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Abstract: Heavy metal pollution and soil salinization harm human health and the environ-
ment. Phytoremediation is a widely accepted soil decontamination method, with woody
plants being particularly effective due to their large biomass and extensive root systems.
In this study, we identified and cloned PsnMLP328 from Populus simonii × P. nigra and
demonstrated its role in mitigating salt and cadmium stress. PsnMLP328 expression was
up-regulated under both stress conditions, and its overexpression in tobacco enhanced
resistance to these stresses, albeit through distinct mechanisms. Transgenic plants exhibited
increased Cd2+ uptake and a higher biomass, alleviating Cd2+-induced growth inhibition.
Additionally, PsnMLP328 boosted proline content, chlorophyll levels, and antioxidative
enzyme activities (POD, SOD) under Cd2+ stress, likely by protecting cells from oxidative
damage. Expression analysis revealed that PsnMLP328 down-regulated the cadmium trans-
porter Nramp2 while up-regulating YSL2 (another cadmium transporter) and potassium
channels (AKT1 and AKT2/3), suggesting its role in modulating K+ and Cd2+ homeostasis.
These findings indicate that PsnMLP328 enhances tobacco resistance to salt and cadmium
stress, particularly the latter. This study is the first to elucidate the function of poplar MLP
family genes under salt and cadmium stress, advancing our understanding of MLP gene
roles in heavy metal stress and offering new insights for remediating salinized and heavy
metal-contaminated soils.

Keywords: major latex protein; Populus simonii × P. nigra; salt stress; cadmium stress

1. Introduction
In recent years, industrialization has led to a decrease in cultivated land and worsening

soil issues, posing significant challenges for a growing population [1]. Key soil problems
include soil salinization and heavy metal pollution, with salinization affecting over 40%
of cultivated land [2]. The primary sources of salt in soil include weathering of the soil
surface and salts from the ocean carried by wind and rain, as well as manufactured factors
such as the excessive irrigation of farmed land. Excessive levels of salt in the soil can
cause wilting from dehydration, delayed plant growth, poor seed germination, and, in
extreme situations, death [2,3]. Salinization of cultivable land can drastically reduce crop
yields, severely hindering agricultural development. This impact varies across plants, as
they exhibit different levels of growth inhibition under salt stress, reflecting their varying
tolerances [4].

The effects of salt stress on plants primarily stem from osmotic stress and ion tox-
icity [5]. Plants have developed a series of physiological, biochemical, and molecular
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regulatory mechanisms to cope with and to resist salt stress. These mechanisms include the
perception of salt stress; the selective absorption, accumulation, or exclusion of ions; the
compartmentalization of harmful ions through membrane systems, and the induction of
stress-tolerant gene expression, among others [6]. In addition to signal regulation, plant
hormones such as abscisic acid (ABA), jasmonic acid (JA), ethylene (ET), and auxins not
only play roles in plant growth and development but also participate in responses to
biotic and abiotic stresses. Furthermore, plants accumulate protective metabolites (e.g.,
polyols, betaine, trehalose, proline, soluble sugars), free unsaturated fatty acids, and phos-
phatidylinositol to mitigate the oxidative damage and osmotic pressure caused by salt
stress [7].

In addition to salinization, heavy metals including lead, cadmium, and mercury have
received considerable research attention [8,9]. Cadmium, the most hazardous and toxic
heavy metal, can have a harmful effect on plants even at low concentrations [10]. Soil
cadmium is derived from human and natural sources. Geological weathering of rocks is
the main natural source of Cd pollutants, whereas major anthropogenic sources include
agrochemicals, manufacturing, automobile emissions, irrigation wastewater, smelting and
mining, and so on [11]. Cadmium can accumulate in plants and has a half-life of 10–30 years.
Excessive cadmium uptake by plant roots can cause browning of the root system, decreased
root length and dry weight, changes in root morphology, decreased root uptake capacity,
cellular damage, and, eventually, root mortality [11–13]. Cadmium in crops can endanger
human health, and consuming food with high levels of heavy metals over time can damage
the human nervous system, internal organs, and bones [14,15].

Plants employ multiple mechanisms to manage Cd stress. Cd stress induces reactive
oxygen species (ROS) accumulation, leading to oxidative damage. To counteract this,
plants activate their antioxidative systems by enhancing the accumulation of antioxidative
enzymes (e.g., SOD, POD, CAT) and non-enzymatic antioxidants (e.g., GSH, ascorbic
acid), thereby protecting cells from oxidative damage [16]. Additionally, plants synthesize
phytochelatins (PCs) and metallothioneins (MTs) to chelate Cd ions, reducing Cd toxicity.
Heavy metal-transport proteins, such as ZIP, NRAMP, HMA, and ABC, play crucial roles
in Cd uptake, transport, and efflux, minimizing Cd-induced damage [17]. Remediation
of polluted soil is one of the most essential approaches for conserving cultivated land
since the area of cultivated land is limited. Since plants can be regulated through various
mechanisms to adapt to Cd stress, phytoremediation is considered an economical and
sustainable method for remediating Cd-contaminated soils [18–22].

