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Abstract: Whole-genome duplication is a significant evolutionary mechanism in plants, with poly-
ploid plants often displaying larger organs and enhanced adaptability to unfavorable conditions
compared to their diploid counterparts. The cell wall acts as a primary defense for plant cells against
external stresses, playing an essential role in the plant’s resistance to various stressors. In this study,
we utilized both autotetraploid and its donor diploid rice (Oryza sativa L.) to analyze their phenotypic
differences comparatively, the composition of key cell wall components, and the expression of related
genes under normal conditions, as well as under stress from Magnaporthe oryzae (M. oryzae) and salt.
Our findings indicated that autotetraploid rice exhibits significantly larger phenotypic characteristics
under normal conditions than diploid rice. At the seedling stage, the lignin, cellulose, hemicellulose,
and pectin levels in autotetraploid rice were markedly lower than in diploid rice. Additionally,
24 genes associated with major cell wall components showed differential expression between diploid
and tetraploid rice. At the filling stage, the lignin and pectin content in autotetraploid rice were
significantly higher than in diploid rice, while the levels of cellulose and hemicellulose were notably
lower. Under M. oryzae stress or salt stress, autotetraploid rice showed smaller lesion areas and less
wilting than diploid rice. The increased lignin content in autotetraploid rice under M. oryzae stress
suggested a stronger adaptive capacity to adverse conditions. Compared to salt stress, M. oryzae stress
induced more differential expression of genes related to major cell wall components. In this study,
we explored the differences in the major cell wall components of diploid and homologous tetraploid
rice under various treatment conditions. This study provides valuable insights into understanding
the cell wall’s adaptive mechanisms in autotetraploid rice when facing blast disease and salt stress,
and it reveals the differential gene expression linked to these adaptive capabilities.

Keywords: autotetraploid rice; cell wall major components; Magnaporthe oryzae stress; salt stress;
gene expression

1. Introduction

Whole-genome duplication (WGD) is a distinctive mutational event leading to the
complete duplication of an organism’s genetic material [1]. WGD is observed across various
significant lineages of land plants and is particularly prevalent in angiosperms [2]. Based on
the origin and extent of WGD, polyploids can be classified into two categories: heteropoly-
ploids and homopolyploids. Heteropolyploids emerge from doubling chromosomes in
hybrid offspring resulting from crosses between different species. Conversely, homopoly-
ploids form through the duplicating of the entire genome within a single species [3].

Plants 2023, 12, 3976. https://doi.org/10.3390/plants12233976 https://www.mdpi.com/journal/plants

https://doi.org/10.3390/plants12233976
https://doi.org/10.3390/plants12233976
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0002-8947-7619
https://doi.org/10.3390/plants12233976
https://www.mdpi.com/journal/plants
https://www.mdpi.com/article/10.3390/plants12233976?type=check_update&version=1


Plants 2023, 12, 3976 2 of 20

Notably, self-pollinating crops such as rice (Oryza sativa L.) and wheat (Triticum aestivum
L.) predominantly undergo polyploidization as homopolyploids. The occurrence of WGD
profoundly influences plant phenotype, leading to significant alterations in their observ-
able characteristics [4]. Polyploidization in plants leads to an increase in cell size, which
confers advantages for cell surface-related activities, contributes to the development of
larger plant organs, and alters the plants’ ability to adapt to adverse conditions [5]. It
also induces structural and functional changes in the genome, including chromosomal
rearrangements [6], gene loss [7], and epigenetic reprogramming [8], all of which have
a significant impact on gene expression [9]. The genomic and transcriptomic changes in
polyploid cells exhibit non-linear patterns associated with their adaptation to external
stresses [10]. Overall, whole-genome duplication plays a crucial role in developing novel
traits and increasing biological complexity in plants [11].

External environmental stress significantly affects the growth and development of
plants, which mainly include biotic and abiotic stress. Biotic stress refers to the impact of
living organisms, such as pests, diseases, and weeds, on plant health. These organisms
can cause damage to plants by feeding on them, competing for resources, or transmitting
diseases [12]. Abiotic stress refers to the impact of non-living factors, such as tempera-
ture, light, water, salt, and climate, on plant growth and development. These elements
can influence plants’ physiological and biochemical processes, affecting their growth rate,
flowering time, fruit maturity, and yield [13]. Several studies have demonstrated that both
natural and artificial polyploids have the potential to enhance plant tolerance to biotic
and abiotic stresses, positively affecting plant growth and yield [9]. In terms of salt stress,
Wang et al. (2021) [14] observed that tetraploid rice exhibited better salt tolerance than its
donor, diploid rice. This enhancement was attributed to tetraploid rice’s more rapid and ro-
bust induction of stress-responsive genes, including those associated with the jasmonic acid
pathway. Furthermore, Mehlferber et al. (2022) [15] discovered that polyploid, Arabidopsis
(Arabidopsis thaliana), exhibited greater resistance to the model pathogen, Pseudomonas
syringae pv. Tomato DC3000, regardless of whether it was inoculated with microorganisms
or not. In contrast, diploid Arabidopsis required microbial induction to trigger an adequate
defense response. These findings suggest that whole-genome replication in polyploid
plants enhances immune responses and safeguards them against pathogens invasions.

The cell wall is the primary defense barrier between the plant cell and its external envi-
ronment. It is composed of various polysaccharides such as cellulose, hemicellulose, pectin,
and aromatic compounds like lignin [16]. These components provide structural integrity
and strength to the cell wall, enabling it to withstand external stresses and protect the plant
cell from potential threats. The construction and modification of the cell wall are crucial
in regulating plant responses to biotic stress. It has been reported that changes in the cell
wall induced by pathogen invasion can trigger defense reactions, including the synthesis
of antimicrobial compounds and the deposition of cell wall reinforcement materials [17].
Moreover, polysaccharides in the cell wall, such as pectin and low-methylesterified pectin,
are involved in plant recognition and defense against pathogens [18]. Furthermore, the
cell wall plays a vital role in resisting abiotic stress. In the previous reports, the thickness
and composition of the cell wall can affect plant response to drought. Studies have shown
that increasing the thickness and cellulose content of the cell wall can enhance the plant’s
tolerance to drought [19,20].

Lignin, a complex phenolic polymer, is crucial for enhancing the rigidity of plant cell
walls. Its synthesis is tightly regulated by a series of enzymes within the phenylpropane
pathway, which includes phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase
(C4H), 4-hydroxycinnamate: CoA ligase (4CL), cinnamoyl-CoA reductase (CCR), cinnamyl
alcohol dehydrogenase (CAD), and laccase (LAC) [21]. Plants often exhibit an increased
lignin content in response to biotic and abiotic stress [22,23]. Studies have demonstrated
that alterations in lignin content can impact plant resistance to pathogens. It has been
shown that overexpression of OsAAE3 in rice has been associated with reduced lignin
content and increased susceptibility to rice blast [24]. In apples, MdMYB46 has been
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reported to enhance osmotic stress tolerance by promoting lignin deposition through the
regulation of genes involved in lignin biosynthesis [25].

Pectin is a family of galacturonic acid-rich polysaccharides, including homogalacturo-
nan, rhamnogalacturonan I, the substituted galacturonans rhamnogalacturonan II (RG-II),
and xylogalacturonan (XGA). The biosynthesis of pectin is estimated to involve at least
67 transferase enzymes, including glycosyltransferases, methyltransferases, and acetyl-
transferases [26]. Due to its structure and cross-linking properties, pectin can influence
cell wall hydration and porosity. Numerous studies have reported that plants respond
to stress conditions by modifying the structure and content of pectin [27]. Ohara et al.
(2021) [28] discovered that increased pectin content in rice leaves led to smaller intercellular
gaps, acting as a defense mechanism against the rice blast fungus. Methylesterification
levels determined by pectin methylesterase (PME) influence important cell wall properties
related to plant tolerance to salt stress. In Arabidopsis, the knockout mutant of PME31
exhibited lower transcript levels of several stress genes than the wild type under salt stress,
suggesting that PME31 positively regulates salt stress tolerance [27].

Cellulose, a polysaccharide consisting of β-1,4-linked glucose chains, constitutes the
cell wall’s most abundant and predominant biopolymer [29]. It is synthesized by the
cellulose synthase complex (CSC), which is localized at the cytoplasmic membrane [30–32].
The cellulose skeleton serves as the functional core of the cell wall [32]. Research has
revealed that overexpression of OsCSLD4, a gene encoding a cellulose synthase-like D4
protein in rice, enhances the expression of ABA synthesis genes and increases ABA levels,
thereby improving rice’s salt tolerance [33]. Additionally, Kesten et al. (2017) [34] reported
that microorganisms manipulate plant cellulose synthesis to weaken cell walls, facilitating
their invasion. These insights imply a possible relationship between cellulose composition
and a plant’s resilience to challenging conditions.

Hemicellulose, comprising approximately one-third of the cell wall biomass [35],
primarily contains xyloglucan, xylan, mannan, glucomannan, and β-(1→3,1→4)-glucan.
The biosynthesis of hemicellulose is facilitated by glycosyltransferases in the Golgi mem-
brane [36]. Its primary biological function is reinforcing cell wall rigidity through interac-
tions with cellulose and lignin. Studies have demonstrated that plants often increase their
hemicellulose content within secondary cell walls in response to abiotic stress, thereby en-
hancing resistance [37]. Furthermore, Yang et al. (2021) [38] discovered that the pathogen M.
oryzae secretes cell wall-degrading enzymes (CWDEs) to degrade hemicellulose in the cell
wall. The degraded hemicellulose acts as damage-associated molecular patterns (DAMPs),
triggering an immune response in the plants to defend against M. oryzae infection.

