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Abstract: The plant cell wall is dynamically modified during host–pathogen interactions and acts as
a crucial factor controlling plant immunity. In the context of recently revised models of plant primary
cell walls (PCWs), pectin is considered to be important in determining the mechanical properties
of PCWs. A secondary cell wall is present in some cell types and lignin is normally present and
acts to strengthen wall rigidity. In this review, we summarize the recent advances in understanding
cell-wall-mediated defense responses against pathogens in Brassica napus L. (B. napus). A major part of
this response involves pectin and lignin, and these two major cell wall components contribute greatly
to immune responses in B. napus. Crosstalk between pectin and lignin metabolism has been detected
in B. napus upon pathogen infection, suggesting a synergistic action of pectin and lignin metabolism
in regulating cell wall integrity as well as wall-mediated immunity. The transcriptional regulation of
cell-wall-mediated immunity in B. napus along with that in Arabidopsis is discussed, and directions
for future work are proposed for a better understanding of wall-mediated plant immunity in B. napus.
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1. Introduction

Brassica napus L. (B. napus L.) is an economically important crop cultivated worldwide
for its edible oil. Being the host to a wide range of pathogens, B. napus suffers from
substantial yield and economic loss [1]. Chemical-based pesticides to control disease are
often ineffective and pose a threat to environment. Breeding disease-resistant varieties of
B. napus using newly developed gene editing technologies such as CRISPR is a promising
approach to control disease. An essential prerequisite for creating novel genotypes by
targeted gene modification is to identify key regulators involved in disease resistance
in B. napus.

Plants have evolved two layers of innate immune systems, including pattern-triggered
immunity (PTI) and effector-triggered immunity (ETI). PTI acts as the first layer of immu-
nity, which is triggered when cell surface localized pattern recognition receptors (PRRs)
recognize and bind pathogen-associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs). Signaling molecules derived from pathogens are classified as
PAMPs, while DAMPs refer to those derived from host cellular structures such as plant
cell walls [2]. Pathogens have the ability to suppress PTI by secreting effectors into host
plant cells, which can be sensed by the second layer of immunity ETI. ETI involves more
robust immune responses that are triggered in the cytoplasm when intracellular receptors
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recognize pathogen-secreted effectors. It has been suggested that PTI and ETI generally
work in a highly coordinated way to protect host plants from pathogen infection [3].

Plant cell walls, the outmost layer of plant cells, are the frontline of defense by acting as
a physical barrier. Moreover, the plant cell wall is one of the main sources of DAMPs that can
activate PTI [4]. All plant cells are encased in primary cell walls (PCWs) mainly composed
of pectin, hemicellulose and cellulose. Some types of plant cells contain secondary cell
walls, which are predominately composed of polysaccharides and lignin [5]. Studies
have revealed a close relationship between plant cell wall and plant immunity [2]. The
contribution of specific cell wall components to disease resistance was mainly examined
in cell wall mutants in a range of plant species, especially Arabidopsis thaliana [6]. In this
review, we draw together the latest evidence from genetic and transcriptomic studies
supporting a role for specific cell wall components, in particular pectin and lignin, in
immune response, in B. napus. Pectin–lignin interaction and transcription factors related
to cell-wall-mediated immunity in B. napus were also discussed. An overview of plant
cell-wall-mediated immunity and its regulation in B. napus is shown in Figure 1. Viral
pathogens are out of the scope of discussion of this review as the structure and life cycle of
viruses are fundamentally different from those of cellular pathogens.
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Figure 1. An overview of plant cell-wall-mediated immunity and its regulation in B. napus.

