% Universiteit
4 Leiden
The Netherlands

Unraveling the synergistic role of ABA and ethylene in root lignin
synthesis: a key molecular mechanism for tobacco response to PS-NPs

using multi-omics approaches
Jia, T.; Sun, X.; Li, W.; Chen, ].; Peijnenburg, W.J.G.M.; Liu, P.; Yang, L.

Citation

Jia, T., Sun, X., Li, W., Chen, ]., Peijnenburg, W. J. G. M,, Liu, P., & Yang, L. (2025).
Unraveling the synergistic role of ABA and ethylene in root lignin synthesis: a key
molecular mechanism for tobacco response to PS-NPs using multi-omics approaches.
Industrial Crops And Products, 233. doi:10.1016/j.indcrop.2025.121356

Version: Publisher's Version
License: Creative Commons CC BY 4.0 license
Downloaded from: https://hdl.handle.net/1887/4252240

Note: To cite this publication please use the final published version (if applicable).


https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/4252240

Industrial Crops & Products 233 (2025) 121356

ELSEVIER

Contents lists available at ScienceDirect
Industrial Crops & Products

journal homepage: www.elsevier.com/locate/indcrop

INDUSTRIAL

CROPS

L))

Check for

Unraveling the synergistic role of ABA and ethylene in root lignin synthesis: [
A key molecular mechanism for tobacco response to PS-NPs using

multi-omics approaches

Tao Jia®®, Xiaodong Sun?®, Wenwen Li?, Jingrui Chen®, Willie J.G.M. Peijnenburg ",

a,* a,*

Peng Liu , Long Yang

2 College of Plant Protection, Shandong Agricultural University, Taian 271000, China

b Institute of Environmental Sciences (CML), Leiden University, P.O. Box 9518, Leiden 2300 RA, the Netherlands
¢ National Institute of Public Health and the Environment (RIVM), P.O. Box 1, Bilthoven, the Netherlands

ARTICLE INFO ABSTRACT

Keywords: The widespread of plastics poses health risks through the food chain. While plenty of studies show plants absorb
Lignin it through roots, but research on root responses to it is limited. This study explored the molecular mechanisms of
Multi-omics tobacco seedling roots response to different polystyrene nanoparticles (PS-NPs) concentrations using multi-omics
ilsa;tphormone approaches. The results from confocal laser scanning microscopy indicated PS-NPs accumulate in root was
s proportional to concentration. PS-NPs reduced fresh weight by 19.1, 37.0, and 49.7 % in accompanied by
increasing ROS. It is noteworthy that the lignin content was also significantly influenced, exhibiting an increase
at low concentrations of PS-NPs and a decrease at high concentrations of PS-NPs. Compared to the control, the
lignin content is 1.02, 0.87, and 0.83 times that of the control, respectively. To clarify the molecular mechanisms
influencing the lignin content, a joint analysis of transcription-metabolism was conducted. It was found that
ABA-related metabolites and genes first increased then decreased. In contrast, ethylene, which promote lignin
degradation, showed an upward trend. It is likely that the dynamic balance between ABA and ethylene may
influence lignin synthesis under PS-NPs treatment. This contribution not only clarified the impact of PS-NPs on

plant root growth but also elucidated the potential mechanisms of phytotoxicity.

1. Introduction

In 1907, The appearance of synthetic plastic resins altered daily life,
embedding plastics deeply into human activities due to their versatility.
However, in the course of the 20th century, plastics were identified as
major pollutants affecting diverse environments. The term "micro-
plastic" was introduced by Thompson et al. in 2004 and quickly gained
prominence. MPs can be divided into "primary MPs" and " secondary NPs
" (Ali et al., 2021). Primary MPs are manufactured directly from in-
dustrial production, such as plastic particles used in paints, adhesives,
electronics, and cosmetics. Secondary NPs are smaller plastic particles
formed by the decomposition of larger plastic waste through environ-
mental transformations actions like photolysis and mechanical decom-
position (Arif et al., 2024).

Due to their tiny size, MPs/NPs can be widely distributed in the
environment and accumulate in soil, air, water (Da Costa et al., 2016).

MPs/NPs induce toxicity to living organisms, potentially impacting their
growth and development, even causing their death (Zhao et al., 2023a).
MPs/NPs have for example been found to cause lethal and sublethal
effects on zebrafish embryos (Lee et al., 2023), and were shown to enter
the human body through food ingestion, respiratory inhalation, or skin
contact (Li et al., 2024). MPs/NPs can trigger oxidative stress, inflam-
mation, and tissue damage, increasing the risk of neurodegenerative
diseases, reproductive problems, heart disease, cancer, and autoimmune
diseases (Ramos-Gonzalez et al., 2024). In addition, it has been found
that MPs/NPs can be absorbed and accumulated by terrestrial plants
(Gan et al., 2023). Although the absorption of MPs/NPs by leaves is one
of the pathways for their entry into plants, the primary means of ab-
sorption is through the roots, where they accumulate predominantly
(Hua et al., 2023). The concentration of MPs/NPs in the roots reached
significant levels, and then subsequently transported through the xylem
to the aboveground parts. The accumulation of MPs/NPs could inhibit
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seed germination and plant growth through altering antioxidant enzyme
activity, gene expression, and metabolite composition in different spe-
cies. Research to date has established that the primary transport
pathway for MPs/NPs from the root surface to the xylem is through the
apoplast. The apoplast is primarily composed of cavities formed by cell
walls and intercellular spaces, which present minimal resistance and
facilitate rapid, uniform transport of inorganic ions and organic sub-
stances (Zhang et al., 2023). The transport rate within the apoplast is
indeed influenced by the structure of the cell wall (Schreiber et al.,
1999). Lignin is a crucial component of plant cell walls, primarily
serving to enhance their mechanical strength and acting as a physical
barrier that participates in plant defense responses (Riseh et al., 2024).
Changes in lignin content are especially an important mechanism for
plants to resist adversity when plants encounter harmful substance stress
such as heavy metal and salt (Na™) stress.

