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ARTICLE INFO ABSTRACT

Keywords: Soils contaminated with rare earth elements (REEs) can damage agriculture by causing physiological disorders in

Antioxidant plants which are evaluated as the main connection of the human food chain. A biphasic dose response with

Chlorophyll fluorescence excitatory responses to low concentrations and inhibitory/harmful responses to high concentrations has been

Hormenc. effect defined as hormesis. However, not much is clear about the ecological effects and potential risks of REEs to plants.

Lemna minor . . . . . s

Nano-size terbium For this purpose, here we showed the impacts of different concentrations of nano terbium (Tb) applications (5-
10-25-50-100-250-500 mg L™1) on the accumulation of endogeneous certain ions and hormones, chlorophyll
fluoresence, photochemical reaction capacity and antioxidant activity in duckweed (Lemna minor). Tb concen-
trations less than 100 mg L~! increased the contents of nitrogen (N), phosphate (P), potassium (K™, calcium
(Ca?"), magnesium (Mg?"), manganese (Mn?*) and iron (Fe?"). Chlorophyll fluorescence (Fy/Fy, and F,/F,) was
suppressed under 250-500 mg L~! Tb. In addition, Tb toxicity affected the trapped energy adversely by the
active reaction center of photosystem II (PSII) and led to accumulation of inactive reaction centers, thus lowering
the detected level of electron transport from photosystem II (PSII) to photosystem I (PSI). On the other hand,
5-100 mg L~! Tb enhanced the activities of superoxide dismutase (SOD), catalase (CAT), peroxidase (POX),
NADPH oxidase (NOX), ascorbate peroxidase (APX), glutathione reductase (GR), monodehydroascorbate
reductase (MDHAR), dehydroascorbate reductase (DHAR) and glutathione S-transferase (GST). Tb (5-50 mg L’l)
supported the maintenance of cellular redox status by promoting antioxidant pathways involved in the ascorbate-
glutathione (AsA-GSH) cycle. In addition to the antioxidant system, the contents of some hormones such as
indole-3-acetic acid (IAA), gibberellic acid (GA), cytokinin (CK) and salicylic acid (SA) were also induced in the
presence of 5-100 mg L' Tb. In addition, the levels of hydrogen peroxide (H20,) and lipid peroxidation
(TBARS) were controlled through ascorbate (AsA) regeneration and effective hormonal modulation in L. minor.
However, this induction in the antioxidant system and phytohormone contents could not be resumed after ap-
plications higher than 250 mg L™ Tb. TBARS and H,0,, which indicate the level of lipid peroxidation, increased.
The results in this study showed that Tb at appropriate concentrations has great potential to confer tolerance of
duckweed by supporting the antioxidant system, protecting the biochemical reactions of photosystems and
improving hormonal regulation.

1. Introduction of lanthanides, scandium and yttrium. REEs are commonly used in new
advanced technologies, including electronics, chemical engineering,
Rare earth elements (REEs) represent Group IIIA elements consisting renewable energy, medical applications and agricultural fertilizers
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(Syrvatka et al., 2022). Terbium (Tb), from the lanthanide group, is used
in various industries, so Tb is inevitably present in the environment.
Therefore, Tb can come into direct contact with plants and accumulate
in plant tissues (Loktyushkin et al., 2019).

Researches of the underlying mechanisms and biological outcomes of
plant stress have grounded the core of modern plant science field. The
biological consequences of stress can be tackled by exposing organisms
to different doses of stress factors. Recently, such a dose-response study
can ensure important information for plant stress mechanism, risk
assessment and policy making (Agathokleous et al., 2019). Late reports
have demonstrated that hormesis, a biphasic dose response with stim-
ulus responses to low concentrations and inhibitory/harmful responses
to high concentrations, eventuates widely (Agathokleous et al., 2019). In
the studies carried out, the hormetic effects of changing amounts of REEs
on growth and expressions of oxidative stress in aquaculture were
evaluated. The alterations such as increased seed germination and
biomass were detected at low REE doses, while higher REE exposures
were associated with an augmented thiobarbituric acid reactive sub-
stances (TBARS) and hydrogen peroxide (Hz02) and a diminished
chlorophyll content, soluble proteins and photosynthetic activity (Liu
et al., 2012a). Several studies showed that REEs and their compounds at
suitable concentrations may improve the stress endurance of plants by
supporting cellular defense mechanisms, thereby alleviating the phyto-
toxicity of abiotic stress factors (Liu et al., 2013). Previous examples
demonstrated the efficacy of REEs in improving photosynthesis in plants
by detecting that lanthanum and cerium concentrations between 25 and
50 uM upregulated the chlorophyll fluorescence and photosynthetic
activity of Zea mays and increased the Chl a amount and photosynthetic
potential of Glycine max, rice and horseradish (Cao et al., 2017; Liu et al.,
2012b; Wang et al., 2014). In addition, REEs applied at appropriate
doses induce antioxidant metabolism in Oryza sativa and Helianthus
annuus (Dridi et al., 2022; Liu et al., 2012b). However, exposure to high
concentrations of REEs may result in increased accumulation of reactive
oxygen species (ROS) that cause oxidative stress in plants. This oxidative
stress can lead to an imbalanced plant metabolism, causing impairment
of plant growth and photosynthesis (Zulfiqgar and Ashraf, 2022). For
instance, adverse impacts of increasing level of lanthanum applications
reported, showing a significant reduction in the growth and antioxidant
activity of Triticum durum (d’Aquino et al., 2009). In addition, the re-
ported decreases in Chl a and, Chl b contents and net photosynthesis rate
of Oryza sativa treated with different concentrations of lanthanum are
due to the damage induced by that REE in the ultrastructure of the
chloroplasts (Hu et al., 2016).

