec-
trometer (Applied Spectra Inc., USA) with the following settings: laser
pulse energy 14 mJ, spot size 60 pm, integration time 1.05 ms, gate
delay 0.5 ps, and repetition rate 10 Hz. The laser parameters were set to
collect data from the whole sample surface with no overlapping mea-
surement points, and from each location, only one spectrum was
recorded with a spectral resolution of 0.07 nm, in the range of
190-1100 nm.

2.6. Evaluation of oxidative stress parameters

2.6.1. In situ detection of ROS and hidrogen sulfide in the root tips

Dihydroethidium (DHE) at 10 pM concentration was applied to
determine the level of superoxide anion, according to the method
detailed in Kolbert et al. (2012). Root segments were incubated at 37 °C
for 30 min, in darkness, then washed twice with TRIS-HCI buffer (10
mM, pH 7.4).

Hydrogen peroxide (H30,) levels were assessed using 50 pM Amplex
Red (AR; 10-acetyl-3,7 dihydroxyphenoxazine) dye dissolved in sodium
phosphate buffer (50 mM, pH 7.5) at room temperature for 30 min in
darkness, and washed once with the same buffer as described in Lehotai
et al. (2012).

To detect the levels of cellular HoS we used Washington Stat Probe 1
(WSP-1) according to the method of Chen et al. (2014). The roots of the
plantlets were incubated in 20 uM of WSP-1 solution prepared with 20
mM HEPES-NaOH (pH 7.5) buffer for 40 min at room temperature. Then
the roots were washed with distilled water three times and were put on
microscopic slides for fluorescence microscopic visualization.

All analyses were carried out three times with at 10-12 samples of
each species and treatment (n = 10—12). All fluorescent microscopic
analysis was performed using a Zeiss Axiovert 200M inverted micro-
scope (Carl Zeiss) equipped with a digital camera (AxiocamHR, HQ CCD,
Carl Zeiss). Filter set 10 (excitation, 450-490; emission, 515-565 nm)
was used for FDA and WSP-1 probes, filter set 9 (excitation, 450-490
nm; emission 515—- co nm) for DHE, and filter set 20HE (exc.: 546/12
nm, em.: 607/80 nm) for AR. Pixel intensities were measured in area of
circles using Axiovision Rel. 4.8 software (Carl Zeiss). The radii of circles
were set to cover the largest sample area of the meristematic zone of the
root apices and were not modified during the experiments.

2.6.2. Evaluation of enzymatic and non-ezymatic antioxidants in roots and
cotyledons

Six replicates of 100 mg fresh material (roots or cotyledons) were
homogenized with 1.4 mL cool phosphate buffer (0.1 M KoHPO4 buffer,
pH 7.6 plus 0.1 mM EDTA) and centrifuged for 10 min at 12,000 x g. A
Thermo Scientific GENESYS 10S UV-Visible Spectrophotometer was
used for these measurements.

In order to evaluate protein concentration the samples were
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measured spectrophotometrically at 750 nm using the method of Lowry
et al. (1951). These data were used to calculate the total superoxide
dismutase (SOD) and catalase (CAT) activity. Total SOD (EC 1.15.1.1)
activity was measured using the assay described by Misra and Fridovich
(1972). The reaction mixture consisted of 1.4 mL 0.05 M (pH 10.2)
buffer (NayCO3, NaHCO3, EDTA), 50 pL plant sample and 50 pl adren-
aline. The absorbance was measured at 480 nm for 4 min. The activity
was expressed as units (U) as unit/mg protein; and one unit of enzyme
was defined as the amount that inhibits the formation of adrenochrome
from adrenaline by 50%. The activity of CAT (EC 1.11.1.6) was deter-
mined according to the method of Beers and Sizer (1952). The mixture
contained 0.05 M (pH 7.0) buffer (KHyPO4, NagHPO4,4), 30 mM H50, and
plant aliquot. One unit (U) of the enzyme was define-d as the amount
that decomposes 1 pmol of HoOy/min /mg protein at 25 °C. Data are
given in U/mg protein.

For the quantification of the contents of AsA and GSH, 250 mg plant
material (roots or cotyledons) was grounded with 1 mL of 5% (v/v)
trichloroacetic acid (TCA) and centrifuged (20 min, 9300 x g) then the
supernatant was used to the measurements. For the determination of
ascorbate/dehydroascorbate (AsA/DHA) content we used the method of
Law et al. (1983). Spectrophotometric detections were executed at 525
nm. AsA/DHA contents are expressed in pmol/g fresh weight. The
measurement of total glutathione content was performed at 412 nm
following the method of Griffith (1980). Data are given as nmol/g fresh
weight.

2.6.3. Evaluation of lipid peroxidation and protein carbonylation

At each treatment six replicates of 0.1 g fresh material (roots or
cotyledons) were homogenized with 1.4 mL cooled phosphate buffer
(0.1 M KyHPO4 buffer, puriss., pH 7.6 plus 0.1 mM EDTA) in a cold
mortar and centrifuged for 10 min at 12,000 x g. In order to estimate the
level of lipid peroxidation (LP; modified method of Placer et al., 1966)
we determined the concentration of thiobarbituric acid reactive sub-
stances (TBARS) which are formed in the reaction between malondial-
dehyde (MDA), a member of the lipid peroxidation products and
thiobarbituric acid (TBA). Therefore we mixed 0.5 mL of plant homog-
enate (supernatant) with the mixture of 15% (w/v) TCA (trichloroacetic
acid, VWR), 0.375% (w/v) TBA (thiobarbituric acid, Merck-Sigma
Group) and 0.25 M HCI (hydrochloric acid, Merck-Sigma Group). This
mixture was heated for 15 min at 100 °C and cooled in ice for 15 min,
then centrifuged for 5 min at 12,000 x g. We measured the absorbance
of the supernatant at 532 nm. TBARS content was determined and is
expressed in nmol/g fresh weight.

