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Cadmium (Cd) contamination presents a significant challenge in global agriculture. This study explores the ef-
ficacy of chemical induction, specifically using sodium chloride (NaCl), to limit Cd uptake in tobacco (Nicotiana
tabacum) and assesses its impact on essential divalent metal ions (DMIs). We conducted a comprehensive analysis
encompassing ion absorption, root histology, and biochemistry to understand the influence of this method. Our
results revealed that NaCl induction led to a notable 30 % decrease in Cd absorption, while maintaining minimal
impact on zinc (Zn) uptake. Intriguingly, the absence of essential DMIs, such as calcium (Ca), magnesium (Mg),
and Zn, was found to diminish the plant’s capacity to absorb Cd. Furthermore, moderate NaCl induction resulted
in an increased diameter of the root stele and enhanced lignin content, indicating a restriction of Cd absorption
through the apoplastic pathway. Conversely, a compensatory absorption mechanism via the symplastic pathway
appeared to be activated in the absence of essential elements. These findings highlight the potential of chemical
induction as a strategy to mitigate agricultural Cd risks, offering insights into the complex interplay between
plant ion transport pathways and metal uptake regulation.

1. Introduction

Excessive cadmium (Cd) intake is a major concern for agricultural
safety worldwide due to its harmful effects on the human body, partic-
ularly the kidneys and respiratory system [1]. Furthermore, Cd is
prevalent in farmlands and accumulates easily in certain crops [2].
While progress has been made in breeding low-Cd-absorptive varieties
of major grain crops, manipulation of Cd uptake often results in disor-
ders of element absorption, particularly for zinc (Zn), manganese (Mn),
and iron (Fe) [3-5]. It is widely accepted that most plant species do not
have specific approaches for Cd absorption and instead use the gateways
of other divalent metal ions (DMIs) that have similar chemical properties
[4,6]. Thus, any regulations targeting these transporters or related genes
would also impact the absorption of other DMIs.

In plant ion transport, the apoplastic pathway is crucial, facilitating
diverse physiological processes. Campbell et al. [7] highlighted its role
in ion translocation to salt glands. Expanding this understanding, Duan
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et al. [8] demonstrated the pathway’s significance in nitrogen allocation
to shoots under high ammonium conditions. Additionally, Sattelmacher
et al. [9] emphasized the apoplast’s impact on plant mineral nutrition,
particularly in nutrient efficiency and ion tolerance. These studies
collectively underscore the apoplastic pathway’s integral role in plant
ion transport, crucial for understanding the regulation of both harmful
and beneficial ion uptake.

Zinc, a plant-essential heavy metal [10], shares transporters with Cd
and exhibits synergistic absorption patterns [4,10-12]. Some members
of the P1B-type ATPase family (heavy metal ATPase, HMAs) are known
to simultaneously manage both Zn and Cd transport in tobacco [4],
Arabidopsis [13], and rice [14]. Recent studies have shown that rein-
forcing root lignification, achieved through ectopic expression [15] or
chemical induction [16], can reduce Cd accumulation in plants, possibly
by limiting the apoplastic transport efficiency of Cd, as seen in wheat
[17], soybean [18], and tobacco [16]. However, it remains unclear
whether the intensified root lignification would hinder the absorption of
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plant-essential DMIs, such as Zn.

As a widely cultivated cash crop and model plant, tobacco (Nicotiana
tabacum) can accumulate high levels of Cd in its shoots [19]. Further-
more, the K326 cultivar of tobacco has been found to have a higher
capacity for extracting Cd from severely contaminated soils compared to
other leading cultivars grown in China [20]. Therefore, the present
study aims to investigate the impacts of intensified root lignification on
Cd and Zn uptakes in tobacco cultivar K326. To achieve reinforced root
lignification in tobacco, we selected sodium chloride (NaCl) as the
chemical induction agent, based primarily on our previous screening
results among nine candidates, including NaCl, Cd(CH3COO),, Cd
(NO3)9, CdCl;, KHNOs, polyethylene glycol 6000 (PEG-6000),
indole-3-acetic acid (IAA), f-aminobutyric acid (BABA), and glutathione
(GSH) [16]. Additionally, we chose NaCl for its documented effects on
Cd accumulation in tobacco [21] and Arabidopsis [22], as well as for its
practical relevance in agricultural applications.

