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ABSTRACT

Chitinase plays an important role in plant resistance against chitin-containing pathogens through
hydrolysis of chitin. Clubroot caused by Plasmodiophora brassicae is a major disease for cruciferous
crops and vegetables worldwide. The cell wall of P. brassicae resting spores contains chitin.
Chitinase is regarded as capable of improving plant resistance to fungal diseases. However,
there has been no report about the function of chitinase in P. brassicae. Here, wheat germ
agglutinin staining and commercial chitinase treatment demonstrated that chitin is a functional
component in P. brassicae. In addition, Chitinase PbChia1 was identified by chitin pull-down assay
combined with LC-MS/MS. PbChia1 was found to be a typical secreted chitinase, which could bind
chitin with chitinase activity in vitro. PbChial could significantly decrease the resting spores of
P. brassicae and therefore relieve the severity of clubroot symptom, with a biocontrol effect of
61.29%. Overexpression of PbChial in Arabidopsis thaliana improved its resistance to P. brassicae,
increased host survival rate and seed yield, enhanced PAMPs-triggered reactive oxygen species
burst, MAPK activation and expression of immune-related genes. PbChial transgenic plants also
showed resistance to other pathogens, such as biotrophic bacterium Pst DC3000, necrotrophic
fungi Sclerotinia sclerotiorum and Rhizoctonia solani. These findings indicate that chitinase PbChia1
is a candidate gene that can confer broad-spectrum disease resistance in breeding.
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Introduction a few genes, while the genome of P. brassicae was

Clubroot is a major disease for brassica crops and
vegetables (such as rapeseed, cabbages and broccoli),
and can cause 10%-15% yield reduction worldwide [1].
Plasmodiophora brassicae is a soil-borne pathogen and
obligate intracellular biotroph protist belonging to the
supergroup Rhizaria [2]. Galls are formed on the roots
of infected plants, leading to stunting, wilting, and even
death of the plants [3]. The disease is found in brassica
growing areas all over world. The resting spores of
P. brassicae can survive in the soil for a long time and
there is currently no effective way to completely remove
the pathogen from the infected soil. In most life cycle of
P. brassicae, it is parasitized in host cells and unculti-
vable on synthetic medium, and there is no available
transformation system, making it more difficult to
study the gene function and pathogenesis of
P. brassicae than those of fungi and oomycetes [4-6].
There have been reports about the functions of only

reported five years ago [7,8], providing great opportu-
nities to explore the related gene families and predict
their functional roles [9-11]. P. brassicae effectors have
been demonstrated to play important roles in the infec-
tion and subsequent disease progression [12-16].
Dissection of the pathogenic mechanism is critical for
the breeding of plants against clubroot disease. Since
Arabidopsis is susceptible to P. brassicae, it may serve
as a good system for studying P. brassicae and plant
interaction.

Chitin is a polymer N-acetyl-d-glucosamine linked
by B-1,4 glycosidic bond. It is the most abundant
polymer in the nature, and is widely present in
shrimp and crab shells, insect carapaces, and fungal
cell walls, including the resting spores of P. brassicae
[17,18]. Cell wall is an essential structure that deter-
mines the cell shape and protect the cells. Chitin is
a main component in the cell wall of pathogenic
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fungi, playing important roles in the growth and
development of fungi [19]. Chitin has also been
identified as an important signal inducing natural
plant immunity to pathogen invasion [20]. For exam-
ple, perception of chitin can enhance the disease
resistance of rice [21], while enhance plant immunity
in Arabidopsis [22]. Chitin compost and broth can
suppress the formation of clubroot [23]. P. brassicae
has two chitin synthase families and there are abun-
dant chitin-related enzymes in the secretome [8].
Two candidate CBM18 secreted effector proteins in
P. brassicae, PbChiB2 and PbChiB4, suppress the
chitin-triggered activation of MAPK in Brassica
napus [24].

Chitinase is an enzyme system that hydrolyzes
chitin into N-acetyl-oligosaccharides and glucose. It
is widely found in higher plants and is considered as
a subgroup of pathogenesis-related (PR) proteins;
when plants are under abiotic stress or pathogen infec-
tion, chitinase will be rapidly accumulated [25-27].
Therefore, chitinase plays an important role in plant
resistance, and an increase in chitinase activity of
plants can inhibit spore germination and mycelial
growth, or degrade chitin in cell walls [28,29]. For
instance, transferring chitinase genes into tobacco
will increase its resistance to Fusarium wilt, and intro-
duction of rice chitinase genes into tomato will
enhance its resistance to Fusarium wilt and early blight
[30]. In addition, expression of wheat chitinase genes
in grapes will improve the resistance to downy mildew
[31], and that in rose will reduce black spot develop-
ment [32]. A total of 33 chitinase genes have been
identified in B. rapa genome, and treatment with
chitin oligosaccharides was found to ameliorate club-
root symptoms [33]. Chitinase is considered as
a candidate defence-related gene against chitin-
containing pathogens [34]. Function analysis of chit-
inase has been carried out in various plant species,
such as tomato [35], potato [36], rice [37] and apple
[38], but the role of the chitinase gene family of
P. brassicae in the growth and development of club-
root remains unknown.

This study aims to characterize the chitin
extracted from P. brassicae and identify the chiti-
nases. As a result, a secreted chitinase, PbChial, was
found in the genome of P. brassicae. We further
identified and clarified the function of PbChial in
the development of P. brassicae, as well as investi-
gated the function of PbChial in improving
P. brassicae resistance in Arabidopsis transgenic
plants. This gene may be of great significance for
the control of P. brassicae in breeding for clubroot
resistance.