Carbonyl groups added to proteins during oxidative reactions were
examined with Abcam’s oxidized protein assay kit (ab 178020) with
slight modifications of the manufacturer’s instructions. Plant material
(roots and cotyledons) was homogenized with 1 x extraction buffer
containing 50 mM dithiothreitol. Samples were incubated on ice for 20
min, then centrifuged at 18,000 x g for 20 min at 4 °C. The measurement
of protein content was executed using Bradford protein assay. For the
derivatization reaction two 10 pL aliquots were used. First aliquot was
treated with 10 pL 12% sodium dodecyl sulfate (SDS), then 20 pL 1 x
2,4-dinitrophenylhydrazine (DNPH) solution was added. The reaction
was stopped after 15 min with 20 pL neutralization solution and was
ready for gel electrophoresis. The second aliquot served as negative
control, where instead of 1 x DNPH solution 20 pL of 1 x derivatization
control solution was added. 7.5 pg of derivatized or non-derivatized
control protein samples were separated on 12% SDS-PAGE gels, and
transferred to PVDF membrane using tank transfer technique (25 mA,
16 h). Membranes were blocked for 1 h in blocking buffer (1 x PBS, pH
7,5 with 0.05% Tween 20 and 5% non-fat milk) and assayed with 1 x
primary anti-DNP antibody (1:5000) for 3 h at room temperature.
Membranes were washed three times with 1 x PBS-T, and then sec-
ondary antibody assay was performed with goat anti-rabbit IgG-alkaline
phosphatase secondary antibody (1:10,000). Signal development was
done with Immobilon Western Chemiluminescent HRP substrate
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Fig. 1. Se content in the roots and cotyledons of 14-day-old A. bisulcatus and
A. cicer treated with 0 (control, Cont), 25 pM (25Se) or 75 pM (75Se) sodium
selenate for 14 days. Different letters indicate significant differences according
to Duncan’s test (n = 3, p < 0.05).

(Millipore Corporation, U.S.A.) using the manufacturer’s DNP-labelled
protein as positive control, and visualized by gel documentation sys-
tem (Image System Felix 1000/2000, Biostep, Burkhardtsdorf,
Germany).

2.7. Statistical analysis

Data are given in mean values + standard error (SE). Statistical
analysis was carried out using Excel 2016 and STATISTICA 14.0 soft-
wares. Two-way analysis of variance (ANOVA) with Duncan’s post-hoc
test was applied to ascertain the effects of selenate treatment on pa-
rameters examined and to test the differences of means. Significant
differences in some cases (Se content, GP, FW, DW, PRL, GSH and AsA)
were indicated with lowercase letters at p < 0.05, while when the results
were given in the form Control% significant alterations were expressed
using asterisks at *p < 0.05, **p < 0.01 and ***p < 0.001 and n.s. = non-
significant.

3. Results and discussion

3.1. Se is accumulated in the cotyledons of A. biculcatus and also in the
cotyledons of A. cicer

In the roots of A. bisulcatus, 25 pM Se supplementation resulted in a
9-fold increase in Se content, while 75 pM Se provoked a 17-fold accu-
mulation compared to control (Fig. 1A). Furthermore, quite high
amount of Se (163 pg/g DW) was detected even in control roots probably
due to the presence of Se within the seeds of this species (Freeman et al.,
2006, Fig. 1A). On the contrary, in control roots of A. cicer, Se was not
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Table 1

Translocation factors of control (Cont), 25 or 75 uM selenate treated Astragalus
bisulcatus and Astragalus cicer seedlings. In the roots of control A. cicer, the Se
concentration was not detectable therefore translocation factor was not calcu-
lated. N.D. = non-determined.

Translocation factors Cont 258e 75Se
A. bisulcatus 6.5 2.0 2.6
A. cicer N.D. 1.1 0.8

detectable. Similar to A. bisulcatus, the increasing dosage of exogenous
selenate caused a significant elevation of Se content in the roots of
A. cicer (Fig. 1A), which was confirmed also by Spearman’s correlation
coefficient (r = 0.96***). Surprisingly, Se concentration of 75 pM
Se-treated A. cicer roots was above 2000 pg/g DW. Also in the case of
A. bisulcatus cotyledons, Se accumulation was dose-dependent (Spear-
man’s r = 0.95%**), and the values were 2- and 3-fold higher at 25 and
75 pM Se compared to those of the roots (Fig. 1B). Moreover, the
translocation factors of Se-exposed A. bisulcatus were above the value of
1 supporting the effective root-to-shoot Se translocation (Table 1).
Beyond the efficient translocation, the high tissue Se concentration
(~7000 pg/g DW) in the cotyledons of Se-treated A. bisulcatus also
supports the hyperaccumulating nature of this species (Kikkert and
Berkelaar, 2013; Raina et al., 2020). In the cotyledons of A. cicer,
endogenous Se contents were similar to those of the roots and were
significantly lower than in A. bisulcatus cotyledons (Fig. 1B). At 75 pM
selenate supplementation, tissue Se content exceeded 1000 pg/g DW in
A. cicer. Although, A. cicer was formerly described as a non Se accu-
mulating species (Wang et al., 1999; Sors et al., 2009), our findings
suggest that it accumulates Se in its aerial parts (Fig. 1B). At the same
time, the translocation factor of 75 pM Se treated A. cicer were <1
(Table 1), which indicates that this species really cannot be considered
as a hyperaccumulator.