2. Materials and methods
2.1. Plant material and hydroponic culture

Seeds of tobacco cultivar K326 were obtained from the National
Tobacco Germplasm Resources, Qingdao, China. The seeds were
germinated and grown in sterilized quartz sand for seven weeks under
controlled conditions typical for tobacco cultivation. Subsequently, the
tobacco seedlings were transplanted to three different concentrations of
a modified Hoagland solution (50 %, 75 %, and 100 % of the original
concentration) [16] consisting of 1 M K3SO4, 250 mM NaH,POy4, 1.88 M
Ca(NO3)2, 250 mM MgSO4, 20 mM FeSO4, 10 mM Nay-EDTA, 36 mM
MnCl,, 184 mM H3BOs, 3.2 mM ZnSOy4, 1.2 mM CuSOy4, and 300 pM
(NH4)Mo07024 with a pH of 6.0. The seedlings were exposed to each
solution concentration for three days, in ascending order, ensuring the
solution was well aerated and renewed every three days. Hydroponic
culture was conducted in a growth chamber with constant temperature
of 25 °C and irradiance of 280 pmol m~2 s~ 1, under a 12-h light and 12-h
dark photoperiod. After nine days of hydroponic culture adaptation,
healthy seedlings were selected for the chemical induction procedure.

2.2. Chemical induction

To intensify root lignification, two concentrations of NaCl, 50 mM
and 100 mM, were added to the hydroponic system, with each treatment
lasting for one week [16].

2.3. Pot experiment

Tobacco plants with and without NaCl pretreatment were trans-
planted into sterilized fine brown soil collected from Jimo Test Base,
Qingdao, China. The soil contained available nitrogen (N), phosphorus
(P), and potassium (K) at concentrations of 49.58, 18.07, and 178.57
mg/kg respectively. It also had an organic matter concentration of 1.15
% and a pseudo-total Cd concentration of 0.21 mg/kg (digested by
HNO3-HF-H50,, analyzed by inductively coupled plasma mass spec-
troscopy (ICP-MS)), and a pH of 7.05. To construct Cd-contaminated
soil, Cd(CH3COO), was added to a final concentration of 3.35 mg Cd/
kg. The soil was throughly blended and allowed to equilibrate for a
month before use. Each polystyrene pot contained 8 kg of soil and one
tobacco plant. Compound fertilizer (50 g each of N:P2;05:K;0 =
15:15:15; total nutrient content = 45.0 %, Xilaifeng Fertilizantes, China)
was applied twice to each pot, and soil moisture was maintained at
around 80 % of holding capacity. The pot experiment was conducted in a
glasshouse with natural lighting and a 16-h (24 °C)/8-h (18 °C) light/
dark cycle. On the fifth week after transplanting, tobacco plants were
sampled for analysis of shoot biomass, Cd, and Zn contents.
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2.4. Ion-interaction study

In hydroponic conditions, six plant-essential DMIs (Zn%*, Cu®*, Ca%™,
Mg%", Mn?" and Fe?") were individually added to a simplified Hoagland
solution, which contained only regular concentrations of K™, Na*, NH**,
S0%~, H,PO*~, H3BO3 and Mo®", along with 10 pM Cd(CH5COO),. Two
concentrations for each DMI treatment were used, with one equal to and
the other five times the concentration in the regular Hoagland solution.
After 24 h, the shoot DMI contents were analyzed.

2.5. Assessment of element contents

Soil samples were air-dried and ground to pass through a 2 mm sieve.
Acid digestion of soil samples was performed in a mixture of HNO3:
H04:HF (5:2:2) at 120 °C for 2 h in a closed microwave digestion sys-
tem (MDS-6G, SINEO, China). Plant samples were dried in an oven at
105 °C for 30 min and then at 80 °C until reaching a constant weight,
followed by adequate grinding. Acid digestion of plant samples was
performed in a mixture of HNO3:H205 (9:1) at 120 °C for 2 h in the same
digestion system. DMIs (Cd?*, Zn?*, cu®*, Ca®*, Mg?*, Mn?* and Fe?")
contents in the digested solution were analyzed using inductively
coupled plasma mass spectroscopy/atomic emission spectrometry (ICP-
MS/AES, X Series 2, Thermo Fisher Scientific, USA). All DMIs contents
were calculated based on the dry weight of the plants.