In conclusion, the composition of the rice cell wall alters in response to M. oryzae
stress, either to facilitate fungal invasion or to trigger plant immune responses. We hypoth-
esize that diploid and its autotetraploid rice may demonstrate different immune responses
when stressed. Furthermore, the alterations in cell wall composition during salt stress
may contribute to the plant’s adaptation to saline environments. Consequently, we expect
that the cell wall composition of diploid and autotetraploid rice will be modified to adapt
to salt stress conditions. Our study aims to (1) compare the phenotypic differences be-
tween diploid and autotetraploid rice; (2) assess the cell wall composition and related gene
expression disparities between diploid and autotetraploid rice under normal conditions;
(3) analyze the changes in major cell wall components and associated gene expression in
response to M. oryzae and salt stress in both rice types. These investigations will enhance
our understanding of the cell wall’s role in plant stress responses and shed light on the
differential stress adaptation mechanisms between diploid and autotetraploid rice. Ulti-
mately, these research findings will serve as crucial references and theoretical foundations
for improving stress tolerance in rice.
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2. Results
2.1. Alteration of Morphology and Polymer Content in Autotetraploid and Its Donor, Diploid Rice

In this study, the diploid japonica rice cultivar GFD-2X was naturally doubled to
produce the tetraploid cultivar GFD-4X, which was stable planted in our laboratory. The
morphological and polymer content was monitored in the GFD-4X cultivar. As depicted
in Figure 1a,b, the results revealed phenotypic variation: GFD-4X had significantly larger
seeds and a higher thousand-grain weight than GFD-2X. At the seedling stage, GFD-4X
exhibited significantly greater plant height, broader leaves, and higher fresh and dry
weights. At the filling stage, GFD-4X showed significantly wider leaves and greater plant
height than GFD-2X.
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Figure 1. (a) GFD-2X and GFD-4X rice plants grown to the filling stage, bar = 20 cm; rice plants
grown to the seedling stage, bar = 3 cm; chromosomes, bar = 1 µm; and seeds, bar = 1 cm. (b) GFD-2X
and GFD-4X rice plant height at seedling and filling stages; leaf width at seedling and filling stages;
seedling fresh weight; seedling dry weight; and the weight of a thousand seeds. Values are means
± SD (n = 5 biological replicates). (c) Cell size (bar = 10 µm) and cell wall thickness (bar = 2 µm)
of GFD-2X and GFD-4X when grown to the filling stage. Values are means ± SD (n = 10 biological
replicates). (d) Lignin, cellulose, hemicellulose, and pectin contents of GFD-2X and GFD-4X rice
plants. Values are means ± SD (n = 3 biological replicates). * and ** indicate the level of significance
of differences between GFD-2X and GFD-4X (p < 0.05 and p < 0.01) (Student’s t test).
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To further investigate the morphological changes in autotetraploid rice, we performed
transmission electron microscopy to observe the microscopic characteristics of leaves from
both GFD-2X and GFD-4X cultivars (Figure 1c). At the filling stage of rice growth, the
cell size and cell wall thickness of GFD-4X were significantly larger than those of GFD-2X.
These findings provide compelling evidence suggesting that polyploid rice tends to cause
cellular enlargement.

To investigate the disparities in cell wall composition between autotetraploid and
its donor diploid rice, we analyzed the levels of critical components, including lignin,
cellulose, hemicellulose, and pectin, at both the seedling and filling stages of rice growth
(Figure 1d). At the seedling stage, we observed noteworthy variations in the cell wall
composition between GFD-4X and GFD-2X. Specifically, the lignin content of GFD-4X
was significantly lower, with a reduction of 6.63% compared to GFD-2X. Similarly, the
cellulose content of GFD-4X exhibited a significant decrease of 5.43% compared to GFD-2X.
Additionally, the hemicellulose content of GFD-4X was significantly lower, with a reduction
of 5.64% compared to GFD-2X. Furthermore, the pectin content of GFD-4X was substantially
lower, with a reduction of 36.70% compared to GFD-2X. Upon reaching the filling stage,
we observed distinct differences in cell wall composition between GFD-4X and GFD-2X.
Notably, the lignin content of GFD-4X was significantly higher, exhibiting an increase of
12.19% compared to GFD-2X. In contrast, the cellulose content of GFD-4X displayed a
significant decrease of 5.73% compared to GFD-2X. Similarly, the hemicellulose content of
GFD-4X exhibited a substantial decrease of 9.79% compared to GFD-2X. Interestingly, the
pectin content of GFD-4X was significantly higher, with an increase of 14.41% compared
to GFD-2X. Our findings provide compelling evidence for substantial alterations in the
composition of the cell walls between diploid and autotetraploid rice, emphasizing the
effects of polyploidization on cell wall structure and composition during different stages of
rice growth.

2.2. Differential Expression Analysis of Genes Associated with Significant Cell Wall Components
between Autotetraploid and Its Donor Diploid Rice

To further explore the disparities in cell wall composition between autotetraploid and
its donor diploid rice, we conducted a comprehensive analysis of differentially expressed
genes (DEGs) associated with the major components of the cell walls by transcriptome.
The histograms were made based on the expression patterns of these genes in GFD-4X
compared to GFD-2X, while the table was drawn to describe the expression levels and the
difference multiples of these DEGs in both GFD-2X and GFD-4X (Figure 2).

In the comparison between GFD-4X and GFD-2X, five DEGs related to lignin were
identified, with three genes showing down-regulation and two exhibiting up-regulation
(Figure 2a,e). Furthermore, ten DEGs associated with cellulose were identified, among
which three genes were down-regulated, and seven were up-regulated (Figure 2b,e). Four
DEGs linked to hemicellulose were identified, with one gene showing down-regulation and
three showing up-regulation (Figure 2c,e). Moreover, five DEGs associated with pectin were
identified, with two genes down-regulated and three up-regulated (Figure 2d,e). These
findings shed light on the differential expression patterns of genes involved in the signifi-
cant components of the cell walls between diploid and tetraploid rice, providing valuable
insights into the molecular mechanisms underlying cell wall composition variations in
polyploid rice.
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Figure 2. Differential expression analysis of genes related to cell wall major components between
GFD-2X and GFD-4X. a-d represent a histogram of (a) lignin-related DEGs, (b) cellulose-related DEGs,
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associated with significant components of the cell wall in GFD-2X and GFD-4X, and the differential
multiples between GFD-4X and GFD-2X.

2.3. Phenotypic and Polymer Content Variation Occurred in Autotetraploid and Its Donor Diploid
Rice under M. oryzae and Salt Stress Conditions

In this study, we evaluated the response of diploid and its homologous tetraploid
rice to M. oryzae stress and salt stress. 4X-Mock displayed wider leaves and taller plants
than 2X-Mock (Figure 3a,b). 4X-M. oryzae showed fewer lesions and smaller damage areas
than 2X-M. oryzae (Figure 3a). 4X-NaCl exhibited lower leaf wilting and a smaller stem tilt
angle than 2X-NaCl (Figure 3b). These results suggest that tetraploid rice exhibits greater
resistance to both M. oryzae stress and salt stress than diploid rice.
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Figure 3. (a) Phenotypes of GFD-2X and GFD-4X rice leaves in typical habitats and under M. oryzae
stress, bar = 1 cm. (b) GFD-2X and GFD-4X rice plant phenotypes in specific habitats and under salt
stress, bar = 3 cm. (c) Changes in lignin, cellulose, hemicellulose, and pectin contents of GFD-2X and
GFD-4X rice plants before and after M. oryzae stress. (d) Changes in lignin, cellulose, hemicellulose,
and pectin contents of GFD-2X and GFD-4X rice plants before and after salt stress. Values are means
± SD (n = 3 biological replicates). * and ** indicate the level of significance of differences between
treatment and control groups (p < 0.05 and p < 0.01) (Student’s t test).

The contents of the major components of the cell walls of GFD-2X and GFD-4X were
quantified in response to the induction of M. oryzae stress or salt stress. Under M. oryzae
stress induction, the lignin content exhibited no significant change in GFD-2X. In compar-
ison, it showed a highly significant increase of 3.94% in GFD-4X. The cellulose content
showed a significant decrease of 7.38% in GFD-2X and 2.07% in GFD-4X. Similarly, the
hemicellulose content exhibited a substantial decrease of 4.45% in GFD-2X and 7.33%
in GFD-4X. Furthermore, the pectin content showed a significant decrease of 37.70% in
GFD-2X and 20.94% in GFD-4X (Figure 3c).
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Under salt stress induction, the lignin content showed a significant decrease of 8.72%
in GFD-2X, while it exhibited no substantial change in GFD-4X. The cellulose content
showed a significant decrease of 5.69% in GFD-2X and 1.05% in GFD-4X. Similarly, the
hemicellulose content showed a significant decrease of 4.61% in GFD-2X and 6.61% in
GFD-4X. Additionally, the pectin content displayed a substantial decrease of 45.35% in
GFD-2X, while it showed no significant change in GFD-4X (Figure 3d).