Materials and methods
Plant materials and growth conditions

Arabidopsis and rapeseed cultivar Huashuang 4 plants
were grown in a growth chamber at 22-23 °C under 12/
12 light/dark cycle with 75% humidity.

Pathogen inoculation

For P. brassicae inoculation, the clubroot of rapeseed
in the field was collected and the resting spores were
extracted and stored at 4 °C [39]. Then, 14-day-old
Arabidopsis or rapeseed plants were inoculated with
P. brassicae at 1.0 x 106 spores per plant. The disease
severity of clubroot was evaluated using a scoring
system of 0-4 for Arabidopsis and 0-9 for rapeseed
[40,41]. For inoculation with Pst DC3000, bacteria
were cultured in King’s Medium B with 50 pg/ml
rifampicin at 28 °C, and then collected, re-
suspended and diluted with 2.5 mM MgCl2, syringe-
infiltrated at 5x 105 cfu/ml to the leaves of 4-week-
old plants. The leaves were then wiped clean until
returning to pre-infiltration appearance, and then the
plants were covered with a clear plastic dome for 3-
4 days. For quantification of the Pst DC3000 bacterial
population, leaf disks were ground in 2.5 mM MgCI2
buffer and plated on King’s Medium B plates con-
taining 50 pg/ml rifampicin, followed by counting of
the bacteria. For S. sclerotiorum inoculation, five- or
six-week leaves (before flowering) were detached and
placed in petri dishes with filter paper. Then,
a 2-mm diameter mycelial block of S. sclerotiorum
was inoculated on the surface of leaves, and some
water was sprayed to the leaves to maintain high
humidity until the necrotic lesions were observed
and the lesion area was measured. Nine biological
replicates were performed for each sample. For
R. solani inoculation, R. solani was cultured on
potato dextrose agar (PDA) plates for 2 d. Then, 10
mycelial blocks with a diameter of 5 mm at the edge
of the colony were inoculated to liquid PD medium
and cultured at 22 °C under shaking for 7 d. The
mycelium was broken with a homogenizer, and 1 ml
of broken mycelium was inoculated to the roots of
14-day-old Arabidopsis plants, which were then cov-
ered with a clear plastic dome to keep high humidity
for 3 d. The disease severity was evaluated using a 0-
4 scoring system, with grade 0 indicating no disease
symptom on the stem, grade 1 indicating that the
expanded area of the stem disease spot is less than 1/
2 of the stem circumference and no disease symptom
at the root, grade 2 representing that the expanded



area of the stem disease spot was above 1/2 of the
stem circumference, and the roots have no symp-
toms, grade 3 indicating that the expanded area of
the stem lesions was above 1/2 of the stem circum-
ference and the root is infected, and grade 4 repre-
senting that the plant is wilting and dying.

Chitin extraction and determination from
P. brassicae

Crude chitin was extracted from P. brassicae. About 15
g of fresh root galls was ground into power with liquid
nitrogen, followed by the addition of 5ml deionized
water for dissolution. After centrifugation at 12,000 g
and 4 °C for 10 min, the samples were freeze-dried
overnight in vacuum. About 5g of dried pellets was
taken and added with 30 ml of 6 M HCI, and then the
chitin content in P. brassicae was measured with
a method described previously [42].

Fourier transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD) and thermo gravimetry
analysis (TGA)

The FTIR, XRD and TGA of crude chitin extracts from
P. brassicae and commercial chitin (Sigma, CAS
No. 1398-61-4) were performed by Shanghai Sci Go
Company. The data of FTIR, XRD and TGA were
analysed according to previous descriptions [43].

Identification of chitinase family genes in
P. brassicae

The genome of P. brassicae was downloaded from the
GenBank (accession number is MCBL01000000) [44].
Blast2GO was used to systematically investigate the
chitinase, and the proteins containing the glycosyl
hydrolase domain were classified into the chitinase
family. Then, website SMART databases (http://smart.
embl-heidelberg.de/) and NCBI CDD (http://blast.ncbi.
nlm.nih.gov) were used to further confirm the chitinase
genes. CELLO v.2.5 (http://cello.life.nctu.edu.tw/) was
used to predict the subcellular localization.

Phylogenetic analysis of chitinase from P. brassicae

The full-length protein sequences or conserved
domains of chitinase from P. brassicae were determined
using the MEGA 6.0 software and neighbour joining
techniques were used to construct phylogenetic
trees [45].
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Colloidal chitin preparation, chitinase screening
and chitinase activity assay.

The 2% colloidal chitin was prepared as previously
reported [46], to be used as the substrate to screen the
chitinase. About 10 g of rapeseed galls was ground into
power under liquid nitrogen and dissolved in 30 ml
lysis buffer at 4 °C under shaking. After centrifugation
at 12,000g for 10min at 4 °C, the supernatant was
filtered using a syringe filter (0.22 mm, Millipore).
The 2% colloidal chitin was incubated with supernatant
at 4 °C for 2 h under shaking. The sediment was ana-
lysed by liquid chromatography tandem mass spectro-
metry (LC-MS/MS, Thermo Fisher Scientific).
A method previously described was used to test
whether the recombinant protein had chitinase activity
[42]. A commercial chitinase activity assay kit (Beijing
Boxbio Science & Technology Co. Ltd, Beijing) was
used to test plant chitinase activity. Leaf samples were
ground under liquid nitrogen and protein extracts were
prepared as previously described [47].

