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Abstract

Purpose: The aim of this study was to investigate the role of silicon (Si) in counteracting a cadmium (Cd) stress to pea
plants (Pisum sativum L.) and to identify the mechanism by which Cd is bound within pea roots. Methods: These goals
were achieved through (i) a histochemical study of Cd localization in pea roots, (ii) spectrophotometric determination of
pectin content and the activity of pectin methylesterase (PME), (iii) speciation of Cd extracted from pea roots conducted
through size exclusion chromatography (SEC) and inductively coupled plasma mass spectrometry (ICP/MS). Results:
Cd was found mainly in the root stele of the Cd-stressed plants. The pectin content and PME activity were lower in the
Cd-stressed plants, but Si supplementation reversed these effects. Selectivity was noticed in Cd extraction efficiency with
water being the least effective and enzymatic-assisted extraction proving to be the most effective. Speciation analysis
revealed significant heterogeneity in molar mass, ranging from approximately 295 to 95 kDa. Galacturonic acid was
identified the dominant species responsible for Cd binding. The choice of solvent for extraction markedly influenced the
Cd binding profile, indicating shifts in the distribution of species’ molar mass and their relative concentrations in extracts.
Conclusions: Si alleviates Cd toxicity in pea plants, and one of the mechanisms through which it operates involves
increasing pectin levels and PME activity. Pectin plays an active role in Cd detoxification in the root cell walls, forming
electrostatic bonds with Cd cations through its carboxyl groups.
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Phytotoxicity caused by many different biotic and abiotic

factors leads to the general deterioration of plant growth
and development. Environmental contamination with heavy
metals such as cadmium (Cd) is an example of an abiotic
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factor. Cd contamination is particularly concerning due to
the high toxicity of this metal and is one of the most widely
discussed types of soil pollution (El Rasafi et al. 2022;
Gill and Tuteja 2011; White and Brown 2010). Due to its
chemical similarity to zinc ions, Cd can replace them in
metabolic processes, negatively affecting plant metabolic
pathways (Clemens 2006). Plants naturally have systems
for metal bioaccumulation in the roots and mechanisms to
reduce the metal’s toxicity (Clemens 2006). Nevertheless,
most plants exhibit visible symptoms of Cd toxicity when
the total Cd concentration in the soil exceeds 8 mg/kg, or
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the bioavailable Cd concentration becomes>0.001 mg/kg,
or the Cd concentration in the plant tissue reaches 3—30 mg/
kg (Dutta et al. 2021). It has been shown that a Cd con-
tent in the dry matter of the plant greater than 110.6 mg/
kg depresses the growth of the plant by about 50% (Khalid
et al. 2019). For example, the Cd content in the dry mat-
ter of Pisum sativum grown in perlite, exceeding 7.84 mg/
kg delays the flowering time and inhibits seed production
(Gtowacka et al. 2022). In our previous study, the Cd con-
tent was determined in the roots and shoots of peas grown in
hydroponics at 281 mg/kg and 63 mg/kg, respectively, after
7 days of treatment with 50 pM CdSO,. This indicates that
peas especially accumulate Cd in their underground parts
and possess defence mechanisms that ensure a relatively
low translocation index (Orzot et al. 2022).

Complexation of Cd with various molecular, naturally
synthetized species is a well-known detoxification mecha-
nism present in plants. Cd tends to form complex-type com-
pounds with electronegatively charged donors with a free
electron pair, such as sulphur (from S-S and S-H groups
present in peptides, for example) (Pons et al. 2021), oxygen-
donors (from the carboxylic groups) and nitrogen-donor
species (Bernabeu de Maria et al. 2023) primarily due to
electrostatic attraction. Cd could be incorporated in soluble
and insoluble fractions in plant tissues. When it is present
in soluble cytosolic fraction, it has been shown that Cd can
bind to phytochelatins (PCs) (Vacchina et al. 1999), which
are specific sulphur-rich oligopeptides synthesized by plants
in response to stress (Cobbett 2000). It was found that other
divalent ion, lead, is strongly bound to insoluble (in water)
cell wall compounds in P, sativum (Piechalak et al. 2002). In
similar research, it was showed that Cd associates with pec-
tins, cellulose, and lignin species having molecular weights
higher than 12 kDa (Baratkiewicz et al. 2009). Cd is also
present in a complexed form with malate in plant leaves
(Ueno et al. 2005).