The synthesis method of nanoparticles (NPs) plays a crucial role in
their application in biological systems. In pursuit of the synthesis of non-
toxic, clean and environmentally friendly NPs, green technology appears
to be the most promising method. NPs produced with green technology
have many benefits such as larger surface area, more catalytic activity
and provide better contact with biological process (Salem and Fouda,
2021). On the other hand, nano-size REEs have a high prerogative in
agricultural applications because of their unique properties, including
faster transport across membranes and high surface area. There are both
positive and negative reports about the role of nano-scale rare earth
elements under stress or non-stress conditions. Additionally, nano-size
REEs have the capability to enhance development and growth of
plants. Also, they trigger seed emergence by controlling availability of
beneficial nutrients and stimulate the photosynthetic reactions (Ramos
et al., 2016). To alleviate the effects of abiotic stresses, rare earth oxide
NPs may act as a scavenger of free oxygen radicals and activate anti-
oxidant systems. Ma et al. (2015) revealed a regression in the elongation
of roots and shoots in cucumber exposed to nano-lanthanum. Besides
that, the response of plants to terbium (Tb) stress is quite a complicated
case that can lead to inhibited growth and physiological/biochemical
disturbances (Rodziewicz et al., 2014). Human exposure to REEs occurs
via ingestion of contaminated water and food, inhalation, and direct
intake during medical administration (Gwenzi et al., 2018).
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Lemnaceae family, which has a large amount of biomass, are the
smallest and fastest growing angiosperms in the world. They have
outstanding economic potential and can be used in many practical ap-
plications in biotechnology and ecology related researches. Also, their
morphological and physiological properties enable to valued bioassays
under limited conditions in a short time. Therefore, they represent
model laboratory organisms. Lemna species are appropriate bio-
indicators for in vivo and in vitro ecotoxicological tests (Basiglini et al.,
2018). Earlier, the effects of REEs on antioxidant activity and growth in
an aquatic species Lemna minor (duckweed) thoroughly studied for
biomonitoring and bioremediation of pollutants in freshwater, were
investigated (Zicari et al., 2018). However, in order to protect the plants
from oxidative stress, the antioxidant defense system, which includes
enzymatic compounds such as superoxide dismutase (SOD), catalase
(CAT), peroxidase (POX) and non-enzymatic components of glutathione,
carotenoids and ascorbate, is immediately activated and participates in
reactive oxygen species (ROS) detoxification (Kovarikova et al., 2019).
Simultaneously with this system, plant phytohormones such as abscisic
acid (ABA), indole acetic acid (IAA) and salicylic acid (SA) have
important functions that control and regulate plant metabolism and
development through various biochemical and physiological pathways.
Depending on environmental stimuli, these hormones can act in places
close to or far from where they are. Therefore, hormones are of vital
importance in avoiding abiotic stress (Rhaman et al., 2020).

Terbium oxide nanoparticles are suitable as a representative element
to examine the effects of REEs on plants (lon et al., 2021). However,
none of the studies provided information about the beneficial/harmful
effects of nano-size terbium on the capacity of photosystems and anti-
oxidant activity in plants. Therefore, the main objective of this study was
to evaluate the hormetic responses caused by exposure to different
terbium oxide nanoparticle concentrations in Lemna minor plants: (i)
analysis of chlorophyll a fluorescence transient; (ii) examining the de-
gree of cellular damage by determining the levels of HoO5 and TBARS;
(iii) evaluation of antioxidant enzyme efficiency and phytohormone
contents; and (iv) evaluation of sensitivity of potential retention of REEs
in L. minor plants.

2. Material and methods
2.1. Synthesis procedures and characterization of nano-size Tb

Terbium (III) acetate hydrate, Tb(CH3CO2)3xH20, was purchased
from Sigma-Aldrich with 98% purity. The analytical reagents HNOg,
NaOH, and absolute ethanol were all employed without further purifi-
cation. Nanocrystalline Tb4O; was synthesized using the thermal
decomposition of terbium acetate precursor, which was prepared by the
precipitation method using NaOH as a precipitant according to the
literature (Soliman and Abu-Zied, 2009). It was calcined at 800 °C, in air
atmosphere, for 3 h. The morphologies of the samples were character-
ized by scanning electron microscopy (SEM, Zeiss Jeol Evo LS 10,
Oberkochen, Germany) with X-ray energy dispersive spectrometry
(EDX). Fourier transform infrared spectrum (FTIR) was recorded on a
Vertex 70 Bruker FTIR spectrometer (Bruker, Germany). All spectra
were captured in the 400 and 4000 em™? spectral region at a scan rate of
180 scans and a spectral resolution of 4 cm ™', The transmittance mode
made use of the FTIR spectrum.

2.2. Experimental design and treatments

Duckweed (Lemna minor L.) cultures were grown in hydroponic
Hoagland solution under controlled conditions (16/8 h light/dark
regime at 24 °C, 70% relative humidity and 350 pmol m~2 s~ photo-
synthetic photon flux density) and the solutions were refreshed every
three days. For nano-size terbium applications, Tb-5, Tb-10, Tb-25, Tb-
50, Tb-100, Tb-250 and Tb-500 (5-10-25-50-100-250-500 mg L1 nano-
size Tb, respectively) were chosen based on the studies reported by
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Wang et al. (2009) and Liu et al. (2022). Plants were harvested after a
one-week treatment period and rinsed with deionized water.

2.3. Determination of relative growth rate

The relative growth rate (RGR) values were calculated according to
the formula suggested by Hunt et al. (2002);

RGR = [In (DW3) —In (DW))] / (t2 — t),

where DW; = dry weight (g) at t;, DWy = dry weight (g) at t, t; is initial
harvest, and t, is final harvest.

2.4. Endogenous content/accumulation of some ions and nano-size Tb

The ion content was measured by Varian Vista-MPX simultaneous
inductively coupled plasma optical emission spectrometer (ICP-OES)
(Nyomora et al., 1997).