Expression and purification of fusion proteins and
chitin pull-down assay

The full-length ¢cDNA of PbChial without signal pep-
tide was amplified by PCR using PbChial-BamHI-F
and PbChial-BamHI-R primers (Table S3) with
BamHI restriction enzyme sites and inserted into
pGEX-6P1 and pET-28a, for GST fusion and His-
tagged recombinant protein, respectively. GST fusion
proteins and His-tagged proteins were purified using
glutathione resin (GenScript, Cat. No. L00206) and Ni-
NTA resin (GenScript, Cat. No. L00250), respectively,
and then stored at —80 °C. After purification of the
fusion proteins, the chitin pull-down assay was per-
formed as previously described [48].

Validation of signal peptide in yeast cells

Yeast invertase assay was used to assess the secretory
activity of the signal peptide [49]. The signal peptide of
PbChial was cloned into pSUC2 plasmid with EcoRI/
Xhol restriction enzyme sites. The LiAc method was
used to transform the plasmid into yeast strain YTK12
[50]. Invertase enzymatic activity was detected as pre-
viously described [51].

Chitinase treatment on clubroot

Rapeseed cultivar Huashuang 4 seeds were surface-
sterilized and germinated in a Petri dish for 7 d, and
then transferred to tubes with 10 ml 1/2 Hoagland
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nutrient solution, and grown in a plant growth cham-
ber at 22-23 °C with a 16/8 h day/night cycle. Each
plant was inoculated with 1 ml of P. brassicae resting
spores (1 x 107 spores/ml), followed by the addition of
commercial chitinase (Sigma C6137, chitinase extract
from Streptomyces griseus) or purified PbChial protein
(0.005 U/ml) to the tube to check the clubroot resis-
tance. Some 1/2 Hoagland nutrient solution was added
to the tubes every day to avoid dryness, and the
Hoagland nutrient solution was completely changed
each 7 d to avoid contamination. To test whether the
chitinase affects the germination rate of resting spores,
commercial chitinase or purified PbChial protein was
incubated with P. brassicae resting spores for 3 or 6
d in host root exudates (rapeseed seedlings). DAPI (4’-
6-diamidino-2-phenylindole-dihydrochloride) staining
was used to measure the germination rate of resting
spores [9].

RNA isolation, DNA isolation and quantitative PCR

Plant materials or root galls were washed with water,
and then grounded in liquid nitrogen, followed by total
RNA extraction with the TRIZOL reagent [52]. RNA
samples were treated with DNase I to remove genomic
DNA. Oligo (dT)18 primer was used for reverse tran-
scription polymerase chain reaction, and cDNA was
used as template for quantitative PCR (qPCR). qPCR
was performed on a CFX96 real time PCR system (Bio
Rad) with iTaq Universal SYBR Green super mix (Bio
Rad). The cetyl trimethyl ammonium bromide (CTAB)
method was used to extract the P. brassicae DNA [52],
and DNA was used as template for qPCR to quantify
the P. brassicae DNA content in root galls. P. brassicae
target actin gene was AY452179.1 and Arabidopsis
actin gene was AT3G18780. The primers are listed in
Table S3.

Generation of transgenic Arabidopsis plants

Full-length PbChial was cloned into pCNF3 at Xbal/
BamHI restriction enzyme sites to generate pCNEF3-
PbChial-FLAG, which was then transformed into
Agrobacterium tumefaciens GV3101 by electropora-
tion. A. tumefaciens was transformed to five- or six-
week-old Arabidopsis Col-0 with the floral dip method
[53]. TO generation seeds were grown in Murashige and
Skoog (MS) media plates containing 50 mg/ml kana-
mycin. The surviving plants were transferred to grow in
soil and identified by PCR and western blot to keep
homozygous plants. T3 generation plants were used for
subsequent study. Each flat grown 40 plants, monitored
the survival rate of plants after inoculation with

P. brassicae for 30 and 55 days. Survival rate=Number
of plants survived/Total plants tested x100%.
Experiment repeated 3 times.

Microscopic analysis

For trypan blue staining, roots were treated with 0.05%
trypan blue solution overnight, and washed several
times with plenty of water to remove excess dye [54].
The root samples were observed under Nikon light
microscopy (Nikon Eclipse 90i, Japan). For wheat
germ agglutinin (WGA488) staining, 10 pg/ml WGA-
Alexa Fluor 488 (Invitrogen, Cat. No.: W11261) was
added to the roots (infected by P. brassicae) or resting
spores for 10 min before microscopy. A confocal micro-
scope (Leica SP8) was used to detect the WGA-Alexa
Fluor 488 signal. For DAPI staining, the resting spores
with nucleus were counted under UV excitation [9].
Electron microscopy analysis was performed as
described by Chen [52]. For subcellular localization,
the YFP fluorescence was expressed in tobacco leaves,
and the epidermal cells examined under
a confocal laser scanning microscope (Leica SP8),
with the excitation wavelength of 488 nm and emission
wavelength between 490 nm and 560 nm.

were

ROS burst and MAPK assay

ROS burst and MAPK assay were performed according
to previous descriptions [55]. In brief, leaf discs of
4-week-old Arabidopsis plants were incubated with 100
nM flg22 or chitin in reaction solution containing lumi-
nol and horseradish peroxidase (Sigma, USA). The ROS
production values were measured for a period of 30 min.
Ten-day-old seedlings were treated with 100 nM flg22 or
chitin for 5, 15, 30 and 45min, respectively. MAPK
activation was measured by western blotting with an a-
pErk1/2 antibody (Cell Signaling, No. 9101, USA).