The plant cell wall serves as a critical defence against
toxic substances, particularly heavy metals such as Cd, by
acting as both a physical barrier and a binding site (Guo
et al. 2021). Composed of a complex network of polysac-
charides including pectins, cellulose, and hemicellulose,
the cell wall plays a pivotal role in adsorbing and retaining
heavy metals. Studies indicate that up to 85% of Cd can be
sequestered in the pectins and hemicellulose fractions of the
cell wall, significantly restricting the translocation of Cd to
the plant’s shoots (Yu et al. 2020). Pectin, a major constitu-
ent of the cell wall, is primarily made up of galacturonic
acid residues that impart a high negative charge, enhancing
its capacity to bind metal ions such as Cd. The activity of
pectin methylesterase (PME) is crucial in this context as it
modifies pectins by reducing its degree of methyl esterifica-
tion, thereby increasing the availability of free carboxylic
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groups. This increase in negative charge density within the
cell wall not only boosts Cd binding but also aids in immo-
bilizing Cd, potentially reducing its movement within the
plant (Jia et al. 2019; Yu et al. 2020). Moreover, exposure
to Cd is known to elevate the accumulation of low-methyl
pectins in the root cell walls, thereby enhancing its chelating
properties and reinforcing the cell wall’s role in mitigating
heavy metal stress.

Silicon (Si) supplementation has emerged as a potential
strategy to mitigate the phytotoxic effects of heavy metals
such as Cd, chromium (Cr), and arsenic (As), by decreas-
ing their accumulation in plant tissues. Studies have dem-
onstrated that adding 1 mM of silicate to nutrient media
significantly reduces both the uptake and translocation of
Cd in plants, suggesting a protective role of Si (Greger et al.
2016). The interaction between Si and Cd in plants involves
both physical binding mechanisms and biochemical detoxi-
fication processes. Antagonism between Si and Cd in plants
involves a combination of reduced Cd uptake through mod-
ulation of transporter genes expression (Bari et al. 2020; Ma
et al. 2015) and the formation of complexes that limit the
bioavailability of Cd (Liu et al. 2013; Ma et al. 2015). Ma
et al. (2015) during in vitro experiments on rice cells, sug-
gested that a hemicellulose-bound form of Si with net nega-
tive charges is responsible for inhibition of Cd uptake by a
mechanism of [Si-hemicellulose matrix] Cd complexation
and subsequent co-deposition. Bari et al. (2020) showed that
Si-induced alleviation of Cd stress is also closely related to
phytochelatin-driven vacuolar storage of Cd in rice roots.
However, the distribution of apoplasmic and symplasmic
Cd was not affected by Si in maize roots, but significantly
decreased the symplasmic concentration and increased the
apoplasmic concentration of Cd in maize shoots (Vaculik et
al. 2012).

Si can also limit uptake and bioaccumulation of Cd in
the roots of pea plants (Cruzado-Tafur et al. 2023), but the
mechanisms behind the protective action during heavy metal
exposure are not fully understood. Therefore, this study
focusses on the identification of the compounds responsi-
ble for Cd binding to the roots of plants. We focus on the
cell wall, which is rich in potential Cd binding species like
pectins through complexing via oxygen coordination. The
novelty approach is designed to combine both physiological
studies and chemical speciation. This manuscript extends
the current state of knowledge by using speciation analy-
sis rather than a fractionation approach. Speciation could
directly give insight about species which are responsible for
complexing Cd. In order, to elucidate the mechanisms of
Cd binding in pea roots, particularly under conditions of Cd
stress and Si supplementation, the histochemical analysis
of Cd localization, comparison of pectin content and PME
activity in stressed versus non-stressed roots, and elemental
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speciation were performed to identify the species respon-
sible for Cd binding. Through detailed speciation analysis,
this research explored how Si supplementation influences
the Cd binding dynamics within the components of the cell
wall, aiming to provide a clearer understanding of the inter-
action between Cd and Si and its implications for enhancing
plant tolerance to heavy metal stress. We investigated the
potential for Cd to form bonds with compounds of diverse
chemical structures (represented by different molar masses)
through electrostatic bonds with functional groups contain-
ing O, N, and S donor atoms. Additionally, we examined the
binding preferences of Cd to hydrophilic and hydrophobic
compounds within plant roots.

