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ARTICLE INFO ABSTRACT

Keywords: Nickel is an essential micronutrient for plant growth and development. However, in excessive amounts caused by
Glycine betaine accidental pollution of soils, this heavy metal is toxic to plants. Although silicon is a non-essential nutrient, it
Heavy metal accumulates in most monocots, particularly the vital crop maize (corn, Zea mays). In fact, this metalloid mineral
Mineral amendment . .. s . .

Proteome can alleviate the toxicity of heavy metals, though the mechanism is not entirely clear yet. Herein, we measured
Soluble sugars proteome, gene expression, enzyme activities, and selected sugars to investigate such effect thoroughly. Deep
Zea mays proteomic analysis revealed a minor impact of 100 uM Ni, 2.5 mM Si, or their combination on roots in 12-day-old

hydroponically grown maize seedlings upon 9 days of exposure. Nonetheless, we suggested plausible mecha-
nisms of Si mitigation of excessive Ni: Chelation by metallothioneins and phytochelatins, detoxification by
glycine betaine pathway, and restructuring of plasma membrane transporters. Higher activity of glutathione S-
transferase confirmed its plausible involvement in reducing Ni toxicity in combined treatment. Accumulation of
sucrose synthase and corresponding soluble sugars in Ni and combined treatment implied high energy re-
quirements both during heavy metal stress and its mitigation. Expression analysis of genes coding a few
differentially accumulated proteins failed to reveal concordant changes, indicating posttranscriptional regula-

tion. Proposed mitigation mechanisms should be functionally validated in follow-up studies.

1. Introduction

The global threat of soil nickel pollution draws the attention of in-
vestigators. This heavy metal leaks into the environment from different
natural sources (such as, bedrock weathering and volcano eruptions)
and various anthropogenic activities (e.g, agricultural fertilization and
pesticides or industrial wastes) (Mustafa et al., 2023). Excessive Ni
concentration in soil is harmful to plant physiological processes; for
example, it impairs photosynthetic efficiency. (Sheoran et al., 1990).
Nickel triggers the accumulation of a large amount of reactive oxygen
species (ROS); however, its toxicity is primarily connected to the inhi-
bition of antioxidative enzyme activities rather than the formation of
ROS (Amjad et al., 2020; Shahzad et al., 2018). If present in soil over
35 mg kg’l, Ni is toxic to all living organisms (El-Naggar et al., 2021).
The legislation on the limits of heavy metals is country-specific.
Frequently referenced Finnish Decree defines soil contamination by Ni
over 100-150 mg kg~ ! with a threshold value for detailed monitoring
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over 50 mg kg~! (Ministry of the Environment, Finland, 2007; van der
Voet et al. 2013). Recent data indicates that Ni contaminates the ma-
jority of European Union soils to some extent, yet the highest frequency
of dirty samples is in Greece (Toth et al., 2016).

On the other hand, Ni is an essential micronutrient for plant growth
and development. As a part of metalloenzymes, it is vital for secondary
metabolism rather than primary one (Wood, 2015). Nickel is an irre-
placeable part in the active site of urease (EC 3.5.1.5, urea amidohy-
drolase), which catalyzes the hydrolysis of urea to ammonium and
bicarbonate and thus participates in nitrogen metabolism predomi-
nantly when urea is the source (Dixon et al., 1975; Ragsdale, 2009). It is
still the only proven nutritional function of Ni in higher plants. Only a
few plant species can normally grow and develop without Ni (Gerendas
et al., 1999).

Silicon is a highly abundant element on our planet. It is considered a
non-essential nutrient for plant growth and development. Nonetheless,
it is present in a variable amount in a vast majority of plants (Cooke and
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Leishman, 2011; Mir et al., 2022; Zargar et al., 2019). Plants can be
classified as accumulators and excluders, in relation to Si in soil.
Monocots, particularly grasses, like rice (Oryza sativa), wheat (Triticum
aestivum), or maize (corn, Zea mays), predominantly accumulate a sub-
stantially larger amount of Si in their tissues, while dicots are mostly
unable to accumulate it and belong to excluders (Deshmukh et al., 2015,
2013).

Despite Si is a non-essential metalloid element and plants can nor-
mally survive in its absence, numerous works proved the positive effect
of this mineral supplement on plant metabolism. Moreover, its presence
in the environment can improve the growth and development of accu-
mulator plants under adverse, both abiotic and biotic conditions (IMir
et al.,, 2022; Ranjan et al., 2021; Song et al., 2016; Xie et al., 2015).
Particularly, Si accumulators can benefit significantly from its presence
in soil under heavy metal stress. The authors showed that Si reduced the
uptake of heavy metals by plant roots. It formed silicate complexes with
metals in the soil, making them less bioavailable, thus minimizing the
accumulation of toxic metals in plant tissues (Cocker et al., 1998; Gu
et al., 2011). Silicon can enhance the natural tolerance mechanisms
against heavy metal stress. It may improve antioxidant defense,
including the activity of enzymes, which scavenge ROS produced under
metal stress (Adrees et al., 2015; Fiala et al., 2021; Rahman et al., 2023).
Silicon treatment resulted in the expression of specific transporters and
genes associated with photosynthesis. They apparently participate in the
plant adaptive response to heavy metal stress (Adrees et al., 2015; Kim
et al.,, 2014). While Si mitigated heavy metal stress in some plants,
further research is needed to fully understand the underlying mecha-
nisms and propose practical solutions for agriculture.

Maize is an essential crop significant for different aspects of human
life: Food source, livestock feed, industrial biofuel, and manufacturing
material (FAO 2022). Its annual production exceeds one billion tons
(Erenstein et al., 2022). Heavy metal pollution seriously compromises
maize growth and yield (Romdhane et al., 2021). Moreover, the high
ability of maize to bioaccumulate heavy metal cations from the envi-
ronment restricts its further food usage (Abbas et al., 2023; Amjad et al.,
2020; Ruiz-Huerta et al., 2022). Researchers showed that Si can improve
stress-related parameters in maize during metal stress (Fiala et al., 2021;
Vaculik et al., 2015, 2021).

Earlier, we demonstrated that Si indeed mitigated Ni stress pre-
dominantly by regulating the level of enzymatic and non-enzymatic
antioxidants in maize roots and leaves (Fiala et al., 2021). Herein, we
focused on roots—gates to the incoming heavy metals—first to contact
adverse conditions. We aspired to clarify the biochemical mechanism of
an alleviating effect during the combined application of Ni and Si.
Accordingly, we compared root proteomic profiles complemented by
gene expression analysis, enzymatic assays, and evaluation of soluble
sugars content.