Throughout their long evolutionary history, plants have cultivated
intricate defense mechanisms to counteract harsh environmental con-
ditions. Plant hormones, present in trace amounts, are organic sub-
stances that significantly regulate plant growth and development. An
increasing body of research indicates that abscisic acid (ABA) and
ethylene are integral to how plants react to various stressors, such as low
temperatures, elevated salinity levels, and assaults by pathogens (Dar
et al., 2017; Zahra et al., 2023). The primary function of ABA is to
regulate stomatal opening and closing by modulating ion channels and
pumps in guard cells, thereby influencing the internal water status and
photosynthesis. The primary role of ethylene is to inhibit the vegetative
growth of plants and promote reproductive growth through signal
transduction when plants encounter stress conditions (Ogawara et al.,
2003). Extensive research has demonstrated a close relationship be-
tween these two hormones and the synthesis and decomposition of
lignin under stress conditions. Among them, ABA had been widely
proven to significantly enhance lignin synthesis (Liu et al., 2021). As for
ethylene, its effect on lignin content is twofold, meaning that under
different conditions, it may either promote synthesis or decomposition
of lignin (Barberon et al., 2016; Torres et al., 2020). However, to date,
there is still a lack of research on the relationship and regulatory
mechanisms between plant root hormones and lignin metabolism
following exposure to MPs/NPs. Based on our preliminary studies, we
hypothesized that under MPs/NPs stress, the dynamic balance of plant
hormones regulated lignin biosynthesis in tobacco roots, thereby
enhancing plant resistance to MPs/NPs.

Tobacco is one of the most important economic crops around the
world. Despite the health risks associated with smoking, the economic
benefits have prevented the implementation of a smoking ban. It is well
known that tobacco smoke contains plenty of harmful components such
as nicotine, tobacco tar, and carbon monoxide. These toxicants not only
directly impact smokers’ health but can also persist as third-hand smoke
in the environment, posing significant risks to especially infants and
children. Recent research indicated that MPs/NPs were existed in sam-
ple of bronchoalveolar lavage fluid (BALF) of smokers. Smokers
exhibited elevated concentrations of total microplastics, polyurethane,
and silicone when compared to non-smokers (Lu et al., 2023). Another
case study examined the presence of MPs/NPs in the sputum of 22 pa-
tients, comprising both smokers and non-smokers. The results indicated
that, compared to non-smokers, the concentration of MPs/NPs in the
sputum significantly increased among long-term smokers (Huang et al.,
2022). Consequently, analyzing the mechanisms by which tobacco
absorb MPs/NPs, along with an in-depth exploration of potential resis-
tance mechanisms, is of great significance for reducing the accumulation
of MPs/NPs and mitigating their harmful effects on human health. This
study utilizes the tobacco variety NC55, which is widely cultivated in
China, as the research material. Through a comprehensive analysis of
transcription, metabolism, and physiology, the dynamic trends in to-
bacco root absorption of PS-NPs are revealed and we uncover the mo-
lecular mechanisms within tobacco that enhance its resistance to
PS-NPs. This comprehensive methodology could yield novel insights
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into the impact of MPs/NPs on agricultural crops and potentially iden-
tify more robust targets for genetic modification. Such advancements
could be pivotal in enhancing crops’ resilience against the detrimental
effects of MPs/NPs.

2. Materials and methods
2.1. Phenotype of PS-NPs

PS-NPs fluorescent nanospheres were provided by Jiangsu Ishikawa
Technology Co., Ltd. The particle size distribution, morphology, and
appearance of the target particles were analyzed by Transmission
Electron Microscopy (Talos L120C TEM).

2.2. Experimental materials and growth conditions

NC55 tobacco (Nicotiana tabacum L.) seeds were germinated in
seedling trays. After seed germination, healthy and uniform seedlings
were transplanted into 1/2 Hoagland solution with four treatments:
Control (CK), 10, 50, and 100 rng-L’1 of PS-NPs. The seedlings were
cultured in an incubator under light intensity of 4000 lx, at a tempera-
ture range of 28-30°C. The photoperiod was 16 h/8 h, with humidity
maintained at 60 %.