Overall, both Astragalus species absorbed selenate from the growth
medium and the rate of Se accumulation was shown to be dependent on
both the organ, the species and the Se concentration applied. Interest-
ingly, A. cicer seedlings showed notable Se accumulation in the above-
ground tissues, but it was slighter than in A. bisulcatus (Fig. 1) and based
on its Se translocation capacity (Table 1) it is not a hyperaccumulator
species (Pasricha et al., 2021).

3.2. Exogenous Se exerts no effect on germination, but modifies the
growth of Astragalus seedlings

In regard to germination percentage (GP) Se treatment caused no
significant differences in A. bisulcatus or in A. cicer (Fig. 2A). However, in
our former test the GP of the sensitive A. membranaceus was strongly
inhibited by the applied Se concentration (Kolbert et al., 2018). Here, it
seems that Se application had no dose-dependent effect on germination
success probably due to the presence of the hard seed coat or the
different sensitivity of A. cicer compared to A. membranaceus (Soltani
et al., 2020). Nevertheless, control and 75 pM Se-treated seeds of
A. bisulcatus germinated at significantly higher rate than those of A. cicer
(Fig. 2A). Selenate application caused significant increment of the FW in
case of 14-day-old A. bisulcatus seedlings (Fig. 2B). In contrast, the fresh
biomass production of A. cicer plants was negatively affected by both Se
concentrations. Similarly, in our previous study (Kolbert et al., 2018),
the root and shoot FW of sensitive A. membranaceus remarkably reduced
due to the presence of selenate. The FW of both untreated and Se-treated
A. cicer plantlets proved to be significantly smaller than that of
A. bisulcatus (Fig. 2B). Dry weights of the seedlings were not significantly
influenced by Se treatments, but the DW of control and Se-exposed
A. cicer was lower than that of A. bisulcatus (Fig. 2C). Primary root
length was significantly affected by selenate supplementation only in
case of A. cicer (Fig. 2D). At the same time, PR elongation of A. bisulcatus
was shown to be unaffected by Se treatment due to the Se tolerance of
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Fig. 2. (A) Germination percentage of Astragalus bisulcatus (A.bis) and Astragalus cicer (A.cic) on agar media supplemented with 0 (control, Cont), 25 or 75 uM sodium
selenate. Fresh weight (B) and dry weight (C) of 14-day-old plants treated with O (control), 25 or 75 uM selenate. Different letters indicate significant differences
according to Duncan’s test (n = 25, p < 0.05). (E) Representative images of 14-day-old Astragalus plantlets grown on control or 25 or 75 pM selenate-containing agar

media. Scale bar = 1 cm.

Table 2
Inhibition (%) of fresh weight (A) and primary root (PR) length (B) of Astragalus
bisulcatus and Astragalus cicer grown in the presence of 25 or 75 pM selenate.

A) Inhibition of FW (%) 25Se 75Se
A. bisulcatus —15.45 —-15.67
A. cicer 15.89 29.40
B) Inhibition of PR length (%) 25Se 75Se
A. bisulcatus —4.87 0.98
A. cicer 48.39 59.86

this species (Kolbert et al., 2018). The impact of exogenous Se on PR
length was expressed as Se tolerance index according to Tamaoki et al.
(2008), and it was around or above 100% in case of A. bisulcatus (data
not shown). Basically, A. cicer had much shorter roots and both Se
dosage significantly inhibited PR elongation which refers to the Se
sensitivity of this species. These findings are represented in Fig. 2E.
Since the biomass of healthy individuals of the two species was notably
different, the degrees of Se-induced inhibition (%) in the case of primary
root length and fresh weight were calculated (Table 2). Both the raw
data and the inhibition % clearly show that Se exposure exerts a
dose-dependent negative effect on the biomass production of A. cicer
seedlings, while in the case of A. bisulcatus there is no Se-related
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Fig. 3. (A) Cell viability of root meristematic cells in control and Se-treated (25 or 75 pM selenate) Astragalus bisulcatus (A.bis) and Astragalus cicer (A.cic). Control
values are regarded to be 100% and all data are given as the percentage of control. Different letters indicate significant differences according to Duncan’s test (n = 16,
p < 0.05). (B) Representative fluorescent microscopic images showing root tips of control (Cont) and selenate-treated Astragalus species labelled with fluorescein
diacetate (FDA). Scale bar = 100 pm.
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Fig. 4. LIBS elemental maps demonstrating the in planta distribution of selected macro- and microelements in Astragalus bisulcatus (A. bis.) seedlings cultivated on the
media with 0 (control, Cont), 25 pM (25Se) and 75 pM (75Se) selenate for 14 days.
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Fig. 5. LIBS elemental maps showing in planta distribution of macro- and microelements in Astragalus cicer (A. cic.) seedlings cultivated on the media with 0 (control,

Cont), 25 pM (25Se) and 75 pM (75Se) selenate for 14 days.

inhibition (in fact, there is stimulation).