2.4. Expression of Genes Associated with Significant Cell Wall Components in Autotetraploid and
Its Donor Diploid Rice under M. oryzae and Salt Stress Conditions

Venn diagrams were made using a count max threshold of >30 for gene expression to
identify the genes related to the major cell wall components expressed in GFD-2X and GFD-
4X under different treatment conditions. Heatmaps were generated to exhibit the expression
levels of these genes (Figure 4). Comparative analysis revealed that the expression patterns
of GFD-2X and GFD-4X were similar under the same treatment condition.
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Figure 4. The expression of genes related to major components of the cell wall of GFD-2X and
GFD-4X under normal growth conditions, M. oryzae stress condition, and salt stress condition.
Different treatment conditions of GFD-2X and GFD-4X (a) lignin-associated, (b) cellulose-associated,
(c) hemicellulose-associated, and (d) pectin-associated expressed genes in Venn diagrams and heat
maps of gene expression levels.
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There were 37 lignin-related genes, 65 cellulose-related genes, 16 hemicellulose-related
genes, and 68 pectin-related genes showing the same expression pattern in 2X-M. oryzae and
2X-NaCl. For GFD-4X, 38 lignin-related genes, 70 cellulose-related genes, 16 hemicellulose-
related genes, and 74 pectin-related genes showed the same expression pattern in 4X-M. oryzae
and 4X-NaCl. These findings indicate that more genes related to the significant components
of the cell wall were induced by M. oryzae stress and salt stress in GFD-4X than GFD-2X.

To investigate the differential expression of lignin-, cellulose-, hemicellulose-, and
pectin-related genes of GFD-2X and GFD-4X under different stress conditions, as well as
between GFD-2X and GFD-4X under the same stress condition, two-by-two comparative
histogram were generated based on the number of DEGs and up- and down-regulation
(Figure 5a–d). The results showed that in 2X-M. oryzae vs. 2X-Mock, there were
25 lignin-related DEGs (1 up-regulated), 40 cellulose-related DEGs (3 up-regulated), five
hemicellulose-related DEGs (no up-regulated genes), and 29 pectin-related DEGs (2 up-
regulated). Similarly, in 4X-M. oryzae vs. 4X-Mock, there were 23 lignin-related DEGs
(1 up-regulated), 36 cellulose-related DEGs (1 up-regulated), seven hemicellulose-related
DEGs (no up-regulated genes), and 30 pectin-related DEGs (2 up-regulated). In 2X-NaCl
vs. 2X-Mock, there were nine lignin-related DEGs (6 up-regulated), eight cellulose-related
DEGs (2 up-regulated), one hemicellulose-related DEG (1 up-regulated), and 11 pectin-
related DEGs (6 up-regulated). In 4X-NaCl vs. 4X-Mock, there were five lignin-related DEGs
(no up-regulated genes), four cellulose-related DEGs (3 up-regulated), one hemicellulose-
related DEG (1 up-regulated), and three pectin-related DEGs (1 up-regulated). In 4X-M.
oryzae vs. 2X-M. oryzae, there were six lignin-related DEGs (3 up-regulated), six cellulose-
related DEGs (3 up-regulated), four hemicellulose-related DEGs (2 up-regulated), and
nine pectin-related DEGs (6 up-regulated). Finally, in 4X-NaCl vs. 2X-NaCl, there were
ten lignin-related DEGs (6 up-regulated), 11 cellulose-related DEGs (7 up-regulated), four
hemicellulose-related DEGs (1 up-regulated), and 11 pectin-related DEGs (3 up-regulated).

Venn diagrams were constructed to compare the DEGs associated with the major com-
ponents of the cell wall between GFD-2X and GFD-4X under various treatment conditions
(Figure 5g–j). The analysis revealed that two genes, Os12g0428200 (related to cellulose)
and Os07g0691100 (related to pectin), exhibited differential expression patterns between
GFD-2X and GFD-4X under different treatment conditions. Notably, the expression level of
these genes in GFD-4X was consistently higher than that of GFD-2X (Figure 5e).

DEGs associated with the major components of the cell wall in GFD-2X and GFD-4X un-
der M. oryzae or salt stress were compared and analyzed (Figure 5k–n). When induced by M.
oryzae stress, a total of 19 lignin-related genes, 33 cellulose-related genes, five hemicellulose-
related genes, and 25 pectin-related genes were found to be differentially expressed in
both GFD-2X and GFD-4X. Additionally, six lignin-related genes, seven cellulose-related
genes, and four pectin-related genes were explicitly differentially expressed in GFD-2X.
In comparison, four lignin-related genes, three cellulose-related genes, two hemicellulose-
related genes, and five pectin-related genes were explicitly differentially expressed in
GFD-4X. Under salt stress induction, four lignin-related genes, one cellulose-related gene,
one hemicellulose-related gene, and one pectin-related gene were differentially expressed
in GFD-2X and GFD-4X. Moreover, five lignin-related genes 7, seven cellulose-related
genes, and ten pectin-related genes were explicitly differentially expressed in GFD-2X. For
the GFD-4X, one lignin-related gene, three cellulose-related genes, and two pectin-related
genes were explicitly differentially expressed.

Venn diagrams (Supplementary Figure S1) were generated to illustrate the specific and
common DEGs associated with the major components of the cell wall in GFD-2X and GFD-
4X under M. oryzae stress and salt stress conditions (Figure 5k–n). Moreover, a heatmap
was constructed to exhibit the expression levels of the identified DEGs in response to M.
oryzae stress and salt stress, considering the fold change difference between the treatment
and control groups (Figure 5f). The analysis revealed that specific genes, such as the
diploid-specific cellulose-related gene Os09g0422500, as well as the diploid- and tetraploid-
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common lignin-related genes Os08g0157500 and Os02g0697400, and pectin-related gene
Os01g0892600, were down-regulated in response to M. oryzae stress and salt stress.
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Figure 5. Comparison and analysis of DEGs related to cell wall components of GFD-2X and GFD-4X
under normal habitat, M. oryzae stress, or salt stress. a-d are histograms of DEGs associated with
(a) lignin, (b) cellulose, (c) hemicellulose, and (d) pectin, respectively, with horizontal coordinates
for two-by-two comparisons of the different species and vertical coordinates for the number of
DEGs, where orange columns denote up-regulated genes and blue columns denote down-regulated
genes. (e) Heatmap of DEGs related to cell wall major components between diploids and tetraploids.
(f) Heatmap of DEGs related to major cell wall components induced by both M. oryzae stress and
salt stress. g-j represent Venn diagrams of (g) lignin-, (h) cellulose-, (i) hemicellulose-, and (j) pectin-
associated DEGs between GFD-2X and GFD-4X under different treatment conditions, respectively.
k-n are Venn diagrams of (k) lignin-, (l) cellulose-, (m) hemicellulose-, and (n) pectin-associated
DEGs between treatment and control groups in GFD-2X and GFD-4X under M. oryzae stress (left) or
salt stress (right), respectively. * and ** indicate the level of significance of differences (p < 0.05 and
p < 0.01) (Student’s t test).

2.5. Correlation Analysis of Cell Wall Main Component Content and Expression Levels of
Related Genes

A correlation analysis was performed to explore the relationship between the content
of cell wall main components and the expression levels of related genes under M. oryzae
stress or salt stress. The content of cellulose, hemicellulose, lignin, and pectin in the cell
walls of GFD-2X and GFD-4X under different treatment conditions was quantified. The
expression levels of genes associated with these cell wall components were also determined.
The correlation coefficients (r) and significance test results of cellulose, hemicellulose,
lignin, and pectin contents with the expression levels of the related genes are shown in
Figure 6 and Supplementary Figure S2. In 2X-M. oryzae vs. 2X-Mock, 33 genes, including
Os07g0208500, exhibited a significant positive correlation with cellulose content, while
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three genes, such as Os06g0336500, showed a significant negative correlation with cellulose
content (Figure 6a). Additionally, four genes, including Os03g0803600, displayed a signifi-
cant positive correlation with hemicellulose content (Figure 6e). Moreover, 24 genes, such
as Os06g0193200, exhibited a significant positive correlation with pectin content, while two
genes, such as Os12g0466200, showed a significant negative correlation with pectin content
(Supplementary Figure S2c).
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Figure 6. Correlation analysis of cellulose and hemicellulose content and expression levels of related
genes. a-d respectively denoted in (a) 2X-M. oryzae vs. 2X-Mock, (b) 4X-M. oryzae vs. 4X-Mock,
(c) 2X-NaCl vs. 2X-Mock, and (d) 4X-NaCl vs. 4X-Mock, correlation analysis of cellulose content
and expression levels of related genes. e-h respectively denoted in (e) 2X-M. oryzae vs. 2X-Mock,
(f) 4X-M. oryzae vs. 4X-Mock, (g) 2X-NaCl vs. 2X-Mock, (h) 4X-NaCl vs. 4X-Mock, correlation analysis
of hemicellulose content and expression levels of related genes. * and ** indicate significant levels of
association (p < 0.05 and p < 0.01).
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In the 4X-M. oryzae vs. 4X-Mock comparison, 27 genes, such as Os07g0208500, dis-
played a significant positive correlation with cellulose content, whereas Os05g0115800
exhibited a significant negative correlation with cellulose content (Figure 6b). Furthermore,
seven genes, such as Os02g0275200, displayed a significant positive correlation with hemi-
cellulose content (Figure 6f). Additionally, seven genes, including Os04g0416900, showed a
significant negative correlation with lignin content (Supplementary Figure S2b). Moreover,
20 genes, such as Os07g0691100, exhibited a significant positive correlation with pectin
content, while two genes, such as Os11g0153100, showed a significant negative correlation
with pectin content (Supplementary Figure S2d).

In comparing 2X-NaCl vs. 2X-Mock, two genes, Os10g0343400 and Os11g0547000, ex-
hibited significant positive and negative correlations with cellulose content (Figure 6c). Sim-
ilarly, three genes, including Os08g0157500 and Os12g0259800, were significantly, positively,
and negatively correlated with lignin content, respectively (Supplementary Figure S2a).
Additionally, two genes, such as Os01g0892600, displayed a significant positive correla-
tion with pectin content, while four genes, such as Os01g0788400, were significantly and
negatively correlated with pectin content (Supplementary Figure S2e).