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

We investigated seeds of the maize hybrid Valentina (provided by
RWA Slovakia). The experimental setup was described earlier (Fiala
et al., 2021). Briefly, surface sterilized seeds were germinated for 3 days
in darkness at 26 °C. Then, control seedlings were grown in Hoagland
solution under controlled conditions: Light/dark 16/8 h, temperature
24/22 °C, relative humidity 60 %, and light intensity 180 pmol m™2
sec”! of photosynthetically active radiation. Nickel treatment comprised
an additional 100 pM Ni (NiCl, x 6 H30). Silicon treatment included
2.5 mM Si (27 % SiO in 14 % NaOH). An alleviating effect was observed
by adding both 100 uM Ni and 2.5 mM Si. The pH of the nutrient solution
was adjusted to 6.2 with HCl, and the exposure lasted for 9 days. Then,
the apical segments of roots were collected, rapidly frozen in liquid ni-
trogen, and stored at 70 °C until analyzed.
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2.2. Sample preparation for the discovery proteomics

Aliquots of frozen root tips (100 mg fresh weight) were crashed in
plastic tubes by a bead-beating homogenizer cooled with liquid nitro-
gen. Proteins were isolated using phenol extraction protocol with
ammonium acetate precipitation, as described in the literature (Isaacson
et al., 2006). The final pellets, containing purified proteins, were solu-
bilized in buffer with detergent 4 % SDS, 100 mM Tris pH 7.6, and
100 mM dithiothreitol. Consequently, protein concentrations were
estimated by Pierce reducing agent-compatible BCA assay (Thermo
Scientific, MA, USA). Proteins were profiled by conventional 12 %
SDS-PAGE to verify the quality and consistency of extracts across rep-
licates and treatments.

Total protein extracts (50 pg) adjusted to 200 pL with urea buffer
(8 M urea in 50 mM ammonium bicarbonate) were digested with trypsin
using filter-aided sample preparation on Microcon Ultracel YM-10 cen-
trifugal filters (Sigma-Aldrich, MO, USA) (Distler et al., 2016). Before
digestion, the filters were washed with 50 mM ammonium bicarbonate.
Samples were incubated overnight at 37 °C with trypsin gold (Promega,
WI, USA) in the proportion 1:50 to total proteins and slightly acidified
by a few drops of 10 % trifluoroacetic acid. Consequently, the peptide
mixtures were purified on SEP PAK C18 light columns (Waters, UK) and
vacuum-concentrated. The concentration of peptides was measured
spectrophotometrically by nanoDrop 2000 (Thermo Scientific, MA,
USA) and adjusted to 100 ng pL™! with 0.1 % trifluoroacetic acid.

2.3. Relative label-free quantification

Complex peptide mixtures (300 ng) were separated using Acquity M-
Class UHPLC (Waters, UK). Firstly, samples were desalted and concen-
trated on the nanoEase Symmetry C18 trap column (20 mm length, 180
pm diameter, 5 pm particle size) (Waters, UK). Secondly, peptides were
comprehensively profiled on the nanoEase HSS T3 C18 analytical col-
umn (250 mm length, 75 pm diameter, 1.8 pm particle size) (Waters,
UK) using a 90 min gradient of 5-35 % acetonitrile with 0.1 % formic
acid at a flow rate of 300 nL min~!. Next, samples were nanosprayed by
PicoTip emitter (New Objective, MA, USA) with 2.9 kV capillary voltage
to the quadrupole time-of-flight mass spectrometer Synapt G2-Si (Wa-
ters, UK). The instrument with enabled ion mobility, which provided
additional gas-phase separation of ions, was tuned using parameters
described in the literature (Distler et al., 2016). Spectra were recorded in
a data-independent mode, high-definition MSE. Ions with 50-2000 m z!
were detected in both low-energy and high-energy channels. The
external standard Glul-Fibrinopeptide B was infused for mass
correction.

Compression and Archival Tool 1.0 (Waters, UK) reduced noise,
removing ion counts below 15. Subsequent processing was done in
Progenesis QI 4.1 (Waters, UK). Peaks were modeled with a low energy
threshold 400 counts and a high energy threshold 40 counts. Chro-
matographic elution profiles in low- and high-energy traces were
correlated to assign fragment ions to appropriate precursor ions. The
retention times of peaks were aligned to an automatically selected
reference chromatogram. Next, peak intensities were normalized to the
median distribution of all ions. The label-free quantification relied on
integrating peak areas of the three most intense precursor peptides.
Arcsinh transformation of data was done before statistics. We used Ion
Accounting 4.0 (Waters, UK) search algorithm for protein identification.
Spectra were searched against maize proteome sequences downloaded
from UniProt in November 2019 (99,253 entries, uniprot.org). Search
parameters were: (i) one trypsin miscleavage, (ii) fixed carbamido-
methyl cysteine, (iii) variable oxidized methionine, (iv) automatic mass
tolerance, (v) 4 % false discovery rate against the randomized database.
Protein hits having unique peptides were accepted if at least two reliable
peptides (score > 5.81, mass accuracy < 20 ppm) matched the sequence.



O. Lakhneko et al.
2.4. RNA isolation and qPCR

RNA was isolated from the 50 mg root sample using RNeasy Plant
Mini Kit (Qiagen, Germany). Subsequently, 1 ug of the total RNA sample
was treated by DNase I, RNase-free (Thermo Scientific, MA, USA). cDNA
synthesis was performed using FIREScript RT cDNA synthesis Kit (Solis
BioDyne, Estonia). qPCR reaction mixture contained FastStart SYBR
Green Master (Roche, Switzerland), gene-specific forward and reverse
primers 0.5 mM each (Microsynth AG, Switzerland), and 10 % of the
final volume of cDNA sample. Primer sets for the selected genes were
designed, and their specificity was checked using Primer-BLAST, ncbi.
nlm.nih.gov/tools/primer-blast/ (Table S1). The 3-stage qPCR reaction
(95°C 10, 52/58/60 °C 20 s, 72 °C 20 s, 45 cycles) was run in Light-
Cycler 96 System (Roche, Switzerland). The amplification was validated
at the melting stage; only results providing a single peak were consid-
ered. The coefficient of amplification efficiency for each pair of primers
was determined by 3-fold serial dilutions, and primers with an efficiency
90-115 % were considered. Gene expression was calculated using four
biological and three technical replicates through Pfaffl equation (Pfaffl,
2001). Three reference genes, elongation factor 1-a, p-tubulin 7, and
cyclophilin (Y. Lin et al., 2014), were used for normalizing qPCR data
based on the geometric mean (Vandesompele et al., 2002).