2.3. Root growth

After being sampled, the entire seedlings were thoroughly rinsed
with distilled water to measure fresh and dry weights of shoots and roots
respectively. The total root length, root diameter, and number of root
bifurcations were analyzed using root scanner (Shanghai Zhongjing
Technology Co., Ltd., China).

2.4. Enzyme activity assay, DAB, and NBT staining

POD, SOD, CAT, and APX, along with MDA content, were determined
using a detection kit from Solarbio Science & Technology Co., Ltd.,
following the manufacturer’s instructions. The staining procedures with
DAB and NBT were performed according to established methods, with
specific steps detailed in the supplementary materials (Text S1).

2.5. Confocal Laser Scanning Microscopy (CLSM)

Root specimens were gathered for examination via Confocal Laser
Scanning Microscopy (CLSM) to ascertain the possible deposition of PS-
NPs within the root systems. Initially, the roots were meticulously rinsed
with deionized water to eliminate any PS-NPs adhering to the exterior.
Subsequently, the root tips were mounted on a glass slide with deionized
water and secured under a cover slip. The specimens were then sub-
jected to thorough analysis using a confocal laser scanning microscope
model Leica TCS SP8, provided by Leica Microsystems. The imaging was
facilitated by the LAS X software version 3.5.6.21594, also from Leica
Microsystems. During the entire process, a wavelength of 535 nm was
used for excitation, while a wavelength of 610 nm was utilized for
emission. To maintain uniformity across the analysis, each image was
recorded using identical parameters.

2.6. Quantification of lignin content in tobacco

A 0.5 g sample was combined with 95 % ethanol, then ground to
form a uniform mixture. Which was subsequently centrifugation at
2600 g for a duration of 5 min to isolate the solid residue, known as the
pellet. The pellet was subsequently washed with 95 % ethanol twice and
with a mixture of ethanol and n-hexane (in a 1:2 ratio) twice to ensure
purification, followed by air-drying. Once dry, the pellet was combined
with 25 % solution of bromoacetyl glacial acetic acid and allowed to
dissolve in 70°C water bath for 30 min. Subsequently, the solution was
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treated with 0.9 mL of 2 M sodium hydroxide, 5 mL of pure acetic acid,
and 0.1 mL of 7.5 M hydroxylamine hydrochloride, and then diluted to
total volume with an additional 15 mL of pure acetic acid. The con-
centration of lignin in the original sample was ascertained by measuring
the absorbance of the supernatant at a wavelength of 280 nm.

2.7. RNA extraction and transcriptomic analysis

Total root tissue RNA was isolated using the RNAprep Pure Plant Kit,
with purity and concentration assessed via absorbance and electropho-
resis. High-quality RNA samples were sequenced and analyzed to
determine gene expression patterns in tobacco root tissues. For detailed
methods, see the supplementary materials (Text S2).

2.8. Metabolomics analysis

A standardized protocol (Wu et al., 2024) was used for the metabolic
profiling. The specific steps and parameter settings of the experiment
have been documented in detail in an attached file (Text S3). Samples
were accurately weighed, using specific extraction and homogenization
techniques, as well as a series of centrifugation and cooling steps to
separate and purify the target components. Chromatographic conditions
and mass spectrometry parameters followed the recommended settings
in the literature to ensure accuracy and reproducibility of the analysis.
To further ensure the reliability of the experimental results, we per-
formed quality control (QC) analysis on all samples and mixed equal
amounts of samples to form QC samples. In addition, specialized soft-
ware tools are used for the processing of raw data and the identification
of metabolites.

2.9. Weighted gene co-expression network analysis (WGCNA)

The hclust function in R language was used for systematic cluster
analysis, and the WGCNA package was used to construct weighted gene
co-expression network in tobacco roots, and the correlation analysis of
genes and modules, genes and the biological enzyme activities was
carried out. According to the characteristic heat map of the clustering
module obtained from WGCNA analysis, the specific method was
referred to by Zhang et al. (2023). Further details are provided in the
supplementary information (Text S4).

2.10. Quantitative real-time PCR (qRT-PCR) validation

For this particular experiment, we employed a unique collection of
samples for qRT-PCR analysis, focusing on RNA isolated from the root
tips of young seedlings. The procedural steps followed the experimental
design detailed in our preceding research, which included the extraction
of total RNA, the generation of first-strand complementary DNA (cDNA),
and the execution of qRT-PCR analysis. The precise sequences of the PCR
primers utilized are detailed in Table S1 of the Supplementary Materials
(Text S5).

2.11. Data analysis

All experimental procedures were replicated four times to guarantee
both reliability and consistency of the results. The data were presented
as the mean value plus or minus the standard deviation (mean + SD).
Statistical analysis was performed using one-way analysis of variance
(ANOVA) with a significance threshold set at 0.05 (p < 0.05), utilizing
SPSS software version 17.0 by IBM, USA, followed by Tukey’s honestly
significant difference (HSD) test for post hoc comparisons. The visuali-
zation of the results was accomplished with Origin 2021 software. The
correlation between experimental results was assessed using Pearson
correlation analysis. The data were analyzed using the SAS 9.4 (SAS
Institute Inc., Cary, NC, USA).The partial least squares path model (PLS-
PM) was used to confirm the correlation between antioxidants, NPs,
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lignin, and plant stem biomass and root biomass.
3. Results
3.1. Phenotype of PS-NPs

The PS-NPs were spherical particles with a solid matter content of
the initial suspensions of 2.5 % and a density of 1.05 g/cm?® . These PS-
NPs included PS nanospheres that were fluorescently labeled with a red
dye. When excited at 535 nm wavelength, these nanospheres emitted
bright fluorescence at 610 nm. The concentration of these PS-NPs
nanospheres was 25 mg-mL~. The specific particle size distribution
was depicted in Fig. 1.

