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Abstract

Background Brassica napus L. (B. napus) is susceptible to waterlogging stress during different cultivation periods.
Therefore, it is crucial to enhance the resistance to waterlogging stress to achieve a high and stable yield of B. napus.

Results Here we observed significant differences in the responses of two B. napus varieties in root under waterlog-
ging stress. The sensitive variety (23651) exhibited a more pronounced and rapid reduction in cell wall thickness

and root integrity compared with the tolerant variety (Santana) under waterlogging stress. By module clustering
analysis based on transcriptome data, we identified that cell wall polysaccharide metabolism responded to water-
logging stress in root. It was found that pectin content was significantly reduced in the sensitive variety compared
with the tolerant variety. Furthermore, transcriptome analysis revealed that the expression of two homologous genes
encoding polygalacturonase-inhibiting protein 2 (PGIP2), involved in polysaccharide metabolic pathways, was highly
upregulated in root of the tolerant variety under waterlogging stress. BnaPGIP2s probably confer waterlogging
resistance by inhibiting the activity of polygalacturonases (PGs), which in turn reduces the degradation of the pectin

backbone polygalacturonic acid.

Conclusions Our findings demonstrate that cell wall polysaccharides in root plays a vital role in response
to the waterlogging stress and provide a theoretical foundation for breeding waterlogging resistance in B. napus

varieties.
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Background

Waterlogging is one of the major abiotic stresses in crops,
as it can cause damage or even be fatal for plant growth
and development due to poor soil water permeability
and surface drainage. The occurrence of waterlogging
is often caused by extreme rainfall, soil hardening, and
poor field drainage [1]. Approximately 10% of the world’s
arable land is affected by varying degrees of waterlogging,
resulting in yield loss ranging from 15% to 80% [2].

When the soil is waterlogged, O, in the pore space is
replaced by water [3—5]. The living activities of microor-
ganism and plant root further consume the residual O,,
leading to a rapid decline in soil O, content. This forces
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the plants to rapidly enter a hypoxic state. The plant
root is most directly exposed to soil water, and the cell
wall serves as the first barrier against biotic and abiotic
stresses. The cell wall plays a crucial role in maintaining
cell expansion, integrity, and intercellular signal commu-
nication [6, 7]. Alterations in root cell wall ultrastructure
can occur due to waterlogging, and stable intercellular
and intracellular structures in root help maintain toler-
ance to waterlogging stress [8, 9]. Under waterlogging
conditions, the sub-environmental hypoxia could pro-
mote the synthesis of ethylene, and the ethylene accu-
mulation in the roots surrounded by water would induce
programmed cell death (PCD) in the cortical tissues [10—
12]. Therefore, it is particularly worth to investigate the
mechanisms of stress changes in plant root cell wall.

Structural polysaccharides, cellulose, hemicellulose and
pectin, are main components of cell wall [13, 14]. Previ-
ous studies have also shown that during cell wall deg-
radation under biotic stress, changes in the cell wall are
caused by the polysaccharide fractions and are accom-
plished by regulating the cross-linking between cellu-
lose, lignin, and pectin polymers [15]. Many enzymes
related to modification of cell wall polysaccharides are
also involved in alteration of cell-wall structure, includ-
ing xyloglucan endotransglycosylase (XET), expansin,
cellulase, and pectinase [16—19]. Polygalacturonases
(PGs), a type of pectinases, catalyze the cleavage of the
pectin backbone polygalacturonic acid, leading to the
degradation of pectin. Previous studies have shown that
polygalacturonase-inhibiting proteins (PGIPs) inhibit the
activity of PGs by specifically binding to PGs secreted by
pathogens, thereby reducing pectin degradation in the
cell wall [20, 21]. Cell wall-related genes also have been
identified to respond to waterlogging stress in different
species by comparative transcriptome analysis, includ-
ing copper amine oxidase (CuAO), pectin methylesterase
(PME) [22, 23]. However, how cell wall polysaccharide
biosynthesis in root participates in the response to water-
logging stress remains unclear.

Brassica napus L. (B. napus) is an important oil crop
in the world. Waterlogging will lead to impaired root
development, thus affecting the normal growth of the
above-ground part following with weakened plant pho-
tosynthesis and leaf senescence, which even leads to the
plant death and significant yield reduction at maturity
[24-27]. B. napus plants at vegetative developmental
stages, such as radical elongation and seedling stages,
are more sensitive to waterlogging stress than generative
stages [25]. More than 3-day waterlogging stress at seed-
ling stage will significantly affect seed yield at maturity
in B. napus [28]. Two-weeks waterlogging stress at seed-
ling stage can result in a 20% to 50% loss in seed yield of
B. napus [24, 28, 29]. Therefore, analyzing the dynamic
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changes and gene expression regulation of B. napus in
response to waterlogging at seedling stage will help to
deepen understanding the response mechanism of water-
logging and lay a foundation for genetic improvement for
cultivating waterlogging-resistant B. napus varieties.

In this study, waterlogging treatments were performed
on B. napus tolerant (Santana) and sensitive (23,651)
varieties, which exhibited significantly different changes
in root growth, physiological response and gene regula-
tion under waterlogging stress. Transcriptome analysis
were used to identify waterlogging-related metabolic
pathways. Function analysis of key genes validated that
the pectin metabolism was involved in responses to
waterlogging stress in B. napus. We thus aimed to inves-
tigate the response of the B. napus root under waterlog-
ging stress, and to explore possible strategies to cope
with waterlogging stress.

Results

The different responses of tolerant and sensitive B. napus
varieties to waterlogging stress

In our previous studies, it was discovered that ’San-
tana’ is tolerant to flooding, while '23,651" is sensitive
to flooding during the germination stage [30]. To exam-
ine the response of B. napus to waterlogging stress at
the seedling stage, we selected ‘Santana’ as an extreme
waterlogging-tolerant variety and 23,651 as an extreme
waterlogging-sensitive variety for further study. Under
normal conditions (CK), both varieties had similar root
growth. However, after 7 days of waterlogging (WL), the
growth inhibition in the sensitive variety was signifi-
cantly more severe (Fig. 1a). Furthermore, the shoot fresh
weight and root fresh weight of the sensitive variety were
significantly reduced compared to the tolerant variety
after the waterlogging treatment (Fig. 1b).