2.5. Enzymatic activity assays

For glutathione S-transferase (GST) activity measurement, the crude
extract was prepared using 25 mg of fine homogenized root powder
mixed with 300 pL of extraction buffer (0.1 M phosphate buffer pH 7,
1 mM PMSF, and 1 % PVPP). Glutathione S-transferase activity was
determined by binding with 1-chloro-2,4-dinitrobenzene (CDNB). The
change in absorbance was measured at 340 nm (¢340 = 9.6 mM 'em™h
for 5 min using microplate reader Synergy H (Agilent, CA, USA)
immediately after adding the CDNB to the reaction mixture (Czékus
et al., 2020).

For lipoxygenase (LOX) activity measurement, the crude extract was
obtained from 25 mg of root tissue in 50 pL of bidistilled water. The
debris was separated by centrifugation at 12,500 x g for 15 min, 4 °C.
Lipoxygenase activity was measured by mixing 1 pL of crude extract,
200 pL 50 mM sodium phosphate buffer pH 7.0, and 5 uL. 10 mM linoleic
acid emulsified in 0.36 % Tween-20 (Marenco et al., 1995). The change
in absorbance at 234 nm (e234 = 25 mM~! cm’l) was recorded
immediately after adding linoleic acid and after 10 min. Enzymatic ac-
tivities were calculated relative to protein content in extracts measured
employing Pierce Bradford protein assay (Thermo Scientific, MA, USA).

2.6. Carbohydrate content estimation

The fresh samples of the maize roots were lyophilized in freeze-dryer
Beta 2-8 LSCplus (Christ, Germany) for 48 h. Next, the samples were
weighted and extracted with 50 % methanol in the 2 mg mL™! propor-
tion. The samples were sonicated with Sonorex TK 22 (Bandelin, Ger-
many) for 5 min, vortexed, and extracted overnight. Then, 300 uL of
each extract was transferred into the vial and evaporated in block heater
SBH130D (Stuart, UK). The dried extracts were derivatized by trime-
thylsilylation (TMS) with 100 pL Silylating mixture I according to
Sweeley (Sigma-Aldrich, MO, USA) by incubation in a block heater at 80
°C for 30 min. After the vials cooled down, chloroform was added to
1 mL. Per-O-acetyl-arabitol (arabitol pentaacetate, Carbosynth, UK) was
chosen as an internal standard because it was acetylated, undetectable in
the extracts, did not increase the run time or interfere with the peaks of
TMS fructose, glucose, myo-inositol, and sucrose. An aliquot of 5 uL of
10 mg mL! internal standard was added into each vial with extract and
vortexed.

Samples were analyzed by gas chromatography coupled with mass
spectrometry (GC-MS) on ITQ 900 (Thermo Scientific, MA, USA) with
electron ionization using standard 70 eV electron energy, emission
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current 25 pA, and ion source temperature 200 °C. Trace GC Ultra
(Thermo Scientific, MA, USA) was equipped with a TG-SQC capillary
column containing 5 % phenyl methylpolysiloxane (30 m length, x
0.25 mm diameter, x 0.25 pm particle size) (Thermo Scientific, MA,
USA). Helium with flow rate 0.4 mlL min™ was used as mobile phase,
and the temperature program was: 4 min at 80 °C, 8 °C min~! to 160 °C
(4 min hold), 4 °C min! to 250 °C (15 min hold). External standards of
targeted compounds (fructose, glucose, myo-inositol, and sucrose, all
Carbosynth, UK) were prepared as described above with TMS derivati-
zation (200 pL of Silylating mixture I). The compounds were identified
in samples, comparing the mass spectra and retention times with stan-
dards. The quantified areas of the compounds in samples were converted
according to the coefficients of areas of the same amount of internal
standard and corrected for external standards.

2.7. Statistical analysis and visualization

Statistical analysis of non-proteomic data was done in Prism 9.3
(GraphPad, CA, USA) using ANOVA followed by Tukey’s posthoc test.
Proteomic data were evaluated in Perseus 1.6.15 (maxquant.net/
perseus/) with the same statistical tests. Additionally, a principal
component analysis was done. Next, we performed hierarchical clus-
tering on Z-score normalized means with Euclidean distance and k-
means preprocessing.

3. Results and discussion

Proteome profiling of corn roots allowed the identification and
quantification of 3545 proteins (Table S2a). However, only 47 of them
were differentially abundant (ANOVA P < 0.05) with effect size at least
50 % across all experimental treatments, indicating a minor effect of
metal, mineral, and their combination (Table S2b). The principal
component analysis confirmed sufficient reproducibility within the
dataset (Fig. 1a). Differentially abundant proteins were grouped in 3
clusters: (i) ‘Ni high’—24 proteins; (ii) ‘Ni low’—17; and (iii) ‘Ni high, Si
low’—6 (Fig. 1b and S1). Though, these clusters are somewhat hetero-
genic, such as a few proteins deviate from a characteristic abundance
pattern.

3.1. Role of proteins with higher abundance upon nickel application

3.1.1. Primary metabolism

The cluster ‘Ni high’ contains the substantial part of differentially
accumulated proteins with the highest effect size (Fig. 1b, Table 1 and
S2b). AOA1D6GWZ6 sucrose synthase (SuSy) in Ni+Si roots had a 29.0-
fold increase (P = 0.0198), and in Ni-treated samples had an 18.8-fold
increase (P = 0.0707) both versus control. Sucrose synthase (EC
2.4.1.13) is a glycosyl transferase that reversibly cleaves sucrose into
fructose and glucose (uridine diphosphate glucose or adenosine
diphosphate glucose) in sink tissues. Cell wall and plasma membrane
SuSy produces uridine diphosphate glucose for subsequent synthesis of
cellulose and callose (Stein and Granot, 2019). Arsenate toxicity
increased the activity of SuSy in the roots of rice seedlings and both
reducing and non-reducing sugar content (Choudhury et al., 2010).
Cadmium treatment did not affect hydrolyzing SuSy activity, but SuSy
synthesizing activity declined with increasing amount of cadmium in
18-day-old maize roots (Li et al., 2020); furthermore, enzyme synthe-
sizing activity declined only in a sensitive hybrid of maize at earlier
treatment points (Li et al., 2022). Another study with cadmium treat-
ment pointed to a variable change of SuSy activity in the roots of pea
(Pisum sativum)—increase on the 3rd day, decrease on the 5th day, and
no changes on the 7th day of treatment (Devi et al., 2007). B4FFZ9 oil
body-associated protein 1 A had a 2.2-fold higher abundance in Ni (P =
0.0832) and 3.2-fold higher abundance in Ni+Si (P = 0.0105) both
compared to the control. Oil body proteins cover specialized organelles,
protecting them from aggregation and regulating their size (Shao et al.,
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Fig. 1. Multidimensional statistical analysis of 47 differentially abundant proteins in roots of 12-day-old hydroponically grown maize seedlings after 9 days of
treatment: (a) Principal component analysis, and (b) accumulation profile within clusters. The experiment was conducted in 3 biological replicates. Hierarchical
clustering was performed on Z-score normalized means with Euclidian distance. Clusters were semantically named based on the similarity of accumulation profiles.