3.2. Effect of PS-NPs on tobacco seedlings growth

As the concentration of PS-NPs escalated, there was notable decline
in plant growth, as depicted in Fig. 2A. The reduction in root fresh
weight was 24.29 % at dosage of 10 mg-L ™}, and this decrease became
more pronounced at 43.88 % and 66.27 % for concentrations of 50 and
100 mg-L ™, respectively (Fig. 2B). In a similar vein, the fresh weight of
the shoots also diminished with increasing PS-NPs concentration,
showing decreases of 19.11 %, 37.00 %, and 49.66 % at 10, 50, and
100 mg-L™! (Fig. 2C). The dry weight of the roots was reduced by
17.82 % at PS-NPs concentration of 10 mg-L™!, with more significant
reductions of 45.27 % and 70.02 % at 50 and 100 mg-L™! concentra-
tions (Fig. 2D). Correspondingly, the dry weight of the shoots also
experienced decline, with reductions of 28.90 %, 47.80 %, and 61.14 %
under the varying treatment conditions (Fig. 2E). As the treatment
concentration rose, leaf area (Fig. S1A), leaf length (Fig. S1B), and root
length (Fig. S1C) of the PS-NPs groups decreased. Average root diameter
also decreased by 12.23 %, 20.83 %, and 26.72 % for these groups.
Notably, the 100 mg-L ™! PS-NPs treatment showed the greatest decrease
in plant growth index (Fig. S1D), suggesting more pronounced inhibi-
tory effect of higher concentrations.

3.3. Changes in antioxidant enzyme content

DAB and NBT staining revealed that the roots exhibited an expansion
and intensification of brown and blue discolorations with escalating
concentrations of PS-NPs, in contrast to the control group (Fig. 3A and
B). MDA levels showed pronounced elevation, with increments of
151.0 %, 294.8 %, and 441.5 % corresponding to the 10, 50, and
100 mg-L’1 treatments, respectively (Fig. 3C). Antioxidant enzyme ac-
tivities within the plants were significantly affected by the increasing PS-
NPs concentrations. CAT, POD, and APX activities all demonstrated
upward trend with rising PS-NPs levels. Specifically, CAT activity
escalated by 34.08 %, 57.49 %, and 88.79 % for the 10, 50, and
100 mg-L™! treatments (Fig. 3D). APX activity followed a similar
pattern, increasing by 19.35 %, 41.18 %, and 74.09 % under the same
treatment conditions (Fig. 3E). POD activity also rose, with increases of
37.27 %, 52.86 %, and 110.16 % at the 10, 50, and 100 mg~L’1 treat-
ments (Fig. 3F). In contrast, SOD activity was notably reduced with the
increasing presence of PS-NPs (Fig. 3G). RDA revealed a strong associ-
ation between data such as enzyme activity and physiology in plant
roots and processing variables. Especially the sample points for APX,
CAT, and POD in the PS50 and PS100 groups cluster tightly on the
positive RDA1 axis, indicating a positive correlation among these vari-
ables specifically within these groups. This trend suggests under high PS-
NPs treatment conditions, these three antioxidant enzymes (APX, CAT,
and POD) may occupy relatively prominent position (Fig. 4).

3.4. Distribution and accumulation of PS-NPs in tobacco roots

Tobacco was able to absorb PS-NPs through its root system. How-
ever, there were differences in the PS-NPs accumulation at different
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Fig. 2. The effect of different PS-NPs concentrations on plant growth (A) Phenotype diagram; (B) Root fresh weight; (C) Shoot fresh weight; (D) Root dry weight.; (E)

Shoot dry weight.

concentrations. 100 mg-L™! and 50 mg-L™! tobacco root scans were
darker. The higher the exposure concentration of PS-NPs, the stronger
the red fluorescence intensity (Fig. 5A-B).

3.5. Root transcriptomic analysis of plants exposed to PS-NPs
The PCA results indicated strong clustering within the same treat-

ments and clear separation between different treatments. This demon-
strated the high accuracy and reliability of the transcription data (Fig. 6

A). A total of 7314 common differentially expressed genes (DEGs) were
covered in the three comparison groups, with 4238, 673, and 1622 DEGs
specific to PS10 vs CK, PS50 vs CK, and PS100 vs CK (Fig. 6B). In the
PS10 vs CK comparison, 5685 genes showed differential expression,
with 1870 up and 3815 down (Fig. 6C). For PS50 vs CK, 2046 genes were
differentially expressed, including 1253 up and 793 down (Fig. 6D). In
the PS100 vs CK group, 3671 genes were differentially expressed, with
2167 up and 1504 down (Fig. 6E).