The root of B. napus is the most susceptible organ to
waterlogging stress and responds directly to the stress.
Therefore, we focused on the changes in the root under
waterlogging stress in B. napus. We investigated the
degree of damage to the B. napus root tip caused by pro-
longed waterlogging stress. Evens Blue staining was then
used to assess cell membrane integrity and the degree of
damage in root tip cells. In the absence of waterlogging
stress, the cell membrane was intact and staining was not
prominent. However, after 10 to 12 h of waterlogging, the
root tip of the sensitive variety showed obvious damage,
and after 3 days of waterlogging, the cells began to col-
lapse and dissociate. In contrast, the root of the tolerant
variety showed damage after 1 day of waterlogging, and
the cell membrane remained relatively intact even after
3 days of waterlogging (Fig. 1c). Additionally, Nitro Blue
Tetrazolium (NBT) staining was performed on the root
tip of both varieties. It was observed that under normal
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Fig.1 The phenotypes of waterlogging tolerance and waterlogging sensitivity in B. napus varieties under waterlogging stress. a Growth

of waterlogging tolerant (T) and sensitive (S) B. napus varieties under normal conditions (CK) and waterlogging (WL) for 7 days at 2-leaf stage. Bar=5
cm. b Changes in shoot fresh weight and root fresh weight of waterlogged tolerant and sensitive B. napus varieties under CK and waterlogging
conditions. Different letters indicate significant differences, while the same letters indicate no significant difference (n=10, one-way ANOVA

for multiple comparisons, P<0.05). ¢ Detection of cell membrane integrity by Evans Blue staining in root tips of waterlogging tolerant and sensitive
B. napus varieties under CKand WL. Bars=1 mm. d Measurement of O, content in root tips of waterlogging tolerant and sensitive B. napus varieties

by Nitro Blue Tetrazolium (NBT) staining under CK and WL. Bars=1 mm

conditions, the root tips of both varieties were metaboli-
cally active and produced a certain level of O, (Fig. 1d).
However, as the duration of waterlogging increased, the
root cells gradually died and the level of O, decreased.
After 12 h of waterlogging, the metabolic activity of root
cells in the tolerant variety was normal and the level of
O, remained relatively stable. In contrast, the sensitive
variety exhibited impaired metabolic activity, resulting in
a significant decrease in staining signals (Fig. 1d). There-
fore, the results indicate that differential waterlogging
tolerance between these two varieties may be attributed
to the integrity and function of the root system.

Transcriptome analysis identified waterlogging-related
metabolic pathways

To investigate the underlying genetic basis contribut-
ing to the contrasting root responses of the two mate-
rials under waterlogging conditions, transcriptome
analysis was conducted to discern genetic differences
between them. A total of three biological repetitions

were performed at two treatment time points (12 h and
72 h) at the 2-leaf stage, corresponding to the roots of
two B. napus lines (S, T), resulting in a total of 18 sam-
ples. Approximately ~60 Gb raw data were obtained.
After quality control and filtering low-quality reads,
high-quality reads were obtained, with an average of
95.57% of the reads being successfully mapped to the B.
napus reference genome. Approximately 4.43% of the
total reads were not matched due to stringent screen-
ing parameter settings, sequencing assembly errors, or
an incomplete reference genome. Furthermore, both
the heat map and PCA plot revealed that the gene
expression correlations between biological repetitions
of samples were above 90%, indicating a high level of
reproducibility and confidence in the data (Additional
file 1: Figure S1). For the transcriptome data, the differ-
entially expressed genes (DEGs) in roots were identified
based on the criteria of a P-value<0.05 and |log2fold-
change|>1 (Additional file 2: Table S1, 2).
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The results of transcriptome analysis revealed a sig-
nificant increase in the number of DEGs in response
to waterlogging stress, which was correlated with the
duration of the waterlogging treatment (Fig. 2a; Addi-
tional file 2: Table S1-2). This could be attributed to the
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fact that the root is the most direct and sensitive organ
to waterlogging damage in B. napus. In order to obtain
a comprehensive expression profile of DEGs in B. napus
roots under waterlogging stress, we conducted mclust
analysis on 19,587 DEGs and divided them into 20
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clusters. Additionally, we performed GO enrichment
analysis on the biological processes of gene expression
in each cluster. The pathways (FDR<0.05) that were
related to waterlogging stress or deemed significant in
the GO enrichment analysis were marked for each clus-
ter (Fig. 2b). Notably, clusters 2, 3, 9, and 14 exhibited
biological processes that correspond to waterlogging
stress in B. napus roots (Fig. 2b). For instance, clusters
2 and 14 were enriched in polysaccharide metabolic
processes, disaccharide transport, and sucrose synthe-
sis pathways (Additional file 1: Figure S2a-b; Additional
file 2: Table S3, 4), while clusters 3 and 9 were enriched
in singlet oxygen, oxygen-containing compounds, carbo-
hydrate metabolism, and multiple pathways responsive to
waterlogging injury (Additional file 1: Figure S2c-d; Addi-
tional file 2: Table S5, 6).