2.5. Photosystem II efficiency and OJIP analysis

The changes in the photochemistry of PSII were detected by Handy
PEA (Plant Efficiency Analyser, Hansatech Instruments Ltd.). Supple-
mentary Table S1 includes the descriptions for the calculated parame-
ters. The average parameter values of treatment groups in L. minor were
illustrated in the radar plots.

2.6. Determination of H20» and TBARS contents

H,0, contents, which is one of the reactive oxygen species, were
calculated according to Cheeseman (2006)’s method. The H>O» content
of the leaves was measured using the eFOX reagent (250 pM ferroam-
monium sulfate, 100 pM xylenol orange, 100 pM sorbitol and 1%
ethanol (v/v)). Cold acetone containing 25 mM HySO4 was used for
extraction. Samples were centrifuged at 3,000xg for 5 min at 4 °C and
950 pL of eFOX reagent was used for 50 pL of supernatant. The reaction
mixture was incubated for 30 min at room temperature. Then, absor-
bance measurements were performed at 550 and 800 nm. The Hy0,
concentrations in the samples were calculated according to the standard
slope graph prepared according to the known Hy0, amounts.

Lipid peroxidation (TBARS) changes, which best indicate the severity
of damage under stress, were determined by measuring malondialde-
hyde (MDA) equivalents content. The TBARS content was measured
with minor modifications to the method of Rao and Sresty (2000). For
this, 0.5 g of the leaf sample, which was shocked, was homogenized with
trichloroacetic acid (TCA). After centrifugation at 10,000g x 5 min, the
reaction mixture containing thiobarbituric acid (TBA) and TCA was
pipetted into the supernatant transferred to the tubes and heated at
95 °C for 45 min. After cooling, the mixture was centrifuged at 10,0008
x 15 min. Then, the absorbance values of the supernatant at 532 and
600 nm were read. The TBARS concentration was calculated using the
extinction coefficient € = 155 mM ™! cm™! and expressed as nmol g~}
fresh weight.

2.7. Determination of enzymatic/non-enzymatic antioxidants

For protein and enzyme extractions, 0.5 g of each leaf sample was
homogenized in 50 mM Tris-HCl (pH 7.8) containing 0.1 mM ethyl-
enediaminetetraacetic acid (EDTA), 0.2% Triton X-100, 1 mM phenyl-
methylsulfonyl fluoride and 2 mM dithiothreitol (DTT). The total soluble
protein content of the enzyme extracts was determined (Bradford,
1976). Superoxide dismutase (SOD) isozyme/enzyme activity was
defined (Beauchamp and Fridovich, 1971; Laemmli, 1970). The activity
of catalase (CAT) isozyme/enzyme was determined using the procedure
suggested by Woodbury et al. (1971) and Bergmeyer (1970). The iso-
zymes/enzyme capacity of peroxidase (POX) was measured according to
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the method suggested by Seevers et al. (1971) and Herzog and Fahimi
(1973). The enzyme/isozyme activities of glutathione S-transferase
(GST) and glutathione peroxidase (GPX) were determined (Hossain
et al., 2006; Ricci et al., 1984). The isoforms and total NADPH oxidase
(NOX) activity were calculated (Jiang and Zhang, 2002; Sagi and Fluhr,
2001).

Ascorbate peroxidase (APX) and glutathione reductase (GR) were
spectrophotometrically and electrophoretically carried out (Mittler and
Zilinskas, 1993; Nakano and Asada, 1981). The contents of ascorbate
(AsA) and oxidized ascorbate (DHA) were estimated (Dutilleul et al.,
2003). The Dutilleul et al. (2003) method was applied for the activity of
monodehydroascorbate reductase (MDHAR) and dehydroascorbate
reductase (DHAR) enzymes. Glutathione (GSH) was assayed according
to Paradiso et al. (2008), utilizing aliquots of supernatant neutralized
with 0.5 M K-P buffer. Based on enzymatic recycling, glutathione is
oxidized by DTNB and reduced by NADPH in the presence of GR, and
glutathione content is evaluated by the rate of absorption changes at
412 nm. Oxidized glutathione (GSSG) was determined after the removal
of GSH by 2-vinylpyridine derivatization. Standard curves with known
concentrations of GSH and GSSG were used for the quantification. GSH
redox status was obtained (Shi et al., 2013).

The Gel Doc XR + System was used to photograph stained gels and
subsequently evaluated using Image Lab software v4.0.1 (Bio-Rad,
California, USA). Enzyme standards were used in gels for normalization.

2.8. GC-MS analysis and hormone contents

Extraction and purification processes were executed as described by
Kuraishi et al. (1991) and Battal and Tileklioglu (2001). Methanol 80%
at —40 °C was added to fresh leaf samples. After the material was ho-
mogenized for 10 min with Ultra Turrax, it was incubated for 24 h in the
dark. The samples were filtered through Whatman No. 1 filter paper and
the supernatants were filtered again through a 0.45-pm pore filter
(Cutting, 1991). Supernatants were dried at 35 °C using an evaporator
pump. Dried supernatants were dissolved in 0.1 M KHyPO4 (pH 8.0).
Extracts were centrifuged at 5000 rpm for 1 h at 4 °C to separate fatty
acids (Palni et al., 1983). Polyvinylpyrrolidone (PVPP), 1 g, was added
to the supernatant to separate phenolic and colored materials (Her-
nandez-Minana, 1991; Qamaruddin, 1991). The supernatant was then
filtered through Whatman No. 1 paper to remove the PVPP (Cheikh and
Jones, 1994). For further specific separation, a Sep-Pak C-18 (Waters)
cartridge was used. Hormones absorbed by the cartridge were trans-
ferred to vials using 80% methanol. The hormones were analyzed by
high performance liquid chromatography (HPLC) using a Zorbax
Eclipse-AAA C-18 column (Agilent 1200 HPLC) and by absorbance at
265 nm in a UV detector. Flow speed was set to 1.2 mL min~! at a
column temperature of 25 °C. Hormone levels were determined using
13% acetonitrile (pH 4.98) as the mobile phase.