2 Materials and Methods
2.1 Plant Material

The material for the analyses consisted of roots collected
from pea plants (Pisum sativum L.) ‘Pegaz’ grown in a
hydroponic Hoagland solution of pH=6 (Hoagland and
Arnon 1950) and treated with 50 pM CdSO, (Cd) and/or 1
mM Na,Si0; (Si or Cd + Si) for one week, according to pre-
viously described experiments (Cruzado-Tafur et al. 2023;
Orzot et al. 2023). Plant material (roots) was collected 3
weeks after treatment with Si and/or Cd.

2.2 Location of Cd In Situ

The histochemical location of Cd in pea roots was per-
formed with dithizone (Sigma-Aldrich, St. Louis, MO,
USA), which forms coloured complexes with metal ions
(Seregin and Ivanov 1997). Roots were immersed in the
staining solution (30 mg dithizone, 60 mL of acetone, 20
mL deionized water and a few drops of 45% (v/v) acetic
acid) and then incubated at RT for 2 h in the dark (He et
al. 2020; Zhang et al. 2022). After being washed with dis-
tilled water, the roots were microscopically photographed
(Nikon, Eclipse 80i, Nikon Europe B.V., Amstelveen, The
Netherlands).

2.3 Pectin Determination

The cell wall material was prepared according to Schmobhl
and Horst’s protocol (Li et al. 2017; Schmohl and Horst
2000). Frozen roots of pea plants (1 g) were homogenized
in 2 mL of 96% ethanol and incubated for 5 min at 4 °C.
The samples were centrifuged at 23 000 X g for 10 min. The
supernatant was then discarded, and ethanol was added to
the precipitate. Subsequently, the samples were centrifuged
again. The whole process was repeated five times. After the

last centrifugation, the supernatant was removed, and the
pellet was dried at 60 °C. The hydrolysis was performed
according to Liu et al. (2022). The dry cell wall material was
weighed (5 mg), then 2 ml of chilled H,SO, was added and
mixed for 10 min. After this time, 0.5 mL of distilled water
was added and stirred for 2 h. This process was repeated,
after which the samples were transferred to 10 mL tubes
and replenished with distilled water. Subsequently, uronic
acids were determined according to Li et al. (Li et al. 2016).
Cell wall solution (0.2 mL) was added to the tubes with 1.2
mL of chill tetraborate reagent. The samples were boiled
for 5 min, then they were cooled in an ice bath, and 20 puL
of m-hydroxydiphenyl reagent was added. The absorbance
was measured with a spectrophotometer (Tecan Infinite 200
PRO) at A=520 nm against a blank with NaOH instead of
m-hydroxydiphenyl. Galacturonic acid was used as a cali-
bration standard.

2.4 Cell Wall Protein Extraction and Enzymatic
Activity Assay

The cell wall protein was extracted according to Baldwin
et al. (2014). Proteins were extracted using 1 M LiCl buf-
fer for pectin methylesterase (PME) enzyme assays. The
root powder of frozen plants (500 mg) was homogenized
in 300 pL of 50 mM sodium acetate buffer (pH=5) with
1 M LiCl. The homogenates were incubated for 30 min. at
4 °C in an ice bath. The samples were centrifuged at 20 000
X g for 10 min. at 4 °C. The samples were extracted twice,
after which the supernatants were pooled and desalted. The
Bradford method was applied to determine the total protein
content (Bradford 1976). PME was measured according to
a modified method of Baldwin et al. (2014). The cell wall
protein samples (5 pL) were incubated with 95 pL of 50
mM sodium phosphate buffer (pH="7.5) with 0.025 U alco-
hol oxidase and 100 pg of 90% methylesterified citrus pec-
tin. Subsequently, the samples were incubated for 15 min at
30 °C. After incubation, 250 puL of 20 mM pentane-2,4-di-
one, 0.05 M glacial acetic acid and 2 M ammonium acetate
were added. The absorbance was measured with a spectro-
photometer (Tecan Infinite 200 PRO) at A =412 nm after a
15-minute incubation. PME activity was determined with
reference to a standard curve of methanol and expressed in
nmol methanol X min~! x mg protein™' (1 U, units).

2.5 Extraction of Cd Species from Samples

The extraction was carried out with the use of four differ-
ent solvents: (i) 18.2 MQ double deionised water (Merck
Millipore, Merck, Darmstadt, Germany), (ii) ammonium
acetate 10 mM pH 6.2 solution (Avantor, Gliwice, Poland),
(iii) pectinase (from Aspergillus aculeatus) (Sigma-Aldrich,
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Merck, Germany) and (iv) cellulase (from Trichoderma sp.)
(Sigma-Aldrich, Merck, Germany); both enzymes were dis-
persed in water. The detailed procedure is described in the
Supplementary material.