Ni refers to 100 uM Ni treatment, and Si refers to 2.5 mM Si treatment.

2019; Shimada and Hara-Nishimura, 2010). Oil body-associated pro-
teins class 1 are typically anchored with a hairpin in the endoplasmic
reticulum membrane and laterally diffuse until entering an emerging oil
body. Lipid-depositing organelles relieve endoplasmic reticulum stress
by correcting the lipid composition of its membrane and maintaining
protein homeostasis (Olzmann and Carvalho, 2019). The authors re-
ported an increased accumulation of oil bodies in cells of
cadmium-stressed roots of pea (Glowacka et al., 2019). Though there is
no clear evidence of an oil body-mediated defense mechanism in plants
in the presence of toxic metal, theories appeared for yeast and protozoa
(Moron et al, 2022; Rajakumar et al., 2020). A0OA1D6M6Z2
NADH-cytochrome b5 reductase (EC 1.6.2.2) accumulated 3.8-fold in
Ni+Si samples against control (P = 0.0279). This protein desaturates
and hydroxylates fatty acids (Liu, 2022). The authors showed that
NADH-cytochrome b5 reductase plays an important role in ATP

production and increasing levels of polyunsaturated fatty acids during
osmotic stress (Xiao et al., 2023). AOA1D6HL75 chloroplastic
ferredoxin-nitrite reductase accumulated 2.5-fold in Ni and Ni+Si
compared to the control (P = 0.0582 and P = 0.0635, respectively). This
protein (EC 1.7.7.1) catalyzes nitrite reduction to ammonium in the
nitrogen metabolism (Sanz-Luque et al., 2015). Nitrite reductase activity
is typically lower under heavy metal stress (Dinakar et al., 2009; Ghosh
et al., 2013). It will be interesting to explore the direct functional rele-
vance of SuSy and oil body-associated protein 1 A in Si protection from
Ni toxicity using knockout and overexpressor lines.

3.1.2. Metallothioneins and phytochelatins

P43401 EC (early cysteine-labeled) protein class II or zinc-containing
metallothionein had a massive 15.5-fold higher abundance in Ni+Si
compared to control (P = 0.0345), and a 7.2-fold increase in Ni against
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Table 1
Effect size for differentially abundant proteins.
UniProt ID Protein name Cluster Si/ Ni/ Ni+4Si/
C C C

AOA1D6GWZ6 Sucrose synthase Nit 8.9 18.8 29.0

P43401 EC prot. homolog Nit 4.3 7.2 15.5

AOA1D6M6Z2 NADH-cytochrome b5 Nit 2.0 2.9 3.8
reductase

Q49HE1 12-oxo-phytodienoic acid Nit 1.8 2.5 2.5
reductase

B4FFZ9 Oil body-associated prot. Nit 1.8 2.2 3.2
1A

AOA1D6GU17 Phenolic glucoside Nit 1.6 1.4 1.5
malonyltransferase 1

AO0A1D6K3GO DGS1 mitochondrial Nit 1.5 1.6 1.2

AOA1DG6FI21 Serine/threonine-prot. Nit 1.5 2.5 2.4
phosphatase

AOA1D6P4E8 Tryptophan synthase f Nit 1.5 1.9 1.8
type 2

AOA1D6HL75 Ferredoxin-nitrite Nit 1.5 2.7 2.5
reductase chloroplastic

C4JC43 Target of Myb prot. 1 Nit 1.5 1.7 2.7

AOA1D6IP09 BADH-like prot. Nit 1.4 1.7 2.2

B6T543 Histone H2A Nit 1.3 1.0 1.5

AOA1D6QQKS8 ABC transporter A fam. Nit 1.3 1.8 3.0
member 7

Q7Y037 Calcium-dependent prot. Nit 1.3 1.6 1.9
kinase 11

B4FSR6 Glutathione S-transferase Nit 1.3 1.3 1.5

AOA1D6HT66 Evolutionarily conserved Nit 1.3 1.6 1.8
C-terminal region 2

K7UQQ3 O-methyltransferase ZRP4 Nit 1.3 1.4 1.5

B7Z756 Glycosyltransferase Nit 1.2 1.5 1.7

A9LLX9 TERMINAL FLOWER 1 Nit 1.2 1.5 1.7

AOA1D6LRL7 Pectin lyase-like fam. prot. ~ Nit 1.2 1.5 1.3

K7WON1 Putative leucine-rich Nit 1.1 1.5 2.9
repeat receptor-like prot.
kinase fam. prot.

AOA1D6EZ64 Polygalacturonase NitSil 1.1 0.9 0.5
inhibitor 1

AOA1D6DVH5 Lipoxygenase NitSi) 1.1 1.8 1.0

AOA1ID6N1M9 Serine/arginine repetitive NitSi} 1.0 2.0 1.5
matrix prot. 2 isoform 4

AOA1D6KZK4 Cox19-like CHCH fam. NifSi| 1.0 1.1 0.6
prot.

AOA1D6LI77 Ras-related prot. RABD1 Ni| 1.0 0.8 0.7

B6SYU7 Cox19-like CHCH fam. NifSi| 1.0 1.2 0.7
prot.

C4J5Y0 C3HC4-type RING finger Nit 1.0 1.9 1.8
prot.