2.6. Histological observation

To observe the primary lateral roots of 60-70-day-old hydroponic
tobacco plants, sections 2 cm from the root tips were selected for his-
tological observation. Root transverse and longitudinal slices were ob-
tained using paraffin and free-hand section techniques, respectively (Lux
et al.,, 2004). Visualization was performed using confocal microscopy
(Leica Microsystems TCS SP8, Leica, Germany), and image processing
and data capture were achieved using software Leica LAS AF 1.00.

2.7. Enzymatic assay

To determine peroxidase (POD, EC 1.11.1.7) activity, fresh primary
roots (0.5 g) of tobacco were homogenized in 5 ml of 67 mM phosphate
buffer solution (PBS, pH = 7.0), as referred to Neves et al. [18]. The
extract was centrifuged at 2200xg (4 °C) for 5 min, and the supernatant
was collected for soluble POD activity determination. The deposition
was then incubated in 2 ml of 1 M NaCl (4 °C, prepared in 50 mM PBS,
pH 7.0) for 1 h, and the homogenate was centrifuged at 2200xg (4 °C)
for 5 min, with the supernatant collected for the determination of cell
wall-bound POD activity. The reaction mixture (3 ml) contained 25 mM
PBS (pH 6.8), 2.58 mM guaiacol, and 10 mM H50,, and the reaction was
initiated by adding 1 ml of enzyme extract. The oxidation of guaiacol
was observed for 5 min at 470 nm, and the enzyme activity was calcu-
lated from the extinction coefficient. Activities of POD were expressed as
nmol/pmol of tetraguaiacol per minute per gram of fresh weight.

2.8. H,0; quantification

H0, content in plants was determined according to Neves et al.
[18]. Fresh primary roots (1 g) of tobacco were homogenized in 3 ml of
0.1 % trichloroacetic acid, and the homogenate was centrifuged at
2200xg for 20 min. An aliquot (0.5 ml) of the supernatant was mixed
with 0.5 ml of 10 mM PBS (pH 7.0) and 0.2 ml of 5 mM potassium io-
dide. Absorbance was measured for 1 min at 390 nm. For the blank,
potassium iodide was replaced by 0.2 ml of water. A standard curve was
created using known concentrations of HpOy to calculate the HyO9
content in each sample. Results were expressed as nmol of HyO, per
gram of fresh weight.
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2.9. Statistical analyses

Pearson correlation analysis, Student’s T-test, and ANOVA were
performed using IBM SPSS v21.0 software.

3. Results
3.1. Effect of chemical induction on Cd and Zn uptakes by tobacco plants

In our study, tobacco plants subjected to different Cd conditions,
with or without NaCl induction, exhibited notable variations in growth
and metal uptake. Plants grown in Cd-enriched soil (+Cd) displayed a
significant reduction in leaf number (Fig. 1a) and shoot biomass
(Fig. 1b) compared to those in low-Cd soil (-Cd). Specifically, in the +Cd
condition, shoot Cd concentration increased fivefold, while shoot Zn
concentration decreased by 57 % (Fig. 1d and e). Conversely, plants
induced with 100 mM NaCl (—/+4-Cd) showed a marked alleviation in
these adverse effects. Notably, in NaCl-induced plants, shoot Cd uptake
was reduced by 34.5 %, and shoot Zn uptake increased by 63.2 %
compared to non-induced plants (Fig. 1d and e). Furthermore, we
observed dynamic changes in Cd and Zn absorption in tobacco plants
following NaCl pretreatment in a hydroponic system under Cd-
contaminated conditions. Within 6 h, NaCl-pretreated plants (100 mM
NaCl + Cd) consistently exhibited a 33 % lower shoot Cd concentration
than untreated plants (+Cd) (Fig. 2c). Initially, the shoot Zn concen-
tration in NaCl-pretreated plants was significantly lower than in un-
treated plants, but it gradually approached the control (-Cd) level
(Fig. 2b). Over 6 h, the disparity in shoot Zn concentration between
NaCl-pretreated plants and the control narrowed, while the difference
between untreated plants and the control remained stable (Fig. 2d).
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3.2. Cd uptake by tobacco plants is highly dependent on the presence of
essential divalent metal ions