The plant cell wall is made up of the middle lamella (ML), primary cell wall (PCW)
and secondary cell wall (SCW). Middle lamella (ML) is abundant in demethylated homo-
galacturonan (HG). Pectin has been proposed to be the major component determining the
mechanical properties of PCW. Lignification occurs later in SCW production, through the
polymerization of the lignin monomers (monolignols). The plant immune system involves
PTI (pattern-triggered immunity) and ETI (effector-triggered immunity). Hallmarks of PTI
include robust reactive oxygen species (ROS), hormone-signaling pathways, elevations
in the cytoplasmic calcium ion concentration, the remodeling of the cell wall structure
and the activation of mitogen-activated protein kinases (MAPK) signaling pathways. A
range of genes related to pectin metabolism (PMR5, GAUT, PGIP, RWA, PME and PMEI)
and lignin biosynthesis and modification (FAH1, C4H, CCR, CAD, PMT5, PAL, COMT1,
CCoAOMT and F5H) have been identified to be associated with pathogen-induced immune
responses in B. napus [7]. Alterations in the expression levels of these cell-wall-related
genes affect the cell wall integrity, as well as cell-wall-derived DAMPs which act as de-
fense signals to trigger PTI. Oligogalacturonides (OGs) are well-described pectin-derived
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DAMPs that can trigger PTI when perceived by wall-associated kinases (WAKs). ETI oc-
curs when intracellular receptors, mainly nucleotide-binding (NB) and leucine-rich-repeat
(LRR)-containing receptors (NLRs), recognize pathogenic effectors, and it involves a set of
more robust immune responses than PTI. So far, several transcription factors (TFs) includ-
ing WRKY15, WRKY28, WRKY33, WRKY70 and MYB43 have been reported to be either
positive or negative regulators of immunity in B. napus [8–12]. Among them, only MYB43
was shown to regulate immunity in B. napus via influencing pectin and lignin metabolism.
TIR/CC, toll-interleukin 1-like receptor/coiled-coil; MAPKKKs, mitogen-activated protein
kinase kinase kinases; PMR, powdery mildew resistance; GAUT, galacturonosyltrans-
ferase; PGIP, polygalacturonase inhibitor; RWA, reduced wall acetylation; PME, pectin
methylesterase; PMEI, pectin methylesterase inhibitor; FAH, ferulic acid hydroxylase; C4H,
cinnamic acid 4-hydroxylase; CCR, cinnamoyl-CoA reductase; CAD, cinnamyl alcohol
dehydrogenase; PMT5, p-coumaroyl-CoA:monolignol transferase 5; PAL, phenylalanine
ammonia lyase; COMT, caffeic acid o-methyltransferase; CCoAOMT, caffeoyl-coenzyme A
3-O-methyltransferase; F5H, ferulate-5-hydroxylase; SA, salicylic acid; JA, jasmonic acid;
ET: ethylene.

2. Pectin Metabolism Is Closely Associated with Disease Resistance in B. napus

Pectin is the most abundant and structurally complex polysaccharide in plant PCW,
which is classified into three main subgroups: homogalacturonan (HG), rhamnogalacturo-
nan I (RG I) and rhamnogalacturonan II (RG II). In contrast to the classical PCW model,
pectin has been shown to be closely associated with cell wall mechanics and cell wall
integrity (CWI) [13]. Recent studies have also detected an aggregated pectin complex
consisting of unbranched HG molecules and branched HGs associated with RG I polymers
of lower length [14,15]. A schematic structure of the three major pectic polysaccharides are
shown (Figure 2A). Since the role of pectin in regulating cell wall mechanics was revisited
and highlighted, emerging evidence has indicated a link between pectin and plant immu-
nity. Much of the evidence from Arabidopsis supports pectin as a vital part of constitutive
and inducible defenses. Arabidopsis cell wall mutants where pectin biosynthesis, degra-
dation and modification were impaired showed altered disease resistance phenotypes,
suggesting a strong link between pectin metabolism and plant immunity [2,13].