Furthermore, in both the tolerant and sensitive varie-
ties, more genes were specifically down-regulated in the
root. However, when compared to the control (CK), there
were more genes regulated after 72 h of waterlogging in
the tolerant variety, with the number of down-regulated
genes being lower than that of up-regulated genes in
the root (Fig. 2c). To obtain transcriptome time series
characteristic expression profiles, we clustered genes
with similar expression patterns through mfuzz cluster-
ing analysis to understand the biological dynamic pat-
terns and functions of these genes. The gene expression
matrices of the root were divided into 12 clusters, each
representing a different gene expression pattern (Fig. 2d).
All clusters in the root exhibited similar change trends in
expression patterns between the tolerant and sensitive
varieties under the same treatment, although the expres-
sion of genes in some modules differed slightly between
the two varieties (Fig. 2d). Moreover, GO enrichment
analysis was conducted on the biological processes of
gene expression in each cluster. Under waterlogging
conditions, many physiological and metabolic activi-
ties tend to be slowed down, such as oxidoreductase
activity, organo nitrogen, catalytic activity, cell wall bio-
genesis, tubulin binding, phenylpropanoid metabolic,
and amide biosynthetic processes (Fig. 2d). Conversely,
metabolic processes associated with abiotic stress resist-
ance were up-regulated, including zinc ion, response to
abiotic stimulus, sucrose starvation, response to chemi-
cal stimulus, and binding (Fig. 2d). Cluster 2 and cluster
4 were primarily enriched in metabolic processes such
as oxidoreductase activity, ATPase activator activity, and
sugar starvation, which could be attributed to the anaero-
bic or anoxic condition induced by waterlogging stress,
forcing the plants to limit aerobic respiration and energy
production to sustain vital activity (Additional file 1: Fig-
ure S3a, b; Additional file 2: Table S7, 8). Genes in clus-
ter 3 and cluster 9 predominantly responded to abiotic
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stimuli, and the expression patterns of genes in cluster 9
showed significant differences between the sensitive and
tolerant varieties (Fig. 2d). Specifically, the sensitive vari-
ety exhibited consistent and smooth growth trends after
12 and 72 h of treatment, whereas no sudden increase in
gene expression was observed in the tolerant variety after
72 h (Additional file 1: Figure S3c, d; Additional file 2:
Table S9, 10). Furthermore, it was observed that genes in
cluster 7 and cluster 10 were mainly enriched in cell wall
synthesis, hemicellulose metabolic processes, secondary
metabolic genes and phenylpropanoid metabolic pro-
cesses (Fig. 2d; Additional file 1: Figure S3e, f). Addition-
ally, the activity of cellulases, pectinases, and xylanases,
may be involved in root cell wall biosynthesis under
waterlogging stress (Additional file 1: Figure S3e, f; Addi-
tional file 2: Table S11, 12). Based on the transcriptome
analysis, it is likely that cell wall polysaccharide metabo-
lism plays a role in the response of B. napus to waterlog-
ging stress.

Waterlogging stress altered cell wall structure

and polysaccharide contents in root

The cell wall serves as an important barrier for plants to
resist external adversity stress [18, 31]. Our transcrip-
tome analysis revealed its involvement in the response of
B. napus to waterlogging stress (Fig. 2b). Under normal
conditions, cell structure remained intact, and cells were
closely arranged in both tolerant and sensitive varieties.
However, in the sensitive variety, the cell wall was bro-
ken and the intracellular structure was partially dam-
aged in root cells after 12 h of waterlogging. The cell wall
became thinner and almost no normal cell morphology
or complete intracellular structure could be observed
in the sensitive variety. Similar changes in the tolerant
variety appeared after 24 h of waterlogging (Fig. 3a). The
primary cell wall of plants is primarily composed of cel-
lulose, hemicellulose, and pectin, which are crucial for
plant cell morphogenesis [32]. By analyzing the contents
of cellulose, hemicellulose, and pectin, we found that
the pectin content significantly decreased in the sensi-
tive variety after 1 and 3 days of waterlogging, while no
significant difference was observed in the tolerant vari-
ety. Additionally, the hemicellulose content significantly
decreased after 1 and 3 days of waterlogging compared
to the control group in both the tolerant and sensitive
varieties. However, the cellulose content did not signifi-
cantly change in either the tolerant or sensitive varieties
after 3 days of waterlogging, although it did significantly
decrease in the sensitive variety after 1 day of waterlog-
ging (Fig. 3b-d). These findings strongly suggest that the
cell wall structure and polysaccharide contents undergo
significant changes in root cells in response to waterlog-
ging, and that pectin may play a vital role in the different
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Fig. 3 Analysis of root cell wall structure and polysaccharides under waterlogging stress. a Ultrastructure of root tips of tolerant (T) and sensitive
(S) B.napus varieties at 2-leaf stage under normal conditions (CK) and waterlogging (WL) for 12 h and 24 h observed by transmission electron
microscopy (TEM). Bars=2 um. The red arrows point to the cell wall. b Determination of pectin content in waterlogging tolerant (T) and sensitive
(S) B. napus varieties at 2-leaf stage under CK and WL for 1 day and 3 days. Different letters indicate significant differences, while the same

letters indicate no significant differences (n =6, one-way ANOVA for multiple comparisons, P < 0.05). ¢ Determination of hemicellulose content

in waterlogging tolerant and sensitive B. napus varieties at 2-leaf stage under CK and WL for 1 day and 3 days. d Determination of cellulose content
in waterlogging tolerant and sensitive B. napus varieties at 2-leaf stage under CK and WL for 1 day and 3 days

responses of tolerant and sensitive B. napus varieties to
waterlogging stress.

BnaPGIP2s reduce pectin degradation by inhibiting

the activity of polygalacturonases (PGs) in response

to waterlogging stress

In B. napus, there are five homologous BnaPGIP2 genes,
protein sequence analysis showed that there is a high
similarity among BnaPGIP2s (Additional file 1: Figure
S4a), sequence identities among BnaPGIP2s are more
than 0.76 (Additional file 1: Figure S4b). The expres-
sion of three of the BnaPGIP2s (BnaA1l0g24080D,