Populus simonii × P. nigra is a fast-growing species widely used for greening and
afforestation. It exhibits strong environmental adaptability, with notable resistance to cold,
drought, and poor soil conditions, as well as moderate salt tolerance. Additionally, it
serves as a valuable model for studying poplar physiology. Compared with herbaceous
plants, Populus simonii × P. nigra possesses a greater biomass and a more extensive root sys-
tem [23,24]. Its roots can accumulate higher levels of salt and heavy metal ions, effectively
removing or stabilizing toxic ions in contaminated soils, making it a highly promising
candidate for bioremediation [25,26].

Major latex proteins have a Bet_v_1 domain, which was first discovered in 1985 in
opium poppies and later found in several model plants, including cotton, tomato, apple,
Arabidopsis thaliana, and others [27,28]. The Bet_v_1-domain-containing family includes
MLPs, Bet_v_1, and pathogenesis-related protein 10 (PR-10). Research on Bet_v_1 and
PR-10 has been conducted for some time, primarily from a medical perspective, due to
their roles as allergens in various plants. In contrast, studies on MLPs are fewer and
emerged relatively recently [29]. It has been demonstrated that MLP family members
are able to react to a range of phytohormones, which are crucial for plant growth and
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development, and have an impact on how plants react to biotic and abiotic stressors from
the environment [30,31]. MLPs can indirectly improve plant disease resistance by activating
PR genes, acting in plant SAR, and producing flavonoids [32,33]. Furthermore, there has
been an increasing emphasis on the roles of MLPs in the plant abiotic stress response. For
instance, Wang et al. found that MLP43 regulates drought resistance in Arabidopsis through
the ABA signaling pathway [34], while Liu et al. found that NtMLP423 regulates tobacco’s
ability to tolerate the cold [35]. In addition, salt stress has been shown to trigger certain
MLP homolog genes, which can modulate plant salt tolerance. Ethylene response factor 76
(ERF76) is a crucial transcription factor that plays a key role in abiotic stress responses. It
enhances plant tolerance to drought, high salinity, and low-temperature stress by regulating
the expression of downstream stress-related genes [36]. The poplar transcription factor
PsnERF76 can bind to PsnMLP328, as we showed in our earlier study (unpublished data),
indicating that PsnMLP328 may also regulate poplar’s abiotic tolerance. As mentioned
before, Populus simonii × P. nigra exhibits only moderate salt tolerance and struggles to
withstand high levels of environmental stress. With increasing soil salinization, metal
pollution, and the rapid loss of arable land, enhancing its stress tolerance is crucial for
ecological restoration, afforestation, and biomass energy production.

The aim of this study is to investigate the function and potential molecular mecha-
nisms of PsnMLP328 in response to salt and cadmium stress in plants, using tobacco as
a model. Understanding its function and mechanisms could enable the enhancement of
salt and Cd stress tolerance in poplar, ultimately facilitating its use in phytoremediation
and afforestation.

2. Results
2.1. Cloning and Sequence Analysis of PsnMLP328

In our previous study, a 326 bp partial gene fragment was isolated utilizing a yeast
two-hybrid system. BlastX comparison revealed that the fragment included the typical
conserved sequence of a major latex protein; hence, the gene was called PsnMLP328. The
full-length cDNA of PsnMLP328 was amplified by RT-PCR using the cDNA of leaves of
Populus simonii × P. nigra as template, and a band of about 600 bp was obtained. Using
an ORF program, it was predicted that the 5′ UTR of the gene was 113 bp and the 3′ UTR
was 34 bp. The open reading frame was 453 bp, coding for 150 amino acids—of which
Val was the most abundant, accounting for 12% of the total number of amino acids—with
25 negatively charged residues (Asp + Glu) and 17 positively charged residues (Arg + Lys).
The molecular weight of the protein encoded by PsnMLP328 was 16.77 kDa, the theoretical
isoelectric point was 5.09, and the instability coefficient was 21.32, which classified it
as a stable protein (Table S1). Conserved region prediction showed that PsnMLP328
belonged to the Bet_v_1 superfamily. Subcellular localization prediction indicated that
PsnMLP328 would be localized in the cytoplasm. In addition, PsnMLP328 has two Casein
kinase II phosphorylation sites, two N-glycosylation sites and three Protein kinase C
phosphorylation sites (Table 1).

The results of signal-peptide prediction and transmembrane structure analysis showed
that PsnMLP328 has neither a signal peptide nor a transmembrane structure. The phylo-
genetic analysis results showed that PsnMLP328 was closer to Populus tremula and more
distant from Eucalyptus megacephalus and the cocoa tree (Figure S1).
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Table 1. Functional site analysis of PsnMLP328.