In accordance with the PR length data, the meristem cells of
A. bisulcatus root tips showed only a moderate viability loss due to 25 or
75 pM selenate exposure compared to control (16% and 12%, respec-
tively, Fig. 3AB). Whilst, root elongation of A. cicer was negatively
affected by both applied Se doses (Fig. 2D), remarkable loss of root
meristem cell viability (56%) was recorded only at the highest Se con-
centration (Fig. 3B) which suggests that other internal factors (e.g
disturbed hormonal balance) may contribute to the inhibited root
elongation (Agar et al., 2006; Van Hoewyk et al., 2008; Lehotai et al.,
2012; Ardebili et al., 2015; Hawrylak-Nowak, 2022). Based on the
biomass and root cell viability data, at their post-germination stage
A. cicer is sensitive to the presence of Se in the growth medium, while
A. bisulcatus tolerates both Se concentrations.

3.3. Se supplementation modifies the distribution of macro- and
microelements within the seedlings

Excess Se has been shown to modify macro- and microelement ho-
meostasis of plants (Tobiasz et al., 2014; Kolbert et al., 2018) and not
only their content might be affected but also their in planta distribution.
In case of A. bisulcatus, despite the high tissue Se content, no significant
changes in macroelements such as potassium (K) and magnesium (Mg)
content was observed (Fig. 4). Moreover, 75 pM Se induced only a slight

decline of microelement viz. iron (Fe) and manganese (Mn) signals
(Fig. 4). The slightly affected macro- and microelement contents support
the Se tolerance of A. bisulcatus.

As shown in Fig. 5, the amounts of K, Mg, Mn and Fe decreased in
A. cicer plantlets as the effect of the elevating Se concentrations.
Furthermore, signals corresponding to Fe, K and Mg were found domi-
nantly in the ,;shoot” (hypocotyl together with cotyledons) in control
and 25 pM Se-supplemented A. cicer plants, while Mn was detected in
the roots (Fig. 5) indicating that the distribution of these macro- and
microelements is different. As a result of 75 pM Se addition Fe, K and Mg
levels notably reduced in the shoot and signals were detected only in the
root. In case of Mn, the signal remarkably reduced in the whole seedling
as the effect of 75 pM Se (Fig. 5). Results of the LIBS analysis show that
the distribution of the examined macro- and microelements has signif-
icantly changed due to Se addition especially in A. cicer seedlings which
reflects to a modified nutritional status of the treated plants. The
insufficient amount of essential nutrients probably contributes to the
reduction of biomass production of A. cicer (Fig. 2). In a former study,
Filek et al. (2010) observed that in 14-day-old rapeseed (Brassica napus)
seedlings grown on MS medium containing 100 pM or 200 pM selenate,
K and Mg content of both shoot and root decreased, and Mn and Fe
homeostasis is also disturbed. Thus, previous observations where
Se-induced imbalance of nutritional status in Arabidopsis, rapeseed and
wheat (Triticum aestivum) has been evaluated by inductively coupled
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Fig. 6. LC-Unispray-QTOF-MS extracted ion chromatograms of the extracts
prepared from the cotyledons of 14-day-old control (black trace) and Se-treated
(25 pM and 75 pM selenate; red and green traces, respectively) A. bisulcatus
seedlings. Subfigure (A) shows the presence of methyl-selenocysteine (MetS-
eCys; *** indicates the elution at 0.35 min, assigned with the help of the
characteristic in-source fragment at m/z 166.96), (B) refers to y-glutamyl-
methyl-selenocysteine (y-Glu-MetSeCys; elution at 0.55 min; note also the
characteristic in-source fragment at m/z 166.96 at 0.55 min in subfigure (A)),
while (C) presents that the tentative Se-sugar (at 0.97 min) was detected only in
the case of the 25 pM and 75 pM selenate treatments. The insets show the full
scan spectra at the apexes, together with the relevant isotopologue patterns of
the Se-species detected.

plasma optical emission and mass spectrometry methods (Feng et al.,
2009; Filek et al., 2010; Ribeiro et al., 2016) support our results.
Furthermore, the LIBS approach provides spatial information about the
distribution of macro- and microelements and it is suitable for the
visualization of macro- and microelement distributions in plantlets of Se
accumulator species.

3.4. Se-treated A. bisulcatus produces methylated selenospecies and a
tentative selenosugar

The results of the LC-Unispray-QTOF-MS analysis exhibited notable

Plant Physiology and Biochemistry 202 (2023) 107976

changes more in cotyledons than in roots. Methylated derivatives of
selenocysteine (SeCys) such as methyl-selenocysteine (MetSeCys,
Fig. 6A) and y-glutamyl-methyl-selenocysteine (y-Glu-MetSeCys,
Fig. 6B) were detected in the cotyledons of both control and Se-treated
A. bisulcatus seedlings. MetSeCys did not occur in the roots (neither in
the control nor in the treated samples) of A. bisulcatus seedlings. This
phenomenon is common in Se-hyperaccumulators since MetSeCys is the
precursor of volatile dimethyl diselenide (DMDSe) found in hyper-
accumulators, and its derivative y-Glu-MetSeCys can be stored in various
organs of Se-hyperaccumulators (Sors et al., 2009; Shahid et al., 2018;
Kurek et al., 2020; Ponton et al., 2020). Unlike our results, Valdez
Barillas et al. (2012) collected A. bisulcatus plants in their natural hab-
itats to determine Se speciation using X-ray absorption near-edge
structure spectroscopy (LXANES) and they found that in the cortex of
the taproot ca. 90% of Se was in an organic C-Se-C form, probably as
MetSeCys, y-Glu-MetSeCys, selenocystathione and/or selenomethio-
nine. This contradiction is likely due to the different ages and growth
conditions of plants.