2.6 Extraction Efficiency

To determine extraction efficiency (ratio of extracted Cd to
total Cd content in sample), the Cd quantification in both
sample types was performed by ICP/MS technique and pro-
tocol described in Orzot et al. (2022). The detailed proce-
dure is described in the Supplementary material.

2.7 Separation and Characterization of Cd Species
by SEC -ICP/MS

Speciation analysis was carried out using SEC chroma-
tography and ICP-MS spectroscopy for Cd detection.
The detailed procedure is described in the Supplementary
material.

2.8 Species Identification and Characterization by
MALDI-TOF/MS

Identification and characterization of compounds was per-
formed by MALDI-TOF/MS spectrometry. The detailed
procedure is described in the Supplementary material.

2.9 Statistical Analysis

A two-way analysis of variance (ANOVA) was performed
to determine differences between groups, followed by the
Tukey’s test with the significance level set at p<0.01. The
statistical analysis was carried out using STATISTICA (ver.
13.1 Dell Inc. Tulsa, OK, USA). Validation was performed,
as described by Cruzado-Tafur et al. (2023).

3 Results

3.1 The Localization of Cd, Pectin Content and the
Activity of Pectin Methylesterase in the Pea Roots

Figure 1 shows the Cd localization in the roots of pea grown
in control Hoagland solution and supplemented with 1 mM
Si and/or treated 50 uM Cd. The brown colour indicating
Cd-dithizone precipitation was observed mainly in the parts
of the roots near the lateral root (Fig. 1- dotted arrows) of
Cd-stressed plants (Fig. 1C). In the roots of plants stressed
with Cd and Si supplemented, Cd-dithizone was only
slightly visible (Fig. 1D). Furthermore, Cd was found in the
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root stele, where the vascular bundle with the xylem vessels
(Fig. 1— arrows) is located.

The pectin content in the roots (Fig. 2A) of the plants
treated with Cd was significantly lower than in the other
variants (by Control- 13%, Si— 13% and Cd + Si— 9%). The
highest content of pectins was found in the control roots and
in the roots supplemented with Si. Also, the content of pec-
tins in roots supplemented with Si and treated with Cd was
significantly higher than in roots subjected to Cd stress. As
a result of the Cd treatment of the plants, the level of PME
activity increased compared to its activity in the roots of
the control pea plants (Fig. 2B). The highest enzyme activ-
ity was determined in plants both supplemented with Si and
treated with Cd (0.02 U). In addition, treatment of plants
with Cd was shown to significantly increase the activity
of this enzyme (0.015 U). In comparison, PME activity in
plants supplemented with Si increased by 34% relative to
PME activity in the roots of control plants.

3.2 Cd Extraction Efficiency and Cd Speciation
Analysis Revealing Cd Binding Species in the Pea
Roots

In order to selectively leach Cd compounds from the sam-
ple, four types of solvents with different physicochemical
descriptors (pH, ionic strength, dielectric constant, presence
of specific chemical group in enzyme capable to specific
degradation of substrate, etc.) and the ability to extract com-
pounds differing in: hydrophilic properties, molar mass, sol-
ubility in water, etc., were used. In Table 1, the values of Cd
extraction efficiency using these extractants are present in
order to assess what part of Cd is extracted by each solvent.

The least effective solvent to extract Cd species from a
sample is water. Other used solvents in studies represent
similar extraction effectiveness of Cd. Noteworthy is the
fact that most of the Cd content in the samples is the insolu-
ble part by using those extraction procedures.

Individual solutions of extracts were subjected to specia-
tion analysis for Cd. In order to determine the forms of Cd in
the samples, the SEC-ICP-MS system was used. The repre-
sentative chromatograms are shown in Fig. 3 for four types
of extraction methodologies and for two types of sample:
Cd-stressed as well as Cd-stressed and Si supplemented.