Casein kinase II phosphorylation site
35–38: Phosphoserine

106–109: Phosphoserine
N-glycosylation site

33–36: N-linked (GlcNAc. . . ) asparagine
79–82: N-linked (GlcNAc. . . ) asparagine

Protein kinase C phosphorylation site
54–56: Phosphoserine
97–99: Phosphoserine

101–103: Phosphothreonine

2.2. Response of PsnMLP328 to Salt Stress and Cadmium Stress

In previous studies, it was shown that AtMLP423, the Arabidopsis homolog of Psn-
MLP328, functions to regulate abiotic stress in Arabidopsis. We hypothesized that Psn-
MLP328 is probably also involved in the response of poplar to abiotic stress; therefore,
we examined the expression of PsnMLP328 at different time points after salt stress and
cadmium stress, respectively.

The results showed that the expression of PsnMLP328 presented a trend of first de-
creasing and then increasing and decreasing again under salt stress, which was significantly
lower than that of the control condition at the 6th hour of stress and significantly higher
than that of the control at the 12th hour. Subsequently, with prolongation of the stress time,
the expression of PsnMLP328 gradually decreased (Figure 1A). The trend for PsnMLP328
expression under cadmium stress was similar but slightly different from that under salt
stress. It was also significantly down-regulated at the 6th hour and then significantly
up-regulated at the 12th hour, but it decreased to its lowest level at the 24th hour and then
continued to increase to the 48th hour, followed by a gradual decrease, and the expression
at all time points was significantly different from that of the control (Figure 1B). The results
demonstrate that PsnMLP328 plays a role in poplar's response to both salt and cadmium
stress, though potentially through distinct molecular regulatory mechanisms.
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2.3. Overexpression of PsnMLP328 Can Improve Resistance in Transgenic Tobacco Under Salt and
Cadmium Stress

In order to investigate the function of PsnMLP328 in response to salt and cadmium
stress, an overexpression vector of PsnMLP328 was constructed and transformed into
tobacco, and the function of PsnMLP328 was verified under salt and cadmium stress
(Figure S2). Compared with poplar, tobacco is a widely used model plant in research due
to its short growth cycle, high genetic transformation efficiency, and ease of laboratory
manipulation. Therefore, tobacco was selected as the experimental subject in this study.
Plant height did not significantly differ between transgenic and non-transgenic plants in the
control setting. However, under salt conditions, the heights of all plants were significantly
lower than those under the control condition, and the heights of transgenic tobacco that
overexpressed PsnMLP328 were higher than those of WT (wild type) lines (Figure 2A,B).
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Figure 2. Phenotypic analysis and physiological index detection of transgenic tobacco plants under
salt stress. (A) Phenotypic analysis of transgenic tobacco plants under salt stress (150 mM NaCl).
(B) Plant height of WT and transgenic tobacco plants. (C) POD activity of WT and transgenic
tobacco plants. (D) Proline content of WT and transgenic tobacco plants. (E) MDA content of
WT and transgenic tobacco plants. WT: wild-type; L1–L3: different transgenic lines; * indicates a
p-value < 0.05; ** indicates a p-value < 0.01.
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Under both control and salt stress conditions, the trans-PsnMLP328 lines’ MDA content
was much lower than that of the WT lines; conversely, the transgenic lines’ proline content
was higher than that of the WT lines. The transgenic lines and the WT lines did not
significantly differ in their POD activity under control conditions (Figure 2C–E). However,
under salt stress conditions, the POD activity of all the transgenic lines was significantly
higher than that of the WT lines (Figure 2C–E). All the above results could indicate that
the tobacco lines overexpressing PsnMLP328 were more tolerant to salt stress than the
WT lines.

Growth of both the transgenic and non-transgenic tobacco plants was similar before
cadmium treatment. However, the growth of plants after cadmium stress could be seen to
be obviously inhibited by cadmium, which greatly reduced the plant height, fresh weight,
and relative chlorophyll content of the tobacco plants (Figure 3A–C,G). When compared
with the wild-type seedlings, seedlings overexpressing PsnMLP328 had a higher plant
height, fresh weight, and relative chlorophyll content after cadmium treatment, and the
percentage reductions in plant height and relative chlorophyll content were all significantly
lower than those for the wild-type (Figures 3 and 4). This indicates that overexpression of
PsnMLP328 can effectively alleviate the growth inhibition of tobacco by Cd2+ stress.

We subsequently determined the SOD activity, MDA content, and proline content of
different tobacco lines before and after stress. The results showed that cadmium stress
did not cause a significant change in the SOD activity in tobacco. However, the SOD
activity of the transgenic lines was significantly higher than that of the wild-type lines
after stress (Figure 3D). The trend for the MDA content was different to that for SOD
activity, in that the MDA content of transgenic lines was significantly lower than that
of the wild-type lines before stress, and cadmium stress caused a decrease in the MDA
content of all lines, but there was no significant difference among the lines (Figure 3F).
Similarly, Cd2+ stress caused a decrease in proline content in all the tobacco lines, with
significant differences in proline content changes before and after stress in the wild-type
lines but not in the transgenic lines, and all the transgenic lines had a higher proline
content than the wild-type (Figure 3E).