2.9. Statical analysis

The information on statical analysis was given in Supplementary
Table S1.

3. Results
3.1. Nano-size Tb characterization

Fig. 1A-C demonstrated the SEM images of the nanocrystalline Tb,
control plant sample and the 500 mg L™! nano size Tb-applied plants,
respectively. Fig. 1A depicts the surface morphology of the nano-
crystalline Tb as observed by SEM. The surface of Tb nanocrystalline
particles consists of crystals randomly oriented, varying in dimensions,
and having sharp edges. Additionally, smaller, irregular crystals with
some cracks can be seen. As a result of the incorporation of nano-
crystalline Tb into the plant environment, a dramatic morphological
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Fig. 1. SEM images of nano-size Tb (A), control plant
sample (B), and the plants exposed to 500 mg L~!
nano-size Tb (C). SEM-EDX elemental mapping im-
ages of nano-size Tb incorporated plant exposed to
500 mg L~! nano-size Tb (D, E), SEM-EDX spectrum
of the nano-size Tb incorporated plant exposed to 500
mg L! nano-size Tb (F). These elemental mapping
images are from the same tissue in each plant. FT-IR
analysis of prepared nano-size Tb, control plant sam-
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change has occurred, as seen in Fig. 1B-C compared to the images of the
control plant sample. Besides, SEM mapping and EDX spectra have been
used to analyze the distribution of all elements, their compositions, and
their existence in addition to dopant element. EDX is a valid method for
demonstrating the existence of elements and their configuration in the
samples, while mapping shows the uniform distribution of each element
in the prepared samples. Hence, the SEM mapping and EDX spectrum
were carried out and displayed in Fig. 1D-E, respectively. SEM mapping
images displayed in Fig. 1D-E for the plants exposed to 500 mg L™
nano-size Tb indicated that C, O and Tb are well diffused throughout the
samples. As seen in Fig. 1F, O map is in red, C in yellow and Tb in green
colour and their combination shown in Fig. 1D confirms the homoge-
neity of the prepared sample. In order to identify the functional groups
produced by the integration of nano-size Tb into the plant samples, a
comparative investigation utilizing FT-IR spectroscopy was also carried
out. Fig. 1G depicted the FT-IR spectra of the pristine nano-size Tb, pure
plant sample and interpretation of the adhesion of the produced nano-
size Tb to plant samples. As shown in Fig. 1G, nano-size Tb exhibit an
absorption band at 2357 cm™?, this is assigned to the W(N-C=O0)
stretching vibration. In the meantime, the v(O-H) stretching vibration
cannot be observed because of the thermal decomposition synthesis
procedure of nano-size Tb. Different vibrational peaks of altered in-
tensities were detected and were assigned to various functional groups
for the control plant samples and nano-size Tb incorporated plants
treated with 500 mg L1 nano-size Tb (TB-500) in Fig. 1G. The vibra-
tional peaks at 3277 em ! and 1020 cm™! were assigned to the v(O-H)
stretching vibration and showed the existence of water molecules. The

T
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V(N-C=O0) stretching vibration absorption peaks also has been noticed
around 2360 cm™!. The vibration peaks around 1615 em ! ascribed to
V(C=N) stretching vibration absorption peak.

3.2. Relative growth rate and ion homeostasis in nano Tb concentrations-
treated Lemna minor

Changes in relative growth rate (RGR) and ion contents of plants
exposed to nano-size Tb treatments were given in Fig. 2. As shown in
Fig. 2A, increments in relative growth rate (RGR) of 23% were seen in
response to Tb-5 and Tb-10 treatments. In Tb-25 and Tb-50 applications,
similar results to control levels were obtained. However, Tb treatments
at high doses to L. minor resulted in significant RGR reductions in Tb-
100, Tb-250 and Tb-500 groups. The endogenous accumulation of Tb
increased in L. minor depending on Tb concentrations in the experi-
mental groups (Fig. 2B). The maximum endogenous content of Tb was
observed under the highest nano-size TB application. Except for Fe
content in the nano-size Tb-25 group, the endogenous ion contents
increased under Tb-5 and Tb-100 concentrations. On the contrary, 500
mg L1 nano-size Tb toxicity led to a decrease in K, Mg, S, Mn and Fe
contents. With nano-size Tb toxicity, N and Ca content did not decrease
at the same Tb treatment.

3.3. Chlorophyll fluorescence in nano Tb concentrations-treated Lemna
minor

Fy/Fn, decreased at higher concentrations, with no changes observed
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Fig. 2. The relative growth rate (RGR, A), the accumulation of nano-size Tb (B) and the contents of nitrogen (N, C), phosphate (P, D), potassium (K, E), calcium (Ca,
F), magnessium (Mg, G), sulfur (S, H), manganase (Mn, I) and iron (Fe, J) in nano-size Tb-treated L. minor. Tb-5: 5 mg L%, Tb-10: 10 mg L%, Tb-25: 25 mg LY, Tb-
50: 50 mg L%, Tb-100: 100 mg L™}, Tb-250: 250 mg L™, Tb-500: 500 mg L.~ Tb.

up to nano-size Tb-100 concentration in plants which exposed to Tb 500) led to an increase in Fo/Fp, (Fig. 3C).
treatments (Fig. 3A). As indicated in Fig. 3B, the similar trend was
appeared in the Fy/F, of Lemna minor subject to nano-size Tb. A signif-
icant decline in F,/F, was observed after Tb-250 and Tb-500 exposures.
In contrast, the high concentrations of nano-size Tb (Tb-250 and Tb-