B. napus is closely related to Arabidopsis, and both belong to the Brassicaceae family.
B. napus has four to six copies of genes orthologous to each Arabidopsis gene. A diversity of
genes involved in pectin metabolism were shown to take part in immunity in Arabidopsis;
thus, it is deduced that their orthologous counterpart genes in B. napus are likely to have
similar functions. This deduction has been validated by genetic and high-throughput
‘omics’ data in several recent studies. A recent transcriptome study of two B. napus culti-
vars with contrasting resistance to powdery mildew using RNA-seq showed that genes
related to pectin modification and degradation were expressed at significantly higher levels
in the resistant line than susceptible lines, including powdery mildew resistant 5 (PMR5),
polygalacturonase inhibitor 1 (PGIP1), pectin methylesterase inhibitor 9 (PMEI9) and reduced
wall acetylation 2 (RWA2) [16]. As demonstrated recently in Arabidopsis and other crops,
members from gene families including PMR, PGIP, PMEI and RWA were closely associated
with phenotypes of resistance/susceptibility to pathogens [17–20]. PGIPs are a group of
extracellular leucine-rich repeat proteins that can inhibit the pectin depolymerizing activity
of polygalacturonases (PGs) secreted by pathogens and have been shown to protect crop
plants against pathogens by maintaining plant CWI [21]. PGIPs in B. napus were found
to effectively enhance rapeseed immunity against Sclerotinia sclerotiorum (S. sclerotiorum)
infection by transgenic studies, and it was proposed that BnPGIPs confer resistance to
S. sclerotiorum by interacting with specific SsPGs and inducing the expression of defense-
related genes [22,23]. The pattern and degree of pectin methylesterification have also been
shown to influence CWI and plant immunity, which are regulated by pectin methylesterase
(PME) and pectin methylesterase inhibitor (PMEI) [24]. PME catalyzes the demethylesteri-
fication of the galacturonic acid backbone of pectin, which can be inhibited by PMEI. How
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the degree of pectin methylesterification affects plant immunity still remains a complex
issue. On one hand, de-esterified pectin is supposed to be more susceptible to hydrolysis
by other pectic enzymes such as endopolygalacturonases, which might lead to weakened
CWI and decreased disease resistance. On the other hand, de-esterified pectin can form a
rigid Ca2+-pectate crosslinked “egg box” that could strength CWI, and methanol released
due to pectin demethylesterificapectin acts as a signaling molecule to trigger a defense
response [25]. Very recently, Wang et al. [26] reported that several PMEI genes in B. napus
were strongly responsive to S. sclerotiorum infection and suggested that these BnPMEI
genes might act as candidates for breeding novel B. napus with enhanced resistance to
sclerotinia stem rot (SSR). However, information on how PME/PMEI in B. napus regulates
plant immunity is very limited.
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Figure 2. (A) Schematic structure of the three major pectic polysaccharides including homogalac-
turonan (HG), rhamnogalacturonan I (RG I) and rhamnogalacturonan II (RG II). HG is unbranched
linear chain composed of 1, 4-linked α-D-galactosyluronic acid residues which can be methylesteri-
fied. RG I is branched pectic polysaccharides with backbone composed of repeating disaccharide
(α-1,4-d-GalA-α-1,2-l-Rha) in which rhamnosyl residues serve as attachment sites for various side
chains mainly including galactosyl and arabinosyl residues. RG II has the same backbone as HG and
is highly branched with the most complex side chains containing 12 different glycosyl residues linked
by over 20 different glycosyl linkages. (B) Chemical structure of the four representative monomeric
subunits of lignin, including p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units.

So far, pectin-mediated plant immunity can be, at least partially, explained by its
influence on preformed defense and inducible defense. Pectin-derived DAMPs, especially
oligogalacturonides (OGs), oligomers of α-1,4–linked galacturonic acid generated through
the activity of PG, represent the most described signal molecules that can trigger plant im-
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mune responses [20]. In Arabidopsis, OGs generated in vivo could boost disease resistance
to necrotrophic and biotrophic pathogens, but the defense responses that were triggered by
OGs varied from study to study [20,27–29]. However, the excessive accumulation of OGs
might have adverse effects on plant growth and development and even lead to plant death,
which is known as the trade-off between growth and defense. So far, we are still far from
understanding the detailed molecular mechanism of pectin-mediated immunity in B. napus
as well as other plants.

3. The Content and Composition of Lignin Determine Disease Resistance of B. napus

Lignification, i.e., the deposition of lignin, is a defining feature of secondary cell wall
(SCW) formation. Lignin, an abundant phenylpropanoid polymer, provides mechanical
strength and contributes to cell wall structural integrity and rigidity. Alterations in lignin
content and composition have also been shown to influence plant disease resistance upon
pathogen infection. Increased lignin content was reported to enhance disease resistance
by inhibiting the invasion of pathogens in a range of plants including Arabidopsis, maize,
tobacco and cotton [30–33]. More recently, a positive correlation between lignin content
and resistance to S. sclerotiorum was observed in transgenic B. napus plants overexpressing
Cinnamoyl-CoA Reductase 2, which is required for lignin monomer synthesis [34]. Interest-
ingly, manipulating the lignin content did not compromise plant growth, development and
other agronomic traits including seed oil content [34]. Changes in cell wall components
associated with clubroot resistance were evaluated using FTIR spectroscopy in both the
B. napus susceptible line and resistant lines whose disease resistance was conferred by an
R gene, and results revealed a substantial contribution of lignin and phenolics to disease
resistance [35]. More recently, Höch et al. compared defense responses between resistant
and susceptible B. napus cultivars in response to S. sclerotiorum at both transcriptional and
histological levels, and it was suggested that the early timing of lignin deposition and the
activation of key genes in the phenylpropanoid pathway required for lignin biosynthesis
play a crucial role in disease resistance [36]. In general, a positive correlation was observed
between lignin content and resistance to pathogens. The direct reason accounting for this
could be that lignin plays a crucial role in thickening the SCW and increasing the cell wall
stiffness, which further prevents pathogens from penetrating host cells.