BnaA10g24090D, BnaC09g48700D) were up-regulated
under waterlogging stress, and BnaA10g24090D showed
a higher expression level in the roots of both tolerant
and sensitive varieties after waterlogging for 72 h. The
expression levels of BnaA10.PGIP2 (BnaA10g24090D)
and BnaC09.PGIP2 (BnaC09g48700D) were signifi-
cantly increased in the tolerant variety (Fig. 4a). On the
other hand, phylogenetic analysis revealed that BnaAI0.
PGIP2 closely clustered with BnaC09.PGIP2 (Additional
file 1: Figure S4c). To study the subcellular localization of
BnaA10.PGIP2 and BnaC09.PGIP2, a plasma-wall sepa-
ration experiment was conducted, and it was found that
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Fig. 4 BnaPGIP2s promote pectin accumulation in the root under waterlogging stress. a Heat map displays the expression pattern of BnaPGIP2s

in response to waterlogging (WL) in tolerant (T) and sensitive (S) B. napus varieties. The redder the color bar, the higher the gene expression. It
represents the expression level (TPM value) of BnaPGIP2s at O h, 12 h, and 72 h after root waterlogging. b Subcellular localization of BnaA10.PGIP2
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both BnaA1l0.PGIP2 and BnaC09.PGIP2 were localized
to the cell wall (Fig. 4b). These results were consistent
with the function of PGIP2s, which participate in pectin
catabolism.

To analyze the function of BnaA10.PGIP2 and BnaC09.
PGIP2 in pectin catabolism under waterlogging stress,
the CRISPR/Cas9 gene editing method was used to
mutate the BnaA10.PGIP2 and BnaC09.PGIP2 genes in
B. napus. Two sgRNA sites were designed for gene edit-
ing, with the sgRNA2 site being the off target. Based
on the sgRNAI site, single and double mutants were
finally identified (Additional file 1: Figure S5a). CR-1 is
the single mutant for BnaA10.PGIP2, while CR-2, CR-3,
and CR-4 are the double mutants. BnaA10.PGIP2 and
BnaC09.PGIP2 overexpression transgenic lines were also
constructed in B. napus, respectively. qRT-PCR analysis
showed that the expression of both BnaA10.PGIP2 and
BnaC09.PGIP2 genes was significantly increased com-
pared to the wild-type (WT) (Additional file 1: Figure
S5b-c). Under normal conditions, the root PGs activity of
all mutants was stronger than that in the WT, and the dif-
ferences between the double mutants (CR-2, CR-3, and
CR-4) and WT were significant (Fig. 4c). After 3 days of
waterlogging, the differences between mutants and WT
increased, and all mutants showed significantly higher
root PGs activity than WT (Fig. 4c). Under normal condi-
tions, the overexpression lines and WT had similar root
PGs activity, except for the OE-A10-8 line, which showed
weaker root PGs activity compared to WT (Fig. 4d).
After 3 days of waterlogging, the root PGs activity of all
overexpression lines was significantly lower than that in
WT (Fig. 4d). To determine whether BnaPGIP2 affects
polysaccharide pectin metabolism in B. napus, ruthe-
nium red stain was used to directly stain the root tip. It
was found that under normal conditions, the red signals
in the overexpression lines were stronger, while the red
signals were weaker in the mutants compared to WT, and
this difference became even greater after 3 days of water-
logging (Fig. 4e). The pectin content of the single mutant
(CR-1) roots showed a significant difference compared to
WT after 1 day of waterlogging, and the double mutant

(See figure on next page.)
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(CR-2, CR-3, CR-4) showed significantly lower pectin
content than WT after 1 day of waterlogging (Fig. 4f).
The pectin content was the opposite in the overexpres-
sion lines. All overexpression lines showed an increasing
trend in pectin content compared to WT under 3 days of
waterlogging (Fig. 4g). The hemicellulose content showed
a significant reduction after 1 day and 3 days of water-
logging compared to normal conditions in all lines, while
there was no significant difference in hemicellulose con-
tent among all lines (Fig. 4h-i). These results suggest that
both BnaA10.PGIP2 and BnaC09.PGIP2 confer a reduc-
tion in pectin degradation in B. napus roots by inhibiting
the activity of PGs in response to waterlogging stress.

BnaPGIP2s improve physiological condition and enhance
resistance to waterlogging stress in B. napus

To determine the effects of these genes, Evens Blue stain-
ing and NBT staining were performed on root tips of
mutants and overexpression lines. Under normal con-
ditions, both mutants and overexpression lines showed
similar cell membrane integrity and O, levels as the
wild type (Fig. 5a-b). However, after 12 h of waterlogging,
the mutants exhibited greater damage to cell membranes,
resulting in reduced O,~ production, while the overex-
pression lines showed the opposite phenotype (Fig. 5a-b).
In terms of other physiological parameters, under normal
conditions, the mutants and overexpression lines dis-
played similar levels of proline, malondialdehyde (MAD),
and leaf water content as the wild type (Fig. 5¢c-h). How-
ever, after 7 days of waterlogging treatment, the proline
levels in all mutants (CR-1, CR-2, CR-3, and CR-4) were
higher than in the wild type, while the proline levels in
all overexpression lines were lower (Fig. 5¢c-d). The MDA
content in all mutants was higher than in the wild type,
while the overexpression lines showed similar levels of
proline after 7 days of waterlogging treatment (Fig. 5e-f).
Leaf water content in all mutants was lower than in the
wild type, with significant differences observed between
the double mutants (CR-2, CR-3, and CR-4) and the wild
type (Fig. 5g). Leaf water content in all overexpression
lines was higher than in the wild type, whereas OE-A10-8

Fig. 5 BnaPGIP2s improve B. napus physiological condition under waterlogging stress. a Detection of cell membrane integrity by Evans

Blue staining in the root tip of BnaPGIP2 mutants and overexpression lines under normal condition (CK) and waterlogging (WL) for 12 h

at 2-leaf stage. Bars=1 mm. b Measurement of O, in the root tip of BnaPGIP2s mutants and overexpression lines by NBT staining under CK

and WL for 12 h at 2-leaf stage. Bars=1 mm. ¢ Measurement of proline content in the root of BnaPGIP2s mutants under CK and WL for 7 days

at 2-leaf stage. d Measurement of proline content in the root of BnaPGIP2s-overexpressing lines under CK and WL for 7 days at 2-leaf stage. e
Measurement of malondialdehyde (MDA) content in the root of BhaPGIP2s mutants under CK and WL for 7 days at 2-leaf stage. f Measurement

of malondialdehyde (MDA) content in the root of BnaPGIP2s-overexpressing lines under CK and WL for 7 days at 2-leaf stage. g Measurement

of leaf water content in the root of BnaPGIP2s mutants under CK and WL for 7 days at 2-leaf stage. h Measurement of leaf water content in the root
of BnaPGIP2s-overexpressing lines under CK and WL for 7 days at 2-leaf stage. All statistical significance was determined by Student's t-test, n=5,