Extraction with water (Fig. 3A for Cd stressed only, and
E for Cd stressed and Si supplemented type of sample)
results in several fractions of species from about 275 kDa
to 105 kDa. A sample containing Si changes the speciation
of Cd, so that the fraction of compounds with the highest
masses becomes dominant. The use of ammonium acetate
leads to a homogeneous distribution of Cd in one and domi-
nant fraction represent by species with apparent molar mass
between 100 and 85 kDa; however, a low abundant fraction
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Fig. 1 Histochemical localization of Cd in the roots of P. sativum. arrows) in the zoom images (indicated by white rectangles); visible
The root of the control plant (A), plant supplemented with Si (B), Cd are the xylem vessels (arrows). Detailed description in the text. Scale
stressed plant (C), and Cd stressed plant supplemented with Si (D). bar: 100 pm

The images show the region of the root close to the lateral root (dotted
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Table 1 Mean values of Cd extraction efficiency from sample using
four different solvents

Solvents Cd extraction efficiency [%]
Water 11
10 mM ammonium acetate, pH 6.2 19
Pectinase 19
Cellulase 20

between 8 and 9.5 min in retention time was detected for a
Cd stressed sample (Fig. 3B). Cd in extracts with the use of
pectinase for both samples (Fig. 3C and G) was detected in
a wide distribution of species between 210 kDa and 91 kDa.
The presence of Si in the sample changes the intensity of
the distribution in favour of the fraction with the biggest
particles. Extraction with cellulase (Fig. 3D and H) leads
to a wide distribution range of Cd species from 295 kDa to
95 kDa and Cd is more abundant in the fraction with low
molar mass.

In order to identify the species which were bind to Cd,
the MALDI-TOF/MS technique was utilized. This spectro-
metric technique is selected in non-targeted type of analysis.
Figure 4 shows mass spectra collected for the fractions with
the highest Cd content in SEC-ICP/MS. The analysis was
performed in fragmentation mode and the names of identi-
fied compounds have been assigned to distinct peaks. First

besty: 1

i
x0.1 Toe T T

Uachie
x10 e IS v
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0 25 5.0 75 10.0 125 15.0 17.5 20.0 225 25.0 275 min.

Fig. 3 SEC-ICP/MS chromatograms of water (A and E), ammo-
nium acetate (B and F), pectinase (C and G), and cellulase (D and
H) extracts of Cd-stressed samples and Cd-stressed/Si supplemented
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of all, the recorded spectra do not show the characteristic
isotopic distribution of Cd bound to organic compounds
based on C, H, and O. Compounds that were identified were:
(1) glucuronic acid (as well as their unsaturated form)— is the
main compounds presents in majority of fractions (ii) amino
acids such as: glutamic and aspartic acids, methionine, cys-
teine and serine. In extract with ammonium acetate a 4-car-
boxyglutamic acid was detected as well as a 2-aminobutyric
acid. Si-based compounds were not detected.

4 Discussion

Cd presence was notably observed in the stele of pea roots,
with its concentration being modulated by Si supplemen-
tation. Consistent with previous findings (Cruzado-Tafur
et al. 2023), our results indicate that Si supplementation
effectively reduces the Cd concentration in the roots of Cd-
stressed plants and limits its translocation to the shoots. This
supports the effectiveness of Si in enhancing plant resilience
against Cd stress. Several studies have shown that Si supply
has beneficial effects on Cd-stressed pea plants. This include
reducing of the inhibitory effect of Cd on the plant growth,
root and stem development and seed production (El-Okkiah

vty
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samples, respectively. The Y-axis represents the relevant Cd intensity,
and the X-axis is the retention time
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et al. 2022; Orzot et al. 2023; Rahman et al. 2017). It is
suggested that the mechanism responsible for this effect is
the observed reduced accumulation of Cd in the roots and
shoots of plants supplemented with Si. Our earlier study
(Cruzado-Tafur et al. 2023) showed that pea plants accu-
mulate more cadmium in the roots than in the shoots (trans-
location factor < 1). Furthermore, compared to plants that
were subjected to Cd stress, the roots and shoots of plants
supplemented with silicon had a lower cadmium bioconcen-
tration factor (BCF). Generally, Si reduces the translocation
of Cd from roots to shoots or inhibits the uptake of Cd in the
plants. Wu et al. (2015) showed that in tomato, Si supply
decreased root-to-shoot Cd transport; while in cucumber,
Si supply reduced the Cd uptake by roots. Previous studies
showed that Si supplementation decreased the accumulation
of Cd in roots and shoots of Cd-stressed pea plants when
supplied to hydroponics (Cruzado-Tafur et al. 2023) or after
foliar Si application (Batool et al. 2022; EI-Okkiah et al.
2022). In this way, Si can also limit the accumulation of Cd
in edible parts of plants such as fruits, reducing human Cd
consumption (Batool et al. 2022).