In comparing 4X-NaCl vs. 4X-Mock, Os02g0123700 was significantly and negatively
correlated with cellulose content, indicating its potential role in regulating cellulose synthe-
sis under salt stress (Figure 6d). Moreover, Os08g0334900 exhibited a negative correlation
with hemicellulose content, suggesting its involvement in hemicellulose metabolism under
salt stress conditions (Figure 6h).

To further determine the accuracy of RNA-seq analysis of the two rice varieties un-
der different treatment conditions, we randomly selected seven genes for qRT-PCR am-
plification: Os01g0639200, Os09g0400000, Os10g0578200, Os01g0312500, Os01g0788400,
Os02g0626100, and Os02g0738900. The results revealed that the expression levels of
the seven selected genes were consistent with the results of RNA-seq determination
(Supplementary Figure S3).

3. Discussion

Plant polyploidy is one of the essential driving forces in plant evolution and has sig-
nificant implications for the survival and adaptation of both wild and cultivated plants [39].
Polyploidy can increase plant size and growth rate and enhance their ability to adapt to
environmental stresses [40,41]. Therefore, studying polyploid plants’ characteristics and
adaptive differences is essential for understanding plant evolution and improvement.

This study compared the differences in several phenotypic traits between diploid
and autotetraploid rice plants, including plant height, leaf width, cell size, and cell wall
thickness. Additionally, we examined their adaptive response to stress from M. oryzae stress
and salinity. Consistent with previous research findings, we found that GFD-4X rice plants
exhibited larger organs and more vital adaptability (Figures 1 and 3). Furthermore, we
conducted a comprehensive analysis of the contents of the major cell wall components and
the expression of related genes in GFD-2X and GFD-4X, both before and after treatments,
and compared these between the diploid and autotetraploid rice. We explained the reasons
for the differential performance of diploid and autotetraploid rice under stress conditions
from the perspective of the cell wall. The cell wall is an essential component of plant cells,
providing structural support and participating in plant responses and adaptations to the
external environment. Therefore, changes in the cell wall may be a key factor leading to
the differential performance of diploid and tetraploid rice in terms of adaptability and
stress resistance.

Further research has demonstrated that lignin and cellulose are the primary com-
ponents of plant cell walls, playing a crucial role in their structure and function. Lower
lignin content can lead to loosening the cell wall structure, increasing its plasticity and
extensibility, enabling plants to better adapt to changes in the external environment. Addi-
tionally, the content and arrangement of cellulose determine the rigidity and strength of
the cell wall. Lower cellulose content may increase the fragility of the cell wall, but it also
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enhances its plasticity, allowing plants to withstand adverse conditions better. Serapiglia
et al. (2014) [42] found that triploid and tetraploid willows have lower lignin content
than diploid willows. Plant mutants with impaired cellulose synthesis typically exhibit
enhanced resistance to stress [43]. This could be attributed to triggering a series of cellular
signaling pathways by impairing cellulose synthesis and activating plant defense mecha-
nisms. These defense mechanisms include increased production of antioxidants, activation
of stress-related genes, and regulation of plant hormone synthesis and signaling [43]. In our
study, the more vital adaptability of GFD-4X rice under stress conditions may be associated
with its impaired cellulose synthesis. Furthermore, we observed that GFD-4X rice has lower
lignin and cellulose content and exhibits more vital adaptability under stress conditions.
This suggests that changes in cell wall composition may be an essential factor contributing
to the differential performance of diploid and tetraploid rice in terms of adaptability and
stress resistance. Further investigation into the composition and function of the cell wall
is essential for understanding the mechanisms underlying plant adaptability and stress
resistance, providing valuable insights for plant breeding and improvement.

Numerous studies have demonstrated that plant cell walls exhibit high dynamism
and are not inert entities, playing a crucial role in plant responses to biotic and abiotic
stresses [44]. Furthermore, the composition and structure of plant cell walls can be mod-
ulated in response to various stimuli [45]. In this study, we observed alterations in the
content of major cell wall components and the expression of associated genes following
M. oryzae or salt stress induction. Notably, these changes exhibited significant differences
between diploid and homologous tetraploid plants. Li et al. illustrated that rice plants en-
hance their resistance against M. oryzae by accumulating lignin, thereby increasing cell wall
thickness [46]. Consistent with these findings, our study revealed a similar trend in lignin
content for the disease-resistant GFD-4X variety before and after M. oryzae stress. At the
same time, no significant difference was observed in the disease-sensitive GFD-2X variety
(Figure 3c). Plants have evolved a cell wall integrity (CWI) maintenance system to monitor
cell wall integrity, facilitating their adaptation to adverse environmental conditions without
compromising cell wall organization. Salt stress represents an abiotic stressor that can
severely impair CWI, and the plant’s ability to sustain CWI is critical for salt tolerance [47].
Our study found no significant difference in lignin and pectin content between GFD-4X
before and after salt stress. In contrast, GFD-2X exhibited a substantial reduction in lignin
and pectin content. This suggests that GFD-4X possesses a superior capacity to maintain
an average level of lignin and pectin content under salt stress, potentially contributing to
its enhanced salt tolerance compared to GFD-2X. Yang et al. demonstrated that M. oryzae
infects host plants by secreting cell wall degradation enzymes (CWDEs) that target cellulose
and hemicellulose in the cell wall, triggering the release of damage-associated molecular
patterns (DAMPs). These DAMPs function as “danger” signals, which can be perceived
by CWI-maintaining pattern recognition receptors (PRRs) localized on the cell surface,
activating the plant’s immune response and inducing the expression of defense genes [38].
Consistent with previous studies, both GFD-2X and GFD-4X exhibited a significant decrease
in cellulose and hemicellulose contents under the M. oryzae stress.

Under normal growth conditions, M. oryzae stress conditions, and salt stress condi-
tions, the expression of genes associated with significant cell wall components differed
between GFD-2X and GFD-4X. Analysis of the correlation between the content of major
cell wall components and gene expression in GFD-2X and GFD-4X revealed that the DEG
Os11g0547000, which was up-regulated by salt stress in both diploids and tetraploids,
was enriched in the BP category “negative regulation of cellulose biosynthetic process”
(GO: 2001007) (Supplementary Table S1). This gene showed a highly significant negative
correlation with cellulose content in GFD-2X, while there was no significant correlation
with cellulose content in GFD-4X (Figure 6c,d). This may be one of the reasons why the
decrease in cellulose content was lower in GFD-4X than in GFD-2X. The DEG Os08g0334900,
which was up-regulated by salt stress in both diploids and tetraploids, was enriched in
the BP categories “xyloglucan biosynthetic process” (GO:0009969) and “cell wall organiza-
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tion” (GO:0071555) (Supplementary Table S1). The gene showed no significant correlation
with hemicellulose content in GFD-2X. Still, it showed a significant negative correlation in
GFD-4X (Figure 6g,h), suggesting that this may be one of the reasons for the higher rate of
decrease in hemicellulose content in GFD-4X than GFD-2X. Furthermore, we found that M.
oryzae stress-induced differential expression of more genes involved in regulating major
cell wall component content than salt stress (Figure 6, Supplementary Figure S2).

The pectin methylesterase (PME) gene Os07g0691100 exhibited differential expression
between GFD-2X and GFD-4X under various treatment conditions (Figure 5e,j). Specifically,
this gene was up-regulated in GFD-4X compared to GFD-2X under both M. oryzae stress and
salt stress. PMEs have been extensively studied for their involvement in plant responses
to biotic and abiotic stresses [27]. Coculo et al. (2023) [48] proposed that increased PME
activity leads to pectin demethylation, resulting in cell wall reinforcement and damage
signaling, thereby enhancing plant resistance to pathogens. Furthermore, demethylation
of pectin by PMEs generates negatively charged carboxyl groups that can bind to Na+
ions in salt solution, effectively preventing Na+ influx into the cytoplasm and enhancing
plant resistance to salt stress [49,50]. Based on these findings, it is hypothesized that
the up-regulation of Os07g0691100 in GFD-4X may modify the pectin structure to confer
stress resistance. In contrast, the cellulose synthase catalytic subunit gene Os09g0422500
was specifically down-regulated in GFD-2X under both M. oryzae stress and salt stress
induction (Figure 5f). Previous studies have demonstrated that the knockdown of this
gene affects cellulose synthesis in the secondary cell wall of rice [51,52]. This reduction in
cellulose content observed in GFD-2X under stress conditions could be attributed to the
down-regulation of Os09g0422500. Notably, this decrease in cellulose content was more
pronounced in GFD-2X compared to GFD-4X.

Interestingly, under salt stress treatment, the cinnamyl alcohol dehydrogenase (CAD)
gene Os09g0399800, a DEG familiar to both GFD-2X and GFD-4X, was up-regulated in GFD-
2X but down-regulated in GFD-4X. The specific function of this gene has not been investi-
gated in rice, but CAD is known to catalyze monomeric lignin biosynthesis [53]. Previous
studies have demonstrated that apple enhances tolerance to osmotic stress by promoting
lignin deposition by regulating lignin biosynthesis-related genes [25]. However, it should
be noted that the previous studies have primarily focused on diploids, and tetraploids, such
as GFD-4X, may have different regulatory mechanisms due to genome doubling. Further
experiments are required to explore this hypothesis. The gene Os12g0258700 encodes
the laccase precursor protein and was expressed only in GFD-2X in average conditions.
However, under M. oryzae stress, both GFD-2X and GFD-4X showed induced expression,
with GFD-4X exhibiting higher expression levels than GFD-2X. Laccase encoded by this
gene reportedly involved rice plants’ catabolism of herbicide residues [54]. However, there
is currently no literature linking this gene to disease resistance. The strong induction of
Os12g0258700 expression in GFD-4X under M. oryzae stress observed in our study is of
research significance. Further experiments are necessary to investigate the potential role of
this gene in plant disease resistance.