To further investigate the molecular mechanism by which PsnMLP328 regulates the
tolerance of plants to cadmium stress, we measured the Cd2+ concentration in transgenic
as well as non-transgenic tobacco plants after stress. However, the total amount of Cd2+

accumulated in the body of transgenic plants was more than that of non-transgenic plants
since they had a larger biomass after Cd2+ stress (Figure 4). The results showed that the
Cd2+ concentration in the transgenic tobacco plants was significantly lower than that in
the wild-type.

From these results, it can be seen that overexpression of PsnMLP328 can enhance
the resistance of tobacco to both salt stress and cadmium stress, but the enhancement of
tolerance in the transgenic plants was more obvious for cadmium stress compared with that
of salt stress. Therefore, we focused on cadmium stress to further investigate the molecular
mechanism by which PsnMLP328 enhances tolerance to cadmium stress in plants.
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Figure 3. Phenotypic analysis and physiological index detection of transgenic tobacco plants under
cadmium stress. (A) Phenotypic analysis of transgenic tobacco plants under cadmium stress (100 µM
CdCl2). (B) Plant height of WT and transgenic tobacco plants. (C) Fresh weight of WT and transgenic
tobacco plants. (D) SOD activity in WT and transgenic tobacco plants. (E) Proline content of WT
and transgenic tobacco plants. (F) MDA content of WT and transgenic tobacco plants. (G) Relative
chlorophyll content of WT and transgenic tobacco plants. (H) Relative chlorophyll content reduction
in WT and transgenic tobacco plants. (I) Plant height reduction in WT and transgenic tobacco
plants. WT: wild-type; L1–L3: different transgenic lines; * indicates a p-value < 0.05; ** indicates a
p-value < 0.01.
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transgenic tobacco plants under cadmium stress. WT: wild-type; L1–L3: different transgenic lines.

2.4. Expression Analysis of Transgenic Plants and the Prediction of Genes Regulated
by PsnMLP328

The analysis of differential expression in transgenic and non-transgenic tobacco plants
using RNA-Seq showed that a total of 4565 genes were differentially expressed after overex-
pression of PsnMLP328 in tobacco, of which 2482 genes were up-regulated and 2083 genes
were down-regulated (Figure 5A). Subsequently, GO classification revealed that a total of
332 genes were annotated to the three major categories of biological processes, cellular com-
ponents, and molecular functions. Among the molecular functions, there were most of the
genes were involved in ion binding, ribosome structure composition, calcium-ion binding,
and protein heterodimer activity. In the cellular component classification, most of the genes
comprised membrane components, chloroplast components, ribosome components, and
nucleosome components. In biological processes, the genes were mainly related to redox
processes, carbohydrate metabolism, translation, photosynthesis, nucleosome assembly,
transporter, stress responses, and other processes. KEGG enrichment analysis revealed that
a total of 797 genes were involved in 21 KEGG pathways. Among them, the pathways in
which the most differentially expressed genes were enriched were metabolic pathways,
secondary metabolite synthesis pathways, and the ribosome pathway (Figure 5B,C).

Following further screening of the RNA-Seq results, it was noted that there were
remarkable changes in the expression of some metal-ion transporters in the transgenic
plants overexpressing PsnMLP328. The log2-fold change in the potassium ion channels
AKT1 and AKT2/3 were 2.4 and 1.7 in transgenic plants, respectively. The log2-fold change
of the heavy metal–nicotinamide transporter YSL2, which mediates Cd2+ transport from
root to shoot, was 3.5, whereas the expression of Nramp2-like was -2.1 (Table 2).

The results of real-time PCR also confirmed the accuracy of the RNA-Seq results
(Figure 6). Therefore, we hypothesized that PsnMLP328 might regulate the cadmium ion
concentration and resistance to cadmium stress in plants by regulating the activities of
various metal-ion transporters.
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Table 2. RNA-Seq results of candidate genes.

Gene Name Log2-Fold
Change p Value Padj Description

AKT1 2.4053718 4.21 × 10−5 0.001272395
potassium channel

AKT1-like%2C transcript
variant X2

AKT2/3 1.754015611 2.90 × 10−6 0.000163073 potassium channel
AKT2/3-like

YSL2 3.514848502 1.58 × 10−12 7.44 × 10−10
metal–nicotianamine

transporter YSL2-like%2C
transcript variant X1

Nramp2 −2.125372581 0.000164615 0.003521159 metal transporter Nramp2-like
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3. Discussion
Throughout their development, plants may encounter a range of external abiotic chal-

lenges, including heavy metal stress, cold stress, and salt stress [8]. Furthermore, plants,
particularly tree species, have a greater potential for phytoremediation than herbaceous
plants because of their deeper root systems and higher biomass, as well as the potential to
enhance adaptations to allow them to thrive in stressful conditions [18,25,37]. E. cammal-
dulesis and T. aphylla, for example, may sustain a high K+/Na+ ratio under high levels
of salt stress (30 dS−1) by lowering the K+ efflux and Na+ influx, making them more salt
resistant and suitable for soil remediation [12]. Salt-tolerant hybrid poplar can be utilized
to remediate soil and groundwater [38]; for example, Acacia nilotica L. has the ability to
remediate Cd2+ metals due to its high stem biomass, stem uptake of Cd2+, and Cd2+ toler-
ance [39]. It is obvious that investigating the mechanisms by which trees cope with abiotic
stress and improving their capacity to withstand them are crucial for the rehabilitation of
contaminated soil.