Statistical analysis

One-way ANOVA followed by Kruskal-Wallis test for
multiple comparison and two-tailed Student’s t-test
were conducted using Prism 8. All experiments were
repeated independently for two or three times.

Results

Extraction and characterization of chitin from
P. brassicae

Chitin is present on the cell walls of the resting spores
of P. brassicae. WGA488 staining revealed that in



addition to resting spores, the primary plasmodia, zoos-
poragia and secondary plasmodia also contain chitin
(Figure la and Figure S1), indicating that chitin is
abundant in different lifecycle stages of P. brassicae.
Crudely extracted chitin was subjected to physicochem-
ical evaluation with FTIR spectrum, XRD and TGA
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techniques. Figure 1b shows the FTIR spectrum of
P. brassicae chitin and commercial chitin (a-chitin),
which exhibited two bands at around 1662 cm — 1 and
1631 cm - 1, indicating the presence of amide I and
amide II groups and that P. brassicae chitin is in an a-
form [56]. Figure 1lc displays the visualized XRD

Bright feild

26 (Degree)

~
(¢7
~—

—1 PB [ PB+Chitinase

2 7.5
on
S P=O.7332P_ ol
271 5 =0.00015 _ 9901
Z 1 & s+ P<00001
2 T
& 6.5
3
o
© 6.07
[0
e m
; 5.5 T T T T
0 day 1 day 2 days 3 days

Figure 1. Characteristics of chitin extracted from P. brassica. (a) Cross section of galls of rapeseed stained with WGA488 and the
images were taken on confocal microscopy. Bar =10 um. (b-d) FTIR spectrum (b), XRD spectrum (c) and TGA thermograms (d) of
chitin extract from P. brassicae. (e) Chitinase treatment on the resting spores of P. brassicae. Resting spores of P. brassicae were
treated with commercial chitinase for 3 d at room temperature. The number of resting spores of P. brassicae was counted. Statistical
analysis was performed by Student’s t-test (two-tailed). Data are mean % s.D. n = 3 biological replicates. Experiments were repeated
three times with similar results. a-chitin is commercial chitin and used as a control in b, ¢ and d.



6 Y. ZHAO ET AL.

spectra of P. brassicae chitin. There was a main diffrac-
tion peak of chitin at around 19.2° and a small weak
diffraction peak at around 26.3°, which was consistent
with the crystal structure of chitin. However, unlike
that of commercial a-chitin, the diffraction peak of
chitin in the crude extract of P. brassicae was less
pronounced, which may be related to the different
sources of chitin. As shown by the TGA analysis in
Figure 1d, the first and second weight loss for different
chitin were very similar. However, in the third stage,
there were some differences in the weight loss of chitin.
The weight-loss rate of chitin from P. brassicae was
very slow, and the reason was unclear. We next used
chitinase (from Streptomyces griseus) to examine the
chitin in P. brassicae. After treatment of the P. brassicae
resting spores with chitinase for 3 d, the number of
resting spores significantly decreased by 85.90%
(Figure 1le). These results suggested that chitin is
a functional component of P. brassicae.

Identification and functional analysis of chitinase
PbChia1l from P. brassicae genome ZJ-1

Blast2GO was used to systemically investigate chiti-
nases in the genome of P. brassicae ZJ-1. As a result,
17 genes encoding putative chitinases were identified
(Table S1). These chitinase genes were predicted to
encode 275 to 1968 amino acids, with molecular
weights ranging from 29.3 kDa to 209.5 kDa and pls
ranging from 4.66 to 8.89. P. brassicae chitinases were
predicted to have subcellular localization in the mito-
chondria, cytoplasm or secretory. There were 16 chit-
inases belonging to the GH18 family, and one chitinase
belonging to the GH19 family. Transcriptome analysis
revealed that the 17 chitinase genes had different
expression patterns (Figure 2a), suggesting that they
may have functional differentiation. Phylogenetic tree
analysis indicated that 13 chitinases were closely related
to plant-derived chitinases and only two chitinases are
closely associated with fungal-derived chitinases
(Figure S2). The LC-MS/MS method was employed to
screen functional chitinases from P. brassicae, and 15
chitinases were screened from clubroot galls of rape-
seed (Table S2). Only one chitinase was derived from
P. brassicae, whose gene number was PlasB_10400 and
named as PbChial (Table S2). PbChial had no intron,
with 1203 nucleotides encoding a peptide of 400 amino
acids. The protein contained a signal peptide and typi-
cal GH18_chitinase domain (Figure 2b). Yeast invertase
assay demonstrated that PbChial harbours a functional
N-terminal signal peptide (Figure 2c). We next exam-
ined the subcellular localization of PbChial-YFP fusion
proteins with (PbChial-YFP) or without signal peptide