KEGG compared three different PS-NPs treatment groups (PS10,
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PS50, PS100) to CK, revealing differences between the treatment
groups. The PS10 VS CK, PS50 VS CK, and PS100 VS CK groups showed
significant differences in "phenylpropanoid biosynthesis" and "plant
hormone signaling". These differences suggest that as the intensity of PS-
NPs treatment increases, the organism’s metabolic responses and regu-
latory mechanisms also change (Fig. 7A-C).

3.6. Root metabolic analysis with PS-NPs exposure

A PCA model was constructed from the substances identified in the
sample. Among them, the contribution of the PC1 was 47 %, and the

contribution of the PC2 was 16.4 % (Fig. 8A). Significant differences in
metabolic data were observed among various treatments. Metabolomic
analysis revealed significant changes in metabolite expression under
different exposure conditions. Specifically, 720 metabolites were up-
regulated and 384 were down-regulated under the CK vs PS10 condi-
tion. This change in metabolite expression may be related to the adap-
tive response of cells to environmental changes (Fig. 8B). Further, 674
metabolites were upregulated in CK vs PS50, although the number of
down-regulated metabolites was 365 (Fig. 8C). Finally, 1125 metabo-
lites were upregulated and 352 metabolites downregulated in CK vs
PS100, suggesting that the changes in these metabolites may reflect the
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Fig. 5. Confocal image tobacco root tips with fluorescently labeled PS-NPs microspheres. (A) Apex; (B)Transverse.

adjustment of energy metabolism, signaling and biosynthesis pathways
in cells under different conditions, providing important clues for in-
depth understanding of cellular metabolic regulation mechanisms
(Fig. 8D). Code for PS10 vs CK, PS50 vs CK, and PS100 vs CK, the dif-
ferential metabolites enriched in PS10 VS CK, PS50 VS CK, and PS100 VS
CK groups were mainly in "phenylpropanoid biosynthesis" and "plant
hormone signaling". (Fig. 9A-C).

3.7. Mining of key genes of tobacco hormones induced by PS-NPs based
on WGCNA

To delve deeper into the principal genes that PS-NPs might trigger for
plant proliferation, Weighted Gene Co-expression Network Analysis
(WGCNA) was frequently employed to investigate the relationship be-
tween growth, physiological traits, and key genes. The scale-free to-
pology model’s fit curve was observed to be smooth, and the soft
threshold power was determined to be p = 6 (refer to Fig. 10A). Genes
with high correlation were grouped into modules, indicating a strong
correlation among genes within the same group. The analysis identified
a total of 12 distinct modules (Fig. 10B). Notably, the blue module and
its associated genes exhibited a significant correlation with POD, SOD,
CAT, MDA, and APX (Fig. 10C).

3.8. Co-analysis of lignin content in roots, plant hormone metabolism,
and transcription

In roots, compared to CK, 10 mg-L™! PS-NPs slightly increased the
lignin content. However, as the concentration of PS-NPs further
increased, a decreasing trend in lignin content was observed. Specif-
ically, at a concentration of 50 mg-L™! , the lignin content decreased by
12.59 %, and most notably at 100 mg-L™' , the inhibition was most sig-
nificant with a decrease of 16.74 %. These results were generally
consistent with the trends in the expression of key genes involved in the
lignin synthesis pathway. Through screening and analysis of tran-
scriptome data, we found that the trend of expression of POD genes
generally decreased as the concentration of PS-NPs treatment increased.
Among all the genes, 107770624 and 107828964 exhibited the highest
expression levels. Furthermore, their expression peaked under PS10
treatment (Fig. 11B).

As alluded to earlier, KEGG analysis indicated significant enrichment

in “plant hormone signal transduction” among treatments with varying
concentrations of PS-NPs. This observation prompted a detailed exam-
ination and analysis of the metabolic and transcriptional profiles of two
pivotal hormones implicated in lignin biosynthesis. Within the ABA
synthesis and signaling cascade, the quantity of p-Carotene, a precursor
for ABA production, showed a marked decline with escalating PS-NPs
concentrations. The expression of NCED was generally elevated
compared to the control but also exhibited a downward trend as PS-NPs
concentrations increased. Genes associated with the ABA signaling
pathway, such as SnRK2, PP2C, PYR/PYL, and ABF, all displayed a
decreasing pattern (Fig. 11A). Conversely, the ethylene synthesis and
signaling pathway was markedly upregulated with rising PS-NPs con-
centrations. SAM and ACC, crucial metabolites in ethylene biosynthesis,
were present at significantly higher levels in all PS-NPs treatments
compared to the control. Among the key genes in ethylene synthesis, the
expression levels of SAMS, ACS, ACO, and ETR  were upregulated in
response to increasing PS-NPs concentrations. Similarly, genes related to
the ethylene signaling pathway also exhibited the same trend, with
MPK®6, EIN2, and ERF1/2 showing increased expression in response to
PS-NPs stimulation (Fig. 11C). In addition, auxin, an important hormone
that influences lignin synthesis, also exhibited subtle changes under PS-
NPs treatment. The specific details are provided in the supplementary
data (Fig. S8). A brief summary of these results was: Low concentrations
of PS-NPs promoted ABA synthesis, which favor lignin synthesis, while
at high concentrations, ethylene dominated and accelerated lignin
decomposition.