Plant major latex protein is a member of the Bet_v_1 superfamily, which is a disease-
resistance and growth- and development-related protein that plays a significant role in plant
responses to pathogenic stressors as well as in growth and development [27]. Furthermore,
in recent years, it has been suggested that members of the MLP family perform a role in
the ways that plants react to abiotic stress, including to cold, salt, drought, and so on. The
function of MLP genes in Cd2+ stress is as-yet unknown, which merits more investigation.
Research on MLP family members in poplar and the potential mechanisms of MLP genes
in response to abiotic stress have, however, hardly been reported. In this study, a gene
encoding plant major latex protein, PsnMLP328, was cloned from Populus simonii × P. nigra
and was studied by bioinformatics analysis, expression analysis under abiotic stress, and
an analysis of downstream genes that it might regulate.

The results demonstrated that both salt stress and cadmium stress induced PsnMLP328
expression. However, its expression level followed a pattern of an initial decrease, followed
by an increase and then a subsequent decline over a prolonged stress duration. This
phenomenon may be explained as follows: During the initial phase of salt stress, plants
likely prioritize energy and resources for essential survival processes, such as cellular
homeostasis and osmotic regulation, over gene transcription and translation. This leads
to a temporary reduction in the expression of growth-related genes. As the stress persists,
plants perceive stress signals and activate protective mechanisms, which require increased
expression of stress-responsive genes, including PsnMLP328. Consequently, PsnMLP328



Int. J. Mol. Sci. 2025, 26, 3350 11 of 18

expression rises and eventually stabilizes in the later stages. Tobacco lines overexpressing
PsnMLP328 exhibited enhanced resistance to both types of stress compared with the wild
type. However, PsnMLP328 appears to respond differently to the two types of stress, with
a more pronounced ability to mitigate Cd2+-induced damage. The transgenic tobacco lines
exhibited increased Cd2+ accumulation while maintaining higher biomass, elevated relative
chlorophyll content, and reduced Cd2+ concentrations. RNA-Seq analysis revealed that
PsnMLP328 enhances tobacco resistance by boosting antioxidative enzyme activity and the
proline content, reducing oxidative damage, and by regulating the expression of K+ and
Cd2+ channels.

3.1. Possible Mechanisms by Which PsnMLP328 Regulates Salt-Stress Resistance in Plants

Malondialdehyde (MDA) is one of the end products of lipid peroxidation in organ-
isms, which occurs when free radicals react with lipids and peroxide them [40]. Its levels
might indicate the degree of lipid peroxidation damage in the organism or tissue, and it
is a good indicator of oxidative stress [41]. Elevated MDA levels are frequently linked
to oxidative stress and cellular damage. It has been demonstrated that when exposed to
salt stress, plants that are more tolerant to the condition will have a lower MDA content
than salt-sensitive types [42]. The current study’s findings indicate that tobacco plants
overexpressing PsnMLP328 have reduced MDA content when treated with salt, indicating
that the transgenic tobacco plant has a higher tolerance to salt. Furthermore, when plants
are exposed to environmental stress, particularly saline and alkaline stress, a large number
of reactive oxygen species (ROS) accumulate, including superoxide anion radicals (O2−),
hydrogen peroxide (H2O2), and singlet oxygen, among others, destroying membrane struc-
tures and interfering with normal plant metabolism via the peroxidation of nucleic acids,
proteins, and lipids [43]. Additionally, ROS degrade biological membranes’ selectivity,
increasing their permeability and causing membrane lipid peroxidation, all of which ul-
timately result in varying degrees of plant damage [44]. POD has multiple functions in
plants. It is one of the key enzymes in the enzymatic defense system of plants in adverse
conditions, and it works synergistically with superoxide dismutase (SOD) and catalase
(CAT) to scavenge excess free radicals in the body, thereby improving plant resistance [27].
The superoxide content in plants increases after being exposed to external abiotic stress,
while plants with stronger resistance have a lower accumulated superoxide content and a
higher POD content than other plants, which enhances plant resistance under abiotic stress
by alleviating the content of ROS in the body [45].

The results of this study show that tobacco plants overexpressing PsnMLP328 have
a lower reactive oxygen species content and a higher POD content, suggesting that the
enhancement of salt-stress tolerance in plants by PsnMLP328 may be achieved by directly
or indirectly activating antioxidative enzymes, reducing the level of ROS, scavenging free
radicals in the body, and protecting the plant from damage caused by reactive oxygen
species. This finding is in line with earlier research showing that overexpressing NtMLP43
can improve drought tolerance in tobacco plants and lessen the membrane damage and
ROS buildup in plants under drought stress [34]. Another study also indicated that over-
expression of NtMLP423 reduced membrane lipid degradation, improved antioxidative
enzyme activity, and decreased ROS generation during low-temperature stress, enhancing
cold-stress resistance in tobacco [46].