(PbChialASP-YFP) in plant cells. PbChial-YFP and
PbChialASP-YFP were transiently expressed in
N. benthamiana. In epidermis cells expressing
PbChial-YFP, yellow fluorescence signal was observed
in cytoplasm, plasma membrane and nucleus; while in
epidermis cells expressing PbChialASP-YFP, yellow
fluorescence signal was mainly concentrated in the
nucleus (Figure S3a). Then, the apoplast washing fluid
was extracted, and Western blotting indicated that
PbChial but not PbChialASP was detected in the apo-
plast washing fluid (Figure S3b), suggesting that
PbChial is a secreted protein. qPCR showed that
PbChial had constitutive expression in different life-
cycle stages, which is consistent with transcriptome
data (Figure S3c and Figure 2a). We next expressed
PbChial protein in Escherichia coli and tested whether
it has an chitinase activity. The full-length PbChial
without the signal peptide was fused with His and
GST, respectively. PbChial-His and PbChial-GST
were purified, and then their chitinase activity was
measured using colloidal chitin as the substrate. As
a result, both PbChial-His and PbChial-GST showed
chitin-binding ability (Figure 2d, e). Besides, they could
effectively hydrolyse chitin into monomeric GlcNAc
(Figure 2f, g), and both of them had the highest enzyme
activity at 37 °C, which showed rapid decreases at 20 °C
or 50 °C. These results indicated that PbChial is
a functional chitinase.

PbChia1 inhibits resting spore germination and
reduces the pathogenicity of P. brassicae

To examine the inhibitory effect of chitinase on resting
spore germination, the resting spores of P. brassicae were
incubated with purified PbChial protein for 3 d. As
a result, the amount of resting spores significantly
decreased (Figure 3a), and was reduced by 71.20% on
the third day (Figure 3a). We further checked the germi-
nation rate of resting spores and nuclear status with DAPI
staining at 3 d (Figure S4 and Figure 3b). The germination
rate of resting spores (without a nucleus) was 46.30% and
42.00% under PbChial and chitinase treatment, respec-
tively, while that of the control group was 68.20%. The
germination inhibition rate of PbChial was 32.10%
(Figure 3b), indicating that the protein can significantly
reduce the germination rate of resting spores in vitro. To
explore the effect of PbChial protein on the development
of clubroot, rapeseed plants were grown in liquid nutrient
solution and co-inoculated with resting spores and the
PbChial protein. The plants inoculated with resting
spores only and together with GST protein showed galls
on their roots, while those co-inoculated with resting
spores and PbChial or chitinase protein had no obvious
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Figure 2. PbChia1 is characterized as a chitinase. (a) Heatmap visualization of 17 predicted chitinase genes at different life stages of
P. brassicae. A coloured bar indicates normalized reads per log10 (FPKM) in the expression profile at three life stages. IN indicates
cortical infection; PZ stands for primary zoospores and RS indicates resting spores. Genes and samples were clustered according to
their expression profiles. (b) Schematic illustration of PbChia1l. (c) PbChial contains a functional signal peptide. By using a yeast
signal-sequence trap system, yeast expressing the plasmid pSUC2-SPPbChial with the expression of PbChial signal peptide driven
by the pSUC2 promoter could produce a red similar colour to that of the positive control. Yeast expressing the empty pSUC2 vector
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galls on the roots (Figure 3c). The disease index of plants
inoculated with resting spores only and together with
GST protein was 73 and 72.32, respectively (Figure 3d),
while that of plants co-inoculated with resting spores and
PbChial or chitinase protein was 28.1 and 33.3, respec-
tively (Figure 3d). The biocontrol effect of PbChial was
61.29%, suggesting that the application of PbChial pro-
tein in vitro could alleviate the symptoms of clubroot.
Observation of root slices and content of P. brassicae in
root cells revealed that the PbChial protein could signifi-
cantly reduce the pathogens inside the host (Figure S5).
qPCR analysis demonstrated that the content of
P. brassicae in the roots under PbChial protein treatment
was lower than that under GST treatment (Figure 3e).
Taken together, PbChial could decrease the concentra-
tion and germination rate of P. brassicae resting spores,
reduce the content of pathogens, and relieve the clubroot
symptom in vitro, indicating that chitin may play an
important role in clubroot development.

Overexpression of PbChia1 in Arabidopsis increases
its resistance to P. brassicae

To characterize the biological functions of PbChial, we
generated stable transgenic Arabidopsis lines with consti-
tutive expression of full-length PbChial under CaMV35S
promoter. The three independent homozygous
Arabidopsis lines (L2, L3 and L5) and Col-0 plants showed
similar phenotypes in leaf morphology, root hair growth
and seed yield (Figure S6). Next, we tested whether
PbChial overexpression is accompanied by changes in
susceptibility to P. brassicae. It was observed that club-
shaped galls were formed on the roots of Col-0 and
empty vector Arabidopsis plants infected by P. brassicae
for 21 d, while no obvious symptom was observed for
transgenic Arabidopsis lines (Figure 4a). In addition,
PbChial transgenic plants had much lower disease index
than Col-0 and empty vector plants (Figure 4b). qPCR
confirmed that the infected roots of PbChial transgenic
lines had a lower density of P. brassicae than Col-0 and
empty vector plants (Figure 4c). Young plants may be
killed by clubroot disease within a short time after infec-
tion. Hence, we examined the survival rate of the infected
plants at 30 d and 55 d after P. brassicae inoculation. The
average survival rate of transgenic plants was 3.13- and

3.96-fold that of Col-0 plants at 30 d and 55 d after inocu-
lation, respectively (Figure 4d, e). Seeds of the surviving
plants were harvested and weighed. The per plant seed
weight of transgenic plants was about 2.15-fold that of
Col-0 plants (Figure 4f, g). These results suggested that
PbChial transgenic plants had strongly enhanced disease
resistance to P. brassicae, which can relieve the severity of
clubroot symptoms and promote the survival rate of
infected plants and seed yield.