Fig. 3. The maximal quantum yield of PSII photo-
chemistry (F,/F,, A), potential photochemical effi-
ciency (F,/F,, B) and physiological state of the
photosynthetic apparatus (F,/Fp, C) in nano Tb-
treated L. minor. The quantum efficiencies, struc-
tural indicators and fluxes and performance indices
(D) and heat maps of treatment groups (log10-trans-
formed TPM values (E) in Lemna minor under 5-10-
25-50-100-250-500 mg L~! Tb. The parameters
derived from the portable fluorometer and OJIP
transient and their definitions for use in the current
study were given in Supplementary Table S1. The
definition of groups was given in Fig. 2.
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3.4. Fluorescence kinetics and performance of PSII in nano Tb
concentrations-treated Lemna minor

Under low concentrations, Tb applications did not significantly alter
the ABS/RC, ET,/RC, TRo/RC, YEo/(1-¥E,), ®P,/(1- ®P,), YRC/(1-
YRC), DI,/RC, Plaps and Plig, values (Fig. 3D). When L. minor was
exposed to 250 and 500 mg L~! nano-size Tb, ABS/RC (light energy
absorbed to reaction center) decreased. On the contrary, increased levels
of DI,/RC (scattering energy flux) and TR,/RC (trapped energy flux per
active PSII reaction center) detected (Fig. 3D). However, the low elec-
tron transfers in the reaction center of PSII indicated that ET,/RC
(electron transport flux) was reduced under high-dose Tb treatments.
Likewise, the efficiency of the light reaction ®Po/(1- ®Po) and the
performance index (Pli) in the energy absorption pathway were
declined. Fig. 3E represented that the levels of fluorescence-related
parameters are depicted according to the color scale, where a change
from blue to red indicates induction in these parameters from low to
high levels.

3.5. Hormetic effect of nano Tb applications on HsO2 accumulation and
lipid peroxidation in Lemna minor

H20; content and lipid peroxidation levels were shown in Fig. 4.
While Hy02 content of L. minor did not change up to the Tb-100 con-
centration, the higher concentrations of nano-size Tb treatments (nano-
size Tb-250 and Tb-500) induced this content (Fig. 4A). Likewise, a
similar trend to HyO, content was observed at higher doses for TBARS
content, which was the same as control levels up to the nano-size Tb-100
concentration (Fig. 4B).

3.6. Hormetic effect of nano Tb applications on enzyme/isoenzyme
activities in Lemna minor

As shown in Fig. 5A, seven bands (Mn-SOD1-2-3, Fe-SOD1-2 and Cu/
Zn-SOD1-2) were observed for SOD isozymes in L. minor. Subject to
nano-size Tb treatments increased total SOD activities in all treatment
groups compared to the control plants (Fig. 5B). This increase in SOD
activity was based on Mn-SOD2-3. All Tb applications had only one CAT
isoform (Fig. 5C). Consistent with the intensity of the CAT isoform, total
CAT activities increased up to Tb-100 concentration, while the similar
activity to the control level was detected under Tb-250 and Tb-500
(Fig. 5D). The highest increase in CAT activity was seen in the Tb-100
group with approximately 3.4 times.

Fig. 6A showed that three bands (POX1-2-3) were identified during
the experimental period in L. minor. In the Tb-5, Tb-10, Tb-25 and Tb-50
groups, increases in POX activities were detected in parallel with the
induced intensities of all isozymes (Fig. 6B). L. minor, which had similar
activities to control levels under Tb-100 and Tb-250, showed a decrease
in POX activity in the Tb-500 group. Three bands (NOX1-2-3) were
observed for NOX isoforms throughout the experimental period
(Fig. 6C). Tb exposure resulted in significant increases in total NOX
activities up to Tb-100 concentration (Fig. 6D). While NOX activity in
the Tb-250 group was similar to the control level, a decrease was
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measured at the highest dose (Tb-500). As seen in Fig. 6C, these changes
were evidenced by NOX2-3 intensities.

The changes in GST isoforms (GST1-2-3-4) consisting of four bands in
L. minor were illustrated in Fig. 7A. There were noticeable increases in
total GST activities up to Tb-100 administration (Fig. 7B). In contrast, a
reduction of approximately 42% was seen in the Tb-250 group
compared to the control. No remarkable change was detected in the Tb-
500 group. All isoforms were responsible for these changes. The three
bands (GPX1-2-3) detected for the GPX isoforms were shown in Fig. 7C.
Exposure to Tb showed a similar trend in GPX activities to GST activities
(Fig. 7D).

3.7. Hormetic effect of nano Tb applications on enzyme/isoenzyme
activities related to AsA-GSH cycle in Asada-Halliwel pathway of Lemna
minor

Specification of APX isoenzymes of L. minor revealed seven isoforms
(APX1-2-3-4-5-6-7) (Fig. 8A). All Tbs, except for Tb-250 and Tb-500,
significantly increased APX activity (Fig. 8B). The maximum induction
was under Tb-100 treatment in APX with 76.4%. APX activities were
decreased in the plants treated with Tb-250 and Tb-500 compared to the
control. These trends were due to the intensities of APX1-4-7. As shown
in Fig. 8C, L. minor had five bands (GR1-2-3-4-5) for the GR isozymes. In
a similar manner to APX activity, all Tb treatments increased GR ac-
tivities, except for Tb-250 and Tb-500 (Fig. 8D). In the Tb-250 and Tb-
500 groups, it was similar to the control level. GR isozyme analysis
showed that GR1-2-4 isoforms were responsible for the changes in GR
activities.