3.9. Responses between physiological data and transcription and
metabolism

These findings were further supported by interactive network anal-
ysis, in which ABA, IAA, and ethylene-related enzyme activities are
significantly correlated (Fig. 12). This was consistent with their known
role in plant signaling. Color-coded correlation plots showed the Pear-
son correlation coefficients between these key enzymes or metabolites
and plant physiological data and enzyme activity. The shades of color of
the positive correlation (blue) and negative correlation (red) reflected
the strength of the correlation.
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3.10. Partial least squares path modeling analysis

The result indicated that PS-NPs showed negative effects on shoot

biomass and root biomass, with coefficients of —0.5341 and —0.646,
respectively, which may be related to the potential inhibition of plant
growth by PS-NPs. There was significant negative correlation between
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antioxidants and stem biomass, with a pathway coefficient of —1.2139,
suggesting that despite the increase in antioxidant enzyme activity
induced by PS-NPs (0.9703), the growth of the plants still cannot avoid
being inhibited by PS-NPs. In addition, the negative correlation between
PS-NPs and lignin with coefficient of —0.6547 further suggested that PS-
NPs may affect plant structure by reducing lignin content. The positive
effect of lignin on shoot biomass, with coefficient of 0.4363, and on root
biomass, with coefficient of 0.3257, suggested that lignin might play an
important role in protecting the plant from PS-NPs toxicity (Fig. 13).

4. Discussion

As human activities escalate, the pollution of global ecosystems by
plastic products has become increasingly severe. This issue has gener-
ated significant concern, particularly due to the ongoing increase in
plastic pollution in freshwater and on land, which represents serious
threats to both human health and the environment (Sun and Wang,
2023). Small plastic fragments, amongst others resulting from the
degradation of larger debris were classified based on their diameter: MPs
ranging from 1 to 5000 pm, and NPs measuring less than 1 pm (Shi,
2023). MPs/NPs have an important inhibitory effect on plant growth,
and this inhibitory effect is closely related to particle MPs/NPs
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different modules with tobacco root genes.

properties such as chemical composition, diameter, dose and stress
duration (Azeem et al., 2022). Roots are the first part of plants to come
in contact with MPs/NPs, and various studies have shown that the
amount of MPs/NPs accumulated in roots is much higher than in the
aerial parts (Zhou, 2021). Therefore, the effect of MPs/NPs on root
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growth and development is the key factor to inhibit plant growth (De
Souza Machado et al., 2019). However, the underlying mechanism of
inhibition of root growth and the stress response exhibited by the root
system by MPs/NPs have not yet been clearly explained.
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PS-NPs, leading to a decrease in root lignin content.
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4.1. Effect of PS-NPs on plant physiological parameters

The results indicated that the growth of tobacco seedlings was
significantly inhibited as the concentration of PS-NPs increased. This
inhibitory effect on growth became more pronounced with higher PS-
NPs concentrations, reaching its peak at 100 mg-L™! (Fig. 2). Similar
findings were observed in other crops, such as wheat, corn, and soy-
beans. In wheat, 2 % (w/w) PS led to significant reductions in biomass
and root development through decreasing chlorophyll content in wheat
leaves, thus affecting photosynthesis efficiency (Gao et al., 2024). In
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maize, 1 % (w/w) PP reduced both root and shoot length and decreased
chlorophyll a and b content (Martin et al., 2023). Additionally, 5 %
(w/w) PE negatively impacted soybean growth, including reductions in
biomass, root length, and total uptake area of the root system. Increasing
PS concentrations significantly reduced wheat biomass, impaired root
growth, and lowered chlorophyll levels. These effects were due to
polyvinyl chloride microplastics disrupting key plant processes like
photosynthesis and root development (Zhang et al., 2024). Although the
underlying mechanism through which MPs/NPs inhibited plant growth
had not been fully elucidated, an increasing body of literature
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demonstrated that MPs/NPs exerted a damaging effect on the membrane
system.

4.2. PS-NPs produced oxidative damage and induced antioxidant enzyme
activity change

ROS constitute a group of highly reactive oxygen-containing com-
pounds. These molecules have crucial physiological functions within
cells, such as acting in signaling pathways, facilitating cell differentia-
tion, and participating in defense mechanisms (Sies and Jones, 2020).
Nevertheless, an overabundance of ROS can cause harm to cellular
components, resulting in oxidative stress and impairment of cellular
function (Ghosh et al., 2018). Over the past few years, numerous in-
vestigations have shown that MPs/NPs can induce oxidative stress by
elevating ROS levels within biological systems. In particular, the su-
peroxide anion (O3) and hydroxyl radical (-OH), which are produced
through the photodegradation of microplastics, intensify oxidative stress
and subsequently boost the generation of ROS in the roots of plants.
(Duan et al., 2022). PS substantially increased the concentration of ROS
in the root cells of wheat, leading to oxidative stress and cellular damage
(Bao et al., 2022). Additionally, studies have demonstrated that the
levels of ROS in lettuce leaves significantly rose when exposed to PE,
coinciding with noticeable changes in the plant’s antioxidant defense
mechanisms (Song, 2020). Our experimental findings indicated that the
accumulation of ROS and the corresponding fluorescence intensity in
seedlings were elevated with escalating exposure to PS-NPs (Fig. 3A-B).