*P<0.05,**P<0.01
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and OE-C09-4 showing significantly higher levels fresh weight and root fresh weight in the mutants tended
(Fig. 5h). In the absence of treatment, both mutants and to decrease, and the root fresh weight of the double
overexpression lines had similar shoot fresh weight and  mutants (CR-3, CR-4) significantly decreased (Fig. 6b-c).
root fresh weight compared to the control (Fig. 6a). How-  On the other hand, there was an overall increase in the
ever, after 7 days of waterlogging treatment, the shoot overexpression lines compared to the wild type after 7
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Fig. 6 BnaPGIP2s enhance B. napus resistance to waterlogging stress. a Identification of plant growth phenotype of BnaPGIP2s mutants

and overexpression lines under normal condition (CK) and waterlogging (WL) for 7 days at 2-leaf stage. Bars=5 cm. Measurement of shoot fresh
weight (b) and root fresh weight (c) of BnaPGIP2s mutants under CK and WL at 2-leaf stage. Measurement of shoot fresh weight (d) and root fresh
weight (e) of BnaPGIP2s-overexpressing lines under CK and WL at 2-leaf stage. Different letters in the same chart indicate significant differences,
while the same letters indicate no significant difference (n=6, one-way ANOVA for multiple comparisons, P < 0.05)
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days of waterlogging treatment. OE-A10-7 and OE-A10-8
showed significant increases in shoot fresh weight, and
OE-A10-8 and OE-C9-4 showed significant increases in
root fresh weight (Fig. 6d-e). Taken together, these results
suggest that both BnaAl0.PGIP2 and BnaC09.PGIP2
confer waterlogging resistance to B. napus by reducing
pectin degradation in the cell wall.

Discussion

Genetic studies on the waterlogging response of B. napus
are still in the early stages. Previous research has shown
that when subjected to waterlogging, a significant num-
ber of genes involved in leaf photosynthesis experience
down-regulation, while genes related to scavenging reac-
tive oxygen species (ROS), protein degradation, early
decay, and biotic stress response pathways are heav-
ily up-regulated [33]. Moreover, when germinating B.
napus seeds are exposed to waterlogging, both tolerant
and sensitive materials show transcriptional regulation
responses. These responses involve cell wall structural
components, metabolism of reactive oxygen species,
antioxidant metabolism, and other central metabolic
pathways. Differences in flooding tolerance phenotypes
among the materials may be attributed to variations
in hormone response, organic matter response, actin
response, and microtubule activity [30]. In this study,
a comparison of transcript level changes in response to
waterlogging between tolerant and sensitive varieties
revealed that certain genes involved in transcriptional
regulation, material translocation, and carbon metabo-
lism in the root of the sensitive variety overlapped with
some of the genes in the root of the tolerant variety
(Fig. 3a, b). The analysis also identified numerous genes
associated with physiological and metabolic processes,
such as hormone synthesis and response, photosynthe-
sis and energy material transport, abiotic stress response,
and ROS scavenging (Fig. 3¢, d). Consequently, the tran-
scriptome has been recognized as a crucial tool in recent
years for uncovering the genetic mechanisms underlying
damage response in B. napus.

When B. napus is subjected to waterlogging stress, the
root system is the first to be affected, and it is the most
crucial organ that suffers damage. The development
of roots is hindered, and their functions are inhibited.
Moreover, soluble sugars and starch reserves in the roots
are rapidly depleted, resulting in the production of harm-
ful substances like acetaldehyde. This compromises the
energy supply, membrane integrity, and ion transport
in the roots [34—37]. In our study, we also observed the
damage caused by waterlogging stress to the root system
of B. napus. Waterlogging for a duration of more than 12
h resulted in physiological changes in the roots (Fig. 1d),
as well as damage to the cell wall and degradation of
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intracellular tissues and organelles (Fig. 1c and Fig. 2). As
the duration of waterlogging stress increased, the normal
functioning of the aboveground parts of the plant was
affected, leading to reduced photosynthesis, premature
leaf senescence, and even plant death [38—40]. In our
study, we found that the inhibition of roots and the sever-
ity of cell membrane damage were greater in the sensi-
tive variety compared to the tolerant variety (Fig. la-b).
This suggests that the stability of the root structure could
potentially enhance the tolerance of B. napus and eluci-
date the reasons for the disparity in tolerance between
these two extreme varieties.

The role of cell wall in stabilizing root structure and
function under waterlogging conditions has been dem-
onstrated, but there is limited research on the mecha-
nism by which the cell wall participates in waterlogging
regulation. The primary plant cell wall primarily con-
sists of cellulose, hemicellulose, and pectin, which are all
structural polysaccharides [13, 14]. Previous studies have
shown that changes in the cell wall during biotic stress
are due to alterations in polysaccharide fractions and are
achieved by regulating the cross-linking between cellu-
lose, lignin, and pectin polymers [15]. Several enzymes
involved in cell wall modification, such as xyloglucan
endotransglycosylase, expansin, cellulase, and pectinase,
have also been identified [16-19]. Comparative tran-
scriptome analysis has identified cell wall-related genes
involved in the waterlogging response in various species
[22, 23, 41]. In the root, we observed enrichment of bio-
logical processes related to cell wall synthesis, polysac-
charide metabolic processes, secondary metabolic genes,
and phenylpropanoid metabolic processes (Additional
file 1: Figure S2a-b; Additional file 1: Figure S3; Addi-
tional file 2: Table S3, 6; Additional file 2: Table S7-12).
The regulation of these genes and pathways under water-
logging conditions may result in enhanced activity of
cellulase, pectinase, and xylanase, ultimately leading to
changes in the root cell wall.