In addition to lignin biosynthesis, lignin composition also influences plant immunity.
Lignin is structurally complex as it varies substantially in the levels and types of several
major monomeric units from which lignin primarily derives [37]. Four representative
monolignols which make up the lignin polymers are shown (Figure 2B). Arabidopsis with
strikingly different lignin compositions but similar lignin contents, resulting from the
genetic manipulation of F5H encoding ferulate/coniferaldehyde 5-hydroxylase, exhibited
different defense responses upon pathogen attack [38]. The difference in biotic stress
responses might be attributed to altered elicitors derived from cell wall polysaccharide
components, indicating that an alteration in lignin composition might affect interactions
with plant cell wall matrix polysaccharides [38]. A strong correlation between the lignin
monomer ratio and disease resistance was also observed in wheat and Camelina sativa [39,40].
Very recently, the lignin composition of the B. napus cell wall was reported to affect cell-
wall-mediated immunity [41]. Decreasing the S/G lignin ratio in B. napus by knocking out
the F5H gene using CRISPR resulted in increased resistance to S. sclerotiorum as well as
increased stem strength and altered cell wall structure [41]. This is the first report using
genetic engineering tools to profile the effect of the lignin monomer ratio on B. napus’s
resistance to S. sclerotiorum. It is assumed that monomer composition impacts the higher
order structure of lignin, including lignin branching and its crosslinking with other cell
wall polysaccharides.

Alterations in the lignin structure not only influence the spread of pathogens and
pathogen-secreted enzymes but also affect the accumulation of defense-related signal
molecules that are generated during the process of pathogen infection. Rapid lignin
deposition into cell walls was observed in Arabidopsis leaves upon pathogen infection,
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which was regarded as part of pattern-triggered immunity [42]. Lignin deposition involves
three basic steps including monolignol biosynthesis, transport and polymerization, and
a diversity of lignin-modifying genes participate in these processes. Although a range of
genes involved in lignin deposition have been identified, little is known about their role in
regulating plant immunity as well as the underlying molecular mechanism.

4. Pectin and Lignin Act Synergistically to Defend against Pathogens in B. napus

Different components of the plant cell wall are linked and interconnected in a complex
way that still remains unclear. Numerous studies have described that pectin and lignin
in the plant cell wall represent key players in regulating defense. It is postulated that
pectin and lignin act in a synergistic way to defend B. napus against pathogen attack.
Current research has indicated crosstalk between pectin and lignin modification during
B. napus–pathogen interactions.

Overexpressing a plant mediator gene, B. napus mediator subunit 16 (BnMED16), which
is highly responsive to S. sclerotiorum infection, in B. napus resulted in rapid and compre-
hensive defense responses including the prominent increased expression of the majority of
lignin synthesis genes (C4H, CCoAOMT, CCR1, CAD5, CAD2, CAD6, CAD1, CAD7, CAD8,
COMT1, FAH1 and PMT5) and pectin synthesis or modification genes (GAUT7, GAUT15,
PME3, PME17, PME52, PME10, PME53, PME34, PME16, PME35, PME51 and PGIP1) [7].
This suggests that pectin and lignin might cooperate to confer S. sclerotiorum resistance by
mediating the cell wall integrity [7]. So far, a range of cell-wall-associated genes have been
linked with disease resistance in B. napus, and they are listed in Table 1.

Table 1. Selected genes related to cell-wall-mediated immune responses in B. napus.