Furthermore, our research hypothesis suggests that Cd
binds to a variety of compounds within plant roots, char-
acterized by diverse molar masses and functional groups
containing oxygen (O), nitrogen (N), and sulfur (S). The
binding affinity and capacity of Cd depend significantly on
whether these compounds are hydrophilic or hydrophobic.
Si appears to influence these interactions, potentially by
increasing both the amount of pectins within the cell walls
and the activity of pectin methylesterase (PME). This sug-
gests that Si supplementation not only affects the physical
retention of Cd but also may alter the biochemical pathways
that govern Cd sequestration in plant roots. Thus, role of
Si extends beyond simple physical barrier enhancement to
include dynamic changes in the biochemical interactions
within the root environment. Cd was found in the stele
where the vascular tissue responsible for the upward con-
duction of water and nutrients from the roots is present. It
has been shown that Cd can be sequestered in the roots by
cytosolic binding partners for Cd ions in plants, e.g., gluta-
thione (GSH) and GSH-derived peptides called PCs, and/or
transported through the xylem to the shoot (Luo and Zhang
2021). The cell wall plays an important role in Cd accumu-
lation in the roots of metal-tolerant plants, e.g., rice roots
(Yu et al. 2020). Pectins are one of the cell wall polysac-
charides and play an important role in the binding of Cd
to the roots of plants. They are characterized by high Cd
accumulation (Wei et al. 2021). Yu et al. (2020) indicated
that pectins in root cell walls are the main site of Cd bind-
ing (accumulation of up to 65% of the Cd taken up). Fur-
thermore, pectins affect the uptake and distribution of Cd in
plant tissues. Plants may have different pectin structures and
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metabolism adaptations to cope with Cd stress (Wei et al.
2021). For example, parsnips increase their pectin content
and degree of methylation, while celeriac decreases them
in response to Cd exposure (Szerement and Szatanik-Kloc
2022). Our research using pea plants is a second strategy for
adapting plants to Cd stress (reduction of pectin content by
9%). However, Si supplementation eliminates the effect of
Cd, making the pectin content comparable to the content in
control roots. Gtazowska et al. (2018) proved that Si affects
the composition of cell walls by changing the bonds of non-
cellulosic polymers and lignins. The changes generated by
Si are related to the cell wall remodelling process and affect
its components. The reaction of pectin demethylation occurs
thanks to PME. During this reaction, significant amounts of
free carboxyl groups, which bind metal cations in cell walls,
are produced (Paynel et al. 2009). PME enzyme activity
increases in Cd-treated plants and is higher after Si applica-
tion in Cd-stressed plants. Increased PME activity has been
observed in response to Cd stress in various plant species,
such as Linum usitatissimum, Pseudotsuga menziesii, Ara-
bidopsis thaliana and Brassica chinensis (Astier et al. 2014,
Douchiche et al. 2010; Wang et al. 2020; Zhu et al. 2012).
An increase in the activity of the pectin PME correlates with
arise in of low methyl-esterified pectins because it releases
of its free carboxyl groups (-COOH) that can bind Cd**.
It is well established that increased expression and activity
of PME boost the capacity of the cell wall to bind Cd, thus
reducing the entry of Cd?* into plant cells (Riaz et al. 2021).

In order to determine the mobility of Cd compounds/
complexes in the root sample and to assess the hydrophilic/
hydrophobic properties of these complexes, we used four
solvents with different physicochemical properties to leach
these compounds from the samples. The highest efficiency
was recorded for extraction with using the enzymes: pec-
tinase and cellulase. This may mean that these selective
degradations of initial compounds aid in the leaching of Cd-
containing compounds in the sample. This may be due to the
fact that Cd was bound to chemical compounds rich in pec-
tins and cellulose. Pectins and cellulose typically occurred
biopolymers found in the structure of plant cell walls,
and their Cd-binding properties are due to the presence of
functional groups such as carboxyl, hydroxyl, and other
O-donor groups. The individual solvents for the selective
elution of Cd from a sample can be generally characterised.
Water could be included in the group of solvents with the
weakest properties to solubilise and extract the hydrophilic
compound. The ammonium acetate solution was reported
as a solution dedicated to the extraction of small organic
compounds especially, and its extraction efficiency can be
optimised by a change of pH and buffer concentration. Pec-
tinase and cellulase are enzymes dedicated to degradation of
water insoluble residue mostly, such as pectic and cellulose
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type compounds in cell wall of plants (Ruzik and Dyoniziak
2022).