The effects of salt stress on plants can be split into two categories: ion toxicity and
osmotic stress [2]. Under salt stress, potassium ions in plants decrease while sodium ions
increase, resulting in a reduced K+/Na+ ratio, which can lead to ionic toxicity or even plant
death. For plants to withstand salt stress, it is crucial to maintain a comparatively high
K+/Na+ ratio [3,47]. Interestingly, RNA-Seq analysis revealed that the transgenic lines had
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up-regulated expression of the K+ channels AKT1 and AKT2/3. The AKT family is the first
voltage-dependent K+ channel discovered in Arabidopsis, and it belongs to the Shaker
K+ channel family [48]. AKT1 is a key transporter for K+ uptake from the soil in plants,
whereas AKT2/3 is an inner rectifier-type K+ channel [49–52]. K+ channels have been linked
to the preservation of a high K+/Na+ ratio in plants during salt stress [53]. Thus, we might
hypothesize that PsnMLP328 enhances tobacco resistance to salt stress by inducing the
expression of the K+ channels AKT1 and AKT2/3, which facilitates potassium ion uptake
and transport and maintains the plant’s K+/Na+ ratio at a high level.

3.2. Possible Mechanisms by Which PsnMLP328 Regulates Cadmium-Stress Resistance in Plants

Cadmium stress has an impact on the morphological, biochemical, and physiological
processes that influence plant growth. Previous research has demonstrated that Cd2+ stress
decreases the root-crown length of wheat, pea, and blue bean (Suaeda glauca), as well
as reducing maize and wheat dry weight [54–58]. The results of this investigation also
showed that Cd2+ stress drastically inhibited tobacco plant growth, with all plants having
significantly lower dry weight and plant height. However, tobacco plants overexpressing
PsnMLP328 had a higher dry weight and plant height than the wild-type, demonstrating
that overexpression of PsnMLP328 could improve resistance to Cd2+ stress. Like salt stress,
Cd2+ stress can cause excessive ROS that are harmful to plant cells. For example, Dong
et al. discovered that high concentrations of Cd2+ caused the generation and accumulation
of ROS in the peanut cytoplasm, disrupting the integrity of the plasma membrane and
the selective transport system and resulting in intracellular metal transport, which was
harmful to the plants [59]. The current findings revealed that overexpressed PsnMLP328
tobacco plants had significantly higher SOD levels than the wild-type. This suggests that
PsnMLP328 may aid plants in surviving Cd2+ stress by enhancing antioxidative enzyme
activity and lowering ROS accumulation. Furthermore, the transgenic plants had a higher
proline content when exposed to Cd2+, which has been related to plant responses to abiotic
stresses such as heavy metal stress. Plants with a high proline content demonstrated greater
Cd2+-stress tolerance [60,61]. As a result, PsnMLP328 may aid plant survival by increasing
the proline accumulation in response to Cd2+ stress.

As can be seen from Figure 3A, plant leaves under Cd2+ stress turn yellow, a symptom
of a considerable reduction in chlorophyll content. Chlorophyll is a crucial component of
plant photosynthesis, and its absence will result in a reduction in the plant biomass. In the
current study, we discovered that after being exposed to Cd2+ stress, plants overexpressing
PsnMLP328 exhibited a higher biomass, a lower percentage drop in the biomass and
chlorophyll content, and a higher chlorophyll content than the wild-type. Consequently,
we believe that PsnMLP328 is responsible for improving plants’ resistance to Cd2+ stress by
lowering chlorophyll loss, raising the amount of chlorophyll in the plant following stress,
preserving photosynthesis, and aiding the plant in gaining more biomass.

Cadmium transport in plants involves the Nramp, HMA, ZIP, ATP, YSL, and ABC
(ATP-Binding Cassette) families [19,62,63]. It was first demonstrated that the Nramp family
was mostly engaged in the uptake and transport of Fe2+, whilst the YSL family encoded
transporters of Fe2+ and Zn2+ [63,64]. Recent research, however, has shown that both
families’ members are equally capable of absorbing and transporting Cd2+. According
to Shintaro Koike’s research, Nramp2 is located at the vesicular membrane and has been
linked to the accumulation of Cd2+ in rice, whereas OsYSL2 is primarily distributed in the
rice phloem and plays a role in the phloem transport of Fe2+ and Mn2+ from underground
to the shoot [64]. This finding implies that PsnMLP328 might influence the expression
of Cd2+ transporters in regulating the plant’s uptake and distribution of Cd2+, thereby
assisting plants in surviving Cd2+ stress. Additionally, we observed in this work that
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overexpression of PsnMLP328 led to a decrease in Cd2+ content but an increase in the total
Cd2+ absorbed in plants when compared with the wild-type.