Gene Name Phenotype Pathogen Tested Reference

PMR5, PGIP1, PMEI9, RWA2, PDCB1, C/VIF2 R powdery mildew [16]

WAK1, WAKL10 S powdery mildew [16]

BnPGIP2, BnPGIP5 R Sclerotinia sclerotiorum [22]

BnMED16 R Sclerotinia sclerotiorum [7]

BnaC.CCR2.b, CCR R Sclerotinia sclerotiorum [34]

PAL, BnCCR2, BnCAD5, Bn4CL R Sclerotinia sclerotiorum [36]

Rcr1 R Plasmodiophora brassicae Woronin [35]

MYB43 S Sclerotinia sclerotiorum [12]

CHS, CAD, COMT1 R Xanthomonas campestrispv.
campestris [43]

F5H S Sclerotinia sclerotiorum [41]

Rlm9, WAKL R Leptosphaeria maculans [44]

R: resistant; S: susceptible.

The most convincing evidence of crosstalk between pectin modification and lignin
modification came from transgenic studies in Arabidopsis. Suppressing lignin biosynthetic
enzymes including hydroxycinnamoyl CoA:shikimate/quinate hydroxycinnamoyl trans-
ferase (HCT) and cinnamoyl CoA reductase 1 (CCR1) in transgenic Arabidopsis induced
the ectopic expression of a gene encoding pectin-degrading enzyme (ADPG1), leading to
the release of pectic oligosaccharide that further triggered a series of defense responses
and enhanced disease resistance [45]. This reveals an impact of lignin modification on CWI
through influence on crosslinking to other cell wall components including pectin. Vice
versa, it has been reported that pectin modification also affects lignin content and composi-
tion. Arabidopsis plants overexpressing a PG gene (PGX2) enhanced lignification through
the activation of genes involved in lignin biosynthesis, providing a possible interaction of
pectin and/or lignin dynamics [46]. Both pectin and lignin are key cell wall components
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determining cell wall rigidity and strength, which are supposed to have a direct impact on
pathogen penetration and invasion. More importantly, pectin and lignin are a reservoir of
signal molecules or metabolites which may regulate plant immune responses indirectly.
The modulation of pectin may affect the release of DAMPs as well as the relative location
of cell surface receptors, which further influence the PTI [47]. Lignin is a main source of
metabolites, particularly soluble phenolic compounds. These metabolites might reduce
virulence either by acting as signal molecules that can trigger defense responses or because
they are toxic to pathogens [48]. In contrast, lignin-derived metabolites may enhance viru-
lence by serving as a nutrient source for pathogens [49]. Emerging evidence has revealed
the concerted role of pectin and lignin involved in pathogen-triggered defense responses in
B. napus [45,46]. However, the detailed molecular mechanisms underlining the crosstalk
between pectin and lignin dynamics with stress responses in B. napus remains unclear.

5. Transcriptional Regulation of Cell-Wall-Mediated Immunity in B. napus

Cell wall remodeling represents one of the most important defense responses con-
tributing to disease resistance. Cell-wall-mediated immunity is supposed to be regulated
by a range of transcription factors (TFs). So far, a range of TFs have been identified as either
positive or negative regulators of defense responses against various pathogens in B. napus.
The most described TFs associated with immunity belong to the WRKY family. TFs from the
WRKY family contain the conserved WRKY domain and have been reported to participate
in defense responses caused by biotic stress in many plants [50]. Knocking out WRKY70
using CRISPR/Cas9 resulted in enhanced resistance to S. sclerotinia, and overexpressing
WRKY70 showed an opposite effect, suggesting a negative role of WRKY70 in disease
resistance to S. sclerotinia in B. napus [8]. In contrast, WRKY33 positively regulated disease
resistance to S. sclerotiorum in B. napus by activating salicylic acid (SA)- and jasmonic acid
(JA)-mediated defense responses [9]. WRKY15 and WRKY28 were found to increase the
susceptibility of B. napus to S. sclerotiorum by repressing the activity of WRKY33, indicat-
ing a complex transcriptional network involving multiple WRKYs in regulating immune
responses in B. napus [10,11].