In the study, the observed uniform extraction efficien-
cies of ammonium acetate, pectinase, and cellulase across
the experiments highlight intriguing aspects of the chemi-
cal nature and cellular interactions of Cd within plant sys-
tems. In particular, the extraction efficiency for Cd did not
exceed 20% for any of the solvents used, which is consis-
tent with previous findings where similar low recovery rates
were documented (Mounicou et al. 2002a, b, 2003). This
phenomenon is indicative of the intrinsic challenges associ-
ated with extracting Cd from complex biological matrices
where Cd is tightly bound within the cellular structure. The
similarity in extraction efficiencies across diverse solvents
can be primarily attributed to the hydrophilic nature of the
Cd complexes formed within plant tissues. These com-
plexes are likely composed of Cd bound to polysaccharide
components of the cell wall, such as pectins and cellulose,
which are inherently hydrophilic. Despite the enzymatic
capability of pectinase and cellulase to degrade these poly-
saccharides, their extraction efficiency was not significantly
higher than that of ammonium acetate, a simple salt solu-
tion. This outcome suggests that the binding of Cd may
involve more stable or inaccessible complexes within the
cell wall matrix, potentially limiting the effectiveness of
enzymatic breakdown. Additionally, the treatment with Si
could have further influenced the structure and accessibil-
ity of these Cd-binding sites. Si is known to strengthen the
plant cell wall, and its presence could modify the physi-
cal properties of cellulose and pectins, potentially making
them less amenable to enzymatic degradation (Szpunar et
al. 1999). This modification may contribute to the overall
resistance of Cd complexes to extraction, regardless of the
solvent used. Moreover, the requirement to maintain mild
extraction conditions to prevent the degradation of complex
Cd species further complicates the extraction process. Cd
forms complex-type compounds that are sensitive to harsh
extraction conditions, which could lead to the breakdown
of the metal complexes, thus reducing the efficiency of Cd
recovery. This necessitates the use of milder conditions,
which may be less effective but are essential to preserve the
integrity of the complexes.

Each of the solvents used is capable of extracting hydro-
philic compounds; however, the use of enzymes should
result in the dissolution of the cell wall matrix (pectins,
cellulose, hemicellulose) (Mounicou et al. 2003). Hence,
one would expect higher efficiencies for extraction enzyme
systems in this case. However, the samples come from an
environment badly contaminated with Cd and the total Cd
content significantly exceeds the toxic concentration thresh-
olds. The plant counteracts stress by inducing a series of
natural actions that detoxify Cd. One of them is complexing

with bioligands. An example could be the increase in the
production of pectins (as well as de-esterification) and PCs
(Nagayama et al. 2019). Both compounds are capable of
binding Cd in the cell wall (pectins) and cytoplasm (PCs)
and complexing to a non-active toxic form, respectively.
The increased amount of pectins in the cell wall through the
multiplied number of carboxyl groups (and reduced num-
ber of esterified groups) capable of binding Cd in the ionic
form is another mechanism of detoxification. In turn, the
increased content of pectins in the material affects the bio-
physical changes of the cell wall (Shin et al. 2021). Hence,
the result may be the reduced cell wall permeability and,
consequently, a lower-than-expected value of recovery of
Cd extraction from this type of sample (from enzymatically
assisted extractions). In addition, these samples contain Si
also incorporated into the structures of the cell wall, and as
a result the cell wall becomes even more inert to the leach-
ing of the components present in the sample (Gtazowska et
al. 2018; Guerriero et al. 2016). The participation of Si in
the Cd binding process is postulated (Greger et al. 2016;
Liu et al. 2013). Comparing the values from these experi-
ments, it can be concluded that the remaining portion of Cd
is still not solubilised and that it creates an insoluble frac-
tion (as well as a crystalline form and bound to Si-based
compounds). The analysis of Cd speciation combined with
the untargeted analysis of the identification of compounds
- ligands for solutions differing in the type of solvents and
the non-supplemented and Si-supplemented samples shows
significant differences and the influence of these variables.
The effect of the extraction solvent on the distribution
of Cd compounds is observable and significant. Likewise,
for samples initially containing Si, the influence of the sol-
vent on the distribution of Cd is noticeable, especially in the
extraction carried out with water and pectinase, which may
indicate that Si participates in the binding of Cd, and there-
fore Si may act as a kind of linkage between pectins and Cd.
Cd is heterogeneously distributed between species differing
in molar mass and eluted with several fractions, depend-
ing on the extraction solvent used (with the exception of
ammonium acetate) and connected with high molar mass
species (higher than 85 kDa). In separations with water as
a mobile phase, peaks are primarily close to void volume.
This relationship suggests a lack of interaction of species
with the stationary phase and, simultaneously, low resolu-
tion for bigger particles. For extraction using water and pec-
tinase, a change in the distribution of Cd compounds and
the Cd content in these fractions was recorded compared to
plant samples supplemented with Si compounds and control
plants. This may suggest that Si compounds bioaccumulated
in the plant influence and/or participate in the active bind-
ing of Cd with compounds originally present in the plant,
or that Si compounds themselves may be ligands as a result
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of the interaction between these compounds. However, no
silicon-containing compound was directly detected in the
cadmium-containing samples analysed. This may be due, on
the one hand, to the lack of such direct Cd binding from Si
bonding or overlap the degradation of the complexes during
the sample preparation stage. Cd complexes could degrade
during and after acid addition at the sample preparation
step (Bramanti et al. 2006) or they may be attributed to the
MALDI ionisation technique used, which suffers from lim-
ited possibilities of detecting low-molecular compounds,
because low-mass compounds were expected.