To determine the specificity of Cd absorption in tobacco plants, we
supplemented the simplified Hoagland solution with a single divalent
metal ion (DMI)-Zn, Cu, Ca, Mg, Mn, or Fe (II)-in addition to 10 pM Cd
(CH3COO),. After 24 h, we analyzed the ion concentrations in tobacco
shoots from the hydroponic culture. Both ion-replenished (1 x ) and
enriched (5 x ) treatments significantly increased the concentration of
the corresponding added ion in tobacco shoots (Fig. 3a—f). Interestingly,
tobacco plants without DMI supply absorbed a negligible amount of Cd
(Fig. 3g). However, when DMIs were replenished (1 x ), tobacco plants’
Cd absorption capacity was restored, especially with Ca, Mg, and Zn
(Fig. 3g). On the other hand, DMI enrichment (5 x ) did not promote but
rather suppressed Cd uptake (Fig. 3g). These results demonstrate typical
ion competition between the absorption of Cd and other DMIs.

3.3. Sodium chloride pretreatment reduces Cd uptake by tobacco plants
by inducing root lignification

Histological observations of primary lateral roots of tobacco plants
with (Fig. 4a and c) and without (Fig. 4b and d) NaCl pretreatment
showed no apparent differences in root structures, except for the size of
the root stele (Fig. 4a—d). The root stele diameter of NaCl-pretreated
plants was 32 % larger than that of untreated plants (Fig. 4e). Addi-
tionally, assays revealed that the root lignin content increased by 34 %
and 74 % for the 50 mM and 100 mM NacCl treatments, respectively
(Fig. 4f). NaCl treatment at concentrations of 50 mM and 100 mM
significantly increased cell wall-bound peroxidase (POD) activity by
26.8 % and 40.9 %, respectively (Fig. 4g). Soluble POD activity also
increased by 10.7 % and 44.8 %, respectively (Fig. 4h). These increased
POD activities were associated with decreased Hy0; levels (Fig. 4i), with
root HyO3 levels of tobacco plants treated with 50 and 100 mM NaCl
decreasing by 21.7 % and 27.9 %, respectively (Fig. 4i). Overall, these
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results demonstrate that NaCl pretreatment induces root lignification,
which potentially led to decreased Cd uptake by tobacco plants.

To investigate the relationship between NaCl-induced root lignifi-
cation and Cd and Zn uptake, tobacco plants were pretreated with 0, 50,
and 100 mM NacCl and transferred to Hoagland solution containing 10
pM Cd(CH3COO); and 3.2 mM ZnSO4. After 3 days of hydroponic cul-
ture, only the higher NaCl dose (100 mM) significantly reduced Cd up-
take (Fig. 5a), while neither 50 nor 100 mM NaCl treatments
significantly affected Zn uptake (Fig. 5b). Moreover, there was a sig-
nificant negative correlation between shoot Cd concentrations and both
root stele diameter (Fig. 5¢) and lignin content (Fig. 5d) at the 0.01 level
(Pearson’s correlation, two-tailed, n = 45).

4. Discussion

To date, approximately 400 plant species have been identified as Cd
hyperaccumulators [10,12,19]. However, there is limited evidence to
suggest that plants have a specific pathway for Cd absorption, with the
exception of Thlaspi caerulescens, Ganges ecotype [11]. The criterion for
defining a plant as a Cd hyperaccumulator is that the Cd enrichment
factor (plant/soil or leaf/soil) should be above 1.0 [23]. Tobacco
(N. tabacum) has been shown to achieve an enrichment factor above 10.0
under controlled conditions [19]. Although the results of the current

study suggest that there may be no specific absorption pathway for Cd in
tobacco plants (Fig. 3), several proteins involved in the transport of
essential divalent metal ions (DMIs) in plants, such as AtHMA2, AtHMA4
[13], NtHMA4.1, NtHMA4.2 [4], AtIRT2 (the iron transporter, IRT) [5],
AtNrampl (the natural resistance-associated macrophage protein,
NRAMP) [3], and NtNramp5 [24], have been identified that may also
play a role in the transport of Cd. Thus, it may be difficult to specifically
limit Cd absorption to a transmembrane process in roots.