In L. minor exposed to Tb, the increased MDHAR activities were
observed in direct proportion to increasing Tb concentrations (Fig. 9A).
There was an increase in DHAR activity in all groups except Tb-250 and
Tb-500. DHAR activity of the Tb-250 group was similar to the control
level, while it was lower than the control level in Tb-500 (Fig. 9B). Tb
applications to L. minor resulted in increased levels of total AsA content
up to the Tb-50 concentration. At higher concentrations, however, AsA
content was markedly reduced (Fig. 9C). In return for Tb, DHA content
showed an increase only in the Tb-500 group during the experiment
period while it decreased in all other treatments (Fig. 9D). The increased
GSH content up to the Tb-50 group decreased at higher doses. GSH
content was similar to the control level in the Tb-100 and Tb-250 groups
but it was approximately 30% less than the control level under Tb-500
(Fig. 9E). In contrast to the GSH content, GSSG contents tended to
decrease up to the Tb-50 group. Conversely, the induced GSSG contents
were detected at higher Tb concentrations (Tb-100-250-500) (Fig. 9F).
Depending the determination of total ascorbate (tAsA) and DHA con-
tents, AsA/DHA rates increased only in exposure to Tb-5-10-25-50
(Fig. 9G). Significant reductions in GSH redox status were found with
Tb-100-250-500 applications to L. minor compared to control groups
(Fig. 9H).
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Fig. 4. Hydrogen peroxide (H,0,, A) and lipid peroxidation (TBARS, B) levels in nano Tb-treated L. minor. The definition of groups was given in Fig. 2.
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3.8. Hormetic effect of nano Tb applications on hormone contents in illustrated in Fig. 10B, abscisic acid (ABA) content was reduced by
Lemna minor approximately 33% in L. minor treated with Tb-5. On the other hand,
ABA contents showing similar amounts to control levels in Tb-10-25-50

As seen in Fig. 10A, increased indole-3-acetic acid (IAA) contents groups were induced at higher Tb concentrations (Tb100-250-500). The
were detected up to the Tb-100 group. The high dose groups (Tb-250 results presented in Fig. 10C revealed that Tb-10-25-50-100 increased
and Tb-500) had unchanged IAA contents compared to the control. As the gibberellic acid (GA) content in L. minor compared to the control
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Fig. 8. Relative band intensity of ascorbate glutathione (APX, A), APX activity (B), relative band intensity of glutathione reductase isoenzymes (GR, C) and GR

activity (D) in nano Tb-treated L. minor. The definition of groups was given in Fig. 2.
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Fig. 10. The contents of indole-3-acetic acid (IAA, A), abscisic acid (ABA, B), Gibberellic acid (GA, C), cytokinin (CK, D), salicylic acid (SA, E) in nano Tb-treated

L. minor. The definition of groups was given in Fig. 2.

plants. The highest increase was seen in the Tb-50 group with approx-
imately 5.4 times. Likewise, Tb exposure in L. minor resulted in signifi-
cantly increased cytokinin (CK) contents in all groups, except for Tb-
500. In contrast, CK content in Tb-500-applied plants was approxi-
mately 3 times less (Fig. 10D). Similar trend to CK content was also
detected in the results of salicylic acid (SA) contents. The highest in-
crease was seen in the Tb-50 plants with approximately 11.7-fold
(Fig. 10E).

4. Discussion

According to SEM images, the control plant sample did not include
the nanocrystalline Tb407 indicated by the red arrows in Fig. 1C. This
proved that, as shown in Fig. 1C, Tb4O; NPs primarily permeated the
plant sample. The morphologies of the plant samples prepared with and
without the addition of nanocrystalline Tb4O; were evaluated by
SEM-EDX analysis (Fig. 1F). The proper SEM-EDX spectrum was used to
determine the samples’ contents. The plant sample without Tb40; NPs
had no Tb content, unlike the plant samples containing Tb40; NPs, as
depicted in Fig. 1F. In that respect, the synthesized Tb4O nanosheets in
plant samples were identified by SEM-EDX analysis. When the FT-IR
spectra of the plant samples included with Tb4O; NPs were analyzed,
it has detected that the intensities were higher than the control plant
sample. Consequently, it was concluded that Tb4O7 NPs were success-
fully incorporated into the structure of the plant samples. At this stage,
when the control plant sample and the Tb4O; NPs integrated plant
sample were compared, peak shifts were observed in the FTIR spectrum
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of dopant appear in the plant sample. It can be seen that the nitrogen
atom of the C=N group is coordinated to the terbium (III) ions by the red
shift of the v (C=N) stretching vibration absorption peak from 1615
cm -1612 cm L Additionally, the red shift of the v (N-C=O0)
stretching vibration absorption peak from 2357 ecm™!-2355 cm ™! indi-
cated that the oxygen atom of the N-C=0 group had coordinated to the
terbium(III) ions (Xiao et al., 2019).