Our study found that the changes in cell wall composition and related gene expres-
sion under biotic stress were more closely related than those under abiotic stress. When
pathogens invade plant cells, a series of defense responses are triggered, including the
remodeling and reinforcement of the cell wall. These defense responses can lead to changes
in cell wall composition and gene expression related to cell wall synthesis and remodeling.
In contrast, abiotic stress, such as salt stress, is usually caused by environmental factors.
Salt stress may lead to thinning and damage to the cell wall. Still, this change is more
related to the physical properties of the cell wall, such as strength and plasticity, rather than
directly related to changes in cell wall composition and gene expression. Therefore, from
the perspective of the cell wall, changes in cell wall composition and related gene expres-
sion under biotic stress are more significant and related. This suggests that remodeling and
reinforcing the cell wall may be an essential strategy for cultivating crops resistant to biotic
stress. Further research on the effects of biotic stress on cell wall composition and related
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gene expression can help us better understand the plant’s response mechanisms to biotic
stress and provide theoretical support for cultivating crops with stronger resistance.

4. Materials and Methods
4.1. Plant Material and Stress Treatments

In this study, diploid (GFD-2X) and tetraploid rice (GFD-4X) were used. GFD-4X
was a natural mutant autotetraploid rice derived from GFD-2X screened in the field and
self-pollinated for six generations. Root-tip cells were utilized for karyotypic analysis,
and chromosomes were stained with 4,6-diamidino-2-phenylindole (DAPI) staining as
previously described [55]. Two hundred fully developed seeds were selected and germi-
nated on moist germination paper for 2–3 days. Subsequently, the germinated seedlings
were transferred to a half-strength Hoagland nutrient solution to saturate for 20 days and
grown under controlled environmental conditions to reach the three-leaf stage, with a
photoperiod of 16 h light and 8 h darkness at a temperature of 28 ± 1 ◦C. In brief, rice
seeds were sowed in a plastic container with a hydroponic culture apparatus (60–70% hu-
midity). For salt stress treatment, fifty GFD-2X and GFD-4X plants each were treated with
125 mM NaCl for 24 h, and samples were collected [14]. For the rice blast stress treatment,
another fifty strains of GFD-2X and GFD-4X each were inoculated with a spore suspension
of 1 × 105 spores/mL, prepared from the rice blast strain “20180211” obtained from the
College of Plant Protection, Jilin Agricultural University. Samples were collected at 36 h
post-inoculation [56]. All samples are immediately frozen in liquid nitrogen and stored at
−80 ◦C until use.

4.2. Determination of Agronomic Traits

For GFD-2X and GFD-4X, 2000 whole seeds were selected to measure thousand-seed
weight. Plant height, leaf width, fresh weight, and dry weight were determined at the
seedling stage of rice growth. To investigate additional agronomic traits, 30 plants of GFD-
2X and GFD-4X were cultivated in the field, and plant height and leaf width measurements
were taken at the rice growth filling stage. Each of the measurements mentioned above was
performed in five biological replicates.

4.3. Determination of Lignin, Cellulose, Hemicellulose, and Pectin Content

The content of cell wall main components was determined in seedling rice plants
under normal growth conditions, M. oryzae stress conditions, and salt stress conditions,
as well as in rice plants grown naturally in the field until the filling stage. The fresh
samples were subjected to thermal treatment at 105 ◦C for 10–15 min, followed by drying
at 80 ◦C until a constant weight was achieved. The dried samples were then crushed
and sieved. Subsequently, the samples were treated with ethanol, NaOH, ice acetic acid,
and hydroxylamine hydrochloride, then centrifuged at 5000 rpm for 5 min. The resulting
supernatant was diluted 10-fold with ice acetic acid, and the lignin content was determined
using an enzyme marker at 280 nm.

The samples were treated with 80% ethanol, pure acetone, dimethyl sulfoxide, and
distilled water. The resulting supernatant was discarded, and sulfuric acid was added to
the residue. After 30 min of standing, the supernatant was collected. Anthrone was added
and mixed with the samples, which were then subjected to a water bath at 95 ◦C for 10 min.
Subsequently, the samples were cooled to room temperature, and the cellulose content was
determined using an enzyme marker at 620 nm.

Calcium nitrate was added to the sample, followed by a water bath at 90 ◦C for 10 min.
The mixture was then centrifuged, and the supernatant was discarded. Distilled water
was added to the residue and vortexed for 2 min. The mixture was centrifuged at 25 ◦C,
8000× g for 5 min, and the supernatant was discarded. This step was repeated. The
resulting residue was dried at 80 ◦C and then treated with hydrochloric acid. A water
bath at 90 ◦C was performed for 1 h, then natural cooling. NaOH solution was added,
and the mixture was centrifuged to obtain the supernatant. Phenol, sodium bisulfite,
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potassium sodium tartrate, NaOH, 3,5-dinitro salicylic acid solution, and distilled water
were thoroughly mixed with the supernatant. The mixture was subjected to a water bath at
90 ◦C for 5 min, followed by natural cooling and centrifugation. The hemicellulose content
in the supernatant was determined using an enzyme marker at 540 nm.

The samples were treated with a 95% ethanol solution and heated in an oven at
95 ◦C for 30 min. After cooling to room temperature, the mixture was centrifuged at
8000 rpm for 5 min, and the supernatant was discarded. The step was repeated. The residue
was then treated with distilled water and subjected to a water bath at 50 ◦C for 30 min.
After cooling, the mixture was centrifuged at 8000 rpm for 10 min, and the supernatant was
collected to determine soluble pectin content. 1mL of extraction solution was added and
thoroughly mixed with the remaining residue. The mixture was then subjected to a water
bath at 95 ◦C for 1 h. After cooling, the mixture was centrifuged at 8000 rpm for 10 min,
and the supernatant was collected to determine the original pectin content.

The sample supernatant containing soluble and original pectin was treated with
concentrated sulfuric acid, mixed thoroughly, and subjected to a water bath at 90 ◦C for
10 min. After cooling, carbazole was added, and the mixture was allowed to stand at
25 ◦C for 30 min. Distilled water was added, and the content of soluble pectin and original
pectin was determined using an enzyme marker at 530 nm. The sum of the two values
represented the total pectin content. The abovementioned measurements were conducted
using a BioTek Epoch 2 enzyme labeling instrument (BioTek Instruments, Winooski, VT,
USA), with three biological replicates performed for each sample.

4.4. Transmission Electron Microscopy Observations

The samples used for transmission electron microscopy (TEM) observation were GFD-
2X and GFD-4X rice leaves grown to seedling and filling stages, which were grown under
normal habitat conditions. Leaf samples of 1 mm3 were manually cut and immediately
fixed in an electron microscope fixative at four ◦C for 2–4 h. After fixation, the samples
were rinsed three times for 15 min each in 0.1 M phosphate buffer saline (PBS) with a pH of
7.4. Subsequently, the samples were fixed in 1% osmium acid solution in 0.1 M PBS at room
temperature (20 ◦C) for 2 h, then three rinsed in 0.1 M PBS for 15 min each. The tissues were
then dehydrated sequentially in 50%, 70%, 80%, 90%, 95%, and 100%-ethanol solutions for
15 min each. A mixture of acetone and 812 embedding agents in a 1:1 ratio was prepared
for overnight infiltration, followed by overnight infiltration in pure 812 embedding agents.
The samples were then embedded and polymerized at 60 ◦C for 48 h. Ultrathin 60–80 nm
sections were cut using a microtome and double stained with uranium-lead (2% uranyl
acetate saturated aqueous solution and lead citrate) for 15 min each. The sections were
air-dried overnight at room temperature and subsequently observed under a transmission
electron microscope. Images were collected and analyzed using Image-Pro Plus 6.0 software
(Media Cybernetics, Inc., Rockville, MD, USA). Cell area (µm2), and cell wall thickness
(µm) was measured on a 6k two µm scale. Each measurement was performed with ten
biological replicates.

4.5. RNA Extraction and Sequencing Analysis

Total RNA isolation was performed on GFD-2X and GFD-4X rice plants under normal
growth conditions (0 h), salt stress condition (treated with 24 h), and M. oryzae stress
condition (treated for 36 h). A total of six samples were subjected to transcriptomic analysis
and referred to as 2X-Mock, 4X-Mock, 2X-NaCl, 4X-NaCl, and 2X-M. oryzae, and 2X-M.
oryzae, respectively.

Total RNA was extracted with the TRIzol reagent following the manufacturer’s pro-
tocol (Life Technologies Invitrogen, Carlsbad, CA, USA). The purity, concentration, and
integrity of the RNA samples were assessed using NanoDrop 2000 and Agilent 2100 in-
struments. Only high-quality RNA samples were used for cDNA library construction.
After library qualification, PE150 mode sequencing was performed using the Illumina
NovaSeq6000 sequencing platform. The sequencing data were filtered to obtain clean data,
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and the high-quality reads were aligned to the Oryza_sativa.MSU_v7.0.genome.fa using
HISAT2 software [57]. Differentially expressed genes (DEGs) were identified using the
criteria of |log2 (fold_change)| > 1 and p < 0.05. Functional classification and enrichment
analysis of DEGs associated with major cell wall components by Gene Ontology (GO)
were conducted to analyze their biological processes, cellular composition, and molecular
functions (Supplementary Table S1). A total of 18 libraries, consisting of three biological
replicates for each of the six sample types, were included in the analysis.