As stress intensity increased, plants minimized the accumulation of
ROS by enhancing the antioxidant enzymes activity to maintain the
redox balance in cells. Increase of antioxidant enzyme activity was also
found in cucumber (Li et al., 2020) and pak choi (Yu et al., 2022).
However, it should be noted that even with increased antioxidant ac-
tivity, high concentrations of MPs/NPs could continuously lead to ROS
accumulation and oxidative damage in plants (Ma, 2022).

4.3. PS-NPs Modulating Plant Hormone Balance

Plant hormones is the key factor in the growth and development
processes of plants. Under normal growth conditions, auxin plays a
major role, while the levels of stress response hormones such as ABA and
ethylene were relatively low (Waadt et al., 2022). However, when plants
were subjected to a stressor, the balance of the various hormones in the
plants was disrupted, enhancing their ability to adapt to challenging
conditions. A typical characteristic was a decrease of the auxin content
(Shani et al., 2017). In contrast, ABA and ethylene were upregulated to
regulate the physiological response of plants and enhance their adapt-
ability to adverse environmental conditions for instance drought, salt,
temperature stress, pests and diseases (Zhang et al., 2020; Yadav et al.,
2023).

In order to clarify the effect of PS-NPs on the hormone signaling
pathway, the transcriptome and metabolome characterizations were
conducted for each of the PS-NPs exposure doses. “Plant hormone signal
transduction” along with “amino acid biosynthesis”, “carbon meta-
bolism” and “ABC transporter” were observed to be affected in the
different doses of the PS-NPs treatment groups. In particular, the KEGG
results indicated that the “plant hormone signaling pathway” was
significantly enriched in the comparisons between different treatments.
This suggested that PS-NPs treatment may interfere with plant hormone
signaling pathways, thereby inducing plant responses to environmental
stresses.

ABA was one of the most important stress-responsive hormones,
particularly under water stress conditions, where it effectively regulated
stomatal closure, which in turn significantly enhanced the water use
efficiency of plants (Munemasa et al., 2015). Recent molecular biology
studies shown that ABA could enhance plant stress tolerance by regu-
lating gene expression. For example, under water stress, ABA regulated
aquaporin expression in roots to promote water absorption (Liu et al.,
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2024). ABA regulated plant growth primarily through two factors: the
synthesis of ABA and it signaling pathways. During the synthesis of ABA,
NCED acted as a key enzyme, and its expression levels directly influ-
enced ABA content (Cutler and Krochko, 1999). The results of this
experiment indicated that when the roots were exposed to PS-NPs, the
expression level of NtNCED was significantly upregulated compared to
the CK. However, as the concentration of PS-NPs increased, the
expression level declined (Fig. 11A). In the ABA signaling pathway,
PYR/PYL functions as an ABA receptor, with PP2C and SnRK2 serving as
regulatory components. In the presence of ABA, the formation of the
PYR/PYL-PP2C complex inhibited PP2C activity, which subsequently
activated SnRK2, thereby targeting ABA-responsive genes (Lin et al.,
2021). In this experiment, the expression of PP2C and SnRK2 was
upregulated at low concentrations but downregulated at high concen-
trations, negatively affecting ABA signal transduction (Lin et al., 2021).

Under adverse conditions, plants often produce large amounts of
ethylene. This helps plants to adapt to unfavorable environments. More
importantly, stress conditions altered the allocation of energy in the
plant as represented by reduced growth and accelerated reproductive
development (Kazan, 2015). In the synthesis of ethylene, S-adeno-
sylmethionine (SAM) was converted to 1-aminocyclopropane-1-carbox-
ylic acid by ACS, which was the rate-limiting enzyme in the process (Lin
et al., 2009). In this experiment, the metabolomic results indicated that
after treatment with PS-NPs, the expression of SAM in plants signifi-
cantly increased, leading to a decrease in methionine content and a
notable rise in SAM levels. This, in turn, promoted the synthesis of ACC
under the action of ACS. In the signaling pathway, aside from the
negatively acting SIMKK, other genes (e.g., ETR , CTRI, EIN2,
EIN3/EIL, and ERF1) related to the signaling pathways were signifi-
cantly upregulated, and the expression levels of these genes increased
with increasing concentrations of PS-NPs.

4.4. Multi-omics analysis shows the hormones balance to control lignin
content in the cell wall

Until now, almost all investigations have confirmed that the primary
pathway for MPs/NPs transport in roots is through the apoplast con-
tinuum, and physical and mechanical barriers such as the cell wall and
the Casparian strip are the significant factors inhibiting the transport of
MPs/NPs (Rillig et al., 2019). As a crucial ingredient of the cell wall,
lignin can strengthen the root cell wall, reduce the transport of inorganic
ionic, and significantly improve the resistance of plants to salt and heavy
metals (Cesarino, 2019). A number of reviews explored the various
factors influencing lignin synthesis, including plant hormones, envi-
ronmental stress, gene expression, and metabolic pathways. Hormones
such as ABA, ethylene play a crucial role in lignin accumulation (Zhao
et al., 2011).