Q6A4M2 3-ketoacyl reductase GL8B  Ni| 0.9 0.5 0.8

K7TUR7 TRAF transcription factor Ni| 0.9 0.5 0.5

AOA1D6GVS9 Mitogen-activated prot. NitSil 0.9 1.4 0.7
kinase

AOA1D6PBP2 Glucose—6-phosphate 1- Nil 0.8 0.7 0.8
dehydrogenase

AOA1D6PGW9  Methionyl-tRNA Ni} 0.8 0.6 0.6
synthetase

AOA1D6MRO04 Pentatricopeptide repeat- Nil 0.8 0.6 0.6
containing prot.
mitochondrial

B6TME6 MICOS complex subunit Ni| 0.7 0.6 0.8
Micl0

AOA1D6FEM7 Reverse transcriptase Ni| 0.7 0.6 0.8
domain-containing prot.

AOA1D6DSN8 40S ribosomal prot. S4-3 Ni| 0.7 0.5 1.1

AOA1D6POBS5 RING-type E3 ubiquitin Ni| 0.7 0.5 0.4
transferase

AOA1D6FFA1 Enhancer of polycomb- Nil 0.7 0.6 0.6
like transcription factor
prot.

AOA1D6HZIO RNA-binding prot. CP31B Ni| 0.6 0.5 0.9
chloroplastic

AOA1D6L9B5S Histidine acid Ni| 0.6 0.7 0.7
phosphatase

AOA1D6K3D9 p-Adaptin-like prot. Ni| 0.5 0.6 0.5

Q6VB92 B-Glucanase NifSi| 0.5 1.7 0.9
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Table 1 (continued)

UniProt ID Protein name Cluster  Si/  Ni/ Ni+Si/
C C C
AOA1D6GCV9 EXPORTIN 1 A Nil 0.5 0.3 0.5
AOA1D6EI24 ERAD-associated E3 Nil 0.4 0.3 0.4
ubiquitin ligase HRD1A
AOA1D6K873 3-Hydroxyisobutyryl-CoA Ni| 0.3 0.2 0.5
hydrolase-like prot. 2
mitochondrial

Footnote Nit—‘Ni high’; Ni|—Ni low’; Ni1Si|—‘Ni high, Si low’; C—Control;
Si—2.5 mM Si treatment; Ni—100 pM Ni treatment; Ni+Si—combined expo-
sure; fam.—family; prot.—protein. Bold ratios indicate significant differences in
the respective comparison (Tukey’s test P < 0.05).

control (P = 0.2063). Metallothioneins are well-known for their role in
heavy metal detoxification by chelation inside the cell (Patankar et al.,
2019). Several works described elevated expression in roots and pro-
tection from heavy metal toxicity (Konieczna et al., 2023; Pan et al.,
2018; Zhou et al., 2014). Apparently, plants in combined treatment
synergistically accumulated EC metallothionein class II. Of note,
B4FSR6 GST class T accumulated 1.5-fold in Ni+Si compared to control
(P = 0.0273). Glutathione S-transferase (EC 2.5.1.18) catalyzes the
conjunction of toxic compounds with glutathione (Chronopoulou et al.,
2014). Heavy metals, including Ni, induced expression of GST genes in
rice seedling roots (Lin et al., 2013). Furthermore, overexpression of
GST enhanced tolerance to cadmium (Dixit et al., 2011; Liu et al., 2013).
Upregulation of GST gene induced synthesis of phytochelatins for
detoxification of excessive copper (Lim et al., 2005). Glutathione
S-transferase detoxification might be critical for mediating the protec-
tive action of Si.

3.1.3. Restructuring plasma membrane transporters

AOA1D6QQKS8 ABC transporter A family member abundance spiked
in Ni+Si roots 3.0 times versus control (P = 0.0031) and 2.3 times
compared to Si (P = 0.0125). ABC transporters are essential for allevi-
ating heavy metal toxicity (Feng et al., 2020; Fu et al., 2019). Of note,
each plant species may have an individual expression pattern of various
types of ABC transporters under different toxic metals (Naaz et al.,
2023). Accumulation during combined treatment suggests that Si acti-
vates specific routes combating Ni toxicity with a unique role of ABC
transporter A. Under Ni+Si treatment, C4JC43 target of Myb protein 1
accumulated 2.7-fold against control (P = 0.0037) and 1.9-fold against
Si (P = 0.0404). The mammalian target of Myb protein 1 (TOM1) con-
tributes to loading the endosomal sorting complex required for transport
in the cytosol (ESCRT-0) (Mosesso et al., 2019). Plant orthologue
TOM1-like proteins (TOLs) show functional analogy to ESCRT-0 acting
as a ubiquitin receptor and mediating vacuolar degradation of plasma
membrane cargos, contributing to the regulation of protein abundance
and their localization at the plasma membrane (Moulinier-Anzola et al.,
2020). Still, little is known about the process, though the role in stress
response was discussed (Gao et al., 2017). Higher abundance in com-
bined exposure might indirectly reflect an active restructuring of
membrane transporters, a plausible mechanism of Si mitigation effect.

3.1.4. Glycine betaine synthesis

AOA1D6IP09 BADH-like protein had 2.2-fold elevated abundance in
Ni+Si compared to control (P = 0.0166). Interestingly, Ni-treated plants
had a non-significant increase with a lower effect size—1.7-fold (P =
0.1275). Betaine aldehyde dehydrogenase (BADH, EC 1.2.1.8) is a key
enzyme of glycine betaine synthesis, which accumulation, enabling
tolerance, was reported under abiotic stresses (C. Yang et al., 2015).
However, there is scarce evidence of the accumulation of glycine betaine
under heavy metal stress—authors showed that cadmium but not zink
increased the level of BADH transcripts in roots of seashore mallow
(Kosteletzkya pentacarpos) (M.-X. Zhou et al., 2019). We propose that Si
amendment intensified the glycine betaine-mediated mitigation route.
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3.1.5. Signaling and splicing

K7WO9N1 putative leucine-rich repeat receptor-like protein kinase
accumulated 2.8-fold during Ni+Si versus control (P = 0.0323) and
versus Si along (P = 0.0314). Leucine-rich repeat receptor kinases (LRR-
RKs) are receptor molecules that relay signals during developmental
processes and stress perception (Soltabayeva et al., 2022). They are
involved in signal transduction under heavy metal stress (He et al.,
2019). AOA1D6N1M9 serine/arginine repetitive matrix protein 2 iso-
form 4 accumulated 2-fold in Ni-treated roots (P = 0.0381), while
combined treatment lowered its abundance almost to the level of control
plants. This protein is a part of the family of serine/arginine-rich pro-
teins regulating alternative spacing (Rosenkranz et al., 2021; Xu et al.,
2022). The vital role of alternative splicing proteins under abiotic
stresses was already described, particularly under cadmium stress (Butt
et al., 2022; Laloum et al., 2018; Ling et al., 2021). We interpret that
reverted to the control level abundance of this stress-related protein in
combined exposure highlights Si mitigation of Ni toxicity.