In vascular plants, the root apoplast acts as a natural barrier, limiting
the absorption of heavy metal ions like Cd [18]. A highly lignified or
compacted apoplast in roots can significantly restrict the entry of heavy
metals like Cd into the vascular cylinder [25]. After all, the main flow of
heavy metals from the rhizosphere to the root stele is first achieved by
apoplastic transport [25]. In tobacco plants, the overexpression of 35S::
AtHMA4 induces intensified root lignification, which obstructs a
considerable amount of Cd uptake in tobacco shoots [15]. Similarly, the
strengthening of root lignification achieved by salinity stimulation could
also significantly decrease the absorption of Cd in tobacco plant shoots
[16].

When plants face salinity stress, the activities of antioxidant enzymes
may increase in several crop species, such as maize [26], cotton [27],
sunflower [28], and tomato [29]. Hence, the antioxidant system could
protect plants against the reactive oxygen species generated during
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salinity stress. In rice roots, NaCl treatment increases the cell wall-bound deposition of lignin (Fig. 4f) and enlarged stele (Fig. 4a and c) in tobacco
POD activity [30], which directly participates in root lignification [18, roots, along with increased activities of the cell wall-bound (Fig. 4g) and
30-32]. In the current study, NaCl pretreatment induced a greater soluble PODs (Fig. 4h), and decreased HyO, contents (Fig. 4i). These
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physio-morphological variations cause rapid cross-linking of cell wall
polymers [31,33] and consequently reduce the efficiency of apoplastic
transport for macromolecules and heavy metal ions [18], which
reasonably explains the reduced absorption of Cd (Fig. 1d).

There was some uncertainty regarding whether the NaCl-induced
root lignification could limit Zn absorption, despite the fact that trans-
genic tobacco plants with reinforced root apoplastic barriers did not
show any impact on shoot Zn concentration [15]. In the current study,
no significant differences in shoot Zn concentration were observed be-
tween NaCl-pretreated and untreated tobacco plants grown under
normal conditions (Fig. 1e). This could be attributed to the ability of
plants to balance the absorption of essential elements to meet their
physiological requirements [34]. To further investigate this possibility,
we examined the dynamic uptake profiles of Cd and Zn by tobacco plants
after NaCl treatment (Fig. 2). After a short period of adaptation, Zn
uptake returned to control levels (Fig. 2b and d). Two potential expla-
nations for the transient reduction in Zn uptake at the beginning are as
follows: First, there could have been competition for absorption between
Cd and Zn, which could scramble the Cd/Zn cotransporters, such as
HMAA4 [4], Nrampl [35], and the YSL transporter [36]. This competition
was likely eased by the suppression of Cd by the intensified root

lignification (Fig. 2). Second, the temporary effects of NaCl treatment on
tobacco plants, which can be viewed as a transient stress, could have
also played a role.

The practical implications of our findings for agricultural practices,
particularly in managing Cd risks in crop cultivation, are significant. Our
study demonstrates that NaCl pretreatment can effectively reduce Cd
uptake in tobacco plants, suggesting a potential strategy for mitigating
Cd accumulation in crops, especially in regions with high Cd contami-
nation in soils. However, it’s important to consider the variability in
response across different crop species and specific objectives. For
instance, Ozkutlu et al. [37] found that leaf-applied sodium chloride
promotes Cd accumulation in durum wheat grain. Although, it is distinct
from our root-applied strategy in tobacco plant, it suggests that the
application of NaCl, possibly in combination with other agents, could be
tailored to specific crops and productive organs to optimize Cd risk
management in agricultural practices. One major limitation of the our
study is the focus on a single crop species. Future research should
explore the long-term effects of NaCl pretreatment on Cd and Zn uptake
across a broader range of crop species. Additionally, it is important to
acknowledge that NaCl is not the only chemical agent capable of
inducing such responses in plants. Other agents, such as silicon (Si),
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selenium (Se), and various phytohormones, have also been reported to
influence heavy metal uptake and stress responses in plants [38,39].
Future studies could explore the efficacy of these alternative agents in
modulating Cd uptake, providing a comparative understanding of
different chemical inducers in managing Cd risks in agriculture.
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