Furthermore, in the cotyledons of A. bisulcatus treated with 75 pM Se
the amount of y-Glu-MetSeCys was present in approx. 40-fold higher
concentration, compared to the roots (Fig. 7A). Interestingly, a selenium
containing disaccharide (that is, a tentative selenosugar with the neutral
composition of Cj2H22010Se) was also detected in A. bisulcatus cotyle-
dons and roots, but only when selenate was added to the cultivation
medium (Fig. 6C) and it was two-fold more abundant in cotyledons than
in roots (Fig. 7B). This finding is in accordance with the formerly re-
ported statement by White (2017) that in the hyperaccumulator
A. bisulcatus, the genes of selenocysteine methyltransferase producing
MetSeCys and the unknown enzyme producing y-Glu-MetSeCys (Trippe
and Pilon-Smits, 2021) work constitutively. Meanwhile, we might sup-
pose that either the genes responsible for selenosugar production are
facultative, and the generation of selenosugars also contributes to the Se
detoxification process (Aureli et al., 2012; Ouerdane et al., 2020) or the
formation of selenosugars is driven only by the high reactivity of sele-
nium, that is, in a non-enzymatic way.

At the same time, no organic Se forms could be detected either in the
roots or in the cotyledons of control or Se-treated A. cicer planlets. When
Sors et al. (2005) analyzed Se assimilation in various Astragalus species,
they could detect a much lower concentration (~14 nmol/g FW) of
MetSeCys in the shoots of A. cicer compared to that of A. bisulcatus
(~252 nmol g/FW). We might suppose that in our case, Se which
accumulated in the cotyledons of A. cicer was likely present as inorganic
selenate and elemental Se (Se) (Wang et al., 1999; Sors et al., 2009;
Statwick et al., 2016).

3.5. Exogenous Se affects ROS and H3S levels in the root tips of
Astragalus species

It is well-known that Se shows dual behavior, i.e. at smaller doses it
exerts antioxidant effect, while at higher amounts it provokes the
overproduction of ROS (summarized by Van Hoewyk, 2013; Gupta and
Gupta, 2017). However, the antioxidant or pro-oxidant nature of Se
depends not only on its concentration but also on the Se-tolerance of the
plant species (Van Hoewyk, 2013). In the roots of A. bisulcatus, the lower
selenate concentration (25 pM Se) proved to be beneficial provoking a
significant decline of superoxide anion levels compared to the control,
while in case of higher Se (75 pM) dose, superoxide level was similar to
that of control plants (Fig. 8A). Interestingly, in A. cicer roots, the
applied selenate had no effect on superoxide anion level (Fig. 8A). In the
root apexes of A. bisulcatus, the HyO5 levels were decreased by 73% and
60% compared to the control in case of 25 and 75 pM Se treatments,
respectively (Fig. 8B). In contrast, in A. cicer roots, selenate addition
exerted no effect on HyO3 levels (Fig. 8B). Our results are supported by
Se-induced depletion of ROS forms in cowpea (Vigna unguiculata, Lapaz
et al., 2019) and radish (Raphanus sativus, Amirabad et al., 2020).
Furthermore, in A. bisulcatus, the low Se dosage might be beneficial due
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Fig. 7. LC-ESI-QTOF-MS extracted ion chromatograms of the extracts prepared from the roots of 14-day-old, 75 uM selenate treated A. bisulcatus seedlings. Subfigure
(A) refers to y-glutamyl-methyl-selenocysteine (y-Glu-MetSeCys), while (B) shows the elution of the tentative Se-sugar (at 0.97 min).
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Fig. 8. Superoxide radical levels (A) detected by DHE and hydrogen peroxide levels (B) determined by AR staining in the root tips of selenate-treated Astragalus
biculcatus (A.bis) or Astragalus cicer (A.cic). Endogenous H,S levels (C) in selenate-treated Astragalus root apexes determined and visualized using WSP-1 probe.
Control values are regarded to be 100% and all data are given as the percentage of control. Asterisks indicate significant differences between Se-treated (25 or 75 pM)
and control plants within the same species according to Duncan’s test (n = 10, * at p < 0.05; ** at p < 0.01 and *** at p < 0.001 significance level; ns =

not significant).

to the reduction of physiological ROS levels. At the same time, persis-
tently elevated ROS levels were not detected in the sensitive species
either. The lack of significant ROS (superoxide radical or hydrogen
peroxide) production in sensitive A. cicer was presumably due to the
possibility that oxidative burst had happened earlier than our sampling.
Namely, ROS accumulation might have occurred soon after selenate
application and later it might have been attenuated. In the root tips of
selenate-treated A. bisulcatus, HoS-associated fluorescence showed a
dose-dependent decrease, as is was confirmed by Spearman’s correlation
coefficient (r = —0.75***). However, in the root apexes of Se-sensitive
A. cicer higher (75 pM) selenate induced a significant HsS

accumulation (Fig. 8C) compared to both control and 25 pM Se-treated
plants. The WSP-1 fluorescence intensity measured at 75 pM Se was
~2.4-fold higher than that of control (Fig. 8C). Although, numerous
results have presented that biotic and abiotic stressors have impact on
H,S level of plants or the activation of the antioxidant defense system
triggerred by exogenous HsS is responsible of the stress tolerance of
plants (Hancock, 2019; Huang et al., 2021), there are only a few
experimental data showing how exogenous Se affect endogenous H»S
content within roots. Chen et al. (2014) observed a dose-dependent
reduction of HyS in the root tips of Brassica rapa in the presence of
selenite and this was accompained by root growth inhibition. We found