3.2. Role of proteins with lower abundance upon nickel application

The most significant change in cluster ‘Ni low’ belonged to proteins:
AOA1D6DSN8 40S ribosomal protein S4-3, Q6A4M2 3-ketoacyl reduc-
tase GL8B, AOA1D6GCV9 EXPORTIN 1 A, AOA1D6K873 3-hydroxyiso-
butyryl-CoA hydrolase-like protein 2 mitochondrial, AOA1D6P0OB5
RING-type E3 ubiquitin transferase, and AOA1D6EI24 ERAD-
associated E3 ubiquitin ligase HRD1A (Fig. 1b, Table 1 and S2b).

3.2.1. Protein synthesis and degradation

40S ribosomal protein S4-3 had about a 2-fold decrease in Ni against
control (P = 0.0506). Combined treatment returned the values to the
level of control. Emerging data suggests that constituents of ribosomes
can fluctuate, adapting to stresses (Salih et al., 2020). The role of
particular subunits during stress is not completely clear. However, some
studies speculate on selective translation during various treatments, and
our findings support this hypothesis (Fakih et al., 2023; Ramos et al.,
2020). The abundance of RING-type E3 ubiquitin transferase (ligase)
was about 2 times lower in Ni (P = 0.0333) and Ni+Si (P = 0.0143)
samples than in control—supplement of Si did not alter its level. RING
E3 ubiquitin transferase is a crucial enzyme of ubiquitination machinery
that participates in root development (Shu and Yang, 2017). During
abiotic stresses, its accumulation may be controlled through abscisic
acid, ethylene, or mitogen-activated protein kinase (MAPK) signaling
pathways (Han et al., 2022). Overexpression of specific RING E3 ligases
induced aluminum and cadmium tolerance by indirectly decreasing a
heavy metal amount in shoots and roots (Ahammed et al., 2021; Qin
et al.,, 2017). ERAD-associated E3 ubiquitin ligase HRD1A abundance
declined 3.8 times under Ni treatment (P = 0.0002) and 2.7 times under
Ni+Si treatment against control (P = 0.0012). Endoplasmic
reticulum-associated degradation (ERAD) is a mechanism to control
misfolded proteins via proteasome-mediated degradation, whereas E3
guides client proteins to the machinery. It is required for normal plant
growth and development and for adapting to environmental stresses
(Liu et al., 2021). Researchers showed that in Arabidopsis, HRD1
negatively regulated heat tolerance and accumulation of cuticular lipids
(Li et al., 2017; Wu et al., 2021). Thus, a lower abundance of 2 E3
ubiquitin ligases in maize roots in our study may indicate that Ni-treated
plants were sensitive to the exposure and Si only partially alleviated
such harmful effect.

3.2.2. Lipid metabolism

3-ketoacyl reductase GL8B declined 2 times in Ni-treated samples (P
= 0.0358), and Si supplement reversed accumulation to the level in
control. This protein is a part of fatty acid elongase required for the
biosynthesis of very long-chain fatty acids (Dietrich et al., 2005). Our
data indicate that Ni stress impacts fatty acid biosynthesis in maize
roots, while Si alleviates this effect. Mitochondrial
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3-hydroxyisobutyryl-CoA  hydrolase-like protein 2 abundance
decreased 5 times in Ni-treated samples (P = 0.002). Combined treat-
ment (Ni+Si) balanced its level—only 2.2 times lower than control (P =
0.0992). This protein is involved in the catabolism of branched-chain
amino acids (particularly valine and isoleucine), and its over-
expression may lead to their enhanced degradation and higher tri-
acylglycerol content (Pan et al., 2017). Apparently, this process is
inhibited in young maize roots.

3.2.3. Nuclear export

The abundance of EXPORTIN 1 A was considerably reduced in Ni
samples, while the effect size was less pronounced in combined
treatment—3.7- and 2-fold decline compared to control, respectively (P
=0.0086 and P = 0.284). This protein maintains protein export from the
nucleus (Haasen et al., 1999). Overexpression of rice EXPORTIN 1 led to
impaired development but improved salt and drought tolerance
compared to a wild type (Peng et al., 2023). Another study showed that
EXPORTIN 1A directly interacts with histone deacetylase HDA6 in
Arabidopsis (Arabidopsis thaliana), thus contributing to epigenetic
regulation (Zhu et al., 2019). The role of EXPORTIN 1A in Ni-induced
stress in maize roots remains enigmatic.

3.3. Functional implications of proteins induced by nickel and less
abundant in combined treatment

The smallest cluster ‘Ni high, Si low’ contained: AOA1ID6DVH5 LOX,
Q6VB92 fB-glucanase, B6SYU7 and AOA1D6KZK4 Cox19-like CHCH
family proteins, AOA1D6GVS9 MAPK, and AOA1D6EZ64 poly-
galacturonase inhibitor 1. These six proteins were less abundant in
combined treatment than in metal application (Fig. 1b), and the fold
change varied from 1.7 to 2.0 (Table 1 and S2b).

3.3.1. Signal transduction

Lipoxygenase was 1.8-fold more abundant in Ni samples (P =
0.0755), while in Ni+Si treatment, it declined below the control level.
Lipoxygenases (EC 1.13.11.12) oxygenate polyunsaturated fatty acids,
typically linoleic and linolenic acids, forming lipid hydroperoxides that,
in turn, act as signaling molecules. Lipoxygenase may be a marker of
plant stress tolerance (Singh et al., 2022). This enzyme accumulated in
wheat organs upon lead treatment (Navabpour et al., 2020). Further-
more, the critical role of LOX activity in root radial expansion was
shown under cadmium-induced stress (Alemayehu et al., 2013). The
authors also proposed that upregulated LOX activity in barley (Hordeum
vulgare) roots in the presence of cadmium is a component of stress
response rather than responsible for damaging lipid peroxidation
(Liptakova et al., 2013). Mitogen-activated protein kinase was 2 times
less abundant in Ni+Si samples versus Ni samples (P = 0.0043), while
the difference between Ni-+Si and control was less substantial (1.5-fold
decline, P = 0.078). It is a part of a signaling cascade where MAPK is
phosphorylated and activated by MAPK kinase (MAPKK) and then
phosphorylates other substrates (e.g, transcription regulators, other
kinases) (Opdenakker et al., 2012). Typically, the level of transcripts of
MAPK genes and protein accumulation increases quickly after metal
exposure (Agrawal et al., 2002; Majeed et al., 2023). Also, variable ac-
tivity and protein accumulation patterns were shown in alfalfa (Medi-
cago sativa) roots under copper and cadmium exposure: MAPK increased
after the treatment started and then decreased (Jonak et al., 2004).
Thus, a somewhat lower abundance of both signaling proteins in our
combined treatment is logical at the later 9th day of exposure.