In recent years, negative, positive or no effects of REE on plant
growth have been observed around the world. Previous studies show
that low concentrations of REE stimulate growth, whereas high doses of
REE inhibit growth (Kovarikova et al., 2019). On the other hand,
nanoparticle form of Tb donors has emerged as a strategy that could
protect these molecules from decomposition/degradation and allow a
controlled Tb release. Also, nanoparticles present distinct
physico-chemical characteristics compared to the same material at the
macroscopic scale, with an increase in the superficial area (Oliveira
et al., 2016). In the present study, the Tb nanoparticle application had a
beneficial effect by improving the growth of L. minor when supplied in
appropriate concentrations. However, an excess of Tb caused toxicity
and reduced plant growth. The beneficial effects may be due to the
stimulatory effects of Tb on nutrient uptake by plants and/or the
increased synthesis of chlorophyll in the plant (Xu and Wang, 2007).
Photosystem II (PSII) is a pigment-protein compound that combines
various carriers of the electron transport chain (ETC) in photosynthetic
processes in plants. The oxygen-evolving centers (OEC) in this PSII are
vital biological clusters of Mn4CaOs that catalyzes the water splitting
reaction (Yao et al., 2021). In this present study, exposure to 5-100 mg
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L~! Tb did not decrease PSII activity, while an increase was detected in
the Fo/Fp, ratios of the groups treated with high Tb doses. A decrease was
detected in the F/Fp, and F,/F, in Tb-250 and Tb-500 treated plants,
which state the maximum primary photochemistry efficiency of PSII.
This indicates that electron transport is slowed between primary (Qa)
and secondary (Qp) quinones at the acceptor side of PSII (Gupta et al.,
2021). Chlorophyll fluorescence analyzes, which are considered to be
the most sensitive parameters of plant photosynthetic capacity, showed
that Tb toxicity inactivated the performance of reaction centers in PSII,
causing a decrease in photosynthetic capacity. On the other hand,
considerable amounts of N, Mg and other elements are required for the
biosynthesis of chlorophyll precursors. Low Tb doses may enhance the
absorption of these elements, resulting in an increment in chlorophyll
contents. When G. lucidum was cultivated with different concentrations
of REEs (25, 50, 100, 150, 200 and 250 pg g’l), change of the contents of
other minerals was observed in the plant tissues (Zhang et al., 2013).
REEs regulate plant growth by affecting the contents of mineral ele-
ments such as K, Ca, Mg, Fe (Hu et al., 2002). In addition, it is possible
that low REE doses affect the membrane potential and proton trans-
membrane gradient by promoting photosynthesis (Cheng et al., 2021). A
number of studies revealed that several REEs play several catalytic roles
in chlorophyll formation and indirectly contribute to chlorophyll
biosynthesis (Hong et al., 2002). At high doses, it can replace Mg2+ and
Fe?" to form a terbium-chlorophyll in the chloroplast complex (Song
et al., 2002). Likewise, as the terbium concentration in L. minor in-
creases, non-functional replacement of Ca?* with a competitive terbium
ion in the OEC may occur (Loktyushkin et al., 2019). But in fact, Ca®tis
a required cofactor for the water oxidation reaction and modulates the
redox potential of the manganese cluster (Mn4CaOs) of the D1 protein in
the center of PSII (Shamsipur and Pashabadi, 2018). Similar to these
results, it was revealed that high doses of REEs cause PSII inhibition (Yao
et al., 2021).

Chlorophyll fluorescence can be used to analyze detailed information
about energy transfer in photosynthesis. A descriptive tool for providing
information about the state of PSII, the OJIP test relies on rapid kinetic
analysis of chlorophyll fluorescence and signals that provide detailed
information about the structure and function of the photosynthetic
apparatus (Sameena and Puthur, 2021). To assess the hormetic effect of
Tb in PSII, alterations in electron transport reduction and various
phenomenological fluxes (ABS/RC, TR,/RC, ET,/RC, and DI,/RC) were
measured. Results showed that Tb treatments at low doses induced or
did not change these rates suggesting that REEs could enhance the ef-
ficiency of light absorption, regulate excitation energy distribution from
photosystem I (PSI) to PSII, and thus increase the activity of photo-
chemical reaction and oxygen evolution accordingly. Xiaoqing et al.
(2009) reported that the PSII efficiency of the Ce3, Nd® and La?® treat-
ments was higher than the control in A. thaliana. In the current study,
DI,/RC increased as ET,/RC decreased in L. minor treated with high
doses of Tb. Such effects can result from damage to the PSII. On the other
hand, quantum efficiency, energy flows for absorption and capture,
electron transport and energy dissipation flows showed that the energy
capture, transport and termination efficiency of L. minor were low. This
means that Tb toxicity decreased the transfer and utilization of energy
through light harvesting, light energy capture and electron transport. At
the same time, excess Tb increased TR,/RC followed by a decrease in Qa.
The reducement in WE,, ¢P, and @R,, which is related to quantum ef-
ficiency, demonstrated the declined electron flux in PSII. This kind of
reductions was indicative for the electron transfer from primer quinone
acceptor Qa to secondary quinone acceptor Qg and reduction of acceptor
side of PSI downregulated in high dose Tb-exposed L. minor. However,
when interpreted results of ®P,/(1-®P,), WE,/(1-YE,) and
YRC/(1-yRC), Tb adversely affected the trapped energy by active reac-
tion centers and transport to the end electron acceptors at photosystem I
(PSI). The disruptions in all relevant data realized in the photosynthesis
performance indices (Plyta and Plags), are conformable to earlier results
in REE-treated plants (Loktyushkin et al., 2019).
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The first line of defense against reactive oxygen species (ROS) caused
by stress is the SOD enzyme, which catalyzes to convert superoxide
anions into Hy0», followed by CAT and POX. In addition, the activity of
NADPH oxidase (NOX) is evaluated as an important resource of a
considerable amount of superoxide radical and H,0; in plants (Chu--
Puga et al., 2019). Due to the activities of SOD and NOX, increased levels
of Hy05 induced TBARS content. Therefore, increases in HyO, and
TBARS levels can be an acceptable indicator of oxidative stress in plant
cells (Rajput et al., 2021). In the current study, exposure up to 100 mg
L~! nano-size Tb did not change H,0, and TBARS levels, while these
contents were induced at higher doses (250 and 500 mg L™!) compared
with control. This indicates the toxic effect of high doses of Tb appli-
cations in L. minor. Similar concentration-dependent effects of REEs
have been previously detected in several plants (Agathokleous et al.,
2018). It has been revealed that the increase in SOD activity is associated
with the augmented tolerance of plants to abiotic stress (Berwal and
Ram, 2018). In this study, low doses of Tb applications induced SOD,
CAT and POX activities in L. minor. On the contrary, at high doses, CAT
and POX activities decreased, while SOD activity was higher than that of
the control group. This may be attributed to the accumulated levels of
H20, and TBARS in the high-dose Tb treated groups (Tb-250-500).
Similarly, Dridi et al. (2022) found that REE applications increased the
SOD activity in Helianthus annuus. The results are similar to the study
showing that excessive REE concentrations inhibit CAT and POX activ-
ities, while low concentrations of REEs promote antioxidant enzyme
activity (Fan et al., 2020).