This finding is consistent with the results of a previous study, which discovered
that overexpression of PyWRKY75 significantly increased Cd2+ uptake and accumulation
in Populus yunnanensis, with the amount of Cd2+ accumulated in the body increasing
by 51.32% compared with the wild-type but with the concentration of Cd2+ becoming
lower [65]. Based on the experimental results and previous research, we proposed that
tobacco plants transfected with PsnMLP328 are more tolerant to cadmium stress while
absorbing more Cd2+, which could be attributed to the following reasons:

1. It has been demonstrated that the quantity of K+ and Cd2+ are strongly correlated,
and that increasing the amount of K+ in a plant can improve its uptake of Cd2+ [66–68]. In
the current work, plants overexpressing MLP328 exhibited considerably higher expression
of the potassium channels AKT1, AKT2/3. Consequently, PsnMLP328 could increase K+

uptake in plants, which would, in turn, increase the amount of Cd2+ accumulated in
plants, thereby assisting plants in absorbing Cd2+ from soil. 2. Transgenic plants showed a
significant up-regulation of the expression of YSL2, a transporter that mediates the transport
of Cd2+ from the root to the shoot, and a significant down-regulation of the expression
of Nramp2, a transporter that mediates the efflux of Cd2+ from vesicles to the cytoplasm.
In addition to regulating Cd2+ redistribution by lowering the Cd2+ vesicle-to-cytoplasmic
efflux to maintain a lower Cd2+ concentration, PsnMLP328 promotes Cd2+ absorption,
which causes transgenic plants to have a higher total Cd2+ content than the wild-type.
This can protect plants from Cd2+ toxicity. 3. Chlorophyll content is critical for plant
photosynthesis and biomass, and PsnMLP328 can help plants retain a higher chlorophyll
content under Cd2+ stress to assure a relatively large biomass, lowering the concentration
of Cd2+ in the plant and mitigating Cd2+ toxicity.

These results suggest that overexpression of PsnMLP328 can improve plants’ ability to
tolerate Cd2+stress, increasing their biomass while additionally enabling them to absorb
more Cd2+ from the soil, thus cleaning up cadmium-contaminated soils. The findings of
this study provide theoretical support for the use of woody plants in the repair of heavy
metal-ion-contaminated soil.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

The plant materials (Populus simonii × P. nigra) were provided by Northeast Forestry
University. The wild-type tobacco plant (Nicotiana tabacum L. cv. Petit Havana SR-1) was
used for genetic transformation. The poplar and tobacco seedlings were grown in 1/2 MS
medium at 22 ◦C under a 16 h/8 h (light/dark) photoperiod and 75% relative humidity.

4.2. Gene Cloning and Sequence Analysis of PsnMLP328

Total RNA was extracted from the leaves of poplar (Populus simonii × P. nigra) using
the RNAprep Pure Plant Kit (Tiangen, Beijing, China). A total of 1 µg of RNA was used
for reverse transcription using a Takara PrimeScript™ RT reagent Kit with gDNA Eraser
(Takara, Beijing, China). The cDNA was used as a template for PCR amplification using
the high-fidelity enzyme KOD-plus-neo (Toyobo, Osaka, Japan) and specific primers, and
the PCR products was recovered with the Tiangel purification kit (Tiangen, Beijing, China).
The CDS (with terminator) of PsnMLP328 was linked to the pGEM®-T vector (Promega,
Beijing, China) and sequenced.

The ProtParam (https://web.expasy.org/protparam/) (accessed on 2 May 2024) soft-
ware was used to analyze the physical and chemical properties of PsnMLP328. Signal-
peptide analysis was performed using SignalP 5.0 (https://services.healthtech.dtu.dk/

https://web.expasy.org/protparam/
https://services.healthtech.dtu.dk/service.php?SignalP-5.0
https://services.healthtech.dtu.dk/service.php?SignalP-5.0
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service.php?SignalP-5.0) (accessed on 2 May 2024) and Cell-PLoc 2.0 (http://www.csbio.
sjtu.edu.cn/bioinf/Cell-PLoc-2/) (accessed on 2 May 2024) was used for the subcellular lo-
calization prediction. The transmembrane regions of proteins were predicted by cTMHMM
Service 2.0 (https://services.healthtech.dtu.dk/service.php?TMHMM-2.0) (accessed on
2 May 2024). After searching for similarity sequences with the Blast program, the amino
acid sequences of the same protein from different plants with high similarity to it were
selected, and the multiple-sequence comparison and evolutionary trees were drawn with
ClustalX1.83 and MEGA 5.0.

4.3. Vector Construction and Transformation of Nicotiana tabacum L. cv. Petit Havana SR-1

The CDS of PsnMLP328 was inserted into the pROKII vector for transformation. The
tobacco transformation and cultivation was based on the published literature, with some
modifications [69]. The construct was transformed into the Agrobacterium tumefaciens strain
AH105 and then transformed into SR-1 using the leaf-disc method. The leaves of infected
tobacco plants were incubated on a substrate in the dark for 2 days, after which the buds
were transferred into rooting medium with NAA to generate seedlings.