3.3.2. Plasmodesmata and cell wall permeability

The abundance of f-glucanase had the same pattern as LOX—1.7-
fold increase in samples treated with Ni (P = 0.2359) and normalization
to control level in Ni+Si. p-1,3-Glucanases regulate the hydrolysis of
B-1,3-glucan  polymer—callose—thus controlling plasmodesmata
permeability, particularly in roots suffering from metal toxicity
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(Bardacova et al., 2016; Pirselova et al., 2012; Sun et al., 2019). Another
group showed that heavy metal stress-related p-glucanase decreased
callose deposition in response to copper and iron combating inhibition
of primary root growth (O’Lexy et al., 2018). Overexpression of f-glu-
canase in Arabidopsis reduced the deposition of aluminium and callose
in the roots, increasing tolerance (Zhang et al., 2015). Combined
treatment reduced the abundance of polygalacturonase inhibitor 1
about 2 times compared with all other treatments (P < 0.0335). Inter-
estingly, plant polygalacturonase-inhibiting proteins are described as
exclusively extracellular proteins of plant immunity system recognizing
and suppressing fungal polygalacturonases, which, in turn, cleave pectin
in host cell walls, facilitating infection (Chiu et al., 2021; Kalunke et al.,
2015). However, plants, particularly maize, possess their own poly-
galacturonases, with the described transient expression in pollen (Lu
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etal., 2021; Rhee et al., 2003). One study showed that overexpression of
a polygalacturonase gene caused higher aluminium deposition in the
root elongation zone. Thus, the authors suggested that regulating pectin
distribution in the root elongation zone impacts aluminium tolerance
(Nagayama et al, 2022). Another study on maize genes bio-
informatically screened and identified a polygalacturonase inhibitor
gene with root-preferable expression (Li et al., 2019). We provided the
first experimental insight into the role of polygalacturonase inhibitors
and, indirectly, polygalacturonases in cell wall permeability of roots
during Ni stress. Contrasting abundance of p-glucanase and poly-
galactouronase inhibitor 1 in our data—higher upon Ni exposure yet
lower in Ni+Si treatment—might indicate absence of substantial stress
in combined experiment.
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Fig. 2. Relative expression of the targeted genes normalized to value in control samples: (a) Lipoxygenase, (b) p-glucanase, (¢) mitogen-activated protein kinase, (d)
AOA1D6KZK4 Cox19-like CHCH family protein, (e) B6SYU7 Cox19-like CHCH family protein, (f) polygalacturonase inhibitor 1, (g) EC protein homolog, (h) sucrose
synthase, and (i) glutathione S-transferase. Roots of 12-day-old maize seedlings were collected after 9 days of treatment. Graphs show means and standard errors of 4
biological replicates. No significant differences were revealed by ANOVA, P < 0.05. Ni refers to 100 pM Ni treatment, and Si refers to 2.5 mM Si treatment.
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3.3.3. Metallochaperones

The accumulation of two Cox19-like CHCH family proteins, B6SYU7
and AOA1D6KZK4, showed a similar pattern—1.7-fold lower abundance
in combined treatment (P = 0.0146 and P = 0.0273, respectively)
compared with Ni. Cytochrome c oxidase (COX, EC 7.1.1.9) is the last
electron acceptor that controls respiration, contributing to redox and
lipid homeostasis. Furthermore, COX includes different modules
(Mansilla et al., 2018). Particularly, COX19 is an assembly factor
responsible for the insertion of copper. Arabidopsis roots with sup-
pressed COX19 serving as metallochaperone were sensitive to copper
and iron (Garcia et al., 2019). The study of Arabidopsis COX genes
revealed 2 of them, AtCOX19-1 and AtCOX19-2, encoding COX19
protein, and AtCOX19-1 expression was triggered by the copper, zinc,
and iron treatment (Attallah et al., 2007b). Other reports from these
groups supported a hypothesis about the essential role of COX19 met-
allochaperones under excessive metal toxicity, particularly in roots
(Attallah et al., 2007a; Garcia et al., 2016). Our data indicates that
COX19-like proteins are not critical for Si-enhanced Ni tolerance at the
later exposure phase in maize roots.

3.4. Relative gene expression indicated that protein abundance was not
transcriptionally regulated

Based on proteomic profiling (Fig. S2), 9 genes were selected for
measuring relative expression patterns—6 from the cluster ‘Ni high, Si
low’ (LOX, B-glucanase, 2 Cox19-like CHCH family proteins, MAPK, and
polygalacturonase inhibitor 1), 2 based on substantial change in effect
size across experimental conditions (SuSy and EC protein homolog or
metallothionein), and GST showing abundance pattern similar to the last
2 (Fig. 2). Estimation of relative expression after 9 days of exposure
failed to detect significant changes among root samples, contrasting
proteomic data. The most notable change was observed in the expression
pattern of polygalacturonase inhibitor 1, SuSy, and EC protein homolog.
Specifically, Ni-treated samples (Ni alone and combined with Si) had a
decline of polygalacturonase inhibitor 1 (Fig. 2f) expression 2.7 (P =
0.1991) and 3.0 times (P = 0.1296), respectively, in comparison with
control, largely concordant with protein abundance. Relative expression
of EC metallothionein decreased 3.9 times in combined treatment (P =
0.6008) against control and 5.5 times versus Si (P = 0.2788) (Fig. 2g),
almost opposite to protein accumulation data. In Ni+Si treated roots,
SuSy expression was 2.4 times lower than in control (P = 0.4174) and
2.6 times decreased against Si (P = 0.3200) (Fig. 2h). Similar proportion
was characteristic for Ni treatment, largely discordant with protein
abundance. Of note, comparable MAPK transcription levels among the
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samples (Fig. 2c) after 9 days of Ni exposure align with the previous
observation during copper and cadmium stress. Researchers reported its
quick induction yet returning to control levels during longer exposure
(Agrawal et al., 2002; Jonak et al., 2004). Similarly, cadmium-treated
roots showed elevated transcription of cytosolic LOX1 after 24 h of
treatment (Smeets et al., 2008). Such a low correspondence between
mRNA expression level and protein abundance may be explained by
different half-lives of mRNA and proteins (Haider and Pal, 2013).