However, little is known about the transcriptional regulatory network of cell-wall-
mediated plant immunity. In Arabidopsis, a number of MYB TFs have been identified to
regulate lignin biosynthesis and modification through activating the expression of the genes
involved in the monolignol pathway, including MYB46, MYB58, MYB63 and MYB83 [51–53].
Earlier studies on Arabidopsis indicated a link between MYB TFs and lignin metabolism,
and whether this regulatory network is associated with defense responses remains unclear.
Recently, Chezem and colleagues revealed a regulatory role of MYB15 in promoting defense-
induced lignification and basal immunity in Arabidopsis via controlling the synthesis of
G-rich lignin and the coumarin metabolite scopoletin [54]. Similarly, MYB was also reported
to contribute to disease resistance in B. napus via regulating the remodeling of lignin and
pectin. The most recent transgenic study in B. napus indicated a negative role of BnMYB43
in regulating the host plant’s resistance to S. sclerotiorum, probably via the profound
remodeling of cell wall ingredients, especially pectin and lignin [12]. Silencing BnMYB43
in B. napus resulted in enhanced disease resistance accompanied with a great increase
in pectin content but a significant reduction in the contents of cellulose and lignin [12].
The above studies in Brassicaceae species indicated that MYB TFs are pivotal regulators of
cell-wall-mediated plant immunity. The disease resistance not only comes from cell wall
remodeling but also from other signal pathways including the hormone-mediated defense
signaling pathway. Along with regulating cell wall remodeling, BnMYB43 also greatly
affected the expression of genes related to the SA or JA signal pathways [12].

Phytohormones, especially SA, JA and ethylene, have been shown to act in a synergistic
manner to trigger defense responses in B. napus [55]. Prior studies have revealed the
interplay between cell wall remodeling and phytohormone signaling in the regulation of
plant immunity in numerous plants [41]. In Arabidopsis, lignin accumulation induced
by cell wall damage was regulated by a genetically complex network involving dynamic
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interactions between JA and reactive oxygen species (ROS) [56]. A comparison study
of two B. napus cultivars with contrasting susceptibility to Xanthomonas campestris pv.
Campestris revealed the significance of JA-induced cell-wall-bound hydroxycinnamic acid
accumulation that can acquire disease resistance [43]. Cell wall regulation in response
to pathogen infection involves the coordination of multiple regulatory layers including
a diversity of transcription factors and hormones. The complex transcriptional network
responsible for cell-wall-mediated immunity in B. napus still remains unknown.

6. Conclusions and Outlook

This review focused on cell wall components and their role in plant immunity in B.
napus. The characterization of the role of several pectin/lignin metabolism-associated genes
revealed that in B. napus, pectin/lignin content and modifications were closely associated
with plant immunity. Possible explanations for their contribution to plant immunity include
the role of pectin/lignin in maintaining CWI as well as their ability to trigger other defense
responses. The molecular mechanism underlining cell-wall-mediated plant immunity in
B. napus still remains largely unknown. However, recently developed gene editing tools
such as CRISPR have served as an effective way to generate targeted cell wall mutants
in polyploid crops such as B. napus, enabling investigations of the link between specific
cell wall epitopes and disease resistance. Moreover, dynamic changes in specific cell wall
epitopes and CWI during plant–pathogen interactions can be visualized with the help of
advanced microscopy technologies coupled with plant cell wall probes. These approaches
offer new strategies to gain insights into the mechanisms of cell-wall-mediated immunity
at a cellular level.

Modification of one cell wall component usually leads to the alteration of other wall
components. This was observed in pectin and lignin in Arabidopsis and B. napus upon
pathogen infection, indicating that there were close associations between pectin and lignin.
The potential crosstalk between the metabolism of the different cell wall polymers during
plant–pathogen interactions is a hot topic of discussion. In the future, more attention should
be paid to the crosstalk between pectin and lignin modifications. This can be elucidated
using strategies including multiomics and cytological technologies. The transcriptional
regulation of cell-wall-mediated immunity in B. napus was also reviewed, and so far, MYB
TFs were identified as regulating defense-induced lignin/pectin modification. Future
work needs to identify more TFs that participate in regulating wall-associated immune
responses. This should help reveal the complex regulatory networks that guide cell-wall-
mediated immunity in B. napus and other plants. In addition, more pectin/lignin-derived
DAMPs are required to be characterized, and their role in triggering immune responses
needs elucidation.