The life cycle of P. brassicae comprises three main
stages: survival in soil as resting spores, root hair infec-
tion, and cortical infection [8]. To validate the resis-
tance of the transgenic lines to P. brassicae, we
compared the root hair infection rate (form primary
plasmodia and zoosporangia) and cortical infection rate
(form secondary plasmodia) between Col-0, empty vec-
tor and transgenic PbChial plants (Figure 5a,b). The
results showed that both root hair infection rate and
cortical infection rate decreased significantly in
PbChial transgenic plants relative to those in Col-0
plants (Figure 5b). We further observed the
P. brassicae development state in the infected roots.
The TEM results showed the presence of many early
mature resting spores with typical nuclei and nucleoli
in infected Col-0 and empty vector root cells
(Figure 5c), while only secondary zoosporangia were
observed on the infected roots of transgenic L3 plants
(Figure 5c). These observations suggested that PbChial
May inhibit the development of P. brassicae. In order to
explore the disease resistance mechanism of transgenic
PbChial plants, we measured the chitinase activity of
Col-0 and PbChial transgenic plants. As a result, the
chitinase activity of PbChial transgenic plants was
1.91-fold that of Col-0 plants) (Figure 5d). Besides,
the PbChial transgenic lines with a relatively higher
expression level of PbChial showed less severe symp-
toms (Figure S6). Therefore, it can be speculated that
the stronger resistance of PbChial transgenic plants to
P. brassicae may be derived from an increase in chit-
inase activity.

PbChia1 alters certain host defence responses

P. brassicae is an obligatory biotroph that requires the
suppression of plant immune response for infection

pEt28a (d), or with the GST fusion protein in vector Pgex-6P1, GST alone served as a control (e). The chitinase enzyme activity of
affinity-purified His-PbChial, GST-PbChial and GST protein was analysed using chitin as substrate. The reaction of DNS (3,5-dini-
trosalicylic acid) and GIcNAc was monitored at OD565 nm. One unit of chitinase activity was defined as the amount of enzyme
required to release 1 mmol of N-acetyl-D-glucosamine per hour. Data are mean = s.D. (f) and (g) Affinity-purified His-PbChia1 (f) and
GST- PbChia1 (g) protein had the ability to bind chitin. Purified recombinant proteins were incubated with colloid chitin for 1h
under constant shaking, and the chitin-associated His-PbChia1 (f) and GST- PbChial (g) were detected using immunoblotting.
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and complete life cycle. Flagellin 22 (flg22) or chitin is  genes in PbChial transgenic lines. Early immune genes
a well characterized PAMP and has been demonstrated FRK1, WRKY30, PP2C, NHL10, PHI1 and the later
to induce PTI in plants when administered [57]. We immune gene PR1 were selected for detection. After
assessed the transcript levels of many defence-related  flg22 treatment, all these genes were significantly up-
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regulated in PbChial transgenic lines compared with in
Col-0 plants (Figure 6a—f). These results indicated that
PbChial is likely to alter certain defence responses, and
the expression of these defence genes changes the resis-
tance to P. brassicae. We next attempted to determine
whether PbChial activates or suppresses general
defence responses. To this end, we activated the
immune response using flg22 and monitored the accu-
mulation of reactive oxygen species (ROS) and activa-
tion of mitogen-activated protein kinase cascades
(MAPKs) in Col-0 and PbChial transgenic lines
(Figure 6gh). As a result, flg22 induced significant
increases in ROS accumulation in PbChial transgenic
lines compared with in Col-0 plants (Figure 6g). The
phosphorylation level of MAPKs was also increased in
PbChial transgenic lines (Figure 6h). Besides, we
checked the chitin-triggered plant immunity. Similar
to the results obtained under flg22 treatment, ROS
accumulation, expression of immune-related genes
and MAPK activation all increased in PbChial trans-
genic lines than those in Col-0 plants (Figure S7). All
these results suggested that overexpression of PbChial
in plants would enhance PAMP-triggered immunity.

PbChia1 resistance to different pathogens

Since PbChial transgenic plants showed obvious
resistance to the biotrophic pathogen P. brassicae,
we further examined the disease resistance of
PbChial transgenic plants to other pathogens,
including the bacterial pathogen Pseudomonas syrin-
gae pv. tomato (Pst) DC3000, the necrotrophic
pathogen  Sclerotinia  sclerotiorum 1980 and
Rhizoctonia solani. The transgenic lines showed
much less severe disease symptoms and proliferation
of Pst DC3000 than Col-0 plants after Pst DC3000
infection (Figure 7a,b). The comparative analysis of
B. cinerea symptoms revealed that smaller lesion was
formed on PbChial transgenic plants than on Col-0
plants (Figure 7c,d). The disease index of Col-0
inoculated with R. solani was 93.75, while that of
L3 and L5 transgenic plants was 58.33 and 50.00,
respectively  (Figure  7ef),  indicating  that
Arabidopsis PbChial transgenic plants had enhanced
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disease resistance to R. solani. These results suggest
that PbChial alters host defence pathways and
enhances plant immunity, and has a broad applica-
tion prospect.