Based on the identification carried out, it is possible to
indicate compounds that were related to Cd in the analysed
fractions: (i) interaction with oxygen through the carboxylic
group: galacturonic acid is part of a monomeric unit of a
pectin biopolymer (Voragen et al. 2009); sialic (Kallolimath
et al. 2016), glutamic and aspartic acids, which could be
part of the protein backbone of the biopolymer as well as
monomeric units of different protein, (ii) interaction with
sulphur contain bioligands: methionine and cysteine could
be monomeric parts of many biopolymers (Ravanel et al.
1998), (iii) interaction with nitrogen contain bioligands:
serine amino acid could create stabile complexes with Cd
cations (S6vago and Varnagy 2013). The main biopolymer
responsible for Cd binding were pectins. It is with accor-
dance with other conducted studies, in which the fraction-
ation approach was utilized (Uddin et al. 2020). Extraction

Middle
lamella

Primary
cell wall

Plasma
membrane

with ammonium acetate primarily isolates pectin as the
dominant compound, along with 4-carboxyglutamic acid
(Gomord and Faye 2004), a compound absent from previ-
ous plant tissue analyses but known to bind divalent metals
(Burnier et al. 1981). Furthermore, 2-aminobutyric acid was
identified, which serves as a stressor and signalling mol-
ecule within the plant (Yao et al. 2020).

5 Conclusions

This study integrates physiological and analytical method-
ologies to elucidate the mechanisms of cadmium binding
within the root cell walls of pea plants, focussing in particu-
lar on the role of silicon in modulating these processes. Our
findings confirm that silicon supplementation significantly
alters the composition of the cell wall, notably by enhancing
the levels of pectin and the activity of pectin methylesterase.
These changes facilitate the formation of cadmium com-
plexes with the carboxyl groups of pectins, predominantly
through the interaction with galacturonic acid residues,
thereby increasing the density of active binding sites (Eq. 1,
Fig. 5). The speciation analysis further demonstrates that
silicon affects not only the quantity and quality of cadmium
binding but also its distribution within the root cell walls,
particularly in treatments with water and pectinase, where
enhanced binding was observed. These results suggest a

Pectin

Cellulose
Proteins
Hemicellulose

Fig.5 The proposed mechanism of cadmium binding to pectin compounds taken place in cell wall of the plant
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dual function of silicon in both enhancing the detoxifica-
tion capacity of plants and altering the biophysical proper-
ties of the cell wall to retain more cadmium. By delineating
the specific interactions between cadmium ions and bioli-
gands, such as pectins, this research contributes to a deeper
understanding of the physiological pathways involved in
cadmium retention and highlights the potential of silicon as
a mitigative agent against cadmium stress in plants. Overall,
the study provides comprehensive insights into the dynamic
interactions within the cell walls of pea roots, presenting a
robust model of cadmium binding that underscores the criti-
cal role of silicon in enhancing the plant’s natural defence
mechanisms against cadmium toxicity.

[CA(H,0)* + M**---2C00~ = [CdCOO(Hy0),] + 2H,0 + M?* (N
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