Cell wall components including pectin and lignin are of great interest due to their
potential utility in developing disease-resistant B. napus crops. Here we argue that iden-
tifying pectin/lignin modifying genes in response to biotic stresses as well as revealing
the underlining transcription regulatory network that monitors and maintains CWI can
help guide breeders to generate novel B. napus crop varieties with enhanced disease re-
sistance via the modulation of cell wall components. In addition, pectin/lignin-derived
DAMPs can be utilized as agrochemicals for crop protection. Cell wall engineering can
be achieved through traditional and modern strategies, including artificial breeding and
selection, transgenic approaches and the recently developed gene editing technologies, in
particular CRISPR. Using traditional natural-variation-based approaches, numerous genes
or loci related to cell wall traits have been identified, and novel germplasm with modified
cell wall components have been developed. However, gene redundancy and extensive
periods of time to develop new germplasm by traditional breeding remain major chal-
lenges constraining the development of new varieties. To overcome these issues, modern
biotechnology-based strategies such as transgenic technologies and gene editing tools can
be used for the targeted genetic engineering of specific cell wall components with high
efficiency. Using gene editing to modify cell-wall-related genes that alter wall structure and
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metabolism provides a promising way to test new targets for improving plant immunity
that can be rapidly integrated into novel breeding strategies for B. napus and other crops.
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Glossary

Middle lamella (ML)
A layer rich in pectic polysaccharides that glues
adjacent cells together.

Primary cell wall (PCW)
A layer surrounding plant cells and mainly
composed of polysaccharides including cellulose,
hemicellulose and pectin.

Secondary cell wall (SCW)

Synthesized by specialized plant cells when cell
growth ceases, mainly composed of
polysaccharides (about 65%) and lignin
(about 35%).

Lignin

A principal structural component of secondary cell
walls in higher terrestrial plants, which strengths
cell wall rigidity. Lignin is typically composed of
p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S)
units that derive from the polymerization of
various aromatic monomers.

Xyloglucan

The main component of hemicellulose, which is
composed of a 1,4-β-glucan linked backbone.
Side chains such as galactosyl and
fucosyl-galactosyl residues are linked to the
backbone via xylose residues.

Cellulose

One of the three main cell wall polysaccharides,
which is made up of β-1,4-linked glucan chains.
Multiple linear celluloses are usually organized
into crystalline microfibrils in the plant primary
cell wall, acting as a major load-bearing cell
wall component.

Pectin

A predominant cell wall polysaccharide of the
plant primary cell wall and middle lamella, which
is abundant in galacturonic acid and is classified
into three major types depending on the
composition of the backbone and side chains,
including homogalacturonan (HG),
rhamnogalacturonan I (RG-I) and
rhamnogalacturonan II (RG-II).

Cell wall integrity (CWI)
The structural and functional integrity of the plant
cell wall.

Microbe-associated molecular
pattern (PAMP)

Molecules derived from the microbe itself, which
can trigger defense responses.
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Damage-associated molecular
patterns (DAMPs)

Endogenous signaling molecules that are
derived and released from damaged host
cellular structures, which can be perceived by
cell surface localized receptors and activate
host immune responses.

Pattern recognition receptors (PRRs)

Localized on cell surface such as receptor-like
kinases/proteins (RLKs/RLPs) with
extracellular ligand-binding domain that can
monitor and detect nonself and self-derived
signaling molecules, triggering
immune responses.

Pattern-triggered immunity (PTI)

The first layer of the plant immunity, involving
a set of induced defenses when pattern
recognition receptors perceive signals derived
from pathogens or damaged host
cellular structures.

Effector-triggered immunity (ETI)

The second layer of the plant immunity,
involving a series of immune responses that
are more sustained and robust than PTI when
intracellular receptors recognize
pathogen-secreted effectors.

Galacturonosyltransferase (GAUT)

An enzyme that is involved in the synthesis of
homogalacturonan (HG) by catalyzing the
elongation of HG oligogalacturonides in an α-1,
4-configuration.

Pectin methylesterase (PME)

A pectin-related enzyme that can decrease the
degree of methylesters on the pectin backbone
by removing methyl groups from esterified
homogalacturonan.

Pectin methylesterase inhibitor (PMEI)
Cell wall proteins that can regulate the degree
of the methylesterification of pectins by
inhibiting the activity of pectin methylesterase.

Polygalacturonase-inhibiting protein (PGIP)

Plant cell wall proteins with leucine-rich repeat,
which inhibits pectin depolymerization by
inactivating the enzymatic activity of
polygalacturonase.

Ferulate 5-hydroxylase (F5H)
One of the key enzymes that regulate the S/G
lignin composition in plants.
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