Discussion

PbChia1 is a potential candidate gene for breeding
against clubroot

Rapeseed is a major crop providing abundant
amounts of oil to humans. Clubroot caused by the
soil-borne obligate biotrophic protist P. brassicae is
one of the major diseases of cruciferous crops and
vegetables worldwide. The resting spores of
P. brassicae can survive for more than 17 years in
an infected field without any host [58]. There is
currently no effective method to completely remove
P. brassicae from an infected field, and the most
effective control method may be the planting of
resistant cultivars. Genomic and multi-omics research
may be a powerful tool to identify major loci and
resistance genes for clubroot resistance breeding [59].
However, the population of P. brassicae in the field
generally exhibits great diversity [60,61]. For exam-
ple, Strelkov et al. reported 17 pathotypes from the
canola fields of Canada [62]. Besides, some clubroot-
resistant germplasms are pathotype-specific [63], and
the population structure of P. brassicae may change
quickly in the infected field [59]. Repeated cultivation
of the same cultivar in a field can result in resistance
due to the rapid multiplication of rare pathotypes,
frequent changes in pathogen population structure,
and emergence of new virulent pathogens [61,64,65].
Therefore, it is important to select genes with broad-
spectrum resistance to P. brassicae pathotypes for the
development of clubroot resistant cultivars.
Chitinases, which are considered as PR proteins
[66], can catalyse the hydrolysis of chitin, inhibit
pathogen growth and enhance plant immunity
against fungi [34,47]. The cell walls of P. brassicae
resting spore have been reported to contain chitin
[18]. Here, chitin could be detected in the whole life
cycle of P. brassicae through WGA488 staining
(Figure la and Figure S1), crudely extracted chitin

performed by one-way ANOVA with Tukey’s test (significance set at P < 0.05). Different letters (a, b and c) indicate significant
differences. n = 4 biological replicates; data are shown as mean = s.D. (d) Phenotype of Col-0 and transgenic plants inoculated with
P. brassicae for 30 d. Each flat was grown with 40 plants, and the seeds of surviving plants were harvested into a tube (e). (f) Survival
rates of Col-0 and PbChia1 transgenic plants infected with P. brassicae for 30 d and 55 d. A total of 40 plants were analysed. (g)
Weights of seeds from Col-0 and transgenic plants inoculated with P. brassicae. Statistical analysis was performed by one-way
ANOVA with Tukey's test (significance set at P < 0.05). Different letters represent significant differences. n =3 biological replicates;
data are shown as mean £ s.D. All experiments in this figure were repeated three times with similar results.
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Figure 5. Overexpression of PbChial in Arabidopsis inhibits P. brassicae development. (a) the images show the key steps of
P. brassicae infection in PbChial transgenic lines and control plants, including root hair and cortical infection stages. Primary
plasmodia of root hair infection were observed in the roots stained with trypan blue for 3 d post inoculation. Zoosporangia of root
hair infection and secondary plasmodia of cortical infection were observed in the roots stained with trypan blue for 12 d post
inoculation. The pictures were taken under light microscopy. Scale bar =10 um. (b) Colonization rate (100%) of primary plasmodia,
zoosporangia and secondary plasmodia per root in PbChia1 transgenic lines and control plants. The roots of more than 15 plants
were selected and sliced into 1-2 cm segments. A total of approximately 100 root segments per sample were observed and counted
to determine the presence of infection. Statistical analysis was performed by one-way ANOVA with Kruskal-Wallis test (significance
set at P < 0.05). Colonization rates indicated by different letters are significantly different. n = 3 biological replicates; data are shown
as mean = s.D. () Transgenic plants and control plants were inoculated with P. brassicae for 21 d, and the developmental status of
P. brassicae was observed by transmission electron microscope. CW = plant cell wall; Nu = nucleus; N = nucleus without nucleolus;
scale bar =2 um. (d) Determination of relative chitinase activity of 4 weeks PbChia1 transgenic lines and control plants. Statistical
analysis was performed by one-way ANOVA with Kruskal-Wallis test (significance set at P < 0.05). Different letters show significant
differences, n =3 biological replicates; data are shown as mean + s.D.
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Figure 6. FIg22-induced immune response in PbChail transgenic lines. (a-f) Immune response related genes were induced in
PbChai1 transgenic lines. The 10-day-old seedlings grown in MS plates were treated with 100 nM flg22 for 0.5-2 h. Data were
normalized to Arabidopsis actin gene (AT3G18780) expression in qPCR analysis. Statistical analysis in a to f was performed by one-
way ANOVA with Kruskal-Wallis test (significance set at P < 0.05). Different letters (a, b and c) indicate significant differences. n=3
biological replicates; data are shown as mean * s.D. All experiments were repeated three times with similar results. (g) FIg22-induced
ROS burst in PbChai1l overexpression lines. The 10-day-old seedlings grown in MS plates were treated with 100 nM flg22 and the
values represent means =s.D (n =24 biological replicates). (h) Activation of MAPK triggered by flg22. The 10-day-old seedlings
grown in MS plates were treated with 100 nM flg22 for 0, 5, 15 and 45 min, respectively. Experiments were repeated twice with

similar results.

from P. brassicae resting spores was detected by
FTIR, XRD and TGA, and showed similar character-
istics to a-chitin (Figure 1b, ¢, d). But TGA analysis
is a bit different between chitin of P. brassicae and a-
chitin from bacteria, it could be speculated that the
two sources of chitin may be different, or that the
chitin of P. brassicae was a crude extract containing
some impurities that could not be decomposed.