4.4. Identification of Transgenic Plants

Total DNA extraction was performed using the plant genomic DNA kit (Tiangen,
Beijing, China), and total RNA was extracted using the RNAprep Pure Plant Kit (Tiangen,
Beijing, China). PCR was used to identify transgenic plants, and real-time PCR was used to
detect the level of overexpression.

4.5. Plant Treatment and Expression Analysis

Treatment and expression analysis of transgenic tobacco seedlings: Two-week-old
T2-generation tobacco plants with similar growth were selected and subjected to stress
treatment. Under normal conditions, plants were grown on 1/2 MS medium. For the
salt-stress treatment, plants were grown on 1/2 MS medium supplemented with 150 mM
NaCl, and for the cadmium-stress treatment, plants were grown on 1/2 MS medium
supplemented with 100 µM CdCl2. On the 30th day after treatment, the fourth leaves of dif-
ferent plants were collected for physiological analysis, RNA-Seq analysis, and phenotypic
observation (photography). Relative chlorophyll content was detected by a chlorophyll
analyzer (SPAD502-PLUS, Konica Minolta, Tokyo, Japan). The POD content, SOD activ-
ity, MDA content, and proline content were detected using kits from Solarbio (Solarbio,
Shanghai, China).

Transcriptome analysis: Total RNA was extracted from tobacco leaves using the
RNAprep Pure Plant Kit (Tiangen, Beijing, China). Library construction and sequencing
were performed by Genewiz Co., Ltd. (Suzhou, China), following Illumina’s standard pro-
tocol [70]. Gene expression levels were quantified using the transcripts-per-million (TPM)
method via RSEM. Differential expression analysis used the DESeq2 Bioconductor package,
a model based on the negative binomial distribution. The estimates of dispersion and loga-
rithmic fold changes incorporate data-driven prior distributions, and the Padj values of the
genes were set at ≤0.05 to detect differentially expressed ones. GOSeq (v1.34.1) was used to
identify Gene Ontology (GO) terms to annotate the list of enriched genes with a significant
Padj of ≤0.05, while topGO was used to plot the DAG. KEGG (Kyoto Encyclopedia of Genes
and Genomes) is a collection of databases dealing with genomes, biological pathways, dis-
eases, drugs, and chemical substances (http://en.wikipedia.org/wiki/KEGG) (accessed
on 15 October 2024). We used in-house scripts to enrich for significantly differentially
expressed genes in KEGG pathways.

Treatment and expression analysis of poplar: hydroponic poplar branches with similar
growth were selected for stress treatment. The salt-stress treatment was 150 mM NaCl, and

https://services.healthtech.dtu.dk/service.php?SignalP-5.0
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the cadmium-stress treatment was 100 µM CdCl2. Leaves were taken at 0, 6, 12, 24, 48, and
72 h time points, respectively, and the cDNA was extracted and then utilized for expression
detection by realtime-PCR.

5. Conclusions
In this study, PsnMLP328, a member of the plant major latex protein family, has

been cloned and analyzed preliminarily with regard to its physicochemical properties and
evolution. Both salt stress and cadmium stress could induce the expression of PsnMLP328,
but it had different response modes to the two stresses. Overexpression of PsnMLP328
could enhance the resistance of tobacco to both salt and cadmium stress, but PsnMLP328
could better alleviate the toxicity of cadmium stress on plants than that of salt stress. Based
on the subsequent physiological and transcriptome analyses, we hypothesize that the
mechanisms by which PsnMLP328 elevates tobacco resistance to salt stress and cadmium
stress are as follows:

1. PsnMLP328 decreases oxidative damage in stressed plants by improving antioxida-
tive enzyme activity and the proline concentration, hence aiding the plant’s adaptation to
stress. 2. PsnMLP328 overexpression increases the amount of chlorophyll in stressed plants
and promotes their growth to withstand environmental stress. 3. PsnMLP328 increases
potassium levels in the body by up-regulating K+ channels and maintaining a higher
K+/Na+ ratio, allowing plants to tolerate salt. 4. PsnMLP328 enhances the K+ content
by up-regulating the expression of K+ channels, which promotes the absorption of Cd2+

by plants. Regulating the Cd2+ influx and regionalized transporters decreases the Cd2+

concentration in plants while raising the uptake of Cd2+ by plants, which helps to relieve
the Cd2+ stress.

In summary, it was determined that PsnMLP328 has a favorable regulating effect
in Populus simonii × P. nigra in response to salt stress and cadmium stress, particularly
cadmium stress. Further investigation into the precise molecular pathways involved is
worthwhile, since it holds significant importance for the bioremediation of salty and heavy
metal soils when employing woody plants. The findings provide a strong molecular basis
for enhancing polluted soil phytoremediation. In the meanwhile, the Cd2+ -rich transgenic
lines produced with this gene show promise for use in the phytoremediation of soils
contaminated with Cd2+.
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