R. Sz0ll6si et al.

BGSH 0GSSG

Root

90

GSH and GSSG conc. (nmol/g FW) >

A. bisulcatus A. cicer

Cotyledon GSH 0GSSG

GSH and GSSG conc. (nmol/g FW) vs]

25Se

75Se

A. bisulcatus A. cicer

Plant Physiology and Biochemistry 202 (2023) 107976

2 40 r Root BAsA ODHA
=
(79
on 3,5
e
g 3
g
E
g
8
<
jaoi
a
-
<
<
<
Cont 25Se 75Se Cont 25Se 75Se
A. bisulcatus A. cicer
40 [ Cotyledon SAsA ODHA
g 3
35

g

AsA and DHA concentration (umol

(o)

“ont 25Se

Cont 25Se 75Se

A. bisulcatus A. cicer

Fig. 9. Concentrations of GSH (reduced glutathione) and GSSG (oxidized glutathione) (nmol/g FW) and the concentrations of AsA (reduced ascorbate) and DHA
(dehydroascrobate) (umol/g FW) in roots (A, C) and cotyledons (B, D) of Astragalus bisulcatus (A.bis) and Astragalus cicer (A.cic) seedlings exposed to 0, 25 or 75 pM
selenate. Different minuscules indicate significant differences among GSH values while capital letters refer to significant differences among GSSG values according to
Duncan’s test (n = 3, p < 0.05). In case of AsA and DHA different minuscules indicate significant differences among the values according to Duncan’s test (n = 3, p <

0.05), ns = not significant.

similar changes in the root apexes of selenate-treated A. bisulcatus
plants. The opposite changes in the root tips of A. cicer, might be in
correlation with the different Se-tolerance of these species. Moreover,
the root growth inhibition of A. cicer caused by the higher selenate
dosage might be associated with its increased HyS content, as it was
demonstrated during various stress conditions (Cui et al., 2014; Fang
et al., 2014; Yang et al., 2022).

3.6. Exogenous Se differently affects GSH and AsA contents in Astragalus
seedlings

Surprisingly, GSH content in the control roots of A. cicer was
significantly higher than that of A. bisulcatus. In the roots of A. bisulcatus,
significant GSH (reduced glutathione) depletion (51%) was observed
but only at 75 pM Se compared to control and it was confirmed also by
Spearman’s correlation coefficient (r = —0.68**). Differently, in A. cicer
roots selenate treatment enhanced GSH content in dose-dependent
manner, namely 25 and 75 pM Se addition resulted in 1.7- and 3.3-
fold increment regarding control values (Fig. 9A). Spearman’s analysis
also verified a significantly positive correlationship (r = 0.95***) be-
tween exogenous Se dosage and the GSH content in the roots of A. cicer.
GSSG (oxidized form of glutathione) content was low and unaffected in
Se-treated roots of both species compared to control (Fig. 9A). In the
roots of A. bisulcatus, selenate application had no impact on GSH:GSSG
ratio while this ratio shifted toward the significant accrual of GSH in
A. cicer roots due to both dosages of Se supply. The Se-induced increase
in GSH content suggests the activation of GSH-associated antioxidant
system contributing to the control of ROS levels in A. cicer. Unlike our
results, Grant et al. (2011) found a positive correlation between the root
length and GSH levels in selenate-treated Arabidopsis thaliana and stated
that growth inhibition of the roots was the consequence of altered auxin
accumulation and transport disturbed by reduced GSH levels. In a recent
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study on the transcriptomic, proteomic and metabolomic aspects of
selenate toxicity in Se-hyperaccumulator Cardamine violifolia, it has
been revealed that decreased biosynthesis of GSH under selenate stress
was due to the expression changes of genes related to GSH metabolism
(Rao et al., 2021). Based on this, it is conceivable that the reduction in
GSH level of A. bisulcatus roots may be caused by the downregulation of
GSH biosynthesis. At the same time, the reduction of selenate to selenite
requires GSH (White, 2017) which may result in its decreased levels. In
A. cicer cotyledons, total glutathione (GSH + GSSG) amount proved to be
5-10-fold higher compared to A. bisulcatus (Fig. 9B). Selenate did not
influence either GSH or GSSG content in A. bisulcatus cotyledons. In
contrast to this, in A. cicer cotyledons the lower selenate dosage caused a
significant decrease in GSH content, while 75 pM Se significantly
increased the concentration of both GSH and GSSG. The increase in the
ratio of the oxidized form indicates that the redox state of cotyledon cells
shifts toward the oxidation state, causing oxidative stress in A. cicer.
Moreover, the Se-induced increase in GSH content may result from the
upregulation of GSH biosynthesis enzyme genes (Maassoumi et al.,
2022) or from the increase of glutathione reductase activity (Hassan
etal., 2018). Additionally, the involvement of GSH-dependent reduction
of selenate may be considered as a potential influencing factor of GSH
level changes.