Pectin is a densely composed polysaccharide found
in the cell walls that can be altered by pectin methy-
lesterases and polygalacturonase. It is believed to be
involved in the response to waterlogging. In our study,
we observed that the waterlogging-tolerant variety had
a lower rate and degree of pectin decline compared to
the sensitive variety (Fig. 2b). Various enzymes, such
as exo- and endo-polygalacturonases (PGs), pectin
transeliminase, and pectin methylesterase, have been
reported to participate in the degradation of pectin
[42]. Phytopathogenic fungi, bacteria, nematodes,
and insects secrete PGs to break down the polygalac-
turonate chain in plant cell walls, but plants produce
polygalacturonase-inhibiting proteins (PGIPs) to hin-
der their activity [20, 21]. PGIPs are vital components
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of the plant defense mechanism and play a regulatory
role in biotic stresses, although their function in abi-
otic stress is not well understood. Proteomic analysis
has revealed that PGIPs respond to alfalfa rhizobium
nodulation and salt stress in roots [43]. In B. napus,
BnPGIPI and BnPGIP2 are derived from wounded
leaves. BuPGIP1 is strongly induced by flea beetle
feeding and mechanical wounding, while BnPGIP2 is
highly responsive to S. sclerotiorum infection [42]. In a
transcriptome analysis, an Arabidopsis FLRI homolog
encoding a polygalacturonase inhibitor was found to
be up-regulated in the tolerant line and down-reg-
ulated in the sensitive line after 12 h of waterlogging
in B. napus [41]. We discovered that waterlogging
stress affects the cellulose, hemicellulose, and pectin
contents in the cell wall, and the difference in pec-
tin content in the root cell wall is correlated with the
waterlogging resistance of different varieties (Fig. 2a-
¢). Two BnaPGIP2s were cloned from B. napus, and it
was observed that these genes reduce pectin degrada-
tion by inhibiting the activity of PGs in the B. napus
root, thus delaying damage to the root structure and
function. BnaA10.PGIP2 and BnaCO09.PGIP2 have
high sequence similarity, and both of them inhibit
the degradation rate of pectin in root tip cells under
waterlogging, consequently postponing the growth
inhibition and damage of roots caused by waterlogging
(Figs. 4, 5 and 6). These two genes exhibit functional
redundancy, as mutations in both genes have a greater
impact on plants compared to a mutation in a single
gene (Figs. 4, 5 and 6).

Conclusions

In conclusion, we observed significant differences in
root integrity and function under waterlogging stress
between two varieties of B. napus. The sensitive vari-
ety experienced more severe damage to the cell wall
and cell membrane compared to the tolerant variety.
Through transcriptome analysis and determination
of cell wall polysaccharide content, we have discov-
ered that cell wall polysaccharides play crucial roles
in responding to waterlogging stress. Specifically, the
pectin metabolic pathways may be responsible for the
differing performance of the two varieties under water-
logging stress. We found two genes encoding polygalac-
turonase-inhibiting protein 2 (PGIP2) that are involved
in pectin metabolic pathways and enhance resistance
to waterlogging stress by inhibiting PGs activity and
reducing root pectin degradation in B. napus. In sum-
mary, our results have revealed the vital role of B.
napus root cell wall polysaccharide in responding to
waterlogging stress.
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Methods

Plant material and waterlogging treatment
Waterlogging-tolerant Santana, sensitive 23,651 B.
napus, and wild-type Westar (used as the recipient
material for transformation) were employed in this
study. The uniform seeds were treated with 75% ethyl
alcohol for 1 min and then rinsed with distilled water
twice. The seeds were germinated on moist filter paper
at a temperature of 24 °C until the radicles reached a
length of approximately 2-5 mm. Subsequently, the
germinated seeds were transferred to a greenhouse
with a light—dark cycle of 16:8 h. After approximately 3
weeks of germination, when the seedlings reached the
2-3 leaf stage, they were subjected to water filling, with
the water level maintained at 0.5 cm above the soil sur-
face for a duration of 7 days.

Evans blue staining

The visualization of cytomembrane integrity was
achieved by staining immediately with Evans blue solu-
tion. Root tips were carefully removed from the soil after
undergoing normal growth and waterlogging treatment
and were subsequently cleaned. From the collected sam-
ples, five to eight representative root tips were selected
and submerged in a 0.025% (w/v) solution of Evans Blue
for a duration of 10 min, as mentioned in the study con-
ducted by Yin et al. [44]. Following this, the root tips were
taken out and rinsed with pure water to eliminate any
excess dye. The extent of tip staining was then examined
using an optical microscope (BX53M, Olympus, Japan),
which allowed for the determination of any damage
incurred by the cell membrane of the root tips.

Nitro tetrazolium blue (NBT) staining

A total of 5-8 representative root tips were selected for
staining with O, ™. NBT chloride was used to react with
O, 7, resulting in the production of a dark brown sub-
stance. The root tips were then cut, rinsed, and stained
in a 0.1% (w/v) NBT solution (dissolved in 50 mM Tris—
HCI, pH 6.4) for 15 min. After rinsing with Tris—HCl
buffer, the root tips were observed and photographed
under an optical microscope (BX53M, Olympus, Japan).

Ruthenium red staining

The root tips were retrieved from the soils after nor-
mal growth and waterlogging treatment and were sub-
sequently cleaned. Five to eight representative root tips
were chosen and submerged in a 0.01% (w/v) ruthenium
red staining solution for a period of 30 min [45]. After-
wards, the root tips were taken out, rinsed with dis-
tilled water to eliminate any surplus dye, and the pectin
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content of the cell wall in the root tips was assessed using
an optical microscope (BX53M, Olympus, Japan).