4.6. Statistical Analysis

In this study, statistical data analysis, such as organ size and cell wall major component
content, was performed using Student’s t test in the DPS data processing system [58].
Heatmaps and Venn diagrams based on the gene expression of each sample were generated
using TBtools software (v1.120) [59]. The content of the main components of the cell
wall and the expression of related genes were statistically analyzed using bioinformatics
(http://www.bioinformatics.com.cn, accessed on 10 May 2023). Pearson’s correlation was
used to estimate the association between them. The statistical significance threshold was
set at p < 0.05.

4.7. qRT-PCR Validation

To validate the RNA sequencing data, a quantitative real-time polymerase chain reac-
tion (qRT-PCR) was performed on seven randomly selected cell wall significant component-
related genes using the SYBR Green I PCR master mix kit (TaKaRa, Tokyo, Japan) according
to a previously reported method and repeated three times [60]. Gene-specific primer pairs
were downloaded from qPrimerDB (Supplementary Table S2). The results of the qRT-PCR
analysis are shown in Supplementary Figure S3.

5. Conclusions

In this study, we found that the organs of the autotetraploid rice were significantly
larger than those of diploid rice. This indicates that polyploidy has a significant promoting
effect on plant organ development. Meanwhile, we also found that the content of the main
components of the cell wall (lignin, cellulose, hemicellulose, and pectin) in autotetraploid
rice was significantly lower than in diploid rice. This may be due to the differences in
the regulation of cell wall synthesis and degradation mechanisms in autotetraploid rice.
Through transcriptome analysis, we found differentially expressed genes related to the main
components of the cell wall in diploid and autotetraploid rice. The differential expression
of these genes may lead to differences in cell wall composition. To further compare changes
in cell wall composition between diploid and autotetraploid rice under stress conditions,
we analyzed differences in cell wall composition and related gene expression under M.
oryzae and salt stress. The results showed that, compared to diploid rice, the cell wall
composition of autotetraploid rice changed more significantly under M. oryzae and salt
stress. This further confirms the advantage of autotetraploid rice in responding to biotic
stress. Our study also found that autotetraploid rice had lower lignin and cellulose content,
and exhibited more vital adaptability under stress conditions. This may be due to changes
in cell wall composition leading to differences in adaptability and stress resistance in
autotetraploid rice. In conclusion, further research on the composition and function of the
cell wall is of great significance for understanding plants’ adaptability and stress resistance
mechanisms. These research findings provide valuable information for plant breeding
and improvement, helping cultivate crop varieties more adapted to their environment and
more stress-tolerant.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/plants12233976/s1, Figure S1: Venn diagrams of differ-
entially expressed genes related to major cell wall components that are specific to GFD-2X (left),
specific to GFD-4X (middle), and common to GFD-2X and GFD-4X (right) under the induction of
M. oryzae stress and salt stress conditions, a-d represents (a) lignin, (b) cellulose, (c) hemicellulose

http://www.bioinformatics.com.cn
https://www.mdpi.com/article/10.3390/plants12233976/s1
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and (d) pectin related genes, respectively; Figure S2: Correlation analysis of lignin and pectin con-
tent and expression levels of related genes. a-b respectively denoted in (a) 2X-NaCl vs. 2X-Mock,
(b) 4X-M. oryzae vs. 4X-Mock, correlation analysis of lignin content and expression levels of related
genes. c-e respectively denoted in (c) 2X-M. oryzae vs. 2X-Mock, (d) 4X-M. oryzae vs. 4X-Mock,
(e) 2X-NaCl vs. 2X-Mock, correlation analysis of pectin content and expression levels of related genes.
* and ** indicate significant levels of association (p < 0.05 and p < 0.01); Figure S3: (a) The results of
seven genes expression amplified by qRT-PCR. * and ** indicate the level of significance of differences
between treatment and control groups (p < 0.05 and p < 0.01) (Student’s t test). (b) Comparison of
RNA-seq results and qRT-PCR analysis of gene expression levels; Table S1: Results of GO enrichment
of differentially expressed genes related to lignin, cellulose, hemicellulose and pectin in GFD-2X and
GFD-4X induced by rice blast fungus stress or salt stress; Table S2: Primers used for qRT-PCR assays.

Author Contributions: Conceptualization, N.W. and J.M. conceived the original research plan,
designed, and supervised the experiments; Z.L. performed most of the experiments, collected and
analyzed the data; K.L. and C.W. provided additional technical assistance for the analyses; N.W., F.Q.
and C.Z. coordinated bioinformatics and statistical approaches; D.L. contributed to the conception
of the work; N.W. and J.M. wrote and finalized the paper. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by the Jilin Provincial Research Foundation for Technologies
Research of China (20230202011NC, 20220101320JC), the National Rice Industry Cluster Project, and
Doctoral Research Startup Funds (201020787).

Data Availability Statement: The datasets generated and analyzed in this study are available at PR-
JNA1026748 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1026748, accessed on 11 October 2023) and
PRJNA1010456 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1010456, accessed on 29 August 2023).

Acknowledgments: We thank Ying Wu (Key Laboratory of Molecular Epigenetics of the Ministry of
Education, Northeast Normal University) for her help with the karyotype studies and analysis.

Conflicts of Interest: The authors have no conflict of interest to declare.

References
1. Bomblies, K.; Madlung, A. Polyploidy in the Arabidopsis genus. Chromosome Res. 2014, 22, 117–134. [CrossRef] [PubMed]
2. Soltis, P.S.; Soltis, D.E. Ancient WGD events as drivers of key innovations in angiosperms. Curr. Opin. Plant Biol. 2016, 30, 159–165.

[CrossRef] [PubMed]
3. Chen, Z.J. Molecular mechanisms of polyploidy and hybrid vigor. Trends Plant Sci. 2010, 15, 57–71. [CrossRef] [PubMed]
4. Segraves, K.A. The effects of genome duplications in a community context. N. Phytol. 2017, 215, 57–69. [CrossRef] [PubMed]
5. Lavania, U.C.; Srivastava, S.; Lavania, S.; Basu, S.; Misra, N.K.; Mukai, Y. Autopolyploidy differentially influences body size in

plants, but facilitates enhanced accumulation of secondary metabolites, causing increased cytosine methylation. Plant J. 2012, 71,
539–549. [CrossRef] [PubMed]

6. Wang, Q.; Liu, H.; Gao, A.; Yang, X.; Liu, W.; Li, X.; Li, L. Intergenomic Rearrangements after Polyploidization of Kengyilia
thoroldiana (Poaceae: Triticeae) Affected by Environmental Factors. PLoS ONE 2012, 7, e31033. [CrossRef] [PubMed]

7. Emery, M.; Willis, M.M.S.; Hao, Y.; Barry, K.; Oakgrove, K.; Peng, Y.; Schmutz, J.; Lyons, E.; Pires, J.C.; Edger, P.P.; et al. Preferential
retention of genes from one parental genome after polyploidy illustrates the nature and scope of the genomic conflicts induced by
hybridization. PLoS Genet. 2018, 14, e1007267. [CrossRef]

8. Zhou, C.; Liu, X.; Li, X.; Zhou, H.; Wang, S.; Yuan, Z.; Zhang, Y.; Li, S.; You, A.; Zhou, L.; et al. A Genome Doubling Event
Reshapes Rice Morphology and Products by Modulating Chromatin Signatures and Gene Expression Profiling. Rice 2021, 14, 72.
[CrossRef]

9. Tossi, V.E.; Martínez Tosar, L.J.; Laino, L.E.; Iannicelli, J.; Regalado, J.J.; Escandón, A.S.; Baroli, I.; Causin, H.F.; Pitta-Álvarez, S.I.
Impact of polyploidy on plant tolerance to abiotic and biotic stresses. Front. Plant Sci. 2022, 13, 869423. [CrossRef]

10. Schoenfelder, K.P.; Fox, D.T. The expanding implications of polyploidy. J. Cell Biol. 2015, 209, 485–491. [CrossRef]
11. De Smet, R.; Sabaghian, E.; Li, Z.; Saeys, Y.; Van de Peer, Y. Coordinated Functional Divergence of Genes after Genome Duplication

in Arabidopsis thaliana. Plant Cell 2017, 29, 2786–2800. [CrossRef]
12. Singla, J.; Krattinger, S.G. Biotic Stress Resistance Genes in Wheat. In Reference Module in Food Science; Elsevier: Amsterdam,

The Netherlands, 2016. [CrossRef]
13. Gong, Z.; Xiong, L.; Shi, H.; Yang, S.; Herrera-Estrella, L.R.; Xu, G.; Chao, D.-Y.; Li, J.; Wang, P.-Y.; Qin, F.; et al. Plant abiotic stress

response and nutrient use efficiency. Sci. China Life Sci. 2020, 63, 635–674. [CrossRef]
14. Wang, L.; Cao, S.; Wang, P.; Lu, K.; Song, Q.; Zhao, F.-J.; Chen, Z.J. DNA hypomethylation in tetraploid rice potentiates

stress-responsive gene expression for salt tolerance. Proc. Natl. Acad. Sci. USA 2021, 118, e2023981118. [CrossRef]