Under a range of stress conditions, ABA can enhance the lignin
production genes expression, which thickens cell walls and restricts the
uptake and translocation of heavy metals. In Arabidopsis, the subnetwork
analysis revealed that ABA is linked to nine transcription factors MYB
that play key role in the biosynthesis of suberin and lignin within the
common sky root system (Xu et al., 2022). Especially under stress con-
ditions, ABA induced lignin participated in plant stress resistance. In
maize, ZmbHLH105 activated ZmNCED1/2 expression to increase
endogenous ABA levels, which subsequently enhanced the lignin con-
tent to reduce the Cd*" uptake and transportation through the apo-
plastic space (Meng et al., 2024). Similar results were also found in
different species under drought (Lin et al., 2021), salt (Szypulska et al.,
2017), and cold stress (Feng et al., 2019).

In contrast to the effects of ABA, ethylene typically facilitates a
reduction in lignin levels (Gaddam et al., 2022; Yang et al., 2023; Zhao
et al., 2023b). When ACC, a precursor to ethylene, was applied to Ara-
bidopsis, it led to a notable decrease in root suberization. Conversely,
mutants with impaired ethylene signaling exhibited increased suberi-
zation (Barberon et al.,, 2016). Two independents homozygous
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PagERF81 mutant lines exhibited increased lignin deposition in cell
walls, whereas lignin content significantly decreased in overexpression
plants. This result indicated the transcription factors ERF in the ethylene
signaling pathway were negatively correlated with cellular lignin pro-
duction (Zhao et al., 2023b). It has been clarified that ethylene functions
upstream of the miR397b/miR857-laccase module, inhibiting lignin
biosynthesis by directly stimulating the expression of both miRNAs
(Gaddam et al., 2022).

Notably, auxin, another key regulator of lignification, also exhibited
subtle yet notable changes under PS-NPs stress. Previous studies have
shown that auxin can promote lignin synthesis by upregulating the
expression of peroxidase (POD) and cinnamate 4-hydroxylase (C4H)
genes in the phenylpropanoid pathway (Zhao et al., 2011). However, in
our transcriptomic data, auxin synthesis and responsive genes showed
moderate downregulation at high PS-NPs concentrations (Fig. S8),
which may not the main factor of lignin biosynthesis under PS-NPs
stress. However, this effect was overshadowed by the dominant roles
of ABA and ethylene in our experimental system, highlighting the
complexity of hormone crosstalk during PS-NPs stress.

The lignin content is the result of a dynamic balance among these
hormones (Zhao and Dixon, 2011). In the present study, the content of
lignin first enhanced and then declined upon with the treatment of
PS-NPs. Through a combined analysis of transcription and metabolism,
we hypothesized that the dynamic changes in ABA and ethylene were
responsible for this phenomenon. At low concentrations, the gene
expression levels and metabolite levels involved in ABA synthesis and
signal transduction are higher than those at high concentrations. In
contrast, ethylene exhibited an opposite trend, with the genes related to
synthesis, particularly those in the signaling pathway, being signifi-
cantly upregulated as the concentration of PS-NPs increased. In other
words, at low concentrations, ABA had taken the lead, promoting lignin
synthesis, while at higher concentrations, ethylene had replaced ABA as
the dominant hormone, facilitating lignin degradation (Figs. 11 and 12).

5. Conclusion

MPs/NPs were absorbed by tobacco root systems and translocated to
the leaves, potentially presenting substantial health hazards when the
tobacco is smoked. It is crucial to understand the processes of MPs/NPs
accumulation and their toxic effects. In our study, the enhancement of
PS-NPs concentration led to significant increase in PS-NPs accumulation
in tobacco roots, which in turn resulted in stunted tobacco growth. This
reduction in growth was closely associated with the increased presence
of ROS within the plant. To combat the toxicity of PS-NPs, plant roots
enhanced their resistance by regulating metabolic activities. The in-
crease in antioxidant enzyme activity helped to reduce the accumulation
of ROS. More importantly, a combined analysis of transcription and
metabolism identified key factors in hormone regulation that enhanced
root resilience. Lignin played a crucial role in strengthening the physical
barriers of the root exodermis and was shown to be vital in mitigating
the effects of harmful substances. At lower concentrations, there was a
notable increase in the lignin levels within the roots, which correlated
with the activation of the ABA signaling pathway. However, with further
increases in the concentration of PS-NPs, the augmentation of the
ethylene signaling pathway led to a decrease in lignin content, poten-
tially playing a pivotal role in the suppression of plant growth at
elevated concentrations. Collectively, this research not only offered a
comprehensive insight into how PS-NPs impact tobacco growth but also
shed light on the mechanisms that govern tobacco’s response to PS-NPs
exposure.
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