3.5. Corn roots showed modified glutathione S-transferase activity

Proteomic profiling revealed a statistically significant 1.5-fold
accumulation of GST in samples treated both with Ni and Si compared
to control. Then, targeted measurement confirmed a considerable 1.9-
fold (P = 0.0483) boost of GST activity in Ni+Si samples versus non-
treated ones (Fig. 3a). Of note, the expression level of the coding gene
remained largely stable.

The activity of LOX (similar to gene expression data) did not reflect
the protein abundance alteration in exposed samples against control
(Fig. 3b). Conversely, the study on eggplant (Solanum melongena)
showed elevated activity of LOX in Ni-stressed leaves and confirmed the
mitigating effect of NO by a slight reduction of enzymatic activity
(Soliman et al., 2019). Another work showed an increase of LOX activity
in tomato (Solanum lycopersicum) during Ni treatment and a slight pro-
tective effect upon applying endophytic bacteria (Badawy et al., 2022).

3.6. Silicon application somewhat reduced nickel-induced accumulation
of soluble sugars

Remarkable accumulation of SuSy in Ni and Ni+Si treated samples
motivated testing content of soluble sugars. Overall, samples with Ni
(metal along and combined treatment) showed higher fructose, glucose,
and sucrose content. Specifically, fructose content increased 7.6 times (P
= 0.0138) in Ni and 5.6 times (P = 0.0919) in Ni+Si against control
(Fig. 4a). Glucose accumulated in samples with Ni—3.9 times (P =
0.0004) and Ni+Si—3.5 times (P = 0.0014) compared to control
(Fig. 4b). The increase in sucrose content was even more sub-
stantial—12-fold in Ni (P = 0.0689) and 10-fold in Ni+Si (P = 0.1566)
versus control (Fig. 4c). While Si alone caused no change in the content
of all measured sugars. Apparently, the transport of sucrose to roots
increased to fulfill energy needs, and reversible cleavage of sucrose
dominated (Stein and Granot, 2019). Conversely, cadmium treatment
caused no change in fructose, glucose, and sucrose content in 18-day-old
maize roots (C. Li et al., 2020). While in a follow-up study exploring the
Ni+Si
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Fig. 3. Enzymatic activity assays: (a) Glutathione S-transferase and (b) lipoxygenase. Roots of 12-day-old maize seedlings were collected after 9 days of treatment.
Graphs show means and standard errors of 4 biological replicates. Data were evaluated by ANOVA followed by Tukey’s test. P-values for significant pairs are

depicted. Ni refers to 100 uM Ni treatment, and Si refers to 2.5 mM Si treatment.
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Fig. 4. Content of soluble sugars: (a) Fructose, (b) glucose, (c) sucrose, and (d) myo-inositol. Roots of 12-day-old maize seedlings were collected after 9 days of
treatment. Graphs show means and standard errors of 4 biological replicates. Data were evaluated by ANOVA followed by Tukey’s test. P-values for significant pairs
are depicted. Ni refers to 100 pM Ni treatment, and Si refers to 2.5 mM Si treatment. DW is dry weight.

dynamics of soluble sugars accumulation, the authors showed a lower
magnitude of changes in tolerant hybrid, contrasting remarkably
increased levels of total sugars, sucrose, fructose, and glucose on the 9th
day in the roots of sensitive one (C. Li et al., 2022). The concentration of
total sugars in soybean (Glycine max) roots progressively declined upon
application of higher concentrations of copper, chromium, and Ni (Duan
et al., 2020).

We detected a non-significant 2.9-fold increase of myo-inositol level
upon applying Ni versus control (P = 0.4804) (Fig. 4d), whereas, in
combined treatment, sugar content was only slightly higher than con-
trol. Myo-inositol is a product of a glucose-6-phosphate conversion and a
substrate for cell wall pectin biosynthesis (Loewus and Murthy, 2000).
Recent reports indicated its role in response to abiotic stresses (Hu et al.,
2020). Foliar application of myo-inositol alleviated salt stress in quinoa
(Chenopodium quinoa), reducing ROS content, inducing antioxidant
enzyme activities, and improving membrane stability (Al-Mushhin et al.,
2021). The tolerant lentil (Vicia lens) cultivar accumulated myo-inositol
under drought treatment, whereas the susceptible genotype showed the
opposite trend (Foti et al., 2021). Myo-inositol-1-phosphate synthase

(catalyzing dephosphorylation of myo-inositol-1-phosphate to myo-ino-
sitol) from golden rain tree (Koelreuteria paniculata) contributed to
cadmium tolerance. Overexpressing plants accumulated pectin,
captured more toxic metal in root cell walls, and decreased its transport
to aboveground parts (Zhou et al., 2024). Overall, our data showed that
metal, mineral, or combined exposure did not induce substantial detri-
mental biochemical changes in maize roots, contrasting the remarkable
inhibition of root length in Ni and Ni+Si conditions (Fiala et al., 2021).

4. Conclusions

Comprehensive proteomic analysis of root tips suggested plausible
mechanisms of Si mitigation effect during Ni toxicity: Chelation by
metallothioneins, detoxification by glycine betaine, and restructuring of
plasma membrane transporters. A lower abundance of 2 E3 ubiquitin
ligases and 40S ribosomal protein in young maize roots could indicate
that Ni affects protein synthesis and degradation and Si only partially
alleviates toxicity of excessive metal. The role of glutathione-S-
transferase detoxification, plausibly through phytochelatins, in
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combined treatment was further confirmed by enzymatic activity assay.
Reactive accumulation of sucrose synthase and corresponding soluble
sugars in Ni and combined treatment suggests high energy requirement
under both metal stress and its mitigation. Of note, relative gene
expression data of selected coding genes showed marginal concordance
with proteomic data, indicating posttranscriptional regulation. We
opened avenues for follow-up studies on functional validation of the
proposed mitigation mechanisms. Such new knowledge is another step
toward the scientifically-backed use of Si for protecting crops grown in
metal-contaminated soils.
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