RNA extraction, library construction and sequence

The root samples from the tolerant variety (Santana) and
sensitive variety (23,651) at 2-leaf stage were collected
after 12 h and 72 h of waterlogging treatment for three
repetitions. In each repetition, roots from three individu-
als were used for RNA extraction. The total RNA from
each tissue was extracted using the DP432 kit (available
at http://www.tiangen.com/). Extracted RNA samples
were then sent to Personal Bio in Shanghai for library
construction and sequencing. To enrich the mRNA,
Oligo (dt) magnetic beads were used, followed by ion
fragmentation to reduce the total RNA extracted to a
length of 300 bp. Using reverse transcriptase and prim-
ers, the mRNA fragment served as a template for reverse
transcription into cDNA. The cDNA was then used as a
template to synthesize the second strand of cDNA. Once
the library was constructed, library fragments under-
went PCR amplification and selection to ensure they
were within the 300-400 bp range. To assess the quality
of the library fragments, the Agilent 2100 Bioanalyzer
Biochip Analysis platform was utilized. The best quality
library fragments were then subjected to Paired-end (PE)
sequencing using the Illumina HiSeq platform, employ-
ing Next-Generation Sequencing (NGS) technology.

Transcriptome data analysis

Quality control was performed using the FastQC soft-
ware [46], where the base quality and sample base com-
position were analyzed and evaluated. The sequencing
linker and low-quality reads were then removed using the
Trimmomatic software [47] in order to obtain clean reads
data. The filtered data were compared to the B. napus ref-
erence genome (http://www.genoscope.cns.fr/brassicana
pus/) using the HISAT2 software [48]. The transcript was
subsequently assembled using the featureCounts soft-
ware [49] to calculate the expression level, specifically
the Transcripts Per Million (TPM) value. The DESeq2
package [50] was then utilized to screen for differentially
expressed genes (DEGs).

Cell wall main components extraction, fractionation

and measurement

The roots of both tolerant and sensitive varieties at 2-leaf
stage were sampled for determination of cell wall com-
ponent contents after 1 day and 3 days of waterlogging
treatment. Six biological repetitions were performed.
The extraction of crude cell wall materials and subse-
quent fractionation of cell wall components were con-
ducted following the methods outlined by Yang et al.
[51]. The uronic acid content in pectin was determined
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according to the protocol established by Blumenkrantz
and Asboe-Hansen in 1973 [52]. In brief, 40 pL of pec-
tin extracts were incubated with 200 uL of 98% H,SO,
(containing 0.0125 mol/L Na,B,0,-10H,0) at 100 °C for
5 min. After cooling, 4 pL of m-hydroxydiphenyl (0.15%
w/w) was added to the solution at room temperature. A
total volume of 200 uL was aspirated, and the absorb-
ance was measured at 520 nm using a microplate reader
(Spark, Tecan Trading AG, Switzerland) after 20 min.
The sugar residues in hemicellulose and cellulose were
determined according to the method described by Ren
et al. [53]. Briefly, 40 uL of hemicellulose or cellulose
extracts were incubated with 200 puL of 98% H,SO, at
room temperature for 15 min, followed by incubation at
100 °C for 15 min. After cooling, a total volume of 200 pL
was aspirated, and the absorbance was measured at 490
nm using a microplate reader (Spark, Tecan Trading AG,
Switzerland).

Subcellular localization

The full-length CDSs of BnaA10.PGIP2 and BnaC09.
PGIP2 in B. napus were cloned by using cDNA from
Santana roots at 2-leaf stage after waterlogging for 1 day
as the template. The gene-specific primers are PGIP-F-
Spel  (5-ACTAGTATGGATAAGACAACGACACTG-
3) and PGIP-R-Ascl (5-GGCGCGCCACTTGCAACT
ATCAAGAGGTG-3’). These target fragments were then
ligated into the pMDC83 vector, which contains the GFP
fluorescent tag. The resulting fusion vectors were used to
transiently expressed in tobacco plants at 5—6 leaf stage.
Single colonies of Agrobacterium tumefaciens GV3101
containing the recombinant vector pMDC83 with the
target genes were collected by expanding the culture
and resuspended in buffer (50 mM MES, pH 5.6, 5 mM
NazPO,, 1 mM acetosyringone). The bacterial solution
was then injected into the tobacco leaf using an injector.
After 2 days, the green fluorescence signal was observed
using confocal laser scanning microscopy (FV1200,
Olympus, Japan). Before observation, the cells were plas-
molyzed by treatment with 0.75 mol L™ mannitol for
15-20 min. The green fluorogenic signal had an excita-
tion wavelength of 488 nm and an emission filter wave-
length of 500-530 nm.

Construction and identification of BnaA10.PGIP2

and BnaC09.PGIP2-overexpressing transgenic lines

The CDS sequences of the genes BnaA10.PGIP2 and
BnaC09.PGIP2 were cloned from cDNA obtained from
the Santana roots after at 2-leaf stage waterlogging
for 1 d. The purified products were then ligated to the
pCAMBIA1300S plasmid to construct an overexpression
recombinant vector. Both genes were cloned using the
same primer pair, namely PGIP2-F-BamHI (5-CGCGGA
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TCCATGGATAAGACAACGACACTG-3) and PGIP2-
R-Pstl  (5-AACTGCAGTTATTTGTCGTCGTCGTCC
TTGTAGTCCATCTTGCAACTATCAAGAGGTG-
3’). In our study, the wild-type Westar was used as the
recipient material for the transformation of B. napus. The
hypocotyl genetic transformation and tissue culture sys-
tem for Agrobacterium-mediated genetic transformation
of B. napus were employed [54].