The concentration of AsA (reduced form of ascorbic acid) and DHA
(dehydroascorbate) in the roots of both species proved to be unaffected
by selenate supplement (Fig. 9C). In the roots of A. bisulcatus, the AsA:
DHA ratios were within the range 0.7-0.9 indicating that the main part
of the total ascorbate pool is in oxidized form. This suggests the
involvement of AsA in the antioxidant defence of A. bisulcatus. On the
other hand, AsA:DHA ratios in A. cicer roots were 1.5 and 1.0 in the case
of control and 75 pM Se, respectively. This reflects that the reduced form
is in the majority in the ascorbate pool (Fig. 9C). In cotyledons, Se
addition did not cause significant differences in DHA contents of the
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Fig. 10. Activity of superoxide dismutase (SOD, A, B) and catalase (CAT, C, D) (U/g fresh weight) in the root and cotyledons of 14-day-old Astragalus bisulcatus (A.
bis) and Astragalus cicer (A. cic) seedlings grown in the absence (Cont) or in the presence of 25 or 75 pM sodium selenate. (E) The level of lipid peroxidation (LP, nmol
MDA/g FW) in the cotyledons of Astragalus seedlings. Different letters indicate significant differences according to Duncan’s test (n = 4, p < 0.05).

species (Fig. 9D). Interestingly, the AsA content of A. cicer cotyledons
was significantly higher than that of A. bisulcatus even in control plants.
Moreover, in the cotyledons of both species ascorbate was found to be
predominantly in the reduced form (AsA) since almost all the AsA:DHA
ratios were above 1.00, especially in case of A. cicer, those where the
AsA:DHA ratios were within the range 2.3-4.4. Still AsA levels proved to
be independent of exogenous Se dosage according to the correlation
coefficients (r = 0.16 ns for A. bisulcatus and r = 0.36 ns for A. cicer,
respectively). In previous studies, the effect of Se on AsA concentration
proved to be diverse depending on the plant species because decreased,
increased and unchanged AsA contents were measured in white mustard
(Sinapis alba), alfalfa (Medicago sativa) and basil (Ocimum basilicum)
(Woch and Hawrylak-Nowak, 2019; Ardebili et al., 2015), respectively.
In our study, unlike the roots, the AsA:DHA ratios in cotyledons gener-
ally shifted toward AsA level, particularly in A. cicer which was probably
due to the increased GSH content reducing DHA back to AsA in
Halliwell-Asada-cycle (Foyer and Noctor, 2011; Halliwell, 2020). Beside
the interspecies alterations, these changes of AsA:DHA ratios seem also
to be organ-dependent, but it was more expressed in non-tolerant
A. cicer.
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3.7. Se differently modulates enzymatic antioxidants in Astragalus
seedlings

Excess selenate has been reported to induce the activity of ROS-
scavenging enzymes, like SOD, CAT or ascorbate peroxidase (APX) in
a dose-dependent manner (Van Hoewyk, 2013). Here, the total activity
of superoxide-eliminating SOD enzymes was control-like in case of 25
UM Se treatments, but significantly increased (2.5-fold compared to
control) in the roots of 75 pM Se-exposed A. bisulcatus (Fig. 10A). In the
roots of A. cicer, SOD activity seemed to be reduced by Se exposure, but
the differences were not significant. It has to be noted that the values of
SOD activity both in control and Se treated A. cicer were significantly
lower compared to A. bisulcatus (Fig. 10A). In the cotyledons of
A. bisulcatus, 25 pM Se significantly decreased total SOD activity
(Fig. 10B), resulting in ~60% activity loss compared to untreated plants.
The cotyledons of 75 pM Se exposed A. bisulcatus showed control-like
SOD activity (Fig. 10B). Similar to the roots, SODs showed signifi-
cantly lower activity in A. cicer cotyledons relative to A. bisulcatus and Se
exposure did not significantly modify their activity (Fig. 10B). Results
show that in A. bisulcatus only 75 pM selenate could intensify SOD ac-
tivity but only in root, while in cotyledons SOD activity declined due to
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Fig. 11. Representative immunoblots probed with anti-DNP antibody (1:5000) showing protein carbonylation in the roots and cotyledons of 14-day-old Astragalus
cicer and Astragalus bisulcatus seedlings exposed to 0, 25 or 75 pM selenate. Protein bands with intensified signal compared to control are marked with black arrows.
MM = molecule marker, D+ = derivatized sample, D- = non-derivatized sample.

lower Se which refers to organ-dependence of the Se-triggered response
in SOD activity. In A. cicer, selenate treatment had no effect on SOD
functionality. Dissimilar to our results, Ramos et al. (2010) detected
induced SOD activity at low selenite concentrations (up to 32 pM) but
decreased activity at higher Se concentration in lettuce (Lactuca sativa)
leaves. Additionally, Gouveia et al. (2020) observed that toxic dosage of
selenate (1.5 mM) significantly increased SOD activity in hydroponically
treated rice (Oryza sativa) seedlings. Based on our findings we suppose
that the reduced activity of SOD enzymes of A. cicer may contribute to its
relative sensitivity.

As for CAT, A. bisulcatus exhibited significantly higher activity
compared to A. cicer, both in the roots and cotyledons (Fig. 10C and D).
The interspecies difference was more expressed in cotyledons, since CAT
activity of A. bisulcatus were 10-15-fold higher than those of A. cicer
(Fig. 10D). The enzyme activity was not influenced by selenate addition
in either organ of either species. However, the reduced HyO5 content of
A. bisulcatus (Fig. 8B) can possibly be due to consequence of the elevated
activity of other HpO»-eliminating enzymes like glutathione proxidase or
APX as it was found in rice (Du et al.,2019; Gouveia et al., 2020; Das
et al., 2020). Our results allow us to speculate that Se-tolerance of
A. bisulcatus may be associated with the elevated basal CAT activity
mainly in the cotyledons where the major portion of Se is accumulated
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(Fig. 1B), and Se-sensitivity of A. cicer may be associated with its low
CAT activity.