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1026748
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1010456
https://doi.org/10.1007/s10577-014-9416-x
https://www.ncbi.nlm.nih.gov/pubmed/24788061
https://doi.org/10.1016/j.pbi.2016.03.015
https://www.ncbi.nlm.nih.gov/pubmed/27064530
https://doi.org/10.1016/j.tplants.2009.12.003
https://www.ncbi.nlm.nih.gov/pubmed/20080432
https://doi.org/10.1111/nph.14564
https://www.ncbi.nlm.nih.gov/pubmed/28418074
https://doi.org/10.1111/j.1365-313X.2012.05006.x
https://www.ncbi.nlm.nih.gov/pubmed/22449082
https://doi.org/10.1371/journal.pone.0031033
https://www.ncbi.nlm.nih.gov/pubmed/22363542
https://doi.org/10.1371/journal.pgen.1007267
https://doi.org/10.1186/s12284-021-00515-7
https://doi.org/10.3389/fpls.2022.869423
https://doi.org/10.1083/jcb.201502016
https://doi.org/10.1105/tpc.17.00531
https://doi.org/10.1016/b978-0-08-100596-5.00229-8
https://doi.org/10.1007/s11427-020-1683-x
https://doi.org/10.1073/pnas.2023981118


Plants 2023, 12, 3976 19 of 20

15. Mehlferber, E.C.; Song, M.J.; Pelaez, J.N.; Jaenisch, J.; Coate, J.E.; Koskella, B.; Rothfels, C.J. Polyploidy and microbiome
associations mediate similar responses to pathogens in Arabidopsis. Curr. Biol. 2022, 32, 2719–2729.e2715. [CrossRef]

16. Caffall, K.H.; Mohnen, D. The structure, function, and biosynthesis of plant cell wall pectic polysaccharides. Carbohydr. Res. 2009,
344, 1879–1900. [CrossRef] [PubMed]

17. Houston, K.; Tucker, M.R.; Chowdhury, J.; Shirley, N.; Little, A. The Plant Cell Wall: A Complex and Dynamic Structure As
Revealed by the Responses of Genes under Stress Conditions. Front. Plant Sci. 2016, 7, 984. [CrossRef] [PubMed]

18. Voxeur, A.; Höfte, H. Cell wall integrity signaling in plants: “To grow or not to grow that’s the question”. Glycobiology 2016, 26,
950–960. [CrossRef] [PubMed]

19. Coutinho, F.S.; Rodrigues, J.M.; Lima, L.L.; Mesquita, R.O.; Carpinetti, P.A.; Machado, J.P.B.; Vital, C.E.; Vidigal, P.M.; Ramos,
M.E.S.; Maximiano, M.R.; et al. Remodeling of the cell wall as a drought-tolerance mechanism of a soybean genotype revealed by
global gene expression analysis. Abiotech 2021, 2, 14–31. [CrossRef] [PubMed]

20. Zhu, Q.; Gao, P.; Liu, S.; Zhu, Z.; Amanullah, S.; Davis, A.R.; Luan, F. Comparative transcriptome analysis of two contrasting
watermelon genotypes during fruit development and ripening. BMC Genom. 2017, 18, 3. [CrossRef]

21. Zhao, Q.; Dixon, R.A. Transcriptional networks for lignin biosynthesis: More complex than we thought? Trends Plant Sci. 2011, 16,
227–233. [CrossRef] [PubMed]

22. Liu, Q.; Luo, L.; Zheng, L. Lignins: Biosynthesis and Biological Functions in Plants. Int. J. Mol. Sci. 2018, 19, 335. [CrossRef]
[PubMed]

23. Moura, J.C.M.S.; Bonine, C.A.V.; de Oliveira Fernandes Viana, J.; Dornelas, M.C.; Mazzafera, P. Abiotic and Biotic Stresses and
Changes in the Lignin Content and Composition in Plants. J. Integr. Plant Biol. 2010, 52, 360–376. [CrossRef] [PubMed]

24. Liu, H.; Guo, Z.; Gu, F.; Ke, S.; Sun, D.; Dong, S.; Liu, W.; Huang, M.; Xiao, W.; Yang, G.; et al. 4-Coumarate-CoA Ligase-Like
Gene OsAAE3 Negatively Mediates the Rice Blast Resistance, Floret Development and Lignin Biosynthesis. Front. Plant Sci. 2017,
7, 2041. [CrossRef] [PubMed]

25. Chen, K.; Song, M.; Guo, Y.; Liu, L.; Xue, H.; Dai, H.; Zhang, Z. MdMYB46 could enhance salt and osmotic stress tolerance in
apple by directly activating stress-responsive signals. Plant Biotechnol. J. 2019, 17, 2341–2355. [CrossRef]

26. Mohnen, D. Pectin structure and biosynthesis. Curr. Opin. Plant Biol. 2008, 11, 266–277. [CrossRef] [PubMed]
27. Yan, J.; He, H.; Fang, L.; Zhang, A. Pectin methylesterase31 positively regulates salt stress tolerance in Arabidopsis. Biochem.

Biophys. Res. Commun. 2018, 496, 497–501. [CrossRef] [PubMed]
28. Ohara, T.; Takeuchi, H.; Sato, J.; Nakamura, A.; Ichikawa, H.; Yokoyama, R.; Nishitani, K.; Minami, E.; Satoh, S.; Iwai, H. Structural

Alteration of Rice Pectin Affects Cell Wall Mechanical Strength and Pathogenicity of the Rice Blast Fungus Under Weak Light
Conditions. Plant Cell Physiol. 2021, 62, 641–649. [CrossRef]

29. Lin, S.; Miao, Y.; Huang, H.; Zhang, Y.; Huang, L.; Cao, J. Arabinogalactan Proteins: Focus on the Role in Cellulose Synthesis and
Deposition during Plant Cell Wall Biogenesis. Int. J. Mol. Sci. 2022, 23, 6578. [CrossRef]

30. Kumar, M.; Turner, S. Plant cellulose synthesis: CESA proteins crossing kingdoms. Phytochemistry 2015, 112, 91–99. [CrossRef]
31. McFarlane, H.E.; Döring, A.; Persson, S. The Cell Biology of Cellulose Synthesis. Annu. Rev. Plant Biol. 2014, 65, 69–94. [CrossRef]
32. Pedersen, G.B.; Blaschek, L.; Frandsen, K.E.H.; Noack, L.C.; Persson, S. Cellulose synthesis in land plants. Mol. Plant 2023, 16,

206–231. [CrossRef]
33. Zhao, H.; Li, Z.; Wang, Y.; Wang, J.; Xiao, M.; Liu, H.; Quan, R.; Zhang, H.; Huang, R.; Zhu, L.; et al. Cellulose synthase-like

protein OsCSLD4 plays an important role in the response of rice to salt stress by mediating abscisic acid biosynthesis to regulate
osmotic stress tolerance. Plant Biotechnol. J. 2022, 20, 468–484. [CrossRef] [PubMed]

34. Kesten, C.; Menna, A.; Sánchez-Rodríguez, C. Regulation of cellulose synthesis in response to stress. Curr. Opin. Plant Biol. 2017,
40, 106–113. [CrossRef] [PubMed]

35. Pauly, M.; Gille, S.; Liu, L.; Mansoori, N.; de Souza, A.; Schultink, A.; Xiong, G. Hemicellulose biosynthesis. Planta 2013, 238,
627–642. [CrossRef] [PubMed]

36. Scheller, H.V.; Ulvskov, P. Hemicelluloses. Annu. Rev. Plant Biol. 2010, 61, 263–289. [CrossRef]
37. Le Gall, H.; Philippe, F.; Domon, J.-M.; Gillet, F.; Pelloux, J.; Rayon, C. Cell Wall Metabolism in Response to Abiotic Stress. Plants

2015, 4, 112–166. [CrossRef] [PubMed]
38. Yang, C.; Liu, R.; Pang, J.; Ren, B.; Zhou, H.; Wang, G.; Wang, E.; Liu, J. Poaceae-specific cell wall-derived oligosaccharides activate

plant immunity via OsCERK1 during Magnaporthe oryzae infection in rice. Nat. Commun. 2021, 12, 2178. [CrossRef] [PubMed]
39. Sattler, M.C.; Carvalho, C.R.; Clarindo, W.R. The polyploidy and its key role in plant breeding. Planta 2015, 243, 281–296.