H50, is converted to non-radical formations by the Asada-Halliwell
pathway involved enzyme system (AsA-GSH cycle) simultaneously
with CAT and POX enzymes (Rajput et al., 2021). In the AsA-GSH cycle,
the coordinated functions of APX, MDHAR, DHAR and GR along with
AsA and GSH split HoO; into water and oxygen and recycle AsA and
GSH. The maintaining of high AsA/DHA and/or GSH/GSSG conferred
by increased AsA and GSH or reduced DHA and GSSG may be the main
strategy for defense against abiotic stress-induced ROS accumulation
(Shan et al., 2020). In the present study, low-dose Tb applications
resulted in high AsA and GSH content in L. minor. Due to increased APX,
GR, MDHAR and DHAR activities, high rates of AsA/DHA and
GSH/GSSG, the pool of AsA and GSH, and the unsuppressed GSH redox
state were maintained. In addition, the increased activities of GST and
GPX, depending on the preserved GSH levels, could also contribute to
preventing the accumulation of HpO». This resulted in unchanged levels
of HyO5 and TBARS in comparison of the control plants. Owing to this
enhancement in the antioxidant system could not be sustained after
higher doses of Tb treatments (Tb250- and Tb500), TBARS and H,0,
contents increased. These hormetic effects of Tb obtained in the current
study were also detected in Salvia miltiorrhiza, which was exposed to
increased REE applications (Fan et al., 2020). The dose dependents ef-
fects of La>* on L. minor and cucumber seedlings have also been reported
(Ippolito et al., 2011; Paola et al., 2007).

Numerous recent research has proven that phytohormones such
auxin (as indole-3-acetic acid-IAA), cytokinin (CK), salicylic acid (SA)
and gibberellic acid (GA) work in combination with the central hormone
abscisic acid (ABA) or with each other to regulate plant responses under
stress conditions (Mubarik et al., 2021). Furthermore, high endogenous
auxin (IAA), GA, CK and SA levels are associated with triggering the
expression of some stress-related genes and the activity of ROS detoxi-
fying enzymes (Salvi et al., 2021). In the presence of abiotic stress
conditions, ABA biosynthesis and its accumulation in some plant tissues
are greatly increased and binds to its receptors to trigger signal trans-
duction that results in the stress response at the cellular level. As stress
signals emerge, ABA level in the plant system increases and triggers the
expression of stress tolerance-related genes (Rachappanavar et al.,
2022). In the current study, H>O, contents were similar to control levels
in L. minor exposed to low Tb doses. Therefore, ABA contents at control
levels can be attributed to unstressed plant metabolism. Under abiotic
stress conditions, the crosstalk between ABA and IAA helps seeds
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survive, and ABA modulates IAA transport to sustain growth. In addi-
tion, APX has been identified as an enzyme that mediates the crosstalk
between ABA, IAA and ROS to protect plants from oxidative damage
(Chen et al., 2014). It is unraveled that there is an antagonistic crosstalk
between GA and ABA regulated by the same DELLA proteins. This
mechanism allows plants to recover from stress conditions by pro-
longationing seed dormancy (Chen et al., 2020). The crosstalk between
ABA and SA helps to maintain water status in plants and regulate sto-
matal conductivity and osmotic regulation (Khan et al., 2020). ABA and
CK have an antagonistic role in the control of stomatal function under
stress conditions (Jogawat, 2019). The application of low Tb concen-
trations increased the content of these phytohormones. Similarly, in
D. densiflorum, 5 pM Nd>* significantly increased the endogenous IAA
level and the ratio of IAA to cytokinins (CKs) during the process of root
primordium formation, which may favor adventitious rooting of
D. densiflorum shoot cuttings (Jianping et al., 2008). Also, in wheat
seedlings, low doses of La(NO3)s can increase the level of hormone
contents (Yang et al., 2006). On the other hand, low doses of Tb treat-
ments strengthened the defense system in L. minor together with the
induced antioxidant system activity, as evident from the constant HoO5
and TBARS level. Fashui et al. (2003) reported REE and
antioxidant-phytohormone relationships. The results obtained are
related to the fact that antioxidant system-related phytohormone pro-
duction is affected by the presence of Tb and this effect is especially
related to the synergistic effect of REEs with hormones (Hu et al., 2004;
Ramos et al., 2016). At high doses, the increase in ABA contents due to
increased Hy02 accumulation was a sign that Tbs administered at high
doses showed toxic properties. On the other hand, the reason why the
toxicity could not be eliminated despite the increased ABA content was
insufficient IAA, GA, CK and SA contents and thus decreased antioxidant
system activity.

5. Conclusion

Depending on Tb concentrations, Tb altered the endogenous ion
contents of L. minor. The low concentrations of Tb induced the ion up-
take, and the high Tb treatments (especially Tb250- and Tb-500) caused
a reduction in ion accumulation. On the other hand, excessive Tb
treatments caused a decrease in the photosynthetic efficiency and
chlorophyll fluorescence of L. minor. At low doses, however, these pa-
rameters were similar to the control and no adverse effects of photo-
systems were observed. Tb5-10-25-50 did not change in Hy0, and
TBARS contents by inducing SOD, CAT, POX, GST, and GPX and main-
taining a high AsA/DHA and GSH redox state. Thus, the regeneration of
AsA and GSH contributed to the inhibition of oxidative damage. Besides,
at appropriate concentrations, Tb can protect the plant against stress by
inducing their hormone contents. Interestingly, despite the inactivated
AsA-GSH cycle, Tb-100 could protect from the radical accumulation-
triggered damage by activating SOD and CAT enzymes. On the other
hand, under Tb-250 and Tb-500, H2O, accumulation was triggered and
then lipid peroxidation was induced due to insufficient antioxidant ca-
pacity and hormone contents. The treatment of 5-100 mg L™ nano-size
Tb has great potential to confer tolerance of duckweed by supporting the
antioxidant system, protecting the biochemical reactions of photosys-
tems and improving hormonal regulation.
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