Selenate treatment differently affected LP in Astragalus species,
predominantly in cotyledons (Fig. 10E). In the roots of the species,
neither low (25 pM) nor high (75 pM) Se concentration modulated LP
values in comparison with control (data are not shown). Similar to this,
TBARS concentration of roots remained unchanged when lettuce was
subjected to 2-15 uM selenate during hydroponic cultivation (Hawry-
lak-Nowak, 2013). In the cotyledons of A. bisulcatus, LP levels showed an
increase in a concentration-dependent manner as the effect of Se addi-
tion (confirmed by Spearman’s correlation analysis, r = 0.95***). At the
same time, TBARS contents of A. cicer cotyledons were 2-3-fold higher
than those of A. bisulcatus, both in control and Se-treated plants and Se
supplementation caused a dose-dependent increase (Spearman’s r =
0.90**) (Fig. 10E). Based on these, selenate application exerts remark-
able impact on LP levels in the cotyledons of both species. We may also
assess that interspecies differences in LP occurred only in case of coty-
ledons independently of Se concentration. Numerous reports have
shown that exogenous selenate may have dose-dependently dual effect
on lipid peroxidation either in roots or leaves (Cartes et al., 2005; Rios
et al., 2008; Hawrylak-Nowak et al., 2015; Tian et al., 2017). Addi-
tionally, a positive correlation between the applied Se dosage and the
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activity of glutathione peroxidase (GSH-Px) has been shown (Rios et al.,
2008; Maassoumi et al., 2022). In this case, TBARS content was much
higher even in control cotyledons of A. cicer in comparison with
A. bisulcatus which may contribute to the sensitivity of this species.

3.8. Se-induced protein carbonylation is dose- and organ-specific in
Astragalus species

Beyond lipid peroxidation, the overproduction of ROS may result
also in protein carbonylation (Matamoros et al., 2018). Due to the
irreversible feature of protein carbonylation, the level of
carbonyl-modulated proteins is considered to be a good indicator of the
cells’ oxidative status (Ciacka et al., 2020; Molnar et al., 2020). In the
roots of A. cicer, selenate addition resulted in intense,
concentration-dependent carbonylation of several protein bands
compared to control (intensified immunopositive signals are indicated
by arrows in Fig. 11, Fig. S1). In the roots of 25 pM Se-exposed
A. bisulcatus, a remarkably stronger carbonylation signal was observed
in at least four protein bands compared to control (indicated by arrows
in Fig. 11, Fig. S1), while at 75 pM Se protein carbonylation was less
pronounced but more intense compared to control (Fig. 11, Fig. S1)
indicating a possible signalling role of low Se-induced protein carbon-
ylation (Tola et al., 2021). In regard of cotyledons, a slight Se-triggered
enhancement in carbonylation of two protein bands was detected in
A. cicer (Fig. 11, Fig. S1). In case of A. bisulcatus cotyledons, both Se
dosages triggered enhanced carbonylation in one protein band (Fig. 11,
Fig. S1). Overall, the Se dose-dependent induction of protein carbonyl-
ation is more obvious in the roots than in the cotyledons of A. cicer. Since
MDA (reactive carbonyl species) content was not increased in the roots,
divalent metal ion catalyzed direct protein carbonylation may happen
(Tola et al., 2021). The strong increase in shoot MDA content was
accompanied by only a slight increase in carbonylation, but it is possible
that the increase in the amount of LP-derived reactive carbony species
indirectly contributes to the increase in protein carbonylation in the
shoot of both species (Tola et al., 2021). If we compare the extent of
protein carbonylation in the roots of the species in the presence of 75 pM
Se, we may suppose a correlation between selenate sensitivity and the
degree of protein carbonylation.

4. Conclusions

Grown on selenate-supplemented media, both Astragalus bisulcatus
and Astragalus cicer accumulate Se in the aboveground tissues but only
A. bisulcatus showed effective root-to-shoot translocation. The Se sensi-
tivity of A. cicer was indicated by reduced seedling fresh weight, root
growth and RAM viability in the presence of selenate. Furthermore, the
disturbed distribution of selected macro- and microelements supports
the Se sensitive nature of A. cicer. The lack of organic Se forms in A. cicer
suggests that the majority of the accumulated Se may be present as
inorganic forms, while in A. bisulcatus, less toxic organic Se forms
(mainly MetSeCys, y-Glu-MetSeCys, and a tentative selenosugar)
dominate. Moreover, oxidative stress parameters (like GSH/GSSG con-
tent or SOD activity), and dose-dependent and organ-specific protein
carbonylation might be responsible for diverse Se-tolerance of Astragalus
species. The Se-induced concentration-dependent increase of HsS levels
in the sensitive A. cicer and its opposite change in the tolerant
A. bisulcatus assume the participation of this reactive sulfur species in the
response to Se. The results reveal connection between oxidative pro-
cesses and Se sensitivitiy/tolerance/hyperaccumulation and contribute
to the understanding of the molecular responses to excess Se.
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