Genome-wide analysis screened a total of 17 chiti-
nases in the genome of P. brassicae ZJ-1 (Table S1,
Figure le and Figure S2). LC-MS/MS screened one
chitinase named as PbChial was derived from
P. brassicae (Table S2). PbChial was found to be
a secreted chitinase and expressed in all developmen-
tal stages of P. brassicae (Figure 2 and Figure S3).
Purified PbChial protein from E. coli inhibited the
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Figure 7. PbChia1 transgenic lines have higher disease resistance to Pst DC3000, S. sclerotiorum and R. solani. (a) Phenotypes of
PbChia1 transgenic lines and control plants inoculated with Pst DC3000 at 1 x 106 cfu ml—1 for 4 d. (b) Bacterial populations in
PbChia1 transgenic lines and control plants on day 0 and day 5 after leaf infiltration with 1 x 106 cfu ml — 1. Statistical analysis was
performed by one-way ANOVA with Tukey’s test (significance set at P < 0.05). Bacterial populations indicated by different letters are



development of clubroot (Figure 3). Overexpression
of PbChial in Arabidopsis resulted in significantly
improved resistance to P. brassicae (Figure 4 and
5). Similar results were also reported for the antifun-
gal activity of chitinase in enhancing resistance
against other fungal and bacterial pathogens [47,67-
69]. We also observed that higher expression of
PbChial resulted in stronger resistance to
P. brassicae and chitinases were not toxic to plant
hosts (Figure S6 and S7). These results suggest that
PbChial May be a potential gene for clubroot resis-
tance breeding.

Regulation of chitinase PbChai1 on resistance to
P. brassicae

PbChial transgenic plants showed significantly
improved resistance to Pst DC3000, S. sclerotiorum
and R. solani (Figure 7), indicating that PbChial
transgenic plants acquired a broad spectrum of dis-
ease resistance. In order to further explore the disease
resistance mechanism of PbChial transgenic plants,
the plants were treated with PAMPs, namely flg22
and chitin, to induce the innate immune response of
plants. PbChial transgenic plants showed increases in
ROS burst, MAPK activation and expression levels of
marker genes related to immunity (Figure 6 and
Figure S8). These results suggested that PbChial
overexpression could increase the accumulation of
ROS and trigger disease defence-related mechanisms
in plants, which is consistent with the findings in
a study of chitinase expression in soybean [69].
Chitinases play a dual role, digesting the cell wall to
inhibit fungal growth and inducing host defence
reaction by releasing pathogen-borne elicitors [67].
In protist P. brassicae, chitin is a functional compo-
nent, and its degradation may be of physiological
importance for the normal growth and development
of P. brassicae. However, it is not yet possible to
knock out PbChial to verify its function due to its
parasitic nature. We hypothesize that PbChial digests
chitin to soluble N-acetyl glucosamine oligosacchar-
ides, which can be utilized as a carbon source, and
decomposition of chitin or N-acetyl glucosamine
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oligosaccharides will trigger other defence-related
mechanisms [19,21], which can explain why
PbChial transgenic plants showed enhanced resis-
tance to P. brassicae, Pst DC3000, S. sclerotiorum
and R. solani. It remains unclear whether these
defence-related mechanisms are activated directly or
indirectly. We used LC-MS/MS screen 14 chitinases
from host and one chitinase from P. brassicae, which
suggested that plant chitinases maybe have same
function with microbial chitinases, plant chitinases
are part of pathogenesis-related proteins, microbial
chitinases PbChial expressed in plants like pathogen-
esis-related proteins involved in plant disease
resistance.

Suppression of P. brassicae on chitin-triggered
immunity

P. brassicae can suppress plant immunity (PTI and
ETI) of susceptible hosts to form galls. Chitinase
randomly cleaves chitin and generates different
chitin oligosaccharides, which are recognized by
cell surface LysM receptors to activate PTI [70,71].
To elude the chitin-triggered immunity in the infec-
tion, fungal pathogens have developed several stra-
tegies. M. oryzae secretes effector protein interacting
with chitin, which suppresses the activation of PTI
for rice blast disease [72]. The effector protein Ecp6
in Cladosporium fulvum can sequester fungal chitin
oligomers to avoid chitin-triggered immunity in the
host plant [73]. The evasion of chitin-binding effec-
tors from chitin-triggered immunity can either cap-
ture free chitin oligosaccharides or protect
pathogens from the digestion by plant chitinases
[74]. A recent study reported that two effectors
PbChiB2 and PbChiB4, which belong to the
CBM18 proteins of P. brassicae, suppress chitin-
triggered immunity during clubroot development
[24]. The soil-borne fungus Verticillium dahlia can
utilize an enzymatically active polysaccharide deace-
tylase to effectively cleave chitin oligomers into chit-
osan, suppressing chitin-triggered immune response
during pathogen infection [75]. We are planning to
study the effector functions to elucidate how

significantly different. n=4 biological replicates. Data are shown as mean % s.D. (c) Phenotypes of PbChial transgenic lines and
control plants inoculated with S. sclerotiorum 1980 for 30 h. (d) Statistics of lesion area in PbChia1 transgenic lines inoculated with
S. sclerotiorum 1980 for 30 h. n = 10 biological replicates. Data are shown as mean + s.D. One-way ANOVA with Tukey’s test was used
to analyse the differences. The same letters indicate no significant difference, P < 0.05. (e) Phenotypes of PbChial transgenic lines
and control plants inoculated with R. solani for 3 d. (f) Disease index statistics of PbChial transgenic lines and control plants
inoculated with R. solani for 3 d, n = 12 biological replicates. Data are shown as mean =+ s.D. One-way ANOVA with Kruskal-Wallis test
was used to analyse the differences. The same letters show no significant difference, P < 0.05.
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P. brassicae overcomes the host immunity to suc-
cessfully colonize the root by avoiding the activation
of PTI or direct suppression of PTI.
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