[CrossRef]
40. Nassar, N.M.A.; Graciano-Ribeiro, D.; Fernandes, S.D.C.; Araujo, P.C. Anatomical alterations due to polyploidy in cassava,

Manihot esculenta Crantz. Genet. Mol. Res. 2008, 7, 276–283. [CrossRef]
41. Wu, K.; Xu, E.; Fan, G.; Niu, S.; Zhao, Z.; Deng, M.; Dong, Y. Transcriptome-Wide Profiling and Expression Analysis of Diploid

and Autotetraploid Paulownia tomentosa × Paulownia fortunei under Drought Stress. PLoS ONE 2014, 9, e113313. [CrossRef]
42. Serapiglia, M.J.; Gouker, F.E.; Hart, J.F.; Unda, F.; Mansfield, S.D.; Stipanovic, A.J.; Smart, L.B. Ploidy Level Affects Important

Biomass Traits of Novel Shrub Willow (Salix) Hybrids. BioEnergy Res. 2014, 8, 259–269. [CrossRef]
43. Hernández-Blanco, C.; Feng, D.X.; Hu, J.; Sánchez-Vallet, A.; Deslandes, L.; Llorente, F.; Berrocal-Lobo, M.; Keller, H.; Barlet,

X.; Sánchez-Rodríguez, C.; et al. Impairment of Cellulose Synthases Required forArabidopsisSecondary Cell Wall Formation
Enhances Disease Resistance. Plant Cell 2007, 19, 890–903. [CrossRef]

https://doi.org/10.1016/j.cub.2022.05.015
https://doi.org/10.1016/j.carres.2009.05.021
https://www.ncbi.nlm.nih.gov/pubmed/19616198
https://doi.org/10.3389/fpls.2016.00984
https://www.ncbi.nlm.nih.gov/pubmed/27559336
https://doi.org/10.1093/glycob/cww029
https://www.ncbi.nlm.nih.gov/pubmed/26945038
https://doi.org/10.1007/s42994-021-00043-4
https://www.ncbi.nlm.nih.gov/pubmed/36304479
https://doi.org/10.1186/s12864-016-3442-3
https://doi.org/10.1016/j.tplants.2010.12.005
https://www.ncbi.nlm.nih.gov/pubmed/21227733
https://doi.org/10.3390/ijms19020335
https://www.ncbi.nlm.nih.gov/pubmed/29364145
https://doi.org/10.1111/j.1744-7909.2010.00892.x
https://www.ncbi.nlm.nih.gov/pubmed/20377698
https://doi.org/10.3389/fpls.2016.02041
https://www.ncbi.nlm.nih.gov/pubmed/28119718
https://doi.org/10.1111/pbi.13151
https://doi.org/10.1016/j.pbi.2008.03.006
https://www.ncbi.nlm.nih.gov/pubmed/18486536
https://doi.org/10.1016/j.bbrc.2018.01.025
https://www.ncbi.nlm.nih.gov/pubmed/29307824
https://doi.org/10.1093/pcp/pcab019
https://doi.org/10.3390/ijms23126578
https://doi.org/10.1016/j.phytochem.2014.07.009
https://doi.org/10.1146/annurev-arplant-050213-040240
https://doi.org/10.1016/j.molp.2022.12.015
https://doi.org/10.1111/pbi.13729
https://www.ncbi.nlm.nih.gov/pubmed/34664356
https://doi.org/10.1016/j.pbi.2017.08.010
https://www.ncbi.nlm.nih.gov/pubmed/28892802
https://doi.org/10.1007/s00425-013-1921-1
https://www.ncbi.nlm.nih.gov/pubmed/23801299
https://doi.org/10.1146/annurev-arplant-042809-112315
https://doi.org/10.3390/plants4010112
https://www.ncbi.nlm.nih.gov/pubmed/27135320
https://doi.org/10.1038/s41467-021-22456-x
https://www.ncbi.nlm.nih.gov/pubmed/33846336
https://doi.org/10.1007/s00425-015-2450-x
https://doi.org/10.4238/vol7-2gmr399
https://doi.org/10.1371/journal.pone.0113313
https://doi.org/10.1007/s12155-014-9521-x
https://doi.org/10.1105/tpc.106.048058


Plants 2023, 12, 3976 20 of 20

44. Malinovsky, F.G.; Fangel, J.U.; Willats, W.G.T. The role of the cell wall in plant immunity. Front. Plant Sci. 2014, 5, 178. [CrossRef]
45. Hamann, T. The Plant Cell Wall Integrity Maintenance Mechanism—Concepts for Organization and Mode of Action. Plant Cell

Physiol. 2014, 56, 215–223. [CrossRef]
46. Li, W.; Wang, K.; Chern, M.; Liu, Y.; Zhu, Z.; Liu, J.; Zhu, X.; Yin, J.; Ran, L.; Xiong, J.; et al. Sclerenchyma cell thickening

through enhanced lignification induced by OsMYB30 prevents fungal penetration of rice leaves. N. Phytol. 2020, 226, 1850–1863.
[CrossRef] [PubMed]

47. Liu, J.; Zhang, W.; Long, S.; Zhao, C. Maintenance of Cell Wall Integrity under High Salinity. Int. J. Mol. Sci. 2021, 22, 3260.
[CrossRef] [PubMed]

48. Coculo, D.; Del Corpo, D.; Martínez, M.O.; Vera, P.; Piro, G.; De Caroli, M.; Lionetti, V. Arabidopsis subtilases promote defense-
related pectin methylesterase activity and robust immune responses to botrytis infection. Plant Physiol. Biochem. 2023, 201, 107865.
[CrossRef] [PubMed]

49. Dabravolski, S.A.; Isayenkov, S.V. The regulation of plant cell wall organisation under salt stress. Front. Plant Sci. 2023, 14, 4609.
[CrossRef] [PubMed]

50. Dorokhov, Y.L.; Sheshukova, E.V.; Komarova, T.V. Methanol in Plant Life. Front. Plant Sci. 2018, 9, 1623. [CrossRef]
51. Tanaka, K.; Murata, K.; Yamazaki, M.; Onosato, K.; Miyao, A.; Hirochika, H. Three Distinct Rice Cellulose Synthase Catalytic

Subunit Genes Required for Cellulose Synthesis in the Secondary Wall. Plant Physiol. 2003, 133, 73–83. [CrossRef]
52. Wang, D.; Yuan, S.; Yin, L.; Zhao, J.; Guo, B.; Lan, J.; Li, X. A missense mutation in the transmembrane domain of CESA9 affects

cell wall biosynthesis and plant growth in rice. Plant Sci. 2012, 196, 117–124. [CrossRef]
53. Li, Y.; Wang, R.; Pei, Y.; Yu, W.; Wu, W.; Li, D.; Hu, Z. Phylogeny and functional characterization of the cinnamyl alcohol

dehydrogenase gene family in Phryma leptostachya. Int. J. Biol. Macromol. 2022, 217, 407–416. [CrossRef]
54. Huang, M.T.; Lu, Y.C.; Zhang, S.; Luo, F.; Yang, H. Rice (Oryza sativa) Laccases Involved in Modification and Detoxification of

Herbicides Atrazine and Isoproturon Residues in Plants. J. Agric. Food Chem. 2016, 64, 6397–6406. [CrossRef]
55. Wang, L.; Yuan, J.; Ma, Y.; Jiao, W.; Ye, W.; Yang, D.-L.; Yi, C.; Chen, Z.J. Rice Interploidy Crosses Disrupt Epigenetic Regulation,

Gene Expression, and Seed Development. Mol. Plant 2018, 11, 300–314. [CrossRef]
56. Qu, S.; Liu, G.; Zhou, B.; Bellizzi, M.; Zeng, L.; Dai, L.; Han, B.; Wang, G.-L. The Broad-Spectrum Blast Resistance Gene Pi9

Encodes a Nucleotide-Binding Site–Leucine-Rich Repeat Protein and Is a Member of a Multigene Family in Rice. Genetics 2006,
172, 1901–1914. [CrossRef]

57. Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357–360. [CrossRef]

58. Tang, Q.-Y.; Zhang, C.-X. Data Processing System (DPS) software with experimental design, statistical analysis and data mining
developed for use in entomological research. Insect Sci. 2013, 20, 254–260. [CrossRef]

59. Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An Integrative Toolkit Developed for Interactive
Analyses of Big Biological Data. Mol. Plant 2020, 13, 1194–1202. [CrossRef]

60. Wang, N.; Fan, X.; Lin, Y.; Li, Z.; Wang, Y.; Zhou, Y.; Meng, W.; Peng, Z.; Zhang, C.; Ma, J. Alkaline Stress Induces Different
Physiological, Hormonal and Gene Expression Responses in Diploid and Autotetraploid Rice. Int. J. Mol. Sci. 2022, 23, 5561.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fpls.2014.00178
https://doi.org/10.1093/pcp/pcu164
https://doi.org/10.1111/nph.16505
https://www.ncbi.nlm.nih.gov/pubmed/32112568
https://doi.org/10.3390/ijms22063260
https://www.ncbi.nlm.nih.gov/pubmed/33806816
https://doi.org/10.1016/j.plaphy.2023.107865
https://www.ncbi.nlm.nih.gov/pubmed/37467533
https://doi.org/10.3389/fpls.2023.1118313
https://www.ncbi.nlm.nih.gov/pubmed/36968390
https://doi.org/10.3389/fpls.2018.01623
https://doi.org/10.1104/pp.103.022442
https://doi.org/10.1016/j.plantsci.2012.08.002
https://doi.org/10.1016/j.ijbiomac.2022.07.063
https://doi.org/10.1021/acs.jafc.6b02187
https://doi.org/10.1016/j.molp.2017.12.006
https://doi.org/10.1534/genetics.105.044891
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1111/j.1744-7917.2012.01519.x
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.3390/ijms23105561

	Introduction 
	Results 
	Alteration of Morphology and Polymer Content in Autotetraploid and Its Donor, Diploid Rice 
	Differential Expression Analysis of Genes Associated with Significant Cell Wall Components between Autotetraploid and Its Donor Diploid Rice 
	Phenotypic and Polymer Content Variation Occurred in Autotetraploid and Its Donor Diploid Rice under M. oryzae and Salt Stress Conditions 
	Expression of Genes Associated with Significant Cell Wall Components in Autotetraploid and Its Donor Diploid Rice under M. oryzae and Salt Stress Conditions 
	Correlation Analysis of Cell Wall Main Component Content and Expression Levels of Related Genes 

	Discussion 
	Materials and Methods 
	Plant Material and Stress Treatments 
	Determination of Agronomic Traits 
	Determination of Lignin, Cellulose, Hemicellulose, and Pectin Content 
	Transmission Electron Microscopy Observations 
	RNA Extraction and Sequencing Analysis 
	Statistical Analysis 
	qRT-PCR Validation 

	Conclusions 
	References