qRT-PCR analysis was conducted in the overexpres-
sion lines to determine the expression level of BnaPGIP2
by using quantitative primers PGIP2-QF/R (PGIP2-
QF: 5-TGTCCCTTGATCTCAGCAGG-3; PGIP2-QR:
5-GGAGAGCTGGTTGTGTGATAGG-3’). The inter-
nal reference gene for standardization was BnaACTIN7
(BnaC09g46850D), which was amplified using the prim-
ers BnACTIN7-F (5-CGCGCCTAGCAGCATGAA-3)
and BnACTIN7-R (5-GTTGGAAAGTGCTGAGAG
ATGCA-3’). The RNA samples were reverse transcribed
using the EasyScript® One-Step gDNA Removal and
cDNA Synthesis SuperMix (Beijing Transgen Biotech Co.
Ltd., Beijing, China). The qRT-PCR was performed using
the Perfect Start TM Green qPCR Super Mix (Beijing
Transgen Biotech Co. Ltd., Beijing, China) with the CFX
Connect TM Real-Time System (Bio-Rad Laboratories,
Inc.CA, USA). Three technical replicates were performed
for each sample, and the quantitative variation between
replicates was calculated using the A-A threshold cyclic
relative quantification method (Z’AAQ).

Construction and identification of BnaA10.PGIP2

and BnaC09.PGIP2 CRISPR editing lines

In this study, we utilized CRISPR/Cas9 gene editing tech-
nology to investigate the gene function of BnaA10.PGIP2
and BnaC09.PGIP2. The target sites of these genes were
identified using the online website CRISPR-P (http://
cbi.hzau.edu.cn/cgi-bin/CRISPR), and the correspond-
ing target sequence (Additional file 1: Figure S5) was
then amplified and ligated to the PKSE401 vector at the
5" end of the sgRNA sequence. The presence of the Cas9
gene in the obtained CRISPR transformed lines was con-
firmed using primers Cas9-F/R (Cas9-F: 5-ATGGCT
CCGAAGAAGAAGAGGAAG-3; Cas9-R: 5-GGCCAG
GAGGTTATCCAGGTCA-3’). Subsequently, the target
sites of Cas9-positive lines were sequenced and identified
to determine the BnaA10.PGIP2 and BnaC09.PGIP2 tar-
get genes. Primer pair C-PGIP-A10F/R (C-PGIP-A10F:
5-GACACTGCTTTTGTTCTTCTTCT-3; C-PGIP-R:
5-CAGCTGAGCCTGAGGCTC-3’) was used for the
specific amplification of BnaA10.PGIP2 target sites, while
primer pair C-PGIP-CO9F/R (C-PGIP-CO9F: 5-GAC
ACTGCTTTTGTTCTTCTCCA-3; C-PGIP-R: 5-CAG
CTGAGCCTGAGGCTC-3’) was employed for the spe-
cific amplification of BnaC09.PGIP2 target sites.
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PGs activity analysis

The roots of both tolerant and sensitive varieties at 2-leaf
stage under normal conditions (CK) and waterlogging
(WL) for 1 day. Four biological repetitions were per-
formed, and roots from three individuals were used for
PGs activity analysis in each biological repetition. Plant
proteins were extracted from the root according to Yang
et al. [55]. The protein concentration was determined
using the Modified Bradford Protein Assay Kit (Sangon
Biotech Co., Ltd, Shanghai, China). For quantitative anal-
ysis of PGs activity, the 3,5-dinitrosalicylic acid method
was utilized [56]. The reaction mixture consisted of 300
ul of plant protein solution (100 ng pl™), 50 ul of Citrus
peel pectin solution (0.5% w/v), 650 pl of acetate buffer
(50 mM, pH=5.0), and 1 ml of DNS solution. The mix-
ture was reacted at 37 °C for 1 h. A standard curve was
generated using known concentrations of D-galacturonic
acid. Each enzymatic measurement was performed in six
replicates.

Proline determination

Leaf proline was determined following the method
described by Pérez-Jiménez et al. [57], with slight modi-
fications. Five representative individuals at 2-leaf stage
were selected to determine proline levels after being sub-
jected to normal conditions, as well as a waterlogging
treatment for 7 days. Approximately 0.1 g of leaf tissue
was placed into a 5 mL solution of sulfosalicylic acid (3%
w/v) and incubated at 100 °C for 30 min to extract the
proline. Next, 2 mL of the proline extraction solution,
2 mL of glacial acetic acid, and 2 mL of acid ninhydrin
were transferred into a clean 10 mL tube. The mixture
was then incubated at 100 °C for an additional 30 min.
After cooling, 4 mL of toluene was added to the solution
to facilitate the transfer of the pigment into the toluene
phase. The absorbance of the reaction solution was meas-
ured at a wavelength of 520 nm using a spectrophotom-
eter (UH5300, HITACH]I, Japan).

Malondialdehyde (MDA) determination

The determination of Leaf MDA was conducted accord-
ing to Liu et al. [58], with slight modifications. Five rep-
resentative individuals at 2-leaf stage were selected and
subjected to normal conditions and a 7-day waterlogging
treatment for MDA determination. Approximately 0.1 g
of leaves were ground in a pre-cooled mortar and placed
in a 5 mL solution of trichloroacetic acid (5% w/v). The
resulting mixture was centrifuged at 4 °C for 10 min. In
a clean 10 mL tube, 2 mL of MDA extracting solution
and 2 mL of thiobarbituric acid (0.67% w/v) were mixed
together and incubated at 100 °C for 30 min. After cen-
trifugation, the absorbance of the reaction solution was
measured at wavelengths of 450 nm, 532 nm, and 600 nm
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using a spectrophotometer (UH5300, HITACHI, Japan).
The concentration of MDA was calculated using the fol-
lowing formula: Cyp, =6.45*(A532-A600)-0.56*A450.

Abbreviations

B.napus  Brassicanapus L.

CuAO Copper amine oxidase

DEG Differentially expressed gene
MDA Malondialdehyde

NBT Nitro Blue Tetrazolium

PCD Programmed cell death

PG Polygalacturonase

PGIP2 Polygalacturonase-inhibiting protein 2
PME Pectin methylesterase

TEM Transmission electron microscopy
WL Waterlogging

WT Wild-type

XET Xyloglucan endotransglycosylase
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